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This book has been written by authors from the Intermediate Technology
Power Limited/Sir William Halerow & Partners team which carried out
the UNDP/World Bank Global Solar Pumping Project, between 1979 and
1983. The book presents a thorough and us-to-date review of solar
pumping technology and its economics, based on real field experience
combined with laboratory testing.

Since this work was completed IT Power and Halerow have established a
new joint company: Global Renewable Energy Services Limited, which
operates the unique photovoltaic test facility originally established
for the UNDP/World Bank Solar Pumping Project. GRES provides training
courses on both practical and theoretical aspects of photovoltaic

systems and offers testing and system development services to
manufacturers,




FOREWORD

A great deal of research has been attracted to the possibility that
solar powered pumps can help villagers and farmers to tap adequate
water supplies. Indeed, the need is acute: two billion people do not
have adequate domestic water, even though it is a primary requirement
for health, diet, and agriculture.

So far, the conceptual recognition that solar water pumps might fill
the void has not led to concrete achievements on a scale commensurate
with the challenge at hand. However, as a result of intensive work at
an international leve!, solar pumning technclozv is now viable. This
book desecribes the technology, and most importantly it shows that
there are some conditions under which solar pumps already ean provide
the best solution to local water needs., Furthermore, it quantifies
these conditions and it offirs a methodology which water supply
specialists can use to compare ¢nd evaluate available pumping options,

The reader is led step by step through the necessary analyses,
including determination of pump requirements, specification of
solar pump performance, and comparison of economic data. As a result
he or she can obtain a clear picture of the viability of solar pumping.

The contents of this book are based on a thorough, highly professional
effort to ascertain the utility of solar powered pumping. In 1978 the
United Nations Development Programme initiated a project, execuied by
the World Bank, for the "Testing and Demonstration of Small Scale
Solar Powered Pumping Systems". The project was designed to assemble
reliable technical and economic data from which to form a considered
view of the viability of solar pumping systems, The project team
examined the state of existing technology, carried out laboratory
tests and field trials, and analysed the results over a period of 4
years, Durinrg the course of the project, and in major part as the
direct result of it, small solar pumps have been developed to the
stage where the best can meet all the technical and user prerequisites
which are necessary to ensure satisfactory implementation of solar
pumping on a wide scale.

The UNDP/World Bank project culminated in the production of a
"Handbook on Solar Water Pumping", published by the World Bank in
1984. The Handbook was prepared by Intermediate Technology Power
Limited, in association with Sir William Halerow & Partners, the
consultants for the UNDP/World Bank project. The authors condensed the
detailed results of the project tc produce a Handbook which can be
used by engineers and decision makeis who are cousidering using,
buying, developing or selling solar pumps.




The Handbook has now beern updated and is published here in the form of
a practical introduction to solar water pumping. It is an important
and timely contribution which should help to take solar pumps out of
the realm of specialist research and development, and into the fields
and villages of users who will have full knowledge of what the
technology can do for them.

Dennis H. Frost

Chief Executive

Intermediate Technology Development Group
Chairman, IT Power Ltd
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1. IS SOLAR PUMPING FOR YOU?

1.1 Purpose of this Handbook

Water pumping, which of course requires energy, is a basic need for a
large proportion of the world's rural population, Since the majority
of this rural population live in the sunny tropies or sub-tropies, to
use the sun's energy is an attractive way of providing these vital
energy needs. Traditionally, water is provided by hand or with the
assistance of animals, while the principal source of mechanised power
for rural areas of the world is the internal combustion engine. Rec-
ently there has been a revival of interest in windpumps as well as g
growing interest in the new technology of solar powered water pumps.

There are two methods by which solar energy can be converted to the
mechanical energy required for pumping. These are either (a) direct
conversion of solar radiation to electricity using photovoltaic (PV)
cells and then conversion of electrical energy to mechanical energy
using a motor/pump unit; or (b) the conversion of solar energy to
heat, which can then be used to drive a heat engine. The latter
approach has rsceived widespread attention in research institutions
but so far no such systems have proved reliable. Consequently, at
present (1985), the most suitable approach to solar water pumping is
to use photovoltaic (PV) powered pumps.

The technology of solar PV water pumping has been advancing steadily
in recent years. From 1979 to 1983 the World Bank executed a UNDP
funded project entitled "Small Scale Solar Powered Pumping Systems". The
firal report on this work provides an in-depth techniecal and eeconomic
analysis of the subject*. This handbook has been prepared by the
Project consuitants and summarises their experience and findings, Its
purpose is to help the potential user to identify situations in which
solar pumping should be considered, and also to show how the technical
and economic details of such applications ean be evaluated.

In this first chapter the basics of solar water pumping are reviewed
briefly. An indication is given of the applications where solar pumps
are likely to be viable so that the reader can rapidly establish if
solar pumps are a feasible option for a particular situation, without
going into the detailed analysis of the subsequent chapters.

* "Small Scale Solar-Powered Pumping Systems: The Technology, its
Economies and Advancement" Sir William Halerow and Partners in
assceiation with Intermediate Technology Power Ltd (1983). Published
by The World Bank, 1818 H Street, NW, Washington DC 20433, USA.



1.2 Energy for Water Pumping

The starting point for any assessment of water pumping is the
relationship between energy and water rejuirements. The pumping (or
hydraulic) enercy required to deliver a volume of water is given by
the formula

E = ogVh
Where:

E is the required hydraulic energy in Joules*

V is the required voiume of water in cubie metres (m?)
h is the total head in metres {m)

p Is the density of water (1000 kg/m?3)

g is the gravitational acceleration (9.81 m/s?)

with V in cubic metres and h in metres the pumping energy is

E = 9.81 Vh MJ*
1000

For example: To lift 60 m? through a head of 10 metres requires
(9.81 x 60 x 10 +1000 ) = 5.89 ViJ (1.64 kwh) of hydraulic energy.

Figure 1 illustrates the energy flows in a pumping system. The input
energy for the pumping system undergoes several conversions before it
is made available as useful hydraulic energy. Each conversion has an
associated loss of energy which means that the input energy require-
ments for pumping are generally far greater thar 'he useful hydraulic
energy output, For example, if the power scurce (prime mover) is a
diese! encgine, the input energy will be in the form of diesel fuel:
the energy content of 1 litre of diesel fuel is approximately
equivalent to 38 MJ (10.5 kiwh). If the fuel is converted to
mechanical energy with an efficiency of 15% then 1 litre of fuel will
produce 38 x 0.15 = 5.7 MJ (1.6 kWh) of mechanical energy. A pump may
then convert the mechanical energy to hydraulic energy with an
efficiency of say 60%, giving a useful hydraulic energy of 5.7 x 0.6 =
3.42 MdJ (0.95 kWh) for 1 litre of fuel. In a similar way losses occur
when solar radiation, muscle power or wind energy is converted to
hydraulic energy.

In addition to energy conversion losses, a proportion of the pumped
water may bhe lost in the process of delivering the water to its point
of use. This will have a direct effect on the energy required for
pumping and since, as will be shown in later chapters, the input
energy requirements have a large influence on water costs, the effie-
iencies with which energy is converted and with which water is distr-
ibuted, are of major importance.

* The Joule is the International System (S.I) unit of energy. It is
best expressed in millions, as Megadoules (MJ) because this is a
more practical unit. The conversion rate to the more familiar kWh
is 3.6 MJ =1 kwh,

(A
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The power (P) required to lift a given quantity of water depends on
the length of time that the pump is used. Power i~ ‘2 rate of energy
supply, so the formula for hydraulic power is sim;i i -:ained from the
formula for energy by replacing volume with flew rute (Q), in cubie
metres per second.

= pgQh Watts

If the flow rate () is in litres per second then the nydraulic power
is:

P = ).81 Qh Watts

For example, the average hydraulic power required to lift 60 m? of
water through a 5m head in a period of 8 hours, (i.e. an average flow
rate of 2.08 litres per second) would b~ 9.81 x 2,08 x 5 = 102 Watts.
with a typical pump efficiency of 60%, the mechanical power required
would be 1U2 + 0.6 = 170 Watts.

Energy (E) is the more important characteristic of water pumping since
it is energy that has to be paid for in the form of diesel fuel, human
labour, animal feedstock, or solar pump size. The equivalent power
requirement only determines how quickly the required quantity of water
is delivered and the rate at which the energy is used.

The head (h) tas a proportional effect on the energy and power
requirements with the result that it is cheaper to pump water through
lower heads. It consists of two parts: the static head, or height
through whieh the water must be lifted, and the dynamie head which is
the pressure increase, caused by friction through the pipework,
expressed as an equivalent height of water, The static head can be
easily determined by measurement and there are formulae for
caleulating the dynamic head. The latter depends on flow rate, pipe
sizes and pipe materials. The smaller the pipes and greater the flow
rate, the higher the pressure required to force the water through the
pipes.

1.3 The Solar Energy Resource

The average value of the solar irradiance just outside the earth's
atmosphere is approximately 1353 W/m?. As solar radiation travels
through the atmosphere it is attenuated and consequently the total
power falling on a horizontal surface (known as the global irradiance)
reaches a maximum of about 1000 w/m? at sea level. This is made up of
two components, the radiation in the direct beam from the sun and
diffuse radiation from the sky (radiation that has been scattered by
the atmosphere).

Global irradiance varies throughout the course of the day bzcause the
path length of the solar radiation through the atmosphere changes. For
the same reason there are variations with season and latitude and the
total solar energy received in a day (known as the soliar insolation or
solar irradiation) can vary from an average of 2 MJ/m’ (0.55 kWh/m?)
per dey in the northern winter to an average of 20 MJ /md (5.55
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kWh/m2) per day in the tropical regions of the world. On a clear day
diffuse energy may amount to only 15-20% of the global irradiance
wherass on a cloudy day it will be 100%. Figure 2 illustrates typical
variations in solar energy throughout the day, from day to day and
from month to month,

The variability of solar energy is an important aspeet which
influences system design and economics. Unlike conventional fossil
fuel technologies the performance of solar systems can vary markedly
from one location to another.

1.4 Typical Water Pumping Appliecations

It will be shown in the following chapters that solar pumps are most cost
effective for applications with low power requirements, of the order
of a few hundred wztts. Fortunately this constraint is well matched to

the majority of water supply needs in doveloping eountries.

The three main applicaticns for solar pumps are:

o irrigation
o village water supplies
o livestock water supplies

Water for xrljatlon purposes is characterised by a large variation
from month to month in the amount of water required. This may peak at
around 100 m3/day/hectare in some months and drop to zero in others. In
irrigation applications it is necessary to pump more water than is
actually used to overcome inefficiencies in the water distribution
system and field application methods. Generally it is not economiec to
lift water for irrigation through very high heads because increasing
the lift increases the cost, and the cost of supplying water for
irrigation should not be more than the value of the additional crop
that can be grown.

Most developing country farms have areas in the range 0.5 to 2
hectares, which with typiecal water requirements of 20 to 80 m 3 /day per
hectare and pumping heads of 53 to 10 metres, give daily hydraulie
energy requirements in the range of 1 to 8 MJ (0.28 to 2.2 kWh) per
hectare. If the water is provided over an eight hour pumping period
the average hydraulic power requirement is in the range 35 to 280
watts per hectare.

water for rural water supplies (livestock or villages) is character-
ised by a more constant month by month demand, It is critical to have
water available on demand so systems generally include a storage tank.
A widely accepted target for water consumption is about 40 litres per
day per capita. At a figure of 40 litres per head, the daily volume
whxch would have to be supplied to a village of 500 people would be 20

Pumpmg heads in water supply systems are typically greater than
those in irrigation systems. Hence in a typical example with a head of
20 metres, the daily hydraulic energy requirement is about 4 MJ (1.1
kwh) and with a pumping period of 8 hours per day, the average
hydraulic power requirement is about 140 Watts,




Similar sized systems are required for livestock water supplies. For
example, cattle water consumption is also about 40 litre per head per
day which, with a herd size of 500 cattle gives energy and power
requirements close to those for village water supplies,

The value of water for domestic use is considerably higher than water
for irrigation. For the relatively small quantities involved, people
are prepared to pay high prices per cubic metre of water. Because of
the more even month by month water demand and the higher value of the
water, solar pumps for water supplies can be competitive at higher
lifts than those for irrigation,

1.5 Overview of Solar Pump Viability

Since a solar pump consists essentially of an electrical source (the
P.V array) powering a motor/pump unit, it is technieally possible to
assemble a solar pump for all applications where an electrie pump can
be used. Thus solar pump viability centres on the question of costs:

'How does the cost of water provided by a solar pump compare with the
cost of water provided by alternative methods?’

In order to make an appraisal of the feasibility of using a solar pump,
the following properties must be estimated:

(a) Water demand factors

0  Average annual (erop, village or livestock) water
requirement in cubic metres per day (V). This is
obtained by dividing the annual water requirement
by 365 days.*

o Total lift in metres (h)

o Peak monthly crop water requirements in cubic
metres per day obtained by dividing the maximum
monthly erop water requirement by the number of
days in the month. This is only required for
irrigation systems so that ratio of peak
requirements to average requirements can be
determined.

* Note that irrigation water requirements are normally specified ir. mm
- lmm is equivalent to 10 m? per hectare. Also the irrigation season
is generally only part of the year, so the average irrigation water
requirement will be somewhat lower than the actual daily use. The
averag. is simply a measure of the annual requirement and together
with the peak water requirement gives an estimate of the variability
of water demand. Note that it is the water requirement of the erop
that must be estimated - the volume of water pumped will be considerably
higher than this because of distribution losses.



(b) Loecation dependent factors

o Minimum average monthly wind speed in m/s (u) (to
o investigate whether a windpump might be more economic)

o Mininum average monthly solar irradiation in
o MJ/m¢/day (H) sinee for sunnier locations the
o economics of solar pumping are more attractive.

(If these are not immediately known, methods for obtaining them are
deseribed or referenced in later chapters).

From these properties make the following simple caleulations;

(i) MVultiply the average annual water requirement (V) in m3 per day
hy the total lift (h) in metres to give the average energy
equivalent (Vh) in m* per day. The energy equivalent is a measure of
the end-use watar requirement and is not a true measure of the
hydraulic energy requirement because of distribution and field
application losses, However it is more impnrtant than the hydraulie
energy because it is the cost of water delivered to the user that
should be used to judge alternative options.

(i) For irrigation systems, divide the peak monthly water requirement
inm3 per day by the average monthly watar requirement (V) in m* per
day to give the peak demand factor (PDF). The PDF has a very signifi-
cant effect on solar pump economics since the photovoltaie array must
be sized to provide the peak requirements and as the peak is signifi-
cantly higher than the average, the solar pump is under-utilised for
much of the year.

As a general aproximation it can be shown that solar pumping systems for
irrigation are beginning to become cost competitive compared to diesel
pumps in situations where the peak daily energy equivalent is less than
about 150 m 4 (for example 30 m°/day through a head of 5 m ) and where
the minimum monthly average solar irradiation is greater than about 15
MdJ/m 2per day. For windy locations where the minimum monthly average wind
speed is greater than 3 m/s a windpump would be & cheaper option.

Similarily for rural water supply applications solar pumping systems are
becoming cost competitive compared to diesel pumps where the average
daily energv equivalent is less than about 250 m* (for example 25 m"/
day through a head of 10 m) and where the monthly average solar irradia-
tion is greater than 10 MJ/m ¢ per day. Windpumps are generally cost
competitive at locations with minimum monthly average wind speeds great-
er than 2,5m’s,

There are, of course, important factors not captured in a straight cost
somparison and these should be taken into aceount when one is comparing
pumping methods and making choices. For example when considering a
diesel pump, the reliability of fuel supplies and availability of spare
parts should be taken into account. An unreliable fuel supply may make a
diesel pump inoperable for part of the year with no guarantee that such

&




a cost comparison may not create an open and shut case for the choice of
a pumping system and in certain circumstances (e.g. remote, inzccessable
locations) the greater reliability of a particular pumping system may
offset its higher cost. :

To help the reader make an initial appraisal of the feasibility of using
a solar pump, the decision chart in Figure 3 has been prepared. It refers
only to the major mechanised options for water lifting, i.e. wind, solar
and diesel, and is based on the unit water costs shown in Figures 27 and
28, It cannot be used to compare solar pumps with hand or animal powered
pumps.

Use of the Decision Chart for Solar Pump Viability Appraisal

Trace a path from the starting point of the chart for the particular
values of energy equivalent (Vh), peak demand factor (PDF), solar irra-
diation (H) and wind speed (u). Figure 3a is used for irrigation pumps
and Figure 3b for rural water supplies. Choices are represented by
diamond shaped boxes. The assessment is given when a rectangular box is
reached.

Consider using a windpump. For relatively windy locations windpumps can
provide a cheap, reliable water supply. However wind speed data are
often unreliable and the cost of water from a windpump is very sensitive
to monthly mean wind speed; hence it is important to ensure that the
wind speed data are accurate. The wind regime is also very site sensi-
tive and sheltered locations (in woods or vaileys) may prove unsuitable
while nearby hill tops provide ideal conditions. Windpumps are a time
proven technology requiring little maintenance and having long operating
lifetimes.

Consider using a diesel pump. At present, wiiere water requirements are
high or the minimum monthly solar irradiation is less than 15 MJ/m? for
irrigation or 10 MJ/m¢ for rural water supply, diesel pumps can provide
cheaper water. However, as noted above, the reliability of fuel supplies
and availability of spare parts should be taken into account when consi-
dering a diesel pump.

Consider using diesel for short term, reconsider solar pumping as long
term option. This ducision indicates that solar pumps are not the chea-
pest option at present, but if anticipated reductions in PV mbdule costs
are achieved, then solar pumps will become more economically viable,

Consider using solar pump if water demand is low, otherwise diesel
pump. This indicates diesel powered water pumps are probably the
cheaper option. A more thorough analysis should be made if water
requirements are small, or well matched to the available solar energy,
because the smellest diesel engines (rated at 2.5 kW) are considerably
oversized for an energy equivalent less than 50 m*.

Consider using a solar pump. This decision will generally be reached for
low energy equivalent (Vh) and sunny locations, It indicates that solar
pumps should be considered by making a further analysis as detailed in
Chapter 3.
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Examples to demonstrate the use of the Decision Chart,

Consider a 1 hectare irrigation system with a water lift (h) of 2
metres; an annual crop water requirement of 1277.5 mm and a pesak
monthly crop water requirement of 6 mm per day. The minimum average
monthly solar insolation (H) and wind speed (u) are 17 MJ/m2 (4.7
kWh/m?) and 2.0 m/s respectively. The stages below illustrate how
an initial appraisal of solar pump viability ecan be obteinead,

(i) for a 1 hectare plot the annual crop water requirement is
12775 m 3 whieh is equivalent to an average of 35 m? per day. The
peak water requirement is 60 m3per day.

(ii) therefore the Peak Demand Factor is 60 + 35 = 1,71

(iii) the average annual energy equivalent ‘is (35 x 2) = 70 m‘per
day;

(iv) a path, indicated by the dotted line in Figure 3a, may now be
traced from the START for the above values of H, u, Vh and PDF. The
first choice is for the peak demand factor. In this case the peak
demand factor (PDF) is 1,71, so the 'Peak < 2 av' path is followed.
The second choice is for wind speed. In this case wind speed is
less than 3 m/s so wind pumping is not selected. The third choice
is for solar irradiation. For the 15-20 MJ/m2 band, a path is
followed to a 'How much water' box. With an energy equivalent less
than 75 m4 gn assessment is reached 'Consider usinz solar pump'.
This indicates that for this particular application and location,
the option of using solar pumps should be seriously studied.

As a further example consider a village water supply system with a
requirement of 10 m3 per day in a loeation with a minimum monthly
solar insolation of 15 MJ/m? (4.2 kWh/m 2)pet' day and a minimum monthly
average wind speed of 2 m/s. The head is 20 m:

(i) the average eriergy equivalent is (10 x 20) = 200 m* per day

(ii) a path is traced on Figure 3b, The first choice is for
energy equivalent, For Vh less than 400 m* the chart leads on to
wing speed choice. Since, for the example, the wind speed is less
than 2.5 m/s, wind pumps are not viable and the choice is between
solar and diesel pumps. Both in the short term and the long term
the choices lead on to the assessment 'Consider using solar pump’,

The procedures for a more accurate assessment of solar pump viability
and the state of the technology at presen: are deseribed in the
following chapters.

12




2. THE TECHNOLOGY

2.1 Photavoltaic Pumping Systems

The main components of a PV pumping system are illustrated schem-
atically in Figure 4. A solar PV pumping system can be divided
conceptually into three parts:

o the PV arrev which converts solar energy to d.c eleetricity

o the motor and pump subsystem comprising the components which
convert the eiectrical output of the PV array into hydraulic
power

o the storage and distribution system which delivers the water to
its point of use

The capital cost of PV arrays is directly proportional to the elect-
rical output of the array and the PV array is at present a large
proportion of the overall system cost. Consequently the cost of a
solar pump is almost directly proportional to the hydraulic output and
there are only economies of scale for small systems.

The efficiency of the subsystem determines how large the PV array
needs to be for a particular hydraulic duty and hence has a large
influence on the overall solar pump cost - a more efficient subsystem
will require a smaller PV array and the solar pump will cost less.

It is common for little thought to be given to the design of the
delivery side of a pumping system. In many cases, especially in
irrigation systems, water is wasted and far more water than is
actuslly required for the crop must be provided by the pump., For a
conventional diesel pump this means pumping for a longer period which
means more fuel will be consumed, maintenance costs will increase and
the diesel engine lifetime will be shortened. This increases the
system running costs, but has no effect on the capital cost of the
pump. The effect of a wasteful distribution system is far more sig-
nificant for a solar pump. Since the capital cost of a solar pump is
almost proportionul to the quantity of water pumped, it is particul-
arily important to ensure that the water is distributed efficiently and
to take into account the distribution system when assessing the
overall system costs.

With conventional gasoline or diesel fuelled pumps, storage is not
important because energy is stored in the fuel itself and the pump can
be started when there is a demand. With a solar pump, energy is not
available on demand and the day by day variations in solar irradiation
mean that for some locations, with successive cloudy days, it may be
prudent to consider storage of a surplus of water pumped on sunny days
for use on cloudy days.
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2.2 Phctovoltaic Arrays
2.2.1 Solar Cell Technology

The main type of photovoltaic cell used commercially for solar water
pumping at present is the monocrystalline silicon cell although other
tvpes of silicon cell, such as amorphous silicon and polyerystalline
siliccn cells can be expected to play an increasing role in the market
in the future. A number of semi-conductors are being studied as
alterngtives to silicon, such as cadmium sulphide and gsllium arsen-
ide, but these are not yet commericallv available as photovoltaic
modules. Pure silicon is an electrical insulator, but if traces of
certain impurities are added to it, it will conduct electricity. To
make mono-crystaliine solar cells, large silicon crystals ‘doped' with
impurities are grown and sliced into thin wafers usually 100mm in
diameter. A socond chemical impurity is diffused into one surface of
the wafer. When solar radiation strikes this surface an electrical
potential difference is generated. Metal contacts attached to each
side of the wafer allow this to create a current flow. Figure 5
illustrates the principles involved,

Current
—

n- type silicon

Positive contuct

Figure 5. Construction of a silicon photoveltaic cell.

Under an irradiance of 1000 W/m?(near to the max:mum at sea level) a
typical PV cell will deliver a maximuin of about 25 mA of current for
each square em of cell surface. If the cell is left open cirecuit
(i.e. unconnected to a load) then it will generate a voltage of 0.6
Volts. The efficiency of conversion from sunlight to electrical power
is typically 10 - 13%. Thus a single cell of diameter 100 mm will
generate nearly 1 watt under an irradiance of 1000 W/m 2,
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Cells are electrically connected in series and parallel to give suit-
able voltages and currents for a particular application. A number of
cells are encapsulated into a module, and these modules are the build-
ing bricks of a PV system. A typical module is sized about 1 m by 0.3
m by 50 mm thick and contains 36 cells, thereby producing an output of
30 - 35 Watts at 12 volts in bright sunshine.

Several modules are combined to form a PV array. (A typical example is
shown in Figure 6). Galvanised steel, aluminium or chemically treated
wood have been used to support the modules. The former two are likely
to be the most durable in developing country environments. Arrays are
usually fixed in position and mounted on concrete foundations. Some
arrays can track (folluw) the apparent motion of the sun and so inter-
cept more energy but this can also increase cost and complexity. Port-
able arrays can be of use if the pump is required to operate at
different locations (for example to supply a field from a canal at
several different places).

Figure 6. Photovoltaic arrays.

2.2.2 Performance

Photovoltaic modules are rated in peak Watts (Wp). This is a refer-
ence value of the maximum power output from the module when operating
at a cell temperature of 25°C under a solar irradiance of 1000 W/m?Z,
and is a higher power output than is achieved on average in the field.

If the cell efficiency is 10%, a 1 kWp array would contain a cell area
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of 10 m?. Typically the packing factor {(the ratio of cell area to
array area) for circular cells is about 75% giving a gross area of
13.3 m < for a 1 kWp array. The packing factor can be increased by
using square cells, but this involves cutting the cells. As cells

become cheaper to produce, higher packing factors can be expected,

The array is rated ot this
point with a cell temperature

irradiance  Cell temp of 25°C. The power output is

W/m? °c the product of current and voltage.
8- 1000 56-6
- 900 539 ‘ /Loc':u's of
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Intersection here is

n circuit
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voitage

Figure 7. A typical relationship between current and voltage for a
PV array.

The efficiency (and hence power output) of the cell depends on the
electrical load because of the relationship between current and
voltage for the cells. A typical current/voltage (I/V) characteristic
for an array is shown in Figure 7. It can be seen in this figure that
the cells have a varying internal resistance depending on their

operating point (i.e. the values of current and voltage are determined
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by the load). The power output of the array is the product of voltage
and current; hence for a given solar irradiance it will vary with the
operating point. There is a maximum power point which occurs at the
knee of the 1/V curve. Under short circuit or open circuit conditions
the power output is zero while the maximum power output is typically
about 0.7 times the product of open circuit +oltage and short circuit
current. The ratio of maximum output power to the product of open
cireuit voltage and short civcuit current is known as the fill factor.

The efficiency of solar cells falls off with ineressing operating
temperature. Typically the efficiency will drop by 0.5% fractionally
per degree centigrade increase in operating temperature. With the
daytime ambient temperatures found in many developing countries, eell
operating temperatures can be as high as 60°C, resulting typically in
a 18% fractional reduction in the peak output from that at the
reference operating temper?ture. Also since solar irradiance is
generally less than 1000 W/m °, the average power output from an array
is always significantly less than the rated output. In a good 'solar’
location, ths solar irradiance averaged over the hours of daylight may
be 500 W/m" . Hence the aversge array output will generally be less
than half of the rated output.

2.3 The Motor and Pump Subsystem
2.3.1 General

In many cases it is feasible to utilise off the shelf, mass produced
motors and pumps. However, special pumps and motors have been
developed by some manufacturers with an above average efficiency to
minimise overall system costs. The operation of the subsystem is
unlike conventional power conversion devices, because the power supply
varies as the incident solar energy changes. This means that the sub-
system must be designed to work efficiently over a range of voltage
and current levels,

Because of these variations and the resulting changes in subsystem
efficiency, it is useful to define two types of efficiency:

(i) the power efficiency of the subsystem, which is the ratio
of hydraulic output power to eleetrieal input power, at any
instant in time. This will have a pea¥ value when the sub-
system operates at its design conditions;

{ii) the energy {or daily) efficieney of the subsystem, which
is the ratio of hydraulic output energy to electrical input
energy over a day. It is a time average of the power effic-
iency and consequently depends on the daily variations in
power efficiency and henee on the solur irradiance profile for
the day.

The energy efficiency is the more important parameter because it
determines the array size for a particular hydraulic duty and con-
Sequently to a large extent how much the solar pump costs,
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In Figure 7 it was shown that the output from a PV array depends on
the electrical load, and that there is a maximum power point for each
solar irradiance level. To maximise the output from the array the
operating point (i.e. voltage and current of the subsystem) needs to
be as close as possible to the knee of the array current/voltage
curve, If the eleetric motor is coupled directly tc the array then the
system will operate at the point where the current and voltage charac-
teristic of the motor intersects with the I/V curve of the array for
the prevailing level of solar irradiance. Since this is not always at
the optimum point, electronic power conditioners can be used to ensure
that the output power is held as close as possible to its optimum
value. It is also important that the efficiency of the subsystem
should not decrease significantly when operating away from its design
conditions, because the input power will vary with the solar irradiance
level throughout the day.

The subsystem requires a minimum power input to start working. In
the case of positive displacement reciprocating pumps this is because
the motor has to overcome the peak starting torque of the pump. In
the case of centrifugal pumps, the pump will usually rotate at very
low irradiance levels but water will not be lifted until a threshold
power level is reached and this threshold increases with the required
pumping head. This means that the stopping and starting threshold
levels of solar irradiance are important characteristics of solar
pumps. A typical starting threshold is about 300 W/m? . This means
that on overcast daysb when the solar irradiance on the array does not
.exceed about 300 W/m <, a solar pump may not operate at all.

2.3.2 Motor Technology

Solar water pumps that are currentiy available make use of the
following motor technologies

o] brushed type permanent magnet d.c motors
o brushless permanent magnet d.c motors
o a.c motors

The choice of a d.c motor is of course attractive because the array
provides a d.c power supply. However for high power applications a.c
motors in conjunction with d.c - a.c inverters can be used. The range
of a.c motors available to the designer is far greater than that of
d.c motors, and the prices are generally lower. However, for small
systems the savings made by using a low cost a.c motor may be offset
by the additional cost of an inverter.

Permanent magnet brushed and brushless d.c motors are shown in eross
section in Figure 8. Also shown is a conventional wound field d.c
motor for comparison. In the conventional motor both the magnetie
field of the armature and the surrounding field coil are powered by
the d.c supply. The field in the armature is cycled by use of a
commutator, thus causing the armature to rotate.
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Figure 8. Construction of d.c motors.
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The permanent magnet brushed d.c. motor also achieves rotation by
having a brushed commutator but the surrounding magnetic field is not
induced electrically., This leads to higher efficiencies as no power
is consumed in the field windings (and in turn lower PV array sizes
may be used for the same hydraulic duty).

Brushed motors generally require new brushes at intervals in the order
of 2000 - 4000 hours (equivalent to one to two years of continuous use
with a solar pump) with obvious implications for maintenance costs. The
brushless d.c. motor has a permanent magnet rotor and electronically
switched field windings. Brushless d.c. motors in use with solar pumps
are, at present, relatively new and early reliability problems with
the electronies are being tackled by the industry. The long term
potential for brushless d.c motors shows every likelyhood of being
large.

The use of an a.c motor in a solar pump requires an inverter which
introduces additional costs and some energy losses. Hence a.c motors
have not been seriously suggested for low power (less than 250W)
applications where the increased cost may be a significant proportion
of the overall cost. A.c motors are generally less efficient than
d.c motors but special improved efficiency models are now available
for use in solar powered systems.

2.3.3. Pump Technology

In the design of a solar powered pumping system the pump itself is the
most important component. Pumps can be divided into two categories
centrifugal and positive displacement, and they have inherently diff-
erent characteristics.

Centrifugal pumps (Figure 9) are designed for a fixed head and their
water output increases with rotational speed. They have an optimum
efficiency at a design head and a design rotational speed. At heads,
and flows away from the design point their efficiency decrenses. How-
ever, they offer the possibility of achieving a close natural match
with a PV array over a broad range of operating conditions. Centri-
fugal pumps are seldom used for suction lifts of more than 5 to 6
metres and are more reliably operated in submerged floating motor/pump
sets. This is because they are not inherently self-priming, and can
easily lose their prime at higher suection heads.

Positive displacement pumps (Figure 10) have a water output which is
almost independent of head but directly proportional to speed. This
means that the efficiency of a pump of fixed piston diameter increases
with head and therefore for optimum efficiency different diameter
pumps need to be used for different heads. At high heads the friction-
al forces become small relative to the hydrostatic forces and con-
sequently at high heads positive displacement pumps can be more effic-
ient than centrifugal pumps. At lower heads, below about 15m, the
total hydrostatic forces are low in relation to the frictional forces
and hence positive displacment pumps are less efficient and less
likely to be used.

A major factor to consider when coupling a positive displacement pump
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to a PV array is the cyclic nature of the load on the motor. This
causes cyclic variations in electrical impedance corresponding to the
variations in torque. Electronic power conditioning is sometimes used
to smooth out these effects by matching the current/voltage character-
istics of the array with those of the motor. It is also important to
match the motor operating characteristics to those of the pump by
choosing appropriate gear ratios. Additional smoothing can be provided

by the addition of a fly wheel.
2.3.4. Power Conditioning
Power conditioning may be of several types:

o impedance matching devices

o d.c to a.c inverters

o batteries

o switches, proteetive cut outs ete.,

In almost all cases the use of power conditioning equipment implies a
power loss (typically 5%), additional cost and an additional potential
failure mode. Hence to justify their use the increased costs must be
compensated for by the extra water output or in the case of switches
and protective cut outs, better reliability.

Impedance matching devices are used:

(a) to produce high currents so that the motor pump will
start in low solar irradiance conditions. (This is
particularly important when using reciprocating pumps.)

(b) to maximise the power available from the PV array.

Maximum power point trackers (MPPT's or maximum power controllers)
which are "intelligent" devices, usually employing a micro prucessor,
achieve these functions by sampling the power output of the array at
frequent intervals (typically every 30 milli-seconds). They compare
each new value of the array output power with the previous value, and
if the power output has increased then the array voltage is stepped in
the same direction as the last step, whereas if the power output has
decreased then the array voltage is stepped in the opposite direction.
The power consumption of maximum power controllers is typically be-
tween 4 and 7% of the array output.

An alternative method of impedance matehing is to fix the PV array
voltage. As can be seen in Figure 7 the array will then operate close
to its maximum efficiency over a wide range of irradiance levels.

D.c to a.c invertors for use with PV arrays are currently
undergoing considerable development and can be ‘Ypected to become
increasingly important. To maximise their beneii’, the electronies
involved should also providc some means of impedance matching such
that a PV array can operaie near to its maximum power point, The
efficiencies of some commercially available inverters are claimed to
be greater than 90%. Some inverters have poor part load efficiency
and are therefore unsuitable for use with solar pumps.
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Batteries also provide impedance matching and allow the motor to start
at low or zero irradiance levels, They preovide energy storage and
allow designers to accurately optimise the sub-system because they
operate at a fixed voltage. However, they have several disadvantages:
they involve a power loss, increase the risk of reliability problems,
have a shorter operational life than the rest of the solar pump, and
require regular maintenance. At present, most solar pumping systems
do not include batteries although where water ctorage is required they
may justify further consideration.

On-Off switches and devices to protect components against power surges
are recommended for use with solar pumps. Safety considerations must
not be neglected - for example, high voltages should be avoided.

2.3.5 Subsystem Configuration

There are several combinations of motor and pump that are suitable for
use with solar power. Self priming is an essential requirement because
of the frequent number of unattended starts which occur throughout the
day as a result of cloud variations.

Figure 11 illustrates the four prinecipal configurations that are used
at present. These are:

(a) submerged motor/pumps with centrifugal pumps, often consisting
of several impellers and therefore termed "multi-stage"

(b) a submerged pump arrangement with the pump below the water,
driven by the shaft from a motor mounted above the water. Figure
11 shows a centrifugal pump, although this could equally be a
positive displacement pump, usually in the form of a reciprocat-
ing double acting piston pump

(e) floating motor/pump units with eentrifugal pump

(d) surface mounted pumps with a self priming tank. Positive
displacement pumps have better self-priming characteristies.

Each configuration is suited to a particular range of head and flow.

Figure 12 shows which pump types are suitable for the different ranges
of head and flew when using solar power.

2.3.6 Sub-system Efficiency

Table 1 shows typical sub-system types for alternative pumping applic-
ations. For system sizing purposes, and hence economic evaluation, it
is important to know the daily energy efficiency and the peak power
efficiency of the systems involved. Typical values obtained from
tests underteken for the UNDP/World Bank Solar Water Pumping Project
are given in Table 1. The energy efficiencies are based on the total
output from the array (including that below the pumping threshold
irradiance levels) and hence are dependent on the solar irradiance
profile for the day. For example if the peak solar irradiance is 500
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Lift

Sub-system
type

Typical *
subsystem
daily energy
efficiency

Typical *
subsystem
peak power
efficiency

Average | Good

Average | Good

2 metre

Surface Suction
or floating units
with submerged
suction utilising
brush or brush-
less permanent
magnet d.c.
motors and cent-
rifugal pumps

25% 30%

30% 40%

7 metre

Floating d.c
units with sub-
merged pump
submerged pump
with surface
mounted motor,
brush or brush-
less permanent
magnet d.ec.
motors single or
multi~ stage
centrifugal
pumps

28% 40%

40% 60%

20 metre

a.c. or d.c.
submerged
multi-stage
centrifugal
pump set, or
submerged
positive
displacement
pump with d.e.
surface motor

32% 42%

35% 45%

Table 1.

Note

State of the Art for Motor/Pump Subsystems

* calculated for a 20° array inclination, with a daily solar
irradiation of 5 kWh/mZ, on a horizontal surface with a peak
solar irradiance of 708 W/m? and a diffuse fraction of 34%.
For lower irradiation values the subsystem efficiencies are
likely to be less.
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t-in threshold level is 400 W/m’ then the daily =nergy

» significantly lower than the values given in Table

submerged, or surface
with suction head<4m

System head (m)

p types suitable for a range of pumping applications.

1 Distribution

to consider in the delivery system are:

'tric  efficiency of storage and distribution, which
as the proportion of pumped water which actually
point of use - higher efficiency delivery systems
\aller sized pumps

e loss in the delivery system and the static head
age tank - lower head systems can use smaller sized
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Often systems that are efficient in their use of water (such as
pressurised-drip systems for irrigation) require high driving heads,
and so to optimise the overall system performance, any increase in
delivery efficiency should be weighted against the increase in driving
head.

2.4.1 Storage of Water

One of the major problems with solar energy is that power is not
available on demand. For irrigation applications it may be ecritical
that water is available to prevent a crop from dying, and it is
usually equally important to have water on demand for rural water
supplies. Therefore, when using solar powered pumping, the problem of
water storage must be considered.

For irrigation two types of water storage can be identified:

(a) long term storage in which water is stored from month to
month to even out the demand pattern. This type of storage will
permit irrigation on demand, and minimise the effect of var-
iaticns i monthly water demand;

(b} short term storage which allows a farmer to store water from
one day to the next, This serves the dual purpose of;

o giving the farmer improved water management control, and

o smoothing out the day to day variations, i.e. on a day with
a high level of solar energy, when the solar pump could
provide so much water that it would saturate the soil, the
excess water would be stored so that it could be used for a
day with a low level of solar energy.

Long term storage for irrigation systems is not usually feasible for
practical and economic reasons, and to a certain extent, the soil
itself can sometimes act as a short term store to even out the effect
of good and bad days in a month, However, for most applications, the
use of short-term water storage systems should be considered.

For Rural water supplies it is essential to include a storage tank
when using solar pumps. Preferably this should meet several days
water demand. Where there is a piped distribution system, the storage
tank will have to be raised above ground level to provide sufficient
pressure for the water to flow in the pipes.

Since increases in total water lift have a proportional effect on the
cost of a solar pump, it is important that any storage tank should
have a low aspect ratio (i.e ratio of height to diameter). It should
also be remembered that water can be lost by evaporation and seepage
if the tanks are not covered and lined, thereby decreasing the
efficiency of the storage system. Tanks should always be covered to
minimise the entry of dirt, insects and animals.
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Figure 13. Schematic layout of a small scale irrigation system,
showing the six major components,

2.4.2 Distribution

Irrigation

The distribution system for a small scale irrigation scheme consists
of two parts: a water conveyance network to transfer water from the
pump (or storage tank) to the field, and a field application method to
apply water to the crops (Figure 13). The suitability for use with a

solar pump of each of the four main methods of distribution is
considered below:

Channel Irrigation: With channel irrigation the conveyance
network will normally be in open channels. Losses are due to
evaporation (usually small, around 1%), seepage, and evapo-
transpiration from weeds in the channel (can be high in earth
channels, 30% to 50 %). The additional head due to a conveyance
channel depends on the slope and channel length. The field
application method will normally be furrows. Losses of irrig-
ation water from the furrows occur due to surface run off
and deep percolation below the root zone. An overall dis-
tribution efficiency of 50%-60% is typical.
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Trickle Irrigation: For this method water is conveyed in a main
pipe and applied to the field continuously with small perforated
trickle pipes. High irrigation efficiencies are possible,
typically 85%. The head loss in the pipes is dependent on the
water supply flow rate and the diameter of the pipes. Unless the
area to be irrigated is level, the head loss has to be comp-
aratively high to ensure an even water distribution, making
the method less attractive for use with solar pumps.

Flood Irrigation: In this method the field is divided into small
units and earth banks are constructed up to 30 to 50 em high
around each unit. The basins are filled to within 10 em of the
top of the banks. The size of the basins depends on the rate of
water supply available. The main disadvantage here is the peaky
demand and the high flow rate required. Since the size of the
pump is determined by the peak capacity at flooding time, it is
unlikely that solar pumps are suitable for flood irrigation,
unless used in conjunction with another pumping device.

Sprinkler Irrigation: The efficiency of sprinkler irrigation is
typically about 70%. The area watered by a given sprinkler
depends on the operating pressure. For a diameter of coverage
between 6 m and 35m the sprinkler operating pressure is usually
between 1 and 2 bar, representing an additional head of 10 - 20
metres. This is not an energy efficient way of irrigation and
consequently is not normally to be recommended for solar pumps.

Table 2 summarises the suitability of each methoda for use with solar
pumps.

Distribution Typical Typical Suitability

Method Application head for use with
Efficiency solar pumps?

Open channels 50 - 60% 0.5 - Im Yes

and furrows

Sprinkler 70% 10 - 20m No
Trickle 85% 1 - 2m Yes
Flood 40 - 50% D.5m No

Table 2. Suitability of major irrigation distribution methods for use
with solar pumps.
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Rural Water Supply

For many locations, distribution systems will not be considered
because of the additional cost involved due to (a) the head loss in
the distribution pipes and (b) the cost of installing the pipes.

A prime factor to consider when deciding on a distribution system for
livestock or for a village water supply is the number of livestock or
people to be supplied by one pump. There are few economies of scale
with solar pumping, and it can therefore be expeeted that several
pumps would have a similar cost to that of one pump with piped distri-
bution. However, the overall system cost needs to be minimised for
each application and due allowance made for the cost of drilling wells
or boreholes.

A village water supply needs to be designed to suit the residents of
the village. There are several factors affecting rural water use
habits, all of which should be taken into account when designing a
water supply system, For example the time required for collecting
water should be considered when choosing both the umber of water
points and the distance between them. Figure 14 shows a schematic
arrangement of a village water supply with distribution.

2. Power source _l Water stand
; point
V-1~ 4. Storage tank
6% Yo-5m
7777 777 77 é
oo
2 !

3.Pump

. Water source

Figure 14. Schematic layout of a village water supply system showing
the five major components,
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2.5 A Typical Day's ‘Operation of a Solar Pump

To illustrate the concepts involved, Figures 15 and 16 show a typical
clear sky daily irradiance pattern and the resulting power, energy and
water flows, together with component efficiencies for a solar pump. The
system uses a 250 Wp array, providing approximately 40 m3  of water
per day through a 5 metre lift. Two sub-systems are considered:

System A: (Figure 15) d.c permanent magnet mdtor with centrifugal
pump and no power conditioning. The subsystem has a peak
power efficiency of 55%.

System B: (Figure 16) a.c 3 phase motor with centrifugal pump and
inverter incorporating a power conditioner. The subsystem
has a peak power efficiency of 64%.

System A starts to pump at 8.00 a.m, when the solar irradiance exceeds
the cut-in threshold of 300 W/m?2, The pumped output increases until
noon. The PV array efficiency is relatively constant throughout the
morning because temperature increases have the effeet of reducing the
PV array efficiency. The mateh between the array and subsystem im-
proves as the sub-system approaches its design operating point. The
subsystem efficiency is held constant from 10.00. a.m to 2.00. p.m
because it is well matched to the array. In the afternoon further
temperature increases and matching losses reduce tne array efficiency,
but as the arrsy cools down in the late afternoon its efficieney
increases. The system stops pumping at about 4 p.m. with a cut-out
threshold of 300 w/m 2. The subsystem energy efficiency is 50% and the
pump provides 40 m3 during the day.

System B has a lower cut-in threshold (250 W/m?) and starts pumping
at 7.30 a.m. The PV efficiency graduslly decreases until 11.00 a.m
because of temperature increases. The PV efficiency is higher than
for system A because of the impedance matching electronies in the
inverter., The subsystem efficiency follows a similar pattern to
System A. Although the daily subsystem energy efficiency is lower than
for System A (because of the losses on the inverter), there is an
overall improvement in water output.
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Figure 15, A typical day's operation of a <olar pump without power

conditioning.
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Sub - system energy efficiency 48 %
Total head = S5m
Water output = 42 m3

A typical day's operation of a solar pump with power
conditioning.
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3. SITE EVALUATION

The end result of a site evaluation should be an answer to the
question "What type and size of solar pump is required?". Once the
solar pump has been sized, the system cost can be calculated and an
economic comparison made with alternative pumping methods, as shown in
Chapter 4.

There are a number of computer models available for sizing photo-
voltaic and other pumping systems, but these vary widely in complexity
and it is not the purpose of this publication to discuss computer
models. The procedures given here have been developed for use by the
non-specialist, and although they involve a number of approximations,
they have the advantage that results can be obtained using only
straightforward calculations and nomograms.

In this chapter it will be shown that a site evaluation can be
approached in the following stages:

assessing water requirements

caleulation of hydraulic energy required
determination of available solar energy
sizing the solar pump

selection of a suitable system configuration
specifying solar pump performance

C 00000

For each stage a standard format sheet is given that can be used to
carry out the calculations for a site evaluation. To illustrate the
procedure the formats are completed for the example system detailed in
Table 3. It is assumed that solar radiation data are not available
for this site. Further examples of rural water supply systems are
given in Appendix 4 and blank format sheets in Appendix 5.

Location: Bura, Kenya, Latitude 1°S
Application: Irrigation
Area: 1 hectare

Cropping Pattern: Feb., to Mar. Crop 1: Cotton 1 ha
Sept. tc Jan. Crop 2: Groundnuts (0.16 ha)
Maize (0.32 ha)
Oct. to Jan. Crop 3: Cowpeas (0.32 ha)

Water Source: Open Wel!

Statie Lift: m

Wwater conveyance

network: 30 metre PVC pipe, efficiency 100%
Field Application

Method: Furrow, efficiency 60%

Table 3 Specification of Site for the Example Solar Pumping System
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3.1. Assessing Water Requirements
3.1.1. Irrigation

The quantity of water needed to irrigate a given land area depends on
& number of factors, the most important being:

nature of c¢rop

crop growth cycle

climatie conditions

type and condition of soil
land topography

field application efficiency
conveyance efficiency
water quality

Q0000000

Many of these vary with the seasons, and the quantity of water re-
quired is far from constant. The design of a small irrigation pump
installation will need to take all these factors into account.

The crop takes its water requirements from moisture held in the soil. Use-
ful water for the crop varies between two levels the: "permanent
wilting point" and "field capacity" (see Figure 17). Water helé py
the soil between these two levels acts as a store. When thiz store
approaches its lowest level, the crop will die unless additicnal water
is supplied. ‘

———Saturafion

-—-—Field Copacity

Gravity
Moximum /
Available /
Water /
Storage

Capiliary Capacity

———————————— —— Permanent Wilting EBoint

N
\H N {o\\ Dry

Figure 17.  Soil moisture guantities.
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The rate of crop growth depends on the moisture content of the soil.
There is an optimum growth rate condition in which the soil water
content lies at a point somewhere between the field capacity and the
permanent wilting point (Figure 18). However, this point varies for
different crops and for different stages of growth and so it is not
easy to adjust the irrigation intervals sc that there is optimum crop
growth, -

A

Field capacity
Optimum growth

-

Permanent

|
|
| wilting point i
£ |
2| | '
o |
o | i
[= %
g | |
| |
S ' |
2 |
[ =) I {
@
' :
' |
. 1 o
Moisture content of soil
Figure 18. Rate of crop growth as a function of soil moisture

content,

An estimation of the quantity of water that is required for irrigation
can usually be obtained from local experts and agronomists. It in-
volves several calculation stages +.

(i) Prediction methods are used to estimate crop water re-
quirements, because of the difficulty of obtaining accurate
field measurements,

(ii) The effective rainfall and groundwater contributions
to the crop are subtracted from the crop water requirements to
give the net irrigation requiremeats.

t For full details of the caleulation procedures for irrigation water
requirements refer to "Crop Water Requirements" by J. Doorenbos and
W.O. Pruitt, FAO, Rome, (1977).
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(iii) Field application and water conveyance efficiency are
taken into account to give the gross pumped water requirements.

To illustrate the variation in irrigation water requirements between
different crops and different locations, Table 4 gives water require-
ments for alternative crops in Bangladesh and Thailand. Irrigation
water requirements for the example system are shown in Table 5.

Month Bangladesh , Thailand
April to July: Rice Jan to Dee: Sugar Can
Oct. to April: Vegetable
m’ per day per hectare m3 per day per heectare
January 7.1 1.3
February 17.5 27
Viarch 28.4 32
April 85.0 42
Viay - 42
June - 31
July - 28
August - 29
September - 12
October - -
November 15 -
December 16.5 21
Table 4. Typical Irrigation Water Requirements for Bangladesh and
Thailand
Location Bura Latitude 1°S Area 1 ha
Distribution method Pipe & furrow at 60 % efficiency
Month Net (crop) water Gross (pumped) water
requ'srements rquirements
m"/day m" /day
January 2.5 4.2
February 50 83
March 53 88
April 44 73
May 60 100
June 56 93
July 37 63
August 28 47
September 25 42
October 22 a7
November 24 40
December 20 35

Table 5 Irrigation Water Requirzaments for the example system
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3.1.2. Rural Water Supply

The estimation of water demand for villages and livestock is con-
siderably easier than the procedure for irrigation, because the volume
required is simply the product of population and per capita consump-
tion. The discussion below indicates typical values that can be used.

Domestic water requirements per capita vary markedly in response
to the actual quantity of water available. For example the western
world uses several hundred litres per capita per day. In developing
countries, if there is a house supply, the consumption may be five or
more times greater than if water has to be carried from a public water
point.

A WHO survey in 1970 showed that the average water consumption in
developing countries ranges from 35 to 90 litres per cepita per day. The
long term aim of water development is to provide all people with ready
access to safe water in the quantity they want. However, in the short
term a reasonable goal to aim for would be a water consumption of
about 40 litres per capita per day. Thus for typical village populat-
ions of 500, water supplies will have to be sized to provide about 20
m3 per day. As discussed in Chapter 2 there are limits to the number
of people who should be served by one centrally located water point.

In order not to cause unreasonable water collecting times and carrying
distances, a single pump or water point should usually supply no more
than about 500 people.

Table 6 shows typical daily water requirements for a range of
livestock.

Animal Water Requirement
litres per day
Horse 50
Dairy Cattle 40
Steers 20
Pig 20
Sheep 5
Goat 5
Poultry 0.1

Table 6. Typical Daily Water Requirements for Livestock

To prevent overgrazing in the locality of water points, the water
point should be kept reasonably smail. For example, for cattle each
water point might serve 500 animals giving a total requirement of 20
m3 per day.
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3.1.3. Hydraulic Energy Requirements

Once the gross water requirements are known, the hydraulic
requirements can be determined, as outlined in Chapter 1, using the
equation:

Hydraulic energy = 9.81 X volume (m3 per day) x total head (m)
1000

The total head comprises the sum of the static lift (including that
due to the delivery and storage system) and the head loss in any
pipes, which depend on the pipe diameter and the flowrate as shown in
Figure 21. The flowrate will vary throughout the day and depend on the
size of the pump (or power source). Since the power source size de-
pends on the total head, the procedure to calculate pipe head loss
should be iterative. However, for most systems the variation in head
loss throughout the day will be small and the pipe diameter may be
chosen so that the head loss is a small proportion of the total head. For
example the pump can be sized by assuming that the pipe head loss is
10% of the total static head. Then, once the pump has been sized, the
peak flow rates can be used to determine how large the pipes must be
to give this assumed head loss. (Note if, after carrying out this
procedure, the pipe sizes are found to be unreasonably large, the
procedure can be repeated with a higher percentage head loss. If pipes
are not included in the system, the static head alone may be used to
determine the hydraulic energy requirements.)

Table 7 gives a format sheet for estimating hydraulic energy require-
ments which has been completed for the example system, assuming a 10%
head loss in the pipes. In this case the static head is assumed to be
constant throughout the year. However, where there are variations due
to drawdown, monthly mean values of the static head should be used,

3.2 Determination of Available Solar Energy

Month by month solar radiation data are required, in order to assess
adequately the suitability of a location for solar pumps. It is not
sufficient to size a solar pump on the basis of annual solar energy
availability because a pump sized in this way may not provide suffic-
ient water in months of low solar insolation. For convenience, the
monthly solar radiation is usually expressed in terms of the daily
average irradiation for the month, i.e. MJ/m? per day. The radiation
data that are available are usually in the form of global irradiation
and these are the starting point for assessing the site. If possible,
data should be obtained from the nearest available meteorological
station, and due allowance made for any known localised micro-climate.

It is difficult to generalise on the accuracy of solar radiation data
since numerous factors such as type and position of the measuring
deviee used, need to be considered. Any errors in the radiation data
will lead to proportional errors in the size of the photovoltaic
array calculated in section 3.3, and hence in the unit water cost
calculated using the procedure in Chapter 4. For most purposes a good
'rule of the thumb' is that the radiation data is accurate to within
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HYDRAULIC ENERGY REQUIREMENTS

Location ... R¥YRA......... Latitude ..... 1°8........
Delivery pipe head loss RS Delivery pipe length 3. m
Month | Purped volume | Static | Dynamic |Total head | Hydraulic
reqv.sireme'nt head head loss (m) energy
(m */day) (m) (m) (M} /day)
Jan 42 2 -2 2.2 00D
Feb 83 2 o2 22 1.7
March 88 2 o2 - 1-dO
April 7S 2 o2 -2 157
May 100 2 o2 22 218
June 23 2 o2 22 200
July 33 2 o2 22 133
Aug 33 2 o2 2.2 oY1
Sept 32 2 92 22 (o 20T
Oct 3y 2 o2 22 0-30
Nov +O 2 o2 22 o033
Dec 35 2 o2 22 O 15

Table 7. Format sheet for calculation of hydraulic energy requirements

+ 10%. The reader may choose to oversize the photovoltaic array by
this amount in order to allow for the uncertainty of the radiation
data.

Where no local solar radiation data are available, an estimate can be
made from the maps given in Appendix 1. These maps show the fraction
of the ex:ra-terrestrial solar energy that is transmitted to ground
levelfor each month (this fraction is known as the clearness index) and
have been prepared by the World Meteorological Organisation*,

* Meteorological Aspects of Solar Radiation as an Energy Source.
World Meteorological Organisation. Technical Note No, 172. Geneva (1981).
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To estimate the solar irradiation for a particular location one simply
multiplies the extra-terrestrial solar energy for the location given
in Table Al by the clearness index for the location. Since the clear-
ness index is only specified at intervals of 0.1, the accuracy of the
resulting solar irradiation will be no better than + 10%.

The solar radiation available on a tilted or tracking surface differs
from that on a horizontal surface, and it is the solar radiation that
the PV array receives that is important for the sizing procedure. Con-
version factors must therefore be used to determine the irradiation
on the array from the horizontal irradiation data. Unfortunately the
formulae used to calculate these conversion factors are fairly complex
and are tedious to use without a computer. The conversion calculations
are also dependent on the fraction of diffuse irradiation. As a simp-
lified procedure, Tables A2 to A10 have been prepared to estimate how
the radiation on tilted surfaces is related to the horizontal irrad-
iation. These Tables show the ratio of the solar irradiation on sur-
faces of different orientations to the solar irradiation on the horiz-
ontal plane as a function of latitude, month and clearness indext.

The procedure for calculating the solar energy availability is illust-
rated using the example system and the format sheet shown in Table 8.
It is assumed that the PV array is at ar inclination of 10° to the
horizontal. (A horizontal array would receive more solar energy over
the year but would not permit rain to run off). For example, in the
month of May the extra-terrestrial irradiation at latitude 00 on a
horizontal surface is 34 MJ/m?/day from Table Al. From Figure A5 the
clearness index at 1°S, 40°E is found to be 0.5 giving a global
irradiation at the location of (34 x 0.5) = 17 MJ/m? per day. The tilt
factor for the array at 10° from the horizontal is obtained from Table
A2; for a clearness index of 0.5 and the month of May the tilt factor
is 0.92, giving & solar irradiation on the PV array of 16 MJ/m? per
day (4.4 kWh/m?) per day.

3.3. Estimating Approximate System Sizing

Most solar pump suppliers will size the pump for a given location and
water demand, but it is advisable to carry out an economic assessment
of solar pumping viability, and to estimate the required system size
before inviting proposals from suppliers.

To use the following procedure the month by month hydrauiic energy
requirement and solar energy availability must be known, There are two
options for operating the solar pump: (i) as a stand alone system
which must be sized to provide all the water requirements, or, (ii) as
a fuel (or labour) saver in which the solar pump provides a basic
water requirement, but where peak demands are met by an alternative
method.

t+ The Tables have been calculated for an average day of the month
using a correlation relating the diffuse irradiation to the clearness
index.
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~SOLAR ENERGY AVAILABILITY

Location .BYRA .. Latitude ...1°3.... Array Tilt .JQ%.....
Longitude 4005 |

Month | Extra-  |Clearness| Global | Tilt | Global
terrestrial Index |Horizontal | Factor | Irradiation
Irradiation Irradiation on Array

MJ /m? MJ /m? MJ /m?

Jan So o3 21 & 1-08 23

Feb 37 o J 22:2 1 Oad 23

March 33 fo 2F] 228 1.00 23

April 33 o5 18-0 o5 k¢

May 34 9.8 1%-0 S92 15

June 33 o5 175 O-20 1~

July 34 o8 179 o-91 15

Aug 35 o5 178 o904 <

Sept 37 03 222 o8 22

Oct 37 o5 185 192 19

Nov 33 o5 18-0 196 19

Dec 35 05 175 | 107 19

Table 8. Format for calculation of solar energy availability

The sizing methodology for both cases is identical once the design
month has been established., This is the month in which the water
demand is highest in relation to the solar energy available, i.e. the
month when the system will be most heavily loaded to meet the dem-
ands, For the stand alone system the design month is found by calcul-
ating the ratio of the hydraulic energy requirement to the solar
energy available for each month. The month in which this ratio is a
maximum is the design month. For a fuel saving system, the baseline
requirement needs to be established. For example, this could be the
average water requirement throughout the year. Then the ratio of the
baseline hydraulic energy to the solar energy available can be cale-
ulated for each month. Again the month with the maximum ratio is the
design month.
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The data for the design month are used to calculate the required
component sizes in the step by step procedure given below. Table 9

£ abhaat € o lry tha anlanlatis Danh o fI1y
DIIJWD u LUl |l|u|- DIIUCI. LUl. lllal\&l!b \llc val hulnblUllB- L‘u\all DI-!:[J n l.l..lw_

trated for the example system. In this case the design month is May
with a hydraulic energy requirement of 2.16 MJ/day (0.6 kWh/day).

Step 1: Size the PV array
The electrical energy required from the PV array is equal to the
required hydraulic energy divided by the average sub-system daily

enerav nff nn:nnu "l"ho n'lnnhﬂnn'l n||1'nn1' nf fhn 247 array rlnr ande An
sJ AAAVNSAN, J Y yullua A\¥4 1%

three factors (the latter two of which affect the array effxclency)
o the solar irradiation incident on the array

o the average cell temperature which in turn depends on
ambient air tempergture angd solar irradiance levels

aiiansa A VA e

o the electrical load because this determines the operating
point oa the PV array current/voltage (I/V) curve. For a solar
pump without impedance matching electronics, the eleectrical
output of the array is reduced below its maximum value except
when operating at the knee of the 1/V curve.

A detailed methodology for sizing a PV array is given in Appendix 3.

The objective of the procedure is to determine the required array
rating in peak watts (Wp). The principle of the method can be illus-
trated by first considering an array that is operatmg both at the
reference cell temperature (of 25°C) and at the maximum power point on
the current/voltage curve throughout the day. This means that when
the solar irradiance is at a 1000 W/m2 the PV array will produce its
rated output,

The daily solar irradiation can be considered in terms of peak
irradiance conditions at 1000 W/m? for an equwalent time period. For
example, a daily irradiation of 18 MJ/m2 (5 kwh/m?) could be consid-
ered as equivalent to 1000 W/m?2 for a period of 5 hours. By assuming,
as a first approximation, that the array will work at its rated output
for this time period, then a first estimate of the array size can be
made. For example, using this approximation an electrical energy
demand of 9 MJ per day (2.5 kiWh) would reguu‘e a PV array sized at 500
Wp, on a day with an irradiation of 18 MJ/m %

Under actual conditions the incident solar energy would be spread out
over the daylight hours and the average power output from the PV array
would be considerably less than the rated output. Also, in real cond-
itions the array rating calculated above would be too small because of
cell temperature effects and impedance matching losses. Therefore, it
is necessery to increase the array rating by factors which account for
the decrease in efficiency when not operating at reference conditions.
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SOLAR PUWP SYSTEM SIZING

Location . BYRA, .. Latitude ... °9.... Longitude .7V F...

Design ! Vlonth NIAY

Design Month hydhaulic energy requirement S0 1~ B V|
Design Month head .....ccvevnnnne Cesrenans cee ... metres
Design Month global irradiation on array IG MJ /m?
Average sub system energy efficiency ....... -+ > SO
Peak sub system power efficiency ..... cesssannns ‘*O %
Step Calculations
1. PV array size | Required electrical energy 72 MJ
PV array SizZe ..ceccecnae 5“‘on
2. Motor size Rated motor input power ceee 2O L Watts
3. Pump size Rated peak hydraulic power A Watts
Rated flow rate .......... cee QL. lit/sec
at .&Z.. metres head
4. Pipe Diameter{ Diameter ?59 . (mm) for head loss of
..Q:2. (m) at rated peak flow rate

Table 9 Format sheet for calculation of system size

Tu guide the reader who does not wish to make the detailed caleulat-
ions shown Appendix 3, the nomogram in Figure 19 has been prepared and
can be used to determine the required PV array size to meet the
hydrauhc energy load for the desxgn month. The starting point is
axis OB where the hydraulic energy is given in MJ per day. Moving
anti-clockwise and picking an appropriate sub-system daily energy
efflclency from Table 1, the requu'ed electrical load in MJ per day is
given on axis OC. The array rating in peak watts (Wp) is then selected
from axis OA for the appropriate design month solar irradiation.
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hydiraulic duty
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The array ratings shown have been calculated for a daily average cell
operating temperature of 40°C and a system without power conditioning,
which has a 10% loss in energy due to the mismatch between the PV
array and the electric motor. If power conditioning is inciuded, the
required array rating would smaller than the values shown in Figure
19, but the reduction in size is unlikely to exceed 5 to 10%.

For the example system: (see dotted line on the nomogram). It can be
seen from Table 1 that a system with a 2.2 metre lift will have a
typical subsystem daily energy efficiency of 30%. The electrical
energy requ1rement for an hydraulic energy demand of 2.16 MJ per day
is found on axis OC tc be 7.2 VlJ For a design month solar irradia-
tion on the PV array of 16 MJ/m? per day, the array rating is found to
be about 540 Wp.

Step 2: Size the motor

The motor must be able to withstand the peak output of the array.

Since electric motors are generally rated in terms of their eleetrical
input power, the maximum rating of the motor must be at least as great
as the array rating. Thus the example system requires a motor rated at
540 Watts. The configuration of the PV array can usually be arranged
to match the current and voltage limitations of the motor, provided
that the maximum power ratings are adequate.

Step 3: Size the pump

The peak hydraulic power output of the solar pump will be given by the
product of peak array power output and peak subsystem power efficien-
cy. Typical values of peak subsystem power efficiency are given in
Table 1. The peak flow rate required from the pump can be obtained
either by using the equation relating hydraulic power to flow rate and
head (section 1.2) or by using the nomogram in Figure 20. The array
rating is given on axis OB and the peak hydraulic power is obtained
for an appropriate sub-system power efficieney. The peak flow rate can
then be obtained from axis OA, for the required system head.

The dotted line in Figure 20 shows the path followed for the example
system. With an array rating of 540 Wp and a peak subsystem power
efficiency of 40% (obtained from Table 1), a peak hydraulic power of
215 Watts is found on axis OC, and a pump rated at a flow rate of 10
lit/sec for a head of 2.2 metres is found on axis OA.

Step 4: Size the Pipework (where included)

The required pipe diameter to meet the head loss specified when cal-
culating the hydraulic energy (Section 3.1.3), may be determined from
Figure 21.

For the example system with a 10% head loss equal to 0.2m and a peak
flow rate of 10 lit/see, the required pipe diameter is 150 mm for a 30
m pipelength (i.e a head loss of 0.67 m per 100 metres of pipe). Note
that if this pipe size were not available, the whole sizing procedure
could be repeated using a greater percentage head loss. For example
if 100 mm pipe was available the head loss would become 5 m per 100
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Figure 21. Head loss in smooth pipes of different internal diameter

metre of pipelength at a flow rate of 10 lit/sec. The total system
head would then be 3.7 m and the calculations in sections 3.1.3 and
3.3 would need to be repeated.

3.4 Specification of System Performance and Configuration

The purchaser should now be in a position to make his/her own pre-
liminary assessment of solar pumping viability in accordance with the
Decision Chart discussed in Section 1,5, and to supply full details of
his/her requirements, Before a purchase is completed it will be im-
portant to ensure that the purchased system is technically able to
meet the demand and that it will meet the economic constraints,

A specification sheet, which may be included in a tender document (see
Appendix 5), is shown in Table 10. When issuing the tender documents
the purchaser need only complete parts 1-3 and the month by month
pumped water requirements, However for the purchaser to make his or
her own economic assessment before contacting a supplier, parts 4 to 6
should be completed as far as possible. These data are required for the
economic assessment detailed in Chapter 4,
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SOLAR PUVP PERFORVIANCE SPECIFICATION

Location .BWRA .. Latitude ...378... Longitude .. & ..
1. Water source mean statie lift ............. -
2. Delivery system Tvpe ....... PIPE & FIORROW, ........
Length ..... Ceeeeerecanan ceeesBR L m
Pipe diameter ........... e d2Q L m
Efficiency cvoveveeenenss cenuns & . ... %
3. Storage system (when applicable)
Volum e B 4 % 0 ¢ % ¢ el aEE S .-‘.Illl llllll m3
Height ... ittt Mieiinnensnsn. m

4. Design month details
End use water requirement ..9%).. m3/day
Pumped water requirement ..I®N.. m¥ day
Hydraulic energy requirement 2.1& MJ/day
Solar irraediation on
PV array «........ ceeens 12.... W/m¥day

5. Solar pump performance and water requirement

Jan| Feb|Mar | Apr |May |Jun{Jul |Aug|Sep| Oct | Nov|Dec

Solar

g et ian 2 e e lishiclzzlia 2]
(VI /m* /day) 23 |23 123 (1T 1€ | IC

on PV array

Pumped

water - ’

water . l42|e3|s8|r3|100|23|53 |33 (32|37 |40 |38

(m° per day)

D o ay) [ [145145 107 100100 94 [100132/129(120/1 20

6. Solar pump specification -
PV array Size ccceeeesvecennes -f’:‘:‘.’.o..Wp
PV array tilt .ooceeevnevenanees 197.....
Sub-system energy efficiency ... 29... %
Sub-system peak power efficiency 4%. %
Motor Rated Power ........ e PO W

Purp rating .1Q. lit/sec at 24 m head

Table 10. Format sheet for Specification of Solar Pump Performance
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The selection of a suitable subsystem configuration can be carried out
with reference to Figure 12, For the example system with a system
head of 2.2 m, either a submerged or surface centrifugal pump would be
suitable.

It is not necessary to calculate the output in the remaining 11 months
for stand alone systems because it is known that the snlar pump can
provide the annual demand (the pump has been sized to meet the 'worst!
month water demand), However this calculation will give the over
capacity of the pump, i.e. the amount of water that the pump can
provide in excess of the requirements, and it may be possible to use
the potential excess electrical output from the PV array to drive
other loads. For solar punps operating in an energy saving mode it is
essential to calculate th: output in the remaining months so that the
unit water cost can be assessed. ‘

The month by month water output can be obtained by using the nomogratn
in Figure 19 in the reverse direction. This will give the hydraulic
output of the pump which can be converted to water output using the
following equation:

volume pumped = 1000 x hydraulie output (MJ/day) (m?/day)
9.81 x system head (m)
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4. ECONOMIC ASSESSMENT

4.1, Methodologies for Economic Evaluation

Economic considerations are important when comparing .salternative
pumping methods. Solar PV pumps are technically viable but where
alternatives exist the cvaluation of the alternatives must include
both economic and technical considerations.

When economic viability is considered, a distinetion should be made
between economic and financial assessment. The economic approach seeks
to make a true comparison of the value to society as a whole, and as
such must use costs and benefits that are free from taxes, subsidies,
interest payments ete. Conversely, a financial assessment is an eval-
uation from the purchaser's viewpoint; so taxes, subsidies and the
effect of spreading the capital cost over several years by means of a
loan, are all taken into account,

There are three common techniques that are used for making an economic
appraisal:

Payback Period: The length of time required for the initial
investment to be repaid by the benefits gained is eglculated.

Rate of Return: The benefits gained are expressed as a rate of
return on the initial investment.

Life Cyecle Costs: The sum of all the costs and benefits
associated with the pumping system over its lifetime, or over
a selected period of analysis, is expressed in present day
money. This is termed the Present worth (PW) of the system.
For the system to be worthwhile, the benefits must be greater
than the costs.

The most complete approach to economic appraisal is to use the life
cycle costing because all future expenses are then taken into account.
In this method all the future costs and benefits are discounted to
"present day" values. The underlying 2oncept in this approach is that
the investor would be indifferent as to whether he has $100 ncw or
$110 in a years time if the $100 could be invested at an interest rate
of 10%. Hence the Present Worth (PW) of an expenditure of $110 in one
years time would be $100 when discounted at a rate of 10%.

The calculation of PW involves the use of a discount rate which ref-
lects the opportunity cost of capital. Values of discount rate that
are used for other projects in the country concerned can usually be
taken as a guide, typical values are 10 - 12%. High discount rates
mean that a low value is placed on future costs and benefits. For
example at a discount rate of 50% an expenditure of $100 in one year's
time has a Pw of only $66.67.

For individuals the discount rate must reflect the purchasers view of
the value of money available today, against money available in the
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future. Again, high discount rates imply that the individual views
that money available at present is of more value,

Calculation of the Present Worth.

1. For a payment of Cr ($) to be made in the future the Present Worth
(PW) is found by multiplying the payment Cr, by a factor Pr:

PW = Cr. Pr

2. For a payment of Ca ($) occurring annually over a period of N
yesrs, the Present Worth is found by multiplying the payment by a
factor Pa:

PW = Ca, Pa
The factors Pr and Pa depend on the rate of inflation (i), the dis-
count rate (d) and the time (or period) of payment (N years). Formulae
and Tables relating Pa and Pr to these three parameters are given in
Appendix 2.

Examples showing how to calculate the Present Worth

(a) To find the PW of a single cost of $10,000 ocecurring in 5
years time at an inflation rate of 5% per annum and discounted
at a rate of 10% per annum. The factor Pr from Appendix 2 for d
= 0.1, i = 0.05 and N = 5 is found to be 0.79. Hence the PW =
(19,000 x 0.79) = $7900.

(b) To find the PW of an annual benefit of $2000 occurring for a
period of 10 years which has an annual infiation rate of 5% per
annum and is discounted at a rate of 15% per annum. The factor
Pa from Appendix 2 for d = 15%, i = 5%, N = 10 is found to be
5.97. Hence the PW = (2000 x 5.97) = $11,940.

Note: It is usual to carry out economic evsgluations in real terms;
the interest rates and discount rates used should be relative to
general inflation. Hence costs are only assumed to inflate or deflate
if their prices are changing relative to all other prices. However, as
long as both discount and inflation rates are expressed in the same
way (i.e. hoth excluding general inflation or both including general
inflation) the resulting Present Worth will be the same.

4.2. Procedure for a Cost Appraisal of Water Pumping

Figure 22 outlines a methodology that can be used to compare the costs
of the major alternative pumping methods:

0 solar pumps

o windpumps

o engine driven pumps (diesel or kerosene)
o animal powered pumps

o handpumps
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Figure 22.

1. Calculate the hydraulie
energy requirements
each month

!

2. Determine the design
month

!

3. Size the pump and
power source

!

4. Determine the installed
capital cost of the
whole system

!

5. Determine the present worth
of the recurrent costs,
sub-divided into
a) replacement costs
b) maintenance costs
¢) operatine enste

!

8. Life cyele costs

!

7. Unit water cost

Step by step procedure for a cost appraisal of a water
pumping system.
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This step by step procedure is based on a life cycle costing of the
whole system, It takes into account each of the identifiable costs,
but ignores the benefits gained by the users of the water. Consequen-
tly the results do not indicate whether a water pumping system is
economically viable per se (for example whether additional crops grown
using water supplied for irrigation are worth more than the cost of
the water provided). However the methodology can be used to identify
the pumping system which has the lowest life cycle cost and hence will
provide the lowest unit water cost. Of course the least cost solution
may not be the final choice since factors other than cost should also
be taken into account. Reliability is of key importance and a user may
be prepared to pay an increased cost for greater reliability. However
a cost appraisal is a necessary step before making the final choice.

An integrated approach is used for the cost appraisal suggested here,
considering the system as a whole from the water source to the point
of use, In this way the influence of the storage and distribution
systems cn the overall unit water cost can be assessed, Figures 13 and
14 show schematic representations of typical irrigation and rural
water supply systems.

For the purposes of the cost appraisal:
An irrigation system may be assumed to consist of six components;

water source, power source, pump, storage tank (where necessary);
water conveyance network; field application method,

A rural water supply system may be assumed to consist of a maximum of
Tive components; water source, power source, pump, storage tank, and
(where included) a piped distribution system,

The step by step cost procedure is deseribed below. It is illustrated
by calculating the unit water cost for the solar pumping system used
as an example in Chapter 3. A format sheet for the cost appraisal is
given in Table 11, Further examples comparing solar pumping with
alternatives, are given in Appendix 4.

The first three steps relate to sizing the system and calculating the
system energy requirements such that the costs can be found, The data
required are the total system head, the month by month water demand
and the appropriate meteorological data (solar irradiation or mean
wind speed).

Step 1. Caleulate Hydraulic Energy Requirements Each Month

The procedure is straightforward and was described in Section 3.1.
Note that the total system head is the sum of: the distance between
the level of the water source and ground level, the storage tenk
height and the head loss in the distribution system.

The hydraulic energy requiremeut is then determined from the product

of the total head and the volumetric demand as outlined in Section
3.1.3.
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UNIT WATER COST FOR A SVALL SCALE PUWPING SYSTEM

System Description

Location..DURA | Latitude....1%8.......
Design Month, MAY, System Head..&'2.....m

Design Month water requirement1Q®,.m3/day Power Source.SOQLAR,

Annual water requirement.1247€ .. .m3 Size.... 249 . Wp.....

Cost Analysis

Period of analysis....]ﬁ. ...... years Discount Rate...".o..c./‘!...
Pa...... T8 ...

Annual Present

Cost Worth

Capital Cost $ 7570
Replacements $ 769
Maintenance $ 809
Operating - -

Total Annual Cost

Life Cyele Cost (LOC)

Annual equivalent of IOC (ALCC)

Unit Water Cost. 9.5 cents / m?2

Table 11. Format to calculate the unit water cost of a small scale
pumping system.
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Fi3gure 23. Average daily water output for windpumps expressed in
m3 per day per m? of rotor area. These curves can be used to obtain
the rotor area required for a given duty. They have been derived by
assuming the average (over 24 hours) hydraulic power developed by a
windpump is 0.1 x (windspeed)per square metre of rotor area.
Example 2, Appendix 4 indicates their use.

Step 2. Determine the Design Month

A procedure for identifying the design month for solar puiaps is out-
lined in Section 3.3. A similar procedure can be adopted for wind-
pumps. Figure 23 shows the water pumped per square metre of swept
rotor area as a function of monthly average windspeed and total head.
These curves have been derived by assuming an average windpump per-
formance; where available actual performance data should be used.

To determine the design month, the volume pumped per square metre of
swept rotor area must be determined for each month, The month with the
highest ratio of water requirement to pumped volume per m? of swept
rotor area is the designated design month.

For handpumps, animal and diesel pumps the design month is simply the
month with the highest water demand.
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Figure 24, Number of oxen required to provide the specified quantity
of water at different lifts. The curves have been calculated by
assuming that an ox can provide 350 Watts of power for 5 hours per
day, and that the efficiency of the water lifting device is 60%.

Step 3. Size the Power Source and Pump
A procedure for sizing solar pumps is deseribed in Section 3.3.

For a windpump the required rotor size is determined by dividing the
pumped water requirement, for the design month, by the pumped volume
per mZ of swept rotor area for the design month.

Figures 24 and 25 give an estimate of the number of animal or hand-
pumps needed to provide the required quantity of water, Where actual
measurements of the output of hand and animal pumps are known, these
should be used in preference to the estimates of Figures 24 and 25.

Unless water requirements are extremely large a single diesel or
kerosene pump will be sufficient, For example, the smallest sized
diesel engine should provide an energy equxvalent of 6000 m“per 12
hours of operation and a small kerosene engine may provide half this
amount,

Steps 1 to 3 were covered in detail for a solar pump in Chapter 3.

Using the results obtained in Sections 3.1 to 3.3, the first part of
Table 11 has been completed for the example solar pumping
system,
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less economical to use existing equipment than to purchase improved
equirment, For the example, a 15 year period and a 10% discount rate
have t2z2n chosen. It has been assumed that the motor/pump lifetime is
7.5 years, thatl the distribution pipe lifetime is 5 years and that the
PV array and water source have lifetimes of greater than 15 years.

Step 4. Capital Costs

Costs are divided into two types: capital and recurrent. Capital costs
are dependeiit on component size. For example, PV module costs are
about $8 per Wp (1985 prices). Once the rating of the PV array has
been calculated the cost of the array can be determined.

To determine the capital cost of the storage tank and distribution
systems (where included) a decision must be made on tank volume and
pipe or channel sizes.

Due allowance should be made for transportation and installation when
assessing the capital costs.

Step 5. Recurrrent Costs
Recurrent costs are considered to consist of three parts:

Replacement costs oceuring at intervals depending on the lifetime of
each component. The number of replacements during the period of anal-
ysis is found, and the present worth of each replacement is then
calculated by multiplying the initial capital cost of each component
by the factor Pr. Pr is determined for the appropriate value of comp-
onent inflation rate (i), discount rate (d) and year of replacement N)
from Appendix 2. For most cases the component relative inflation rate
will be zero. However, by allowing for an inflation rate, the relative
cost of each component is allowed to change throughout the period of
analysis, For example, it is likely that the present cost of PV
modules will be reduced. Hence the replacement cost will be lower that
the present coust and a negative inflation rate may be used to
calculate the Present Worth.

Maintenence and repair costs occurring each year. The Present Worth of
the maintenance cost for each component is found by multiplying the
annual cost by the factor Pa as determined from Appendix 2.

Operating costs. These may be fuel costs, animal feeding costs or
labour charges for operation and attendance, For diesel engines they
are calculated on the basis of hours of operation. Figure 26 shows an
estimate of the water pumped per hour for small 2.5 kW diesel engines
with a fuel consumption of 1.5 litres per hour. From this graph the
number of hours of operation needed to provide the required pumped
volume can be determined. The annual fuel costs are then determined by
multiplying the operating hours per year by the cost per hour,

The operating costs attributable to wages and animal feeding are
obtained by multiplying the number of animals or humans (as determined
in Step 3) by the daily charge rate. Attendance charges should also be
included where necessary.
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The PW of the operating costs are determined by multiplying the annual
operating cost by the factor Pa from Appendix 2. If it is anticipated
that the costs are going to increase, in real terms, an appropriate
value for the inflation rate should be used.

Step 6. Life Cyele Costs (LCC)

The life cycle costs are simply the stm of the Capital Cost and the
Present Worth of the Recurrent Costs.

Step 7. Unit Water Costs

The cost appraisal could end with the calculation of the life eycle
costs. However it is more convenient to assess the pumping method by
the cost of the water that the system provides. The unit water cost is
determined by first converting the life eycle cost into an annual
equivalent (annual equivalent life eyele cost or ALCC). Conversion of
the LCC into the ALCC is the reverse process of discounting. The
factor Pa must be calculated or obtained from Appendix 2, using the
chosen discount rate (d) the period of analysis (N) and an inflation
rate (i) of zero. The ALCC is obtained by dividing the LCT by the
factor Pa.

The ALCC is then divided by the annual water requirement to give the
unit water cost.

Steps 4 tc 7 have been completed for the example system. The results
are shown in Table 11. Since there is no storage tank, the capital
cost comprises the water source cost (in this case $40 to dig a 2
metre well), the PV array at $8 per Wp for the modules, plus a mis-
cellaneous cost of $3.5 per Wp, a d.c motor/pump cost at $2.00 per Wp
and a distribution pipe cost at $8 per metre of pipe, giving an
installed ecapital cost of approximately $7,570 for the complete
system*,

During the 15 year period of analysis a replacement motor/pump is
required at 7.5 years, and replacement pipes at years 5 and 10. The
factor Pr for each replacement is obtained from Appendix 2,

For the motor/pump replacement with N=7.5 years, d=10% and i=0%, the
factor Pr=0.49. The PW of the replacment cost is then 0.49 x 1080 =
$528. For the first pipe replacement, with N=5 years, d=10% and i=0%,
Pr=0.62. For the second pipe replacement with N=10 years, d=10% and
i=0%, the factor Pr =0.38. Hence the PW of the pipe replacements is
(0.62 + 0.38) x 240 = $240. (Note: it is assumed that the costs of
these components do not change in real terms; an inflation rate (i) of
zero is used).

* The solar pumping costs have been obtained using the values given in
Section 4.3. For a system rated at 540 Wp the costs can be interp-
olated from Table 12. If projected costs were used, the capital cost for
the complete pumping system would become $4590; the PW of the recurrent

costs gvould be $1378 and the unit water cost would become $6.3 cents
perm 3
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Figure 26, Number of hours required for a diesel pump to provide the
specifiedwater volume-head produe*, The volume-head produect is ob-
tained by multiplying the pumped volume in m3 per day by the total
system head in metres. The estimates are based on a diesel engine
with a fuel consumption of 1.5 litres per hour and the specified
efficiencies,

Annual maintenance costs of $80 are assumed. To find the PW of the
maintenance costs the factor Pa is obtained from Appendix 2. For a
period of analysis (N) = 15 years, (d) = 10% and (i) = 0%, the factor
Pa = 7.61 giving a PW of $609 for the maintenance costs.

In this example, operating costs are assumed to be zero. The life cycle
cost (LCC) is obtained by summing the capital cost with the present
worth of the replacement and maintenance costs.

To obtain the unit weter cost, Pa is obtained, from Appendix 2, for N
= 15 years, d = 10% and i = 0%. Pa is equal to 7.61. The annual
equivalent life cyecle eost (ALCC) is the life eyecle cost (LCC) divided
by Pa, giving an ALCC of $8947:7.61 = $1176. The annual water
requirement is 12410 m3, so the unit water cost is $1176+12410 = 9.5
cents per m?3,
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Two points should be noted in relation to this unit water cost:

(i) The unit cost is the cost of the water provided to the
erop and not the cost of water provided by the pump. (Since
the field application efficiency is 60%, the actual annual
volume of water pumped to meet the crop water requirement is
12410 + 0.6 = 20683 m 3,

(ii) The unit cost is based on the cost of the complete
system. It includes the costs of the water source and distri-
bution network.

4.3. Guidance on Costs

In this section, typical costs and performance data have been ana-
lysed, taking account of experience obtained under the UNDP/World Bank
Solar Water Pumping Project and on more recent work carried out by the
Project Consultants. The information is included in order to provide
the reader with a reference against which to compare the results of
his/her estimates for a particular application,

4.3.1. Solar Pump Costs

Present and anticipated future PV solar pumping costs are given in
Table 12. The main changes in future costs are expected to be in
connection with PV module costs, for which three cases are considered:

(a) Present Costs

i.e. 1985 costs with a module cost of $8 per Wp (fob point of
manufacture);

(b) Projected Costs

(estimated to be 1987) when due to the mass production of PV
modules and de motor/pump units, the costs will be reduced by 30%.

(¢) Potential Costs

(estimated to be 1993-1998) with motor/pump costs the same as for
Target Costs but, due to changes in technology the PV module costs
are assumed to have fallen to $2 per Wp (fob point of manufacture)

The erpital costs in Table 12 are divided into three parts:
(a) PV array. The cost is expressed in $ per peak electrical watt,

(b) Motor/Pump. This cost is expressed in terms of $ per peak
electrical watt, However, since the cost of a motor/pump unit is
not directly proportional to hydraulic duty or eleectrical rating,
costs are given for several ratings, At larger duties the cost
per Wp is proportionally less. It should be noted that there are
large variations in the costs of commercial motor/pumps and the
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Electrical Present | Projected Potential
Rating of (1985) (1987) (1993-1998)
Duvn (Watto) ) i
‘_lv AN AL S A~ Y .
Module - All 8 5 2
Cost : - ,
($/wp)
Motor/Pump | 200 3.5 1.8 1.8
Cost (Fob) 400 2.2 1.1 1.1
($/Wp) 600 1.8 0.9 0.9
1000 1.4 0.7 0.7
Mise. 200 6.5 5.7 5.7
Costs 400 4.0 3.9 3.9
($/Wp) 600 3.2 3.2 3.2
1000 2.5 2.8 2.8
Total
Installed 200 18 13 10
Solar Pump 400 14 10 7
Cost 600 13 9 6
($/Wp) 1000 12 8 5

Table 12 Present and Projected Solar Pump Costs

values given are only averages; for example, more efficient motor/
pumps could be more expensive.

(c) Miscellaneous costs, covering power conditioning, pipework,
foundations, shipping, transport and labour, are expressed in $
per Wp for several electrical ratings since they become pro-
portionally less for large systems. It is anticipated that these
costs will also be reduced as power conditioning equipment becomes
cheaper, :

The resulting total installed solar pumping system cost is dependent
on the system size. The cost is expressed in $ per peak electrical
watt (i.e. PV array rating). The costs per peak electrical watt are,
of course, dependent on the efficiency of the subsystem, since this
relates the hydraulic power to the electrical power. The system costs,
shown in Table 12, have been calculated assuming a peak subsystem
power efficiency of 60%. At present, with this subsystem peak power
efficiency, typical system costs are $12 tc $18 per installed peak
electrical watt, Within the next two years it is anticipated that
this cost will be reduced to $8 to $13 per peak electrical watt and by
the year 2000, if new solar PV technologies emerge, the installed cost
could be between $5 and $10 per peak electrical watt,
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Recurrent costs for solar pumps are difficult to estimate due to the
limited operating experience. Table 13 gives the values of lifetime
and maintenance costs that were assumed for the most recent work on
the UNDP/World Bank Small Scale Solar Pumping Project. Recurrent costs
for motor/pump units were calculated from the number of operating
hours, For a system with a constant daily water demand it is usual to
assume a typical number of operating hours per year of approximately
2500, giving a motor/pump lifetime of about 8 years.

Recurrent Maintenance Lifetime
Cost
$ per $ per 1000 years operating
year operating hours
hours
PV Array 50 - 15 -
Motor /Pump - 12 - 20,000

Table 13. Data used to Calculate Recurrent Costs for UNDP Project
GL0/80/003 "Small Scale Solar Pumping Systems"

4,3.2. Other Pumping System Costs

Table 14 gives typical capital and recurrent costs for other pumping
methods. These costs were based on a variety of sources ranging from
surveys carried out in Bangladesh, Kenya, Thailand and the United
Kingdom to a worldwide survey of windpump costs.*

The following points shouid be noted in relation to these costs:

o Reliable operating and maintenance cost data are extremely limited
for all methods of pumping. In particular there are few data on diesel
engines; eonsequently a range of costs is presented,

o There is a large range of windpump costs from $600 per m2 for the
windpumps manufactured in developed countries to $50 m2? for locally
manufactured designs.

o Operating costs for handpumps depend on the cost attributed to
local labour. For the UNDP/World Bank Smell Scale Solar Pumping

* Windpump costs are reported in "Wind Technology Assessment Study” by
I T Power Limited, Published by The World Bank, 1818 H Street NW,
Washington DC 20433, USA.
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Pup Wind ~ Diesel Kerosene Animel Hend
Hydraulie dependent on 1.3 W 550W 210W 36W
Rating wind regime
Capital $300 per m? $2125 fora | $440 for a | $250 per | $216-200 per
Cost of rotor : ‘2.5 kW engine 1.1kW engine snimal = handpump = $6
(1m<diacim) = $1.42 per W | = $0.8 per W $5.2 per W of | - $8 per W of
of hydraulie of hydraulic of hydraulie | hydraulic power
power cower power
Maintainance
Cost
$ per year 50 - - 10 50
and/or
$ per 1000 6 200-400 200-400 - -
operating hours
Operating cost 0 40 to 80 cents | 40 to 80 cents $2.25 per $1 per man
per litre per litre animal day day

Table 14. Data Used to Calculate Capital and Recurrent Costs for
UNDP/World Bank Project GLO/80/003 "Small Scale Solar Pumping Systems”

Project a value of $1 per man-day was attributed to labour for irriga-
tion pumping and zero cost was assumed for labour on village water
supplies.

4.3.3 Unit Water Costs

An idea of the current and future unit water costs of solar pumps,
when compared to diesel and windpumps,can be obtained from Figures 27
and 28. These figures have been prepared using the cost and lifetime
data of Sections 4.3.1 and 4.3.2 with the cost comparison methodology
described in Section 4.2. The life cyecle costs have been determined
for a 30 year period at a 10% discount rate. (This choice of the
period of analysis was used because it allows for replacements of all
major system components. Shorter periods could be used but would have
little effect on the end result.)

In these Figures the unit water cost due to the pump (i.e. excluding
water source, storage and distribution) is expressed in $ per m* and
is shown as a function of the annual average energy equivalent in mé*
per day. The energy equivalent is calculated by taking the product
of annual crop, village or livestock water requirement (m3 /year) and
the total system head, and dividing by 365 days. The cost in $ per m*
must be multiplied by the system head to obtain the cost per cubie
metre of water,
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Figure 27. Comparison of unit water costs between solar and diesel
pumps. The shaded area represents a typical range of diesel pumping costs.
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Figure 28, Comparison of unit water costs between solar and windpumps

68



For solar and windpumps the unit water cost is dependent on the
following location dependent parameters: ’

H* = design month solar irradiation (MJ/m ) x
~ (storage and distribution efficiency)
: t (desngn month demand factor)

u* = design month mean wind speed (m/s) X
(storage and distribution efflclency)% 3
+(design month demand factor)

The design months are determined using the procedure outlined in
Section 4.2, and the design month demand factor is defined as the
ratio of the design month water requlrement (in m3per day) to the
annual average water requirement (in m? per day).

For the diesel pump the unit water cost is given for a range of
conditions representing the range of operating and maintenance costs
given in Table 14.

Figures 27 and 28 illustrate several characteristics of solar pump
economic viability.

o There is a marked dependence of water costs on the values of
H* and u*, which depend on water demand pattern, efficiency of
distribution and meteorological conditions.

o the effect of H* will become less if future cost reduections
are achieved,

o at present, solar pumps provide cheaper water than diesel
pumps for low water requirements (generally low head applica-
tions), in locations with high solar irradiation ano little
variation in month by month water demand (e.g. Vh < 200 m* for H*
= 20 MJ/m?). Such circumstances are not common. However, other
factors such as reliability and ease of maintenance can be
expected to encourage the use of solar pumps in conditions where
they are not the cheapest option.

o windpumps are and will probably remain cheaper than solar or
diesel in locations having values of u* greater than 3 m/s

o if solar pump costs of $6 per Wp are reached, solar pumps can
be expected to become cost competitive with diesel pumps for most

small scale applications in locations where H* is greater than 7
MJ/m?2,
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Example of a cost appraisal using Figures 27 and 28

What ‘are the unit water costs for a) a solar pump, b) a windpump
and c¢) a diesel pump to provide the water requirements for the
irrigation system used as an example in Chapter 3? Compare a solar
pump costing $18/Wp with one costing $9/Wp. (Assume that the wind
design month is February with a mean wind speed estimated to be
between 2.0 and 2.5 m/s.).

1. The average daily erop water requirement is 12410 *365 = 34 m3
Assuming an average system head of 2.2 m, the energy equivalent is
34 x 2.2 = 74.8m%,

2. For the solar pump the design month is May with a solar irradia-
tion of 16 MJ/m2, The crop water requirement in May is 60 m3 per
day. Hence the demand factor for this month is 60 * 34 = 1.76. The
distribution efficiency is 60%, giving H*¥* = 16 x 0.6 + 1,76 = 5.45
MJ/m2. From Figure 27, the unit water cost at a capital cost of $18
per Wp for an energy equivalent of 74.8 m* and a H* value of 5.45
MJ/m2 is 2.8 cents per m*.At a head of 2.2m this is equivalent to
2.2 x 2.8 = 6.2 cents per m3,

From Figure 27, at a capital cost of $9 per Wp the unit water cost
will be 1.6 cents per m* equivalent to (1.6 x 2.2) = 3.5 cents per
mJ3

3. For the windpump the design month is February with a crop water
requirement of 50 m3 per day. The demand factor for February is 50¢
34 = 1.47 giving u* values in the range from 2.0 x (0.6+1.46)3 = 1.5
m/s to 2.5 x (0.6 +1.46)% = 1.9 m/s. From Figure 28 the unit water
cost lies in the range from 3.2 to 2.0 cents per m* , equivalent to
water volume costs in the range 3.2 x 2.2 = 7,0 to 2,0 x 2.2 = 4.4
cents per m3.

4. For the diesel pump the unit water costs for an_energy equiva-
lent of 74.8 m% range from 2.1 to 3.2 per m%, equal to 4.6 to 7.0
cents per m3,

Figure 29 shows the results obtained for this example.

The conclusion from this example is thagt, for the low head and other
favourable conditions assumed, solar pumping costs are presently well
within the range of the likely costs of the diesel and wind pumping
alternatives. In these circumstances, the greater reliability of
solar pumps owing to their freedom from external fuel supplies and
lower maintenance requirements may well tilt the decision in their
favour, especially in comparison with diesel. The example also shows
that when projected solar pumping costs are achieved, ($8-13 per Wp)
solar will clearly be the least cost option under the assumed condi-
tions.
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5. PROCUREMENT, INSTALLATION AND MONITORING

5.1. Procurement

Five stages for the specification and procurement of a solar PV pump
are recommended, as deseribed briefly below.

(1) Assess Solar Pumping Viability and Estimate Costs

Before contacting suppliers, an initial appraisal of solar pumping
should be made in accordance with the guidelines given in Chapters 1
and 3.

(2) Prepare Tender Documents

A suggested format for tender documents is given in Appendix 6.

(3) Issue a call for Tenders

Letters may be sent to suppliers with a brief deseription of the
required system. Interested suppliers will then reply with a request
for the tender documents.

(4) Preliminary Evaluation

Each tender should be checked to ensure that:

(a) the system being offered is complete, and includes
spare parts and installation and operating instructions.

(b) the system being offered can be delivered within the
maximum period specified, and

(c) that an appropriate warranty can be provided,
(5) Detailed Assessment
A detailed assessment of each tender shouid be made under the follow-
ing four headings with approximately equal importance aseribed to each
heading.

(a) Compliance with specification

The output of the system should be assessed taking into
account any deviations from the specification proposed by
the tenderer.

(b) System design

The suitability of the equipment for the intended use should
be assessed taking into account operation and maintenance
requirements, general complexity, safety features ete.

The equipment life should be assessed with regard to bearing
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‘brushes and other parts liable to wear and tear,

The content of the information suppliéd to support the
tender should be assessed, in particular the provision of
general assembly drawings and performance information,

(e) Capital cost

Capital costs should be compared, allowing for any devia-
tions from the specification proposed by the tenderer, This
can be done by comparing the capital cost per m* of water
delivered by the system.

(d) Overall credibility of tender.

The experience and resources of the tenderer relevant to
solar pumping technology in developing countries should be
assessed together with the tenderer's ability to provide a
repair and spare parts service should problems be experienc-
ed with the solar pump. A reasonable warranty, at least
relating to spare parts, should be provided.

5.2. Installation and Operation

5.2.1, Installation and Commissioning

Arrays

Arrays should be sited in an unshaded positicn. Sites should be check-
ed for trees and buildings that could shade the array, remembering
that the sun's position changes with season, and that trees grow. The
arrays should be away from possible damage by floods, and fenced in to
protect them from vehicles, children, animals ete. Portable arrays
should be temporarily fixed down, or weights should be uscd to stop
them from blowing over,

Erection should be carried out using the manufacturer's installation
instructions. Care should be taken not to lose nuts, bolts and wash-
ers. All connections should be cleaned on assembly and checked for
tightness after erection. Electriea! rables shauld ho =eot-xted from
possible damage and an earth {ground) connection installed where
necessary.

Floating Motor/Pump Units

Seals, cable glands and the flotation device fixings should be check-
ed as appropriate. The unit should not be lifted or supported by its
cable - a rope should be attached to a suitable point to lower the
unit onto the water, Discharge hoses may also need support in wells or
fast flowing rivers. Sufficient cable and hose should be allowed to
accommodate changes in the water level.
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- Surf ace Vlounted Suctmn Punps

'I‘he suctxon hft should be as small as practlcal. Suctlon pxpes must
be leak free and the pipe needs to rise steadily so that air is not
trapped. The priming chamber should be filled before the pump is
operated, and checks should be made to ensure that the inlet te the
suction pipe is free from sediment, floating debris ete, and that the
direction of rotation of the motor is correct and that the foot valve
(where fitted) is operating. correctly. : ~

Surface Mounted Motor with Submerged Pump

A skilled fitter should assemble the vertical drive shaft. The tight-
ness and gljustment of clearances is vital. The rising main must be
primed before starting, and the direction of rotation and well level
controls (if fitted) should be checked. The pump and shaft must not
run dry.

Submersible Motor/Pump Units

All cable connections and seals should be checked for water tightness
as far as possible, and a supporting wire should be attached to the
motor/pump unit if plastie riser pipes are used. Start up instructions
should be followed eclosely. Normally the direction of rotation is
cshecked by comparing flcw and pressure with the electrical connections
the correct way and withi them reversed. However in some cases revers-
ing the connections could damage the unit. The manufacturer's
instructions should be followed. Centrifugal pumps will still pump
water whei running backwards, but less efficiently.

Jack and Piston Pumps

When jack and piston pumps are mounted on an open well, the well must
be covered while working above it. Ensure that all rod and riser pipe
joints are tight., A coarse strainer is often used on the pump inlet,
but filters should be fitted on the discharge side of the pump where
they cean be cleaned. Any balance weights, pulleys ete. should be
adjusted in accordance with the manufacturer's instructions. The pump
should be fitted with guards or fenced to keep animals and people away
from moving parts.

5.2.2. Maintenance

Solar pumps should not normally require more than simple maintenance
functions which only demand rather basie skills, The main problem
with them at present is lack of familiarity; the "black box" nature
of solar pump components makes their function appear mysterious and
may discourage farmers or local mechanies from trying to correct any
faults which develop.

The only relatively frequent maintenance function necesary with most
systems is to clean the photovoltaic srray from time to time if it
gets covered with dust. The motor-pump subsystem is not dissimilar to
a mains electric pump in terms of maintenance requirements, which in
common with mains electrical systems shouid be minimal.
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Possxbly a prxmary cause of fallures results from damage caused by
animals or people to" the relatlvely traglle photovoltalc array. It is
generally necessary to install solar ‘pumps within a fenced enclosure
for protection. The fence therefore needs to be kept in' good condl— ‘
tion and the gate should be safely secured, ;

There are a number of faults that can arlse"whlch can reednly be
corrected by the user mthout speclal tools or equxpment for example ,

o poor electrlcal connectlon caused by dlrty, wet or corroded
terminals or plugs.

o blocked strainers and fllters on the pump '

o failure of suction pump due to loss of prime caused by faulty

foot-valve or air leaks in suction line,

leaking pipe or hose connectlons

leakmg pump gland seal : N

some motors need replacement boushes; this is usually a simple

operation described in the handbook, (far simpler than for

example servicing a small engine powered pump)

o where gearboxes or mechanical transmission are involved
(usually with positive displacement pumps only) then occasional
oil changes or greasing may be necessary and/or belts or
chains may need occasional retensioning or adjustment,

(o 2o B =]

When a vital system component suffers damage, which should be a rare
occurence, then it is possible that a skilled engineer will be reqguired
to identify the cause of failure. It would generally be unusual to
dismantle and attempt to repair a failed component in the field; normally
the suspected component would be removed and a replacement subsituted.
Dismantling and re-assembly is generally a simple matter requiring no
more than a few spanners and a serewdriver, so provxdmcr the failed
item can be 1dent|fle1d and a replacement obtamed it is not difficult
to make the substitution.

5.3. Monitoring and Evaluation
5.3.1. The Need for Monitoring

Photovoltaic solar pumps are a relatively new technology, so it is
essential to obtain data on their performance to build up information
on their long term technical, economic and social viability, The
objectives of a monitoring programme will usually inciude the follow-
ing aspects:

Methods of application: to gain first hand experience of the
ways in which the solar pumps are used by farmers and vill-
agers;

Economics: to gain information on the costs and benefits of
PV systems;

User reaction: to find ways in whieh the systems and their
methods of application can be amended to make them more
acceptable;
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Subsystem daily energy efficiency %

; Performance and rehabxllty to mcrease the data base on
system performance and, to obtain data on component
ht‘etnmes and mamtenance requlrements '

5.3.2. Methods of Evaluation
The simplest method of performance evaluatnon is to take daxly readmgs ot'

o global solar xrradlatlon in the plane of the PV array;
o volume of water pumped; :
o static head.

This will enable the hydraulic energy and hence syetem efficiency to
be obtained for different values of dally solar irradiation. A format
sheet for recording such measurements is shown in Table 15.

As indicated in Chapters 2 and 3 the most important parameter for
system sizing and economic evaluation is the daily subsystem effic-
iency. This can be obtained from the above readings by assuming an
average daily efficiency for the PV array. However, a more thorough
approach would inciude measurements of the array energy output,
Scatter diagrams can then be obtained of subsystem efficiency against
daily solar irradiation as shown in Figure 30.

50 -

H
O
L1

] | 1 v ¥ J ¥ " 1 \ 1 v | | ¥

0 4 8 12 16 20 24 28
Daily irradiation ( MJ / m?)

Figure 30. Example showing the variation of subsystem efficiency
with solar irradiation. Such data may be obtained from field
trials. They are important for system sizing and economic evalua-
tion. (The results shown here were obtained from field trials in
Mali as part of Phase I of the UNDP/World Bank Solar Pumping
Project).
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SOLAR PUMP PERFORMANCE
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Table 15 Format sheet for Recording Solar Pump Performance
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5 3.3. Instrumentatlon

_ Instrumentation seleet  for béffdriﬁant:é‘»km‘én‘it,o‘ringLsho&ld{ meet the
followmg requu'e'nents : T ; =

0
o
0
o

sultable for fle.ld use;

-allow on site assessment of performance,

have suitable accuracy (better than 5%);
require only battery power and have a long battery hfe
before discharge, (say greater than 1 month) :

Three types of instrument are required in order to complete the daily -
recordings outlined above:

(a) a solarimeter to measure solar irradiance. This can be
either an accurate thermopile device or a less accurate but
cheaper photovoltaic device. The solarimeter requires an
integrating meter to record the daily solar irradiation.

(b) a flow meter to record flow rate. The head loss caused
by the flow meter should be kept to a minimum and the device
should be capable of measuring flows in the range expected
from the pump. The flow meter also requires an integrating
meter, so that the volume of water pumped in a day can be
obtained.

(c¢) a well dipper with a water sensitive transducer that
permits measurements of water level to be obtained easily.

If the water source is a borehole, sufficient aceess may
need to be made at the well head for measurements of water
level. The well dipping is usually performed manually and a
reading is recorded daily.

If measurements of subsystem efficiency are to be made, an energy
meter will also be required to measure the electrical output of the

array.
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APPENDIX 1 ' SOLAR RADIATION DATA

The average daily global irradiation for a month can be. obtained by  multiplying the global -
irradiation outside the atmosphere, obtained from Teble Al, - by the clearness index:obtained from
Figures Al to Al2. The clearness indices are accurate to + 10%, hence the resulting solar radiation
will be accurate to + 10% since ‘the extra-terrestrial radiation is a fixed property of the sun,

To calculate the global irradiation on a tilted surface multiply the horizontal irradiation by the
tilt Ffactors given in Tables A2 to Al4,  In these tables the surface inclination is specified
relative to a horizontal surface., The tilt factors have been calculated using geometrical formulae
relating energy on a tilted surface to energy on a horizontal surface, They cah be taken to be
accurate to 2 to 3 percent.

Extra-terrestrial Global Irradiation (MJ/m’ per day)

Month for Northern Hemisphere
Latitude Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec Latitude

Degrees Degrees
0] 36 37 3 36 34 33 34 35 37 3 36 35 \]
5 3% 3 371 31 3 3 35 36 37 36 3 33 5

e - 32 3% 31 38 3 37 37 3 37 33 32 131 10
15 29 32 3 38 38 38 38 38 3 33 30 28 1%
20 27 30 3 38 39 39 39 38 35 31 27 25 20
25 24 28 33 37 3 a0 40 38 34 29 25 23 25
30 21 26 31 37 40 41 40 37 33 271 22 20 30
35 18 23 29 3 40 41 40 37 31 25 19 17 35
40 15 20 27 3% 39 41 40 36 29 22 16 4 40
45 12 18 25 33 39 41 4 35 27 19 13 1 45
50 9 15 22 31 38 41 40 33 25 16 10 8 50
55 6 12 20 29 37 41 39 32 3 14 7 5 55
60 3 9 17 27 3 41 3B 30 20 11 4 2 60

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun
Month for Southern Hemisphere

Table Al. Average Daily Global Irradiation for a horizontal surface outside the
earth's atmosphere,
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1.26
1,
1.67
l1.81
1.91
1,95
1.32
1.61
1.85
2.03
2.17
2,24
1.33
1.61
1.85
Jun

1.21
1,39
1.

1.65
1,711
1.73
1.27
1,

1.69
1.83
1,92
1.96
1.27
1.51
1.70
1.93
1,95

May

1.14
1.25
1.32
1.37
1.8
1.36
1,17
1.31
1.42
1,
1.51
1.49
1.18
1.32
Apr

1.
1,

1.07
1.11
1.13
1.12
1.08
1.01
1.14
1.17
1.17
1.13
1'07
1,14
1.10
1,02

Mar

1.
1'

1.02
1.01
0.99
0.9%4
0.87
0.78
1,02
1.

0.95
0.87
0.78
1.01
0.80

Feb

1.
0.469

0.75

Dec Jan

0.63 0.66

Nov
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1.00 0.98 0.9
0.97 0.94 0.9
0.93 0.89 0.91
0.86 0.81 0,84
0.7 0.73 0.75
0.6%

1.00 0.9 0.9
0.97 0.93 0.95
0.92 0.87 0.9
0.85 0.79 0,82
0.77 0.69 0.73
0.66 0.59 0.62
0.98 0.96 0.97
0.68 0.5 0.63
0.5 0.47 0,51

0.7 0.71

Oct
Month for Southern Hemisphere

1.11 1,04
1.25 0.97

1.16 1.09 1.03
1.29 1.15 1.04
1.38 1,19 1.03
1.45 1.19 0.99
1.47 1.17 0.93
1.46 1.12 0.85
1.36 1,20 1.06
1.49 1,25 1.05
1.5 1.27 1.01
1.62 1.25 0.95
1.62 1.20 0.8§
1.62 1.22 0.89
1.61 1.1 0.78
Sep
Table A9 Tilt factors for latitude 40 degrees

Aug

1.2

1.23
1.43
1.%9
1,72
1.79
1.82
1.
1,
1.75
1.91
2.
2.07
Jul

10
20
30
40
50
60
10
20
30
40
50
60

0.5
0.6
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Figure A2. Clearness Index Map for February



Figure A3, Clearness Index Map for March

Figure A4. Clearness Index Map for April
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Figure A6. Clearness Index Map for June
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figure A7, Clearness Index Map for July

Figure A8, Clearness Index Map for August
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Figure Al0. Clearness Index Map for October
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Figure Al2. Clearness index Map for December
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APPENDIX 2. CALCULATION OF THE PRESENT WORTH

For a future cost or benefit (Cr), payable in N years time, which is inflating at a fixed
percentage "i" each year and discounted at a rate "d", the Present Worth is given by:

% = Cr.Pr
' N-1
with Pr = (1 + i)”
{1 + d)

For a payment or benefit Ca ($) occuring annuelly for a period of N years which is inflating at a
rate i per year and discounted at a rate d, the Present Werth is

PW = Ca.Pa
with Pa=1-1+iN/(d-i)ﬁ:ri*d
l+4d
or Pa = N/(1 + 1) for i = d

Tables All and Al2 give the factor Pa, Pr for selected values of N, i end d.
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Discount
Rate (d)

0.0

.05

0.10

0.15

0.20

Table All

Inflation
Rate (1)

Factor Pr for given number of year

0.78
0.95
1.15
1.37
1.62

0.62
0.75
0.91
1.08
1,29

0.50
0.60.
0.73
0.87
1.03

0.40
0.49
0.59
0.70

- 0.83

0.39
0.60
0.91
1.36
1.9

0.16
0.25
0.38
0.57
0.83

15

1.00
1.98
3.78
7.07
12. 84

0.48
0.95
1.82
3.40
6.17

0.24
0.47
0.91
1.69
3.07

0.12
9.24
0.47
0.87
1.58

0.06
0.13
0.25
0.46
0.83

20

1.00
2.53
6.11

14.23

31.95

G.38
0.95
2.30
5.36
12.04

0.15
0.37
0.91
2.1
4.75

0.06
0.15
0.37
0.87
1.95

0.03
0.06
6.16
0.37
0.83

30

1.00
4,12
15.85
57.57
197.81

0.23
0.95
3.67
13.37
23.47

0.06
0.23
0.91
3.30
11,34

0.02
0.08
0.24
0.87
2.99

0.00
0.02
0.07
0.24
0.83

Present Worth Feotor Pr for selected values of inflation

rate, discount rate and number of yesr
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Discount
Rate (d)

0.0

a9.05

0.10

0.15

Inflation
Rate (i)

0.00
0.0
n.1
0
0

QW

.1
.2

o w

0.00
0.05
0.10
0.15
0.20

0.00
0.05
0.01
0.15
0.20

0.00
0.05
0.10
0.15
0.2u

Factor Pa for given number of year

5

5.00
5.52
6.11
6.74
7.44

&4.32
4.76
5.23

- 5.75

6.33

3.79
4.15
4.54
4.98
5.45

3.35
3.65
3.98
4.35
4.74

10

10.00
12,58
15.94
20.30
25.96

7.72
9.52
11.85
14.84
18,67

6.14
7.44
9.09
11.19
13.87

5.02
5.97
7.18
8.69
10.61

4.19
4.91
5.31
6.93
8.33

15

15.00
21.58
31.77
47.58
72.04

10,38
14,28
20.19
29.14
42.74

7.61
10.05
13.64
18.96
26.88

5.85
7.44
9.73
13.04
17.87

4.67
5.77
7.29
9.44
12.50

20

20.00
33.07
57.28
102.44
186.69

12.46
19.05
30.71
51.68
89.66

8.51
12.11
18.18
28.65
46.99

6.26
8.38
11.78
17.39
26.85

4.87
6.20
8.24
11.46
16.67

30

30.00
66.00
164.00
435.00
1182.00

15,37
28.57
60.75
143.20
359.49

9.42
15.05
27.21
55.89

126.04

6.56
9.35
14.73
26.08
51,70

4.98
6.54
9.26
14.42
25,00

Table Al2 Present Worth Factor Pa for selected values of inflation

rate, Giscount rate and number of years
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APPENDIX 3. EQUATIONS USED FOR ESTIMATING THE SIZE OF A PV ARRAY

A PV airgy is rated by its electrical output at a temperature of 25°C under a solar irrediance of
1000 W/m®:

Wp = npA 1000 | (1)
where ~ Wp is the array rating in watts

nr is the PV array efficiency at the reference operating temperature (25°C)

A is the cell area in m’

The .cell area required to provide a daily energy output (Ee MJ) for a daily solar irradiation (H
Ml/m°) incident on the array is: , -

A = Ee/(npyti) (2)

where npv is the daily array efficiency under actual operating conditions. It is generally lower than
nr because of temperature effects and the impedance mismatch between motor and array: ;

npv = Fm (1 - B(Teelp 25N, (3)
The first term on the right hand side of Equation 3, (Fm) is the matching factor i.e. the ratio of
electrical output under actual operating conditions to the electrical output if the array was
operating at is maximum power point. The second term is the reduction in efficiency due to
increases in cell temperature. B is the cell temperature coefficient.
Substituting for Npy(from Equation 3), Equation (2) becomes:

A= Eg/(Fm(1l -B(T.e1) - 25))Nr H) (4)

A is the cell area in m’ required to provide a daily output of E, Ml. To determine the required
array rating, Equation (4) is substituted inte Equation (1):

Wp = 1000 E./(Fm(1 - B(T e)11-25)) H) ' (5)

Equation 5 has been used {o derive the nomogram shown in Figure 19, using the following parameters:
fm = 0.9,8= 0.005 per °C and T o)} = 40°C, to give

Wp = 1200 E,/H (6)
The electrical energy requirements (E,) are related to the hydraulic energy requirements (Ep) by
Ee = Ep/ngub (n
where Nsyb is the daily energy efficiency of the sub-system.

For readers wishing to calculate the array rating for alternative cell temperatures the following
approximate procedure can be used to estimate cell temperature:

For en average daily solar irradiation of H J/m’ the energ.y absorbed as heat by the PV array is
& H, with @ the array absorption ccefficient. This energy absorbed must be balanced by heat losses

from the array which can be approximated by U(Tcel]- Ty) At:
aH = U(T 11~ Ty)AL (8)
or Teell = tll]%t-p Ta (9)

where U is the array thermal loss coefficient (in W/m’ /°C)
T.d1is the mean daily cell temperature
Ta is the mean daylight hours ambient air temperature
end At is the number of daylight seconds.

As a broad approximation the following values can be assumed:

0.8

a =
U =25Wnm'/ °C
At = 12 hours = 43,200 seconds

If H is recorded in MJ/mz, the daily average cell temperature becomes:

Tcell= 0.75 H + T (10)
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APPENDIX 4. EXAMPLES

Example 1. Village Water Supply

What is the unit water cost for (a) a solar pump with a 1 day storage tank and (b) handpumps,
located in a village of 500 people at Tiruchirapalli India (latitude 10°N, longitude 78°E).

Use the following cost and technical and economic data:

Per capita water consumption A0 litres / day

Period of analysis : 20 years
Discount rate : 10%
Storage tank height : 2m
Borehole depth : 20 m

PV array tilt : 30 degrees

$10 per metre
a8 Tables 12 and 13

Borehole cost
Solar pump costa

Storage kank cost : $10 per m
Motor/pump lifetime : 7.5 years
PV array lifetime : 15 years
Handpump lifetime : 10 years
Handpump cost : $200

Handpump maintenance $50 per pump per year
(a) Soler pump

The four format- shown in Tables Al3 to Al6 have been completed to calculate the unit water
cost for the solar pumg:

1. Calculation of hydraulic energy requirement (Table Al3)
For a per cepita consumption of 40 litres per day the daily water requirement is
40 x 500 = 20,000 litres or 20 m . The total static lift is the sum of the borehole depth and
the storage tank height i.e. 22 metres. The daily hydraulic energy requirement is calculated
from the equation given in section 1.2:

Hydraulic energy requirement = 20 x 9.8l x22 = 4.32 M]
T 1000

The energy requirements sre identical each month.
2. Calculation of available solar energy (Table Al4)
Table Al gives the month by month extra-terrestrial solar irrsdiation for latitude 10°N,
The clearness index for each month is cbtained from Figures Al to Al2 and the monthly
globel irradiation is given by
(clearness index x extra-terrestrial irradiation)

The tilt factors for a latitude 10° N are given in Table A4 and the irradistion incident
on the PV array is calculated from

(Tilt factor x horizontal irradiation)
3. Solar pump system sizing (Table AlS)

The design month is either June or July. Using data for the design month the required PV
array rating is obteined from Figure 19, and the pump size from Figure 20.

4, Performance specification (Teble AlS)
The performance specification of the solar pump is completed and the month by month
wster output is calculated as outlined in section 3.4. This shows the overcapacity of
the pump in the months of high solar irradiation.

5. Unit water cost (Table Al7)
Using the cost data from Tables 12 and 13, the capital and recurrent costs are calcul-

at,ed as detailed in Tgble Al7. The unit water cost for the solar pump is 22.3 cents per
n -



(b) Hendpump

Table Al8 shows the unit water cost format completed for the handpump. The total 1ift is
taken to be 21 metres (allowing for an extra lm for the handpump itself). The number of
handpumps for the villagg is determined from figure 25. For a 'four hour day' the number of
people required for 20 m per day at a 21 m 1ift is outside the range of the figure, dowever ,
the number of pumps required can be deduced by doubling the numper needed to pump 10m' . From
figure 25, it can be seen that a water consumption of 10 m per day at a 21 metre 1lift
requires 3 people. Hence 6 people would be occupied for a period of 4 hours per day to
provide the total water requirement for the village and it can be expected that up to 6
separate handpumps would be required.

The capital cost of 6 handpumps and 6 boreholes is $2400. Six replacements would be required
in 10 years time at a Present Worth of $462 and the annual maintenance costs would be $300
The resulting unit water cost is 6.2 cents per m?, Hence the handpump is the cheaper option
for this application.

Example 2. Livestock Water Supply

What is the unit water cost for (a) a solar pump with a 1 day store and (b) a windpump with a 1
day )store supplying water for a herd of 375 cattle in Nanyuki, Kenya (latitude 0° , longitude
37°F).

Use the following cust, technical and economical data:

Per capita water consumption : 40 litres / day
Period of analysis : 20 years

Discount rate : 10%

Storage tank height : 1m

Borshole depth : 29 m

PV array tilt : 10

Borehole cost : $50 per metre

Solar pump costs : as Tables 12 and 13
Storage tank cost : $40 per m'

Motor /pump 1iftime : 7.5 years

PV array lifetime : 15 years

Windpump structural lifetime : 30 years

Pump lifetime : 10 years

Windpump costs : as Table 14

Deaign manth windspeed : estimated to lie between 2 m/s and 2.5 m/s

(a) Solar pump

Tables A20 to A24 show the completed formats for the solar pump. The unit water cost is
31.4 cents per m .

(b) Windpump

The windpump rotor size for a water requirement of 15 m’ per day at a 30 metre static
lift is obtained from figure 23. At a design month wind speed of 2 m/s the output of a
windpump for a 30 m static 1ift is approximately 0.25 m' per m! of rotor. Similarly at
a wind speed of 2.5 m/s the output is approximately 0.5 m' per m' of rotor. Hence to
provide 15 m' of water per day windpumps of rotor areas equal to 60 m* and 30 m* would
be required for mean wind speeds of 2.0 and 2.4 m/s respectively. From Table 14 the
average cost of a windpump is $300 per m’ . This gives a capital cost between $9000 and
$18000 for ti:is particular application.

Table A24 and A25 show the completed format sheets of the windpump. The unit water cost
at this location would be between 23.5 and 41.7 cents per m’. Hence the solar pump would
be cheaper if the design month windspeed was 2 m/s but more expensive if the design
month wind speed was 2.5 m/s.
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UNIT WATER COST FOR A SVALL SCALE PUVPING SYSTEM

1. System Description
Location, I'!.RHQ".".'. . Latitude... JOSN.....
Design Month.YUNE/JULY ’ System Head...2Z.....m
Design Month water requirement 2¢,.m3/day Power Source.§QLAR. ..
Annual water requirement. 79Q€...m? Size....82Q0. Wp.....
2. Cost Analysis
Period of analysis... 20..... .years Discount Rate...1€.%. ..
Pa...l...e‘ﬁ?lll.........'
Annual Present
Cost Worth
Capital Cost $ 10650
Replacements $ 1704
Maintenance $ o1
Operating - -
Total Annual Cost
Life Cyele Cost (IOC)

Annual equivalent of LOC (ALOC)

Unit Water Cost. 210 Ccﬂfé/ma

Teble Al7. Unit water cost calculations for a solar pump at Trichirapali
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UNIT WATER COST FOR A SVALL SCALE PUWING SYSTEM

System Deseription

Location. T {RUCHI Latitude.... JOON. ...
Design Month...>.....s System Head...2).....m
Design Month water requirement.2Q) .m3/day Power Source. HAND
Annual water requirement..7S$Q...m? Size.....9. P.ff cerenne

Cost Analysis

Period of analysis....z.g ...... years Discount Rate..1909%....
Pa...... 88 ...

Annual Present

Cost Worth

Capital Cost $ 2400
Replacements $ 462
Vaintenance $ 1276
Operating - -

Total Annual Cost

Life Cyele Cost (LCC)

Annual equivalent of IOC (ALCC)

Lnit Water Cost. &7 cents /m?®

Table Al8, Unit water cost calculations for 6 handpumps at Trichurapali
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UNIT WATER OOST FOR A SVALL SCALE PUVPING SYSTEM

1. System Description
o
Location. NAN*UK' . Latitude... O ........ .
Design Month SUNE/ JULY System Head...9P€.....m
Design Month water requirement.J® .m3/day Power Scarce. SOLAR
Annual water requirement.®479, . .m’ Size.... 180 Wp......
2. Cost Analysis
Period of analysis....&9...... years Discount Rate..1Q%. ..

Annual Present
Cost Worth
Capital Cost $ 11850
Replacements $ 1504
Maintenance $ 81
Operating - -

Total Annual Cost

Life Cyele Cost (LOC)

Annual equivalent of LOC (ALCC) 1049

Unit Water Cost, 30-1 cents/m?

Table A23. Unit water cost calculations for a solar pump at Nanyuki
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UNIT WATER QOST FOR A SMALL SCALE PUv NG SYSTEM
1. System Description
Location. NANYUKI Latitude.....o.‘.'........
Design Month.FE®. . System Head...9C.....m
Design Month water requirement.?i’..f /day Power Source.W!ND,
Annual water requirement.®479 = Size....8QmM* ...
2. Cost Analysis
Period of analysis....&9.  .years Discount Rate..}Q70...
Pa..... 881 . ...........
Annual Present
Cost Worth
Capital Cost $ 20,100
Replacements $ é8¢C
Maintenance $ 579
Operating - -
Total Annual Cost
Life Cyecle Cost (LOC)
Annual equivalent of IOC (ALCC)
Unit Water Cost.

Figure A24. Unit water cost calculations for a windpump at Nanyuki (a) wind speed = 2 m/s
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UNIT WATER COST FOR A SVALL SCALE PUMPING SYSTEM

1. System Description

Location, NANYUKI Latitude.....Q%.......
Design Month, Fg'b .o System Head.. S0..... m
Design Month water requirement I8, m3 /day Power Source WIND, |
Annual water requirement. 9479, . .m3 Size....30.m% . .

2. Cost Analysis

Period of analysis.. 20 ..... .years Discount Rate..?g%?...
P38'51 ........ “rs

Annual Present

Cost Worth

Capital Cost $ 11,100
Replacements $ 340
Maintenance $ 579
Operating - -

Total Annual Cost

Life Cyele Cost (LOC)

Annual equivalent of LOC (ALCC)

Unit Water Cost. 25.8 cents /ﬂ“l3

Figure A25. Unit water cost calculations for a windpump at Nanyuki (b) wind speed = 2.
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APPENDIX 5. BLANK FORMAT SHEETS

Contents

Format Sheet for Calculation of Hydraulic Energy Requirements
Format Sheet for Calculation of Solar Energy Availabilty
Format Sheet for Calculation of System Size
Format Sheet for Specification of Solar Pump Perfromance

Format Sheet for Calculation of Unit Water Cost
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HYDRAULIC ENERGY REQUIREMENTS

l;ﬂcation 8 8 060 EB DL as e LatitUde LA B B B R B B BN B A ) LI A )

Delivery pipe head loss .... %; Delivery pipe length .... m

Month | Pumped volume | Static | Dynamic |[Total head | Hydraulie
req%irement head head loss (m) energy
(im “/day) (m) (m) (MJ /day)

June

July

Aug

Sept

Oet

Nov

Format Sheet for Calculation of Hydreulic Energy Requirements
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SOLAR ENERGY AVAILABILITY

Lmation *H 0 68 GBI

Latitude ........... Array Tilt ..........

Longitude +..vv.....

Month

Extra-
terrestrial
Irradiation

VI /m?

Clearness
Index

Global
Horizontal
[rradiation
MJ /m?

Tilt
Factor

Global
Irradiation
on Array
M /m?

Jan

feb

March

April

June

July

Aug

Sept

Oct

Nov

Dec

Format Sheet for Calculation of Solar Energy Availabilty

111




SOLAR PUWP SYSTEM SIZING

Loecation .......... Latitude .......... Longitude ....

Design Month

Jesign Month hydraulic energy requirement .........cc0eveee MJ

Design Month head ............. g ceesess.s Metres

Design Month global irradiation on array ..... cereeenee. MI/m?

Average sub system energy efficiency ............. ceanan ceee %

Peak sub system power efficiency ........ P
Step Calculations

1. PV array size | Required electrical energy ....c.vevveeee MJ

warray Size II..I..'..O........I..C..lwp
2. Motor size Rated motor input power .............. Watts

3. Pump size Rated peak hydraulic power .......... Watts
Rated flow rate ....c.cevevevneenes. l1t/seC

at ....... metres head

4, Pipe Diameter| Diameter ......... (mm) for head loss of
cseeersses (m) at rated peak {low rate

Format Sheet for Calculation of System Size
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SOLAR PUWP PERFORVIANCE SPECIF ICATION

Location "8 69 88 0 0D Latitude [ 3N BN BN I BN B BN BN BN ) Longitude ® ¢ & &5 o a0

1. Water source mean statie lift .......ceveevenes eaasens . m

2. Delivery system Type ..... Cheesean ceeees teesesesasesanans
I.Jength 8 P 8 & 88 &S 00 ¢ W S A e P eSS P L E S S EEOS lm
Pipe diameter ......cviieiiencnnnnns . m
Efficiency LN BN B BN B I BN I R R B N O N R IR BN BN B RN N I N RN %

3. Storage system (when applicable)
Volume ........ ceseanecannns tesesannas m

4. Design month details
End use water requirement ....... m3/day
Pumped water requirement ........ m %/ day
Hydraulic energy requirement ..., MJ]/day
Solar irradiation on
PV array ....ccevveevecnennnnse MJ /m 2/ day

5. Solar pump performance and water requirement

Jan| Feb|Mar |Apr [May |Jun{Jul]|Aug|Sep| Oct | Nov|Dec

Solar

Irradjation
(MJ fm? /day)
on PV array

Pumped
water
requirement

(m? per day)

Purmped water
(m? output/day)

6. Solar pump specification
PV array sSiZe ...cveveeeccccncennssss WP
PV array tilt ...ciiiveneiencnncnennnnss
Sub-system energy efficiency ......... %
Sub-system peak power efficiency ..... %
Motor Rated Power .........ccvvevneeee W
Pump rating .... lit/sec at .... m head

Format Sheet for Specification of Solar Pump Perfromance
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UNIT WATER COST FOR A SMALL SCALE PUMPING SYSTEM

1. System Description

LOCBtion..‘..l.llllll;l | | ‘mtitUdel'..O..O'.ll!lD
DeSign ‘\m‘nth.l.ﬁ...lll . - - Systan Headll.lllliﬂiim
Design Month water requirement.....m3/day Power Source...........

Annual water ‘req‘luirmnt..".Ol..ilm3 Size-ln'..........ll.l‘

2. Cost Analysis

Period of analysis.............years Discount Rate.....cuveu.
P%'i«’......lll....'&......l.l
Annusgl Present
Cost Worth

Capital Cost

Replacements

Viaintenance

Operating

Total Annual Cost

Life Cyele Cost (LCC)

Annual equivalent of IOC (ALCC)

Unit Water Cost.

Format Sheet for Calculation of Unit Water Cost
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Notes for Purchaser

APPENDIX 6: EXANPLE TENDER DOCUMENTS
FOR THE PROCUREMENT OF PV SOLAR PUMPS

— . —————— ———

Contents

1. Instructions to Tenderer

2. System specification

3. Questionnaire for Tenderers

4, Price and delivery

The following tender documents are given for guidance only end mey need modification for a
particular purchaser's needs, The items listed below should must be completed by the purchaser
prior to issue of the document:

Section
Section
Section
Section
Section

[~ 2= I ===

0o Section

1.1

NNNN
.
O WA

Complete dates for tender procedure,

Specify application and location of system.

Specify maximum sizes for containers in the shipment,

Insert environmental conditions for application.

Details of the site and application to be provided, Table 1 should specify the
month by month water requirement, and Figure 1 should indicate the layout of
the proposed site for the system.

Specify the language in which installation instructions sre to be submitted.
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1. INSTRUCTIONS TO TENDERERS

1.1 Tender Procedure

Tenders are required for a complete solar powered pumping system as ccacribed in the
specification, The schedule for the purchese of system is as follows:

Tender forms issued by ernseascas(day)eiiecinnnna(mnth)........{year)
Completed tenders to be

returned by seessesssa(day)...... sesess(moOnth),...e...(year)
Tenders awarded by eiesssssaa(day)iiiiiiasnes(month).,......(year)

SySteﬂlS tD be delivered by Se B EP BN TAESARONRENS NG OIS SOIERNRSSEOAESIOEBRERBITRD

The originel tender shall be in the ............. language snd shall be filled out in ink
or typewritten and will be made a part of the swarded contract.

1.2 Ad judication Process

Tenders will be primarily considered for:
{i) Performance
(ii) Dursbility
(iii) Cost effectiveness

The purchaser will not be bound to award a contract to the lowest, or any Tenderer.

2. SPECIFICATION

2.1 Scope
This Specification is for the design, manufacture, supply and delivery of a complete self-
contained solar photovoltaic powered water pumping system suitable for irrigation*/water
supply#* use in ..... ameasessteseectrenruennanns Cietescrestarrrasrrrtaseurernnaannan cerecvea
{* delete as apropriate)
The system to be supplied shall include:
o Photovoltaic modules and array support structure
o Motor
o Pump
o Pipework
o All control equipment and wiring
o All fixings and ancillaries necessary for complete construction and commissioning
o Tools needed for assembly and msintenance
o Spare parts

o Dacumentation

The clauses which follow outline the design parameters and other requirements to be obser-
ved for the fulfilment of the Contract.

2.2 Design

The complete system shall be robust, - end capable of withstsnding hard usage in a harsh
environment, It shall be resistant to damage from accidental misuse and reasonably resis-
tent to vandalism and the attentions of animals, wild or domestic.

The system shall be designed for assembly, operation and servicing by unskilled personnel

under the guidence of a trained technician. The requirement for special tools or instru-
ments to install and maintain the system shall be minimised and all tools needed for
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installation shall be supplied with the system. Foundstions or other preparatory work shall
be as simple as practicable.

The system shall be designed for assembly from units which can be packed in containers
small enough to be easily man-handled and transported on small vehicles. The maximum
permited dimensions for any one unit Bre: .i.ivcecececvceccsnssccnncans

The system shall be designed to operate for a long lifetime with minimum deterioration of
perfarmance. The design life of the whole system shall be at least ten years with a minimal
need for replacement of moving parts and wearing components such as motor brushes or water
seals., Routine maintel.ance shall be minimised and maintenance work necessary shall be as
simple as possible, requiring cnly a few basic tools for its execution.

2.3 Environmental Conditions

The system shall be designed to meet the requirements of this. Specification under the
following environmental conditions:

(i) Ambient sir temperature between .... and .... (e.g: -5°C and 45°C).
(ii) Relative humidity up to .... at an ambient temperature of .... (e.g: 90% and 45°C).
(iii) Wind speed up to .... km/hr (e.g: 150 km/hr) (for fixed installations).
(iv) Water source temperature up to ....T (e.g: 35°C).
(v) Water containing particles not exceeding ....mm (e.g: 0.3 mm).
(vi) A maximum altitude above sea level of ....m (e.g: 2000 m).

The system should also be resistant to the following extremes of environment:
e.g:

(i) Send storms
(ii) A high dissolved solid content in the pumped water
(iii) A high sediment load in the pumped water
(iv) Typhoon or hurricane winds
(v) Overnight freezing temperatures

(Vi) "sReessssEINIRNCEIIEIRISETRIETRTS

The Contractor shall state the limits of environmental conditions under which the system is
designed to aperate.

2.4 Materials and Workmanship

All materials used shall be of first class quality in accordance with relevent national
standards, carefully selected for the duty required, with particular regard given to resis-
tance against corrosion and long term degradation. Workmanship and general finish shall be
in accordence with the best modern practice.

2.5 Standards

Photovoltaic modules shall comply with the test requirements of either the current
Photovoltaic Module Control Test specificetions of the Commission of European Communities
Joint Research Centre (Ispra Establishment), or the current Jet Propulsion Laboratory
(California, USA) Module Test Specification.

2.6 Ferformance Requirement
2.6.1 Location

The pumping system to be supplied by the contractor is to be located as detailed below:

Name of nesrest village/town:
Country:

Latitude:

Longitude:

Water source (river/canal/open well/borehole):

[~ - -0 - -]
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2,6.2

zl6'3

2.7

Required Performance

The required performance of the system is summarized in Table 1, along with the typical
environmental conditions for the location. The system should provide average daily outputs
a3 specified in Table 1 for each month, provided that the specified monthly mean average
daily solar irradiation for the month is met or exceeded. The tenderer shall complete Table
1 using performance data for the system offered.

Installation Details ’
A sketch of the site is shown in Figure 1, The total static head at the site is deteiled in
Table 1 and includes ....... metres head for discharge sbove ground level (see Figure 1).
The well/borehole details sre (when epplicable):

(i) diamtet L2 B N 3 N N 3 m

(ii) 1lining/casing depth ....... m

(iii) dra“m“n LN N NN N m at as s e e e l/”c

Spare Parts

Ll
-
=]

The Contractor shall supply with the system sufficient consumeble items such as motor
brushes and water seals which may need replacement to last for 10000 hours of operation.
Spare nuts,bolts, washers etc. likely to be lost during shipment snd erection shall also be
supplied at the time of shipment.

Packing for Shipment

.9

All equipment shall be carefully and suitably packed for the specific means of transport-
ation to be used, so that it is protected against all weather and other conditions to which
it may become sub ject.

Before despatch all equipment is to be thoroughly dried and cleaned internally. All
external unpainted ferrous parts and machined surfaces shall be protected by an approved
proprietary preservative, all openinga shall be covered and all screwed connections plugged
unless otherwise agreed.

Where moisture absorbants have been used for protection from corrosion during storage or
transit, adequate information of their location and warning as to their removal shall be
clearly indicated,

Paraffin-treated paper strips, plastic bglls or similar may be used as filler material in
boxes. Wood, wool, hay or straw as filler and for stiffening of the goods should not be
used.

Complete assembly and operating instructions are to be included in packing.

Documentation

.10

Prior to shipment of the equipment, the Contractor shall submit to the Purchaser the
following documents: (Copies slso should be shipped with system,)

(i) A 1list of components and assemblies to be shipped including all spare parts and
tools
(ii) The size, weight and packing list for each package in the shipment.
(1ii) Assembly instructions
{(iv) Operatirg instructions
(v) Instructions for all maintenance operations and the schedule for any routine
maintenance requirements
(vi) Sufficient descriptions of spare parts and components to permit identification for
ordering replacemants
(vii) Revised drawings of the equipment as built if different from the approved proposals

All documents shall be in the ............ language.

Tools

The Contractor shall provide with the pumping system two sets of any special tools and
other equipment that are required for erecting, operating, maintaining and repairing the
equipment. Special tools shall include such items as Allen or sacket keys, box spanners,

feeler gauges, grease guns etc., A single set of all other tools required for erection
shall also be supplied.
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2.6.2 Required Performance
The required performance of the system is summarized in Table 1, along with the typical
environmental conditions for the location. The system should provide average daily outputs
as specified in Teble 1 for each month, provided that the specified monthly mean average
daily solar irradiation for the month is met or exceeded. The tenderer shall complete Table
1 using performance dgta for the system offered.
2.6.3 Imstallation Details
A sketch of the site is shown in Figure 1. The total static head at the site is deteiled in
Table 1 and includes ....... metres head for discharge sbove ground level (see Figure 1).
The well/borehole details are (when applicable):
(i) diameter ....... m
(ii) 1lining/casing depth ....... m
(iii) drawdown ....... m at ....... Veec
2.7 Spare Parts
The Contractor shall supply with the system sufficient cdnaumable items such as motor
brushes and water seals which may need replacement to last for 10000 hours of operation.
Spare nuts,bolts, washers etc. likely to be lost during shipment and erection shall alsov be
supplied at the time of shipment.
2.8 Packing for Shipment
All equipment shall be carefully and suitably packed for the specific means of transport-
ation to be used, so that it is protected against sll weather and other conditions to which
it may become sub ject.
Before despatch all equipment is to be thoroughly dried and cleaned internally. All
external unpainted ferrous parts and machined surfaces shall be protected by an approved
proprietary preservative, all openings shall be covered and gll screwed connections plugged
unless otherwise agreed.
Where moisture sbsorbants have been used for protection from corrosion during storage or
transit, adequate information of their location gnd warning as to their removal shall be
clearly indicated.
Paraffin-treated paper strips, plastic bglls or similar may be used as filler material in
boxes. Wood, wool, hay or straw as filler and for stiffening of the goods should not be
used.
Complete assembly and operating instructions are to be included in packing.
2.9 Documentatiaon
Prior to shipment of the equipment, the Contractor shall submit to the Purchaser the
following documents: (Copies also should be shipped with system,)
(i) A list of components and assemblies to be shipped including all spare parts and
tools
(ii) The size, weight and packing list for each package in the shipment.
(iii) Assembly instructions
{iv) Operatirg instructions
(v) Instructions for all maintenance operations and the schedule for any routine
maintenance requirements
(vi) Sufficient descriptions of spare parts and components to permit identification for
ordering replacemants
(vii) Revised drawings of the equipment as built if different from the approved proposals
All documents shall be in the ....... ««es». language.
2,10 Tools

The Contrector shall provide with the pumping system two sets of any special tools and
other equipment that are required for erecting, operating; maintaining and repairing the
equipment. Special tools shall include such items as Allen or socket keys, box spanners,
feeler gauges, grease guns etc, A single set of all other tools required for erection
shall also be supplied.
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2.11

Technical Support after Shipment

2.12

The Contractor shall be prepared to provide advice during the installation and warranty
periods of the equipment supplied under the Contract. For this purpose he shall nominate a
member of his executive or technical staff who may be contacted during normal office hours.

Insurance

2.13

The Contractor shall arreange for the equipment to be comprehendively insured for its full
from the time it leaves his premises until clearance from customs at the point of entry
into the country of instaliation.

Warranty

2.14

The contractor shall specify the period of the warranty together with a list of item
covered under ‘he warranty.

Service by Others

3.1

The following services after delivery of the equipment will be carried out by others:

1. Clearance of the equipment through Customs;

2. Transport to a location specified by the Purchaser, including insurance;

3. Storage prior to erection if necessary;

4. Construction of foundations;

5. Erection and setting to work of the equipment;

6. Operation of the equipment; and

7. Routine maintenance (as distinct from any repairs or maintenance required under the
terms of the Warranty).

QUESTIONNAIRE FOR_TEMNDERERS

Tenderers are asked to supply the following information to demonstrate their ability to
meet the requirements of the project. All information will remain confidential.

General Information

3.1'1

3.1.2

3‘1.3
BOIIA
3.1.5

3.2

Name of Tenderer

Il'lﬁ.vidual cmtact R RN R RN NN E NN NN NR NN RN NEENIREN RN NN NN RN E NN NN RN NNEENER NN

AdIress ..ucessccnnsnness

cestcsecresesanrennnnas enevevsnssss TRl ticieincvsvescses TBLEX sivnsacanancns ces

B O RS S EUEEPESIEEOEP OO SPRREISERNETEEOTOSSEBRNEIELIIIRNANTRTIRIREIENTSOY

L@al StatUS (e.g- liﬂl.'lted Compan)’) 202 P E P I U TN ETEE S 0AEB ARSI NARBOEESNOBONAGINASRNEDRBESS
Country in WhiCh regiatered XX R R R X R R E N T N N R N N NN RN NN RN NN RN N AN A R I LA

Total number of eMPloyeeS ....vvvveavsssssoscscsasnsassvenssesassssscnnnnsussassscsnsasse

Associated or Subsidiary Companies

3.2.1
3.2.1
3.2.3

3.3

Briefly describe relationship with associated or subsidiary companies.
Overseas manufacturing/assembly subsidiaries (location and scope)

Licensees overseas for products (location, producte

Experience of Tenderer

4.3.1
4.3.2

Number of years of experience with photovoltaic (PV) systems

Products developed
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Experience of developing PV water pumping systems:

4.3.3 Number of years involveﬂ er e s es e EEEeaatst et et e uranes e s aar R T ANt R tno oo eus
4.3.4 Number of systems installed worldwide ....i.ccovevnnnaacn Ceteeesnsssessesetesernrraas ces
4.3.5 Number of systems installed in developing countries ....cocvevensnsrecansnnsrosases teenns
4.3.6 Number of systems now operational ....c.scuiierrecesenernncsncssrasscnesnsnsansonanesanes

4.3.7 Special feature(s) of systems developed ........... Citesseseranevasenrananen

29 5 L ECRERECEEE IR LEAYARLRNRLEEETNAEEBRNELN ARGV IEETARRONSRGALNOGL ISP RRERES sacsssr v

4.3.8 List of attached literature on systems currently available,

4.4 Source of Supply

4.4.1 Items manufactured by Contractor

4.4.2 Items baught in from Suppliers

3.5 Maintenance Requirements (detail and frequency)

PV Array

Controllers, batteries, switch gear, monitaring devices
Motor

Pump

Pipework and Ancillaries

3.6 Spare Parts and Tools

Tenderer to list all spare parts supplied as required to last for 10,000 hours of operation.

Tenderer to 1list all tools or equipment supplied for erecting, operating, maintaining and
repairing the equipment.

3.7 After Sales Service

Tenderers to list names, addresses, telex and telephone number of persons and organisations
who may be contacted for advice during the period of installation and operation of the
equipment :
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PRICE AND DELIVERY

Terms of Payment:

Item Description Currency Price

1, Design, manufacture and works testing
of complete solar powered pumping
system, including packing ready for
despatch.

2. Transgortation (from place of
manufacture to point of entry)
of complete pumping system,
including insurance.

3. Dther

Total Contract Price

4, Spare parts
(a) Photovoltaic Module
(b) Motor Unit
(c) Pump Unit
(d) Pump Impeller
(e) Motor Brushes
(f) Motor Bearings
(g) Pump Seals
(h) Controller etc.
(i) Others

Delivery of complete pumping system to be ........... weeks from receipt of order.
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APPENDIX 7. GLOSSARY AND LIST OF SYMBOLS USED

Glossary

Annual equivalent life cycle cost (ALCC) The total life time costs of a pumping system expressed
as a sum of mhnual payments,

Clearness index The ratio of global solar irradiation to extraterrestrial solar irvadiation,
Design month For the purposes of sizing a solar, wind, animal or hand pump it is convenient to
choose a ‘worst month' for which the pump must provide the water requirement. This month is
termed the design maonth.

Diffuse radiation Sol&r radiation scattered by the atmosphere.

Direct radiation Solar radiation transmitted directly through the atmosphere,

Dynamic head or Driving head The head loss in pipes caused by the flow of water through the
pipes.

Effective rainfall The rainfall that makes a contribution to the crop water requirements,
Efficienciesn

The daily energy efficiency (of the subsystem), is the ratio of hydraulic energy output over
a day to electrical energy output of the PV array during the day,

The Power efficiency (of the subsystem), is the ratio of hydraulic power output to electri-
cal power output at any instant in time.

The volumetric efficiency of the storage and distribution gystem is the ratio of volume aof
water delivered to the point of use to volume of water pumped,

The field application efficiency is the ratio of useful water taken up by the crop to water
delivered to the field.

The water conveyance efficiency is the ratio of water dslivered to the field to water
provided at the outlet of the pump or storage tank/where installed.

Energy equivalent The product of water requirements and total system head, expressed in m.

Evepotranspiration Loss of water through the leaves of a crop which leads to the water require-
ments for the crop,

Extra-terrestrial irradigtion The solar energy received outside the earth's atmosphere.
Field capscity The maximum amount of water held in the soil that is useful to the crop.

Fill factor The ratio of maximum powar output of & PV cell under reference conditions to the
product of open circuit voltage and short circuit current/under the same conditions,

Global irradisnce The sum of diffuse and direct solar irradiance incidient on a horizontal
surface.

Hydrasulic energy The energy necessary to lift water,

Impedance matching The process of matching the output of one device to the input of another
device such that there is a maximum transfer of power between the two,

%nverser An electronic device for converting direct current (d.c.) to alternating current
a.c.).

Life Cycle Costs (LCC) The lifetime costs associated with a pumping system expressed in terms of
today's money.

Maximum Power Point Tracker (MPPT) Impedance matching electronics used to hold the output of the
PY array at its maximum value,

122



Open circuit voltage of a py cell, module, or array is the voltege measured at the terminals
when there is no electrical load.

Packing factor The ratio of cell area to gross area for a PV array.

Peak demand factor (PDF) The ratio of peak monthly water requirements in m per day to average
annual water requirements in m per day.

Permanent wilting point The quality of water held in soil, below which the crop dies.

Power conditioning equipment Used to match the cutput of the PV array to the motor to obtain
maximum power trasnsfer,

Preasnt Worth The value of a future cost or benefit expressed in present day money.
Prime mover The power source for a pumping system.

PV or Solar Cell A gemi conductor device which can convert solar radiation directly into
electricity.

PY Module The smallest complete environmentally protected assembly of interconnected ‘solar
cells,

PV array An assembly of PV modules together with the support structure.
Peak watts (Wp) The output of a PV module or array under reference conditions,

Short circuit current - of a PV cell, module or array is the current that flows when the output
terminals of the device are joined together.

Solar irradisnce The power received per unit grea from the sun,

Solar irradiation (or insolation) The energy received per unit area from the sun in a specified
time period. In this handbook, the time period is generally taken to be a day and the solar
irradiation is expressed in M) per m "per day.

Static head The vertical height through which a given quantity of water is lifted,

Sub.system The components of a solar pump that convert the electrical output of the PV array to
useful hydraulic energy.

Swept rotor area The area swept by the blades of a windpump (= 7 x radius’).

Threshold irradiation The solar irradiation at which a solar pump commences or ceases to pump
water,

Tilt fector The ratio of solar irradiation incident on a tilted PV array to global irradiation,

Water conveysnce network - used to transport water from the pump (or storage tank) to the field,

List of Symbols Used

Ca coat occuring each year ($)

Cr single cost occuring in the future (%)

£ energy (M),
g gravitational acceleration (m/s ")
h head (m)

H solar irradiation (MY/m )
H* effective solar irradiation (M3/m )
Pa. Pr present worth factors (see Appendix 2)

Q water flow rate (1it/sec)
1] wind speed (m/s)
Us effective wind speed (m/s)
v volume of water (m?)



