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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 1§79 and
1983. The book presents a thorough and up-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 faecility originally established
for the UNDP/World Bank Solar Pumping Project. GRES provides training
courses on both practical and theoretical aspects of photovoltaie

systems and offers testing and system development services to
manufaeturers,




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 intencive work at
an international leve', solar pumning technology is now viable. This
book describes the technology, and most importantly it shows that
there are some conditions under which solar pumps salready can provide
the best solution to local water needs., Furthermore, it quantifies
these conditions and it offers 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 ot 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 Secale
Solar Powered Pumping Systems", The project was designed to assemble
reliable technical and economic data from which to form a considered
viaw 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, During the course of the projeet, and in major pari ass the
direet 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 to produce a Handbook which can be
used by engineers and decision makeis who are escusidering 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 shouid heip 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 YQU?

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 eombustion engine. Ree-
ently there has been g revivai of interest in windpumps as well as &
growing interest in the new technology of solar powered water pumps.

There are two methods by which solar energy ean 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 & motor/pump unit; or (b) the conversion of solar energy to
heat, which can then be used to drive & heat engine. The latter
approach has rezceived widespread attention in researeh institutions
but so far no such systems have proved reliable, Consequently, at
present (1985), the most suitabie approach to sclar water pumping is
to use photovoltaic (PY) powered pumps.

The technology of solar PV water pumping has been advencing steadily
in recent years. From 1979 to 1933 the World Bank executed a UNDP
funded project entitled "Small Scale Solar Powered Pumping Systeins™, The
fingl report on this work provides an in-depth technical and economic
analysis of the subject*. This handbook has been prepared by the
Projeet 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 ezxonomic details of such applications can be evaluated.

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

* "Small Scale Solar-Powered Pumping Systems: The Technology, its
Economics and Advaneement" Sic William Halerow and Partners in
asscciation with Intermediate Technclogy Power Ltd (1983), Published
by The Warld Bank, 1818 B 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
hydraulie} enerry required to deliver a volume of water is given by
the formula

E = og¥h
Where:

E is the required hydraulic energy in Joules*

V is the required volume of water in cubic metres (m3)
h is the total head in metres (m)

o s the density of water {1000 kg/m?)

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

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

E = 9.41Vh MJ*
1000

For example: To lift 60 m? through a head of 10 metres requires
{9.81 x 60 x 10 +1000 ) = 5,89 MJ (i.64 kiwh} 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 inout energy require~
ments for pumping are generally far greater than ~he useful hydraulic
energy output, For example, if the power scurce {prime mover) is a
diese! engine, 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 WJ (10.5 kwh) If the fuel is converted to
mechanical energy with an efficiency of 15% then 1 litre of fuel will
produce 38 x 0,13 = 5.7 MJ (1.8 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 MJ (0.95 kWh) for 1 litre of fuel. In a similar way losses occur
when solar radiation, musele power or wind energy is converted to
hydraulie energy.

In addition to energy conversion losses, a proportion of the pumped
water may be Jost in the process of delivering the water to its point
of use, This will have a direct effect on the enersy required for
pumping and since, as will be shown in later chapters, the input
energy requirements have a large influence on water costs, the effic~
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.
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Figure 1, Schematic of a pumping system showing energy flows,
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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~ ‘:a rate of energy
supply, so the formula for hydraulic power is sim:i - ained from the
formula for energy by replacing volume with flew rute (Q), in cubie
metres per second.

P = ogQh Watts

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

P = J).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 be 9.81 x 2.08 x 5 = 102 Watts,

with a typical pump efficiency of 60%, the mechanical power required
would be 102 + 0.8 = 170 Watts,

Energy (E) is the more important eharacteristic 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
requirenent only determines how quickly the required quantity of water
is delivered and the rate at which the energy is used.

The head (h} has 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 which 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 een be
easily determined by measurement and there are formulae for
caleulating the dynamie 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 beeause 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 sol?r insolation or
solar irradiation) ean vary from an average of 2 MJ/m’ (0,55 kWh/m? )
per day in the northern winter to an average of 20 MJ/mf (.56
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kWwh/m2) per day in the tropical regions of the world. On & clear day
diffuse energy may amount to only 15-20% of the global irradiance
wheress 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 [ossil
fuel technologies the performance of solar systems can vary markedly
fron one location to another.

1.4 Typical Water Pumping Applieations

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 watts, Fortunately this constraint is well matched to
the majority of water supply needs in doveloping ecounteies.

The three main applicaticns for solar pumps are:

o irrigation
o village water supplies
o livestoek water supplies

water for irrigation 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 economie to
lift water for irrigation through very high heads because increasing
the lift increases the cost, and the cost of supplying water [or
irrigation should not be more than the value of the additional erop
that can be grown.

Most developing country farms have areas in the range 0.5 to 2
hectares, which with typical water requiremnents of 20 to 80 m®/day per
hectare and pumping heads of 5 to 10 metres, give daily hydraulic
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 (livestoek 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
wmch would have to be supplied to a village of 500 people would be 20
m3, Pumplng 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, eattle water consumption is also about 40 litre per head per
day which, with a herd size of 3500 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 watet supplies can be competitive at higher
lifts than those for irrigation,

1.5 Overview of Solar Pump Viability

Sinee @ Solar pump cousists essentially of an eleotrical source (the
P.V array) powering a motor/pump unit, it is technically possible to
assemble a solat pump for all applications where an electric pumg can
oe 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

o Average annual {crop, village or livestoek) water
requirement in cubic metres per day (V). This is
abtained by dividing the annual water requirsment
by 385 days.*

o  Total lift in metres (h)

¢  Peak monthly crop water requirements in cubie
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 i mm
- lmm is equivalent to 10 m? per heetare. 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) Loeation 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<iday (H) since 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 ealeuiations:

(i} Muitiply the average annual water requirement (V) in m3 per day
hy the total 1lift (h) in metres to give the avevage energy
equivalent (Vh) in m* per day, The energy equivalent is a measure of
the end-use watar reguirement and is not a true measure of the
hydraujic energy reguirement because of distribution and field
apnlication losses, However it is more impnrtant than the hydraulie
energy beecause it is the cost of water delivered to the user that
should be used to judge alternative options.

(ii) 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 2ffect on solar pump economies sinee the photovoltaie array must
be sized to provide the peak requirements and as the peak is signifi-
cantly higher than the agverage, the solar pump is under-utilised for
mueh of the year.

As a general aproximation it ean 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 eguivalent is less than
about 150 m4 (for example 30 m/day through & head of 5m ) and where
the miniinum monthly average solar irradiation is greater than about 15
MJ/m “per day. For winidy loeations where the minimum monthly average wind
speed is greater than 3 m/s a windpump would be a 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 MVJ/m? per day. Windpumps are generally cost
eompetitive at locations with minimum monthly average wind speeds great-
er than 2.5 m’'s,

There are, of course, important fuctors not captured in a straight cost
apmparison 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 suech

&




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

To help the rcader 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 valleys) may prove unsuitable
while nearby hill tops provide ideal conditions. Windpumps are a time
prfoven technology requiring little maintenance and having long operating
lifetimes.

Consider usmg_ a diesel pump. At present, where water requirements are
high or the minimum monthly solar irradiation is less than 15 MJ/m2 for
irrigation or 10 MJ/m¢ for rural water supply, ciesel 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 decision 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 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 considerad 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 peak
monthly crop water requirement of 6 mm per day. The minimum average
monthly solar insolation (i) 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 can be ebteined,

(i) for a 1 hectare plot the annual crop water requirement is
12775 m ® which is equivalent to an average of 35 m® per day. The
peak watet requirement is 60 mper day.

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

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

(iv) a path, indicated by the dotted line in Figure 3a, may how 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
demend 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 m% on assessment is reached 'Consider using solar pump'.
This indicates that for this particular application and loeation,
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 logation with a minimum monthly
solar insolation of 15 MJ/m? (4.2 kWh/m )per day and a minimum monthly
average wind speed of 2 m/s. The head is 20 m:

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

(ii) a path is traced on Figure 3b, The first choiece is for
energy equivalent, For Vh less than 400 m* the chart leads on to
wina speed chuice. 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 present are described in the
following chapters,
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2, THE TECHNOLOGY

2.1 Photoveoltaic 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 arrcv which converts solar energy to d.c electricity

o the motor and pump subsystem comprising the components which
convert the electrical 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,

1t 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
actuglly 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,

Wwith 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 siorage of a surplus of water pumped on sunny days
for use on cloudy days.
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2.2 Phctovoltaie Arrays
2.2.1 Solar Cell Technology

The main type of photovoltaic cell used commercially for solar water
pumping at present is the monocrystailine silicon cell although other
tvpes of silicon cell, such as amorphous silicon and polycrystalline
silicon cells ean be expeeted to play an inereasing role in the market
in the future. A number of semi-ronductors are being studied as
alternctives to silicon, such as cadmium sulphide and gallium arsen-
ide, but these are not yet commerically 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 sncond 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 prineciples involved,

& Contact grid {negative)

Solar radiation Current
— —
1
n- type silicon
N h Junction
N L) ! fl
p type silicon "\ J-
Load

Positive onntuct

Figure 8, Construction of a silicon photovoltaic eell.

Under an irradiance of 1000 W/m?(near to the maximum at sea level) a
typical PV cell will deliver a maximum of about 25 mA of current for
each square em of cell surface. If the cell is left open ecircuit
(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 produeing 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
ususlly fixed in position and mounted on conerete foundations. Some
arrays can track (folluw) the apparent motion of the sun and so inter-
cept more energy but this can also inerczase 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 5. 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?,
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 packmg factor {the ratio of cell area to
array grea) 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 roted at this
point with a cell temperature

irradiance  Cell termp of 25°C. The rower output is

W/m2 °C the product of current gnd voltage.
8- 1000 56-6
, 900 539 K~~~ Locus of
7 maximum
| power points
800 51-3
6 _
i 700 486
w— 5-
8 600 459
[ -
[= Y
E 4l 500 433
-2
S 400 406
3 3
. 300 379
2_
200 353
l
e 100 32-6

20 40 60 €0 100 120
Voltage (volis)

140

Intersection here is

ey circuit
the short circuit current Open

voltage

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 con 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 cireuit or open eircuit conditions
the power outpul is zero while the maximum power output is typically
about 0.7 times the product of open cireuit .oltage and short cireuit
current. The ratio of maximum output power to the product of open
cireuit voltage and short ci:cuit current is known as the fill {actor.

The efficiency of soler ecells 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, eeil
operating temperstures can be as high as 80°C, resulting typically in
4 16% fIraetional reduction in the peak output from that at the
reference operating temperature. 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, the solar irrediance averaged over the hours of daylight may
be 500 W/m® . Hence the average 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 ecases it is feasible to utilise off the shelfl, 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 sudb-
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 efficieney of the subsystem, which is the ratio
of hydraulic output power to eleetirical input power, at any
instant in time, This will have a pea% value when the sub-
system operates at its design eonditions;

(ii) the energy (or daily) efficiency of the subsystem, which
is the ratio of hydrauliec output energy to electrical input
energy over a day. It is a time average of the power effie-
iency and consequently depends on the daily variations in
power eificiency and hence on the solur irradiance profile for
the day.

The energy efficiency is the more important parameter because it
determines the array size for a particulsr 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 electric motor is coupled directly te the array then the
system will operate at the point where the eirrent 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 days, when the solar irradiance on the array does not
.exeeed about 300 W/m h, a solar pump may not operate at all.

2.3.2 Motor Technology

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

o brushed type permanent magnet d.c motors
0 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 cross
section in Figure 8. Also shown is a conventional wound field d.c
motor for comparison. In the conventional motor both the magnetic
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).

Brustied motors generally require new brushes at intervals in the order
of 2000 -~ 4000 hours (equivalent to one to two years of continuous use
with & solar pump) with obvicus implications for maintenance costs. The
brushless d.e. motor has a permanent magnet rotor and electronically
switeched 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 reguires 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 compenent, 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 mateh
with a PV array over a broad range of operating conditions. Centri-
fugal pumps are seldom used for suction lifts of more than $ 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 suetion 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 eonsider 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 eyclic 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 arrey with those of the motor. It is also important to
match the motor operating characteristies 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, protective 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 misro 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 matching is to fix the PV array
voltage. As can be seen in Figure 7 the array will then operate close
to its maximum efficieney over a wide range of irradiance levels.

D.c to a.c invertors for wuse with PV arrays are currently
undergoing considerable development and can be ‘“pected to become
increasingly important. To maximise their benert', the eleetronies
involved should also provid: 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 previde 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 cperational 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 atorage is required they
may justify further consideration.

On=-0Off 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 oecur throughout the
day as a result of cloud variations.

Figure 11 {illustrates the four principal 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 withi centrifugal pump

(3) surface mounted pumps with a self priming tank. Positive
displacement pumps have better self-priming characteristics,

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 flow 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 undertsken 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 pecak 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
suetion utilising
brush or brush-
less permanent
maghet d.e.
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.e.
motors single or
multi- stage
centrifugal
pumps

28% 40%

40% 60%

20 metre

a.c. or d.e,
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

* caleulated for a 20° array inelination, with a daily solar
irradiation of 5 kWh/m?, 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 énergy

» significantly lower than the values given in Table
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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
avgilable on demand. For irrigation applications it may be critieal
that water is available to prevent a crop from dying, and it is
usually equally important to have water on demand f{or 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 siorage 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, snd 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 effeet 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 erops (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 gre 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 rrigatlon For this method water is conveyed in a main
pipe and apphed 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 distributxon making
the method less attractive for use with solar pumps.

Flood Irripation: In this method the field is divided into small
units and earth banks are constructed up to 30 to 50 cm high
around each unit. The basing are filled to within 10 c¢m 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.

Tabie 2 summarises the suitability of each method for use with solar
pumps.

Distribution Typical Typiecal 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% 0.5m No

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

For many Ilocations, distribution systems will not be eonsidered
because of the additional cost involved due to (a) the head loss in
the distribution pipes ard (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 expected 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 aumber of water
points and the distence between them, Figure 14 shows a schematie
arrangement of a village water supply with distribution.

2. Power source _I Wc!te'r stand
| \/ =1~ 4. Storage tank pom
gg ;q JO- &m

s T 7

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 Typieal 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 solal' 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 motor 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 elficiency 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 unmtil
noon. The PV array efficiency is relatively constant throughout the
morning because temperature increases have the effeect of reducing the
PV array efficiency. The matech 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 array cools down in the late afternoon its efficiency
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 m® during the day.

System B has a lower cut-in threshold (250 W/m2) 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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3. SITE EVALUATION

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

There are a number of computer models aveilable 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

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

selection of a suitable system configuration
specifying solar pump performance

Qo0 0QC0OO0

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: Ircigation
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!l
Water 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
a number of factors, the most important being:

nature of ¢crop

crop growth cycle

climatic 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 held by
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,

——=Saturation

- Field Capacity

Gravity
Moximum /
Availoble / /
Water /
Storoge

Capillory Capacity

____________ — Permanent Wilting Eoint

Dry

Figure 17.  Soil moisture quantities,
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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 so that there is optimum erop
growth, '

A | | ke Field capacity
Optimum growth :

Permanent
I/ wilting point

Rate of crop growth

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 loeal experts and agronomists, It in-
volves several calculation stages 1:

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

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

t For full details of the calculation procedures for irrigation water
requirements refer to "Crop Water Requirements® by J. Doorenbos and

W.0. Pruitt, FAQ, 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 ecrops in Bangladesh and Thailand, lrrigation
water requirements for the example system are shown in Table J.

vionth Bangladesh _ Thailand
April to July: Rice Jan to Dec: Sugar Can
Oct. to April: Vecetable
m? per day per hectare m? per day per hectare
January 7.1 1.3
february 17.5 27
Varch 28.4 32
April 85.0 42
Viny - 42
June - 31
July - 28
Augus t - 29
September - 12
Oetober - -
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 grements reqy irements
m”/day m” /day
January 2.9 4.2
February 50 83
Viarch 53 88
April 44 73
June 56 93
July 37 83
August 28 47
September 25 42
October 22 37
November 24 40
December 20 35

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

The estimation of water demand for villages and livestoek 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 capita 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
m? 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 300 people.

Table & 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 small. For example, for cattle each
water point might serve 500 animals giving a total requirement of 20
mper 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 (m® per day) x total head (m)
1000

The total head comprises the sum of the static lift (ineluding 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 De 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 reguirements.)

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
sinece numerous factors such as type and position of the measuring
device used, need to be considered, Any errors in the radiation data
will lead to proportional errors in the size of the photovoltaie
array caleulated in section 3.3, and hence in the unit water cost
caleculated using the procedure in Chapter 4, For most purposes & good
'rule of the thumb' is that the radiation data is accurate to within
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HYDRAULIC ENERGY REQUIREMENTS

Location ... RVRA. .. ..., Latitude ... 0 8. .....
Delivery pipe head loss 10, %; Delivery pipe length P m
Month | Purped volume | Statie | Dynamic |Total head | Hydraulie
reqn.&iremeht head head loss (m) energy
(m“/day) (m) (m) (M) /day)
Jan | A2 2 o2 2.2 D02
Feb 83 2 o2 2.2 1.7
March 8a 2 o2 -2 120
April TS 2 o2 -2 1:57
May 100 2 2 2.2 218
June 23 2 o2 22 200
July 33 2 92 22 1-33
Aug 33 2 o2 3.2 o7
Sept 32 2 9-2 2.2 03
,,_OCt 37 2 D2 2.2 &30
Nov o) 2 o2 2.2 o33
Dec 35 2 92 22 o 18

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 loeation. Sinece 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 proeedure, Con-
version factors must therefore be used to determine the irradiation
on the array from the horizontal irradiation data. Unfortunately the
formulae used to caleulate 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 Al0 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 ecalculating 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 an 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 0° on a
horizontal surface is 34 MJ/m?/day from Table Al. From Figure A5 the
clearness index st 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 a 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 hydraulic 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 whiech the solar pump provides a basic
water requirement, but where peak demands are met by an alternative
method.

t The Tables have been csleulated for en 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°8.... Array Tilt .J9%. ...
Longitude .. 4095 .

Month | Extra- - Clearnessll ‘Global | -Tiit | Globai
terrestrial Index | Horizontal | Factor | Irradiation
Irradiation rradiation on Array

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

Jan 33 o3 218 1-08 23

Feb ) 4 Q3 22°2 1O 23

March >3 o I 22:8 100 A

April 33 S5 18-Q o285 17

May 34 o3 170 52 1S

June 33 o8 h g o020 >

July 34 o5 170 o091 15

Aug 35 o5 179 594 e

Sept 37 93 222 998 22

Oct 37 o8 185 102 19

Nov 38 os 18- 198 19

Dee 3% 08 175 1Y 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 caleul-
ating the ratio of the hydraulic energy requlrement 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
shows a format sheet for making the calculations. Each step B illus-
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

. I
The eleetrical energy required from the PV array is equal to the
required hydraulic energy divided by the average sub-system daily

anarau affinianar Tha alantrioal Aantnnt af tha DY arrau dorande an
A=311h~1 ] J Glllb'“l‘\-a’. & AT bl AR V“‘v“‘ W A I I ) EJI“.'\" ‘-!U T B BN A¥al)

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

0 the average cell temperature which in turn depends on
ambient air temperature and solar irradiance levels,

0 the electrical load because this determines the operating
point o the PV array current/voltage (1/V) curve. For a solar
pump without impedance matching electronics, the electrical
output of the array is reduced below its maximum value eXxcept
when operating at the knee of the I/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 operating 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 irrediance is at a 1000 W/m? the PV array will produce its
rated output,

The dgily solar irradiation can be considered in terms of peak
irradiance conditions at 1000 W/m? for an equivalent 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
demend of 9 MJ per day (2.5 kiWh) would re?uire 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 eond-
itions the array rating calculated above would be too small because of
cell temperature effects and impedance matching losses. Therefore, it
is necessary 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 S1ZING

Location BR8N . Latitude I ot - N Longitude AL

LU B I

Design Month  MNIAY

Design Month hydiﬁ_aulic energy requirement -2 - 1
Design Month head ...... e tereresnsessnsnesee i Tiae.. metres
Design Month global irradiation on array B M/
Average sub system energy efficiency ..........couen 2%
Peak sub system power efficiency ...... RUTUTTURR -~ SR %
Step Calculations

1. PV array size | Required electrical energy I (- '\

warray Size " S pARPEITALSY ..-..?ﬁtitl.lwp

2. Motor size Rated motor input power cerea RO L. Watts

3. Pump size Rated pesk hydraulic power w28, Watts
Rﬂted le l‘.te T EXREEAEEERE) ...-.'-ano lit/sec

at ',’.l_ metres head

4. Pipe Diameter| Diameter ..78%... (mm) for head loss of
Q:%.... (m) at rated peak flow rate

Table 9 Format sheet for caleulation of system size

Tu guide the reader who does not wish to make the detailed calculat-
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
hydraulic energy load for the design month. The starting point is
axis OB wherz the hydraulic energy is given in MJ per day. Moving
anti-clockwise end picking an appropriate sub-system daily energy
efficiency from Table 1, the required 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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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 included, 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 requirement for an hydraulic energy demand of 2.16 MJ per day
is found on axis OC tc be 7.2 ‘\'IJ. For a design month solar irradia-
tion on the PV array of 16 MJ/m? per day, the array rating is found to
be asbout 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 electrical
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 mateh the current and voltage limitations of the motor, provided
that the maximum power ratings are adequate.

Step J: 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 efificiency 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 n 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 QA.

Step 4: Sige 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 aceordance 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
econcmic assessment detailed in Chapter 4,
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SOLAR PUMP PERFORVANCE SPECIFICATION

Location .BYRA .. Latitude ...178... Longitude .. A
1. Water source mean static 1ift ............. PO |
2. Delivery system Tvpe .......F'PE & FIRROW. .. ....
Length cvvvevnecencncanes v B m
Pipe diameter U -~ SO |
Efficiency ...... I~ P
3. Storazge system (when applicable)
Volm & & &% h 9 P F Ay g SRR S .-....‘.."..‘ m3
Height veuevous.. ceeeee CTrienenin .

4, Design month detailis
End usec water regquirement ..9s).. m3/day
Pumped water requirement ..19%.. m% day
Hydraulic energy requirement 2 18 MI /day
Solar irradiation on

PV array coooeee.. cenees 19.... W/m¥day
3. Solar puwp performance and water requirement
Jan| Feb|Mar | Apr |May |Junr|Jul |Aug|Sep) Oct [ Nov|Dee
Solar
Irradjation 1ITHES (IS {181 221D (12112
(M) /m* /day) 231232517 v ~
on PV array
Pumped
water I - s
requirement (42 |83|38] TBI00|2B1E3(33(32|3T (40|35
(m” per day)
Pumped water | ' 129120020
(m? output/day)““'s 145 145 [ 107 IO 100] 24 HOONIDN 2V
6. Solar pump specification -
PV array Size ...cvevnnnans ...?.".‘?b..Wp
PV array tilt .ooeevveeveneenes Q7. ...,
Sub~system energy efftclency L. %

Sub-system peak power efficiency 4%3. %
Motor Rated POWET +....coeceee. P30, W
Purp rating .1Q. lit/sec at 2:4& m head

Table 10. Format sheet for Specification of Solar Pump Performance
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The selection of a suitable subsystem configuration ean 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 solar pump can
provide the annual demend (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 enerpgy 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 obteined by using the nomogram
in Figure 19 in the reverse direction. This will give the hydraulie
output of the pump which can be converted to water output using the
following equation:

volume pumped = 1000 x hydraulic 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 -elternative
pumping methods. Solar PV pumps are technically viable but where
alternatives exist .the ecvaluation of the alternatives must include
both economic and technical considerations.

When economic viability is considered, a distinction should be made
between economie and finaneial assessment. The economie 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
effeet 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 eslculated.

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

Life Cyele 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
cyele costing because all future expenses are then taken into account.
In this method all the future costs and benefits are diseounted to
"present day" values. The underlying concept in this approach is that
the investor would be indifferent as to whether he has $100 now 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 s 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 cf $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
vesrs, 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 $16,080 oceurring 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 oceurring for a
period of 10 years which has an annual inflation rate of 5% per
annum and is discounted at a rate of 15% per anaum. 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 evaluations 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. Howaver, as
long as both discount and inflation rates are expressed in the same
way (i.e. hoth excluding general inflaiion or both ineluding 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. Caleculate the hydraulie
energy requirements
each month

t

2. Determine the design
month

!

3. Size the pump and
power source

!

4. Determine the installed
capital cost of the
whole system

!

3. Determine the present worth
of the recurrent costs,
sub-divided into
a) replacement costs
b) maintenance costs
e) operatine engte

!

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 bz used to identify
the pumping system which has the lowest life cyele 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
& 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 wey 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 end 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
five components; water source, power source, pump, storage tank, and
(where included) g piped distribution system.

The step by step ecost procedure is deseribed below. It is illustrated
by ecalculating 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 date
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 requiremeiit 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 SMALL SCALE PUWPING SYSTEM

1,

System Description

Location. . PURA /= Latitude.... 1S, .. ...
Design Month, MAY, System Head..&'2.....m

Design Month water requirementiQ®..m3/day Power Source.BOLAR,

Annual water requirement,i2439 ., .m? Size.... 240 Wp.....

2.

Cost Analysis

Period of analysis.....‘é......years Diseount Rate...".o..’;a.‘...

PaTQ"

Present
Worth

Capital Cost

Replacements

Maintenance

Operating

Total Annual Cost

Life Cyele Cost (LOC)

Annual equivalent of I (ALCC)

Unit Water Cost,

Table 11. Format to calculate the unit water cost of a small seale
pumping system,
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Figure 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) hydraulie power developed by a
windpump is 0.1 x (windspeed)der 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 puips 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 Sswept
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 Fump
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 m? 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 equivalent 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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Figure 25. Number of people reguired to provide the specified quan-
tity of water at different lifts, The curves have been derived by
assuming that a single person can provide 60 watts of power for 4
hours per day and that the efficiency of the handpump is 60% (see
example 1, Appendix 4).

For the final four steps the following data are required:
Economie:

- period of analysis,

- diseount rate,

- inflation rates.

Costs for each component:.

- capital cost,
- annual maintenance cost.
- fuel, ahimal feeding or labour cost.
Technical:
- lifetime of each component in years.
The period of analysis should be at least equal to the economic life-
time of system, that is the time when the costs of maintenance make it
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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 i22n chosen. It has been assumed that the motor/pump lifetime is
7.5 years, thal 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 dependeint 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 occuring 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 presenl coust and a negative inflation rate may be used to
calculate the Present Worth.

Maintenance 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 aitendance, For diesel engines they
are caleulated 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
muiltiplying 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 eharge rate. Attendance charges should also be
included where necessary.
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The P 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 sum 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 cycle
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 eyele 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 caleulated 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 LCL 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 complcted for the example system. The results
are shown in Table 1l1. Since there is no storage tank, the eapital
cost comprises the water source cost (in this case $40 to dig & 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 capitsl 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 =
$529. 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 eapital 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 product 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 fector 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 cyecle
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 cycle cost (ALCC) is the life eyele 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 m3,
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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 tomeet 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 particuler 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%.

{c) 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 cr pital 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
eleetrical watt, However, since the cost of g motor/pump unit is
not directly proportional to hydraulic duty or eleetrical rating,
costs are given for several ratings, At larger duties the cost
per Wp is proportionally less. It should be noted that there ere
large variations in the costs of commercial motor/pumps and the
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| Eleetriecal Present Projected { Potential
Rating of (1985) (1987) (1993-1998)
Puip (Watts) 1
Module Al 8 | 5 | 2
s | 1.
($/Wp)
Motor/Pump | 200 3.5 1.8 1.8
Cost (Fob) 400 2.2 1.1 1.1
($/%p) 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
($/Wp) 600 3.2 3.2 3.2
1000 2.5 2.8 2.8
Total
Installed 200 18 13 10
Solar Pump 400 14 10 7
Cost 600 13 g ;
($/Wp) 1000 12 8 5

Table 12 Present and Projecied Solar Pump Costs

values ziven are only averages; for example, more efficient motor/
pumps ¢ould be more expensive,

(e) 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 ir Table 12, have been calculated sssuming a pesk 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 Sclar 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. :

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

Table 13. Data used to Calculate Recurrent Costs for UNDP Project
GLO/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 shoulid 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; consequently a range of costs ig presented,

o There is a large range of windpump costs from $600 per mZ 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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Py Wind " Diesel 'Kgrosene  Anime) Hand

Hydraulic dependent on 1.9 W ] ssow 210W 36W

Rating = wind regime

Capital $300 per m?2 | | $2135 for a $440 for a '$250 per | $216-290 per

Cost of rotor : 2.5 W engine | 1.1KN engine | snimal = handpump. = $6

{Im<dia<iOm) =842 per W | = $0.8 per W | $5.2 per Wof |- $8 per W of

ol hydraulic of hydrsulic | of hydravlic | hydreulic power
power cower power

Maintainance

Cost

$ per year 50 - - 10 50

and/or

§ per 1000 ] 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 GL0O/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 cycle 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. exeluding
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 caleulated 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 cubic
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
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For solar and wmdpumps the unit water cost is dependent on the
following location dependent parameters _ _

H* = design month solar irradiation (MJ/m?) x
(storage and distribution efficiency)
* (des:gn month demand factor)

u* = design month mean wind speed (m/s) x
(storage and distribution efhclency)* 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 m¥per 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 reductions
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 anc little
variation in month by month water demand (e.g. Vh < 200 m* for H*
= 20 MJ/m?). Sueh circumstanees 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 ean
be expected to become cost competitive with diesel pumps for most

smal]zseale applications in locations where H* is greater than 7
M3 /mée,
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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 ¢) a diesel pump to provide the water requirements for the
irrigation system used as an example in Chapter §? 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 crop water requirement is 12410 * 365 = 34 m?
Assuming an aversge syste head of 2.2 m, the energy equivalent is
34 x 2.2 = T4.8m*,

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 enetgy equivalent of 74.8 m* and a H* value of 5.45
MJ/m? is 2.8 cents per m*.At a head of 2.2m this is equivalent to
2.2 x 2.8 = 8.2 cents per m3,

From Figure 27, at a ¢ "pltal 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 Februery is 50¢
34 = 1,47 giving u* values in the range from 2.0 x (0.6+1.46)}} = L.5
m/s to 2.5 x (0,6 +1.46)1 = 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 that, 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 comperison with diesel, The example aiso shows
that when projected solar pumping costs are echieved, ($8-13 per Wp)
solar will clearly be the least cost option under the assumed condi-
tions.
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Figure 29. Histogram showing unit water costs for the example system.
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5. PROCUREMENT, INSTALLATION AND MOi_I'I;l‘OBlNG

5.1. Procurement

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

(1) Assess Solar Pumping Viabiiity and Estimate Costs

Before contacting suppliers, an initial appraisai 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 eall 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
spere parts and installation and operating instruections.

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

(e) that an appropriate warranty can be provided,
(5) Detailed Assessment
A detailed assessment of each tender should 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 specifieation proposed by
the tenderer,

(b) Sysiem 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 eonterit of the information supplied 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, ellowing for any devia-
tions from the specification proposed by the tenderer. This
ean 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

Arrpys should be sited in an unshaded position. Sites should be check-
ed for ‘rees 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
proteet 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, Electrice! nablex shauld hn orot-ct:3 from
possible damage and an earth {ground) connection installed where
necessary,

Floating Motor/Pump Units

Seals, cable glands end 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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:Surfaee Nbunted Suctmn Pmms

The suctlon 1Mt should be as small as practncal. Suction pipes 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 to 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 eorreetly. :

Surface Mounted Motor with Submerged Pump

A skilled fitter should assemble the vertical drive shaft. The tight-
ness and sljustment 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 eable 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 closely. Normally the direction of rotation is
checked by comparing flow and pressure with the electrical connections
the correct way and witii 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 whea unning 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 can 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 basic 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 mechanics from trying to correet any
faults which develop.

The only relatively frequent maintenance function necesary with most
systems is to clean the photovoltaic erray from time to time if it
gets covered with dust. The motor-pump subsystem is not dissimilar to
a mains electrie pump in terms of maintenance requirements, which in
common with mains electrical systems shouid be minimal.
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Possnbly a pnmary cause of !‘allures results from damage caused by
“animals or people’ to the relatively fragnle photovoltam array. It is
generally necessary to install solar' pumps within ‘a fenced enclosure
‘for protection, The fence therefore needs to be kept in good condi-
tion and the gate should be safely secured,

There are a number of faults that can arise whlch can readxly be
corrected hy the user mthout speclal tools or. equlpment t‘or example

0 poor electrical connectlon eaused by dlrty, wet or corroded
terminals or plugs,

o blocked strainers and filters on the pump '

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

foot-valve or gir leaks in suction line, -

leaking pipe or hose connections

leakmg pump gland seel

some motors need replacernent 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,

Qoo

Nhen a vital system component suffers damage, which should be a rare
oceurence, then it is possible that a skilled engineer will be required
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 screwdriver, so providing the failed
item can be identifieid and a replacement obtained, it is not difficult
to make the substitution,

5.3. Monitoring and Evaluation
5.3.1. The Need for Monitoring

Photovoltaic solar pumps are s 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 include 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;

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

User reaction: to find ways in which the systems and their
methods of application can be amended to make them more
acceptable;
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* performance and reliability: to increase the data base.on
~ System performance .- and, to obtain data on-' component
lifetimes and'mgintenance requirements, - o

5.3.2, Methods of Evaluation |
The simplest method of performance evaluation is to take daily readings of:

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

This wiil enable the hydraulic' energy and hence systéi_il efficiency to
be obtained for different values of daily 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 include measurements of the array energy output,
Scatter diagrams can then be obtained of subsystem efficiency against
daily solar irradiaticn as shown in Figure 30,

Subsystem daily energy efficiency %

0 4 8 12 16 20 24 28
Daily irradiation { MJ 7 m?)

Figure 30. Example showing the variation of subsystem efficieney
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

[Jmation oooon.o‘o‘ooatloouttiott anth ¥ AR IERNES D ES e

systﬂ'ﬂme L R N I A .--o-oot.o--o.c-tt'.uno."--

Day| Time| Solarimeter | Flow Meter|Static Solar Volume | Initials
Reading Reading Head |Irradiation|Punped of
W /m?/day|m3/day | Recorder

QO DD DD B B D B3 B B B2 0 b b bt ik et kb et b e
O D R AR I o S @ D O i 0 b s OO 0D =3O U i 25 DD ke

L
j=ary

Table 15 Format sheet for Recording Solar Pump Performance
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. .'lmtant"_ éous measurements of power cal also be made
e '_._-__-_'more use for system desngn mprovements_ r econg

= 1In edd:tion to taking performance measurements a 'log 'book should be'
"_used to record prublems breakdowns and mamtenanee reqmrements._

5.3.3. Instrumentation |

--lnstrumentatlon selected for performarlee monitorlng should meet tne
fonowlng requu'ements : _ :

sultable for fneld use; L L

allow on site assessment of performance,

have suitable accuracy (better than 5%);

require only battery power and have a long battery llfe
before dlscharge, (say greater than 1 month) '

QOOO.

Three types of mstrument are requxred in order to. complete the daily -
recordings outlined above:

() a solarimeter to measure solar irradiance. This can be
either an accurate thermopile deviee or a less accurate but
cheaper photovoltaic device. The solgrimeter 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 aminimum 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 & day can be
obtained.

(¢) 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 access 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 deily global irradiation for a wonth can be obtained by ‘multiplying the global

irradietion outside the atmosphere, obtained from Teble Al, by the clearness index obtained from |

Figures Al to Al2, The clearness indices are accurate to. 4+ 10%, hence the resulting solar radiation
will be aceurgte to i 10X since ‘the extra-terrestrial rediation is e fixed property of the sun, -

To calculate the global irradiation on o tilted surface multiply the horizontel irrediation by the
tilt Factore given in Tebles AZ to Ala, In theee tables the surface inclination is specified
ralative to a horizontal surface. The tilt factors have been caslculated using geometrical formulae
relating energy on a tilted surface te energy on & horizontal surface. They can be taken to be
sccurate to 2 to 3 percent, _

Extra-terreatrial Globgl trradietion (I-I.ZI/mt per day)

Month far Northern Hemisphere
Latitude Jan Feb Mar Apr May Jun Jul Aug Sept Oet Nov Dec Latitude

Degreea Degrees
1] 36 37 3@ 38 34 33 W ¥ 3T N 3 35 0
5 ¥ 3 3 33 3w 3 ¥ 3 3IT 3% 3 33 5

¢ 32 ¥ 3 B 33w 3 3N 3N M 3» i 1 10
13 29 32 ¥ 33 33 38 3@ 38 3 33 3 28 1%
20 27 30 3% 38 3 3 39 38 35 31 27 25 20
25 23 28 33 37 3™ A0 40 38 34 29 25 23 25
30 21 26 31 37 40 41 40 3 3 27 22 20 30
35 18 23 29 3 40 4 40 37 31 25 19 17 35
40 15 20 27 3 39 41 4 3% 29 22 16 40
45 12 18 25 33 3 41 a0 35 2 13 13 11 A5
50 2 15 22 31 38 41 0 34 5 1,6 W0 8 50
55 6 12 20 29 3 41 ¥ 32 3 14 7 5 55
60 3 9 17 27 36 41 3 30 2 1l 4 2 50

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 outaide the
earth'se atmosphere,
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Figure A2. Clsernese Index Map for February



Figure A3, Clearneas Index Map for March

Figure A4. Clearness Index Map for April
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Figure AS. Clesernsss Index Map for June
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Figure A7, Clearness Index Map for July

figure AB. Clsarness Index Map for August
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Figure A9, Clearness Index Magp Ffor Septenber

Figure Al0, Cleurness 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 futute cost or benefit (Cr), payable in N years time, which is inflating' at & fixed
percentage “"i" each year and discounted at e rate "d", the Present Worth is given by:

™ = Cr.Pr

with Pr = (1 + i)N”-l

(1 + 4}

For a payment ar benefit Ca ($) oceuring ennuglly for a period of N years which is inflating at a
rate i per year and discounted at a rate d, the Present Worth is

PW = Ca.Pa

with  Pa =fl 1+ i\']/ (- 1) for i 4o
1+

or Pa = N/(1 + i) for i = d

Tsbles All and Al2 give the factor Pa, Pr for selscted values of N, § end d,



Discourt
Rate (d)

0.0

0.05

0.10

0.15

0.20

Table All

Inflation
Rate (i)

0.00
0.05
0.10
G.15
0.20

0.00
0.05
0.10
0.15
0.20

0.00
0.05
0,10
g.15
0.20

Factar Pr far given number of

5

1.00
1.21
1,456
1.75
2.07

0.78
0.95
1.15
1.737
1.62

0.62
0.75
0.91
1.08
1.29

0.50
0.60.
0.73
0.8e7
1.03

0.30
0.49
0.5
0.70

- 0.83

0.16
0.25
0.3
0.57
0.83

15

1,00
1.98
.78
7.07
12,84

0.48
0.95
1.82
3.40
6.17

0.28
0.47
0.91
1.69
3.07

0.12
0.24
0.47
0.7
1.58

0.06
0.13
0.25
0.46
0.83

20

1,00
2.%3
6.11

14.23

31.95

0.38
0.95
2.30
5.36
12.04

0.15
0.37
2.91
2.11
4.75

0.06
0.15
0.37
0.87
1.95

0.03
0.06
G.16
0.37
0.83

year

30

1.00
4.12
15.85
57,57
197,81

0.23
.95
3.67
13.37
23.47

0.06
0.23
0.91
3.30
11,34

0.0z
D.08
0.24
0.87
2.99

0.00
0.02
0.0?7
0.24
0.83%

Present Worth Frotor Pr for selected values of inflation

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

0.0

0.05

g.10

0.15

0.20

Inflation

Rate (i)

0.00
0.05
0.0}
0.15
0.20

0.00
J.05
0.10
0.15
0.2y

Factor Pa for glvén 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
5.485

3.35

3.65

4.35
8.74

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

7.61
10.05
13.64
168.96
26.89

5.85
7.44
9.73
13.04
17.87

4.67
5.7
1.29
9.44
12,50

20

20.00
33.az
57.28
102.44
186.69

12,46
19.05
30.71
51,68
89.66

8.5
12,11
18.18
28,65
46.99

e
O~ @ o
SYIER

o]

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

Table Al2 Present Worth factor Pa for selected values of inflation

rale, discount rate and number of years



APPENDIX 3. EQUATTONS USED FOR ESTIMATING THE SIZE OF A PV ARRAY

A PY ar/:y is rated by its electrical output st a temperature of 25°C under a solar irrediance of
1000 W/m': :

Wp s npA 1000 ' B h (1)

where Wp is the srray rating in watts

nr is the PV srray efficiency at the reference operating temperature {25°C)
A is the cell area in o’

The cell area required to provide o dally energy output (Ee M1) for a daily solar irradistion (H
Ml/m”) incident an the array ie: '

A= Eg/(f‘pv!i) (2)

where rpv is the dally array efficiency under actusl operating conditions, It is generally lower than
nr  because of temperature effecte and the impedence mismatch between motor end grray: :

npv =z Fm (1 - B(T.e1} 250N, (3
The first term on the right hand side of Fquetion 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
increa=es in cell temperature, £ is the cell temperature coefficient,
Substituting for Npy(from Equation 3), Equation (2) becomes:
A= Eg/(Fm(l =Ty - 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 reting, Equation (4) is substituted into Equation (1):

Wp = 1000 E./(Fm(l - B(T e11-25)) H) ' {5)

Equation 5 has been used Lo derive the nomogram shown in Figure 19, using the following parameiers:
fm = 0.9,8= 0,005 per °C and Vo)1)= 40°C, to give

Wp = 1200 £,/H (8)
The electrical energy requivements (€,) ere related to the hydraulic energy requirements (Ej) by

Eo= Ep/hgup ' (n
where fgsub is the daily enerqy efficiency of the sub-system,

For readers wishing to calculate the arrgy rating for alternative cell temperatures the following
approximate procedure can be used Lo estimeate cell tempersture:

For en average daily solar irradiation of H J/m’ the anarg'y absgrbed as heat by the PV array is
aH, with @ thes arrey ebsorption coefficient. This energy absorbed must be balanced by heat losses

from the array which can be approximated by U(Tge)1-~ Tp) At
or Teell = tag_tq- Ta (9}

where U is the array thermal loss coefficient (in W/w'/°C)
T.d]is the mesn deily cell temperature
Ta 18 the mean daylight hoursa ambient air temperature
snd At is the number of deylight seconds.

As a broad approximation the following values can be assumed:

a = 0.8 ,
U =225Wm/ o
At = 12 hours = 43,200 seconds

1f H is recorded in HJ/m’, the daily average cell temperature becomes:

Teell= 0.75 H + Ty (10)
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MPPENDIX 4. EXANPLES

Exemple 1. Village Water Supply

What is the wnit water cost for (a) a solar pusp 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 end technical and economic dete:

Per caepita water consumption 40 litres / day

Period of enalysis : 20 yeara
Discount rate : 10%

Storage tank height 1 Zm

Borehole depth : 20m

M array tilt 1 3 degrees
Borehole cost : $10 per metre
Solar pump costs : s Tobles 12 ard 13
Storage ktank cost : $10 per m'
Motor/pump lifetime t 7.5 yeara

PV orray lifetime H 15 years
Handpump lifetime s 10 years
Handpusp cost 2 $200

Handpump maintenance $50 per pusp per year
(a} Solar pump

The four format- shown in Tebles Al3 to Alé bave been completed to calrulate the unit water
cost for the solar pump:

1. Celculation of hydraulic energy requirement (YTable Al3)
For a per cepits consumption of 40 litres per day the daily watar requirement is
40 x 500 = 20,000 litres or 20 m ., The total stetic 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 equetion given in section 1.2:

Hydraulic snergy requirement = 20 x 9.8l x22 = 4.32 M)

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

The tilt factors for a latitude 10° N are given in Taeble A4 and the irradistion ilncident
on the PY arrey ie calculsted from

(Tilt factor x horizontal irradiation)
3. Solsr pump system sizing (Table Al%)

The design month is either June or July. Using data for the design month the required PV
atray 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 menth by month
wster output is celculaeted as outlined in section 3.4, This shows the overcapacity of
the pump in the months of high solar irradistion.

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

al'ied ag detsiled in Teble Al7. The unit water cost for the solar pump is 22.3 cents per
. -



{(b) Handpump

Table AlB shows the unit water cost format completed for the handpump. The total 1ift is
taken to be 21 wetres (allowing for an extra Im far the handpump itself), The rumber of
handpumps for the village is determined from figure 25, For a '‘four hour day' the number of
people required for 20 m per day at a 21 m 1lift is outside the range of the figure. However ,
the number of pumpa required can be deduced by doubling the nusber needed to pump 10m', From
figure 25, it can be seen that a water consumption of 10 m per day at a 271 metre 1lift
requires 3 people, Hence 6 people would be accupied for a period of 4 hours per day to
provide the total wster requirement for the village and it can be expected that up to &
separate handpumps would be required,

The capital cost of & handpumps end & boreholea is $2400. S5ix replacements would be required
in 10 yeara 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
far this application,

Example 2, Livestock Water Supply

What is the unit water cost for (@) a solar pump with a 1 day store and {b; a windpump with a 1

d;ye)store supplying water for a herd of 375 cettle in Nanyuki, Kanya (latitude 0° , longitude
37%E).

Use the following ccat, technicsl and economicel deta:

Per cepita water consumption 40 litres / day

Period of analysis 20 years
Diacount rate 10%
Storage tank height Im
Borehole depth 29 m

PY array tilt 10

Borehole coat

$50 per metre
Solar pump costs

as Tables, 12 and 13

Storage taenk cost $40 per m
Motor /pump 1iftime 7.5 years
PV array lifetime 15 years
Windpump structural lifetime 30 yesrs
Pump lifetime 10 years
Windpump costs as Table 14

e sE 0 WA N A B PR B4 48 AR AR BB W8 AN

Deaign month windspeed estimated to lie between 2 /2 and 2.5 m/9

{a) Solar pump

Tablas A20 to A2} 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 s design month wind speed of 2 m/s the output of a
windpusp for @ 30 m static 1ift is approximately 0.25 m' per m’ of rotor. Similarly et
a wind speed of 2.5 m/z the output is approximately 0.5m per ' of rotor. Hence to
rovide 15 w' of water per day windpumps of rotor aress equel to 60 m* and 30 m* would

required for mean wind speeds of 2,0 and 2.4 m/s respectively. From Table 14 the
average cost of a windpuap is $300 per m* . This gives e capital cost between $2000 and
$18000 for ti:is particular appliecation.

Table A24 and A25 show the completed format sheets of the windpump. The unit water cost
et this locsetion would be between 23.5 and 41,7 cents pet m’, Hence the splar 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 PUMPING SYSTEM

System Description

ll
ion. TIRQYCH) i 10°N
lmatlonoll!OOQOli.... mtltudeoolll LU B BTN B BN RN N ]
Design Month.YUNE/JULY ’ System Head.,.2Z.....m
Design Month water requirement 29, .m?/day Power Source.SQLOR. ..
Annual water requirement. TwQQ...m? Size....82Q. WP cans
2. Cost Analysis
Period of analysis....?:Q......years Discount Rate...".o.%...

Pao..i...&5?---....00...-

Annual Present
Cost Worth
Capital Cost | $10e80
Replacements $1704
Maintenance
Operating

Total Annual Cost

Life Cycle Cost (10C)

Annual equivalent of ICC (ALCC)

s

Unit Water Cost. 21.0 cents /m?

Table Al7. Unit water cost calculations for e solar pump et Trichirapeli
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UNIT WATER OOST FOR A SMALL SCALE PUMPING SYSTEM

1. System Deseription

o
Location. T{ROCH! Latitude....10..N.....
Design Month......... System Head...?e?.....m

Design Month water requirement.2¢).m3/day Power Source.HAND

Annual water requirement..-fm .om? Size...ss épﬁ consess

2. Cost Analysis

Period of analysis....z.Q......years Discount Rate..10%0. ...
Paoo000060‘06-1.---.---‘...-

Present

Worth
Capital Cost $ 2400
Replacements $ 462
Vaintenance $ 1276
Operating - .
Total Annual Cost
Life Cyele Cost (LOC)

Annual equivalent of LOC (ALOC)

Lnit Water Cost,

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

1. System Deseription
o
Location, NANYUKS Latitude....Q.........
Design Month JUNE/JULY System Head...¥@.....m
Design Month water requirement.}® .m3/day Power Scarce. SOLAR
Annual water requirement 647@. es.m3 Size... 78.0 WP ceeea
2. Cost Analysis
Period of analysis....gg......years Discount Rate..:'g.aﬁ’?...
Pa.....-.-:Olllll.ll.lht..
Present
Worth
Capital Cost $ 118850
Replacements $ 1504
Maintenance $ 81
Operating - -
Total Annual Cost

Life Cyele Cost (1)

Annual equivalent of LOC (ALOC)

Unit Water Cost, 30-1 cents/m®

Table A23. Unit water cost calculations for a solar pump at Naenyuki
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UNIT WATER QOST FOR A SMALL SCALE PUM ‘NG SYSTEM

1. System Description

Location, NANYUK! Latitude....O.........
Design Month  FER; System Head.. FC....m

Design Month water requirmnt.?i’..- /day Power Source.YIND,

LU BB B B B N

Annual water requirement ®479 = Size....8QM* ...

2. Cost Analysis

o
Period of analysis....&9Q. . .years Discount Rate..7Q70. ..
Pa.l.'la.‘.ﬁ!........lI.II

Present
Worth
Capital Cost $ 20,100
Replacements $ c8C
Maintenance $ 579
Operating
Total Annual Cost

Life Cyele Cost (LOC)

Annual equivalent of LOC (ALOC)

Unit Water Cost.

Figure A2a. Unit water cost celculations for a windpump at Nanyuki (a) wind speed = 2 m/s
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UNIT WATER COST FOR A SMALL SCALE PUVMPING SYSTEM

1. System Desecription

. o
Location. NANYUK) Latitude.....Q........
Design Month.f.g.'.e!'. . System Head.. SO.....m
Design Month water requirement 39..m3/day Power Source WIND, .
Annual water requirement. 3479 . .m? Size....90Q, mz

2. Cost Analysis
Period of analysis... 20 -s»aesyears Discount Rate, .'.'9.%‘?. .o
Pa........:.l.ll.ll.......

Present
Worth
Capital Cost $11,1oo
lacements $ 340
Maintenance $ 579
Operating - -

Total Annua] Cost

Life Cyele Cost (LOC)

Annual equivalent of LOC {(ALCC)

Unit Water Cost. 25.8 cents /m?®

Figure A25. Unit water cost celculations for a windpump at Nanyuki (b) wind speed = 2.5 m/e
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APPENDIX 5, FORMAT SHEETS

&

Contents

Farmat 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 Calculatiaon of Unit Water Cost
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HYDRAULIC ENERGY REQUIREMENTS

Location ...eeireescnnnas veos

Delivery pipe head loss .... %:

Latitude LI B L RE B N B B RE RN B NN R R )

Delivery pipe length .... m

Month

Punmped volume
req%irement
(in °/day)

Static | Dynamic

head head loss

(m)

(m)

Total head
{(m)

Hydraulic
energy
(M) /day)

June

July

Aug

Sept

Oet

Nov

Format Sheet for Celculation of Hydraulic Energy Requirements
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SOLAR ENERGY AVAILABILITY

Location ..v.e00ee.

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

Longitude ..........

Month

Extra-
terrestrial
frradiation

VI /m?

Clearness[ Global

I ndex

Horizontal
Irradiation
MJ /m?

Tilt
Factor

Global
Irradiation
on Array

M) /m?

Jan

Feb

March

April

June

July

Aug

Sept

QOet

Nov

Dec

Format Sheet for Calculation of Solar Energy Availabilty
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SOLAR PUWP 3YSTEM SIZING

[mation L L B B B B B B N B Latitude LI I B B B B B Longitude LU B B BN B L BN B

Design Month

Design Month hydraulic energy requirement ........... vesess M
Design Month head ........... tersestrvetresnntasrnanns . metres
Design Month global irradiation on array ....... ceeeanes M /m?

Average sub system energy efficiency .veveeiiviieveseroaenes %

Peak sub system power efficiency ........... creranens cevesee %
Step Calculations
1. PV array size Required electrical energy ......c00unnn MJ

warray Si-ze ....OQOOOQOOCOOOOGOOQOCOQOWD

2. Motor size Rated motor input power .............. Watts

3. Pump size Rated peak hydraulic power .......... Watts
hted f’.m rate S &0 S ESE S &S ENR llt,sec
at ....... metres head

4, Pipe Diameter| Diameter ..... ee-. (mm) for head loss of
esesevesss (m) at rated peak flow rate

Format Sheet for Calculation of System Size
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SOLAR PUVP PERFORVIANCE SPECLIFICATION

Lwatio“ LI RO B B I 2 ] Latitude LIE BN B B BN B BN B Longitude LI B B B A B B

1. Water source mean static Jift .....cceieeennens eseancene m

2. Delivery systeM TYPe c.ccvecsscercensensersnsascsnosnese
Length ....cninenniietirtieeeriaasscaases m
Pipe diameter ....ccovecevvsnnnnrcnss m
Efficiency covvvvenciarerecccncasenees %

3. Storage system (when applicable)
volwm L DL BN B B B DL BN BN RE BE BE BN BN BE BN CRE BE BN BN BN CEE BN BN RN BE BN BN J ma
Height L EL BE B B BE BE BE BE BN BN BN BN BN BN BN B RE BN BN BN BN BN R BN BN BN RN R B R 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 APTAY sevrennerenncannsesss MI/mZ/day

5. Solar pump performance and water requirement

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

Solar

Irradjation
(MJ /m” /day)
on PV array

Punped
water
requirement
{(m? per day)

Punped water
(m? output/day)

6. Solar pump specification
PV array SiZe ...vvvvvnsesrsnvensnnas Wp
PV array tilt ..ouioiivrnernnnsecronnnsns
Sub-system energy efficiency ......... %
Sub-system peak power efficiency ..... %
Motor Rated Power ........... tiaasens . W
Pump rating .... lit/sec at .... m head

format Sheet for Specification of Solar Pump Perfromance
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UNIT WATSR OOST FOR A SVALL SCALE PUVPING SYSTEM

1. System Description
mation-....‘.m.....‘. | mtitudel......‘.ll....
Design Month.......... _. - System Head...........m
- Design Vonth water requirement.....m3/day Power Source...........
Annuel water reguirement...........m3 SiZ€ s errnneennnnnnns
2. Cost Analysis

Period of analysis.............years Discount Rate,..........
Pﬁ\}......'.!l'.........l..
Annual Present
Cost Worth

Capital Cost

Replacements

Vainteaance

Operating

Total Annual Cost

Life Cycle Cost (ILC)

Annual equivalent of LOC (ALOD)

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 PUNPS

Contents

1. Inetructions to Tenderer
2. System specification
3. Questionnaire for Tenderers

4. Price end delivery

The following tender documents are given for guidance onily and mey need modification for a

particular

purchaser’s needs. The items listed below should must be completed by the putchaser

prior to issue of the document:

Section
Section
Section
Section
Section

80QaQ0

o Section

1,1

-
»
»

b Bl R ]
O el b3

Complete dates for tender procedure.

Specify application and locstion of aystem,

Specify maximum 3izes for containers in the shipment,

Insert environmental conditions for applicatien,

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

Specify the language in which installation instructions sre to be submitted.
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L

1.1

INSTRUCTIONS TO TENDERERS

Tender Procedure

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

Tender forme issued by PR £ "5 2 IR (month)........{yesar)
Completad tenders to be

ratumed by .......n.(dny)............(mnth).....--.(ﬂ&r)
Tanders swarded by PRI - '3 SR cesesefmonth)........ {year)

Systems Lo be delivered by ....ciiiniinnicirvnnsesesctnovnresranenses

The ariginel tender shall be in the ......ccee... lanquane end shall be filled out in ink
or typewritten end will be made a part of the awarded contract,

1.2 Adjudjeation Process

Tenders will be primerily considered for:
{i) Performance
{(ii)} Durebility
(iii) Cost affectiveness

The purchaser will not be bound to award s contract to the lewest, or any Tenderer.

2. SPECIFICATION
2.1 Scope
This Specification is for the design, menufacture, supply and delivery of a complete self-
contsined soler photovoltaic powered water punping system suitable for irrigation*/water
SUPPLY® UBE IN L. .c.cciiincricenrrreanantaaaassiasneesassvacreatserentsanarnnnneeserenananns
{* delete g3 apropriate)
The system to be supplied shall inelude:
o Photovaltalec modules and array support structure
o Motor
o Pump
o Pipewark
o All control equipment and wiring
o All fixings end ancillariee necessary for complete construction and commissioning
o Tools needed for gssembly and meintenance
o Spare parts
o Docusentation
The cla@ea which Follow outline the design perameters 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 withatanding hard usage in a harsh
environment. It shall be resistant to damege From accidentel misuse snd reasonably resis-
tant to vendalism end the gttentions of animels, wild or domestic,

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

under the guidence of a treined technicisn., The requirement for special tools or instru-
mente to install end maintain the system shall be minimised and all tools needed for
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installation shall be supplied with the syatem. Foundations or other preparatory work shall
be a3 sieple as practicable.

The system shall be designad For assembly from unite which can be packed in containers
small enough to be saslly man-handled and trensported on samall wvehicles. The maximum
permited dimensions for any one unit are: .......ccviiernvcccstirnsonns

~ The system shall be designed to operate for a long lifetime with minimum deterioration of

performance. The dasign life of the whole system shell be at least ten years with & minimal
nead for replascement of moving parts and wesring components such sa mator brushes or water
seals, Routine maintenance shall be minimised and maintenance work necessary shall be as
simple as possible, requiring only a few besic tools for its execution.

2.3 Environmental Conditions |
The system shall be designed to mest the requirements of this. Specification under the
following environmental conditions:
{i) Ambient sir tempersture between .... end .... {e.g: -5°C end 45°C).
(ii) Relstive humidity up to .... st an ambient temperature of .... {e.g: 90% and 45°C).
(iii) Wind speed up to .... km/hr (e.g: 150 km/hr) (for fixed instsllations),
{iv) Water source temperature up to ....T (e.gs; 35°C).
(v) Water containing particles not exceeding ....mm (e.g: 0.3 mm).
(vi) A wmaximum altitude above sea level of ....m (e.q: 2000 m),
The system should also be resistant to the following extremes of environment:
e.g:
(1) Send storms
(ii) A high dissolved solid content in the pumped water
(ii1) A high sediment load in the pumped water
{iv) Typhoon or hurricane winds
{(v) Overnight freezing temperatures
(Vi) LA R ENENERNENEENNNENENEENSHEREMNHRENHYS]
The Contrector shall state the limits of environmental conditions under which the system is
designed to operate.
2.4 Materisls and Workmanship
All materials used shall be of first class quality in sccordance with relevent national
standarde, carefully selected for the duty required, with particular regard given to resis.
tance sgainst corrosion end long term degradation. Workmanship and geners]l finish shall be
in accordance with the best modern practice.
2.5 Standards
Photovoltaic modules shail comply with the test requirements of either the current
Photovoltaic Module Control Test aspecificetions of the Cowmission of European Communities
Joint Research Centre (Ispra Establishment), of the current Jet Propulsion Laborstory
(California, USA) Module Test Specification.
2.6 __Performance Requirement
2.6.1 Location

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

‘Nawe of nearest village/town:
Country:

Latitude:

Longitude:

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

117




2.6.2

zlsl’

2.7

Required Performance

The required performance of the system is summarized in Table 1, along with the typical
environmental conditiona for the location. The syatem should provide average daily outputs
sa 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 wing performance data for the aystem offered.

Inatallation 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 ....... wetres head for discharge sbove ground level (see Figure 1),
The well/barehole deteails ere {when applicable):

(i) diameter ....... ®w

{ii) lining/casing depth ....... m

(iii) wa"mm B g asVaR n at LR R NN N ] Um

Spare Parts

2.8

The Contractor shall supply with the system sufficient consumable items such as motor
brushes and water seals which may need repiacement to laat for 10000 hours of operation.
Spare nuts,bolts, weshers etc. likely to be lost during shipment and erection shall aleo be
supplied at the time of shipment.

Packing for Shipment

2.9

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 bs protected by an approved
proprietary greservative, all openinga shall be covered and all screwed connections plugged
unless otherwise agreed.

Where moisture sbosorbents have been used for protection From corrosion during storage or
transit, adequate information of their location and warning as to their removal shall be
¢learly indiecated,.

Paraffin-treated peper strips, plastic balls or similar may be used as filler material in
bo:daa. Wood, wool, hay or straw as filler and for stiffening of the goods should not be
us L

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

Document ation

.10

Prior to shipment of the equipment, the Contrector shall submit to the Purcheser the
following documente: {Copies elso should be shipped with system,)

(i) : iiat of components and sssemblies to be shipped including all spare parts and
aols
(ii) The size, weight and packing list for each psckage in the shipment,
(1ii Assembly instructions
{iv) Operating instructions
(v} Instructions for all meintensnce operations and the schedule for anhy routine
rmaintenance requirements
(vi} Sufficient descriptions of spare parte and components to permit identification for
: ordering replacemante :
(vii) Revised drawings of the equipment as built if diffsrent from the approved proposale

All docusents shell be in the ............ language.

Tools

Yhe Contractor shall provide with the pumping aystem two set2 of any special tools end
other equipment that are required for erscting, opersting, meintaining and repeiring the
equipment. Special tools shall include such items as Allen or socket keys, box spanners,

feeler gmuges, grease quns etc, A single set of all other tools required for erection
shall slso be supplied.
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2,6.2

2.6.3

Required Perforsance

The required performance of the system is summerized in Table 1, along with the typical
environmsntal 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 sverage
daily aplar irrediation for the wmonth ia met or exceeded. The tenderer shall complete Table
1 wming performance data for the aystem offered.

Inatallation Details

A gketch of the site is shown in Figure 1. The total static head at the site is deteiled in
Table 1 and includes ...... . wetrea head for discharge ebove ground level (see Figure 1).
The well/borehole details are {when applicable):

(i) diameter ....... m
(ii) 1lining/cesing depth ....... ™
(iii) drawdown ....... m at ....... VVeec

The Contractor shall supply with the aystem sufficient consumeble items such a3 wmotor
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 also be
supplied at the time of shipment.

All equipment shall be carefully and suitably packed for the specifie means of transport-
astion to be used, an that it is protected against all weather and other conditions to which

Before despatch all equipment is to be thoroughly dried and clesned internally. All
external wunpainted ferrous parts and machined surfaces shall be protected by an approved
proprietary preservative, all openings shall be covered and all screwed connections plugged
unleas gtherwise agreed,

Where mnisture sbsorbents have been used for protection from corrosion during storage or
tranait, adequate information of their location and warning as to their removal shall be

Paraffin-treated paper strips, plastic balls 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

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

Priot to shipment of the equipment, the Contrector shall submit to the Purcheser the
following documente: (Copies mlso should be shipped with system,)

(1) A list of components gnd gesemblies to be shipped including all spare parts and

(ii) The esize, wight and packing list for each packege in the shipment,
(iii) Assemb)y instructions

{iv) Operatirg instructions

(v) Inetructions for all maintenance operstions and the schedule for any routine

maintanance requirements

(vi) Sufficient descriptions of spare parts end components to permit identification for
: ordering replacemants
(vii) Revised drewings of the equipment as built if different from the approved propossls

All documents shaell be in the ............ lenguage.

2.7 Spare Parts

2.8 Packing for Shipment
it may become sub ject.
clearly indicated.
uaed,

2,9 __ Documentation

tools
2.10  Tools

The Contractor shall provide with the pumping aystem two sets of any special tools end
other equipwent 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 quns ete. A single set of ell other toola required for erection
shall also be supplied,
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2.11 Technical Support after Shipment

The Contractor shall be prepared to provide advice during the installetion and warranty
periods of the equipment supplied under the Contract. For this purpose he shall nominate a
meaber of hig executive or technicsl staff who may be contacted during normsal office hours.

2.12 Insurance
The Contractor shall arrange for the equipment to be comprehendively insured for its full

from the time it leaves his premises until clearance from customs et the point of entry
into the country of installistion,

2.13 _ Warranty

The contractor shell specify the pericd of the warrenty together with a list of item
covered under the warranty.

2.14 Service by Others

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

1. Clearance af the squipment through Customs;
2. Trensport to s location specified by the Purcheser, including insurance;
3. Storage prior to erection if neceseary:
4, Conetruction of foundations;
5., Erection snd setting to work of the equipment;
6. Operation of the equipment; and
7. Routine maintenance (as distinect from any repairs or maintensnce required under the
terma of the Warrenty)}.

3. QUESTIONNAIRE FOR _TEMDERERS

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

3.1 Genersl Information

3.1.1 Neme of Tenderer

Il'lji\’idual cmtact A s e N N R N R R N RN NN NN RN NN R N I

3.112 Aﬁr’ss R ey F R R N R N R N NN N E NN AN RN RN LR R NSRRI

At 4R AR A4 E PR r R AR A A ERAGERBRASNERT S rel [ERE R E RN ERERENNESN] Qlex 4% AR AR AMA S BED L EEN

3.1-3 anl Status (E.g- ul‘l‘litad COﬂpﬂﬂY) TR R R R R R R R RN E R N NN A NN N R NN RN IR ]
3.1.“ cmtl‘y 1“ "hich regietﬂred TR IR R R R R R R R E R R E R R R R NN A N R RN E N R RN AN R RN RN LN LI

3.1.5 ‘Dtal ﬂumr ﬂf ﬂplﬂy‘” TR R E S E R R E S R R R R R P E RN NN D RN N R R RN RN LR R I

3.2 Associated or Subsidiary Companies

3.2.1 Bris*ly describe relationship with associeted or subsidiary companies.
3.2.1 Dverseas manufecturing/assembly subsidiaries {location and scope)

3.2.3 Licensees overseas for products (locstion, producte

3.3 Experience of Tenderer

4.3.1 Nuwber of years of experience with photovolteic (PV) systems
4.3.2 Products developed
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Experience of developing PY water pumping systems:

4.3,3 MNumber of years involveﬂ .........................;......................................
4.3.4 Number of 9yStems inotsll1ed WOLLAWIde ....eeveeesesessssscoccoserensonsessnnsenneeassoes
4.3.5 Number of systems installed in developing couUNtries ......vcvcernnvrsorneesrsnssscnsonns
4.3.6 Number of systems now operational .......ccccirieinrecconircnsconasnctosronsnssccsntannss

a.:.? chial reature(s) of wstem developed AP I A R SR A RN AARE RN T AP RSSO ARAAYE SRS

R E R R R R R R R E R R R R N N Ny N RN N R NN NY NN RN NN

4,3.8 |List of attached literature on systems currently evailable,

4.4 Source of Supply

4.4,1 Ttems manufactured by Contractor
4.4.2 I[tema bought in from Suppliers

1.5 Maintenance Requirements (detail and frequency)

PY Array

Controllers, batteries, switch gear, moniteoring 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 list all tools or equipment supplied for erecting, operating, meintaining and
repairing the equipment .,

3.7 __After Seles Service

Tenderers to list names, addreases, telex end 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 Peyment:

1tem Description Currency Price

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

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

3. Other
Total Contract Price

4. Spare parts
{a) Photovoltaic Module
(b) Motor Unit
(e) 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

Glogsar

Anrual equivalent 1ife cycle coat {ALCC) The totel life time costs of a pumping system expressed
as a sum of annual peyments,

Clearnsss index The ratio of global solar irrgdiation to extraterrestrial solar irraediation,
Oesign month For the purposes of sizing a solar, wind, animal or hand pump it is convenient to
chooge a ‘worst month' for which the pump must provide the watst requirement. This month is
termed the design month.

Diffuse radistion Sola.r radiation scetteved by the atmosphers.

Direct radiation Solar radiation transmitted directly through the etmosphere.

Oynamic heed or Driving head The head loss in pipea csused by the flaw of water through the
pipes.

Effective rainfall The rainfall that mekes a contribution to the crop water requirements,
Efficiencies

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

The Power efficiency (of the subsystem), i3 ths ratio of hydraulic power output to electri-
cal power output at any instant in time,

The volumetric efficiency of the storage and distribution syastem is the ratio of volume af
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 watar conveysnce 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 syatem head, expreased in m,

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

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

Fill fector The ratio of maximum power output of a PV cell under reference conditions to the
product of open circuit voltage and short circuit current/under the same conditions,

Glnlf:‘al irradiance The sum of diffuse end direct solar irradience incidient on a horizontal
surface,

Hydrsulic energy The energy necessary to 1lift water,

Ispsdance sotching The process of matching the output of ane device to the input of another
dovice such that there is a maximum transfer of power between the two,

%nurl):or An electronic device for converting direct current (d,c.) %to alternating current
-.c. L]

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

Neximum Power Point Tracker (MPPT) Impedance matching electronics used to hold the autput of the
PY sarray at its maximum value,
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Open circuit veltege of & PY cell, module, or arrey is the voltege messured at the terminals
when thers is no electrical load.

Packing facter The ratis of cell area to gross srea for a PV array.

Poak demend Factor (PDF) The ratio of pesk monthly water requirements in m' per day to everage
ahnual water requirements in m  per day.

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

Power conditioning equipment Ueed to match the gutput of the PY array to the motor to obtain
saximum power transfer,

Presant Worth The value of a future coot or benefit expressed in present day money.
Prime mover The power saurce for a pumping systes.

PV or Soler Cell A semi conductor device which can convert eolar rediation directly into
electricity.

PV  Module Tha smallest complete environmentally protected assembly of interconnected 'solar
cella,

PY 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 PY cell, module or array is the current that flows when the ocutput
terminals of the device are joined together.

Solar irradiance The power raceived per unit erea from the sun.

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

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

Sub-aystem The components of a solar pump that convert the electrical output of the PY array teo
useful hydraulic energy.

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

Th:uhold irradiation The solar irradiation at which a solar pump commences or ceases to pump
“a er »

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

Weter conveyence metwork - used to trensport water from the pump (or storage tenk) to the field,

List of Symbols Used

Ca coet occuring each year ($)

Cr single cost occuring in the future (%)

E eniergy {(MJ),
g gravitational scceleration (m/s")
h head (m)
H solar irradiation (M)/m )}
He effective solar irradiation (M3/m °)
Pa. Pr  present worth factore (ees Appendix 2)

Q watar flow rate (1it /mec)
) wind speed (m/s)
U effactive wind speed (m/8)

v volume of water (o)
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