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FOREWORD
Solar-powered water pumping is one of the most attractive applications for solar energy which is mostly available
in the very areas and at the very times when the needs for water are greatest.
Hundreds of solar photovoltaic pumps have been built and operated in countries of Asia and the Pacific. Hence,
their technical feasibility has been proven and the photovoltaic solar pumping technology is now a mature and reliable
technology.
Although the present costs of solar pumping systems are high, they are comparable to the costs of fuel-powered
systems in remote areas and islands for the provision of drinking and domestic water supplies. Considering the reduction
of the cost of photovoltaic arrays, this promising technology will become economically viable even for small-scale
irrigation in areas with adequate irradiation.
Prospects for the application of solar water pumping are high in the Asian and Pacific region where millions of
water pumps are required for drinking water supply and irrigation. The suitability of the climate, with high solar radiation
rates all the year round in most parts of the region, suggests that a significant number of these pumps could be powered by
solar energy.
However, one of the main obstacles at present to the wider dissemination of solar water pumps in the developing
countries of the region is general unfamiliarity of technical and managerial personnel engaged in water resources
development with the technology. Therefore, in response to the need of these countries of the region for such
familiarization, this study has been prepared under the auspices of ESCAP with a view to promoting solar-powered water
pumping for the benefit of developing countries.
This publication was prepared for the ESCAP secretariat by Professor R.H.B. Exell, of the Asian Institute of
Technology, Bangkok.
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INTRODUCTION
Approximately half of the population of the world,
that is 2.5 billion persons, live in rural areas in developing
countries. However, their share of conventional energy
sources such as coal, gas or oil is very limited. Sources of
energy commonly used for rural water pumping are
human or animal power, electricity and oil. Although
diesel- and electric-powered pumps appear to be much
more attractive, the high cost, the difficulties in securing
regular fuel supplies in many areas, and the high level of
expertise required for operation and maintenance may
limit their application.
Since the sharp oil price rises of the early 1970s,
renewable energy sources have become a significant
component of many rural development activities. In these
areas, pump operation using renewable sources of energy
is becoming popular. World-wide, more than 20,000 solar
pumps have been installed. Most of them are small
systems for remote homes and communities. The volume
of water pumped by solar-powered pumps still constitutes,
however, a very small fraction of the total even though
some systems cost little more than their fuel-powered
equivalents. General unfamiliarity with the technology is,
perhaps, the main barrier at present to the wider use of
solar pumps.
Realizing the potential for the application of
renewable sources of energy, ESCAP has organized a
number of expert group meetings. The meeting of the
Expert Working Group on the Use of Solar and Wind
Energy, held at Bangkok in March 1976, concluded inter
alia that research and development were needed to
develop economic prototype solar pumping systems.
UNDP initiated a project in 1978, executed by the
World Bank, with the objective of assessing available
solar pumping technology in order to consider whether to
promote its development to provide water lor irrigation in
rural areas under the prevailing conditions. The project
concluded that while the technology had potential, further
technical development was necessary to produce more
reliable, robust and efficient systems at lower costs.
In the meantime, in 1981 ESCAP-prepared a
catalogue of experts, institutions and projects in the region
and a bibliography of material related to solar energy.

The first project was followed up by UNDP as the
second phase under its project executed by the World
Bank, which produced the report Small-scale Solarpowered

Pumping

Systems:

lite

Technology,

its

Economics and Advancement in June 1983. In that phase,
water supply applications and pumping water for
irrigation were considered. Different sizes and brands of
pumps were tested and found to be technically superior to
those tried in the first project. There were prospects for
higher efficiency, and costs were lower. As a result of
this project, Solar Water Pumping: A Handbook was
published in 1984.
In response to the Nairobi Programme of Action
for the Development and Utilization of New and
Renewable Sources of Energy, ESCAP, with funds from
Japan, initiated a five-year project in 1983, and
established a computerized biomass-solar-wind energy
information network. At its conclusion in 1988, in
addition to the provision of advisory services to the
member countries for five years, the project also produced
the Solar Photovoltaic Handbook and Computer Package
Manual for the application of photovoltaic systems in
rural areas.
The present report is an evaluation of the potential
applications of solar energy technology for water pumping
in the developing countries of the ESCAP region. It
contains a review of solar pump technology, including
solar water pump design and economics, and a review of
the application of solar energy to water pumping worldwide, with special emphasis on the ESCAP region.
Conclusions are drawn on the applicability of existing
solar pumping technologies for the particular conditions
of the developing countries, and recommendations are
made on the use of solar energy for water pumping in the
region.
It is hoped that this report will encourage actual or
potential users of water pumping systems to consider solar
energy as a feasible alternative source of power for
operating the pumps, and to dispel any fears that solar
pumping is too difficult to understand, or perpetually out
of reach because of its cost. No only is the technology
easily understood; it is also becoming financially
attractive in certain circumstances as the prices of solar
pumping systems gradually come down.

Part One
SOLAR ENERGY FOR WATER PUMPING

A. Solar water pumping
At the present time solar pumps are most costeffective for applications with low power requirements
(200 W-5 kW) in remote places. They arc therefore well
suited in developing countries to rural village
applications. These applications include:
•

Domestic water supplies

•

Livestock water supplies

•

Irrigation

Solar energy must be viewed as one of several
possible energy sources for operating pumps. These
include conventional sources of energy such as:
•

Hand pumping

•

Grid electricity

•

Diesel fuel

and renewable sources of energy such as:
Wind
•

Solar energy

•

Biomass.

is low. Furthermore, the water must be clean, so it is safer
to pump the water from closed boreholes than from
surface water in rivers or lakes. Figure I shows a typical
village water supply system powered by a solar pump.
Hourly, daily and monthly variations in solar
irradiation cause the output of a solar pump to vary.
These variations arc governed by latitude and climate,
which, for developing countries in the ESCAP region, arc
predominantly tropical. The diurnal variation of solar
irradiation is such that a solar pump will normally start at
about 8 a.m., have its maximum output at noon, and stop
pumping at about 4 p.m. (figure II) Moreover, the total
daily output will vary from day to day because the total
solar irradiation varies from day to day over a wide range
(figure III). The monthly average daily total irradiation,
on the other hand, does not vary greatly in the tropics.
Flow rate
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Village water supplies for domestic use and
livestock are characterized by a relatively constant daily
demand throughout the year. When a variable renewable
source of energy is used, such as wind or solar energy, it
is important to have a storage tank to provide water in
periods of calm or cloudy weather when the pumping rate
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Figure II. Water flow rate from solar pump
versus time of clay in clear weather
Source: ; Kenna, J. and B. Gillett, 1985.

Figure I. Solar photovoltaic waterpumping system
Source:

Hofkes. E.H. and J.T. Visscher, 1986..

The water storage tank used for village water
supply systems should have a capacity for about three
days, since in tropical climates periods of clear and cloudy
weather alternate fairly rapidly, and periods of more than
two or three consecutive dull days are very rare. The size
of the storage tank required to guarantee the supply of
water at a given level of confidence may be calculated
from detailed solar radiation data for the site. For

example, a storage of three days' supply may be enough (o
guarantee a continuous supply of water at a 90 per cent
level of confidence. Short-term storage of a few days for
use in irrigation helps to improve water management by
smoothing out day-to-day variations. Long-term storage
of pumped water in one month for irrigation use in any
other month is not usually feasible with solar pumping.
The demand for irrigation water varies greatly
from month to month. Solar pumping has the advantage
that output is greatest in clear dry weather when the crop
water demand is highest. Because the most water is
pumped in the middle of the day when evaporation is
greatest, care may be needed in timing the distribution of
the irrigation water to avoid unnecessary losses. The
pumping of large volumes of water lo grow rice will not
usually be feasible with solar systems. Solar pumping is
more suitable for trickle irrigation in fruit farming. In all
forms of solar irrigation the basic principle is that the cost
of the water must be less than the value of the extra crop
grown with (he help of the irrigation. A possible
disadvantage in the use of solar pumping for irrigation is
that the system may be idle in the off season when
pumping is not needed.
ARID
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The met/tod of distribution of the pumped water
will depend on its use. If a village water supply is to be
distributed through pipes, the storage tank must be
elevated to provide enough pressure for the flow.
Pumping the water up into the lank consumes energy; the
tank should be only as high as necessary to provide the
pressure required, and its area should be large compared
with its depth. If the. village is small, distribution pipes
may be unnecessary, the people collecting the water
directly from the tank. Because there are few economies
of scale in solar pumping it may be belter to have several
pumps in Ihe area of the community rather than one large
water source and pump wilh distribution over long
distances, provided that the cost of drilling the extra
boreholes is not too great. The distribution system for
irrigation may be open channels, which have losses due to
evaporation and seepage of 40-50 per cent, or trickle
irrigation with losses of only 15 per cent. Sprinkler
irrigation is not suitable because of the relatively high
pressure needed (1-2 bar), which would consume energy
to create the additional head of 10-20 m. Again, irrigation
over large areas may best be done with several small
pumps in different places instead of with one large pump.
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Figure III. Variation of monthly and daily solar irradiation
Source: IT Power, 1982.

Among the conventional sources of energy
competing with solar energy in pumping, human energy
for hand pumps is familiar and low cost. Hand pumps
have a simple technology and are easy to maintain.
However, their output is limited by the strength of the
human body to about 10 m3/d from a depth of 10 m (or
5 m3/d from a depth of 20 m, etc.), and the time consumed
in pumping could be used more profitably in other
activities.
Electric motors can be used lo drive pumps at
locations not more than about 1 km from the main
electricity grid. For satisfactory operation the power
supply must not have frequent interruptions or large
voltage fluctuations. There arc many sites in developing
countries too far from the grid for this energy source.
Diesel engines are commonly used to drive pumps.
They have the advantage of low capital cost and
portability, and they are easy to use. However, the fuel
supply may be expensive and unreliable in remote places.
The engines themselves arc unreliable and have a short
life unless they are well maintained. Diesel pumps have a
rather high output (3 kW and above) for small
communities, but they may be the preferred choice on
economic grounds for the heavier pumping duties.
Among the renewable sources of energy, wind
power has been used for water pumping for 2,000 years,
and is still widely used. Wind pumps arc very sensitive to
variations in wind speed, so good wind regimes at coastal
sites or in open country arc necessary. The siting of the
wind pump in relation to the terrain and nearby
obstructions is critical. Under suitable conditions wind
pumps may be preferred over solar pumps. Their capital
cost is moderate; they are suitable for local manufacture;
and they are easy to maintain so as to have a long life.
In comparison with pumps using other renewable
energy sources, solar pumps have high capital cost.
However, the advantages of solar photovoltaic pumps
include low maintenance, reliability and long life. The
technology is mature and the prices are gradually coming
down, so solar PV pumping is becoming the best option
for many water pumping needs today.
Biomass waste can be processed in digesters to
produce biogas (methane), and woody solid biomass can
be partially burned to make producer gas (carbon
monoxide and hydrogen). These gases can be used as fuel
for small engines to drive water pumps. For reasons of
economic scale, biomass is only worth considering for
large water pumping systems.

The environmental feasibility of renewable energy
rests essentially on whether or not there is enough energy
in the environment that can be harnessed to do the work of
pumping. The criteria that can be applied are as follows;
Wind energy: average annual wind speed at
the site greater than 3.5 m/s, and average
wind speed in the least windy month greater
than 2.5 m/s.
Solar energy (photovoltaic): average annual
daily solar irradiation greater than
15 MJ/m2* (4.2 kWh/m 2 ), and average daily
solar irradiation in the least sunny month
greater than 12.5 MJ/m2 (3.5 kWh/m2).
Biomass energy: humid climate with annual
average temperature higher than 15°C, and
for gasification 50-100 kg of dry wood, or
crop waste from 10-20 ha per day.
The techno-social feasibility depends on whether
or not the community possess the technical skills to
operate and maintain the equipment, and whether back-up
services are within reach when technical skills beyond the
capability of the users are required. It is also important
thai the community is capable of organizing itself to
manage the system without social problems. This might
involve ensuring that the sharing of the water made
available to the community is equitable, and ensuring that
the responsibilities of certain members of the community
in the operation and maintenance of the system are
understood and accepted. It may also be important to
avoid putting some section of the community at a
disadvantage. For example, the use of biomass might
consume organic waste that was previously gathered and
used as domestic fuel by poor people.
The levels of technical servicing and skills needed
for various alternative renewable sources of energy are as
follows:
Commercially manufactured wind pumps:
monthly maintenance by trained mechanics,
and annual back-up support by qualified
technicians.

Village

level

wind pumps:

daily

maintenance by villagers, and annual backup support by local mechanics.

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

Solar photovoltaic
pumps:
monthly
maintenance and annual back-up support,
both by qualified technicians.
Biomass systems: daily maintenance by
well trained personnel, and monthly back-up
by qualified technicians.
Conventional energy systems (diesel and electric
pumps) need weekly or monthly maintenance by local
mechanics, and back-up support several times a year by
qualified technicians.

grounawater
available at
acceptable depth
(60 m maximum)?

search tor
other sources
e.g. rain-water

surface water
available?
yes

yes
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maximum daily water
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yes
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The local selection of a pumping system should be
done taking into consideration (a) the available water
supply, (b) the amount of renewable energy in the
environment, and (c) the level of technical skills available
to the community. Diagrams have been drawn to
illustrate the logic of possible selection processes. Figure
IV is one of them. If the decision process is followed step
by step through the various options in accordance with the
existing local situation, the outcome is likely to be a
selection that is economically feasible.

consider
wind pumps

average solar
irradiation at
least 4.0 kWh/m!/d?
yes
minimum monthly
average solar
irradiation at
least 3.5 kWh/m:/d?
yes

minimum average
monthly temperature
at least 15 'C?
yes

environmental
conditions ensure
sufficient biomass
resources available
for use?
yes

Hofkcs, E.H. and J.T. Visscher, 1986.

yes

can hand pumps
be maintained?
yes

supply of fuel
and skills for
maintenance can
be provided?
yes

clearness factor
exceeds 60%?
yes

can O and M
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yes

consider solar
pumps

technical back stopping for O and
M available?
yes

consider biomass
fueled pumping
system

Figure IV. Chart for selecting a pumping system
Source:

small reliable
diesel engines
available?

consider diesel
pumps

consider hand
pumps

B. The solar resource
The extraterrestrial flux density of solar radiation
falling on a surface perpendicular to the beam is 1.35 kW/
m 2 , but at the surface of the earth this radiation is altered
in several different ways. The rotation of the earth and
the inclination of the earth's axis produce regular, and
easily calculated, diurnal and seasonal variations of solar
radiation on the surface which depend on the geographical
latitude of the point of observation. Scattering, absorption
and reflection by the atmosphere and clouds reduce the
solar radiation and divide it into direct and diffuse
components.
The maximum flux of direct solar radiation in
bright sunlight at the earth's surface on a panel
perpendicular to the beam is about 0.9 kW/rn2. The flux
of diffuse solar radiation depends greatly on weather
conditions: under a clear sky it is typically 0.1 kW/m2, but
under cloudy skies it may vary from 0.3 kW/m 2 to
0.6 kW/m2. The total irradiancc (direct plus diffuse) in
bright sunlight of 1.0 kW/m2 is used as a standard '"peak"
value in rating photovoltaic arrays.
The spectral distribution of solar radiation is
summarized in table 1. Solar thermal devices can utilize
the whole of the .spectrum listed in the table, whereas PV
devices utilize only the ultra-violet and visible radiation.

Table 1 Spectral distribution of extraterrestrial
solar radiation
Wavelength interval

Description

Energy in interval

0.3-0.4 pm

ultra-violet

8%

0,4-0.8 pm

visible

47%

0.8-3.0 pm

near infra-red

42%

The solar panels used in water pumping systems
are fixed in position. In order to maximize the mean daily
solar flux received throughout the year the panels are
normally tilted so as to face the point in the sky where the
celestial equator crosses the meridian. Meteorological
tables, however, give values of solar radiation on a
horizontal surface, and the radiation on tilted panels is
normally greater than the radiation given in
meteorological tables. The change in daily total radiation

obtained by tilting the panel depends on geographical
latitude, time of the year, and cloudiness. For example, in
New Delhi (29 N) the effect of tilting the panel is to
increase the mean daily solar radiation on the panel by
about one-third during the winter when skies are clear; but
in the summer when skies are frequently cloudy (he effect
of tilt is small.
In equatorial regions the daily global solar
radiation on a horizontal surface is typically 18 MJ/m2,
but in places with heavy rainfall it may be as little as
14 MJ/m2. Because local convection is the main cause of
cloud (and rain), the daily radiation fluctuates over the
wide range 5-25 MJ/m2 and overcast periods more than
one or two days long are rare.
Latitudes 10-20° N or S have wet cloudy summers
similar to equatorial climates, and dry clear winters
similar to desert climates. Daily solar radiation in the dry
winters is typically 20 MJ/m 2 , but is fairly constant,
fluctuating over the narrow range 15-25 MJ/m2.
At subtropical latitudes 20-30° N or S clear skies
dominate the desert climate of Southwest Asia, while East
Asia has more cloud. The daily global solar radiation in
the desert climate is typically 28 MJ/m2 in summer but
only 14 MJ/m2 in winter due to the low sun. In East Asia
the daily radiation is typically 20 MJ/m2 in summer, and
10 MJ/m2 in winter. Tilling the solar panels will offset
the reducing effect of the lower altitude of the sun in
winter.
Variations in the terrain, especially the presence of
coastlines and mountains, can produce large differences in
climate over distances of the order 100 km. Over
distances less than 10 km, however, differences in solar
radiation arc small. Consequently, the selection of sites
for the exposure of solar panels is not critical at the local
level, apart from the obvious requirement that the panels
arc never shaded by nearby obstructions.
The broad outlines of the daily global solar
irradiancc in the ESCAP region, omitting local details,
can be obtained from map 1 to map 4 for the four
principal seasons (March, June, September and
December). Map 5 shows the principal solar radiation
climates according to Terjung. Climate types B, C and D
have maximum mean daily irradiation greater than 25 MJ/
m2: F, G and H have maximum mean daily irradiation 2025 MJ/m2; and types K, L, M have maximum mean daily
irradiation 15-20 MJ/m2. Within these groups of high,

10
medium and low irradiation the subdivisions indicate how
much the mean daily irradiation fluctuates between its
maximum and minimum throughout the year. Types F
and K have extremely low fluctuations (5 MJ/m2): types
B, G and L have low fluctuations (10 MJ/m2); types C, H
and M have medium fluctuation (15 MJ/m2); and type D
has a high fluctuation (20 MJ/m2).

These maps show that, with the exception of
a few areas, such as southern China, the islands of
Indonesia along the equator and the extreme south
of Australia and New Zealand, the ESCAP region is
a very favourable one for solar energy applications.
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Map 1. Mean daily global solar irradiance in the ESCAP region in March (MJ/m 2 )

u
20

—-25

20

The boundaries and names shown on
the map do not imply official acceptance
or endorsement by the United Nations

Map 2. Mean daily global solar irradiance in the ESCAP region in June (MJ/m^)
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Map 3. Mean daily global solar irradiance in the ESCAP region in September (MJ/irr)
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Map 4. Mean daily global solar irradiance in the ESCAP region in December (MJ/m2)

25

14

D

The bourefaries and names rfwwn on
Ms imp (ID not tap^ ofHcU acceptance
or wJommciit by the Ifciited Nations

~-T5C-~

Map 5. Principal solar radiation climates according to Terjung
Source: Solar Energy, 1970
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C. Solar pumping technology
Thermodynamic pumping systems, although
experimented on and off since the beginning of this
century, have not been produced in large numbers or
commerciali/ed.
The usual system consists of
concentrators or Hat-plate collectors delivering solar heal
to a Rankinc cycle heat engine that drives the pump
(figure V). About sixty solar pumps of this type have
been installed with non-commercial backing in developing
countries, but because of their complexity few have
operated for any length of time and the acquisition of
spare parts has been a problem.

""*"'"*

HATED
HESERVOIR

Figure V. Solar-powered Rankine engine
operated water pump

A few years ago in India a 100 W solar thermal
reciprocating water pump prototype working on the low
temperature organic Rankine cycle was designed,
fabricated and tested in collaboration with Swiss
engineers. The technical problems were solved but the
system was found not to be economically viable at that
lime.
However, experiments with a 1 kW solar thermal
pump in Indonesia, in collaboration with Germany, have
demonstrated ils promise for meeting the drinking water
supply needs of the rural population there. Five units
tested in the field were found to be reliable but interface
problems between the system and the site conditions (well
capacity, water quality, etc.) occurred. Further field tests
are necessary. A joint Indo-Gcrman project has lead to
the successful demonstration of a solar thermal pump
similar to the pump in Indonesia. This pump has worked
well for six years and is reported to be significantly
cheaper than a comparable PV system.
Photovoltaic (PV) pumping systems are relatively
simple in concept and a reliable technology exists. For
this reason, and because the economics of solar PV
pumping systems is approaching viability, many
thousands of these systems have been installed in various
places. A PV system consists of:
A photovoltaic array to convert solar
radiation into electrical power
•

A power conditioning system to convert the
power output of the PV array into a suitable
form

•

An electric motor to convert the electrical
power into mechanical power

Source: Georgia Institute of Technology, 1978.
The 1983 World bank study noted that, although
they might in theory be competitive with PV systems,
thermodynamic pumps were still unproven in the field,
and the skills required to manufacture them were as high
as for PV systems. A comprehensive review of small
solar-powered heat engines has recently been published.
Early work on solar thermal devices showed that the high
efficiencies obtainable with concentrators are not
sufficient to preclude serious consideration of flat-plate
collectors where simple robust equipment is needed.
Even so, solar thermal engines built in recent decades
have been intended for communities without the means to
buy them commercially, and outside assistance will
remain necessary. Nevertheless, for political or economic
reasons it is still possible that interest in solar thermal
engines may be revived in the future. The potential for
solar thermal pumps to compete with PV exists, as the
following reports of recent developments show.

A water pump
•

A water delivery system.

A photovoltaic array consists of a number of
modules, or panels, mounted together on a supporting
structure to receive solar radiation. Each module consists
of individual solar cells connected in series and parallel to
give suitable voltages and currents for various
applications. A typical module may be of size 1 m by
0.3 m by 50 mm thick containing 36 cells, each of
diameter 100 mm.
The conventional solar cell is made of a thin
monocrystailinc wafer doped first with boron, and then at
the surface with phosphorus to create a second layer.
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When sunlight is absorbed by the cell a potential
difference occurs between the front and back of the cell
that will cause a direct current to flow if the surfaces are
connected to an electrical load.
Photovoltaic modules are rated in peak watts (Wp).
This is the maximum power output from the module at a
cell temperature of 25 C and solar irradiance 1 kW/m2. A
typical module may have a rated output of 36 Wp at 12 V
and 3 A. The aciual power obtained from the module in
the field is generally less than the rated power because:
(a) the efficiency of a solar cell decreases as its
temperature increases and cells in the field may be hotter
than 25 C, (b) the solar irradiance is less than 1 kW/m2,
and (c) imperfect matching of the load may cause the
module to operate at a voltage and current that gives a
power output less than the maximum. For these reasons
the average output over the daylight hours may be less
than half the rated output, even in a location with high
average daily solar radiation.
The conventional monocrystalline silicon cell is
very expensive to produce, mainly because of the cost of
refining the raw silicon, and because a large quantity of
the refined silicon is lost as waste when the block is cut
into wafers. Alternative technologies have therefore been
developed in an attempt to reduce the cost of solar cells,
including the use of polycrystallinc cells and amorphous
silicon deposited on glass, both of which are on the
market. It is likely that large-area thin-film solar cells
made from deposits of cadmium sulphide and cadmium
telluride on glass will be available soon.
The cost of PV cells still severely limits their
widespread use. The current world price for high volume
orders of conventional silicon solar panels is SUS 5 per
Wp. Technological improvements will reduce the price to
SUS 3 per Wp by the mid-1990s. The new large-area
thin-film technology offers promise for lower prices in the
future: perhaps SUS 1 per Wp by the year 2000. It should
be understood that these figures are appropriate for large
volume orders, and do not include the extra costs of
distribution. The forecast of $US 1/Wp is, of course,
somewhat speculative at the present time for a technology
still at the experimental stage.
The power conditioning system may contain:

The purpose of impedance matching devices is to
produce high currents for starting pump motors, especially
when reciprocating pumps are used, and to maximize the
power available from the PV array while the system is
running. Under steady conditions the maximum power
output occurs at an optimum voltage slightly less than the
open circuit voltage, but the optimum varies slightly as
the solar radiation varies. A "maximum power point
tracker" is an electronic device for optimizing the voltage
as operating conditions vary. Its use adds cost to the
system, so the simpler method of fixing the voltage at a
value near the optimum for most working conditions may
be preferable. Since a PV array produces a direct current,
inverters are needed when AC motors are used to drive
the pump. The use of an inverter may entail a significant
loss of power unless it is designed specially for the
pumping system.
Batteries also provide impedance matching by
allowing the motor to start at low irradiance levels and by
supplying power at a fixed voltage. However, most solar
pumping systems do not include batteries because of
problems such as the need for regular maintenance, short
life, and power loss. Energy storage in water pumping
systems is usually in the form of lifted water rather than
electric batteries.
The electric motors used in solar water pumping
systems are of three types:
Brushed permanent magnet DC motors
•

Brushlcss permanent magnet DC motors

•

AC motors

The obvious advantage of DC motors is that no
inverter is required. Brushed DC motors, in which the
armature rotates in the field of a fixed permanent magnet,
are traditional and reliable, but the brushes must be
replaced after one or two years. The brushless DC motors
have a rotating permanent magnet that generates a current
in electronically commutatcd field windings. They are a
new development but are on the market and arc likely to
become the preferred option in small PV pumping
systems. For large systems AC motors may be used; they
should be specially designed together with the inverter for
maximum efficiency to offset the inherent power losses.

•

Impedance matching devices

•

Direct current
inverters

•

Batteries for electrical storage

•

Centrifugal pumps

•

Switches and protective cutouts

•

Positive displacement pumps

to alternating

current

The water pumps used in PV pumping systems are
of two principal kinds:

17
Centrifugal pumps have a rotating impeller that
throws the water radially against a casing so shaped that
the momentum of the water is converted into useful
pressure for lifting. They arc designed for optimal
performance at a fixed head and rotation speed. Because
they are not self-priming they are used as submersible
pumps, or as suction pumps for lifts less than 5 m. For
deep well operation several centrifugal impellers may be
used in series to form a multi-slagc pump.
Positive displacement pumps of two types are used
in solar pumping systems: reciprocating pumps and
helical rotary pumps. The water output of these pumps
depends on their speed of operation, and is almost
independent of the head. Reciprocating pumps may be
used as low lift suction pumps. For medium to high heads
they may be submersible. They are better for high heads
than for low heads because the frictional forces are
smaller relative to the hydrostatic forces at high heads
than at low heads.
Five system configurations found in solar pumping
are illustrated in figure VI. Their characteristics are
summarized below.
Type (a): submerged motor and multistage
centrifugal pump. The number of stages in the centrifugal
pump depends on the lift required. This system is suitable
for large heads (10-100 m) and for high How rates (over
5 mVh, depending on the pumping head). An advantage
of this system is that the straightness of the well is not
critical for (he proper operation of the pump. A
disadvantage is that the molor-and-pump unit must be
removed from the well for maintenance and repair.
Type (b): submerged centrifugal or helical rotary
pump driven by a shaft from a motor at ground level.
This type of system is suitable for medium heads (1050 m). It has the advantage that the motor is accessible
for maintenance and repair above the ground. A
disadvantage is that the siraightness of the well and the
alignment of (he shaft arc critical for proper operation.
Type (c): submerged reciprocating
positive
displacement pump driven by a rod from a "nodding
donkey" at ground level. This type of pump is suitable for
medium depths (10-50 m), which are limited by the
mechanical strength of the rod. Flow rates, which are
governed by the running speed of (he motor and are not
much influenced by the pumping head, arc generally low
(2 m 3 /h). The system has the advantage that the motor is
above the ground. Disadvantages are that the straightness

of the well and the alignment of the rod are critical for
proper operation, and the system needs a high force to
start.
Type (d):
floating
unit with motor and
submerged centrifugal pump. This type of pump is used in
lakes, rivers and shallow wells for low lift (up to 5 m).
Type (e):
surface-mounted motor and suction
pump with self-priming tank. The pump may be a
centrifugal pump or a positive displacement pump.
Centrifugal pumps are more efficient, but positive
displacement pumps have better self-priming. The system
is suitable for low heads (up to 5 m).
A list of commercially available PV pumping
systems was published by IT Power in 1986. The present
section gives information about some of the systems
currently being advertised in company brochures (1990).
These systems are mentioned here only as examples of
what is available; no attempt has been made to survey the
market comprehensively.
(1)
A brochure from France shows a PV
generator of 48 modules (2 kWp) providing electricity to
floating motor-and-pump units (type (d) above) suitable
for irrigation in market gardens and agricultural fields of
3-5 ha. The total cost, including installation and
maintenance, was 250,000 francs, i.e. SUS 50,000, which
would be high compared with 1991 prices.
(2)
A brochure from the United Kindgom shows
sketches of solar-powered floating pumps for irrigation,
water supply or water circulation from rivers, lakes,
canals or shallow wells of type (cl) above. Also solarpowered borehole pumps that supply water for drinking
and irrigation of type (a) above are shown. The water is
extracted from wells ranging in depth from 5 m to more
than 100 m. No prices are given, but it is said that the low
running costs mean that the initial investment can soon be
recovered.
(3)
A brochure from the Netherlands offers a
wide range of systems, each using the most suitable pump
for each application in two basic versions:
(a)

Drinking water systems, which show a great
variety in head and discharge, utilize a longlife single or multi-stage centrifugal
submersible pump. The head is 10-100 m,
the discharge is 5-100 m 3 /d, and the
application is for a 6-inch tube well up to
15 m or a 4-inch tube well up to 100 m.
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Figure VI. Principal configurations of solar pumps

Source: McNelis, B. and others, 1988.

