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FOREWORD 

Using wind energy to pump water has a long history. 
In a number of countries it was crucial to economic expansion, 
e.g. the traditional windmill in Holland for draining land, the 
classical multi-blade in the development of the Great Plains in 
the U.S.A. for supplying water for livestock and domestic use. 
Although these latter windmills are still being manufactured and 
hundreds of thousands are in use today, their technical 
development more or less came to a stand still with the 
introduction of fuel pumps. 
Since 1974, however, it became clear that the availability of 
fuel and its price are hazardous. That initiated a renewed 
interest in renewable energy sources such as wind and solar. In 
the last 10 years considerable effort has been spent on the 
development and subsequent promotion and dissemination of wind 
pumps, although the financial input has been considerably less 
than for solar pumping, which belongs to the realms of 
multinationals and high technology companies. 
Presently a few thousand (exact numbers are unknown) wind pumps, 
differing considerably in design from the classical multi-blade, 
have been installed in pilot and dissemination projects in 
developing countries. The majority concern mechanical wind pumps, 
having a direct mechanical transmission to the pump. A very small 
part incorporates either a pneumatic or an electrical 
transmission between the windmill rotor and the pump. Although 
the total number of wind pumps as yet is modest, a few things 
have become clear. 

1. The economic feasibility in a number of projects has been 
proven. 

2. Wind pumps can be manufactured locally. 
3. There is sufficient scope for further development, 

implying that pumping costs will further reduce. 

The present situation is such that the economic outlook for wind 
pumps is very favourable, justifying to step up development and 
dissemination. 

This handbook aims at the reader who -though not specialised in 
wind energy- considers using a wind pump for his pumping 
requirements. After a short overview of the technology, a 
methodology is presented to select and size a wind pump, geared 
to the user's requirements. From there the reader is guided to 
make an economic appraisal and a comparison with other small
scale waterpumping systems: solar, fuel, animal driven and hand 
pumps. Finally, logistical and institutional requirements are 
discussed in setting up large wind pumping programmes. 

This handbook is part of an initial phase of a Global Wind Pump 
Evaluation Programme, GWEP, initiated by UNDP/World Bank. It was 
preceded by a Wind Technology Assessment Study, executed by IT 
Power Ltd. and published in 1983*. This desk study was followed 

*see reference 2. 



by an international workshop held in October 1984 in Amersfoort, 
Netherlands* where proposals for a Global Programme were 
discussed. The following constraints were mentioned as reasons 
for the slow and limited progress in putting wind pumps into 
widespread use: 

- ''The lack of systematic, objective, reliable data on the 
actual technical and economic performance of wind pumps in 
developing countries. 

- The image of the technology as an old one. 
Failure on the part of users and policy-makers to recognize 
that new, less costly wind pumps have been, and are being 
developed which are especially well adapted to developing 
country needs and which bring wind pumps within the reach 
of an important segment of the rural population.'' 

The primary objective of the GWEP would be ''to generate and 
disseminate the information and analyses which water users, 
national policy makers and national and international financing 
agencies need to assess the technical and economic merits of wind 
pumping.'' 

Besides the handbook, the initial phase of GWEP includes a series 
of country studies and a study on monitoring and testing 
procedures. 
A later phase -and its backbone- would consist of the 
''observation and instrumentation of the operating performance 
and end use application of existing wind pump installations in 
developing countries.'' 
The authors of this handbook, which is intended as an equivalent 
ot the excellent ''Solar Water Pumping Handbook'' by Kenna and 
Gillett** could not draw on the test results of a world wide 
monitoring programme, as was the case when the Solar Water 
Pumping Handbook was written, which more or less finalised the 
preceding UNDP/World Bank project ''Testing and Demonstration of 
Small Scale Solar Pumping Systems''· They had to rely on the 
experience gained by CWD in the field and that obtained from 
personal contacts andj>ublications. 
The authors, however, were able to benefit from the previous set 
up of the Solar Handbook on which this handbook is patterned. 
Where appropriate, especially in general sections not specific to 
the type of ene+gy source, the texts of the Solar Handbook are 
quoted and referred to. 

* The workshop held October 15-19, 1984 in Amersfoort, the 
Netherlands was sponsored by the World Bank, UNDP and the 
Netherlands Government and was organized by Consultancy 
Services Wind Energy Developing Countries (CWD). 

** See reference 1. 
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This handbook will certainly need updating once the results of 
field measurements become available. The authors welcome 
suggestions and criticisms from the readers -whether professional 
or non-professional in the field. To that purpose the authors 
have included quite an extensive list of references on which much 
of the information in this handbook is based. 

CWD, Consultancy Services Wind Energy Developing Countries, 
Amersfoort, Netherlands. 

Joop van Meel 
Haskoning, Consulting Engineers, 
Nijmegen. 
Formerly: University of Technology, 

Eindhoven. 

Acknowledgements: 
to be written for final version. 
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1. IS WIND PUMPING FOR YOU? 

1.1 Introduction 

water is a basic need for mankind be it for domestic purposes, 
for livestock or for irrigation. In large parts of the rural 
areas of the world water has to be lifted from rivers and wells 
using some kind of pumping system. 
Wind energy is the most important of the renewable energy sources 
that in the past has been used to this purpose. Historically wind 
energy was first harnessed by the sails of boats for transport 
and later for flour milling. The earliest record in Europe of 
horizontal axis windmills goes back to the 12th century in 
England. The technology spread all over Europe in subsequent 
centuries. 
The use of traditional windmills for water lifting came about in 
Holland from the 15th century onwards. The well-known Dutch 
windmill was not used for supplying water, but getting rid of it: 
it was pivotal in the drainage of swamps and lakes to reclaim new 
lands. It was subsequently adapted to other applications such as 
oil pressing and wood sawing. The traditional windmill showed to 
be a key factor in the economic development of the country. In 
the beginning of the 19th century around 10,000 large windmills 
with rotor diameters up to 28 meters, were in operation in 
Holland alone. In the whole of Europe their numbers amounted to 
around 50,000. 
With the introduction of steam engines the decline of the use of 
windmills in Holland and other European countries set in. In the 
USA, however, almost simultaneously a new development had started 
which culminated in the wide spread use of the multi-bladed 
"American" wind pump. Millions were used to pump water for 
domestic use, even for railway steam engines and especially for 
livestock in the prairie states and were essential in the 
development of the Great Plains of the USA. 
Even today this type of mill is still being manufactured and 
probably about a million are operational particularly in the USA, 
Argentina, Australia and South Africa. 
Between 1920 and 1940-the classical multi-bladed windmill was 
introduced in quite large numbers in many developing countries, 
e.g. Marokko, Tunisia, Somali, Mozambique, Mali, etc. However, 
most of them came into disuse in the fifties as oil fuels became 
available in large quantities at very low prices. 

Besides the classical multi-bladed windmill, other types have 
been developed but their application has been restricted to the 
local situation for which they were developed. Well known are the 
white sailed windmills used for irrigation in the Lassithi plain 
on the Greek island of Crete. In Holland thousands of small four
bladed all-steel windmills (driving a centrifugal pump) are still 
in use to drain the polders. In Thailand very simple mills of 
wooden construction with triangular bamboo "blades" are used to 
pump sea water into salterns. 
With the rise of oil prices in the early seventies the interest 
in wind pumps revived. The introduction of the existing classical 
multi-bladed windmills in developing countries, however, has been 
hampered mainly by cost aspects and maintenance requirements. 
Since 1974 a number of organisations has been working along new 
lines of design and construction to develop wind pumps that lift 



water at lower costs than the traditional multiblades. In 
addition much attention is being paid to the possibilities of 
local manufacture by avoiding specialised parts in the design 
requiring complicated machinery for their manufacture. 
These efforts are starting to bear fruit. At the moment some 1500 
of these mills are operating all over the world (e.g. Kenya, Sri 
Lanka, Cape Verde, Pakistan, Mozambique, Tanzania, Sudan, 
Botswana, Tunisia, Brasil, China), not only in pilot projects but 
also in dissemination programmes. 

Many of these designs are referred to in this publication as 
"recent" designs. It is anticipated that in the foreseeable 
future the costs of pumping water with wind pumps will reduce by 
a factor of 4: by improving efficiency and by bringing down 
production costs. These goals have already been partly met. 

The effective use of a wind pump, however, is not only determined 
by the technology involved. This is basically shown in figure 
1.1. The wind pumping system includes the wind as input, the wind 
pump and the user. The wind resources and the wind pump determine 
the technical output. The effective output, however, depends on 
the percentage of the water output that the user really needs. 
This is, of course, strongly related to the kind of application 
e.g. rural water supply or irrigation. 

wind technical 
t9Chnical l'flbm 

Figure 1.1 Technical and effective water output. 
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This handbook has been prepared to give an insight into the 
merits of wind energy for water pumping compared to other power 
sources, as solar and fuel. The methods of assessing its 
viability are more complex than for solar or fuel pumping, which 
is partly due to the fact that the wind potential varies 
strongly, not only from region to region but even over very short 
distances. As wind pumps can in principle be manufactured in a 
reasonably equipped mechanical workshop -in contrast to solar 
pumps- it is necessary to explain sizing and matching procedures 
to choose not only the appropriate windmill but also the 
appropriate pump for the job. 
In this first chapter basic information is presented on the use 
of wind energy for water pumping. The chapter ends with 
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indicating the limits of the economic viability of using wind 
pumps. In that way the reader can decide whether or not it is 
worthwhile in the light of his requirements to go through the 
detailed analysis of the subsequent chapters. 

1.2 Power to pump water 

The net amount of energy required to lift a volume of water over 
a total head H is simply given by 

E = p gH Q (1. la) 

where: 

E = required (hydraulic} energy in Joules 
p = density of water (1000 kg/m3} 
g = gravitational acceleration (9.8 m/s 2 } 
H = total head in meters 
Q = volume of water in m3 

Doubling the water volume, doubles the energy requirement. 
Increasing the head by a factor of two, likewise doubles the 
energy requirement. 

The hydraulic power required -being the energy spent per unit of 
time- is 

Ph = p gH q Watts 

in which: 

So 

Ph is the hydraulic power in Watts 
q is the flow rate or volume of water lifted per second in 

m3/s 

Ph = 9.8 103 H q - Watts 

If q is expressed in liters per second then 

Ph = 9.8 H q ( 1. lb) 

If q is expressed in m3 per day, then 

Ph = 0.113 H q 

Example: q = 1 l/s (10- 3 m3/m), H = 10 m gives P = 98 W or as 
a rule of thumb approx. 100 W. 
With this small power, and at the given height5 an amount of 
water can be pumped during a day equal to 84 m /day. This is 
approximately the daily water requirement for crop irrigation 
of one hectare (2.5 acres). 
The corresponding hydraulic energy requirement is 
8.47 MJ = 2.35 kWh 

In this publication we will very often use kWh as the unit for 

3 



energy. We prefer to use it instead of the MJ for reasons of 
simplicity and ease of calculations*. If we specifically consider 
hydraulic energy, we will use the subscript h: kWhh. 

Instead of the kWh we can also introduce the hydraulic energy 
equivalent, being the product of the volume of water Q times the 
head H, so Q x H. From (1.la) it follows that: 

1 kWh is equivalent to 367 m4 

This means: 
Pumpin~ 367 m3 over 1 m head, or 36.7 m3 over 10 m head or 
3.67 m over 100 m head are in terms of hydraulic energy all 
equivalent and equal to l kWhh. 

In reality more power than indicated above is needed to lift 
water. In any prime mover, in the transmission, pump and the 
delivery lines, the power conversion is not 100% efficient 
leading to power losses as depicted in figure 1.2. 

trensmillion 

u.ful hydr.ulic power 

Figure 1.2 Power losses in a water pumping system 

Once the water is lifted, there are other losses; e.g. some of 
the water will seep into the ground before it reaches the plot to 
be irrigated. 

*The Joule is the International System (S.I) unit of energy. 
It is best expressed in millions, as MegaJoules (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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Both energy and power are important characteristics to describe a 
pumping system. Energy determines the total amount of water that 
is pumped against a given head, the amount of fuel or human 
labour that has to be paid for. Power represents the rate at 
which energy is used. The average power demand in a period is an 
indication of the size of a water pumping device that is required 
to fulfil the demand in that period (a 3 kW diesel or a 1 kW peak 
solar panel or a 5 m diameter wind pump), assuming that solar and 
wind conditions are known. 
The head, as we have seen, has a proportional effect on the power 
requirements and likewise on the cost of water. It is the sum of 
the total static head and the head (loss) due to friction losses 
in the piping. The former is simply the physical height over 
which the water has to be lifted, including the so-called 
drawdown of the water level in the well due to pumping. The 
equivalent head related to the pressure losses in suction and 
delivery lines depends on the flow rate through the pipes. This 
head loss can be limited by an appropriate sizing of the piping 
system. 

1.3 The wind energy resource 

Wind is air in motion. The large scale movement of air masses 
around the globe is generated by the uneven distribution of solar 
irradiation over the global surface and is strongly affected by 
the rotation of the earth. In the equatorial regions there is a 
net gain of energy, at the poles a net loss. To obtain 
equilibrium heat is transported from the equatorial regions to 
the polar regions by the large scale circulation of the 
atmosphere and partly by ocean currents. 
This large scale circulation is further affected by the 
distribution of land and sea around the globe, by large mountain 
ridges and by evaporation and condensation of water (vapour), 
acting as enormous heat sinks and sources in the weather system. 

The resulting wind patterns around the earth are very complex. A 
world wind map is presented in figure 1.3 giving annual average 
wind speeds and wind potential. However, such a map is 
insufficient to appraise the possible use of wind energy. Local 
topography has a strong influence on the wind power potential 
e.g. mountains/hills and valleys, transition from land to water, 
type of terrain (forests, deserts etc.). 
Apart from the spatial factors mentioned above, the wind climate 
is also determined by temporal variations (winter-summer, day
night). For example, along parts of the shore of Lake Victoria, 
the wind regime is very much determined by the land-lake 
transition. During the night and morning of the day the wind 
blows weakly from the land towards the lake. Owing to the heating 
of the land during day time, the wind directions sways around 
about midday and quite strong winds build up blowing from the 
lake land inwards in the afternoon. 
On a smaller scale the wind potential at a site is influenced by 
the presence of trees or buildings in the surroundings, more 
generally by the surface roughness. 
Compared to solar energy, wind energy is very unevenly 
distributed in space and time. In tropical areas the average 
daily solar irradiation differs at most by a factor of 3: 25 MJ 
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per day for very sunny spots against 8 MJ per day for poor 
locations. On a day to day basis at a site the differences are at 
most a factor of 4. 
Variations in wind power potential are of another order of 
magnitude. Very windy regions (e.g. trade winds) have a potential 
100 times higher than very low wind regions. On a day to day 
basis at one site the wind potential can vary by a factor of 10 
to 100 (or more if storms are included). All the above arguments 
stress not only the importance but also the complexity of 
evaluating the wind potential (see also Appendix A). 

Power in the wind 

The power in the wind blowing with a wind speed V through an area 
A, perpendicular to v, is 

p = 1/2 P V3 A vind w (1.2a) 

where: 

Pvind 
p 
v 
A 

is the power in the wind in Watts 
is the density of air (approx. 1.2 kg/m3 at sea level) 
is the wind speed in m/s 
is the area under consideration perpendicular to the 

wind velocity in m2 • 

- If the wind speed doubles, the power is eightfold. From 2 
to 3 m/s the power is more than three fold. From 4 to 5 m/s 
it more than doubles. On a stormy day the hourly wind 
speeds can change from 1 to 10 m;s5 meaning that the power 
in the wind changes by a factor 10 = 1000! (This is of 
course an extreme situation, but it reflects the large 
variations in wind power to be expected at different places 
and times.) 

Normally the wind power potential is given as the specific wind 
power, the power per unit of area. So 

W/m 2 (1.2b) 

in which Pvind is expressed in Watts per m2 • 
Some examples of hourly, daily and monthly variations are shown 
in figure 1.4 and figure A.4 of appendix A. 

The values given are representative for open terrain at 10 m 
height, which is an international meteorological standard. If a 
windmill, installed in the region for which the wind data are 
representative, is shaded off by trees in the prevailing wind 
direction or the surroundings are not open but covered with 
bushes, the power in the wind will be much lower. 
The most important lesson to learn from these examples is that 
due attention should be paid to the judicious evaluation of wind 
data and the correct selection of a site to install a windmill 
(see chapter 3 and appendix A). 
Another point that needs consideration is the way in which the 
wind potential variation over time does or does not coincide with 
the demand of water. Note that requirements for drinking water 
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are normally more or less constant, while those for irrigation 
are seasonal. 

Rule of thumb: useful power for pumping water 

Notwithstanding the difficulties, associated with the variability 
of the wind, of evaluating a wind site, it is possible to 
estimate the average power effectively available for lifting 
water on the basis of the average wind speed at_a site. Suppose 
the average wind speed over a mQnth or year is V, then the useful 
average hydraulic power output P in that same period can be 
estimated by 

P = 0.1 V3 A Watts (1.4a) 

in which A is the swept area of the wind rotor. This can be 
expressed in another way 

p = 0.1 v 3 W/m 2 (1.4b) 

p denoting the specific average hydraulic power output per m2 

rotor area. 

Again the sensitivity to the value of the (average) wind speed is 
noticeable. As an example, table 1.1 shows the hydraulic power. 
and energy output of a 5 meter diameter wind pump. 

Average wind speed in a month 
or year (V in m/s) 

2 3 4 5 7 

Average_hydraulic power 
output P in Watts 15.7 53.0 126 245 673 

-
Average hydraulic energy 
output in a day kWhh/day 0.38 1.3 3.0 5.9 16.2 

Average water output per 
day for a total lifting 13.8 46.7 111 216 593 
head of 10 m 

Table 1.1 Hydraulic power and energy output of a 5 meter diameter 
wind pump for different average wind speeds. 
Rotor area 19.6 m2 (w/ 4 5 2 ). 

At V = 5 m/s: P = 0.1 x 125 x 19.6 = 245 Watts. 
Note the strong influence of the average wind speed. 
Going from 4 to 5 m/s doubles the output, from 2 
3 m/s more than triples it! 

Combining (1.lb) and (1.4a) gives a relation between the average 
hydraulic power requirements and the useful average power output 
of a wind pump, from which the required rotor diameter can be 
determined if the average wind speed is known. Figure 1.5 shows 
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Figure 1.5 Chart to estimate the output of a water pumping windmill with a given 
diameter and a given water lifting head, operating in a wind regime with 
annual (or monthly) wind speed V. The chart is based upon the rule of 
thumb: Ph = 0.1 V 3 A (reference 3). 
The chart can also be used to determine the rotor diameter for a specific 
water requirement at a site where Vis known. 
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the results. As will be shown later the factor 0.1 in formula 1.4 
is a rough estimate indeed. In reality, as will be shown, this 
factor varies from 0.05 to 0.15 depending on the type of wind 
pump and application at hand. 
Note also that the values given in table 1.1 and figure 1.5 are 
potential values as indicated in paragraph 1.1: the user normally 
cannot make full use of all the water that the wind pump 
delivers. 

1.4 Typical water pumping applications 

Wind pumps are used to pump water for a variety of applications. 

- Domestic water suply 
- Water supply for livestock 
- Irrigation 
- Drainage 
- Salterns 

Depending on the type of application, different kinds of systems 
are used. The choice of the type of pump is quite varied (piston 
pump, centrifugal pump, screw pump, air lift pump) as will be 
explained in more detail in chapter 2. 
The range of mechanical wind pumps runs from 1 to 8 m diameter. 
Depending on the pumping height and average wind speeds, the 
average power output ranges from a few watts to about 1 kW. For 
higher power demands wind electric pumping systems (WEPS) can be 
applied, incorporating a wind generator (available in larger 
diameter) driving an electric motor-pump combination through an 
electrical transmission. They are already in incidental use in 
developing countries (e.g. Cabo Verde) for average power outputs 
of up to 10 kilowatts. There is no reason why such systems could 
not be technically and economically feasible for power outputs of 
tens of kilowatts and up. It could be anticipated that at such 
power levels the pumping system is integrated with a small 
electric grid, supplying electricity for other purposes than 
water pumping alone. -
For mechanical wind pumps the average daily output ranges from 30 
to 10.000 m4 per day, or roughly from 1 to 30 kWhh per day. It is 
probable that w.ind electric pumping systems eventually will 
partly overlap this range, say from 10 to a few hundred kWhh per 
day. This corresponds to rotor diameters from about 5 - 30 m 
diameter. 

Rural water supply 

Water demand for livestock and domestic purposes is more or less 
constant throughout the year. Typical water demands for a village 
of 500 inhabitants are of the order of 20 m3 per day. At a head 
of 20 m the daily hydraulic energy requirements are 400 m4 or 
just over 1 kWhh per day, equivalent to an average power 
requirement of 40 w. In many cases water depths are much greater, 
up to 100 meters. Reasonable costs of pumping water run up to 
US$ 1.- per m3 , especially in very arid zones; in exceptional 
cases costs can be even higher. In rural water supply systems 
storage tanks are always included. 
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Irrigation 

Demands for water for irrigation are seasonal. Average demand in 
a peak month can be 2-5 times higher than the average demand over 
a year. In general unit water costs for irrigation should be well 
below $ 0.10/m3 • This implies that pumping water from great 
depths, say more than 20 m, is normally not economically viable. 
If wind pumps are used for irrigation, normally a storage tank 
must be included in the system. 

1.5 Viability of wind pumping 

Assuming that different options for pumping water are available 
(solar pumps, fuel pumps, hand pumps etc.), the choice of a 
particular system centres on the question: 

"Which system provides water at the lowest cost?" 

For the purpose of this handbook the question would run: 

"Does a wind pump provide water at a cost competitive to the 
cost of water provided by alternative methods?" 

It is impossible to answer these questions in a straightforward 
manner, as an economic analysis involves so many parameters that 
differ from place to place: interest rates, import duties, fuel 
costs, labour costs, material costs, subsidies. Besides the 
costs, the availability of certain assets can be of paramount 
importance: e.g. foreign currency, fuel, spare parts. All these 
aspects cannot be treated in this handbook. 
For a first appraisal of the viability of using wind pumps, table 
1.2 gives the reader a rough indication of the comparative cost 
effectiveness of different pumping methods. It may help to 
eliminate certain options at a first glance and show which 
options merit further study. 
More details on the economic assessment of wind pumps are given 
in chapter 4 and appendix c. 

To be able to use table 1.2 the following data should be 
available: 

1. Average daily water requirements for each month of the 
year, expressed in m4 per day. To find these values 
multiply the average daily water demand (in m3 /day) with 
the total head (in m). For the latter take the total 
static lifting head and add io%. 

2. Average monthly wind speeds V over the year as shown in 
figure 1.4. 

3. The critical month is that month in which the ratio of the 
daily water demand to the available wind potential of that 
month is largest. For each month divide the daily water 
demand ~ the cube of the average wind speed of the same 
month (V ). The highest value determines the critical 
month. For rural water supply with a constant water demand 
the critical month is obviously that with the lowest 
average wind speed. 
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The reader is warned to use table 1.2 with caution. A few remarks 
may serve to elucidate this point: 

1. The critical month as found above may coincide with a 
period of rain. If rain water can be collected for rural 
water supply, then obviously another month becomes 
"critical". 

2. If fuel is not sufficiently available at far away places, 
then solar and wind are at an extra advantage. 

3. A regular diurnal wind pattern with strong winds during a 
few hours per day favours the use of wind pumpers even at 
low average wind speeds (see, for example, figure 1.4). 

4. The viability of using wind energy for water pumping is 
favoured by the presence of more viable locations in the 
same region. 

5. If by using a wind pumper, the pumping requirements can 
effectively be met in all months of a year except for one 
critical month, it is worthwhile considering a 
supplementary pumping device for that particular month 
(e.g. a hand pump), before rejecting wind pumping 
altogether. 
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AVERAGE DAILY HYDRAULIC POWER DEMAND IN CRITICAL MONTH -Average wind speed V 
in critical month 20 - 500 m4 /day 500 - 2000 m4 /day 2000 - 100000 m4 /day 
in m/s 

Rural water supply Irrigation Rural water supply Irrigation Rural water supply Irrigation 

>5 Wind best option Wind best option Wind best option Wind best option Wind best option Wind best option 

3.5- 5 Wind best option Wind probably best Wind best option Wind probably best Wind very good Wind very good 
option but check with option but check with option but check with option but check with 
kerosehe and diesel kerosene and diesel diesel diesel 

2.5- 3.5 Consider all options Consider all options Consider wind, Consider wind, Consider wind Consider wind 
wind, solar, kerosene, wind, solar, kerosene, diesel, kerosene diesel, kerosene and diesel and diesel 
diesel diesel 

2.0- 2.5 Consider solar, diesel, Consider solar, diesel, Consider diesel, Consider diesel, Diesel best option, Diesel best option, 
kerosene; check wind kerosene, wind kerosene, check wind kerosene, wind wind doubtful wind doubtful 

doubtful doubtful 

<2.0 Consider solar, Consider solar, Consider kerosene, Consider kerosene, Diesel best option Diesel best option 
kerosene, diesel kerosene, diesel diesel diesel 

Always consider hand pumps below 100 m4 

Table 1.2 Preliminary assessment of using wind pumps. 



2. WIND PUMP TECHNOLOGY 

The main components of a windmill pumping system are illustrated 
schematically in figure 2.1. The system can be divided 
conceptually into four parts: 

- The wind machine comprising a wind rotor which captures the 
wind's energy and converts it into mechanical energy, a 
safety system for protection in storms, and a tower for 
support. 

- A transmission, which conveys the energy from the rotor to 
the pump, sometimes involving intermediate energy 
conversions. 

- The pump, which finally converts the energy into useful 
hydraulic energy. 

- The storage and distribution system which delivers the 
water to the user at the time, and in the amounts he 
demands. 

Figure 2.1 Schematic lay-out of wind pumping system for water supply 
for domestic use and livestock. 
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The main characteristic of a wind pump is the area swept by its 
rotor, which follows directly from the rotor size (i.e. its 
diameter). 
The total energy production (or amount of water pumped over a 
certain height) is directly proportional to the rotor area. 
The investment cost is also roughly proportional to the rotor 
area. Therefore, the investment cost per unit energy production 
is in first approximation independent of rotor size: there is 
hardly any "economy of scale". Only for very small energy demand 
corresponding to an impractically small windmill with diameter 
below 1 m diameter, the unit costs will rise. 
In contrast, the size (or power rating) of a fuel pump has no 
direct relation with the total amount of water pumped. The size 
of a fuel pump determines its pumping rate, whereas the total 
amount of water pumped depends simply on the number of hours of 
operation. Therefore, the design of a windmill installation 
requires more accurate information on total water consumption, 
than is normally used for designing fuel pump installations. 

The matching of windmill and pump is of utmost importance for a 
satisfactory performance. Choosing a large pump leads to a high 
pumping rate when the windmill is running, but on the other hand 
the windmill will often be standing still, if the wind is not 
sufficient to start the large pump. Choosing a small pump 
facilitates starting, the windmill will run during more hours, 
but the pumping rate during these hours will be lower. The 
optimal choice of the size of the pump depends on the wind 
regime: for strong winds one may take a larger pump than for weak 
winds. 

An integral part of a wind pump system is the storage tank. With 
fuel pumps, storage is not important because energy is stored in 
the fuel itself and the pump can be started when there is a 
demand for water. 
In most cases a windmill would be practically useless without a 
storage tank. A storage tank adapts the pattern of delivery of a 
windmill's modest, irregular pumping rate over 24 hours a day) to 
the pattern of demand_(specific flow rate during a short period 
at specific times of the day). Also, a storage tank stores water 
during periods of strong winds for later use. 

The first section of this chapter presents a general overview of 
different types of wind pumps. The remaining sections are solely 
concerned with horizontal axis windmills driving piston pumps 
through a mechanical transmission. This type is the only one in 
widespread use for which a reasonable amount of validated 
experience is available. 

2.1. Types of wind pumps 

A variety of wind machines is being used for water pumping. A 
convenient classification can be made on the basis of type of 
transmission between the wind rotor and the pumping device, see 
also figure 2.2. 

16 



Windmill driving a piston pump: 
most common type 

1ir ~ 

well 

·.·~ 

Windmill with a pneumatic transmission, driving 
an air lift pump: no moving parts in the well 

t 
,,.._,....____~ 
---'~! 

water 

Windmill with a hydraulic transmission: 
experiments with remote pumping 

Windmill with a rotating transmission: 
low head/high volume 

electric generetor 

.. brnenlble 
pump unit 

Wind electric pumping system: 
remote pumping, large flow rates 
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Figure 2.2 Types of wind pumps classified according to type of transmission. 
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- Windmills driving piston pumps. The wind rotor is coupled 
mechanically (directly, or through a gear box) to the 
piston pump. This is by far the most common type and will 
be discussed in more detail in the following section. 

- Windmills with rotating transmission. The wind rotor 
transmits its energy through a (mechanical) rotating 
transmission to a rotating pump, for example a centrifugal 
pump, or a screw pump. Both are is used especially for low 
head/high volume applications. 

- Windmills with pneumatic transmission. A few manufacturers 
fabricate windmills driving air compressors. The compressed 
air is used for pumping water by means of an air lift pump 
(basically two concentric pipes), or a positive 
displacement pump (basically a cylinder with a few valves). 
This type of transmission allows the windmill to be 
installed at some distance from the well. Another advantage 
is the absence of pump rods, and - in case of an air lift 
pump - of any moving part inside the well. 

- Wind electric pumping systems. Wind electric generators are 
sometimes used to drive electric pumps directly (without 
being coupled to an electric grid). Again, this 
transmission provides the freedom to install the wind 
machine at a windy site at some distance from the well. 
Electric submersible pumps may be used to pump flow rates 
from narrow boreholes, far in excess of those attainable 
with piston pumps. 

- Windmills with hydraulic transmission. Several experiments 
have been performed on remote pumping by means of hydraulic 
transmission. Mostly water is used as operating fluid. 

The types of windmills indicated above ref er to horizontal axis 
windmills, which at the moment are the only types of practical 
interest for water pumping. In the past quite some research 
effort has been put into vertical axis machines for pumping, 
especially Savonius rotors. However, this has not led to 
practical applications for two main reasons: high cost per unit 
of water pumped (heavy machines combined with low efficiency), 
and poor reliability (it is difficult or impossible to 
incorporate a safety system in such a design). Vertical axis 
Darrieus wind rotors are hardly suitable for water pumping sytem, 
as they need an external power source for starting. Therefore, 
vertical axis machines will not be mentioned anymore in this 
handbook. 

2.2. Prime mover: mechanical windmill 

As indicated before, the remainder of this chapter will 
concentrate on the most common type of wind pump: a windmill 
driving a piston pump through a mechanical transmission. Where 
appropriate, however, reference will be made to the other types. 
Figure 2.3 shows some photographs of such mechanical wind pumps 
(including one with a rotating transmission and a centrifugal 
pump). 
In this section we will discuss the components and subsequently 
the characteristics of mechanical wind pumps. 
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Typical classical multiblade back geared wind 
pump, driving a piston pump. 
(Republic Cape Verde) 

Innovative mechanical wind pump, driving 
a piston pump. 
(Sudan) 

Mechanical wind pump manufactured in 
Kenya driving a piston pump. 

Wind pump for dr~inage of polders in 
the Netherlands with a centrifugal pump. 

Figure 2.3 Photographs of mechanical wind pumps. 
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2.2.1 Windmill components 

A windmill consists typically of the following components (see 
figure 2.4): 

Rotor 
The rotor is the essential part of this prime mover: it converts 
the power of the wind into useful mechanical shaft power. 
Usually the blades consist of curved steel plates. Sometimes 
sails are applied. Classical "American" windmills have 15, 18, 24 
or even 36 blades, mostly supported by a structure of spokes and 
rims. These rotors deliver maximum power when the speed of the 
blade tips equals approximately the wind speed. Recent designs 
have less blades: 4, 6, 8, or 12, mostly supported by spokes 
only. These rotors operate at higher speeds: maximum power is 
delivered for tip speeds of 1.5 to 2 times the wind speed. 
The rotor is fixed to a steel shaft by means of one or two hub 
plates. The shaft is supported by sleeve bearings (receiving oil 
from the gear oil bath), or by roller bearings (lubricated by 
grease or by oil), or by hardwood sleeve bearings (lubricated 
with oil). 
A mechanical brake is sometimes incorporated in the hub. It is 
normally operated both by the automatic safety system, and by the 
manual furling mechanism. These brakes are not capable of 
stopping a windmill in a storm. They merely hold the windmill, 
when it is being serviced or when there is no need of water. 
Rotors of water pumping windmills range from 1.5 to 8 m diameter. 
In a 4 m/s wind, a rotor of 1.5 m diameter may produce up to 24 w 
of mechanical power, and an 8 m diameter windmill up to 680 w. 
In a 5 m/s wind, these values nearly double (46 and 1320 w 
respectively) • 

Transmission 
The transmission of a windmill conveys the mechanical energy 
delivered by the rotor to the pump (rod). 
Many of the classical "American" windmills, especially the 
smaller models are "back geared", i.e. they incorporate a gear 
box, reducing the r.p.m. of the pump, normally by a factor of 
about 3. The gears are normally double to avoid uneven loading of 
the crank mechanism (see below) and usually run in an oil bath 
for lubrication. The oil needs to be changed typically once a 
year. 
An essential part of a windmill transmission is some kind of 
excentric, that transforms the rotating movement of the rotor 
into a reciprocating movement of the pump rod. Several types 
exist: 

- Two drive rods connected excentrically to the two slow 
gears, and connected through a guide to the pump rod (see 
figure 2.4). 

- A simple crank on the main shaft, connected directly to the 
pump rod. 

- A crank on the main shaft connected through a guide to the 
pump rod. 

- A crank on the main shaft, connected through a lever system 
to the pump rod (see figure 2.4). 
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Classical multiblade rotor (heavy) 

Transmission of back geared windmill 
running in oil bath 

rotor shaft 

rotor
lheft 

Top view of ecliptic safety system 

wind 
direction 

Modern rotor (ligh, 

Direct drive transmission 

Hinged vane safety system 

Figure 2.4 Components of mechanical windmills. 
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The pump rod transmits the power to the pump. Often a swivel 
joint is incorporated, avoiding the pump rod from rotating when 
the windmill's head assembly is yawing due to a change of wind 
direction. Normally the pump rod is guided at several points in 
the tower. The swivel joint and the guides require regular 
lubrication by greasing for example once a month. 
The efficiency of the transmission is somewhere between 70% and 
90%. 

Safety system 

No wind machine can be expected to survive very long without an 
automatic safety system to protect it against gusts and storms. 
It is impractical - if at all possible - to design a wind machine 
to be strong enough to remain in full operation during storms, 
with an exception perhaps for very small wind machines of 1 m 
diameter or so. Hand operated safety systems alone are not 
sufficiently reliable: storms may occur very suddenly, unexpected 
storms may occur at night, one moment of negligence may reduce an 
important investment to scrap. 
The safety system of mechanical windmills is combined with the 
orientation system: at low wind speeds the rotor is oriented into 
the wind; with increasing wind speeds the rotor is gradually 
turned out of the wind so as to limit the speed of the pump and 
the forces acting on the structure. 
The functioning of these safety systems is based on the 
equilibrium of aerodynamic forces (acting on one or two vanes and 
the rotor), and some other force (mostly a spring or weight), 
counteracting the aerodynamic forces. 
Normally the automatic safety system can also be operated 
manually to stop the windmill. 
Two important characteristics of a safety system are: 

- The rated wind speed, Vr, at which the windmill reaches its 
maximum rotational speed, and hence pumping rate. For 
higher wind spe~ds the rotational speed is limited and 
gradually reduced by the automatic safety system. Vr is 
normally 6 to 8 m/s. 

- The cut out wind speed Vout• At this wind speed the rotor 
is completely turned out of the wind and stops running. 
Usual values are 15 to 20 m/s. 

Tower 

The three components discussed above (rotor, transmission, and 
safety system) together form the head assembly of the windmill. 
It is supported by a tower, which raises the assembly over any 
obstructions into a fair, unobstructed wind. In addition the 
tower serves as a rig when installing the pipes of deep well 
pumps. 
Windmill towers are normally of lattice construction, factory 
welded as complete sections, or bolted together at the 
installation site. Normally they have four legs, sometimes three. 
Tower heights range from 6 m for small windmills to 18 m for 
large windmills. The most common height is around 10 m. 
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2.2.2 Windmill characteristics 

As for any prime mover the most important characteristics of a 
windmill rotor are the torque-speed and power-speed diagrams. 
Of course, these curves for a windmill depend on the wind speed. 
In order to summarize a whole set of curves into one curve, the 
following three coefficients are defined (see symbols below): 

,n R 
~ = 

v 

p 
Cp = 

i I 2 P A v3 

Q 
Ca = ~~~~~~ 

1
/ 2 P A v2 R 

Symbols: 
A rotor area 
C coefficient 
P power 
Q torque 
R rotor radius 
V wind speed 

Tip speed ratio, the ratio between the speed of 
the blade tip, and the wind speed. 
The design tip speed ratio ~ 4 is the value for 
which the rotor delivers maximum power at a 
given wind speed. As indicated in the previous 
section, the design tip speed ratio for 
classical "American" windmills is approximately 
1 (slow running). For more modern wind pumps it 
is somewhat higher: 1.5 to 2.0. 

Power coefficient, the ratio of the mechanical 
power delivered by the windmill, and the 
reference wind power (i.e. the power in the wind 
passing through the rotor disk, if the rotor 
were not present). The maximum power 
coefficient, reached at ~d' normally ranges from 
0.30 to 0.40 

Torque coefficient, ratio of the torque 
delivered by the wind rotor, and a reference 
wind torque. Since power is equal to rotational 
speed times torque (P = .n.Q), a similar relation 
is found for the corresponding coefficients: 
Cp = ~ Ca. 
For water pumping windmills the starting torque 
coefficient Ca(~=O) is of special interest: (see 
section 2.4). The following rule of thumb is 
often applied: 
Ca(~=O) = 0.4/~d 2 • 

(m2) 

(-) 
(W) 
(Nm) 
(m) 
(m/s) 

p air density, (kg/m 3 ) 
approximately 1.2 

.n rotational speed (rad/s) 

Subscript: 
d design 
Q torque 
P power 

Figure 2.5 shows some typical examples of dimensionless torque
speed and power-speed diagrams. It is important to note that the 
power delivered is more or less independent of ~d' whereas torque 
and speed are quite different. 

23 



torque power 

CHfficient coefficient 

!Ca 1 c, 0.5 0.5 

0.4 0.4 

rotor of ,_nt design 

:D.3 0.3 

0.2 0.2 

0.1 0.1 

0 0 

0 1 2 3 4 0 1 
X tip speed retio 

2 3 4 
·,, ~tip speed ratio 

Figure 2.5 Dimensionless torque-speed and power-speed characteristics of wind rotors 
of mechanical wind pumps. 

2. 3. The piston pump 

2.3.1 Description 

The majority of water pumping windmills is equipped with single 
acting piston pumps. Figure 2.6 shows the principle of operation: 
When the piston moves down, the foot valve closes and water 
passes through the open piston valve. On the upward stroke the 
valve in the piston closes, the foot valve opens and water is 
pumped. 
A variety of materials is used for the cylinder: brass, stainless 
steel or PVC pipe but also a bronze bush inside a cast iron 
cylinder. 
The sealing between piston and cylinder wall is normally realized 
by means of a leather cup. In high pressure pumps (for large 
pumping heads) one finds two, or sometimes three cups above each 
other. The leather cups are subject to wear and must be replaced 
after half a year to two years, depending on the quality of the 
water. 
Piston body and valves are mostly made of brass (cast and/or 
machined). Valves are normally lined with some type of rubber for 
better sealing. 
If the delivery head is higher than the point where the pump rod 
leaves the delivery pipe, a pump rod sealing is required. 
Sometimes air chambers are applied on the delivery and/or suction 
side of the pump, especially in case of long lines. The air 
chambers smoothen the flow in the lines and thereby reduce the 
forces in the pump rod, as far as these are related to 
acceleration of the fluid and water hammer effects. 
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Figure 2.6 Piston pumps used in combination with windmills. 
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For different applications (with respect to pumping head) 
different types of pumps are used, see also figure 2.6.: 

- Suction pumps, installed at ground level, for pumping from 
a maximum of 6 m water depth, from surface water (lakes or 
canals) or shallow wells. Some models are self priming. 
These pumps come in a variety of diameters, up to 350 nun. 

- Deep well pumps for installation below ground level in open 
wells or tubewells. The diameter of tubewells usually 
limits the outer pump diameter to about 100 to 200 nun. For 
this application one often finds "screw cap pumps". 
For application in very deep tubewells, one often sees 
"draw plunger pumps", in which the drop pipe is larger 
than the pump cylinder, and the pump is arranged in such a 
way that the piston and the foot valve may be lifted 
without lifting all of the piping. 
Maximum pumping depths are 100 to 200 m. 

2.3.2 Characteristics of a piston pump 

A piston pump is a positive displacement pump, i.e. for each 
stroke the same volume of water is displaced, independent of head 
or speed of operation. 

Q 

up down up 

everege torque 

t 

Figure 2.7 Torque of a piston pump versus time. 

The torque needed to drive a piston pump is cyclic, (see 
figure 2.7). During the upward stroke the piston is subject to 
the full water pressure. During the downward stroke the piston 
valve opens and the torque is virtually zero. 
Once a windmill is running it feels only the average torque 
demanded by the load, because the variations are smoothened by 
the large inertia of the rotor. The average torque is practically 
constant, i.e. independent of the speed of operation. That is why 
a piston pump is often referred to as a "constant torque load". 
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Two types of efficiencies are distinguished for piston pumps: 

'Im e c h 

'Iv o l 

Mechanical efficiency, which is the ratio of hydraulic 
power output (see chapter 1) to mechanical power input to 
the pump. This efficiency is less than 100%, because 
energy is lost in flow resistance of valves and pipes, 
and in mechanical friction of the cup leather and pump 
rod sealing. High efficiencies (80% to 90%) are attained 
for high head pumps (i.e. more than 20 or 30 m), for 
which the pressure loss due to flow resistance is small 
in comparison with the static pressure. For low heads 
(3 to 10 m) the efficiency is far less (60% to 70%), 
pressure losses being relatively more important. For 
heads of less than 3 m, piston pumps are not very well 
suited because of the low efficiency (losses are in first 
approximation inversely proportional to head). 
The efficiency also depends strongly on the speed of 
operation. At higher speeds the efficiency decreases 
sharply as a consequence of increased pressure losses due 
to flow resistance. The values indicated above are for 
the design speed which will prove to be the only point to 
be taken into account (see the following section on 
matching of windmill and pump). 

Volumetric efficiency. It is the ratio of the real flow 
rate and the ideal flow rate which would be expected on 
the basis of the stroke volume of the pump and the speed 
of operation. 
At low speeds of operation the volumetric efficiency is 
normally less than 100% due to water leakage over the 
piston or valves, and to delayed closing of the valves. 
At high speeds it may exceed 100% as a result of inertia 
effects: at the end of the upward stroke the water column 
has gained so_much momentum, that it continues moving 
upwards during the downward stroke. 
A low volumetric "efficiency" does not necessarily imply 
a low mechanical efficiency. If less water is pumped than 
would b~ expected, and if at the same time less power is 
needed to achieve this, the mechanical efficiency remains 
high despite a low volumetric "efficiency". 
Volumetric efficiencies at the design point are normally 
80% to 98%. 

The main characteristics of piston pumps and some other types of 
pumps suitable for use with wind machines are summarized in 
table 2 .1. 
Figure 2.8 indicates the range of application of different pump/ 
transmission combinations. 
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Type 

Piston pump 

Centrifugal pump 
Single stage, direct 
drive 
Multistage, electric, 
deepwell 

Screw pump 

Air lift 

Air driven displacement 
pump 

Typical 
pumping 
head 

> 20 m 
10 m 

3 m 
< 3 m 

1-10 m 

10-200 m 

0-3 m 

10-50 m 

2-50 m 

Maximum efficiency 

Pump Pump including 
transmission 

> 90% 80-90% 
70-80% 60-70% 
50-60% 40-50% 

decreasing to zero 

40-60% 30-50% 

50-60% 20-30% 

70-80% 50-70% * 

20-30% * 10% * 

40-70% 10-30% * 

Table 2.1 Types of pumps suitable for application in combination 
with wind machines. Values with an asterisk are 
tentative as field data are scanty. 

f H (m) f H (m) 

100 

10 

10 50 100 1000 10000 10 50 100 1000 10000 

q(m3 /day) q(m'/day) 

Figure 2.Sa Average wind speed of 3 m/s. Figure 2.Sb Anqge wind speed of 6 m/s. 

Figure 2.8 Rough indication of the range of application of different pump types 
in combination with wind machines. 
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2. 4. Matching of windmill and piston pump 

The importance of proper matching of windmill and pump has 
already been briefly mentioned in the beginning of this chapter. 
Choosing a large pump leads to a high output (volume of water 
pumped), but to a low availability (i.e. the windmill will often 
stand still). The choice of a small pump improves availability, 
but reduces output. The task of matching a pump to a windmill 
corresponds to establishing the best possible compromise between 
output and availability (for definitions see below). 
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I 
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I 
I 
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A 
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v 

' 
Overall power coefficient as a function of wind speed 

Figure 2.9 Matching of windmill and piston pump. 
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The interaction of a windmill and a piston pump is illustrated in 
the upper part of figure 2.9. The figure indicates a set of 
torque-speed and power-speed curves derived from the general 
dimensionless curves of figure 2.5. The dotted curve represents 
the locus of maximum power points of the wind rotor: a cubic 
curve in the power-speed diagram, and a square curve in the 
torque-speed diagram. 
The same figure also indicates a typical pump characteristic: the 
(average) pump torque is constant. In the starting region the 
pump curve rises to n (3.14) times the average value since the 
windmill has to overcome the maximum torque for starting, see 
also figure 2.7. 
The windmill-pump system will operate at the points of 
intersection of windmill curves and pump curve. One sees 
immediately that a piston pump leaves a large part of the power, 
available from the wind, unused, especially so at higher speeds. 
The windmill will operate at its maximum power coefficient for 
only one wind speed Vd, for which the pump characteristic 
intersects the locus of maximum power points (point A). This is 
illustrated once more in the diagram of overall power coefficient 
(Cp~) versus wind speed in the lower part of figure 2.9. We have 
now identified the most important quantity governing the matching 
of a windmill and a piston pump: 

Design wind speed, defined as the wind speed for which 
the ratio of hydraulic power output to the available 
wind power is maximum. 

This ratio is called the overall power coefficient and includes 
rotor power coefficient CP' and the efficiency of transmission 
and pump. 

(Cp~>max Maximum value of overall power coefficient which is 
attained at the design wind speed vd. 

Although this section is concerned with piston pumps, it is 
interesting to note that also windmill systems driving rotating 
pumps can be described by means of a design wind speed vd. A 
similar (Cp~)-V curve is found as for piston pumps, but for 
entirely different reasons: Rotating pumps require a power input 
which is proportional to the cube of the rotational speed of the 
pump. Therefore, by a correct choice of the transmission ratio 
between rotor and pump, the wind machine of such a system can be 
made to operate at constant maximum power coefficient. The 
efficiency of the pump at constant head, however, strongly 
depends on the speed of operation, and reaches a sharp maximum at 
one speed only. Again one finds a (Cf~) curve similar to the one 
shown in figure 2.9 for a windmill-piston pump combination. 

Start and stop behaviour 

A special problem of windmills driving piston pumps is starting. 
To start running a windmill needs a high wind speed to overcome 
the peak of the pump torque (point Sin Fig. 2.9). This wind 
speed is called Vstart• It is higher than the design wind speed 
v9 • This problem aggravates for deep well pumps as the starting 
windmill has to lift not only the water column but also the 
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weight of the pump rods. 
Once the windmill is running, the rotor, thanks to its inertia, 
only "feels" the average torque demanded by the pump, but not the 
weight of the pump rod (the energy to lift the pump rod during 
the upward stroke is given back again during the downward 
stroke). In a decreasing wind a windmill keeps running well below 
Vstart until it stops at Vstop (figure 2.9). 

Classical "American" windmills normally have a relatively low 
design wind speed Vd so as to obtain a good starting behaviour, 
but sacrificing some of the output. 
A first step to improve starting behaviour, is to balance the 
pump rod weight permitting a larger pump to be installed without 
making starting more difficult. This is applied by some 
manufacturers. 
The next step is to apply starting helps in the pump: 

- A starting nozzle in the piston. At low speeds all water 
displaced by the piston leaks through the nozzle, hardly 
requiring any starting torque. At higher speeds a pressure 
difference is built up over the nozzle and the pump 
effectively starts pumping. Some water is lost, but this is 
more than compensated for, since a larger pump can be 
applied. This principle is applied mainly by CWD. 

- Variable stroke mechanism. A mechanism is incorporated 
which automatically adjusts the stroke. The system is 
allowed to start at small or zero stroke, demanding little 
torque. At higher speeds the stroke is increased, and 
thereby also torque and water output. In this way the locus 
of maximum power points (see figure 2.9) can be followed 
much more closely. A major drawback for application of this 
system in developing countries is its complexity and high 
cost. 

- Controlled valve. At low speeds the piston valve is kept 
well open and starting is easy, at higher speeds the valve 
is closed and water is pumped. Much less energy is lost, 
if compared to using a starting nozzle. This principle is 
being applied with the aid of a so-called "floating valve" 
which is lighter than water. Experimental results are 
promising (reference 31). 

Performance characteristics of windmill-piston pump combination 

The performance of a wind pump, resulting from the matching of 
wind machine and pump can be summarized by two characteristic 
quantities, related to output and availability: 

E 
CE = ~------------------

1/2 PA V3{Cp~)max T 

Energy production coefficient, defined 
as the real hydraulic energy production, 
divided by a reference energy which 
would be obtained in a constant wind 
equal to the average wind speed assuming 
that the wind machine is operating at 
maximum power coefficient all the time. 
This coefficient depends strongly on the 
type of wind pump and the choice of Vd. 
iNote that E/T equals the average power 
P) • 
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output availability* Defined as the percentage of time during 
which sufficient wind is available to 
operate the wind pump at more than 10% 
of its average pumping rate. Again, this 
quantity depends strongly on the type of 
wind pump and the choice of Vd. 

Table 2.2 below presents typical values for both quantities, that 
are realized in practice, if the design wind speed in relation to 
the average wind speed is chosen according to the values 
indicated in the table. For more details, especially for the 
influence of other choices of the design wind speed, see appendix 
B. 

As can be seen in the definition of the energy production 
coefficient above, one also needs to know the maximum overall 
power coefficient. Table 2.2 presents some typical values for 
different systems and different pumping heights. 
Also the density of the air has its influence (see section 3.2). 
The effect of these three factors may be summarized as follows: 

p 
B = 

A V3 

1 
= -p (Cp~)max CE 

2 

Quality factor. Typical values are 
indicated in table 2.2, taking 
p = 1.2 kg/m3 • 

2.5. Storage and distribution 

An important part of pumping systems is the storage and 
distribution of water. 
The efficiency of storage and distribution (i.e. the proportion 
of pumped water which actually reaches its point of use) has its 
effect on the size of the pumping system. High efficiency storage 
and distribution allows smaller pumping systems to be used. 
The static head of the storage tank and the pressure losses in 
the distribution system determine the pressure for which the pump 
must be designed. -
For wind pumps, storage is of special importance, since wind is 
an irregular energy source which is not always available on 
demand. 

2.5.1 Storage of water 

Contrary to the situation for fuel pumps, a storage tank is an 
integral part of a wind pump system. A fuel pump can be started 
whenever water is needed. A windmill only pumps when wind is 
available. The water is therefore pumped into a storage tank from 
which it is taken whenever it is needed. 

*The output availability should not be confused with what might 
be called technical availability (i.e. the percentage of time 
that the windmill is fully operational to pump water if 
sufficient wind is available). 
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ENERGY PRODUCTION COEFFICIENT 
OUTPUT AVAILABILITY 

CHOICE OF DESIGN WIND SPEED 

Availability 

Windmills driving piston pumps 

-Classical deep well 0.40 60% 

-Classical shallow well or 
deep well with balanced pump rod 0.55 60% 

-Starting nozzle and balanced 0.90 50% 

-Ideal (future) 1.20 50% 

Wind machines driving rotating pumps 0.80 50% 

PEAK OVERALL POWER COEFFICIENT (Cp11)aax 

0.6 

0.7 

1. 0 

1. 3 

1.2 

Pumping head: H < 3 m H = 3 m H = 10 m H > 20 m 

Windmills driving 
piston pumps 

- Classical 0 to 0.15 0.15 0.20 0.30 

- Starting nozzle - 0 to 0.13 0.13 0.18 0.27 
-

Wind machines driving 
rotating pumps_ 

- Mechanical transmission 0.15 to 0.25 

- Electric transmission 0.05 to 0.10 

QUALITY FACTOR B = P/AV3 

Low Medium High 

0.05 0.10 0.15 

Table 2.2 Common values of design and performance characteristics for wind pump systems. 
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Generally speaking, the objective of a storage tank is twofold: 

- Matching the diurnal pattern of pumping and demand. A wind 
pump typically delivers an irregular modest flow rate 
throughout the day (and the night), whereas water is 
normally needed at a relatively high flow rate during short 
periods of the day. 

- Storage of surplus water during days of strong wind for 
later use when there is less wind. Normally, storage for 
more than a few days production is economically 
prohibitive. 

A variety of tanks is used in combination with windmills (see 
figure 2.10). The type of tank which is most suited, depends on 
the local circumstances and the application. In regions having an 
impermeable soil, it is often possible to construct very simple 
and cheap earth bund tanks. If high pressure is needed in the 
delivery system, an overhead tank must be applied, which adds 
considerably to costs, comparable to those of the wind pump 
itself. 

The most important characteristic of a storage tank is its 
capacity, expressed in m3 or number of days of storage. Common 
sizes are 20 to 200 m3 , or 0.5 to 2 days. 

Storage for rural water supply 
In water supply systems for human consumption, storage tanks are 
usually applied, even in combination with fuel pumps. In the case 
of fuel pumps, the tank stores the water which is pumped in a 
short period at a high flow rate for use over a longer period, it 
pressurizes the distribution system and it forms an emergency 
stock of water. 

When applying a wind pump, normally a larger storage capacity is 
needed, of several days of demand. Usually some pressure is 
needed in the distribution system: therefore overhead tanks are 
applied, or tanks of a cheaper construction at a sufficiently 
high point in the landscape. Tanks storing water for human 
consumption should always be covered to minimize pollution by 
dirt, insects and animals, and to prevent algae growth (by 
shading the water from the sunlight). 

Storage for irrigation 
In irrigation schemes, based on fuel pumps, no water storage 
tanks are used. The water is pumped directly into the irrigation 
system, be it canals or pipes. 

With windmills tanks are normally needed, except in cases such 
as: 

- Paddy rice cultivation, when the fields can be used for 
storage. 

- If a fuel pump is used as a backup. 

The main function of a storage tank in windmill irrigation is 
water management control. It stores the water which is pumped 
during periods when it is not immediately used, especially during 
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the night. It allows the farmer to irrigate during short periods 
at a high, constant flow rate. 

For use in irrigation, it is essential to minimize the cost of 
the tank, since the cost of the water would otherwise become too 
high to justifr its use for irrigation. 
capacities of / 2 day to 2 days are usual. 
Cheap earth bund tanks are preferred (see figure 2.10). Overhead 
storage tanks are prohibitively expensive for this application, 
hence irrigation systems requiring a high pressure (such as 
sprinklers) are normally not feasible. 

2.5.2 Distribution* 

Rural water supply (reference 1) 
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. 

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 
number of water points and the distance between them. Also the 
location of taps should be accessible for all village members. 
Figure 2.11 shows a schematic arrangement of a village water 
supply with distribution. 
Rural water supply is treated extensively in references 11 and 
12. 

Irrigation 

The distribution system for a small scale irrigation scheme 
consists of two parts; a water conveyance network to transfer 
water from the pump (or storage tank) to the field, and a field 
application method to apply water to the crops (Figure 2.12). The 
suitability for use with a wind pump of each of the four main 
methods of distribution is considered below (see table 2.3): 

Furrow irrigation: With furrow irrigation the conveyance network 
normally consists of open channels. Losses are due to evaporation 
(usually small, around 1%), seepage, and evapotranspiration 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 be 
furrows. Losses of irrigation water from the furrows occur due to 
surface run off and deep percolation. An overall distribution 
efficiency of 50%-60% is typical. 

*This section is more or less identical to the corresponding 
section of reference 1, with slight modifications. 
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Figure 2.10 Storage tanks: principles of construction. 
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Figure 2.11 Schematic lay-out of a village water supply system showing the five major 
components. 

field channel storage tank 
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Figure 2.12 Schematic lay-out of a small scale irrigation system, showing the six major 
components. 
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Basin irrigation: Here the conveyance network will also be in 
open channels. The field is divided into small leveled basins 
surrounded by earth banks up to 30 to 50 cm high around each 
unit. The size of the basins depends on the rate of water supply 
available and the infiltration rate of the soil. Overall 
distribution efficiencies with lined channels, use of a storage 
tank and relatively small basins are typically about 70%. 

Trickle irrigation: For this method water is conveyed in a main 
pipe and applied to the crop continuously with narrow perforated 
trickle tubes. High irrigation efficiencies are possible of 
around 85%. The head loss in the pipes is dependent on the water 
supply flow rate, the diameter and the total length of the pipes. 
Unless the area to be irrigated is level, the operating pressure 
has to be comparatively high to ensure an even water 
distribution, making the method less attractive for use with wind 
pumps. 

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 35 m 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 wind pumps. 

Distribution Typical Typical head Suitability 
method application for use with 

efficiency wind pumps 

Furrows 50 - 60% 0.5 - 1 m yes 

Basin 70% 0.5 - 1 m yes 

Trickle 85% 5 - 10 m doubtful 
-

Sprinkler 70% 10 - 20 m no 

Table 2.3 Suitability of major irrigation distribution methods 
for use with wind pwnps 
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J. SITE EVALUATION AND SIZING OF WIND PUMPS 

With the aid of the procedures presented in this chapter, one 
should be able to answer the question: "What type and size of 
wind pump is required at this site to fulfil the pumping 
requirements?" If an impractically large size is found, it may be 
concluded that the application of a wind pump is technically not 
viable. 

As indicated in chapter 2, a variety of wind pumping systems 
exists: classical wind pump with mechanically driven piston pump, 
wind electric generator driving an electric pump, air compressor 
systems, etc. The sizing methodology presented here is general in 
nature, and may be used for all types of wind pumps to determine 
the wind rotor diameter. For the most common type of wind pump 
(with a mechanically driven piston pump) the method goes one step 
further, and includes a procedure to size the pump to be used. 

Any sizing methodology of wind energy converters is closely 
related to "output prediction". In order to be able to choose a 
size, one must be able to predict the output. Unfortunately, 
output prediction for wind pumps (especially the type with piston 
pump) is less straightforward than for wind turbines generating 
electricity. Recently an output prediction model has been 
developed, which is described in appendix B. Based on this model, 
a simplified sizing procedure is presented here. For special 
purposes one may wish to apply a more complete, and therefore 
also more complicated sizing procedure, which is included in 
appendix B as well. 

A site evaluation can be approached in the following stages: 

o. Preliminary assessment of wind pump feasibility. 
1. Assessment of hydraulic power requirements. 
2. Assessment of wind power resources. 
3. Identification_of the design month. 
4. Sizing of the main components. 
5. Final specification of main components. 

Step O has been. described in chapter 1. Using simple rules of 
thumb, a preliminary decision may be taken whether the use of 
wind energy can be expected to be an interesting option and 
whether it is worthwhile to continue with the next steps. 
Steps 1 through 5 are treated in this chapter. For each step a 
standard format sheet is given that can be used to summarize the 
data and carry out the calculations. To illustrate the procedure 
the formats are completed for the example system specified in 
table 3.1. More examples are given in Appendix D; blank format 
sheets are included in Appendix E. 
After step 4 sufficient information is available to carry out an 
economic evaluation that will be treated in chapter 4. If the 
result is positive, one proceeds with the last step. 
The specification of components (step 5) is treated only for the 
wind pump itself, since the detailed specification of the other 
components (such as storage tanks) would depend strongly on local 
circumstances. 
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Location Flamengos, Republic of Cape Verde 
Valley at north-east side of the island of 
Santiago 

Application Drinking water supply to village situated on the 
slopes of the valley 

Consumption 15 m3 /day throughout the year 

water source Tube well, situated at the valley floor 
Depth: 70 m 
Static level: 4 m below ground level 
Drawdown: 6 m after 24 hours pumping at 

4.33 m3/hr, good recuperation 
Dynamic level in case of windmill: 10 m below 

ground level 
Storage tank To be constructed on the slopes 

Height above valley floor: 12 m 

Total head 22 m 

Wind situation The well site is well exposed to the north-east, 
the prevailing wind direction, coinciding with 
that of the valley. The only obstacles are the 
crops, with heights less than 2 m. 
The wind speed was estimated to be 0.7 times the 
wind speed at the airport of Praia for which 
data are available. 

Table 3.1 Specification of example site (reference 24) 

3.1. Assessing water requirements* 

3.1.1 Irrigation 

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

- Nature of crop, crop growth cycle 
- Climatic conditions 
- Type and condition of soil 
- Topography of the terrain 
- Conveyance efficiency 
- Field application efficiency 
- Water quality 

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

* This section of the wind pump handbook is largely identical to 
the corresponding section in the solar handbook (reference 1). 
The subject matter is not specific to the energy source used. 
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An estimate of the quantity of water required for irrigation can 
usually be obtained from (local) experts. It involves three major 
stages (for full details see reference 9): 

- Estimate of crop water requirements. 
- The effective rainfall and groundwater contributions to the 

crop are subtracted from the crop water requirements to 
give the net irrigation requirements. 

- Field application and water conveyance efficiency are taken 
into account to give the gross pumped water requirements. 

To illustrate the diversity in irrigation water requirements 
between different crops and different locations, Table 3.2 gives 
water requirements for different crops in Bangladesh and 
Thailand. 

Month Bangladesh Thailand 
April to July . rice Jan. to Dec.: sugar cane . 
Oct. to April: vegetables 

(m3 (m3 per day per hectare) per day per hectare) 

January 7.1 1. 3 
February 17.5 27 
March 28.4 32 
April 85.0 42 
May - 42 
June - 31 
July - 28 
August - 22 
September - 12 
October - -
November 15 -
December 16.5 21 

Table 3.2 Typical ne~ irrigation water requirements for 
Bangladesh .and Thailand (reference 1) 

Here, it must be stressed that the assessment of water 
requirements for a farm under windmill irrigation is not really a 
straightforward matter. At times it may be unattractive to grow 
the same mix of crops as would be done under a fuel pump. The 
output of a wind pump cannot be controlled and varies with the 
seasons. A farmer may have to adopt a cropping pattern which 
follows more or less the availability of water from the windmill, 
e.g. during periods of little wind, the farmer will tend to grow 
crops which are not very sensitive to water deficit, or will 
leave part of the land fallow. During periods of high wind, a 
larger area is irrigated, water intensive crops are cultivated or 
part of the available water is not used. 
This aspect is illustrated in the examples in appendix D. 

3.1.2 Rural water supply 

The estimate of water demand for villages and livestock is 
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considerably easier than that for irrigation, because the volume 
required is simply the product of population and per capita 
consumption. 

Domestic water requirements per capita vary markedly in response 
to the actual availability of water. If there is a home supply, 
the consumption may be five or more times greater than if water 
has to be collected at 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. For the near future a 
reasonable goal to aim for would be a water consumption of about 
40 litres per capita per day. Thus for typical village 
populations of 5oo

5 
water supplies will have to be sized to 

provide about 20 m per day. 
In order to limit the time spent on collecting and carrying 
water, a single pump or water point should usually supply no more 
than about 500 people. 

Table 3.3 shows typical daily water requirements for a range of 
livestock. 

Species Litres of water/head 

Camels 40 - 90 
Horses 30 - 40 
cattle 20 - 40 
Milk cow in production 70 - 100 
Sheep and goats 1 - 5 
swine 3 - 6 
Lactating sow 25 
Poultry 0.2 - 0.3 

-
Table 3.3 Typical daily water requirements for livestock, 

reference 34 

To prevent overgrazing in the vicinity of water points, their 
capacity should be kept reasonably small. 

3.1.3 Hydraulic power requirements 

Once the water requirements are known, the hydraulic power 
requirements can be determined, using the equation 1.1.c: 

P = 0.113 x q x H 

The total head includes: 

P average power (W) 
q pumping rate (m3 /day) 
H total head {m) 

- Static water level of the water source below ground level. 
- Drawdown of the water source i.e. the lowering of the water 

level due to pumping. 
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- Static lifting height above ground level, e.g. for pumping 
into a storage tank. 

- Head losses in the piping (due to friction). 

The pressure loss in the pipes depends on the pipe diameter and 
the flow rate as shown in figure 3.6. For wind pumps the pressure 
loss is mostly kept very small, about 5% to 10% of the total 
head. After sizing the piping (see below), one needs to verify 
this assumption, especially at low heads and in the case of long 
lines. 

Table 3.4 gives a format sheet for estimating the average 
hydraulic power requirements. It has been completed for the 
example system, assuming a 10% head loss in the pipes. 
In the example 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. 
In the example, the pumping requirement is constant. However, 
especially in case of irrigation, the requirements will vary with 
seasons, and monthly mean values must be used, see example in 
annex D. 

HYDRAULIC POWER REQUIREMENTS 

· FJ.AM&NG-OS CAPE VEP.DE I,,ocation .•••••••••.•• ·'· ••..•••••••.•••••••••••••••••••••.••••• 

Delivery pipe head loss. !:.'! . . % Delivery . 1 h GO pipe engt ••..••• m 

Month Pumping Pumping Head Total Average hydraulic 
reT!irement height loss head power requirement 
(m /day) (m) (m) (m) (W) 

Jan 1~ 22 2 2+ 40,1 
Feb l, .%2 2 24 40.1 
March lS - 22 2 24 40-1 

-

April lS ~2 1. 24 40.1 
May JS 22 2 24 40,1 
June 1.S 22 2 24 4a1 
July 1., 22 2 24 +0.1 
Aug lS 22 2 2"1- 40,1 
Sept .is 22 2 24 40,1 
Oct .t) 22 2 2~ 40,1 
Nov J.5 22 2 2-+ 40,7 
Dec 1S 22 2 .Z4 40,1 

Table 3.4 Format sheet for assessment of hydraulic power 
requirements 
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3.2. Determination of wind power resources 

Month by month wind data are required, in order to assess 
adequately the suitability of a location for wind pumps. It is 
not sufficient to size a wind pump on the basis of annual wind 
power resources because a pump sized in this way may not provide 
sufficient water in months of low wind speeds. 

If wind speeds have been measured at the site at the correct 
height, the results of the measurements may be used directly in 
the second column of the format sheet, shown in table 3.5. 
However, this is seldom the case, and one has to rely on data 
from nearby meteorological stations, and other available 
information. Unfortunately, no simple straightforward procedure 
can be given to obtain the desired results: monthly average hub 
height wind speeds. 

As indicated in chapter 1, the assessment of wind resources 
is very complex and uncertain, due to large temporal and 
spatial variations of wind resources. 
Also the conversion of data of a nearby meteorological 
station into site specific data is quite complicated. 
In fact an experienced person is needed to perform the wind 
power resources assessment, which includes the following 
steps (see appendix A): 

Interpretation of data of meteorological service. 
Correction and conversion of data to so-called potential 
wind speed. 

- Correction for the terrain characteristics of the site and 
the hub height of the projected wind machine to obtain the 
real wind speeds, at hub height. 

- Assessment of the site's wind power resources. 

For more details, see annex A. 

The procedure is presented in a simplified form in the format 
sheet of table 3.5. In the table a combined correction for 
terrain roughness and hub height is applied directly to monthly 
average values of the potential wind speed. In reality one would 
use a table of wind speeds in different directions and would 
apply different corrections for different wind directions. 
Finally one combines the results into one monthly average. 

Once the monthly average wind speed at hub height has been found, 
one may continue the procedure. 

Finally one must determine the density of the air. At sea level 
it is about 1.2 kg/m 3 • At high altitudes it is considerably 
lower, down to 0.7 kg/m3 • A table is included in appendix A. 

As a result one may calculate the specific wind power: 
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with Pwind specific wind power (W/m 2 ) 

V average wind speed (m/s) 

p density of air (kg/m3 ) 

The format sheet in table 3.5 shows the results for the example 
system. 
The site of the example is practically at sea level, and the 
density of air is put at 1.2 kg/m3 • 

WIND POWER RESOURCES 

· FLAMENvOS . sea level ••••••••. m Locat1on.~·,;;··vrAo,~ .•••••••• He1ght above . . . . . . . . . . . . . . . . . . . . . . . . 
Hub height ••••••• ~~ •••••••••• m T ' h 0-JO errain roug ness •••••.•.•••••• 

Combined correction factor for hub height and roughness.'!'!'-~ .• 

Average Average wind Density Specific 
potential wind speed at hub of air wind power 

Month speed at 10 m height (m/s) (kg/m3 ) (W/m 2 ) 
(m/s) 

Jan G.O 4.9 1.2 11. 
Feb G.S f .4 .l.1 ,+ 
March ~.~ ~.4 t.1 94 
April ~2 ;,1 1.2 80 
May ~6 ~.; 1.2 lOO 
June 4.1 4.1 l.1 GI 
July 5.6 

-
- 3.S J.2 2.6 

Aug 3.4 ~.3' l.2 2.2 
Sept . 3.1 3,; J.1 26 
Oct ~, 4.4 1.1 51 
Nov 4.f 4.4 1.2 51 
Dec ~-0 4.'J 1.1 12 

Table 3.5 Format sheet for assessment of wind power resources 

Note: 
Besides the monthly average values one should consider the 
daily variations as well. For example, in a situation with 6 
hours of strong wind a day, and 18 hours of calm, one should 
design the wind pump to satisfy the daily pumping 
requirements during these 6 hours. 
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3.3. Identification of the design month 

To continue the procedure, the month by month average hydraulic 
power requirements and wind power resources must be known. 
There are two options for operating the wind pump: either as a 
stand alone system which must be sized to provide all water, or 
as a fuel saver. In the latter case the wind pump provides basic 
water supply, but peak demands are met by an alternative method. 
Here we deal only with the former case: as a stand alone system. 
The procedure for a stand alone system can be presented in a 
rather straightforward manner. 

For operation as a fuel saver the sizing would be an 
iterative process, going from sizing to economic analysis, 
and back to sizing again. Choosing a very large windmill 
which fulfils all needs would save a large amount of fuel, 
but is not necessarily the most economic solution: there will 
be periods of high wind speeds with excess of water which 
cannot be used, and this does not correspond to any fuel 
saving. For a very small windmill all output can be put to 
use, but the fuel saving is less than the real potential. In 
an iterative way a compromise must be sought. 

The sizing methodology for stand alone systems is based on the 
concept of "critical month" or "design month". This is the month 
in which the water demand is highest in relation to the wind 
power resources, i.e. the month when the system will be most 
heavily loaded. The design month is found by calculating the 
ratio of hydraulic power requirement to the wind power resource 
for each month. The month in which this ratio is a maximum is the 
design month. 

This ratio has the dimension of an area and will be ref erred to 
as "reference area". It is related to the rotor area required to 
capture sufficient power. In the following step this reference 
area will be converted into a real rotor area by incorporating 
specific wind turbine parameters. 
In the following step the data of the design month must be used 
for sizing the system. 

Table 3.6 presents a format sheet for identifying the design 
month, completed for the example. Data on hydraulic power 
requirements and wind power resources are taken from the previous 
sheets. For the example the design month is found to be August. 

3.4. Wind pump system sizing 

Most manufacturers of water pumping windmills have only an 
approximate idea of the output performance of their machines, 
especially in regions where they have no experience in estimating 
the wind potential. Therefore, in specifying a wind pump, it is 
advised to specify not only the desired output, pumping height 
etc., but also to specify the size of the wind pump, i.e. the 
rotor diameter, pump size, etc. 
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DESIGN MONTH 

Location: • .l:~!!{~G;t;Jfo.. -1.~~pf. ... Yf P.Q{ ....................... 

Month Average Average Specific Reference Design 
hydraulic wind speed wind power ~rea month 
.12.ower at Pvind Phydr/Pvind 
Phrdr hub height 

(W/m2) (m2) (W (m/s) 

Jan 40.; 4-~ 11. o.G 
Feb 40.1 ~.4 , ... 0,4 
March 4a1 5.4' ,4 a4 
April 40,1 5'.1 80 o., 
May 40.1 ;.5 100 o.4 
June 40,1 4.6 GS 0.1 
July 40.t 3.S .:I 1.6 
Aug 40.1 3.3 2.2 1.~ ~ 
Sept 40,1 ~.s 2.1 l.6 
Oct 40,1 4.4 51 ag 
Nov 40,1 4.4 Sl o.8 
Dec 40,; 4.1 ;J o.6 

Table 3.6 Fonaat sh~et for identification of design month 

The sizing of a wind pump system must be based on the 
establishment of a compromise between two conflicting demands: 

- High output, i.e. a lot of water must be pumped. 
- High output availability, i.e. the water must become 

available in a regular, continuous fashion. 

The concepts of output and output availability have been defined 
in section 2.4. 
A wind pump with a large pump will lift a large amount of water, 
but has difficulties in starting, and therefore often stands 
still: high output, low output availability. A wind pump with a 
small pump will start easily, but pump less water: low output, 
high output availability. 
For the purpose of this paragraph the compromise is fixed in a 
reasonable way, i.e. according to table 2.2. However, if one 
wishes to choose the compromise in a different way, the reader is 
referred to appendix B.2. 
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Table 3.7 contains a format sheet which may be used as a 
guideline in the sizing procedure. In the upper half of the sheet 
the data pertaining to the design month must be filled in (to be 
derived from the three previous sheets, tables 3.4, 3.5 and 3.6). 
These data are needed to perform the sizing procedure, consisting 
of five steps, to determine: 

Tower height 
- Rotor diameter 
- Pump size 

Storage tank 
- Piping 

Step 1: Choosing the tower height 

Although the rotor diameter is the most important characteristic 
of a wind machine, the tower height should be known first to be 
able to calculate the wind speed at hub height (see table 3.5). 
The tower height should be chosen so as to raise the rotor blades 
well above any obstacles in the surroundings of the windmill. In 
the presence of trees the rotor tips should have a clearance of 
at least one rotor diameter over the treetops. 

The choice of the tower height is limited, as manufacturers 
normally supply a standard range of towers, from 10 to 15 m high. 
For small windmills one finds towers down to 6 m and for large 
windmills up to 24 m. 

For the example system the standard height of 12 m is chosen. 

Step 2: Choosing the rotor diameter 

The rotor diameter is the most important characteristic of a wind 
pump, determining both its output and its cost. 

The nomogram of figur~ 3.3 may be used to determine the required 
rotor size in the following way: 

- Starting point is the axis of the reference area, which is 
the ratio of average hydraulic power requirement and 
specific wind power. This ratio was determined in the 
format sheet for determining the design month (table 3.6). 
For the example system the reference area for the design 
month, August, was found to be 1.9 m2 • 

- The right hand part of the nomogram accounts for the energy 
production coefficient, which is related to the type of 
wind pump. Common values are indicated in table 2.2. 
In the example one wishes to apply a classical multiblade 
wind pump. The water level is 10 m below ground level, 
therefore one takes the value for "classical wind pump, 
deep well", and finds CE = 0.40. 

- The left hand part of the nomogram accounts for the peak 
overall power coefficient, which depends mainly on the 
pumping height. Common values may be found in table 2.2. 
In the example the total pumping height is 22, and the wind 
pump is a classical wind pump, therefore one finds 
(Cp"'l)max = 0.30. 
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WIND PUMP SYSTEM SIZING 

· FlAMENt:e>S · 1 Location "&;ap~ .. 'ERbF• . ......... Height above sea leve .......• m ....... v~ .............. . 
Design AUvUST month . ................................................. . 

Design month water requirements 

Pumping rate •••••••....••••• -~~- ••••••••••••••••••...•• m3 /day 

Pumping height .•••.•.•.•••••• ~:'!' ............................ m 

Hydraulic power requirement, Phydr·······ff-P.·.~ ••••••••.•••• w 

Design month wind power resources 

Average wind speed ••••••••••••••••• ~:~ ••••••••••••••••••• m/s 

Air density (standard 1.2) ••••••••• ~~~ .••••••••••••••••• kg/m 3 

'f' . d 22 I 2 Speci ic win power Pvind································W m 

- j' 2 Design month reference area PhydrlPvind········~·············m 

Type of wind pump 1( 
0 
0 

Classical deepwell 
Classical shallow well, balanced pump rod 
Recent design, starting nozzle, balanced 
pump rod 

step calculations 

1. Tower Height . •....••.•• i~ ......................... m 

2. Rotor - d t . ff . . t "· 4 Energy pro uc ion coe icien ••••••••....•.•.. 
Maximum overall power coefficient ••• • ~1~ •••••• 

·Diameter . ................ ~ ! ~- ............... m 

3. Pump · · d d .Z·" I Design win spee ....•...•......••......... m s 
Design tip speed ratio ••••••• I ............... . 
Transmission ratio •••••••••• 9cJ .. ............ . 
Stroke volume .••••••.•. 4 •••• ..; ~ •••••••••••••• 1 
stroke ..•.•••••••••• -~~...,. .:;: • ;J~ . ............. mm 
Diameter • .•••••.•••. • 4 . . ~. 1' . ......•..•.•.•.. mm 

4. Storage tank Volume . .••••••••...••• ~'! ................... m 3 

Height . ............... ,,_:f . ................... m 

Diameter .....••.•••.•• ~ t,'~'-~ !. ~ ............. mm 
Total length .•.•••...•• ~: ..••••••••••.••..... m 

5. Pipe work 

Table 3.7 Format sheet for wind pump system sizing 
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Figure 3.3 Nomogram to determine the rotor size of a wind pump. 



- Finally one finds the required rotor diameter. If a 
windmill of exactly this diameter is not available, choose 
a standard size that comes nearest. 

Note: 

In the example system one finds a rotor diameter of 4.5 m. 
This is very close to one of the wind pumps of the standard 
range being applied: 4.3 m (14 ft.). In this case choose 
the 14 feet wind pump. 

In case a rotor diameter were found out of proportion to the 
tower height, one can reconsider the latter, and repeat the 
procedure. 

Step 3: Sizing the pump 

The nomogram in figure 3.4 may be used to determine the size of 
the pump, characterised by its stroke volume. The nomogram can be 
used as follows: 

- The starting point is the rotor diameter on the right hand 
horizontal axis. 
For the example system this is 4.3 m. 
The design wind speed is taken into account in the upper 
right quadrant. In table 2.2 one finds the appropriate 
value of the ratio of design wind speed to average wind 
speed. If the density of air (indicated in the format sheet 
on wind power resources, table 3.5) differs significantly 
from 1.2 kg/m 3 , one must apply a correction as indicated in 
the figure: instead of Vd one should take Vd times ~ p/1.2. 
For our example ~ classical wind pump with deep well pump, 
the ratio of Vd/V given in table 2.2 is equal to 0.6. With 
the average wind speed in the design month of 3.3 m/s, one 
finds Vd = 2 m/s. No correction for the density of the air 
is needed, since it is equal to 1.2 kg/m3 • 

- The speed of operation is represented in the upper left 
part of the nomogram. The design tip speed ratio ~d is 
approximately unity for most classical wind pumps, and 1.5 
to 2.0 for recent designs. The transmission ratio i is 
equal to unity for directly driven wind pumps and around 
1/3 for back geared wind pumps. The nomogram has been drawn 
for a value of the peak overall power coefficient of 0.25. 
If it differs significantly one must apply a correction as 
indicated in the figure, multiplying (~d.i) by 
0.25/(Cp'l)max• 
In the example system, comprising a classical back geared 
wind pump, (~d.i) is equal to 0.30. As indicated earlier 
the peak overall power coefficient (Cp1l)max = 0.30. 
Therefore the corrected value 0.30 * 0.25/0.30 = 0.25 is 
applied. 

- The lower left part of the nomogram takes into account the 
total head. 
For the example H = 24 m. 
Finally, one finds on the lower vertical axis the effective 
stroke volume, the volume of water to be pumped in each 
stroke. The geometric stroke volume vstro~e must be 
slightly larger, (vstrote is the volume displaced by the 
piston in each stroke). The relation between the two is 
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expressed in the volumetric efficiency ~vol (see chapter 
2). For the slow running pumps in classical wind pumps it 
ranges from 0.9 to unity. For pumps in recent designs, 
especially pumps having a starting nozzle, ~vol may be 
lower, around o.s. 
For the example system one finds an effective stroke volume 
of 2.0 1. Assuming a volumetric efficiency of 90%, the 
geometric stroke volume is 2.2 liters. 

on the basis of the stroke volume thus obtained one must select 
the pump diameter and the stroke. The result will depend on the 
stroke settings available in the windmill's transmission, and on 
the pump diameters available. Sometimes an important limiting 
factor for the pump diameter is the tubewell in which the pump 
has to fit. 
Figure 3.5 can be helpful in selection a combination of diameter 
and stroke. Note that the figure gives the internal diameter of 
the pump cylinder, whereas the external diameter has to fit into 
the tubewell. 

inch 
12" 

10" 

8" 

t moke' w· 

3". 

2" 

, .. 

50 

2" 3" 

100 200 300 400 500 mm 

pump diameter DP 

4" 6" 8" 10" 20" inch 

Figure 3.5 Nomogram to choose stroke and diameter of piston pump. 
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For the example system one takes the maximum stroke available for 
the 14' windmill, being 12" (or 305 mm). With a desired stroke 
volume of 2.2 1 one finds a pump diameter of 96 mm. This is close 
to one of the pumps of the standard range in use: 4" (102 mm). 

Step 4: Sizing the storage tank 

As outlined in chapter 2, a storage tank is an essential part of 
any wind pump system. Often its cost is a substantial part of the 
total system cost. Therefore it needs careful consideration in 
the designing phase. 
The main characteristics to be determined are the size (volume) 
and the height above ground level. 
For the sizing procedure one needs to distinguish between 
application for rural water supply and irrigation. 

Step 4a: sizing the storage for rural water supply 

Rural water supply systems usually incorporate storage tanks, 
even if the water is lifted by fuel pumps. In the case of wind 
pumps however, larger tanks may be required. 

With fuel pumps, water tanks are normally made large enough to 
adapt the pumping rate to the rate of consumption. During the 
hours of the day when people come to fetch water, the rate of 
consumption may be higher than the pumping rate of the pump; the 
storage tank should be large enough to supply this peak demand. 
The tank should also be large enough to guarantee some emergency 
supply in case the pump breaks down. 

Sizing the tank of a wind pump system requires a slightly 
different approach. The tank should be made large enough to store 
all water pumped during the hours that consumption is low or zero 
(especially at night!). In calculating this amount of water, one 
should take a day of ~elatively strong wind, hence a pumping rate 
above the average. A tank, sized in this way will be able to 
store some water for days when the wind speed is below average. 

In addition one needs to consider the duration of continuous 
windless periods. The tank should be made large enough to 
overcome these periods. It may sometimes be acceptable to reduce 
the consumption during periods of little supply, e.g. by 
postponing clothes washing for one or two days. However, one 
should not decide too lightheartedly to reduce consumption. 
If one finds that a storage tank of more than two or three days 
capacity is required, it might be more economical to opt for a 
fuel pump as a back up, and thus limit the size of the storage 
tank. To summarize: common capacities are 1 to 3 days of 
consumption. 

For the example system one chooses on the basis of previous 
experience in the same region, a tank size of 2 days of capacity, 
i.e. 30 m3 is chosen. 
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step 4b: Sizing the storage for irrigation 

With fuel pumps storage is uncommon; in the case of a wind pump, 
however, it is virtually indispensable. 
The tank should have the minimum capacity to store about half-a
day' s output in the month of highest demand. 

For economic reasons the maximum size is normally 1 or 1.5 days 
of storage. Of course, this upper limit depends on the cost of 
the tank. In a situation where it is possible to construct tanks 
costing far less than the wind pump, a somewhat larger capacity 
may be justified. Obviously, one enters here into an iterative 
process going from sizing to economic evaluation and back again. 
The maximum cost (and hence the maximum size) of the storage tank 
also depends somewhat on the crops to be grown. For high value 
crops, a somewhat higher cost for the storage tank may be 
acceptable. 
A very detailed way of sizing a tank is possible on the basis of 
sequential hourly wind data. One may calculate the output of a 
windmill on an hourly basis, and calculate excess and deficit of 
water. Analyzing these data one may choose an appropriate size 
for the storage tank. 
When doing so, one should not aim at bridging long windless 
periods by means of the storage tank, since this does normally 
not lead to an economic optimum. Generally it is more economic to 
accept periods with little water and some loss of crop 
productivity, or alternatively decide to apply a back up fuel 
pump or increase the size of the wind pump. 
For more details of sizing storage tanks, see appendix B.4. 

Step 5: Sizing the pipe work 

The pipe work from wind pump to storage tank is to be considered 
part of the wind pump pumping system. The piping network behind 
the storage tank is part of the consumer's system and is not 
treated here; it can be designed using well established 
engineering rules. 

Firstly the maximum flow rate must be estimated. 
If the wind pump system is designed according to the previous 
steps, the maximum pumping rate will be approximately 3 to 5 
times the average pumping rate in the design month. If there are 
no air chambers, the flow of water pumped will not be continuous 
but pulsating, the peak flow being approximately 3 times the 
maximum pumping rate. 
Therefore the following flow rates are suggested for sizing the 
pipe work: 

Wind pump without air chambers 10 to 15 times the average 
pumping rate during design month. 

- Wind pump with air chambers 3 to 5 times the average 
pumping rate during design month. 

The pipe diameter required to keep the head loss within 
acceptable limits, may be determined from figure 3.6. 

The piping of a wind pump must be designed for a relatively low 
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head loss of around 10% of total pumping height. This is because 
variations of the flow in the pipes cause considerable forces in 
the pump rod and may cause it to break. In order to limit these 
forces, the pipes should be relatively large. Sometimes wind pump 
manufacturers specify the minimum pipe diameter. A complete 
calculation procedure for this aspect is beyond the scope of this 
handbook. Normally a reasonable result is obtained by taking a 
head loss of 10%. 
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Figure 3.6 Head loss in smooth pipes of different internal diameters. 

--

Special attention must be paid to the suction line, if a suction 
pump is applied. It must be checked that the total suction head, 
i.e. the suction height plus the pressure loss in the suction 
line, does not exceed 6 or 7 m. 

In the example system the average pumping rate in the design 
month is 15 m3/hr, or 0.17 l/s. A classical windmill without air 
chambers is applied. Hence the pipe work must be designed for a 
flow rate of 2.6 l/s. According to table 3.4, a head loss of 10% 
corresponds to 2 m. Since the total length of pipe is 50 m, the 
head loss may be 4 m/lOOm. From fiT!re 3.6 one finds a pipe 
diameter of 65 mm, approximately 2 / 2". 

3.5. Specification of system performance and configuration 

The purchaser should now be in a position to make his own 
preliminary assessment of wind pumping viability in accordance 
with chapter 1, and to supply full details of his requirements. 
Before a system is purchased it is important to ensure that it is 
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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 F) is shown in Table 3.8. When issuing the tender 
documents the purchaser should complete at least the items 1 to 4 
and preferably also item 5. However for the purchaser to make his 
own economic assessment before contacting a supplier, all items 
of the specification sheet should be completed as far as 
possible. These data are required for the economic assessment 
detailed in Chapter 4. 
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WIND PUMP PERFORMANCE SPECIFICATION 

· f.LA MEN t;-05 · Location ~p,e' .. ifJtpr"'· ... . Height above sea level •••••••••••••• m 
....... Y. . .......... 

1. Water source Type 1'6.•f~~~,.~!~t:f.~i:~~ . . ~"'f ~. 1'11'! . .. 
Distance (for surface p~i~) ..•... m 
Diameter (for wells) •••• ~ .•.•... mm 
Water level (when pwnping) •• ,.'? ..... m 

2. Delivery system PIPE Type ...••..•••......••••..•..•....... 
Length .•••..••.. Y..'f9 . . · If · · · · · · · · · · m 
Pipe diameter •• ~. . • • • • • • •••.•••... mm 
Efficiency •••••••• i~ ............... % 

3. Storage system 6'AN1' OM HIJ,L SIN Type ••••••••••••••••••••••••••••••••• 
Volume •••••••• • 11.Q •••••••••••••••• • m3 

Height ••••••••• 3.Z. •••••••••••••••.•• m 

4. Design month details Month •••••• !f'! ~'!$ r. ................. 
End use water requirement. ~S. . . m3 /day 
Pwnped water requirement •. J.I.. i¥.day 
Hydraulic power requirement •• -l.1 ... w 
Averag7 wind speed at 

7 hub height ••••••••••••• ~: ••.•.•..• m/s 

5. Wind regime and water requirement 

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

average wind 4., ~4 S.4 f.J ;_s '-' 1S 3 .. 3 3.S 4.4 4.4 4., speed at hub 
height (m/s) 

pwnped water 
lf l~ 1~ lS lS IS lS 1S 1~ 1S l~ recriirement l~ 

(m per day) -

6. Windmill specification Tower height ••••.• a )...t. a· ..... -~~ .. m 
M h. t eLASS,1&AJ. r;tlC.1' rP 'FD ac ine ype ..•..•••. ·'""°. -~~· ....... 
rotor diameter •..• . ~"t ~ . . r. ....... m 

~2."' DS' stroke .•••••.••• ~i.P.;ll'LC""·······mm 
Pwnp type ••.•..• ~- ... :.."' •.... .i ........ 
cylinder diameter .. 4 . ... 1-.'! ...••.. mm 

Table 3.8 Format sheet for specification of wind pump 
performance 
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4. ECONOMIC ASSESSMENT 

Economic aspects of wind pump technology (or for that matter of 
any technology) are of decisive importance for its application. 
This chapter starts with a brief introduction of different 
methodologies for economic evaluations. Subsequently a step by 
step procedure is presented for comparing the costs of different 
pumping technologies in a specific situation. Each step is 
illustrated for the example described in chapter 3. 
The third section presents general data on all cost related 
aspects of different pumping technologies. 
The chapter ends with a generalized, somewhat simplified 
comparison of unit water costs for different types of pumps, 
based on general formulae presented in appendix c. 

4.1 Methodo1oqies for economic evaluation 

An economic analysis is intended to determine whether the 
investment in a wind pump is justified. Such an analysis can also 
help to determine if it makes sense to start a dissemination 
programme. Clearly its succes depends on, whether or not, 
prospective users benefit from investing in the technology. The 
user in this context may mean: 

- The national community 
- The private investor, whether it be a farmer or an 

institution of some kind, wanting to apply wind pumps 

As criteria for these two categories rarely, if ever, fully 
coincide, it is customary to discern two levels of analysis: 

National or macro economic 
- Business or micro economic 

In the first type of analysis foreign currency savings and 
employment generation ~re important aspects. The analysis ignores 
national taxes and subsidies as these only represent transfer of 
money within the national economy. Market prices are converted to 
shadow prices, which represent the real economic value of a 
commodity. This type of analysis is beyond the scope of this 
handbook, but it should be mentioned here, that the introduction 
of wind pumps goes hand in hand with foreign currency savings and 
employment generation, more so if wind pumps are produced 
locally. 

The analysis for the direct user can be split up into two parts: 

- Economic analysis: is the investment profitable, i.e. do 
the total benefits exceed the costs after a certain period? 

- Financial analysis: can the user finance his investment? 

The latter is clearly expressed in reference 13: "A farmer cannot 
spend more money than he has or can borrow. Therefore it may very 
well be that he cannot select the cheapest or most profitable 
alternative for his water lifting problem, because he does not 
have the money to finance it. Since cash can be a serious 

60 



constraint, it is not enough to find out only which is the 'best' 
water lifting device. One must also check whether or not the 
farmer can raise the money to buy it, especially as the 
investment in a windmill is much higher than for most other water 
lifting devices". 
In a financial analysis all expenditures and receipts are 
calculated year by year, in which should be included loans, 
subsidies, profits, own capital, etc. If the farmer is to 
survive, all expenditures within one single year must be covered 
by receipts in that same year. 
Notwithstanding the importance of such an analysis, it is 
impossible to come to general statements, as so many factors 
depend on local conditions. One can only say that wind pumps (and 
solar pumps) are at a disadvantage as they demand relatively high 
capital investments as compared with fuel or other pumps. 

It is only the economic analysis for the owner to which attention 
is paid in this handbook, i.e. the micro or business economic 
analysis. 
The owner may be a small private farmer, owing one windmill, or a 
water supply authority owing a large number of windmills. The 
analysis is made on the basis of real prices and costs as they 
are received or payed by the owner. Of course, taxes and 
subsidies are included, as they are a reality to the owner. 
A complete economic analysis includes both costs and benefits. 
Costs are related to purchase, transport, installation, 
operation, maintenance, repair, spare parts, lubricants, and fuel 
(in case of a fuel pump). 
Benefits can be receipts from the sale of agricultural products 
or water, fuel saving, increased food self sufficiency, etc. 
Benefits may be relatively low in the first few years (e.g. since 
a farmer has to gain experience with windmill irrigation) and 
increase in later years. 
The costs and benefits may be analyzed in several ways in order 
to draw conclusions on the profitability of an investment. The 
different methods reflect the criteria used: benefit/cost ratio, 
pay back period, net present value, internal rate of return. 
For all these methods=one needs to know the benefits. However, 
since the benefits depend strongly on the specific application 
and local situation, it is difficult to make any general 
statements on benefits. Therefore, this handbook will only treat 
costs, expressed as unit cost of the water delivered to the user. 
On this basis one may make cost comparisons between different 
technologies serving the same purpose, assuming that benefits are 
approximately equal. 

Costs are basically divided into capital costs (or investment 
costs), and recurrent costs. The investment is a cost incurred 
once in the lifetime of an installation (although payment of 
terms and interest may be spread over a longer period). Recurrent 
costs appear every year in more or less the same way: operation 
and maintenance. 
In order to make investment and recurrent costs comparable one 
may go two ways: 

- Convert the investment into an equivalent yearly cost: the 
annuity. This is the amount of money that would have to be 
paid every year during the (economic) lifetime of the 
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installation, if the investment were financed through a 
loan. The annuity is constant throughout the years, exactly 
covering repayment of the investment and interest on the 
debt. 
Summation of the annuity and the recurrent costs yields the 
total yearly cost. 

- Converting the recurrent costs into an equivalent capital: 
the present worth. The present worth of future costs is the 
amount of capital that should be reserved at the moment of 
investment in order to cover all future costs. It is 
calculated, taking the interest on the capital (or what is 
left of it) into account. 
Adding the investment and the present worth of the 
recurrent costs yields the total "life cycle cost". 

In this handbook we will use the annuity method. It is somewhat 
simpler than the life cycle cost method and the results are more 
directly understandable for a broad audience. The conclusions 
that can be drawn from both methods are practically identical, 
although the annuity method is somewhat more limited with respect 
to future cost escalations of isolated cost components (such as 
fuel). However, such a detailed analysis is not justified for a 
general approach as presented here, especially since predictions 
of future developments are very uncertain. 

A detailed, and comprehensive overview of methodologies for 
economic evaluations may be found in reference 15. 

4.2 Procedure for a simplified cost comparison of small scale 
water pumping techniques in a specific situation 

As indicated in the preceding section, a complete economic and 
financial analysis including costs and benefits, is outside the 
scope of this handbook, especially as many parameters involved 
are very specific to local situations. However, for a first 
appraisal, we can compare the bare costs of water. The procedure 
presented here allows-the reader to compare these costs for the 
principal small scale water lifting techniques: 

- Wind pumps 
- Solar pumps 
- Fuel pumps (diesel or kerosene) 
- Animal powered pumps 
- Hand pumps 

In order to calculate the cost of water delivered to the user, 
the complete system should be considered, including the water 
source (well}, power source, pump, piping, storage tank, 
distribution network, and - in case of irrigation - field 
application (see figures 2.11 and 2.12). 
For a comparison of different pumps only, one may leave out some 
of the components. For example, if a certain amount of water is 
to be pumped from a well, either by a wind or fuel pump, one may 
leave out the cost of the well. In this case one will find the 
costs of pumping water (which may be used for a comparison), and 
not the total cost of the water. Generally speaking, care must be 
taken that calculations used for comparisons, are really done in 
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a comparable way. 

The procedure as presented in this section is based on the 
following main assumptions: 

- Benefits are equal for different pumping technologies. 
- The rate of interest is constant. 
- The rate of inflation is constant and equal for all cost 

components. 

The procedure comprises the following steps: 

1. Determine the hydraulic power requirements. 
2. Determine the available power resources (in case of wind 

and solar). 
3. Identify the design month. 
4. Size the power source and pump. 
5. Calculate the average annual capital cost (AACC). 
6. Calculate the annual recurrent costs (ARC). 
7. Calculate the unit water costs. 

Note that steps 1 to 4 correspond to steps 1 to 4 indicated in 
chapter 3. 

The different steps will be described briefly. Table 4.1 shows a 
format sheet to note the results. The format sheet of table 4.1 
is completed for the same example wind pump system of chapter 3. 
Other examples, including comparisons of wind and fuel pumps, are 
given in appendix D. 

step 1: Determining the monthly hydraulic power requirements 

This step is identical for all pumping systems. It was 
extensively described in section 3.1. In short, the average 
monthly pumping rates must be determined as well as the total 
pumping head. The hydraulic power requirement may be calculated 
using the formula given in section 3.1, or using the nomogram in 
figure 4.1 (which includes the most common units in use). Use the 
format sheet of table 3.4 to summarize the information. Also 
calculate the total annual water requirement. 

For the example wind pump system the pumping requirement is 
constant throughout the year: 15 m3/day. With a total pumping 
head of 24 m one finds an average hydraulic power reT1irement of 
40.7 w. The total annual water requirement is 5475 m . 

Step 2: Determining the wind and/or solar power resources 

For wind power, the method was described extensively in 
section 3.2. 

For solar power, data are required in a similar format. In 
comparison with wind power, variations are far smaller. In 
tropical regions, the solar irradiation reaching the earth's 
surface is of the order of 10 to 20 MJ/m 2/day (or 100 to 200 
W/m 2 ). The methods to obtain the data are described in detail in 
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UNIT WATER COST FOR A SMALL SCALE PUMPING SYSTEM 

D · th Auvll$T esign mon ••...•••.. Design month J' 
. . t 7 3 d pumping requiremen •••••••••••.. m / ay 

-24 Total head .•...••..••• m Design month hydraulic -4a~ 
power requirement .•••••••.. :1 .••.•... w 

Annual water requirement .• ~'f~~ .. m3 

Power source ••• ~~.t? .1!1/t!'! . ....... . 
Storage tank size .•••• ~t? ........ m3 

Economic information 
Interest rate ••..•••.•••••.•••• io" 6 Real interest rate ••..•..•.. 

Inflation rate ••..•••••.••••.••• 

Costs 

t t 1 . wiND P"l1 P Sys em componen •.•.•.•.•.•••••• 

Investment •• • t/I ... +P:f ~ ........ . 
Lifetime ••••••. J..Q . ...•.•.. years 

. tG% Annuity. • • • • • • . . • • • • • • • • • • • • • • • • Ji 
Average annual capital cost ••••••••• f!.~~1' ................. . 
Average annual cost of maintenance and repair.~t.~~ ••••••.•. 

- . , 
System component 2: ~.f'.'!,,~.G:(. ~'!If.. ~D 1'11'/N# 

Investment ..•• ~f .~ . . 1.~~, ..... . 
Lifetime ••• ~ •••• A f ......... years 

. 15 ~ Annu1 ty ......................... . 

Average annual capital cost ..•.•.•••..••...• ~.~1f:! ......... . 
Average annual cost of maintenance and repair ••• ~.~~ ..••... 

Annual cost of operation of the system ..••• /~~~············ 
Total annual costs ti S $ J 5 32 

Unit water costs "S l/m' C. 35 

Table 4.1 Format sheet to calculate the unit water cost of a 
small scale pumping system 
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Nomogram to determine the hydraulic 
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the solar pump handbook (reference 1). 

Other power sources (fuel, animal, human power) are assumed to be 
available on demand. In reality the availability of fuel 
sometimes poses problems. 

For the example system the wind power resources were indicated in 
section 3.2. 

Step 3: Determining the design month 

Wind pumps: the procedure for identification of the design month 
has been outlined in section 3.3. 

Solar pumps: the design month is the month, having the highest 
ratio of daily average water requirements to daily average solar 
irradiation H. 

Fuel, animal and hand pumps: the design month is simply the month 
with the highest water demand. 

For the example system, the design month is August (see 
table 3.6). 

Step 4: Sizing the power source and pump 

Wind pumps: A detailed procedure for sizing wind pumps was 
presented in section 3.4. Yet, for the sake of completeness of 
this section, figure 4.2.a includes a general graph for wind pump 
sizing, which may be used as a first approximation. 
Three different values can be deduced for the size of a wind pump 
(i.e. its r2to~ diameter) depending on the value of the quality 
factor B = P/AV3 , given in table 2.2: 

Low performance_(classical wind pumps at low pumping 
heads): B = 0.05, leading to a relatively large rotor 
diameter 

- Medium performance: B = 0.10. 
- High performance (innovative wind pumps at large pumping 

heads): B = 0.15, leading to a relatively small rotor 
diameter. 

Besides the wind pump itself, the storage tank needs 
consideration, which is an essential part of a wind pumping 
system. As a first approximation one may assume a capacity of 
half a day to one day of pumping for irrigation, and one or two 
days for rural water supply. 

For the example system the design month power requirement is 40.7 
W, and the average wind speed in the design month is 3.3 m/s. The 
performance of the wind pump, being a classical wind pump with 
high pumping head, will lie somewhere between "low" and "medium". 
In this way one finds from the nomogram in figure 4.2 a rotor 
diameter between 3.8 and 5.4 m. With the detailed method of 
section 3.4, we found 4.5 m, resulting in the choice of a 4.3 m 
wind pump. The same order of magnitude is obtained from the 
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nomogram of figure 4.2. 
A tank size of 40 m3 is chosen, somewhat more than two days of 
storage. 

Solar pumps: Figure 4.2.b may be used to determine the size of a 
solar pump. The "size" is specified as peak power in Watts, i.e. 
the electrical power the panels would deliver in full sunshine 
(more precisely for an irradiation of 1000 W/m 2 ). 
Again, three values may be found for different levels of 
performance, characterised by the subsystem daily energy 
efficiency, defined as the ratio of daily hydraulic energy output 
to daily electrical energy input from the solar panel: 

- Low performance, 
- Medium performance, 
- High performance, 

"ls = 25% 
"ls = 35% 
"ls = 45% 

Table 4.2 (taken from the solar handbook, reference 1) provides a 
guide on typical values of "ls for different types of system 
configuration. 

Lift Sub-system type 

2 metre -surf ace suction or floating 
units with submerged suction 
utilising brush or brushless 
permanent magnet d.c. motors 
and centrifugal pumps 

7 metre -Floating d.c. units with 
submerged pump 

-Submerged pump with surface 
mounted motor, brush or 
brushless permanent magnet 
d.c. motors single or multi
stage centrifugal pumps 

20 metre -a.c. or d.c. submerged 
multi-stage centrifugal 
pump set, or 

-submerged positive dis
placement pump with d.c. 
surf ace motor 

Typical 
subsystem 
daily energy 
efficiency 

Typical 
subsystem 
peak power 
efficiency 

Average Good Average Good 

25% 30% 30% 40% 

28% 40% 40% 60% 

32% 42% 35% 45% 

Table 4.2 State of the art for motor/pump subsystem of solar 
pumps (reference 1) 
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Also for solar pumps one needs to consider the sizing of the 
storage tank. For irrigation the storage tank may be somewhat 
smaller than in case of a windmill, since some water is pumped 
during daylight hours each day. For rural water supply one may 
again assume two days of storage. 

The example case is also indicated in figure 4.2.b., assuming the 
solar power in the design month to be 20 MJ/m 2/day (or 
5.5 kWh/m 2/day) and assuming a medium performance level. As 
indicated earlier the average hydraulic power requirement in the 
design month is 40.7 w. If a solar pump were to be used in the 
example instead of the wind pump, the solar photovoltaic panels 
should have a peak power rating of 600 W. 

Fuel pumps: Figure 4.3 may be used for an approximate sizing of 
fuel pumps. The following aspects are to be taken into account: 

- Number of hours of operation. This is related for example 
to irrigation practices, presence of a storage tank, etc. 
For example, for direct field application a small kerosene 
pump may be operated by its owner for four hours per day. 
For a large irrigation scheme of several farms, a diesel 
pump may operate twelve hours per day. 

- De-rating factor. Usually the engine is oversized in 
relation to the pump. For small pumps the de-rating may be 
some 50%, for large motor pump sets, matched to the 
application, it may be 0.70. 

- Minimum motor size. The smallest size of diesel motor 
readily available is approximately 2.5 kW, and the smallest 
size of kerosene motor used in pump sets is of the order of 
0.5 kW. For very small pumping requirements these sizes may 
be too large. In such cases the number of hours of 
operation will be reduced. Sometimes the de-rating factor 
is further reduced. 

From the nomogram in figure 4.3 three values may be found for the 
size of the motor for-different levels of performance, 
characterised by the efficiency of the pump and lines: 

- Low.performance, ~pump, 
- M7d1um performance, ~pump, 
- High performance, ~pump, 

l i n e s 
lines 
l i n e s 

= 30% 
= 40% 
= 50% 

For very small pumps and low pumping heads, the performance can 
be expected to be relatively low. For large sizes and larger 
pumping heads, a relatively high performance can be expected. 
Storage tanks are normally not used with motor pumps, if applied 
for irrigation. Rural water supply schemes usually incorporate 
storage tanks with a capacity of half a day to two days. 

The example case is also indicated in figure 4.3. Since the 
example is concerned with a deep tubewell, the type of fuel pump 
to be applied will be a deep well turbine pump driven by a diesel 
motor. As indicated earlier, the average hydraulic power 
requirement is 40.7 W. For a diesel pump, this is a relatively 
low requirement, and one will apply the smallest available size 
of diesel motor: 2.5 kW. A medium level of performance can be 
expected (large pump head, but relatively small size). The 
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requirements may be met by operating the pump for 4 hours a day 
with a de-rating factor of 0.25 (this corresponds to a pump 
demanding 630 W power input). 

Animal traction and hand pumps: Figures 4.4.a and b, which were 
taken from the solar handbook (reference 1) give an estimate of 
the number of animal or hand pumps needed to provide the required 
quantity of water. Where actual figures of the output of hand and 
animal pumps are known, these should be used in preference to the 
estimates of Figure 4.4. 

With respect to the example case: Technically it is very 
difficult to apply animal traction pumps for pumping from a deep 
tubewell. It would be possible to install a hand pump. However, 
as can be seen from the nomogram in figure 4.4.b one hand pump 
would not be able to fulfill the pumping requirements: 15 m3 /day 
at 24 m head. Drilling extensive tubewells to accomodate a 
sufficient number of hand pumps would be prohibitive. 

wlrtllr requiNment 
per day (m3 1 

number 
of 

oxen 

o.._~~-+-~~--i----~...-~--...... 
0 5 10 15 20 

water lift (ml 

a. 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%. 

Wlrtllf NqUiN"*1t 
per day (m3 ) 

0 5 

water supply 

10 15 20 

wner lift (ml 

b. Number of people required to provide the 
specified quantity of water at differem 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 
hand pump is 60 % • 

Figure 4.4 Graphs for approximate sizing of animal traction amfefi 
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step 5: Calculating average annual capital costs (AACC) 

From the previous step one has found the size of the pumping 
system to be applied. Now, one may proceed to calculate costs. 
Firstly the capital costs must be evaluated. 
The average annual capital cost may be found as follows: 

AACC = ANN * I 

with: AACC annual average capital cost 
ANN annuity factor 
I investment 

The annuity factor may be found from the table in Appendix c as a 
function of the economic lifetime and the interest rate. The 
format sheet presented in the beginning of this section (table 
4.1) may be used to summarize the data. The following three 
aspects need to be considered: 

Investment cost 
The cost of investment for different pumping systems depends in 
the first place on their size as specified in the previous step 
4, i.e. rotor area for wind pumps, peak power for solar pumps, 
rated power for fuel pumps, etc. Section 4.3 presents some 
typical values of the specific cost, i.e. cost per unit size. 
Care must be taken to include the costs of all components of the 
system: 

- Water source (well) 
- Power source (wind machine, solar panels, fuel engine, 

etc.) 
- Pump 
- Piping 
- Storage tank 
- Distribution network 
- Field application system (in case of irrigation) 

-
Also one should not forget any of the cost aspects and include: 

- Purchase (or manufacture) 
- Packing, transport 
- Site preparation, installation 
- overhead cost (management, secretariat) 

For the example system the cost of the water source is not 
included, since it concerns an old abandoned well, not being 
used, for which it is difficult to assess a value. 
The windmill's cost of investment is the total cost including 
purchase and installation, in 1983 (see reference 23). 
The cost of investment for the storage tank and the piping was 
obtained from experience of constructing similar tanks. Since 
they are made of heavy masonry they are relatively expensive. 

Lifetime 
Realistic lifetimes must be used. Even if the (technical) 
lifetime of an installation is very long (e.g. 30 years for a 
concrete foundation), one must rather use a shorter (economic) 
lifetime, representing the period during which the installation 
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will be effectively used (e.g. 15 years for a foundation). In 30 
years time circumstances may have changed and different 
solutions for water supply may have been realized (such as a 
central pumping station with a piped distribution). 
Different components of an installation may have different 
lifetimes. In that case the average annual capital costs must be 
determined for each component separately, and summed. 
The format sheet of table 4.1 has space to deal with two 
different lifetimes. If necessary, one may continue the format 
sheet in a similar manner. Some general indications of typical 
lifetimes are given in section 4.3. 

In the example, a lifetime of 10 years was taken for the wind 
pump, which is a conservative estimate. 
Many tanks of the type as applied in the example are over 25 
years old. However, an economic life of 15 years was taken. 

Interest rate 
Here, the real interest rate must be applied, i.e. interest 
corrected for inflation. In first approximation (if both rates 
are small) this is equal to the difference of both rates. 
Care must be taken to apply a realistic rate of interest. Even if 
the official bank rate is low, capital may be so scarce, that it 
is in fact only available at a much higher rate. 
A typical value, often used in general assessments, is 10%. 
In the example the same value of 10% was used. 

step 6: Calculation of annual recurrent costs (ARC) 

Recurrent costs are considered to consist of two parts: 
maintenance and repair costs, and costs of operation. 

Maintenance and repair costs 

Depending on the character of the maintenance and repair 
activities to be carried out, one may distinguish three types of 
maintenance and repair costs: 

- Constant annual amount, more or less independent of the 
size of the installation, reflecting for example a regular 
inspection visit to each installation (monthly, yearly). 
This type of cost is a component of the maintenance and 
repair cost of most types of pumping systems. 

- An annual amount which is proportional to the initial 
investment. This is the most important component of 
maintenance and repair costs of wind pumps and solar pumps. 
The time to be spent on maintenance and repair, and also 
the cost of spare parts is related to the size of the 
installation, which in its turn is related to the 
investment. 
An amount proportional to the time of operation, which is 
typical for fuel pumps, for example maintenance after 1,000 
running hours, overhaul after 8,000 hours. In contrast, 
both for wind and solar pumps the time of operation hardly 
has any influence on the costs of maintenance and repair. 
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Section 4.3 gives some typical values of maintenance and repair 
costs of different types of pumping systems. 

In the example, the cost of maintenance and repair of the wind 
pump, indicated in table 4.1 is the average of the costs, that 
were found for a number of wind pumps of the same size and the 
same type operating in similar conditions in Cape Verde 
(reference 23). The cost of maintenance and repair of the storage 
tank is very low; here a value of 1% of the investment was taken. 

Operating costs 
For the different water pumping systems different types of 
operating costs are to be taken into account: 

Wind and solar pumps: The cost of operation is mainly related 
to salaries for attendance, operation of the pump and water 
distribution. 
Fuel pumps: Here the fuel cost is the main cost of operation. 
Also salary costs are to be taken into account for 
attendance, starting and stopping of the motor, and water 
distribution. 
Animal traction pumps: The cost of feeding the animal(s) is 
the main cost of operation. 
Hand pumps: Especially for irrigation the cost of labour are 
to be taken into account in some way or another. 

In the example, the cost of one year's salary of a watchman/ 
operator was taken as the annual cost of operation. 

Step 7: Unit water costs 

Finally the unit water cost may be found by dividing the total 
average annual cost by the total annual water requirement. The 
total average annual cost is simply the sum of the average annual 
capital costs and the annual recurrent costs: 
AAC = AACC +ARC. (st~ps 5 and 6). 

For the example one a unit water cost of us $ 0.35/m 2 • Note 
that cost data of 1983 were used (reference 23). 

4.3. General data on costs 

In this section some information on typical costs is presented, 
which may be applied in the procedure of the preceeding chapter. 
It is based as much as possible on real costs, for which 
references are indicated. The information is presented as 
specific costs, i.e. costs per unit size of installation (e.g. 
per unit rotor area for windmills, per unit rated power for fuel 
pumps). 
Care must be taken in using these data. Whenever possible, one 
should use information on the specific situation. 

4.3.1 Data on wind pump costs 

The main characteristic of a wind pump, as stated before is its 
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rotor area. Not only the output performance depends primarily on 
the rotor area, also the costs (both capital and recurrent costs) 
depend strongly on the size. 

Investment costs 
An extensive inventarization of wind pump prices was made in 1983 
by IT Power on assignment of the World Bank and UNDP (reference 
2). A wide variety of prices was found. In figure 4.5 this 
information is presented in a somewhat simplified form. It covers 
most of the data of reference 2, leaving out extremes. One sees 
that most wind pumps cost from US $ 150 to US $ 300 per m2 of 
rotor area, except for the lower end of the scale, showing a 
somewhat higher cost. This category includes machines, 
manufactured both in industrialized and developing countries. 
Most, but not all, machines of recent design produced in 
developing countries have a somewhat lower cost: US $ 100 to 
US $ 150 per m2 • Some, but not all, classical machines 
manufactured in the United States are considerably more 
expensive: US $ 500 to US $ 600 per m2 , up to US $ 800 per m2 for 
very small sizes. At the bottom one finds "village level" wind 
pumps, i.e. machines manufactured from materials available in 
rural areas (wood, sail cloth, etc.). The low investment costs, 
US $ 10 to us $ 100 per m2 , are somewhat misleading, as this kind 
of machine requires major repairs every week and a complete 
overhaul every season or so. The applicability of this type of 
machine depends mainly on the willingness to be dependent on a 
technology, constantly requiring repairs. It can only be expected 
to be successful in exceptional cases. 

price (ex f.:tory) 
US$/m2 

0 2 3 4 5 6 7 

rotor diameter D (ml 

8 

chllic.I wind pumps 
lndustrielized/developlng countries 

most (not ell) wind pumps of 
~ design, menufectured 
In developing countries 

"vlllege level" wind pumps 

Figure 4.5 Prices (ex factory) of wind pumps, based on information of reference 2 (1983). 
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Due to large differences in labour and material costs in 
different countries for the production of similar types of wind 
pumps, figure 4.5 shows a broad variation of prices. Another 
indicator, which distinguishes different types of wind pumps more 
clearly is their weight. From the same set of data, from which 
figure 4.5 was derived (reference 2), the specific weights were 
calculated (i.e. the total weight per unit rotor area), and are 
presented in figure 4.6 (taken from reference 27). Now a clear 
distinction is visible between classical and innovative wind 
pumps. 
The final, total costs of the machines will depend on the costs 
of material (mostly steel), and the costs of processing it. Of 
course, these costs are specific for a country (or even a 
region). In countries, which have to import steel products, the 
costs of material will be relatively high, and often include 
import taxes. Cost of processing will be high in countries with 
high salaries, but also in countries with a weak infrastructure, 
making industrial enterprise less efficient. Typical values of 
the cost per unit weight of complete windmills were derived from 
reference 2 and are indicated in table 4.3 alongside figure 4.6. 

0+--------+---------
0 6 10 

-

WIND PUMP COSTS PER UNIT WEIGHT 
(US $/kg) 

USA, Europe 
most manufacturers 5-6 
some 2-3 

Australia, N. Zealand 
one manufacturer 1.30-1.50 
other 2.50-4.00 

Developing countries 
some 
other 

2-3 
7-10 

rotor di•meter D (m) "'-------------------' 

Figure 4.6 
Trends in specific mass 
(kg per m2 rotor area) of 
classical multiblade and 
modern design wind pumps. 
Note: values have not been 
corrected for tower height 
and pumping depth, but the 
trend seems sufficiently 
clear (reference 27). 

Table 4.3 
Wind pump costs per unit weight, 
based on information of 
reference 2. 

The information on investment costs presented so far relates to 
prices ex factory. Other costs are important too, such as 
transport, and installation. Table 4.4 presents a tentative 
breakdown of cost components. Also the three main components of a 
wind pump itself are distinguished. The table refers to classical 
wind pumps. 

76 



WIND PUMP COST COMPONENTS 

Small Medium Large 
(D=2m) (D=4m) (D>6m) 

Machine (i.e. head, rotor, 
vane, transmission) 40% 60% 75% 
Tower 50% 30% 20% 
Pump, pipes 10% 10% 5% 

-- -- --
Total price ex factory 100% 100% 100% 

Packing, transport: 
Local 0 to 5% 
Overseas 25 to 50% 

Import duties P.M. (0 to over 100%) 
Installation 5 to 25% 

Total investment cost 
Local manufacture 110 to 130% of price ex factory 
Import 130 to 175% of price ex factory, 

plus import duties. 

Table 4.4 Approximative cost components of classical wind pumps 
in percentages. 
The price ex factory has been taken as 100%. 

An important question concerns the scope for future cost 
reduction. During the last ten years several innovative designs 
have been developed, and some are now entering a phase for 
dissemination on a larger scale. These machines are much lighter 
than the classical wind pumps, see figure 4.6. Also they have a 
much better performance, see table 2.2. An important issue is of 
course also the cost of production per unit weight of the 
machines, see table 4.3. A potential exists for bringing down 
these costs by setting up series production in developing 
countries. All together the cost per unit of water pumped may 
come down by a factor of 3 or 4. 

Lifetime 
The lifetime of a wind pump does not only depend on the 
technology, but also on the quality of maintenance and repairs. 
Cases are known of wind pumps of over 40 years which are still 
fully operational. Of course, this is not a realistic (economic) 
lifetime. Reasonable lifetimes are 15 years for classical 
windmills, and 10 years for recent, light weight wind pumps. 

Maintenance and repair costs 
Hardly any systematic information is available on costs of 
maintenance and repair of wind pumps. These costs depend strongly 
on the specific situation: How is maintenance organised, is it 
done by the owner, or by a central agency? Do large distances 
have to be covered by maintenance personnel? It also depends on 
the physical environment. In unfavourable climates with a lot of 
sand or salt in the air, regular cleaning and annual painting may 
be absolutely necessary (even for galvanized steel!). 
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Again these costs depend on the size of the wind pump. The cost 
of spare parts depends on the size, as does the time needed for 
repair. However, for very small sizes the costs will be 
relatively higher, since part of the cost does not depend on 
size, especially travel to and from the installation. 
A reasonable, general assumption for maintenance and repair costs 
would seem to be 3% to 5% of the investment per year, plus a 
fixed minimum of US $ 50. 

Cost of operation 
The cost of operation of a wind pump is mainly the cost of 
attendance. Again, it depends strongly on the specific situation. 
In the case of a windmill used for irrigation on a small farm, 
the cost of operation of the windmill is practically zero, since 
it is part of the regular work on the farm. In the case of a wind 
pump incorporated in a rural water supply scheme which is 
managed by a central authority, the salary of an attendant must 
be paid. Often, this same attendant will be responsible for 
distribution and sale of the water, meaning that part of the cost 
may be attributed to distribution instead of pumping. 

4.3.2 Costs of other pumping systems 

Table 4.5 presents typical information on various cost aspects of 
small scale pumping systems. Besides costs, it also gives 
information on output performance as this item influences the 
unit cost of water. The latter is also dependent on the type of 
application (irrigation versus rural water supply), owing to the 
different demand patterns. 

An underlying assumption when drafting the table was that 
sufficient attention will be paid to operation, maintenance and 
repair. In many practical situations one encounters very short 
lifetimes and reduced output of fuel pumps due to lack of proper 
maintenance and repair. It would not be fair to compare this to 
long life and high output of wind and solar pumps, which are 
realistic only in case of proper maintenance and repair. 
A sound comparison of technologies must be based on the 
assumption that all technologies under consideration are well 
used and are exploited to a reasonable degree of their potential. 

The table comprises the categories of information needed to 
perform the cost comparison procedure as described in section 
4.2. It may also be used in combination with the explicit 
equations of annex c for calculating the specific costs directly 
(i.e. cost per unit of useful hydraulic energy produced), as will 
be discussed in more detail in the following section 4.4. 

Operating costs for hand pumps depend on the cost attributed to 
local labour. This cost is rather difficult to assess, since it 
is often not reflected in any kind of payment. A similar problem 
occurs with animal driven pumps. 

The data indicated in the table are based on a variety of 
sources, and general field experience. 
The data for fuel pumps are based on references 1, 2, 13, 18 and 
22. 
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COST COMPONENTS 
FUEL WIND SOLAR HAND ANIMAL 

DIESEL PETROL, KEROSENE 

TOTAL INVESTMENT US $ 600 per kW US $ 400 per kW Cost per m2 of swept Cost per peak power output US $ 200 - 300 per US$ 250 per 
(including Installation) rated engine power rated engine power rotor area: (I.e. output in full sunshine, pump animal 

Smallest practical size: Sizes: 0.5 kW-10 kW Classical: US $ 400tm2 H = 1000 Wlm2 1 
2.5 kW Innovative: US$ 200tm2 Present: US$ 12-181Wp 

Diameter sizes: 1 to 8 m. Future: US$ 8-131Wp 
Larger sizes: electrical 
systems: US$ 400fm2 

Long term: US$ 5-101Wp 

LIFETIME 10,000 operating hours 5,000 operating hours 10 to 15 years 15 years 5 years 5 years 

MAINTENANCE AND REPAIR 

' ' 
- Fixed annual cost - - US$50 US$50 us $10 us $10 
- Cost per 1000 operating hours US $ 200 - 400 per US $ 200 - 400 per - US $12 per - -

1000 hours 1000 houn 1000 hours 
- Annual cost as percentage of 

investment - - 3i.- Si. 1 i. - -
- Add for total costll 

OPERATING COST 

- Fuel US$ 0.35 - 0.70fllter US$ 0.35 - 0.70fliter - - - -
- Operator {watchman US$ 1 - 10fdey US$ 1 - 10fdey USS 1 • 10fdey US$ 1 - 10fday US $1 -10 per US$ 2.25 per 

person per day animal per day 

OUTPUT PERFORMANCE Overall efficiency: Overall efficiency: PfAV3 Average daily energy sub- Typical hydraulic Typical hydraulic 
11tot = 10% Tl tot = 5 i. P average hydraulic power(W) system efficiency (i.e. power output: power output per 
Fuel energy contents: 10 kWhfl A rotor area (m2 I total daily hydraulic energy Phydr =30 W animal: 
De-rating (i.e. power demanded by pump over rated A =7rf4 D2 output, over total energy Phydr =200 W 
engine power: r =0.50 V everege wind speed In delivered by the soler panels) 
Efficiency of pump end lines Tlp,I: design month 
low: 307. low: 0.05 low: 257. 
medium: 40i. medium: 0.10 medium: 35 7. 
high: 50i. high: 0.15 high: 45i. 

electrical systems 0.06 

USE AND APPLICATION 6 to 12 operating hoursfdey 2 to 6 operating hoursfday Hydraulic power demand In critical month 1 to 12 hoursfday 4 to 12 hoursfdey 
Annual average hydraulic power demand 

- Rural water supply 250 daysfyeer 250 daysfyear 1 365 daysfyear 365 deysfyear 
- Irrigation 100 daysfyear 1 00 deysfyear 3 100 daysfyear 100 daysfyear 

Table 4.5 General (approximative) cost aspects of small scale pumping systems. The data indicated are based on a variety of references and general field experience. 



cost aspects of wind pumps have been treated in more detail in 
section 4.3.1. The information on solar, hand and animal driven 
pumps is based mostly on the solar handbook (reference 1). 

The quantitative data presented in the table merely serve to give 
a general idea. In specific situations one should try and use 
realistic information, pertaining to the situation at hand. 
It must be noted that reliable operating and maintenance cost 
data are extremely limited for all methods of pumping, including 
fuel pumps! 

4.4 General comparison of unit water costs for different small 
scale water pumping techniques 

An idea of the current and future water costs of wind pumps, when 
compared to fuel and solar pumps, can be obtained from 
figure 4.7. The figure has been prepared, using the equations 
presented in annex c, which are basically the same as the cost 
comparison procedure presented in section 4.2. 
In the figure the unit water cost related to the pumping system 
(i.e. excluding water source, storage, and distribution) is 
indicated as cost per unit of hydraulic energy, and is shown as a 
function of the annual average pumping requirement per day. On 
both axes different units are indicated. Energy may be expressed 
either as kWh hydraulic, or as m4 (i.e. volume of water in m3 

times head in m, see section 1.2). 
The graphs are based on the data of table 4.5. However, inclusion 
of the complete ranges of all parameters indicated in the table 
would tend to fill the graph completely with very wide bands of 
cost curves, and the distinction between the technologies would 
be lost. Therefore some assumptions were made for the different 
technologies. In a situation where these assumptions are not 
valid, a new set of graphs may be drawn, using the equations in 
annex c. The assumptions made here are the following: 

Fuel pumps 
Investment: 

Lifetime: 

Maintenance 
and repair: 

--
For very small water requirements it was assumed 
that the smallest available size motor is used. 
If, for large water requirements, a larger pump 
set is needed than the largest available petrol 
pump, it was assumed that more pumps will be 
used. This is realistic for suction pumps. 
However, if the pump is to be installed on a 
tubewell, this would imply additional tubewells, 
which is not realistic. 

5 years, see below. 

Both values are included in the range indicated 
in the figure. 

Operating cost: Fuel US $ 0.35 - 0.70 per liter; the band in the 
figure covers both values. 
Operator: zero (this cost is difficult to 
assess and in any case similar for different 
technologies). 
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Output 
performance: 

Use and 
application: 

Wind pumps 
Investment: 

Lifetime: 

Maintenance 

See table 4.5. 

8 hours of operation per day, 250 days per year, 
i.e. 2000 hours per year. 

Classical us $ 400/m 2 (total, including 
transport, installation) 
Future US $ 200/m 2 

For very small water requirements it was assumed 
that very small wind pumps are available, down to 
0.5 m diameter. 
For large water requirements, requiring a wind 
machine larger than 8 m diameter, it was assumed 
that electrical systems are used, at the same 
specific investment cost. 

15 years. 

Present 5% 
Future 3% 
Fixed annual cost: US $ 50 

Operating cost: Zero (this cost is difficult to assess and 
similar for different technologies). 

output 
performance: 

Use and 
application: 

P/AV3 : classical o.os 
future 0.15 

Ratio of hydraulic power demand in design month 
to annual average hydraulic power demand: 1. 

Note that the wind speed indicated in the figure is the wind 
speed in the design month! 

Solar pumps 
Investment: 

Lifetime: 

Maintenance 
and repair: 

Present: 
Future: 
Long term: 

15 years 

See table 

us $ 18/Wp 
us $ 9/Wp 
us $ 6/Wp 

4.5 

Operating cost: Zero (this cost is difficult to assess and anyhow 
similar for different technologies). 

Output: 
performance: 

Use and 
application: 

Average daily energy subsystem efficiency: 40%. 

Ratio of hydraulic power demand in design month 
and annual average hydraulic power demand: 1. 

The irradiation in the design month was assumed to be 
4 kWh/m 2/day, or 14 MJ/m 2/day. 
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Figure 4.7 Comparison of unit water pumping costs for wind, solar and fuel pumps; 
see assumptions in section 4.4. 
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5. LOGISTICS AND SUPPORTING ACTIVITIES 

At this point of the handbook we assume that the previous 
chapters have led to the decision that wind pumps will be used as 
a solution for water pumping needs. This chapter treats the 
logistics and supporting activities, required for practical 
realization. 
The complete range of all activities, which may be somehow 
related to the application of wind pumps is described. It will 
depend on the specific situation which activities are really 
required and whether a special organization needs to be set up. 
For example, if one isolated wind pump is to be used for water 
supply to a rural workshop, little attention needs to be paid to 
logistics and supporting activities, since these will be taken 
care of more or less automatically by the workshop. If, however, 
a potential has been identified for large numbers of wind pumps 
to be applied for water supply to isolated villages in a region 
without any technical infrastructure, care must be taken to set 
up an organizational framework covering completely all aspects 
mentioned in this chapter. 

Local production of wind pumps may be an interesting option for 
many countries/regions. Before starting any such activity, one 
must consider very carefully the feasibility of such an 
enterpise. Especially the size of the potential market is very 
important. It does not make sense to start a production facility 
for just a few tens of-wind pumps. 
Setting up any scheme for local production must not be 
underestimated. A reliable design must be used of a size and 
type, which are appropriate for typical applications. Also the 
design must correspond to manufacturing possibilities and the 
availability of materials. A production and sales organization of 
some kind must be set up, attention must be paid to training on 
all levels, and especially quality control is essential for 
success. 
However, it is outside the scope of this handbook to treat in 
detail all aspects of-local manufacture of wind pumps. 

The first section of this chapter discusses the procurement of 
wind pumps. Depending on the situation, this activity may range 
from simply purchasing one wind pump at the workshop next door, 
to an international call for tenders for a large number of wind 
pumps. Thereafter, aspects of installation, operation, and 
maintenance are discussed. 
The third section is of interest for larger projects, for 
extension services, for donor agencies: monitoring and 
evaluation. 
The last section summarizes the requirements for institution 
building and training, when a specialized large organization is 
necessary. 

5.1. Procurement 

Here, a more or less formal procedure is described for the 
procurement of wind pumps. Of course, it will depend on the 
situation if it is really necessary to follow all steps of the 



procedure. For small orders one may combine some of the steps, or 
just use the description presented here as a of checklist of 
aspects to be taken into consideration. 

The procedure described here was developed by the Global Solar 
Pumping Project of the World Bank and UNDP, carried out by IT 
Power and Halcrow and partners, and published in the solar 
pumping handbook (reference 1). With some minor modifications it 
proved to be very suitable for wind pumps. 

A more elaborate procedure for organizing a call for tenders has 
been established by the FIDIC, International Federation of 
Consulting Engineers, reference 16a. It is especially aimed at 
large civil engineering projects. It is not very suitable for the 
procurement of wind pumps. It may be a useful quideline when . 
subcontracting projects for implementation of large numbers of 
wind pumps. 

The following description is taken mostly from reference 1: 

Five stages for the specification and procurement of a wind pump 
are recommended, as described briefly below. 

- Assess wind pumping viability and estimate costs 
Before contacting suppliers, an initial appraisal of wind 
pumping should be made in accordance with the quidelines 
given in Chapters 1 and 3, including a preliminary choice 
of rotor diameter. 

- Prepare tender documents 
A suggested format for tender documents is given in 
Appendix F. 

- Issue a call for tenders 
Letters may be sent to suppliers with a brief description 
of the required system. Interested suppliers will then 
reply with a request for the tender documents. 

- Preliminary evaluation 
Each tender should be checked to ensure that: 
a. the system being offered is complete, and includes spare 

parts and installation and operating instructions; 
b. the system being offered can be delivered within the 

maximum period specified, and 
c. that an apropriate warranty can be provided. 

- Detailed assessment 
A detailed assessment of each tender should be made under 
the following four headings with approximately equal 
importance ascribed to each heading. 

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

b. System design 
The suitability of the equipment for the intended use 
should be assessed taking into account operation and 
maintenance requirements, general complexity, safety 
features etc. 
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The equipment life should be assessed with regard to 
safety system, bearings, and other parts liable to wear 
and tear. 

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

c. Capital cost 
Capital costs should be compared, allowing for any 
deviations from the specification proposed by the 
tenderer. This can be done by comparing the capital cost 
per unit of hydraulic energy delivered by the system. 
Also the cost per unit of rotor area is a useful 
quantity. However, additional calculations are needed to 
determine the useful output and the cost of pumping, as 
described in chapter 4. 

d. overall credibility of tender 
The experience and resources of the tenderer relevant to 
wind 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 experienced with the wind pump. A reasonable 
warranty, at least relating to spare parts, should be 
provided. 

5.2. Installation, operation and maintenance 

An important reference for this section has been an ILO study on 
manpower profiles in the wind energy sub sector, reference 16. 
Part of the text of this section are direct quotations. 

A distinction needs to be made between different types of 
installations: suction or deep well pumps, installation over a 
hand dug well or a narrow tubewell, delivery of water at ground 
level, or pressure delivery. 
See figure 5.1 for sketches of some typical system layouts. 

5.2.1 Installation 

Site survey 
Although a site evaluation may already have been performed (see 
chapter 3), the site should be surveyed by the installation 
company or whatever organisation responsible for installation. 
The following aspects should be considered in such a survey: 

- Layout of the installation, and future operation of the 
installation 

- Soil (admissable load by the foundation) 
- Brickwork of hand dug well (admissable load) 
- Water intake (in case of surface water pumping) 
- Logistics (access roads) 
- Budget 
- Time schedule 
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over head storage tank 
above tower top 

Figure 5.1 Typical wind pump system lay-outs. 

Civil engineering work 
Before the actual installation can be carried out, the civil 
works should be ready. They consist of the foundations {of 
concrete) and the storage tank {plastered brickwork, concrete or 
ferro-cement). 
The site and size of the storage have been indicated in the site 
evaluation. The specifications of the foundations usually will be 
the same for the same type of machine and described in the 
installation manual, but differences may occur according to the 
type of soil and size of well. These modifications should also 
have been indicated in the site survey. 
Special attention must be paid to the alignment. The foundation 
should be made in a way that the tower will be exactly vertical 
and -in case of a tubewell- centered around the tubewell. 

Erection 
The installation of a windmill is a rather specialized job. 
The procedure might differ per type of windmill, and sometimes it 
can be necessary to adapt the erection procedure to specific 
conditions. 
Two main types of installation procedures are encountered, 
illustrated in figure 5.2. 
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- Assembly of the windmill while the tower is lying on the 
ground, and tilting the complete windmill to a vertical 
position. 

- Assembly of the tower in its final position, working from 
ground level upwards, hoisting of the head, blades, vane 
and other parts by means of a gin pole. 

----

5.2.a Assembly on the ground and 
tilting (reference 16) 

5.2.b Assembly from ground 
level upwards 

Figure 5.2 Typical methods for erection of wind pumps. 
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Attention must be paid to corrosion protection. In a corrosive 
environment (salt and/or sand) all metal parts must be treated 
with one or two layers of anti corrosive paint (e.g. red lead), 
and a layer of covering paint. After installation all damage to 
the paint should be restored. Even galvanized steel may need 
painting in a corrosive environment. 
It is good practice to put grease on nuts and bolts. 

During installation special attention must be paid to safety. 
Helmets should be used for protection against falling objects 
such as bolts and tools. Safety belts should be used by persons 
working in the tower. When hoisting heavy parts, or when tilting 
the machine, nobody should be allowed directly under it. 

Installation of the pump 
Installation of a suction pump is rather simple. It is mounted 
directly on a central part of the concrete foundation. If no 
special syphon pump is used, it may be useful to apply a bend in 
the suction line going up and down as high as the pump in order 
to reduce the need for priming the pump (see figure 2.6). 
Installation of a deepwell pump involves a considerable amount of 
work, depending, of course, on the depth. The tower of the wind 
pump itself is normally used as a hoisting rig. Pipes and pump 
rods (normally 6 m.) are assembled and lowered together. On the 
pipe couplings some sealing material is applied (e.g. hemp). on 
the pump rod couplings, grease must be applied. Both pipes and 
pump rods must be tightened very well. 
Connecting the pump rod to the windmill's transmission should be 
done very accurately in a way that the piston cannot hit the 
bottom or the top of the cylinder. 
Depending on the layout of the installation, one must apply a 
pump rod sealing, air chambers, check valves. 
It is to be noted that a windmill must always have a free 
outflow! One may never put a valve directly in the delivery line, 
and care should be taken that no valve is applied anywhere in the 
distribution system which could completely shut off the 
windmill's outflow. Neglecting this precaution may result in 
serious damage to the pump and the windmill's transmission. 

5.2.2 Operation and maintenance 

Operation 
The way of operating a windmill can differ widely for different 
types of windmills, and for different applications. If a wind 
pump is owned by a centralized water supply authority, one person 
will be normally employed to be responsible for the wind pump and 
the distribution of water. On the other hand, when an individual 
farmer has a wind pump for irrigation, its operation is 
integrated in the work on the farm. 
The tasks involved in operating a windmill are the following: 

- Guard the wind pump against any damage by persons or 
animals. 

- Direct the windmill into the wind when water is needed. 
- Furl the windmill, when the storage tank is full. 
- Man the taphouse at the hours of water distribution; or 

open the storage tank outlet when irrigation water is 

88 



needed. 
- Take readings of the water meter, for example twice a day, 

at fixed hours, if applicable. 
- Certify any misfunction, and call assistance for repair. 

Simple maintenance 
The operator (owner) of the windmill may perform several simple 
maintenance tasks. Of course, the tasks the operator will or will 
not fulfil depend on technical skills, availability of tools, and 
availability of outside assistance. 
Also the maintenance required depends on the type of wind pump 
and the circumstances in which it operates. 
Simple maintenance includes generally speaking the following: 

- Greasing or oiling moving parts, for example once a month. 
- Tightening the pump rod sealing. In case of large delivery 

heads, stuffing boxes require frequent tightening, every 
week or every month. Counter pistons are less sensitive to 
maintenance. 

- Cleaning. In some cases frequent cleaning of the wind 
pump's structure may be quite effective in corrosion 
protection. 

Advanced maintenance and repairs 
Assistance of qualified mechanics is needed for more advanced 
maintenance, and for repairs. 
The organization of the maintenance may be realized by 
maintenance teams visiting wind pumps monthly on a routine basis. 
Generally the following tasks can be distinguished: 

- Changing oil of the gear box, typically once a year. 
- Inspection of bolts, and tightening if necessary, typically 

once a year (more frequent just after installation). 
- Repair of broken pump rods. Most windmills have a breaking 

pen in the transmission, i.e. a part which can easily be 
replaced, and which has on purpose been designed to be the 
weakest point. ~ometimes a complete length of pump rod 
needs to be replaced. 

- Replacement of cup leathers. Typically, cup leathers last 
half a year to two years, depending on the quality of the 
water (sapd!). If a large number of wind pumps at 
considerable distances equipped with deepwell pumps must be 
maintained, one should consider preventive maintenance by 
changing cup leathers at a fixed frequency (e.g. once a 
year, when changing oil). 

- Corrosion protection. In corrosive environments it may be 
necessary to clean and paint a wind pump every year. 

- Overhaul. After some 10 or 20 years of operation for 
imported classical wind pumps and 5 or 10 years for a 
locally manufactured wind pump, an overhaul of the machine 
may be needed, implying dismounting the rotor, and the 
head, and replacing bearings and other worn out parts. 

5.3. Monitoring and evaluation 

When carrying out a project aiming at the dissemination of a 
technology characterized by small installations in large numbers, 
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it is essential to make due allowance for monitoring and 
evaluation of the project. Information is collected on the 
progress of the activity, the reliability of the technology, and 
its suitability in the specific situation. Also the assumptions 
made when starting the activity should be verified. 
Information obtained by monitoring during the course of execution 
of a project may be used for adjusting the method of working or 
even the goals of the project. Information obtained from an 
evaluation after completion of a phase of the project or after 
the end of a project may be useful in defining a follow up phase 
or may lead to conclusions which are of interest for other new 
projects. 
Monitoring and evaluation efforts are especially important if a 
new technology is applied (innovative types of wind pumps, start 
of local manufacture), but also if the use of an established 
technology is expanded into new applications. 

Much of the contents of this paragraph is based on a paper, 
prepared earlier for the World Bank (reference 17). 

5.3.1 Aspects of aonitoring and evaluation 

When defining the contents of monitoring and evaluation 
activities, it is important to keep in mind, whom the information 
is intended for: 

- Owner/operator, e.g. a small private farmer, a large water 
supply authority 

- Promoter/implementor, e.g. an agricultural extension 
agency, a foreign donor agency 

- Designer/scientist 

A monitoring programme or evaluation study will mainly include 
the following aspects: 

output performance -
Obviously, the amount-of water pumped and the time at which it 
becomes available is of prime importance. 
The most important quantities involved are pumping rate, pumping 
height, and wind speed. For more background information, see 
chapters 2 and 3. 
As a reference when performing output measurements, one may use 
the simple rule of thumb, presented in chapter 1. 
For a more detailed evaluation one may wish to ref er to the 
output model presented in annex B, and illustrated in figures B.l 
and B.2. 

Mechanical and operational quality 
Another very important issue for the user is the reliability of 
the technology. Due attention must be paid to the quality of the 
machines, not only under ideal testing circumstances but also in 
practical operating conditions. 

Aspects related to the use 
Besides inherent engineering aspects of a technology, it is 
essential to check its suitability for the application. 
The main applications of wind pumps are the following: 

90 



- Irrigation 
- Human water supply 
- Cattle watering 
- Drainage 
- Special applications: fish ponds, salterns 

Costs 
Normally cost estimates are made before introducing a technology. 
It is good practice to observe all costs really involved, 
incurred by all parties involved. Especially costs of operation, 
maintenance and repair are often uncertain. 

5.3.2 Realization of monitoring and testing 

Basically two approaches are followed for monitoring and testing: 

- Evaluation and testing of engineering aspects 
- Monitoring of wind pumps in actual use 

Evaluation and testing of engineering aspects of a certain type 
of wind pump must be done prior to any monitoring of actual use. 
The results concerning these purely technical aspects will serve 
as a reference during later monitoring programmes in situations 
of practical application. 
The following two types of tests are to be distinguished: 

- Assessment of mechanical and operational quality by an 
expert. 
Analysis of a wind pump's components with special attention 
for the safety system and ease and safety of operation. 
Calculation of stresses in critical parts. Suitability of 
construction principles and materials. 

- Measurement of output wind speed curve. 
It is common practice to present the output of wind 
machines as pow~r curves, i.e. the output power as a 
function of wind speed. This kind of characteristic may be 
used for prediction of total energy output, when the wind 
speed frequency distribution is known. International 
standards have been proposed by the International Energy 
Agency for measurement of power curves (reference 32). 
Unfortunately, it was found recently that no unambiguous 
power curve exists for water pumping windmills. Therefore 
new procedures are being developed, but are not yet 
established, see also annex B. 

The evaluation and testing of engineering aspects of wind pumps 
can be done most easily and effectively at a special test site. 

Monitoring of wind pumps in actual use 
By monitoring wind pumps in actual use one may obtain realistic 
information, directly applicable to practice. 
With respect to output performance, information on cumulative 
output must be collected. If a storage tank is included in the 
system, this can be done in a very simple way by regularly 
reading the water level in the tank. More precise information may 
be obtained from measurements (see section 5.3.3) on a few 
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selected wind pumps. With respect to mechanical and operational 
quality one must gather practical experiences concerning 
installation, operation, maintenance, breakdowns, after sales 
service. The information may be obtained from installation and 
maintenance crews, owners, operators. 
Studies on user related aspects may be oriented in various ways: 

- Storage tank as "interface" between windmill and user. 
Information is collected on lack and excess of water. 

- Influence of the windmill on the application. 
Does the use of windmills require changes of irrigation 
practices? 

- Detailed social and socio economic studies. 

Concerning cost aspects, collection of data on manufacturer's and 
supplier's prices is rather straightforward. Also costs of 
transport, taxes and installation should be evaluated to find the 
true cost of investment. During the use of a windmill, 
information must be collected on the costs of operation, 
maintenance, and repairs. Finally it is of great interest to 
obtain information on the (expected) life time. 
In a more detailed study one would make a complete economic 
analysis of both costs and benefits. 

5.3.3 Simple cumulative measurements 

The description presented here originates with a few 
modifications from the solar handbook (reference 1). 
The simplest method of measurements is to take daily readings of: 

- Average wind speed (wind run) at hub height 
- Volume of water pumped 
- Static head 

This will enable the hydraulic power and hence output quality 
factor (see chapter 2) to be obtained for different values of the 
wind speed. A format sheet for recording such measurements is 
shown in Table 5.1. 

Instrumentation selected for performance monitoring should meet 
the following requirements: 

- Suitable for field use 
- Allow on site assessment of performance 
- Have suitable accuracy (better than 5%) 
- Require no power or power from a battery with a long 

battery life Before discharge, (say greater than 1 month) 

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

a. A wind run counter, to determine the average wind speed. 
This can either be an electronic or a mechanical counter. 
Care must be taken to install the anemometer at hub height 
at a place where it is not shaded from the prevailing wind 
direction by any obstacle (including the wind pump 
itself). 

92 



WIND PUMP PERFORMANCE 

Location Month ••............. 

System type ................................................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Day Time Wind run Flow meter Static Average Volume Initials 
of 
recorder 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

counter reading head wind speed pumped 
reading m/s m3/day 

Table 5.1 Format sheet for recording wind pump performance. 

Note: 
According to the circumstances and the information 
required, the frequency of reading indicated by the first 
column may be adapted: every ten minutes, daily, weekly, 
monthly. 
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b. A flow counter to record total flow. The head loss caused 
by the flow meter should be kept to a minimum and the 
device should be capable of measuring flows in the range 
expected from the pump. The flow meter should integrate 
the flow, so that the volume of water pumped in a day can 
be obtained. 

c. A well dipper with a water sensitive transducer that 
permits measurements of water level to be obtained easily. 
If the water source is a tubewell, 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. 

5.4. Institutional requirements and need for training 

In large dissemination projects aiming at the introduction of 
hundreds of wind pumps, it is essential to pay careful attention 
to setting up an appropriate institutional framework and to 
training of personnel involved. 
Here, a description of tasks and functions to be fulfilled is 
given, distinguishing between installation of a wind pump and 
activities related to operation and maintenance. Functions at a 
variety of levels will be needed, from unskilled workers, through 
engineers to managers. Most of the skills required are general 
skills. Aspects for which specific knowledge on wind pumps is 
needed are indicated. 
A more extensive discussion may be found in an ILO publication on 
the subject (reference 16). 

Of course, this section of the handbook is not relevant for 
readers, who wish to purchase just one or two wind pumps. 

Installation 

The following tasks can be distinguished in the installation of a 
wind pump: 

- Procurement of wind pumps and components: transport to the 
site and other necessary logistics 

- Site survey 
- Construction of foundation (and storage tank) 
- Erection of the wind pump and components 
- Finalizing of the system: connection to distribution, test-

run and initial painting (or other corrosion-protection). 

In order to fulfil these tasks, the following key functios are 
required: 

- Site surveyor 
- Foundation worker 
- Storage tank constructor 
- Wind pump erector 
- Plumber 
- Test runner 

Besides these key functions some other groups of functions are 
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required: 

- Technical support functions: wind data elaborator, 
procurement officer, store keeper, draughtsman, designer 
civil work 

- Management functions 
- Administrative and managerial support functions 

Note that these are lists of functions. Of course, several 
functions might be combined in one person. 
The functions of site surveyor, wind pump erector, test runner 
and technical manager are specific to the installation of wind 
pumps. 
The site surveyor selects and evaluates the installation sites; 
he gathers all necessary information, makes a layout of the 
installation, selects the components of the future installation 
and presents a time schedule and a budget. Site survey requires a 
broad view, since many disciplines are involved: meteorology, 
(geo)hydrology, topography, logistics, civil engineering. 
The wind pump erector builds the wind pump and installs its 
components according to the installation manual, with qualified 
and unqualified personnel. 
The test runner checks a newly installed wind pump system and 
carries out a test run. 

Preferably all personnel involved should be given an introductory 
course in wind energy. Specific training is needed for the site 
surveyors and their supervisors, requiring a course of 
approximately 6 to 9 months at polytechnic level. 
Specific training is also needed for the technical installations 
manager. His education can be civil engineer; additional training 
should be given in the fields of general wind energy, forces and 
moments acting on a wind pump and its components, pump design, 
and storage tank construction. The duration of such a programme 
would be approximately 6 months. 
The installation personnel (erectors and test-runners) need 
special training to be given either in-house, or by the wind pump 
manufacturer. Depending on the complexity of the wind pump, this 
course can take as little as 2 weeks or as much as 6 months. 
The contents entirely depend on the type of machine and the 
installation pr.ocedure. 

Operation and maintenance 

The following tasks can be distinguished in the operation of wind 
pumps: 

- To administer the (group of) wind pump installation(s) for 
which the "operation company" is responsible. 

- To have an operator (operators) at each wind pump capable 
to do their job. 

- To carry out maintenance in frequency and quality as 
required for successful operation. 

- To carry out repairs immediately when necessary and 
effectively, in order to keep breakdown-time below a 
prescribed value. 

- To have spare parts available in sufficient numbers. 
- To have equipment and tools available and in good condition 
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in order to carry out maintenance, service and repairs. 
- To register the useful quantity of water produced by the 

wind pump system, and collect the revenue from the users. 

In order to fulfil these tasks the following key functions are 
required: 

- Wind pump system operator 
- Maintenance and repair mechanic 
- Painter 

Again, some other functions are required besides the key 
functions: 

- Technical support functions: quality supervisor, 
procurement officer spare parts, storekeeper, equipment 
maintenance personnel, instrument maintenance. 

- Management functions. 
- Administrative and managerial support functions. 

The functions of wind pump system operator, maintenance and 
repair mechanic, quality supervisor and technical manager are 
specific to the operation and maintenance of wind pumps. 
The operator is responsible for all manual operation manoeuvres 
and for checking the correct operation of the wind pump. This 
includes starting and stopping, opening and closing of valves. He 
takes regular readings, e.g. of water counters. He reports any 
malfunctions. In case of rural water supply he will be 
responsible for water distribution and revenue collection. 
The maintenance and repair mechanic carries out maintenance 
according to a prescribed routine and frequency; he carries out 
repairs when needed. 
The quality supervisor is responsible for the quality of the wind 
pump systems under his care as well as of the output measurements 
and the logbook keeping. He instructs and supervises the wind 
pump operators, checks the work of maintenance and repair teams. 
The quality supervisor is also responsible for any measurements. 

Specific training on wind pumps (additional training) is needed 
for wind pump operators, maintenance and repair personnel, the 
quality supervisor and the technical manager. 
The training course for operators can consist of a few weeks 
instruction course, in which practical work is interspersed with 
some lectures. The main course material concerns the wind pump of 
the type for which the operators are trained. Wind pumps have 
various applications, and operation strategies may differ per 
application. The contents of a particular course depend on the 
kind of application in the area. Practical exercise should have 
the greatest emphasis, and so the trainees should operate the 
wind pump under the guidance of the instructor. 
Mechanics with adequate education still have to be trained before 
they can participate in a maintenance and repair team. 
Basic course material should consist of the service and 
maintenance manual. Again, practical training is the most 
important aspect. 
The training of the quality supervisor and technical manager runs 
along the same lines as indicated earlier for the technical 
installations manager. 
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APPENDIX A: WIND RESOURCES 

Unfortunately, the accurate determination of available wind 
resources is a rather difficult and uncertain task, especially in 
comparison with solar energy. The reasons are the following: 

- A large variety of wind speeds is found for different 
regions of the world, from an average of 2 m/s, through 
4 m/s to 7 m/s at very windy places. This variety of wind 
speeds implies an even larger variety of power 
availability, from 5, through 40 to 200 W/m 2 • This 
variability is huge in comparison with solar power 
resources (ranging from 10 to 25 MJ/W 2/day throughout the 
tropics). 

- Large differences in wind speed (and hence power) are 
observed over small distances due to topography of the 
terrain and the roughness of the terrain. Within a few 
kilometers the wind power may vary by an order of 
magnitude. 

- It is difficult to measure wind power accurately. Wind is 
normally measured as wind speed. The power in the wind 
is proportional to the cube of the wind speed, meaning that 
a small error in wind speed causes a much larger error in 
the calculated power. For example, the power in a 5 m/s 
wind is twice that of a 4 m/s wind (because 5 3 /4 3 = 125/64 
: 2). An error of 10% in wind speed means an error of 33% 
in average power. On the other hand, solar energy is 
normally measured as hours of sunshine or irradiation, both 
-approximately- proportional to the available solar energy. 

For these reasons it is not possible to present a simple 
straightforward procedure for the assessment of wind energy 
resources. Mostly an experienced expert is needed. This appendix 
will give an introduction into the main aspects and terminology 
involved. 
The first section of this appendix describes general phenomena of 
wind flow. The second_section deals more specifically with wind 
resource assessments, paying attention to desirable data format, 
and site evaluation. Finally the last section presents some 
useful conversions, graphs, and units. 

A.1 WIND ON A WORLD WIDE SCALE 

An excellent text book on wind energy resources is the technical 
note 175 by WMO, the World Meteorological Organization, which was 
used as a source for this section (reference 7). 
Ultimately, the origin of wind energy is solar energy. 
Temperature differences caused by solar radiation give rise to a 
variety of circulation patterns in the earth's atmosphere, which 
are strongly influenced by the rotation of the earth. 
The total solar power flow absorbed by the earth is of the order 
of 10 17 W, which is roughly 10,000 times the total human energy 
consumption rate. A small portion of this solar power flow is 
converted into atmospheric motion or wind, approximately 1%, or 
about 10 15 W, or 100 times the total human energy consumption 
rate (reference 26). 
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on a global scale the regions around the equator receive a net 
gain of energy while in the polar region there is a net loss of 
energy by radiation. This implies a mechanism (in reality very 
complex) by which the energy received in the equatorial regions 
is transported to the poles. 
The air masses heated in the equatorial regions rise, causing the 
formation of clouds and thunderstorms, in a relatively narrow 
band of about 100 km wide, called the Inter Tropical Convergence 
Zone, ITCZ, lying more or less parallel to the equator around the 
earth. In the upper atmosphere these air masses split, one part 
moving away from the equator southwards, the other northwards. 
Near the equator these masses have roughly the same speed (west 
to east) as the surface of the earth owing to its rotation. 
However, moving away from the equator the speed of the earth's 
surface decreases and as a result the airmasses develop an excess 
speed (relative to the earth) in eastward direction. Therefore, 
the motion of air away from the equator is not purely north and 
south, but has a component in easterly direction. 
Moving away from the equator, the air cools, and becomes heavier. 
At approximately 30° N and S it starts sinking, causing a dry and 
cloudless climate. At these latitudes one finds large deserts all 
around the world. 
The air moves towards the equator again as trade winds. Due to 
the rotation of the earth the wind direction deviates clockwise 
on the northern hemisphere, and anticlockwise on the southern 
hemisphere. Therefore, the direction of the trade winds is not N 
and s, but rather NE and SE. 
This circulation pattern, called the Hadley circulation, is tied 
to that of the ITCZ which moves north of the equator during the 
summer (in the northern hemisphere) and south in the winter. It 
is very stable and hence the trade winds are very persistent. In 
the ITCZ itself the winds are light, interrupted by 
thunderstorms. This region is referred to as "the doldrums". 

At subtropical latitudes one finds a jet stream from west to east 
in the upper layers of the atmosphere, which is caused by the 
excess speed of air masses moving away from the equator, as 
indicated above. 
Outside the Hardley circulation westerly winds are predominant. 
This circulation is rather unstable and is characterised by wave 
like structures and the formation of depressions generally moving 
from west to east. 
Figure A.1, taken from reference 7, gives a schematic picture of 
this general circulation on a global scale. 

Deviations from this general symmetrical pattern occur due to the 
uneven distribution of land over the globe. On the average, more 
land is concentrated on the northern than on the southern 
hemisphere. Since land is heated more easily by the sun than the 
oceans, the average position of the ITCZ is about s 0 North of the 
equator. 
In Asia one finds the Asian Continent to the north and the Indian 
Ocean to the south. The continent is heated strongly during the 
summer giving rise to the moist and hot SW monsoon, basically an 
extension on the northern hemisphere of the SE trade winds of the 
southern hemisphere. In the winter the continent cools and one 
finds the NE monsoon, which is in principle the NE trade wind. 
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Figure A.1 Schematic picture of the general circulation. North and South of 30° N and 30° S, 
respectively, a westerly circulation persists, while in the tropics one finds NE and SE 
trade winds (reference 7). 

Important disturbances of the general circulation pattern are 
cyclones and depressions. 
In specific tropical regions one finds devastating tropical 
cyclones (called typhoons in SE Asia, and hurricanes in the 
Carribean). In such tropical cyclones wind speeds of over 60 m/s 
are observed frequent!y! 
Depressions in other tropical regions and in moderate climates 
give rise to storms which are less severe, with wind speeds which 
rarely exceed 40 m/s. 

Macro scale wind (100 - 10,000 km) 
The wind flow originating from the global circulation is often 
referred to as macro scale wind. 
The horizontal scale involved runs from a hundred to several 
thousands of kilometers. 
The macro scale wind (undisturbed by the detailed surface 
features of the earth except for mountain ranges) is found at 
altitudes above a 1000 m. 

Apart from the macro scale wind it is usual to distinguish two 
more scales: meso scale and micro scale. 

Meso scale wind (5 to 200 km) 
Variations of the features of the earth's surface with a 
horizontal scale from 10 to 100 km, have an influence on the wind 
flow between 100 and 1,000 m height. 
Obviously, the topography is important, e.g. the wind tends to 
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flow over and around mountains and hills. 
Large scale roughness of the earth's surface decelerates the air 
flow. 
Close to shores one may observe land-sea breeze patterns. During 
the day the land is heated more than the water (sea or lake), the 
air over the land rises and a sea breeze develops. During the 
night the land is cooled to temperatures below those of the water 
causing a land breeze, although usually weaker than the sea 
breeze. 
Another example concerns mountain-valley winds. During the 
daytime, the slopes of mountains are heated, the air rises and 
the wind tends to blow through the valleys up along the mountain 
slopes. During the night the reverse happens: cold air moves down 
from the mountain slopes, forcing the wind to blow - down 
through the valleys. Figures A.2 and A.3 (from reference 7) gives 
a schematic illustration of these two examples. 
In tropical regions thermal winds are very common: temperature 
gradients along the surface of the earth can result in quite 
strong winds during the daytime, especially in desert like 
regions. 
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Figure A.2 Simple schematic picture of a sea-breeze circulation (reference 7). 
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Figure A.3 Schematic illustration of mountain (A) and valley (B) wind (reference 7). 
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Micro scale wind (up to 10 km) 
Finally, on the micro scale one finds the surface winds (below 60 
to 100 m), which are of course the most interesting for direct 
application for wind energy conversion. On this scale the wind is 
influenced by local surface conditions, such as terrain roughness 
(vegetation, buildings) and obstacles. 

For flat terrain some very helpful general concepts have been 
developed. 
The wind profile, i.e. the wind speed as a function of the height 
above the surface can be expressed in a very simple relationship 
(see section A.3). The shape of this profile depends mainly on 
the roughness of the terrain: the greater the roughness (related 
to the average height of obstacles), the more the wind is 
decelerated close to the surface. General classification methods 
have been developed to quantify this roughness, see details in 
section A.3. The roughness, as observed from a specific site may 
be different in different directions, hence the profile will also 
depend on wind direction. 
Another important concept is the potential wind speed, i.e. the 
wind speed which would be observed in completely flat and open 
terrain, usually specified for 10 m height. The potential wind 
speed is basically a meso scale quantity. Because of its 
definition it does not depend on local (micro scale) roughness 
characteristics. Through the profile for flat and open terrain it 
is related directly with the wind speed at 60 to 100 m height. It 
is a suitable quantity to be indicated in wind maps. Being a meso 
scale quantity it is fairly constant over reasonable distances (a 
few kilometers) changing only smoothly. 
In order to find the actual wind speed at a specific site one 
must apply corrections to the potential wind speed, which depend 
on the site's roughness characteristics. For detailed formulas 
and graphs, see section A.3. 

In so-called "complex" terrain (mountains, hills, valleys) the 
situation is quite different. Flow of wind over and around 
mountains is very complex, and -so far- no simple analytical 
concepts (like wind profile, roughness, and potential wind speed) 
exist for modeling such flows. 

Global map of wind resources 
The WMO, World Meteorological Organization, has put considerable 
effort into wind energy meteorology by developing a global map of 
wind resources, which is included in the technical note mentioned 
earlier (reference 7). The result is shown in figure 1.3. 
As indicated by the WMO, this map must be used with great care, 
since locally very large differences may be found. It may not be 
used to predict in a straightforward way the wind regime at any 
spot on the globe. 
The map does provide very useful and comprehensive information 
for preliminary assessments. 

A.2 WIND DATA REQUIREMENTS 

In this section some more details are given on the types of 
information, which are relevant with respect to the utilization 
of wind energy for water pumping. 
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Firstly an overview is given of data which would ideally be 
required for sizing and evaluating wind pump installations. 
Secondly a brief overview is given of methods for collecting 
these data in a generalized way on a regional or national level. 
Finally, site selection and site evaluation are treated. 

Data requirements 
The following classes of information are of interest in relation 
to the application of water pumping windmills. For more details, 
see references 3 and 8. 

- Average wind speed 
The long term average wind speed may be used as a first, 
general indication of the feasibility of the application of 
wind energy. 

- Seasonal variations 
Data on seasonal variations of wind speed (normally 
presented as monthly averages) are of importance to 
estimate the seasonal variations of windmill output, and to 
determine the critical month, for which a wind pump 
installation must be designed. 

- Daily variations 
Daily variations may have a great influence on the 
feasibility of wind energy application. For example, in a 
region having a wind speed of 2 m/s during 24 hours a day, 
feasibility would be doubtful. However, in a region having 
no wind 16 hours per day, and a wind of 6 m/s over a hours 
per day, water pumping windmills could be cost effective. 
Yet, both cases have an average wind speed of 2 m/s. 

- Storms, gusts 
Data on storms and maximum gusts are used to define the 
maximum wind speeds that wind machines must be able to 
withstand. For moderate climates and for tropical climates 
without typhoons, 40 m/s is often assumed to be a safe 
value, sometimes 50 m/s. 
In typhoons wind speeds may exceed 70 m/s. 

- Calms -
Information on continuous periods of low wind speeds is of 
interest for estimating the probability of lack of water, 
and for choosing storage tank dimensions. 

- Wind speed frequency distribution 
For an accurate estimate of energy production of any wind 
machine, the frequency distribution of wind speed is needed 
("percentage of time that each wind speed occurs"). 

Figure A.4 contains some illustrations of these types of 
information. 

The types of information indicated above all refer to the speed 
of the wind. As indicated in chapter 1, the power contained in 
the wind is proportional to 1/ 2 p v 3 • By far the most important 
factor involved is the wind speed V. However, one may not neglect 
the influence of P· 

- Air density 
The density of the air varies with temperature and 
barometric pressure. Especially at high altitudes a 
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Figure A.4 Types of information, relevant to the utilization of wind energy for water pumping 
(reference 3). 
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considerable reduction of p may be found. For a detailed 
table, see section A.3. 

Wind resource assessments 
A brief description of possibilities for wind resource 
assessments has been given in a paper prepared under the same 
GWEP (Global Wind Pump Evaluation Programme) for which this 
handbook was written, reference 2. 
First of all one should try and use existing information. 
In most countries data may be obtained from the climatological 
department of the National Meteorological Service. 
Airports collect data which are often quite useful since wind is 
normally measured there at 10 m height in flat, open terrain. 
Agro-meteorological services often include wind measurements, 
which are normally of little interest for wind energy 
applications since measurements are performed at 2 m height or 
even less at sites, which are not always well exposed to the 
wind. 

A first impression of the wind resources of a region, or a 
country may be obtained by studying these available data. 
However, one should be careful when trying to draw detailed 
conclusions. In practically all detailed surveys of wind regimes, 
both in industrialized and developing countries, reliability and 
accuracy of data proved to be limited or even poor. Errors occur 
related to the exposure of the anemometer (buildings, growing 
trees), calibration and functioning of the anemometer, and 
finally data collection. 

More reliable information may be obtained with the aid of a wind 
energy expert, performing a more detailed survey. The work would 
include: 

- Desk study of type of climate, seasonal variations to be 
expected, overall movements of air masses, contour maps. 

- Field trips, stu~ying land scape features, relevant for 
wind flow such as hills, plains, valleys, ridges, studying 
biological indicators of wind speed, such as flagging 
trees; also talking to people. 

- Visits to meteorological stations, paying attention to 
exposure of the anemometer to the wind, condition of the 
equipment, methods of data collection. 

- Collection of data of selected meteorological stations, 
either from the stations themselves or from some 
supervisory service. 

- Reduction, and interpretation of data. 

In this way sufficient information is usually obtained for a 
general feasibility study and for the decision whether to start 
pilot projects or not. 

In addition to the use of existing data, a measuring programme 
may be desirable for verification of existing data, investigation 
of specific or representative sites, or collection of data in a 
more suitable format. 
The contents of any measuring programme will depend strongly on 
the situation, and the type of application for which the 
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information will be used. Some general features will be: 

- Classification of typical regions, landscapes, according 
to the type of wind regime. 

- Performing detailed (time sequential) measurements at a 
limited number of sites characteristic for the typical 
regions or landscapes, defined above. 

- Performing simple cumulative measurements at a larger 
number of sites, representative for future installations of 
wind machines. 

- Relate data to existing meteorological stations having long 
term records. 

A period of several years would be required for such a measuring 
programme. 

Site selection 
An excellent text book on siting of small wind machines is 
reference 6. 

When selecting a site for installation of a wind pump, one should 
obviously try and select a site which is as windy as possible. Of 
course, the freedom to choose a site at will is limited by the 
possibilities for constructing a well at the site, or even more 
by the existence of a well. 
An important aspect to take into account is the presence of 
obstacles. "Behind" an obstacle, as seen from the main wind 
direction, the wind flow is disturbed in an area twice as h~gh as 
the obstacle and extending horizontally 10 or 20 times the 
obstacle height. In this region the wind speed is lower, and the 
turbulence (rapid variations of wind speed and direction) is very 
strong, leading to reduced output, and fatigue loading of 
windmills, causing a shortened lifetime. If possible, one should 
install any windmill in such a way that the rotor is completely 
clear from the region of disturbed flow, as indicated in figure 
A.5 (from reference 6). 

prevailing wind 

• 

1 ... 2Hi--..J.i ... t,..._ _____ 20H -------11~ 

Figure A.5 Zone of disturbed flow over a small building (reference 6). 
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Another consideration to be taken into account, especially in 
flat terrain, is the surface roughness. A high roughness tends to 
decrease the wind speed. Therefore, one should try and install a 
wind machine in flat and open terrain (up to a distance of 1 or 2 
km), especially in the main wind direction. 
In complex terrain (valleys, mountains, etc.) one should consider 
the general flow of air over the terrain in order to find the 
windiest sites. For example the middle of a valley may be a good 
site. If some kind of remote transmission is applied, the top of 
a smooth hill can be a good site. See figure A.6. 

prevailing winds 

crest of windflow 
(1l10 region of maximum ind accelerationl 

_,,possible 
, high 

turbulence 

a. Acceleration of wind over a ridge, 
good site for wind electric pumping systems. 

zone of accelerated air flow 

b. Possible wind pump sites where prevailing 
winds are channeled by valleys. 

Figure A.6 Siting of wind pumping systems in complex terrain (reference 6). 
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Site evaluation 

After selecting a site one will wish to evaluate the wind 
potential of the site. 

In flat terrain, ideally, a wind map would be available. By a 
site visit and study of detailed maps, one establishes the 
roughness characteristics of the site, and applies the 
appropriate corrections in order to find the site's wind 
characteristics. See section A.l for the general concepts 
involved and section A.3 for details on the calculation. 

Often no wind map will be available, and one will have to use 
data of nearby meteorological stations. For this purpose one 
should estimate the potential wind speed, using the roughness 
characteristics of the meteorological station, and convert it to 
the site's wind speed, using the roughness characteristics of the 
site (see also A.3). If large distances are involved, one will 
have to consider the problem on a meso scale (see also A.l). For 
example at an inland site, the wind speed is generally lower than 
at a meteorological station, situated near the coast. 
If this type of estimate is considered to be insufficiently 
accurate, one may wish to perform on site measurements for a 
short period, e.g. a few months. Comparing the data thus obtained 
with simultaneous data of a nearby meteorological station, one 
may try to find a correlation (which may be different for 
different wind directions!). If a consistent correlation is 
found, one may estimate the long term wind characteristics at the 
site using long term data of the meteorological station and the 
correlation derived from the short term measurements. 

For sites in complex terrain, it is much more difficult to make 
any general estimates. 
One may try and use data of comparable sites, although it will be 
difficult to assess what a "comparable" site is. 
Short term measurements may be useful, trying to establish a 
correlation with a nearby meteorological station, as indicated 
above. A problem may be that the wind direction is affected by 
the topography of the terrain. 

A.J WIND IN GRAPHS AND NUMBERS 

Units 

m/s km/hr mph knots 

1 m/s 1. 000 3.600 2.237 1.944 
1 km/hr 0.278 1.000 0.622 0.540 
1 mph 0.447 1.609 1.000 0.869 
1 knot 0.514 1. 852 1.151 1. 000 

Table A.l 
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Beaufort knots MPH m/second km/hour seaman's World estimating wind speed 
l"Mlmber term Meteorological 

Organization effects observed on land 
(1964) 

0 under 1 under 1 0.0-0.2 under 1 calm calm Calm; smoke rises vertically. 

1 1·3 1·3 0.3-1.5 1-5 light air light air Smoke drift indicates wind direction, 
vanes do not move. 

2 4-6 4-7 1.6-3.3 6-11 light light Wind felt on face; leaves rustle; 
breeze breeze vanes begin to move. 

3 7-10 8-12 3.4-5.4 12-19 gentle gentle Leaves, small twigs in constant 
breeze breeze motion; light flags extended. 

4 11-16 13-18 5.5-7.9 20-28 moderate moderate Dust, leaves and loose paper raised 
breeze breeze up; small branches move. 

5 17-21 19-24 8.0-10.7 29-38 fresh fresh Small trees in leaf begin to sway. 
breeze breeze 

6 22-27 25-31 10.8-13.8 39-49 strong strong Larger branches of trees in motion; 
breeze breeze whistling heard in wires. 

7 28-33 32-38 13.9-17.1 50-61 moderate near Whole trees in motion; resistance felt 
gale gale in walking against wind. 

8 34-40 39-46 17.2-20.7 62-74 fresh gale Twigs and small branches broken off 
gale trees; progress generally impeded. 

9 41-47 47.54 20.8-24.4 75-88 strong strong Slight structural damage occurs; 
- gale gale slate blown from roofs. 

10 48-55 55-63 24.5-28.4 89-102 whole storm Seldom experienced on land; trees 
gale broken or uprooted; considerable 

structural damage occurs. 

11 56-63 64-72 28.5-32.6 103-117 storm violent 
storm 

12 64-71 73-82 32.7-36.9 118-133 Very rarely experienced on land; 
usually accompanied by widespread 

13 72-80 83-92 37.0-41.4 134-149 damage. 

14 81-89 93-102 41.5-46.1 150-166 

15 90-99 104-114 46.2-50.9 167-183 hurricane hurricane 

16 100-108 115-125 51.0-56.0 184.201 

17 109-118 126-136 56.1-61.2 202-220 

Table A.2 Beafort scale (reference 36). 
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HEIGHT AND ROUGHNESS CORRECTIONS 

Wind speed profile at one location (under neutral atmospheric 
conditions), reference 3. 
If the wind speed V (Zr) is known at some reference height Zr, 
the wind speed V(z) at any other height z, up to 60 m at the same 
location, can be calculated using: 

z height (m) 
Zr reference height (m) 

v ( z) ln ( z/ z 0 ) 

= 
z 0 roughness height, see below (m) 

The roughness height is related to the type of terrain according 
to table A.3. 

flat beach, ice, snow landscape, ocean Zo = 0.005 m 

open low grass, airports, empty crop land Zo = 0.03 m 

high grass, low crops Zo = 0.10 m 

rough tall row crops, low woods Zo = 0.25 m 

very rough forests, orchards Zo = o.so m 

closed villages, suburbs Zo > 1.0 m 

towns town centres, open spaces in forests Zo > 2 m 

Table A.3 Roughness classification (reference 3) 

Conversion of wind speed at a reference location (e.g. 
meteorological station) into wind speed at a site (reference 3): 
If the wind speed V(zr> is known at a reference height Zr at one 
location with a roughness height z 0 r, then the wind speed V(z) at 
a height z at a nearby site with a roughness height z 0 is 
calculated using: 

V(z) ln(60/z 0 r) ln (z/z 0 ) z height at site (m) 
= Zo roughness height 

V(Zr) ln(60/z 0 ) ln(zr/Z 0 r) of site (m) 
Zr height of data of 

reference location (m) 
Zor roughness height, 

reference location (m) 

This formula is graphically shown in figure A.7. Note that the 
potential wind speed (at 10 m height) which is the same for both 
sites should be calculated as an intermediate step. 
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Figure A.7 Average wind speed at hub height (reference 28). 
See table A.3 for values of roughness height. 

WEIBULL DISTRIBUTION (reference 3) 

Most of the frequency-_distributions of all wind regimes of the 
world can be approximated by a so-called Weibull distribution 
according to the following mathematical function: 

F(V) = 1 - exp [ - {~)'] 
V wind speed 

k shape factor 

c parameter, 
related to average wind speed: 

v 
= 0.89 

c 

10 

The Weibull distribution is shown in the graph below for various 
values of the shape factor k. 
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Figure A.8 The Weibull distribution. 

A small value of k corresponds to a variable wind, a large value 
to a more constant wind; roughly the following k values are found 
for different climates: 

k = 1.5 strongly variable wind: 
polar regions, thermal winds (land/sea, mountain/ 
valley), winds having a strong day/night variation. 

k = 2.0 moderately variable wind: 
moderate climates. 

k = 3.0 constant winds: 
trade winds, tropical regions. 

The practical procedure to find the Weibull shape factor from a 
given set of data starts with establishing the cumulative 
distribution of the data. The cumulative distribution refers to 
the total number of hours during which the wind speed was below a 
given value. If the number of hours in a specific interval is 
included in the cumulative number of hours belonging to that 
interval then it is clear that we refer to the upper value of the 
interval for our calculations. The procedure now consists of 
plotting the percentages of the cumulative distribution as a 
function of the upper boundaries of their respective intervals on 
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Weibull paper see figure A.9. The result will be a number of dots 
lying more or less on a straight line. In case the line is really 
straight, the distribution perfectly fits to a Weibull 
distribution. In many cases, however, the line will be slightly 
bent. Then the linearization should be focussed on the wind speed 
interval that is most interesting for_our wind energy 
applications, i.e. between 0.7V and 2V. 
In order to find k, draw a second line through the "+", marked 
"k-estimation point", and perpendicular to the Weibull line. The 
intersection of this second line with the linear k-axis on top of 
the paper gives the desired k-value. The c-value, if required, is 
simply the intersection of the Weibull line with the dotted line, 
marked "c-estimation". 
Preferably this procedure should be applied, not to the data of 
one month only, but to those of a number of years. If monthly k
values are required then the use of wind data from a number of 
identical months of subsequent years will give more reliable 
results. 

If a considerable percentage of calm is found in the frequency 
distribution, the Weibull analysis should be applied only to the 
percentage of time during which the wind is blowing, 
see reference 29. 

For the reader's convenience a sheet of Weibull graph paper is 
included in appendix E. 

DENSITY OF AIR (reference 3) 

Height above Density of dry air Density of dry air 
sea level at 20° c at o0 c 

0 1.204 kg/m3 1.292 kg/m3 

500 1.134 1.217 
1000 1.068 1.146 -
1500 - 1.005 1. 078 
2000 0.945 1. 014 
2500 0.887 0.952 
3000 0.833 0.894 
3500 0.781 0.839 
4000 0.732 0.786 
4500 0.686 0.736 
5000 0.642 0.689 

Table A.4 The density of dry air at different altitudes under 
standard conditions. 
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Figure A.9 The cumulative velocity distribution of the month June 1975, measured in Praia 
(Cape Verdian Islands), plotted versus the upper boundary of the respective wind 
speed intervals, to yield the value of the Weibull shape factor k. 
(Same data as figure A.4). 
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APPENDIX B: DETAILS OF THE SIZING METHODOLOGY 

The subject of this appendix is often referred to as "output 
prediction". Of course, sizing a system for a required output, or 
predicting the output of a given system is basically the same 
problem. 

In this appendix firstly the equations and definitions will be 
presented, underlying the sizing graphs of chapter 3. 
Thereafter a more detailed, and therefore a more complex method 
is presented in which the compromise between output and output 
availability is not fixed any more, as it was in chapter 3. 
The third section of this appendix contains a description of the 
model, underlying the whole sizing methodology. 
Finally, some more attention is paid to the detailed sizing of 
the storage. 

In this appendix it is assumed that the reader is familiar with 
the contents of chapters 2 and 3 of this handbook. 

B.1 Equations used for sizing method of chapter 3 

Output, and rotor size, figure 3.3 

The figure represents the basic relationship between average 
power production and the rotor diameter (see reference 3). 

1 -3 
Phydr =CE (Cp~)max /2P AV 

where: Phydr 
CE 
(Cp~)max 
p 
A 
D 
v 

average hydraulic power 
energy production coefficient 
maximum overall power coefficient 
air density, usually 1.2 
rotor area = n/4 o2 

rotor' diameter 
average wind speed 

Matching of windmill and pump, figure 3.4 

(W) 
(-) 
(-) 
(k~/m3 ) 
(m ) 
(m) 
(m/s) 

(1) 

The figure represents the matching of windmill and pump, which is 
most conveniently expressed in terms of the design wind speed 
(see reference 3). The design wind speed can be calculated by 
equating the torque of wind rotor and pump in the design point: 

~vol ~s Pv g H ~di 

p n2 R3 (Cp~)max 
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where: vd design wind speed (m/s) 
~d design tip speed ratio (-) 
1 transmission ratio i<l for back geared 

windmills (-) 
Pw density of water (1000 kg/m 3 ) 

H pumping height (m) 
~vol volumetric efficiency, 0.8 to 1.0 (-~ 
v. stroke volume (m ) 

= n/4 Dp 2 s 
DP pump cylinder diameter (m) 
s pump stroke (m) 
g acceleration of gravity (9.8 m/s 2 ) 
R radius of rotor = 1/2 D (m) 
see also list above 

B.2 Complete sizing and output prediction •ethodology 

In the description of the sizing methodology of chapter 3 it was 
recommended - based on a reasonable compromise between power 
output and output availability - to match wind machine and pump 
according to table 2.2. The table quantifies the matching in 
terms of Vd, the design wind speed. It presents the output in 
terms of CE, the energy production coefficient. 
In specific situations one may wish to deviate from this design, 
and apply a different matching, i.e. a different vd. For such 
cases one may use the graphs in this appendix to determine the 
resulting CE (figure B.l). 

Apart from graphs of the energy production coefficient CE, also 
graphs of output availability are presented (figure B.2). Both 
graphs must be taken into account before choosing a final value 
for v4• As already explained in chapter 2 the matching of a 
windmill and a pump is always a compromise between output and 
output availability! 
The output availability is defined as the percentage of time 
during which the windn!ill delivers more than 1/ 10 of its average 
output. 
The quantitative values of availability should be used with great 
care. For example, an availability of 75% may seem fairly high, 
but if it means continuous output during 9 months of the year and 
3 consecutive months of no output, it would be absolutely 
unacceptable for drinking water supply. An availability of 25% 
may seem to be very low, but if it means 6 hours of output for 
each and every day, it is a favourable situation. In other words, 
the distribution over time of the availability must be considered 
specifically for each case. 

The procedure for sizing a windmill is rather straightforward 
after having decided on the best comp~omise of output and 
availability. With the values for Vd/V and CE, found in this 
appendix one can readily apply the graphical sizing method of 
chapter 3, or apply the formulas of section 1 of this appendix. 
Note that the "reasonable" design as specified in table 2.2, has 
been indicated with dots in the graphs. The Vd values lie 
somewhat below the values for maximum output. It is reasonable to 
sacrifice some output for a better availability. 
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Of course, the graphs in this appendix may also be used for 
output prediction. Especially for the off design months this is 
interesting. The design wind speed of the windmill! is known; the 
average wind speed for each month is known. Calculate the ratio 
Vd/V for each month. Determine the CE value for each month (graph 
B.1). Determine the output for each month with the corresponding 
CE value using the nomogram in figure 3.3 in reverse order. 

B.J output prediction model 

The description of the model will be based on the concepts 
treated in the main text of this handbook, especially section 2.4 
on the matching of windmills and piston pumps. The subject matter 
treated in chapter 2 will not be repeated here. 

The background to the model presented here, and a general 
description of it have been published earlier as contributions to 
conferences on wind energy, references 30 and 31. 

Conventional •ethod of output prediction of wind turbines 

The total energy output of a wind machine over a longer period of 
time depends both on the characteristics of the wind machine and 
the site where it is installed. It is usual to separate the wind 
machine's characteristics and the site characteristics in the 
following way: 

- Output curve of the wind machine, the relationship between 
power output of the machine and wind speed. This is assumed 
to be a unique characteristic of a given wind machine (with 
load), independent of site characteristics, universally 
applicable. 

- Wind speed frequency distribution, summarizing information 
on the wind regime of a certain site. 

The total output at a-certain site is calculated in two steps by 
"multiplying" the output curve and the frequency distribution, 
i.e. multiplying corresponding points and integrating the result, 
see figure B.3. t T(hounl t P(kWI t E(kWhl 

4 

3 

x 2 

1 
I 

0 .........__._......_.__._-'-I__._........_..__ 
0 6 8 10 

V(m/1.___. V(m/1>---

Figure B.3 Calculation of total output of a wind machine from the wind speed 
frequency distribution and the output curve (reference 3). 
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Recommendations of the International Energy Agency IEA for output 
performance testing (reference 32), which are generally accepted 
by the wind energy community, are based on this concept. 

Problem encountered with water pumping windmill 

As explained in section 2.4 and illustrated in figure 2.9, the 
output curve of a windmill coupled to a piston pump has two 
branches between Vat op and V 8 tartr in other words it has a 
hysteresis loop. 
For wind speeds between Vat op and V 8 tart' the windmill will 
sometimes be running and sometimes be standing still. In a 
specific situation the result will be an average, determined by 
the probability of either situation, see figure B.4. 

q 

••1'9111 in 
strong winds 

-- •verege in 
-kwind1 

v 

(Cp'1) 

I 
I 

I 

Figure 8.4 Output performance of a windmill coupled to a piston pump 
Hysteresis behaviour and average output curves. 

-.in 
ltl'Ong winds 

_,...in 
we9kwind1 

v 

This probability can be found by considering the history of the 
wind speed: Once the windmill is running it will continue doing 
so when it enters the hysteresis region. Once standing still, it 
will remain standing still when entering the hysteresis region. 
Therefore, the probability of either situation depends on the 
wind speed distribution. In strong winds the windmill will be 
running most of the time and the system will follow more often 
the upper branch of the hysteresis loop than the lower one. In 
weak winds the opposite is expected. 

This means that the output curve of a water pumping windmill does 
not only depend on the characteristics of the machine, but also 
on the wind regime of the site where it is installed. Therefore 
it is not possible to separate machine characteristics and site 
characteristics, as is usually done for wind electric generators 
(see above) • 

New method for output prediction of windmills driving piston 
pumps 

Because of the problem depicted above it was concluded that one 
must leave the concept of a unique output curve, which would be 
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generally applicable for any site. This conclusion was also 
supported by results of field measurements, see references 30 and 
31. 
Instead of the conventional two step procedure for output 
prediction (see above), a three step procedure will be required 
for the calculation of total output of a water pumping windmill: 

- An output curve is determined including the two branches of 
the hysteresis loop. A theoretical model to do this can be 
rather simple (see below). A measuring procedure will be 
more complicated. 

- Using the actual wind speed frequency distribution of a 
certain site one calculates the probability of pumping in 
the hysteresis region and corrects the output to find a 
curve which is only applicable for this very site. 

- The third step is the same as before: one multiplies the 
(site specific) output curve with the site's wind speed 
frequency distribution. 

This three step procedure has been executed in a generalized 
manner, in order to obtain results which are applicable for 
various sizes and configurations of machines. 
This generalized procedure is described completely in reference 
35. Here, a brief summary of the approach is given. 

Step 1 output curve with hysteresis loop 

A more or less standard curve for the overall power coefficient 
(Cp~) as a function of the wind speed V was derived for a wind 
pump with a conventional piston pump, or a pump with a starting 
nozzle (the latter designed for 10% energy loss at the design 
point, see reference 3). Both curves are shown in figure B.S. 

The problem of determining Vsto~ and Vstart has been discussed 
extensively in references 30 and 31. Values of V8 t 9p/Vd and 
V8 tart/Vd pertaining ~o various systems are given in table B.1. 

Step 2 Site specific output curve 

In reference 31 a simple model is given to estimate the 
probability of pumping between Vstop and V8 tart' assuming that 
the frequency distribution of the wind speed is a Weibull 
distribution with k=2 (see appendix A). In the model the average 
wind speed V can be varied with respect to Vat op and Vstart (and 

~1ih this model it is now possible to calculate a site specific 
output curve for the different types of wind pumps indicated in 
table B.1. 

Step 3 Calculation of total output 

Using the procedure illustrated in figure B.3 and assuming a 
Weibull distribution for the wind speed, we can calculate the 
total output of the wind pump. Besides, the output availability 
was calculated. 
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vstop vstart 

vd vd 

-Classical slow running windmill 
with deep well pump 1.2 1.8 

-Classical slow running windmill 
with shallow well pump or 
balanced pump rod 1.0 1. 6 

-Recent design with starting nozzle 
pump and balanced pump rod 0.8 1.2 

-"Ideal" windmill 
variable stroke 
floating valve 0.7 0.7 

.. 

Table B.1 Values of start and stop wind speeds related to design 
wind speed for various types of wind pumps. 
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The results on output are presented in a general form in figure 
B.l, indicating the energy production coefficient CE as a 
function of the choice of the design wind speed, expressed as the 
ratio Vd/V for different types of wind pumps. 
In figure B.2 the corresponding values of output availability are 
shown. 

B.4 Storage tank sizing 

The sizing of the storage tank has been treated in a rather 
simplified way in chapter 33. 
When considering the full problem a compromise has to be 
established between wind pump size and storage tank size. This 
can be easily understood by taking an extreme case: If the wind 
pump were chosen large enough to supply all water required 
instantaneously, no storage would be required. However, this 
solution would be hardly economic, since the wind pump's capacity 
is not fully exploited most of the time. It is more appropriate 
to take a smaller wind pump, and apply a storage tank from which 
the peak demand may be fulfilled. 

Simulation studies have been performed concerning this problem, 
see reference 33. Hour by hour simulations were made of wind pump 
output, water consumption, and storage of water in the tank, or 
retrieval of water from the tank. After performing several 
simulations for different tank sizes, a minimum tank size was 
determined on the basis of criteria for acceptable water 
deficits. This procedure was repeated for a range of wind pump 
exploitation factors fwe' i.e. the ratio of total yearly demand 
and total yearly output. The simulations were done for two quite 
different cases, with quite different wind regimes: Cape Verde, 
and Sri Lanka. Yet, the results were rather similar, and are 
summarized in figure B.6. 
This graph may be used as the basis for an economic optimisation 
of a wind pump system, once the specific costs of wind pump and 
storage tank are known. In the case of a relatively cheap 
windmill type, and expensive storage tank, one will tend to be in 
the left part of the graph. For an expensive wind pump and a 
cheap tank one will shift to the right. 
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Figure 8.6 The relationship between required storage tank capacity (in days) 
and the wind pump exploitation fac~or fwe (reference 33). 
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APPENDIX C: SIMPLE METHOD OF CALCULATING COSTS OF WATER 
PUMPED BY A WIND PUMP, SOLAR PUMP AND FUEL PUMP 

In this appendix some simple formulae are derived to calculate 
and to compare the costs of pumping water by a wind pump, a solar 
pump and a fuel pump. The costs are calculated in US $ per kWhh, 
the latter being used as unit for the effective hydraulic energy 
output. 1 kWhh is equivalent to 367 m4 (see section l.2). 
The costs of the water source, storage and distribution are not 
included in the calculations. 
For calculating costs use is made of the annuity method. The 
method is simple and sufficiently accurate for small capital 
investments with a life time of 10 to 15 years (see also section 
4 .1) • 
The capital costs of all three pumping systems are related to 
their specific investment, i.e. the investment per m2 rotor area 
for a wind pump, per W peak for a solar pump and per kW rated for 
a fuel pump (diesel or kerosene). 
Maintenance and repair costs are split into three categories: 

1. A fixed annual amount e.g. travel costs of repair crew. 
2. Annual costs proportional to the investment. 
3. Annual costs proportional to the number of operating hours 

per year (e.g. of a diesel pump). 

The costs of an operator have been left out of the calculations 
as they are more or less the same for all systems. 
The reader who wants to skip the derivation can go directly to 
the final results (C.5, C.10 and C.15). Each is illustrated by an 
example, in which the parameters coincide with those from section 
4.4 and figure 4.7. 

C.1 COSTS OF WATER PUMPED BY A WIND PUMP 

Consider using a wate:q>umping windmill: 

E -h,an 
Ph,an 

v. 
-1 
Ph . 

I l 

= 
= 

= 
= 

annual hydraulic energy output requirement in kWhh/year 
~verage annual hYdraulic power output requirement in kWh 
Eh, an = 8760 X Ph,an in kWhh (C.1) 

average monthly wind speed in month i (i from 1 to 12) 
average hydraulic power output requirement of wind pump 
in month i (in kWh). 

Using "rule of thumb" (l.2a) 

(C.2} 

where A is rotor area 
B is quality factor (see table 2.2) 

The most critical month is that in which (Ph i/v3
1) is maximum, 

i.e. the energy demand in relation to available wind energy is 
maximum. We will indicate these values in the critical month by 
an asterisk. 
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v.* =the average wind speed in the critical month -1. Ph , 1 =the average hydraulic power requirement in the critical 
month 

Using (C.2), these values determine the rotor area Ad (design 
value) 

B(V1*>3 Ad 10-3 = Ph,i* (C. 3) 

with which the requirements in the critical month are met. 

Capital costs per kWhh: 

I is investment in $. 
Assume annual costs are given by annuity. 
Annual costs a.I, in which a. is annuity factor, dependent on 
economic lifetime L, discount rate d and inflation rate i (see 
table C.l). 
Annual costs are a.I or equal to (a..SI.Ad $/year) 
in which SI is the investment per m2 rotor area ($/m 2 ) 
cc is capital costs per kWhh ($/kWhh) 

a. (SI) Ad 
cc = . substituting (C.1) and (C.3) gives ' 

Eh,an 

a. (SI) 
{ Ph,i*} 

cc = 0.114 $/kWhh 
B(V1*>3 Ph,an 

Costs of maintenance and repair (MR) per kWhh: 

(C.4) 

Assume annual costs of MR can be split up into a constant part M 
and one proportional to the investment. So costs are (M + u.I), in 
which u. indicates cost of MR per $ investment. In the same way as 
with the capital cost~ we find a similar expression as (C.4) for 
c,'IR. 
The total costs Ctot (= Cc + CMR) are 

= o, 114 { 

Example: 

Capital: 

Maintenance and 

Quality factor 
Demand: 

(a. + u.) ( s I) {~ h I i *) + M. 10 -
3 

B(V1*) 3 Ph,an Ph,an 
( c. 5) 

Specific investment: US $ 400.-/m2 

Life time: 
Real interest rate: 

15 years}annuity factor 
10% a. = 0.1315 

(see table C.l) 
repair: 
M = US $ 50.-/year (fixed annual cost) 
u. = 5% (percentage of investment) 

o! perfQrmance: B = 0.08 
Ph.i*/Pan = 1 (constant demand throughout year) 
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Results are plotted in (upper) figur~ 4.7, e.g. Ph.an= 1 kWh 
(equivalent to 24 kWhh per day) and v* = 3 m/s ' US $ 3.84 per 
kWhh. 

C.2 COST OF WATER PUMPED BY AN ENGINE PUMP 

Consider a diesel or kerosene pump: 

P1 
Pp 
111 
Ph 
Tan 
Eh,an 

= rated power of the engine in kW 
= power level at which engine actually operates 
= Pe/Per = derating factor 
= efficiency of the engine (from fuel to shaft power) 
= power output of the pump in kW 
= Pp/Pe = efficiency of the pump 
= effective hydraulic power output in kWh 

(Ph = pgH q io- 3 kW in which q = volume flow rate 
in m3/s) 

= power losses in suction and delivery lines 
= Ph + P1 = Ph (Ph + P1)/Ph 
= Ph/(Ph + P 1) = "efficiency" of suction and delivery lines 
= "Ip 11 1 Pe in kW 
= number of hours that engine operates per year 
= Ph Tan = ~P ~l Pe Tan = 

annual hydraulic energy output in kWhh per year (C.6) 

Fuel costs per kWhh: 

Ef = energy contained in fuel in kWh 
= V f .SEF in which Vf = volume of fuel 

energy content of 1 liter fuel 
in liters and SEF is 

Eh = effective hydraulic energy output in kWhh from vf liters 
of fuel with energy content Ef 

= "le 1)p 111 vf SEF in kWhh 

Fuel costs are: Vf.s~c in which SFC 
per liter 

= specific fuel costs in $ 

cf = costs of fuel per kWhh 
SFC 1 

cf = (C.7) 
SEF 11 e 1) p 1) l 

SEF is approx. 10 kWh per liter 

1 SFC 
cf = $/kWhh 

10 1) t 0 t 

in which 

11tot = "le 11 11 1 =the total efficiency of conversion from fuel 
energy to effective hydraulic energy 

Costs of maintenance and repair (MR) per kWhh: 

Assume costs of MR is directly proportional to hours of operation 
of the engine T. 
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I 

Costs of MR: TT in which T is cost in $ of MR per 1000 hours. 
Annual costs of MR: TTan: with annual energy output according to 
(C.6), we find for the costs of MR per kWhh: 

u. 
=---- $/kWhh 

.,,P "l 1 Pe 

Capital costs per kWhh: 

I is investment in $. 
Assume annual costs are given by annuity (see table C.l). 
The annual costs Cc of the capital investment per kWhh are: 

a.I 
= (C.9) 

or expressed in Tan with the aid of (C.6) 

a. (SI) 
= 

.,,p ,, 1 r Tan 

in which 
I 

SI = = specific investment ($ per kW rated) 
Per 

Summarizing: TOTAL COSTS ctot per kWhh are given by: 

1 SFC T.10- 3 a.I 
Ctot = ---+ + (C.lOa) 

10 ,, t 0 t "Ip ,, 1 Pe Eh,an 

or 
1 SFC T .-10- 3 a. (SI) 

ctot = + + (C.lOb) 
10 ,, t 0 t "Ip ,, l Pe "Ip ,, l r Tan 

Example: 

Assume annual average daily hydraulic energy requirement is 
1 kWhh per day. 
8 hours operation for 250 days a year ' 2000 hours/iear. 
So, hydraulic power output Ph of diesel: 1/ 24 x 876 / 2000 = 
0.1825 kWh. 
Ph = "Ip .,, 1 Pe; assume .,,~ .,, 1 = 0.4' Pe = 0.456 kW. 
Per = 2.5 kW (smallest diesel available) ' r = 0.1824. 
SFC = us $ 0.35/liter. 
"ltot = 10% 
T =US$ 300.- per 1000 hours (maintenance and repair). 
Lifetime: 5 years (10.000 hours) )annuity factor 
Real interest: 10% )a.= 0.2638 
SI is US $ 600.- per kW rated. 
Ctot = 0.35 + 1.64 + 1.08 =US $ 3.07/kWhh. 
(See upper figure 4.7.) 
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C.3 COSTS OF WATER PUMPED BY A SOLAR PUMP (reference 1) 

Consider a solar pump: 

is by definition the (electric) peak power output in kWP of 
a solar cell array at 2s 0 c ambient temperature at a solar 
irradiation intensity of 1 kW/m 2 • 

Hs is the solar irradiation per m2 in a day expressed in 
kWh/m 2 .day 

Ts is the total solar irradiation expressed as the equivalent
number-of-hours-per-day of solar irradiation at a value of 
1 kW/m 2 • In other words the value of Ts is equal to the 
value of a,, if the latter is expressed in kWh/m 2 .day. 

The total electric energy output of the solar cell array in a day 
is Per•Ts.l/c kWh/day, in which c is a correction factor for 
higher ambient temperature (+ 40°C) and impedance mismatch 
(reference 1). 

= daily energy subsystem efficiency, i.e. the ratio of 
hydraulic output energy to electrical input energy over a 
day. 

= hydraulic energy requirement in kWhh per day 

To fulfill these requirements we find: 

(C .11) 

In a similar way as shown for a wind pump, the critical month, 
indicated by an asterisk, is the month for which Eh/Hs is 
maximum, or Eh/T 8 is maximum. 

Using (C.11) the rating of the array needed is determined by the 
values of T8 and Eh in the critical month 

1-
kW 

,, s 

Capital costs per kWhh: 

I 

Assume 

Cc 

E -h,an 
Eh 

= investment in $ 

annual costs are given by annuity. 

a.I 
= $/kWhh 

Eh, an 

= total hydraulic energy requirement in a year 
= annual average daily hydraulic energy requirement 

per day; 
Eh,an = 365.Eh 

Substituting (C.12 and 14) in (C.13) and taking c = 1.2 
(reference 1). 
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a.(SI) 
= 3.3 

in which (SI) is the specific investment in $ per peak Watt. 

Costs of maintenance and repair (MR) 

Assume costs can be split up into three parts: 

a. Constant annual cost M ($/year). 
b. Annual cost proportional to the investment (and so to the 

rating): uI 
c. Cost of MR of the motor/pump proportional to the number of 

running hours: 
K$ per 1000 hours 

With n = number of running hours per year we find 

M + uI + Kn 10- 3 

= 

n can be estimated using 

n = ~----------

n being the equivalent number of hours that the installation 
operates at peak power with an efficiency "Is• 

Relating Per to the critical month via (C.12), and adding capital 
costs (C.14), the TOT~L COSTS are: 

(a. + u) (SI) 

{ 
E * ) 1 h 

ctot = 3.3 
1) S Eh T * 

S 

M K 

{ Eh ) 1 
+ 2.74x10- 3 +-- T * $/kWhh 

Eh* 
S 

Eh 1000 Eh 

Example: 

Life time: 15 years )annuity factor a = 0.13147 
Real interest: 10% ) 
Specific investment SI: us $ 18.- per w peak 
Solar irradiation in critical month: 4 kWh/m 2 day' T

5
* = 4 hours 

Daily ener~y_subsystem efficiency "Is = 0.40. 
Demand: Eh /Eh= 1 (constant demand throughout the year). 
Fixed annual cost of maintenance and repair: M = us $ 50.-/year. 
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Maintenance and repair per 1000 hours of operation: 
K =US $ 12.-/100 hours. 
Maintenance and repair as percentage of the total investment: 
u. = 0.01. 

We find for annual average daily demand Eh = 1 kWh/day: 
Ctot = 5.25 + 0.137 + 0.048 =US $ 5.44/kWhh. 
(See upper figure 4.7.) 

Yean r • 2 3 4 s 6 7 8 JO 

I 1.0200 I.OJ()() 1.0400 1.0500 1.0600 1.0700 1.0800 1.1000 
2 .SJ SOS .52261 .53020 .H780 .S4S44 .55309 .56077 .57619 
3 .J4675 .3H53 .36035 .36721 .37411 .38105 .38803 .40211 
4 .26262 ·.26903 .27549 .28201 .28859 .29523 .30192 .31547 
5 .21216 .21835 .22463 .23097 .23740 .24389 .25046 .26380 

6 .17853 .18460 .19076 .19702 .20336 .20980 .21632 .22961 
7 .15451 .16051 .16661 .17282 .17914 .185SS .19207 .20541 
8 .13651 .14246 .14853 .15472 .16104 .16747 .17401 .18744 
9 .12252 .12843 .)3449 .14069 .14702 .15349 .16008 .17364 

10 .JJ133 .11723 .12329 .12950 .13587 .14238 .14903 .16275 

II .10218 .10808 .11415 .12039 .12679 .13336 .14008 .15396 
12 .09456 .10046 .10655 .11283 .11928 .12590 .13270 .14676 
13 .08812 .09403 .)()()14 .10646 .11296 .11965 .12652 .14078 
14 .08260 .08853 .09467 .10102 .10758 .11434 .12130 .13575 
JS .07783 .08377 .08994 .096J4 .10296 .10979 . 11683 .13147 

16 .07365 .07961 .08582 .09227 .09895 .10586 .11298 .12782 
17 .06997 .07595 .08220 .08870 .09544 .10243 .10963 .12466 
18 .06670 .07271 .07899 .08555 .09236 .09941 .10670 .12193 
19 .06378 .06981 .07614 .08275 .08962 .09675 .10413 . 11955 
20 .06116 .06722 .07358 .08024 .08718 .09439 .10185 .11746 

25 .05122 .05743 .06401 .07095 .07823 .08581 .09368 .11017 
30 .04465 .05102 .05783 .06505 .07265 .08059 .08883 .10608 
40 .03656 .04326 .05052 .05828 .06646 .07501 .08386 .10226 
so .03182 .03887 .046SS .05478 .06344 .07246 .08174 .10086 
60 .02877 .03613 .04420 .05283 .06188 .07123 .08080 .10033 

Table C.1 Annuity factor as a function of interest rate and lifetime. 
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1.1200 
.59170 
.41635 
.32923 
.27741 

.24323 

.21912 

.20130 

.18768 

.17698 

.16842 
.16144 
.ISS68 
.15087 
.14682 

.14339 

.14046 

. 13794 

.13576 

.13388 

.12750 

.12414 

.12130 

.12042 

.12013 



APPENDIX D: EXAMPLES 

Here two examples are presented, based on information from 
practical experience. The procedures outlined in chapters 3 (site 
evaluation) and 4 (economic analysis) are elaborated for both 
examples. 

Example D.1 Irrigation in the dry zone of Sri Lanka 

This example concerns a typical small farm in the dry N.E zone of 
Sri Lanka. The information presented here is based on the 
practical experiences of a series of windmill pilot projects, 
especially that of Morawewa (north-east coast). The information 
was derived mainly from references 19, 20, 21, and 22. 

Two different pumping devices are considered: 

a. a wind pump, as applied in the pilot projects 
b. a kerosene pump, commonly applied in the dry zone. 

The following technical and economic information is to be used: 

Cropping pattern: 

Crop water 
requirements: 

See figure D.1 (from reference 20). 
During the Maha season (October to January) 
no lift irrigation is needed, and paddy rice 
is cultivated. 
During the dry Yala season (February to 
September) lift irrigation is practiced for 
growing "subsidiary food crops". Note that 
only part of the farm is used during this 
season in order to minimize risks. 

See table D.1 (from reference 20). 
Note that the indicated crop water 
requirements are conservative estimates, 
since fully developed crops were assumed for 
the calculations, whereas crops in their 
initial phase of development will consume 
less water. 

Water distribution: Earth channels. 

Irrigation method: Furrow or basin. 

Overall irrigation 60%. 
efficiency: 

Water source: Open well, water level at 5 m below ground 
level. 

Usual type of tank: Low round tank of bricks, lined on the inside 
with bitumen, and strengthened on the outside 
by earth bund, height approximately 1.5 m. 
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Wind regime: In the area of interest only one station has 
long term records: Anuradhapura. However, the 
anemometer there is poorly exposed to the 
wind. 
Short term measurements have been performed, 
see reference 19. 

Terrain, landscape: Flat, isolated trees. 

Pumping options: 

Cost of windmill: 

Cost of storage 
tank 

Cost of fuel pump: 

Well: 

Interest rate: 

Windmill or kerosene pump 

Type: 

Purchase: 
Installation: 
Lifetime: 
Maintenance: 

Type: 

Investment: 
Lifetime: 
Maintenance: 

Type: 

Purchase: 
Pipes, misc. : 
Installation: 
Lifetime: 
Maintenance: 

Kerosene: 

Investment: 
Lifetime: 

12.5%* 

WEU II/3, 3 m. diameter, 
~d = 2, manufactured in 
Sri Lanka. 
13,000 Rs $ 570* 

3,000 Rs $ 130* 
10 years 
5% of total investment per year 

earth-brick-bitumen, 
capacity: 23 m3 

5,000 Rs $ 220* 
10 years 
3% of investment per year 

1.9 HP kerosene motor, driving 
a centrifugal pump, capacity 
9.1 m3/hr at 7 m head, 
kerosene consumption 1.3 l/hr. 
3,700 Rs $ 160* 

680 Rs $ 30* 
820 Rs $ 40* 

5,000 operating hours 
20% of investment per 1,000 
operating hours 
6.7 Rs/l $ 0.29/l* 

3,000 Rs 
10 years 

$ 130 

*All costs (and interest rate) indicated here are for mid 1983 
(1 RS=$ 0.044). 
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D.IHA 
plddy 

(3.5 month) ....... rvj chillies (Mi 35) 

I onions 

pulses I 
vegetables vegetables 

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

Figure 0.1 Cropping pattern of a typical small farm in the dry zone of Sri Lanka, 
using either a wind pump or a kerosene pump during the dry season 
(February to September), reference 19. 

J F M A M J J A 

reference 
evapotransp. 

s 

(mm/day) 3.4 4.1 4.9 4.9 5.4 6.5 6.6 6.7 5.9 

75% probabil-
ity rainfall 

-
-

(mm/day) 2.0 0.5 0.6 2.3 1.7 0.3 0.3 0.3 0.6 

NIR 
(m 3 /day/ha) 14 36 43 26 37 62 63 64 53 

GIR 
(m 3/day/ha) 23 60 72 43 62 103 105 107 88 

actual 
cultivated 
area (ha) - 0.10 0.10 .20 .25 .40 .40 .30 .15 
cropping 
pattern of 
figure D.l 

O/N/D 

rains 

-

-

-

-

Table D.1 Irrigation requirements and cultivated area of small 
farm in dry zone of Sri Lanka, reference 19. 
NIR = net irrigation requirement 
GIR = gross irrigation requirement 
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The procedures for sizing and cost estimation of the windmill 
have been carried out by filling in the format sheets as 
indicated in chapters 3 and 4. The completed format sheets are 
shown on the following pages, tables D.2 to D.6. 

Hydraulic power requirements 
The two last lines of table D.1, gross irrigation requirement and 
cultivated area, are multiplied to find the pumped volume 
requirement, which is filled in in the first column of the format 
sheet, in table D.2. 
The pumping height is found by adding the depth of the water 
level in the well and the height of the tank, total 6.5 m. 
Since the distance between wind pump and tank is very short, the 
pressure loss in the delivery pipe is very low. 
The average hydraulic power requirement is calculated with the 
formula given in section 3.1.3. 

Wind power resources 
Reference 19 presents reasonable estimates for the actual wind 
speed at 10 m height, obtained from short term measurements. 
Since an estimate of the actual wind speed is available, the 
first column of the data sheet in table D.3 (concerning potential 
wind speed) is used to indicate the actual wind speed at 10 m 
height. The roughness of the terrain (isolated trees, tall crops) 
is estimated to be 0.25 m. Using the formula of appendix A.3, the 
data of 10 m height are converted into 12 m data (tower height, 
see below). In the last column the specific wind power is 
calculated using the formula of section 3.2. Since the example 
site is at sea level the density of air is 1.2 kg/m3 • 

Identification of design month 
As explained in section 3.3, the data of the previous format 
sheets are filled in in the format sheet for design month 
identification, table D.4. Subsequently the ratio of average 
hydraulic power to specific wind power is calculated to give the 
reference area. The highest value is found for April, which is 
therefore the design month. 

Wind pump system sizing 
The five steps indicated in the format sheet of table D.5 must be 
carried out. 
The tower must be high enough to lift the rotor over the isolated 
trees in the surroundings. A height of 12 m is chosen, which is 
the standard height for the type of windmill involved. 
From table 2.2 one finds values for the energy production 
coefficient of 0.9 and for the maximum overall power coefficient 
of 0.18. Using the graph of figure 3.3, one finds a rotor 
diameter of 3.4 m. For practical application, one chooses the 
standard diameter of 3.0 m, thereby accepting some lack of water 
in April. 
Subsequently one must decide on the design wind speed. A value of 
2.5 m/s is chosen, somewhat higher than the average wind speed in 
the critical month. By this choice the output is somewhat 
increased, but also the percentage of standstill is increased. 
This is acceptable since a strong diurnal variation of the wind 
speed was found during the low wind period of February to April. 
This means that the windmill will often be standing still during 
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the night, but will mostly run during the day. 
Using the graph of figure 3.4 one finds a stroke volume for the 
pump of 0.41 1. This may be realized by taking a pump of 100 mm 
diameter and a stroke of 50 mm (giving a stroke volume of 
0.39 1.). 
Since the design wind speed was not chosen exactly according to 
the procedure of chapter 3 (see above), it is wise to check the 
energy production in the design month (April) and the month of 
highest demand (July). This may be done using appendix B.2. 
In April one finds a strong diurnal variation of the wind speed: 
relatively strong wind during the day (about 3 m/s), and calm 
during the night (about 1 m/s). For the daytime one finds a ratio 
of design over average wind speed of 0.83, an energy production 
coefficient of 0.76, and an average power of 16 W. During the 
night the wind pump will be standing still. Hence, the overall 
average power will be some 8 W, which is sufficient. 
For July one finds a ratio of design over average wind speed of 
0.53, an energy production coefficient of 0.39 and an average 
energy production of 31 W, which is approximately as required. 
For the storage tank one chooses a storage capacity of half a day 
of water rei'1irement during the month of highest need, July, 
giving 20 m • This allows all water pumped during the night to be 
used the following day. For practical application one takes 23 m3 

which is the size of a standard design. 

Wind pump performance specification 
Using the information above, the performance specification sheet 
may be completed in a straightforward way, see table D.6. 

Unit water cost for a wind pumping system 
Using the information presented above the last sheet may be 
completed in a straightforward way, see table D.7. 
Note that the annual water requirement is found by multiplying 
the last two lines of table D.1 (gross irrigation requirement and 
cultivated area), multiplying by the number of days in each 
month, and summing. 
The cost of operation_is taken to be zero, since it is part of 
the normal work on the farm, involving no additional costs. 
Finally a water cost of 4.6 $cts/m3 is found. 

Unit water cost for a kerosene pump 
Subsequently the water costs of a kerosene pump are calculated 
using the format sheet for unit water costs, see table D.S. 
Now, the design month is the month of highest hydraulic power 
requirement: July. 
Assume 6 hours of operation per day, a de-rating factor of 0.5 
and a pump efficiency of 25%. From the graph of figure 4.3, one 
finds a rated power of 1.1 kW. Practically one takes the usual 
type of pump: 1.98 HP or 1.4 kW. 
The efficiency of the pump seems rather low (1.4%), but it is 
justified by the data of the 1.9 HP pump (see above), which were 
derived from practical tests. 
It is assumed that the same cropping pattern is applied as for 
the wind pump. Hence the annual water requirement is similar: 
5060 m3 • 

In order to pump this amount of water the kerosene pump will be 
operated 560 hours per year (at a flow rate of 9.1 m3/hr). 
Therefore the lifetime of 5,000 hours is equivalent to 9 years. 
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The cost of operation represents the fuel consumption of the 
pump. 
Finally the water cost is found to be 6.0 $ cts/m3 • 

It may be concluded that the wind pump is somewhat more economic. 
Yet, the cost found for the wind pump is relatively high. This is 
due to the design month April. The wind speed during this month 
is very low, leading to a large wind pump size, which causes a 
poor exploitation of the wind pump's capacity during the 
remaining months. 
According to a recent study of the same case, reference 22, 
farmers may use kerosene pumps in a more flexible way, and hence 
have higher benefits than with a wind pump. According to the same 
study the wind pump would be undoubtedly the most profitable 
solution if oil prices would rise somewhat. 

HYDRAULIC POWER REQUIREMENTS 

Location. ~If r .. ~f'.Aff ., ••• -~~! . . ~NM .......................... 
Delivery pipe head s loss .••.•• % Delivery pipe length .. ~~ ... m 

Month Pumping Pumping Head Total Average hydraulic 
re~irement height loss head power requirement 
(m /day) (m) (m) (m) (W) 

Jan c G., <"-' 1 " Feb G o.S <C .. S 1 ~ 
March 1 G.5 <a5" 1 0 
April ~ - 6.S <O.S 1 t 
May 1G G.; (().; 1 J '$ 
June 41 6-~ <O.S 1 3, 
July 41 6,G <a, 1 3, 
Aug 32 o.r <'1~ 1 2; 
Sept 13 ~' <4S 1 JO 
Oct 0 1.; <aS 1 " Nov " o.r <0.5 1 " Dec 0 o.; <as 1 " 

Table 0.2 Completed sheet on hydraulic power requirements, dry zone, Sri Lanka. 
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WIND POWER RESOURCES 

Lo t · ORY ZONE H · ht b level . ....... m ca ion .• Ri "iANKA. . . . . . . . . . . . eig a ove sea 
. $ . ..................... 

Hub height .••••• /..2. ...•.•...• m Terrain roughness ••• R·~~ . ..... 
Combined correction factor for hub height and roughness.~~'??. .. 

Average Average wind Density Specific 
potential wind speed at hub of air wind power 

Month speed at 10 m height (m/s) (kg/m3 ) (W/m 2 ) 
(m/s) 

Jan 1.~ 1.G J.2 2 
Feb J.5 2.0 1.2 5 
March J.l 2.2 1..2 6 
April t.'J 2.0 1..2 5 
May 2.1 2.B 1.2 15 
June 4.4 4.S 1.2 sa 
July 4.5 4.1 J.2. o.t 
Aug 4.4 4.6 1.z G8 
Sept ,2.8 2.9 LZ 1S 
Oct '( 7 1.2 7 
Nov '( 'l. 1.2 '( 

'i 
-

'? 'l Dec - 1.2 • • • 

Table D.3 Completed sheet on wind power resources, dry zone, Sri Lanka. 
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DESIGN MONTH 

Location: .O.f!l.Y.. ~'?Nf. 1.$~1 . . '-:~~~~ ..••..•••...•............... 

Month Average Average Specific Reference Design 
hydraulic wind speed wind power grea month 
Rower at Pvind Phydr/Pvind 
Phrdr hub height 

(W/m2) (m2) (W (m/s) 

Jan " 1.6 2 D 
Feb , 2.0 5 1." 
March 6 2.2 G 1.0 
April 1 2." ' l.4 ¢:= 
May 1.3 2.8 13 i.o 
June 33 4.6 SI 0.6 
July 3':5 4.1 62 0.5 
Aug 2S 4.6 ;s "·"' Sept 1,0 2.~ 15 0.1 
Oct 0 'l 1 " • 
Nov " 1 1 " Dec 0 1 'l " 

Table 0.4 CompleteCS sheet on identification of design month, dry zone, Sri Lanka. 
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WIND POMP SYSTEM SIZING 

Lo t . ORY Z"N£ · ht b ca 1on .•..•••. ifJl.~············He1g a ove sea level ......•. m 
. Slf I. . ~~ . . .,., . . . . . . . . . . . . 

-
Design month • • 1.4.P.~JI:-•••.••.••••...•••••....••.••••••••.•..•.•.. 
Design month water requirements 

Pumping rate ••.•••..••••••• ,_ •.••.••.•••••••••••••••••• m3 /day 

Pumping height •••••••••••• • 1. ............................... m 

Hydraulic power requirement, Phydr·········.'f ••••••••••••••• w 
Design month wind power resources 

Average wind speed ••••• ,• ••••••••• ~·.'! ..................... m/ s 

Air density (standard 1.2) •••••••••• ~~~ ••••••••••••••••• kg/m 3 

'f' . d s 2 Speci 1C win power Pvind································W/m 

Design month reference area Phydr1Pvind········i~-!l: •••••••••. m2 

Type of wind pump o Classical deepwell 

Step 

1. Tower 

2. Rotor 

3. Pump 

4. Storage tank 

5. Pipe work 

o Classical shallow well, balanced pump rod 
I!( Recent design, starting nozzle, balanced 

pump rod 

Calculations 

Height ••••••••••• 1; ......................... m 

Energy production coefficient •••••• 4?:6.~ ..... . 
Maximum overall power coefficient •• c.?.•~fi' ••.... 
Diameter •••••••••••••• a ..................... m 

Design wind speed .•••••••••• ..i~~ ............ m/s 
Design tip speed ratio •.•.•••• 4' .............. . 
Transmission ratio •••••••.•. ~ .. :i .............. . 
Stroke volume ••••••••••• • t:? .. "I-A ••••••••••••••• 1 
Stroke ••••••••••••••••••• SC . ............... mm 
Diameter •••••••••••••••• .1. C.C . ....•......... mm 

Volume ...•..••••••••.• -~~ .•.•..•.•.••...•.. m3 

Height •••••••••••••••• S.·~ ................... m 

Diameter ••••••••••••••• f {). .................. mm 
Total length .••••••••• • ZC. ....•••••.......... m 

Table 0.5 Completed sheet on wind pump system sizing, dry zone, Sri Lanka. 
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WIND POMP PERFORMANCE SPECIFICATION 

t. D~Y Z.ONE H . ht above sea level •••• ~ •••.••. m Loca ion. · ir . lANM. . . . . . . . eig 
A ( . . . . ....... 

1. water source Type.9P.E/¥.\t'f~~ ....••.•...•......... 
Distance (for surface pumping) ..... m 
Diameter (for wells) •••••••••••••. mm 
Water level (when pumping) ••....•.• m 

2. Delivery system Type. f!~/.Y~ti!lf P .. $.T.f f~. !'Jr~5. ....... 
I..ength •••••..••• /.9.G()" ••.•••.•••••. m 
Pipe diameter ••••• 

1 
............... mm 

Efficiency •••••• tJ ................. % 

3. storage system Type .8.81~~ )(f!.lf .{~ljrtt. . ,!A.'tt;' . ......• 
Volume ••••• • ..i1

1 
. ••••••••••.••••.•. m 3 

Heiqht ••••• ~· •••••••••••••••••••••• m 

4. Design month details Month • • ~PAI.I.. ....................... 
End use water requirement • .-:"': •• m3/day 
Pumped water requirement •• , .•. m3/day 
Hydraulic power requirement •• ·1 · ... W 
Average wind speed at 
hub height ••.•••••••• ~t P. ........ m/ s 

5. Wind regime and water requirement 

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

average wind 
1.6 4.6 4.1 4.6 1 'l 7 speed at hub 2.0 2.2 2.P .z..B 1., • • • height (m/s) 

pumped water 
6 31 2S reT1irement 0 G 1 13 3J 10 0 " 0 

(m per day) -

6. Windmill specification Tower height ••..•• ,; •••.......•••• m 
Machine type .lllf.f !'.T. f'f ,!'!'Jtl . ...... 
rotor diameter.~.~ .•••.•••••••. m 
stroke. • • • • • • • • P. .............. mm 

Pump type .• 1'JST.t:!1' .•••••••••••••••• 
cylinder diameter •• ·''='P. ........ mm 

Table 0.6 Completed sheet for wind pump performance specification, dry zone, Sri Lanka. 
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UNIT WATER COST FOR A SMALL SCALE PUMPING SYSTEM 

syste~ description OR ZCN£ $Ri LAll1'A 
Location .••.••.•••.•. r ...... . I. ••••••••••••••••••••••••••••••••• 

• 
· APRIL Design month .•....••.• Design month ' 

pumping requirement •.•••••.•.... m3/day 

7 Total head ...•...•.•.. m Design month hydraulic 1 
power requirement .•...••.•..••...•... w 

Annual water requirement .• f~.t? .. m3 

wlND PUffP Power source •..••...•..•.•••••••••• Size ••• ~ •.•. m diameter 

Storage tank size .••••• ~P. ....... m3 

Economic information 
Interest rate ••.•••••••..•••.•• Real interest rate.-~~:~~-
Inflation rate •••.•••..•..•••••• 

costs 

t . wiND PllMP Sys em component 1 •••....••••.•••• 

Investment •• ~.1.{'.<? ............ . 
'ft' ,t~ Lie ime •••••••..•...•••••• years 

Annuity ••••••• '?!.r ~ ............ . 
Average annual capital cost •••••••••.•.••••••• /. .J..~f . ....... . 
Average annual cost of maintenance and repair .• ~.1.~ ........ . 

• W4'i.L 'T"llA6E .,.AN1' System component 2 •••.•. J.,.. • •.•.•.• 

Investment ..• • /.1.~'? ............ . 
L . f t' JO 1 e 1me •.••..••••..•••••••• years 

Annuity .•.•.••• • '?._1r, . ........... . 
Average annual capital cost ..••••••••.••••••.•• ~.~~ •.••.... 

Average annual cost of maintenance and repair ••• ~~········· 
Annual cost of operation of the " system ••••••••••••••••••••••••• 

Total annual costs / 2:51 
Unit water costs 

Table D.7 Completed sheet of unit water costs for a wind pump, dry zone, Sri Lanka. 
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UNIT WATER COST FOR A SMALL SCALE PUMPING SYSTEM 

syst~ description DRY ZCN& SRI LANKA 
I.ocation .......•...•........... '· ............................. . 

· ]"LY Design month •.•.•.••.. Design month ~ 
pumping requirement .••••••.•...• m3/day 

Total head ••••• f ...... m Design month hydraulic '2" 
power requirement •••••••••• T ••••..... w 

Annual water requirement •• f.~~~.m3 

1'£1lOSf NE PUMP Power source....................... Size .•••••••• m diameter 

Storage tank size ••••••. • --:' • •••••• m3 

Economic inf or.ation 
Interest rate .••••••••••....••• Real interest rate.-~~-·~~ 
Inflation rate ..•..•.•••.......• 

costs 

. "EltOSENE PUNP System component 1 •.••....•..•••.. 

Investment ••••• /!..~,f'. ......... . 
Lifetime .•••••..•• Q ........ years 

Annuity •••••••• ~·!-. !! ........... . 
Average annual capital cost .•.•••••••••••.•••• IJ.Jt/.~ ....... . 
Average annual cost of maintenance and repair ••• ~.~f ....... . 

• 'WE'LL System component 2-·~·············· 

Investment •••.•• /. j~q .......... . 
'ft' 20 Lie ime .••................. years 

Annuity .••••••.• ~.)._~ . •...••••••• 

Average annual capital cost •••••••••••••••••• ~.~~ ••••.•.... 

1 t f 't d . -Average annua cos o main enance an repair .•.•••••••..•.•. 

Annual cost of operation of the system •••..•••• ~.~~~ ••.....••. 

Total annual costs 

Unit water costs 

Table 0.8 Completed sheet of unit water costs for a kerosene pump, dry zone, Sri Lanka. 
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Example D.2 Water supply to the village of Sao Filipe, 
Cape Verde 

This example describes one of the wind pump installations, 
integrated in a larger wind pump water supply system at Achada 
Sao Filipe, Cape Verde. The information presented here was 
derived mainly from references 23 and 24. 
Figures D.2 and D.3 (both from reference 24) give an overview of 
the complete water supply system. 

........ 

- .... 21· 

_, Lbt ~~~~r11 
I I 
I I 
I I 

mPP-?!!~~~-11 

-----

I 1-----------
i I 

~~~-----~I 

........ "!-~---------

Figure D.2 Lay-out of Achada Sao Filipe water supply system (cross section), 
reference 24. 
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ACHADA DE sAO FILfPE 

S. FILIPE DE CIMA 

Figure 0.3 Lay-out of Achada de Sao Filipe water pumping system. 
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The example concerns the wind pump closest to the village of Sao 
Filipe, in the figure indicated by "Dempster 8' "· It is 
representative for windmill installations on Achadas {"plains"), 
characterised by deep water levels and very high wind speeds. 

TWo alternative pumping options will be considered: 
a. a classical windmill 
b. a diesel motor driving a deepwell turbine pump, through a 

belt and vertical shaft. 
The following technical and economic information is to be used: 

Water needs: 
{for the complete 
interconnected 
system) 

Well closest to 
the village of 
Sao Filipe 

Domestic water sup~ly for 500 persons in 
Sao Filipe {12.5 m /day). Livestock watering: 
unknown, highly variable number of cattle 
and goats. 
Tree nursery of reforestation project 
(5 m3/day during 5 months of the year). 
Offices and workshop {approximately 
100 persons). 
Water for civil works, taken by tank lorries, 
or in drums. 
Irrigation {2.5 ha, approximately 100 m3 /day) 

Tubewell: internal diameter 150 mm. 
Depth: 75 m 
Static water level: 35 m below ground level 
Dynamic water level for a pumping rate of 
0.5 l/s: 37 m 

Water distribution: Galvanized steel pipes. 

Usual type of tank: Heavy masonry, covered with concrete slab in 
case of drinking water; height above ground 
level: about 2.5 m. 

Wind regime: Long term data are available from Praia 
airport, a few kilometers from Sao Filipe, 
situated on an Achada, very well exposed to 
the wind. 
By means of short term measurements at Achada 
Sao Filipe, correlations have been 
established {see reference 24). The results 
are summarized in table D.9 below. 

Terrain, landscape: Achadas {gently sloping plains), intersected 
by Ribeiras (deep valleys). 
Achada Sao Filipe: covered by bushes and low 
trees. 
Praia airport: flat, covered by stones, 
hardly any vegetation. 

Pumping options: Wind pump, or a diesel engine driving 
deepwell turbine pump 

Cost of windmill: Type: classical multiblade windmill, back 
geared (i=0.3), manufactured in the USA, 
8' diameter, or 2.4 m. 

144 



Purchase and 
transport: 
Installation: 
Lifetime: 

133,000 $CV 
26,000 $CV 

15 years 

US$ 1750* 
US$ 350* 

Maintenance: 12,000 $CV/year US$ 160/year* 

Cost of storage 
tank: 

Type: 

Investment: 
Lifetime: 
Maintenance: 

heavy masonry with concrete 
slab cover, capacity 40 m3 

275,000 $CV US $ 3620* 
30 years 
virtually zero 

Cost of fuel pump: Type: ~ot exactly indicated in the 
references, approximately as follows: 

Tubewell: 

Cost of operator: 

Diesel engine of 5 kW, fuel consumption 
2 l/hr (25% efficiency). 
Multistage turbine deepwell pump, nominal 
rating: 
- output 14 m3/hr at 40 m head 
- mechanical power demand: 2.5 kW 
- efficiency 60% 
Investment: 136,400 $CV US$ 1800* 
Installation: 20,000 $CV US$ 260* 
Lifetime: 10,000 operating hours 
Maintenance: 10% of investment per 

1,000 operating hours 
Diesel fuel: 20 $CV/l US$ 0.26/l* 

Investment: 
Lifetime: 
Maintenance: 

13,000 $CV/m US$ 170/m* 
30 years 
virtually zero 

Annual salary: 36,000 $CV US$ 470* 

*All costs indicated here are for end 1983, (1 US$= 75 $CV). 

Month J F M A M J J A s 0 N D Year 

Measured 
wind speed 
(m/s) at 
7.5m 7.2 7.9 7.8 7.4 8.0 6.7 5.2 4.8 5.1 6.4 6.4 7.1 6.7 

Calculated 
wind speed 
(m/s) at 
10 m. 7.6 8.3 8.2 7.8 8.4 7.0 5.5 5.1 5.4 6.7 6.7 7.5 7.0 

Table D.9 Wind speed data of Praia airport (reference 24) 
measured at 7.5 m height, converted to standard 10 m 
height, assuming a terrain roughness z 0 of 0.03 m 
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The procedures for sizing and cost estimation of the wind pump 
have been carried out by filling in the format sheets as 
indicated in chapters 2 and 3. The completed format sheets are 
shown on the following pages, tables D.10 to D.16. 

Hydraulic power requirements 
In this particular case the hydraulic power requirements are not 
determined by the need for water. As indicated above, water is 
needed for a variety of purposes, and the need exceeds the 
availability of water in this arid region. 
The pumping requirement is rather determined by the capacity of 
the well: Since the well is very expensive, it should be 
exploited to its full capacity, but care should be taken not to 
over-exploit it. 
In this particular case a pumping rate of 0.5 l/s seemed 
acceptable, leading to the values indicated in table D.10. 
The head loss in the delivery pipe is very low, since quite a 
large size is required in order to minimize shock forces in the 
pump rod, see also below. 

Wind power resources 
The long term data of Praia airport (see table D.9) were measured 
at 7.5 m height. The terrain roughness of Praia airport is 
approximately 0.03 m. Using this roughness the data were 
converted to 10 m height. 
Since the roughness of the terrain around the airport is 
approximately equal to the standard roughness of 0.03 m, the 
second line of table D.9 directly indicates the potential wind 
speed at Praia airport. 
Achada Sao Filipe, at a distance of a few kilometers, will have 
the same potential wind speed, see first column of format sheet 
in table 0.11. The roughness of the terrain at Achada Sao Filipe 
is approximately 0.50 m. Using the methods described in annex A 
the sheet is completed to find the wind speed at hub height. 
Comparing the results with the original data of the airport 
yields a ratio of 0.89, in reasonable agreement with the ratio 
found from short term_measurements: 0.85. 
The site is close to sea level, therefore the density of the air 
is taken to be 1.2 kg/m 2 • Subsequently the specific wind power is 
calculated. 

Identification of design month 
The data of the previous format sheets are filled in in the sheet 
for design month identification, table D.12. The ratio of 
hydraulic power to specific wind power is calculated to give the 
reference area. 
In this particular case, in which the system is not designed to 
meet a demand but to avoid over-exploitation of the well, the 
design month is the month having the lowest reference are, i.e. 
May. 
For this month a reference area of 0.8 m2 is found. From table 
D.12 one sees that a wind pump designed on this basis is large 
enough to exploit the well close to the desired capacity 
throughout the year, except for the months July, Aucrist and 
September, for which a reference area of around 3 m would be 
required. 
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Wind pump system sizing 
The five steps indicated in the format sheet for wind pump sizing 
must be carried out, see table D.13. 
A standard tower height of 12 m is chosen. 
From table 2.2 one finds a value for the energy production 
coefficient of 0.40, and for the peak overall power coefficient 
of 0.30. 
Using the nomogram of figure 3.3, one finds a rotor diameter of 
2.9 m. Practically one chooses the closest size in the standard 
range, i.e. 8 ft or 2.44 m. _ 
From table 2.2 one finds a value for Vd/V of 0.6. With the 
average wind speed in the design month of 7.3 m/s, one would find 
a design wind speed of 4.4 m/s. However, the type of wind pump is 
structurally not strong enough to allow a higher design wind 
speed than approximately 3 m/s. Using the nomogram of figure 3.4, 
one finds a stroke volume of 0.55 liters. 
This may be realized with a pump of 2 1/ 2 " diameter (63.5 mm) and 
a stroke of 7 1/ 2 " (191 mm), giving a stroke volume of 0.60 1. 
A storage tank of 40 m3 is chosen, corresponding to 2 days of 
consumption of the village and some consumption of livestock. 
This relatively large size is justified, since it concerns a 
vital supply in this region. 
The diameter of the pipes is chosen to be 2 11 • This was found to 
be a minimum in order to reduce shock forces in the pump rod, and 
avoid breaking of pump rods. 
Note that the relatively low value chosen for Vd leads to a lower 
output than aimed at originally. For calculating the actual 
output, one must use the output prediction method of appendix 
B.2. This will be needed in the economic analysis, see below. 

Wind pump perf or.mance specification 
Using the information obtained above the specification sheet can 
be completed in a straightforward way. 

Unit water cost for a wind pumping system 
Firstly the annual water output must be established. It is 
assumed that all wate~ pumped will be put to some use. Therefore 
one should calculate the total volume of water pumped by the 
windmill. This may be done using the graph of figure B.1. 
The annual average wind speed can be calculated from the sheet in 
table D.11 to be 6.1 m/s. Now, one finds a ratio of design over 
average wind speed of 0.49, an energy production coefficient of 
0.35 and an average power production of 67 W, corresponding to 
5400m3 per year (which is close to what has been measured in 
practice, reference 24). 
For the interest rate a value of 10% is taken. 
For the rest, the sheet of table D.15 may be completed in a 
straightforward way. 
The extremely high costs of storage tank and tubewell 
US $ 16,370 are to be noted. Especially the well is very 
expensive: US $ 12,750! 
The result is a water cost of US $ 0.50/m3 • 

Unit water cost using a diesel pump 
Subsequently the cost of the alternative, using a fuel pump is 
examined by filling the data sheet for unit water costs of a 
diesel pump, see figure D.16. 
In this particular case the size is dictated by the capacity of 
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the well, 0.5 l/s (see above). Normally diesel pumps are operated 
for 4, 6, or 8 hours per day. However, in order to pump as much 
water as possible it will be assumed that the pump is used for 10 
hours per day, leading to the indicated monthly and annual 
pumping rates. 
For this purpose the smallest available diesel pump set may be 
used, see specifications above. In order to reduce the pumping 
rate a regulating valve will be used on the outlet of the pump 
and adjusted in a way as to give a pumping rate of 0.5 l/s. Doing 
this the power demand of the pump will slightly decrease, the 
diesel motor is not fully loaded, and the fuel consumption will 
decrease somewhat, assume approximately 1.5 l/hr. 
As a result the efficiency of the fuel pump is very low (less 
than 2%). 
Operating the diesel pump for 10 hours per day leads to a 
lifetime (10,000 hours) of 3 years. Now, the format sheet may be 
completed further. The cost of operation includes an operator and 
the fuel costs. 
A unit water cost of so $cts/m3 is found, considerably higher 
than for the windmill. 

In this particular case the use of a wind pump is far more 
attractive than a diesel pump. This is partly due to the high 
wind speeds at the site, but also to the low capacity of the 
well; even the smallest size of diesel pump is under-utilized on 
this well. 
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HYDRAULIC POWER REQUIREMENTS 

Location.4?~.-1~~- . $A':' .. F.~l.'f'l. ~-~Pf.. Y!./l.l!f ................... 

Delivery pipe head loss .. ~ ... % Delivery pipe length1'°~~Z~rn 

Month Pumping Pumping Head Total Average hydraulic 
re~irement height loss head power requirement 
(m /day) (m) (m) (m) (W) 

Jan 45 3'3.; <o.5 40 1'35 
Feb 4~ :S5.> <.o.; 40 %,, 
March 41 39.S <a, 40 11s 
April 4'5 3,., <o.5' 40 1,S 
May 43 ''·' <o.s 40 15S 
June 4~ 39.; <o.s 40 115 
July 43 31.S <a> 40 15S 
Aug 43 3~.; <o.-$ 40 t5S 
Sept 43 3'}.f <as 40 1g5 
Oct 41 39.S <aS' 40 195 
Nov 43 :;~., <af 40 195 
Dec 43 39.5 (O.S' 40 1,S 

Table D.10 Completed sheet cin hydraulic power requirements, Achada Sao Filipe, Cape Verde. 
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WIND POWER RESOURCES 

· AcHA~~ S,tfO Fii.iP&. · sea level ........ m Location. '4i'J". 'f'itDi" ..... . J. ••• Height above 
....... t1 ................ 

Hub height .••.•• !-~ .......... m T · h as" errain roug ness ••••....•..... 

Combined correction factor for hub height and roughness.<'-•'-!! .. 

Average Average wind Density Specific 
potential wind speed at hub of air wind power 

Month speed at 10 m height (m/s) (kg/m 3 ) (W/m 2 ) 
(m/s) 

Jan '1.G 6.6 J.2 112 
Feb 8.3 ;.2 J.2 22.4 
March 8.2 1.1. J.2 21S 
April 1.8 o.8 L2 :tl1 
May 8.4 1.3 1.2 2~;J 

June 1.0 '·" 1.2 130 
July G., 4.8 1..2 GG 
Aug G.l 4.G 1.2 &8 
Sept S.4 4.1 t.2 02 
Oct G.1 S.8 1.1 111 
Nov 6.1 '·' 1.2 111 
Dec ;.; G.o 1.z 112. 

Table D.11 Completed sheet on wind power resources, Achada Sao Filipe, Cape Verde. 
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DESIGN MONTH 

Location: A~t/t14'~ .. ~M . . f{flt'!., .. ~~!'.£ .. Y!.A.t?f .................. 
Month Average Average Specific Reference Design 

hydraulic wind speed wind power ~rea month 
.12ower at Pvind Phydr/Pvind 
Phrdr hub height 
(W (m/s) (W/m 2) (m2) 

Jan 1.1S G.6 112. J.1 
Feb J,~5' 1.2. 224 0.9 
March 1,s 1.1 21.f 0.9 
April 11s i.I 181 1.0 
May 11s 1.:5 211 "·' < 
June 11s o.o 130 2.S 
July 1,5 4.8 66 64.0 
Aug J9) 4.6 GS 3.4 
Sept 19S 4.1 02 3.1 
Oct 1~; ;.s 111 1.1 
Nov 19) G.B 111 1.1 
Dec 1,S 6'.6 112 l.l 

Table 0.12 Completed sheet for identification of design month, Achada Sao Filipe, Cape Verde. 

, 51 



WIND PUMP SYSTEM SIZING 

LocationA~.-:fR"' . • ~'?..ft¥~~- .. . Height above sea level. •...•.. m 
. ~~£. . y~~pr_ .......... . 

Design month •• .f':l."1 Y . .......................................... . 
Design month water requirements 

Pumping rate ••••••••••••••• "'fl:=?. ....•....•....••..••.... m3 /day 

Pumping height •••••••••••• • ""fl:'?. ............................. m 

Hydraulic power . - 1gs requirement, Phy d r •••••••••••••••••••••••••• W 

Design month wind power resources 

Average wind speed •••••••••••••• -~~ •••••••••••••••••••••• m/s 

Air density (standard 1. 2) ••••••• ~·-~ •••••••••••••••••••• kg/m3 

S 'f' · d 2S3 2 peci ic win power Pvind································W/m 

Design month reference area Phydr1Pvind·····f:!·.B. ••••••••••••. m2 

Type of wind pump M Classical deepwell 

Step 

1. Tower 

2. Rotor 

3. Pump 

4. Storage tank 

s. Pipe work 

o Classical shallow well, balanced pump rod 
o Recent design, starting nozzle, balanced 

pump rod 

Calculations 

Height •••••••••••••• ~.;, •••••••••••••••••••••• m 

d t . ff. . t (;.'J.40 Ene:gy pro uc ion coe icie~ ~········~CJ····· 
Maximum overall power coefficient •• ~~ •••••••• 
Diameter •••••••••••• ~": ~. ~·:4:~ . .............. m 

Design wind speed •••••••••• ~ ••••••••••••••• m/s 
. t' d t' ,. Design ip spee ra 10 ••••••• ~················ 

. . t' o . .-Transmission ra io ••••••••••• J-
6 
.............. . 

Stroke volume .•.•..•••••• .Al P.• • •••••••••••••••• 1 
~"""' - ~:#1 Stroke •••••••••• r . ... -: ... >- • ·~ ••••••••••••••• mm . ,,~ .... - -~ ~ Diameter •••••••• ...-•••• --: ••••• • ••••••••••••••••• mm 

40 3 volume ••••••••••••••••• ·r· .................. m 
Height ••••••••••••••• ~~ ••••••••••••••••••••• m 

· t a": $"1' D1ame er •••••••••••••••••••••••••••••••••••• mm 
Total length •••••••• P.~ . ..................... m 

Table D.13 Completed sheet for wind pump system sizing, Achada Sao Filipe, Cape Verde. 
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WIND PUMP PERFORMANCE SPECIFICATION 

LocationA4''14.4'A.~~ f//r{P.~.Height above sea level ••••••.•••••. m 
• ~Af!if • • V<~.I?~ . .... 

1. Water source Type./.l/~F.~1:¥. .•••••••••.•........ 
Distance (for surface pumiing) ..•.. m 
Diameter (for wells) ••• ~ Q. ~ .... mm 
Water level (when pumping)·' !'F ... . m 

2. Delivery system Type .lf-11-Y.A/V.J#.O. .~t:.f.f~ . . rJr~'. ....... 
Length.4P. llf. ti!!-~ .. ~-~· .......... . m 
Pipe diameter ••• i~.~ . .f"'~ •...••••.. mm 
Efficiency .••.•. ~ ••••••...•••... % 

3. Storage system Type. /1.4S.~>f fl.J'.. 1'.Aftllf. • •••••••••••••• 
Volume •••••••• ~D. . •.•••.....•••... m3 

Height ••••••• ·''·· ••••••••••••••••• m 

4. Design month details Month •• fflY ......................... 
End use water requirement."':"" .•• m3 /day 
Pumped water requirement.4:3. .. ms:day 
Hydraulic power requirement.-1.:f •.. w 
Average wind speed at $ 
hub height .•••••••••• • 1-. ........ . m/s 

5. Wind regime and water requirement 

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

average wind 

°*' b.I ;:5 0,0 4.9 4.6 ~.1 ,,, £B 6.1 speed at hub 7.z 1.1 
height (m/s) 

pumped water 
<43 q.; ~3 <.45 <43 <43 <4J K4S ~43 (43 <43 (43 reT1irement 

(m per day) 

6. Windmill specification Tower height ••••.• ,,. ~~ .•••••...... m 
M h' t ~_s>,1~ HllL'1"1 ~L4"' ac 1ne ype . • :8. .... :f ~. . ..... . "-£. rotor diameter. J. •• ~ •• •. • •••••••• m 

stroke ••••••. ~~'.~.~I~ . ........ mm 
Pump type ••• M '?. '4!'.f 4-+ •••• 6'3;s . ... 

1 . d . .t%."' -cy 1nder 1ameter •••..• "': ••••..•• mm 

Table D.14 Completed sheet for wind pump performance specification, 
Achada Sao Filipe, Cape Verde. 
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UNIT WATER COST FOR A SMALL SCALE PUMPING SYSTEM 

System description ..S • C, ~ 
Location ........•• A~t'TA.t'!I . ... ~. F./.#~r_ I· . ~F:~ . . . ~J!-!'f. ....... . 
Design month. f!~ Y. •••• Design month ~ 

• • ~., 3 pumping requirement •••• "'T •••••••• m /day 

Design month hydraulic 9S' 
power requirement .•••••• ~ •.......•... w 

40 Total head ••••••.•••.. m 

Annual water requirement .. ~f~ .. m3 

Power source •• tt(/~~-~'!~f: ........ . S . ~.44 d' ize •••••..•. m iameter 

Storage tank size .•••• lif.t? ........ m3 

Economic information 
Real interest rate .• -1P.~ ... Interest rate .••.•..•••..•..••• 

Inflation rate ..•••.••••..•••••• 

Costs 

System component 1: Wllf~. r~rJP. ... 
Investment ••••• /. ~/. ~.C! · · · · · • · · · 
'ft• 2; Lie ime ................••. years 

Annuity ••••••• • t:?.J.. ~ ••••••••••••• 
Average annual capital cost .••.•••••••••••.••••• /.~~f'. ..... . 
Average annual cost of maintenance and repair ••• ~!-.~9. ..... . 

System component 2: )!/f J.~. ~-~f'. AT:'?IJAM 1'AN1' 

Investment .• /. .-l PJ.~ r.~ ......... . 
L .f t· ao 1 e ime .............•.•..•• years 

Annuity ..•.••..• ~· .1;~ ........... . 

Average annual capital cost ••••••••••••••.•••••••• • #.+,.'JP. .. 
1 t f •t d . A' Average annua cos o main enance an repair •.•.•••...•..... 

Annual cost of operation of the system ..•••.••••••• ~.4:7.C. ..... 
Total annual costs # 2100 
unit water costs US /u,.,,,/m7 GO 

Table 0.15 Completed sheet on water cost for a wind pump, Achada Sao Filipe, Cape Verde. 
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UNIT WATER COST FOR A SMALL SCALE PUMPING SYSTEM 

Design month ••• ~ .•••• Design month -*S 
. . t ... 3 d pumping requiremen •.•••.•••..•• m / ay 

40 Total head •••••.•••••• m Design mon~h hydraulic 82. 
power requirement •••••••••...••.•.... w 

Annual water requirement .• ~P.°''='~.m 3 

oi~ .$&J. fNt1lN£ Power source....................... Size •.••••.•• m diameter 

Storage tank size •••••••••••••••• m3 

Economic information 
Interest rate •••••.•••••••••••• Real interest rate. ~ %. ... 
Inflation rate •••••••••••••••••• 

Costs 

. Die SFL PUMP SFT System component 1 •••....•.•.••••• 

Investment ••••• I.;..'!~.'? ........ . 
'ft' 3 Lie ime .••..••.........•.. years 

Annuity .•••••••• ~~~ •••••••••• 

Average annual capital cost ••••••••.••••••••••••• ~ .. ~~~ .•.•• 

Average annual cost of maintenance and repair •••• #. J.~~- ..... 
system component 2: .~f.J.} .. ,,f!IP.. ~T~~Avf -rAltlK 

Investment ... #. !-.~~~ f.'! ......... . 
. f t' 50 Lie ime •.•................• years 

Annuity .••• ; ... '?!!!. ............ . 
Average annual capital cost •••••••••••••••••• • 1. ~'9'?~ ...... . 

1 t f 't d . ,,,..,,, Average annua cos o main enance an repair ••••.•.••.••.... 

Annual cost of operation of the system .•••••••• ~.~~,!/': ...... . 
Total annual costs I s210 
Unit water costs U5 $&.r'/m' 80 

Table D.16 Completed sheet on water cost of a diesel pump, Achada Sao Filipe, Cape Verde. 
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APPENDIX E: BLANK FORMAT SHEETS 

Contents 

Format sheet for assessment of hydraulic power requirements 

Format sheet for assessment of wind power resources 

Format sheet for identification of design month 

Format sheet for wind pump system sizing 

Format sheet for specification of wind pump performance 

Format sheet to calculate the unit water cost of a small scale 
pumping system 

Format sheet for determining Weibull parameters of wind speed 
distribution 
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HYDRAULIC POWER REQUIREMENTS 

Location . ...................................................... 

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

Month Pumping Pumping Head Total Average hydraulic 
ref!irement height loss head power requirement 
(m /day) (m) (m) (m) (W) 

Jan 

Feb 

March 

April 

May 

June 

July 

Aug 

Sept 

Oct 

Nov 

Dec 

Table 3.4 Format sheet for assessment of hydraulic power 
requirements 
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WIND POWER RESOURCES 

Location . ....................... Height above sea level ........ m . . . . . . . . . . . . . . . . . . . . . . . . 
Hub height . .................. m Terrain rough_ness . ............. 

Combined correction factor for hub height and roughness ........ 

Average Average wind Density Specific 
potential wind speed at hub of air wind power 

Month speed at 10 m height (m/s) (kg/m 3 ) (W/m 2 ) 

(m/s) 

Jan 

Feb 

March 

April 

May 

June 

July 

Aug 

Sept 

Oct 

Nov 
-

Dec -

Table 3.5 Format sheet for assessment of wind power resources 
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DESIGN MONTH 

Location: ....................................................... 

Month Average Average Specific Reference Design 
hydraulic wind speed wind power ~rea month 
12ower at Pwind Phydr/Pwind 
Ph}dr hub height 

(W/m 2) (m2) (W (m/s) 

Jan 

Feb 

March 

April 

May 

June 

July 

Aug 

Sept 

Oct 

Nov 

Dec 

Table 3.6 Format sheet for identification of design month 
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WIND PUMP SYSTEM SIZING 

Location ..•••••••.••••••.••••••• Height above sea level ..•..•.. m 

Design month . .....................•...........••.•............. 

Design month water requirements 

Pu.mping rate ........................................... m3/day 

Pumping height . ............................................. m 

Hydraulic power requirement, Phydr··························W 

Design month wind power resources 

Average wind speed . ..•.•.•••••.•••.•.•.••••.•••.•..•...... m/ s 

Air density (standard l.2) ••••••••.•••.•••••••••••••..•• kg/m3 

. f. . d I 2 Spec1 1c win power Pv 1 n d •••••••••••••.••••.••.•.••••.... W m 

- 2 Design month reference area Phydr/Pvind······················m 

Type of wind pump o Classical deepwell 

Step 

1. Tower 

2. Rotor 

o Classical shallow well, balanced pump rod 
o Recent design, starting nozzle, balanced 

pump rod 

Calculations 

Height . ...........••......••......•.•.•...... m 

Energy production coefficient •••.•••••••••.... 
Maximum overall power coefficient ..•....•.•... 
Diameter . .................................... m 

Design wind speed .......................... m/s 
Design tip speed ratio •..••••••••••.••.•...... 
Transmission ratio ........................... . 
Stroke volume . ............................... 1 
Stroke . ..................................... mm 
Diameter . ................................... mm 

4 . Storage tank Volume . ..................................... m 3 

5. Pipe work 

Height ....................................... m 

Diameter . ........•••••......••••..•..•...... mm 
Total length .........•......••••••••.•....... m 

Table 3.7 Format sheet for wind pump system sizing 
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WIND PUMP PERFORMANCE SPECIFICATION 

Location •.••.•.•••••••••••• Height above sea level ••••••.•.•..• m . . . . . . . . . . . . . . . . . . . 
1. Water source Type •••••••••••••••••••••••••••••••• 

Distance (for surf ace pumping) ..•.. m 
Diameter (for wells) •••••••••••••• mm 
Water level (when pumping) •........ m 

2. Delivery system Type ••••••••••••••••••••••.••.....•. 
Length ••••••••••••••••••••••••••••• m 
Pipe diameter ••••••••••••••••••••• mm 
Efficiency .•••••••••••..•••••...... % 

3. Storage system Type •••••••••••••••••••••••••••••••• 
Volume •••••••••••••••••••••••••••• m3 

Height ••••••••••••••••••••••••••••• m 

4. Design month details Month ••••••••••••••••••••••••••••••• 
End use water requirement .•••• m3/day 
Pumped water requirement ..•... m3/day 
Hydraulic power requirement ..•..... w 
Average wind speed at 
hub height ••••••••••••.•••••..•.• m/s 

5. Wind regime and water requirement 

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

average wind 
speed at hub 
height (m/s) 

pumped water 
reriirement --
(m per day) 

6. Windmill specification Tower height ••••••.•••••.••••...•. m 
Machine type ••••••••••••••••••••••• 
rotor diameter •••••••••••••..•... m 
stroke •••••••••••••••••••••••••• mm 

Pump type .......................... 
cylinder diameter ••••••••••••••• mm 

Table 3.8 Format sheet for specification of wind pump 
performance 
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UNIT WATER COST FOR A SMALL SCALE PUMPING SYSTEM 

System description 
Location . ..................................................... . 

Design month .•••••.••• Design month 
pumping requirement ••••••••••.•. m3/day 

Total head •.•••••.•••• m Design month hydraulic 
power requirement ..••.•.•.•.......... w 

Annual water requirement •.••.•••• m3 

Power source ...................... . Size ••••.•.•• m diameter 

Storage tank size .•...••..•...••. m3 

Economic information 
Interest rate ••••••••••••••.••• Real interest rate .••••..... 

Inflation rate ..•••••.•••••••••• 

Costs 

System component 1: ••••.•••••••••. 

Investment . .................... . 

Lifetime ................... years 

Annuity . ....................... . 

Average annual capital cost •••••••••••.•••••••.•••..••......• 

Average annual cost of maintenance and repair .•••••••.•....•• 
-

System component 2:.~·············· 

Investment . ..................... . 

Lifetime .................... years 

Annuity . ........................ . 

Average annual capital cost . ................................ . 

Average annual cost of maintenance and repair •........••..... 

Annual cost of operation of the system .........•.••••.......... 

Total annual costs 

Unit water costs 

Table 4.1 Format sheet to calculate the unit water cost of a 
small scale pumping system 
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Format sheet for determining Weibull parameters of wind speed distribution 
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APPENDIX F: EXAMPLE TENDER DOCUMENTS FOR THE PROCUREMENT OF 
WIND PUMPS 

The tender document presented here, was developed by the Global 
Solar Pumping Project of the World Bank and UNDP, carried out by 
IT Power and Halcrow and partners and published in the solar 
pumping handbook (reference 1). With some minor modifications it 
proved to be very suitable for wind pumps. 

A more elaborate procedure for organizing a call for tenders has 
been established by the FIDIC, International Federation of 
Consulting Engineers, reference 16a. It is especially aimed at 
large civil engineering projects. It is not very suitable for the 
procurement of wind pumps. It may be a useful guideline when 
subcontracting projects for implementation of large numbers of 
wind pumps. 

Contents 

1. Instructions to tenderer 

2. System specification 

3. Questionnaire for tenderers 

4. Price and delivery 

Notes for purchaser 

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

- Section 
- Section 
- Section 

- Section 

- Section 

1.1 
2.1 
2.2 

2.3 

2.6 

Complete dates for tender procedure. 
Specify application and location of system. 
Specify maximum sizes for containers in the 
shipment. 
Insert environmental conditions for 
application. 
Details of the site and application to be 
provided. Table 1 should specify the month by 
month water requirement, and Figure 1 should 
indicate the layout of the proposed site for 
the system. 

- Section 2.9 Specify the language in which installation 
instructions are to be submitted. 
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1. INSTRUCTIONS TO TENDERERS 

1.1 Tender procedure 

Tenders are required for a wind pump system as described in the 
specification. The schedule for the purchase of system is as 
follows: 

Tender forms issued by •••••• (day) •••.....••• (month) .•.. (year) 

Completed tenders to be 
returned by •••••• (day) ••.•.•..••• (month) ...• (year) 

Tenders awarded by •.•••• (day) ••.•••••••• (month) .... (year) 

Systems to be delivered by . ......•..•.........••................. 

The original tender shall be in the ••••••.••••••••• language and 
shall be filled out in ink or typewritten and will be made a part 
of the awarded contract. 

1.2 Adjudication process 

Tenders will be primarily considered for: 

- Performance 
- Durability 
- Cost effectiveness 

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

2. SPECIFICATION 

2.1 Scope 

This specification is for the design, manufacture, supply and 
delivery of a complete self-contained wind pump system suitable 
f . . t. */ t 1 * . or irriga ion wa er supp y use in •••••..•••••••••.•..•..••.... 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
c* delete as appropriate) 

The system to be supplied shall include: 

- Windmill: head, rotor, transmission, vane, safety system 
- Tower 
- Well top and related parts such as pump rod sealing, 

air chamber(s), check valves 
- Pump with pump rods and connection parts 
- Pipework (inside/outside well) 
- All fixings and auxiliaries necessary for complete 

construction and commissioning 
- Tools needed for assembly and maintenance 
- Spare parts 
- Documentation 
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The clauses which follow outline the design parameters and other 
requirements to be observed for the fulfilment of the contract. 

2.2 Design 

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

The system shall be designed for assembly, operation and 
servicing by unskilled personnel under the guidance of a trained 
technician. The requirement for special tools or instruments to 
install and maintain the system shall be minimised and all 
special tools needed for installation shall be supplied with the 
system except for the hoisting tools, for which the 
specifications must be clearly indicated. Foundations or other 
preparatory work shall be as simple as practicable, and will be 
clearly specified by the tenderer. 

The system shall be designed for assembly from units which can be 
packed in containers small enough to be easily handled and 
transported. The maximum permitted dimensions for any one unit 
"-l:"E!,: ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 

The system shall be designed to operate for a long lifetime with 
minimum deterioration of performance. The design life of the 
whole system shall be at least ten years with a minimal need for 
replacement of moving parts and wearing components such as cup 
leathers and pump rod sealings. Routine maintenance shall be 
minimised and maintenance work necessary shall be as simple as 
possible, requiring only a few basic tools for its execution. 

2.3 Environmental conditions 

The system shall be resistant to the following environmental 
conditions: 

- Wind speeds up to •••..• m/s (e.g. 40 or 50 m/s) 
- Typhoon or hurricane winds up to •••... m/s 
- Sand storms 
- Salty atmosphere 
- Water containing particles up to .....• mm (e.g. 0.3 mm) 
- Water containing dissolved solids up to .....• mg/l 

(e.g. 500 mg/l) 
Main type of dissolved solids: •••...•.••••• (e.g. NaCl) 

- Overnight freezing temperatures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
The contractor shall state the limits of environmental conditions 
under which the system is designed to operate. 
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2.4 Materials and workmanship 

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

2.5 Standards 

The design and construction shall comply with current standards 
for mechanical constructions. Any performance tests shall comply 
with the IEA recommendations for wind turbine testing. 

2.6. Performance requirement 

2.6.1 Location 

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

- Name of nearest village/town 
- Country 
- Latitude 
- Longitude 
- Water source (river/canal/open well/borehole) 
- Height of location above sea level 

2.6.2 Required performance 

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

2.6.3 Installation details 

A sketch of the site is shown in figure 1. The total static head 
at the site is detailed in table 1 and includes ..•..••. metres 
head for discharge above ground level (see figure 1). 
The well/borehole details are (when applicable): 

- diameter .•...... m 
- lining/casing depth ..•••... m 
- drawdown ...••.•. mat •••••••. l/sec 
- location of intake filter 

Alternatively, if installation details are not yet known, the 
tenderer may indicate recommended pumps for different pumping 
heights and different wind regimes. 
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2.7 Spare parts 

The contractor shall supply with the system sufficient consumable 
items such as cup leathers, and pump rod sealing material, which 
may need replacement to last for 10,000 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. 

2.8 Packing for shipment 

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

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

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

2.9 Documentation 

Prior to shipment of the equipment, the contractor shall submit 
to the purchaser the following documents: (Copies should also be 
shipped with system.) 

- A list of components and assemblies to be shipped including 
all spare parts and tools. 

- The size, weight and packing list for each package in the 
shipment. 

- Specifications for the foundation. 
- Assembly instructions. 
- Operating. instructions. 
- Instructions for all maintenance operations and the 

schedule for any routine maintenance requirements. 
- Sufficient descriptions of spare parts and components to 

permit identification for ordering replacements. 
- Revised drawings of the equipment as built if different 

from the approved proposals. 

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

2.10 Tools 

The contractor shall provide with the pumping system two sets of 
any special tools and other equipment that are required for 
operating, maintaining and repairing the equipment. Clear 
specifications will be provided for hoisting equipment, such as 
gin pole, winches. 
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2.11 Technical support after shipment 

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

2.12 Insurance 

The contractor shall arrange for the equipment to be 
comprehensively insured for its full value from the time it 
leaves his premises until clearance from customs at the point of 
entry into the country of installation/until arrival at the site 
of installation. 

2.13 Warranty* 
The contractor shall specify the period of the warranty together 
with a list of items covered under the warranty. 

2.14 Service by others 

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

- Clearance of the equipment through customs. 
- Transport to a location specified by the purchaser, 

(including insurance). 
- Storage prior to erection if necessary. 
- Construction of foundations. 
- Erection and setting to work of the equipment. 
- Operation of th~ equipment. 
- Routine maintenance (as distinct from any repairs or 

maintenance required under the terms of the warranty).* 

Note: A fully effective warranty will probably only be given, if 
the system has been completely installed and commissioned 
by the contractor. Otherwise it will be difficult to 
distinguish whether a breakdown was caused by the equipment 
or its installation. 
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3. QUESTIONNAIRE FOR TENDERERS 

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

3.1. General information 

3.1.1 Name of tenderer 

Individual contact . ............................................. . 

3 .1. 2 Address ................................................... . 
. . . . . . . . . . . . . . . . . . . . . . . . . Tel . .............. Telex . ......... . 

3.1.3 Legal status (e.g. limited company) ••••••••••••••••••...... 

3.1.4 Country in which registered •••••••••.••••.••••••••.•....... 

3.1.5 Total number of employees .•••••..••...••.••.••..•••.•••.... 

3.2. Associated or subsidiary companies 

3.2.1 Briefly describe relationship with associated or 
subsidiary companies. 

3.2.2 Overseas manufacturing/assembly subsidiaries (location and 
scope). 

3.2.3 Licensees overseas for products (location, products). 

3.3. Experience of tenderer 

3.3.1 Number of years-of experience with wind pump systems. 

3.3.2 Products developed. 

Experience with water pumping windmill systems: 

3. 3. 3 Number of years involved . ................................. . 

3.3.4 Number of systems installed worldwide .•..•................. 

3.3.5 Number of systems installed in developing countries ....... . 

3.3.6 Number of systems now operational ....•..••••••...••........ 

3.3.7 Special feature(s) of systems developed ..•••••............. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
3.3.8 List of attached literature on systems currently available. 
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3.4. Source of supply 

3.4.1 Items manufactured by contractor 

3.4.2 Items bought in from suppliers 

3.5 Maintenance requirements (detail and frequency) 

- Machine, windmill head 
- Yawing and safety system 
- Transmission 
- Pump 
- Pipework and ancillaries 

3.6 Spare parts and tools 

Tenderer to list all spare parts supplied as required to last for 
10 years of operation. 

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

3.7 After sales service 

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

4. PRICE AND DELIVERY 

Terms of payment: 

Item Description 

1. Wind pump system, including 
packing ready for despatch. 

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

3. Other 

Total contract price 

4. Spare parts 

- cup leathers 
- pump rod sealing 
- pump rods and couplings 
- bearings 
- springs 
- others 
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Delivery of complete pumping system to be ••..•••..• weeks from 
receipt of order. 

ANNEXES 

TABLE 1 

FIGURE 1 

For format, see table 3.8. 

For examples of typical layouts, 
see figure F.1 

~ - - - - - -..j 
I 
I 

-~ 

I 

Figure F .1 Examples of lay-out of wind pumping systems. 
Indicate distances and heights for tender document. 
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APPENDIX G: GLOSSARY, AND LIST OF SYMBO~ AND 
CONVERSION OF UNITS 

Average annual capital cost. Fixed annual amount to be paid to 
make a certain amount of capital available. 

Annuity factor. Multiplication of the cost of investment by this 
factor yields the average annual capital cost. 

Annual recurrent costs. Costs which occur every year in more or 
less the same way, related to operation and maintenance. 

Availability 
output availability. Percentage of time during which 
sufficient wind is available to operate a wind pump at more 
than 10% of its average output. 

Technical availability. Percentage of time that the wind pump 
is fully operational, and ready to pump water if sufficient 
wind is available. 

Back geared wind pump. Wind pump having a gear box to reduce the 
rpm of the pump. 

Balanced. A wind pump with a balanced pump rod is equipped with 
some kind of counterweight (on a lever, or on the spokes of the 
rotor) to counterbalance the weight of the pump rod, and 
sometimes (part of) the weight of the water column. 

Darrieus rotor. Type of a vertical axis wind machine with two or 
three aerofoil shaped blades, looking like an "eggbeater". 

Deep well turbine pump. Multistage centrifugal pump, to be 
installed in a tubewell and to be driven by a long rotating 
shaft, guided inside the delivery pipe. 

-
De-rating factor. Ratio of mechanical power demanded by a pump 
and the rated mechanical power of the engine, used to drive the 
pump. 

Design month. The "worst" month, i.e. the month with the highest 
ratio of power demand (for pumping) to power resources (such as 
wind and solar). A pumping system must be designed for this 
month. 

Design tip speed ratio. Tip speed ratio at which a wind rotor 
delivers its maximum power. 

Design wind speed of a wind pump. Wind speed at which the wind 
pump has the highest overall power coefficient. 

Drawdown. Lowering of the water table inside a well due to 
pumping. 

Dynamic head. Total pumping head, including static head, drawdown 
and pressure loss in pipes. 
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Dynamic level. Water level in a well below ground level when 
pumping, i.e the sum of static level and drawdown. 

Efficiencies 
Field application efficiency. Ratio of useful water taken up 
by the crop to water delivered to the field. 

Mechanical efficiency of a wind pump. Energetic efficiency of 
the transmission and pump, i.e. the ratio of hydraulic power 
output and mechanical power delivered by the wind rotor. 

Subsystem daily energy efficiency of a solar pump. Ratio of 
hydraulic energy output over a day to electrical energy 
output of a PV array. 

Volumetric efficiency of a piston pump. Ratio of water 
delivered per stroke to volume displaced by the piston. 

Water conveyance efficiency. Ratio of water delivered to the 
field to water provided at the outlet of the pump or storage 
tank (if installed). 

Energy production coefficient of a wind pump. Coefficient used in 
calculating the average output of a wind pump. It reflects the 
matching of a wind machine and pump in relation to the wind 
regime. 

Evapotranspiration. Loss of water through the leaves of a crop 
which leads to the water requirements for the crop. 

Field capacity. The maximum amount of water held in the soil that 
is useful to the crop. 

Headless. Pressure drop over pipes (transporting water) due to 
friction. 

Hydraulic power. Power needed to pump water. 

Matching of a wind •achine and pump. Choosing the size of the 
pump in relation to the size of the wind machine in such a way 
that a good compromise is obtained between the conflicting 
demands of high output and high output availability. 

output of a wind pump. Amount of water pumped. 

overall power coefficient. Coefficient indicating the 
instantaneous effectiviness of a wind pump in coverting wind 
power into hydraulic power. 

Peak watts (Wp). The output of a PV module or array under 
reference conditions, a.o. a solar irradiation of 1000 W/m 2 • 

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

Potential wind speed. Wind speed which would be observed in 
completely flat and open terrain. 
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Power coefficient of a wind rotor. Coefficient indicating the 
instantaneous effectiviness of a wind rotor in converting wind 
power into mechanical shaft power. 

Prime mover. The power source for a pumping system. 

Pumping head. Pressure difference to be overcome by a pump, 
expressed in units of equivalent height. 

Pumping height. Vertical geometric distance over which a pump has 
to lift water. 

PV or solar cell. A semi conductor device which can convert solar 
radiation directly into electricity. 

Quality factor, or output quality factor. Factor relating average 
hydraulic power output of a wind pump to its rotor size and the 
average wind speed. It summarizes the effects of overall power 
coefficient and energy production coefficient. 

Roughness or terrain roughness. Parameter related to the type of 
terrain and used to calculate the retardation of wind flow above 
the terrain. 

Rural water supply. Includes water supply for drinking, washing, 
cooking, in general domestic use, and for livestock. 

Savonius rotor. Type of a vertical axis wind machine having two 
or three blades in the shape of "half oil drums". 

Safety system of a wind pump. System to protect the machine in 
storms. For mechanical wind pumps it is usually combined with the 
system to direct the machine into the wind at lower wind speeds. 

Solar irradiation. Power received per unit area from the sun. 

Starting nozzle. Small hole in the piston of a piston pump, 
facilitating starting of a wind pump in light winds. 

Start wind speed. Wind speed at which a wind pump just starts 
running in a gradually increasing wind. 

Static head. The vertical height over which water must be pumped. 

Stop wind speed. Wind speed at which a wind pump just stops 
running in a gradually decreasing wind. 

Stroke volume. Geometric volume displaced by the piston of a 
piston pump in each stroke. 

Submersible pump. Assembly of centrifugal pump (mostly 
multistage) and electric motor together installed under water. 

Tip speed ratio of a wind rotor. Ratio of the speed of the tip of 
the blade of a wind rotor to the wind speed. 
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Transmission of a wind pump. Complete system, transmitting the 
shaft power of the wind rotor to the pump. Including shafts, gear 
box, excentric, pump rods, pump rod guides. 

WEPS Wind electric pumping system. stand alone wind electric 
generator, driving an electric pump. 

Wind machine. Prime mover driven by wind power. It may be used to 
drive any kind of load: pump, electric generator, etc. 

Windmill. General term, meaning wind machine, wind electric 
generator, wind pump, etc. 

Wind pump. Water pumping device driven by wind power. The most 
common type is the classical wind pump in which a piston pump is 
driven through a mechanical transmission. The term is general, 
and is also used to indicate wind electric pumping systems, 
systems with pneumatic or hydraulic transmission, etc. 
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List of symbols 

A Rotor area 
A = 71/4 D2 

Energy production coefficient 

Power coefficient 

p 
c, = -----

1 I 2 P A v3 

Overall power coefficient 

Phydr c,,, = -----
1 I 2 P A v3 

Torque coefficient 

Q 
Ca = ------

1 / 2 p A v 2 R 

D Rotor diameter 

Dp Pump diameter 

E Energy 

g Acceleration of gravity 
g = 9.8 

H Height 

i Transmission ratio 
i < 1 for back geared wind pumps 

P Power 

p 

q 

Q 

R 

Hydraulic power 
P = Pw g q H with Pw = 1000 kg/m 3 

Specific wind power 
P = i I 2 P v3 

Flow rate, pumping rate 

Torque 
Volume of water 

Radius of rotor (= 1/ 2 D) 
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(-) 

(-) 

(-) 

(-) 

(m) 

(m) 

(J) or (kWh) 

(m/s 2 ) 

(m) 

(-) 

(W) 

(W) 

(W/m 2 ) 

(l/s) or (m 3 /s) 

(Nm) 
(m3) 

(m) 



s Stroke 

T Time duration 

v Wind speed 

Design wind speed 

Vstart Start wind speed 

Vstop Stop wind speed 

z 0 Roughness height 

B Output quality factor 

"lm e ch 

,, v 0 l 

V's 

Efficiency 

Mechanical efficiency 

Volumetric efficiency 

Stroke volume 
V's = Tr/4 Dp2 s 

Tip speed ratio 

Design tip speed ratio 

Tr 3.14 

p 

Pw 

.n 

Density of air
Common value: p = 1.2 

Density of water 
Pw = 1000 kg/m 3 = 1 kg/l 

Angular velocity 
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(m) 

(s) 

(m/s) 

(m/s) 

(m/s) 

(m/s) 

(m) 

(-) 

(-) 

(-) 

(-) 

(1) 

(-) 

(-) 

(kg/m 3 ) 

(rad/s) 



I 
I 

CONVERSION OF UNITS 

Power 

w 

w 1 

1 kwh/day 41. 67 

1 MJ/day 11.57 

1 m4/day 0.1134 

Pumping rate 

l/s 

l/s 1 

m3/hr 0.2778 

m3/day 0.01157 

Wind speed 

m/s 

1 m/s 1.000 

1 km/hr 0.278 

1 mph 0.447 

1 knot 0.514 

kwh/day MJ/day m4/day 

0.024 0.0864 8.816 

1 3.6 367.3 

0.2778 1 102.04 

0.002722 0.0098 1 

m3/hr m3/day 

3.6 86.4 

1 24 

0.4167 1 

km/hr mph knots 

3.600 2.237 1. 944 

1. 000 0.622 0.540 

1. 609 1. 000 0.869 

1. 852 1.151 1. 000 
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