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enable the reader to assess the feasibility of the various types

Irrigation Water Pumping Technologies

The following material describes a range of technologies for
the pumping of water for irrigation. The technologies have been
¢lassified into three general catégories: human powered, animal
povwered, and other energy source driven pumps, such as solar or wind.
This material is by no means intended to be a comprehensive study

of a1l such technoleogies but hopefully what is presented here will
of pumps for a particular situation. A comparison of the technologies
is érovided in Table I.

Human powered pumps are, in general, the simplest to fabricate.

Many of the designs presented here can be manufactured using

I

materials found in mogt locations. The.simple construction, however,
results in a relatively short lifetime for this class of water lifter.
The pumping capacity is limited by the low level of power input
and, as a result, such pumps must be operated in shifts. By uti-~
lizing leg power, however, a somewhat more substantial amount of
power can be generated by a human Eeing. A few of the technologies
described do lend themselves to the use of leg power and thus can
maximize human préduction of power. Reference 5 briefly discusses
this principle.

The other major drawback of these water 1lifing devices, in
particular the force pumps, is that many require that the puﬁp be
located directly overhead of the water source. In many circumstances

this is not practical.
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The only animal-powered technology presented here is the
Persian wheel. It can be constructed from locally available
materials and has a fairly long lifetime. However, it also must

be in part located directly overhead of the water source.

A few of the human powered pumps can, with a little ingenuity,
! be modified to utilize animal power.
The pumps powered by oéher sources of energy, namely solar, ’
wind, and biogas, consist of a separate pumping unit connected to
a power generating device. The pumping units are fairly sophisti-
cated and cannot be manufactured in most locations. This class of
water lifting device is characterized by a long lifetime and low
level of maintenance. The exception to/this is the biogas digester
which requires regular maintenance. ) :
All three of these technologies require a high initial cost
2 which may put them beyond the range of affordable by small landowners.
In addition, other preliminary data is reqguired to determine the

feasibility and the particular type of system best suited for a

- particular location.
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Outline of Material

1. Manual Pumping of Water for Small-Scale Irrigation, International

Reference Center for Community Water Supply and Sanitation

Contents:
- a brief description of handpump technology and various types of
handpumps for small scale irrigation.

- pump designs included are:

a} suction pump (general)

b} lift pump (general) -~

¢c) rower pump )

d) linked reciprocating piston pump
e) pendulum pump

f) diaphragm pump

g) bellow pump

h) chain pump

1) bucket pump .

j) semi-rotary pump

~

2. Diaphragm Pump, Roegel, RG. Technical Bulletin No. 51016-BK
VITA Publication Service, 3706 Rhode Island Avenue,
Mt. Ranier, MD 20822 -

Contents:

- a detailed description of the construction of a diaphragm pump
from locally available materials and some words on its appli-
cations.

3. ©Smald Scale Irrigation, Stern, P. Intermediate Technology
Publications Ltd., International Irrigation Information Center,
London, 1879, pp. 115-125.

Contents:
- descripticn of manual water 1ifting principles
- pump designs included are:

a) beam and bucket

b) Archimedean screw

¢) simple hand pump

d) chain and bucket pump

e) Persian wheel {animal driven)
f) water wheel
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OUTLINE OF MATERIAL -2~

4. Village Technology Handbook, VITA Publication Service
(see reference 2 above), pp. 92-96. :

Contents:

~ §Specifications of construction of a chain pump for irrigation

5. Energy for Rural Development - Supplement, Advisory Committee
on Technoclogy Innovation, Board on Science and Technology for
International Development, Commission on International
Relations, National Research Council, Washington, 1981, pp.
12-14, 133, 138-141,

Contents:

- description of solar powered irrigation system in Mali

- fundamentals of pedal power and applications to pumping

6. A Hand Pump for Rural Areas of Developing Countries, PU Report
No. RES9, International Rank for Reconstruction and Development,
International Develcopment Assn.; Energy, Water and Tele-
communications Dept., October 1976, Annex I, pp. 1-7.

Contents:

- description of pendulum pump with information on cost

7. Water Pumping in Developing Countries, prepared by: Systems
Consultants Inc., 2828 Pennsylvania Ave., Suite 300,
Washington, DC.; for: Solar Energy Research Institute,
International Division, 1617 Cole Blvd., Golden, Colorado,
October 1980, pp. 9-60, 70-78.

Contents:
- power requirements for pumping
- description ¢of technologies for pumping including:
a) diesel-powered pumps
b} human, animal powered pumps
c) solar powered pumps
d) wind powered pumps
e} bicgas powered pumps

~ comparison of above technologies.
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8. Photovoltaic Power in Less-Developed Countries, Smith, DV,
Massachusetts Institute of Technology, Lincoln Laboratory,
Lexington, Mass.; prepared for: US Energy Research and
Development Administration under contract no. EY-76-C-02-4094,
March 1%77, pp. xi-xiii, 1-9, 17-47.

Contents:

- case studies of solar powered irrigation projects in Chad,
Bangladesh and India

g. Roman and Islamic Waterlifting Wheels by Thorkild Schioler,
Odense University Press, Denmark, 13973, pp. 8-41.

Contents:

- description of various types of animal powered water lifting
devices used in the Mediterranean world.
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ANUAT PUMPING O WATER :
CONTENTS

s 1. INTRODUCTION
2. HANDPUMPS FOR SMALL-~SCALE IRRIGRTION
3. HEANDPUMP TECHNOLOGY

3.1 Bydrauvlics
3.2 Force Reguiremsnts ‘.
3.3 Energy (Work) aAnalysis
4. TYPES OF BANDPUMPS
{Those having potential for small-scale irrication)
4.1 Reciprocating Pumos )
P
(Banéle~lever Pump; Rower Pump; Linked-drive Puumd;
Diap%ragm Pump; Bellow Pump)
4.2 Rotary (positive displacement) Pumps
£ . {Chain Pump; Bucket Pump; Semi-Rotary Pumb:
Helical Rotor Pump).
5. NON~TECHNICAL ASPECTS
5.1 General

5.2 Organisation

5.3 Maintenance
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1 INTRODUCTION

B

Water pumping technology has developed in parallel with the sources of
power available, and it provides & rich specirun of technigues ang
devices.

. .
Por smzall communities, particularly in rural areas, the most readily f
available source of power often is human z2nd animal powexr. Undsrx
suitable conditons, wind vower is of relevance and sclar power can

5 have potential. Diesel engines and electric motors are only to be

used, if the necessary fuel or electricity supplies are svailable

and secured, together with adsguate mz=intenance and spare parts.

. . =
2 menual pumping dzvice {thereafter referred +o as a "handpump" )
is any simple pumping eguipment operated with human power. Where the

condrtions are suitable, man-powered handoumps may be a valid propos-

ition for small-scale irrigation. Farmers and their families are some-

*

e
times the only source of power available. Manual pumping of water for

N ———— g

irrigation need not be so ineffective as might appezr at first sight.

Relatively smzll amounts of water pumped over a few weeks can save a

Mg g mp e

crop or doudle the yield of a small farmers' land. In Bangladesh,

for instance, handpumps ('MOSTI' - pumps) are widely used for irrigat-

“Ez)

: ing land to achieve an extra crop.

Using human power for pumping water has features that are important

for small farmers irrigating their land:

- The powsr requirements can be met by the farmers and their families
whether in a rural village or farm settlement. The use of a
renewable energy resource like human power is very advantageous
in view of the sharp rise of fuel costs and the limitations and
costs of electric power supplies in rural areas. In these areas,

lgbour typically is in surplus;

This includes devices operated by foot. The term ‘handpump’' is
- . used because they are the post common human-powered pumping device.
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The capital and operating costs of handpumps are generally low;
- When a group of families or an individual farmer own and operzate
their own handpump, they are independent of remote au thorities,
adninistrative delay, fuel delivery problems, and the common

problens associated with large irrication schemes generally.

Tragditional water lifting devices for irrigation purposes usually
take water from rivers, streams, canals or other surface water souvrces.
HOwever, in the dry =season these sources may run dry for prolonged

periods of time.

Hanéoumes can be used to &raw water from open wells or tubewells, if
ground water resources are suliicient and at shallow depth. The
utilisation of ground water in many instances has great advantages.
Withdrawal of water from underground water-bearing strata, can usually
continue leng after drought conditions have depleted surface water

sources.

Deep tubewells have little application for sm“llhscale irrigaticn
purposes. Such tubewells can sometimes provide large guantities of
water (2 cubic feet/second or more; sufficient to irrigate 30 - 40
acres of land) but this reguires high-capacity pumps, e.g. vertical
turbine pumos driven by diesel engines or electric motors. Such hign-
capacity wells must be_éhared by a number of farmers, and the common

problems of the use of motorized deepwell pumps for irrigation are:

- They are capital intensive;
- Schemes take a long time to organize. Social and pelitical problems
are encountered in siting the wells;

- Maintenance and fuel supply are Gifficult to arrange.

By their simplicity, handpumos will be most attractive to the small

farmers who do not currently have access to a reliable means of irrigation.

a«:ﬂ:‘a‘
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The acceptance and use of handpumps by small farmers depends on many factors,

including demonstration of successful vse, and the initial costs.
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Obviously, the small farmers wouldé prefer to have 2 motor-powered pum
to do the werk for them, but until such pumps can be zfforded, the
peoble can ensure their land's yield and increase their wealth by hard

labour.

One interesting feature of handpump irrigation is that the whole
£anmily shares the burden of labour. Men, children and women, teke

a turn at pumping,

Under the pressure of rising food costs and severe unemployment, it

is important to bring out the potential of manuval pumping for irrigation
purposes. Ingenious mechaniczl design, coupled with the use of now
materizls where appropriate, should result in suiteble pumping units.
Whilst the technology of manval pumdping is important, the successiul
design and use of these devices depends to & large extent on non-
technical factors. The involvement of the users in meintaining their
vumping units, and the possibilities of manufacturing the pumps locally
are examples. The implications of CDmmuni%y water.§u9ply and small~
scale irrigation in connection with overall irxrigation development are
of great importance, In fact, they combine ané are hoth essential
elements in the overall process of improving the guality of life of

the wvast rural populations.

EANDPUMPS FOR SMATI~SCALE IRRIGATION

[y

There are numerous water lifting devices which cen be used for small-
scale irrigation. The Archimedes screw; rope and bucket devices such
28 the mohte, charsa, ramicko, daly, délu, and mota; counterpoise

lifts known wvariously as the shadouf, shaduf, shadeof. chadoui, khetara,
kerkaz, kheeraz, guenina, cigonal, bascule, dhenkali, dhenkli, dhingli,
picottah, lat, picotas, guimbalete, swape, sweep, €t 2l.; the hinged
channel or gutter, doon, baldeo balti, and jantu; padéle wheels; water

ladders; and the various chain pumps and wheel pumps,.

b
E
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These are widely used for low-1lift irrigation pumping. Many are animal

povered. In this chapter only handpumps are considered.

The use of handpumps Zor small-scale irrigation purposes in fact

represents a recent development of traditional irrigztion technigues.

-~

The.handpu:ps used are similar to those used in community water supplies,
with such adaptaticns as appropriate.2 For instance, in Bangladesh the
MOSTI (manually-overated shallow tubewell and pump for irrigation) was
evolved on the basis of the New No, & pump used by the Department of
Ppblic Bealth Engineering ané UNICEF in drinking water supplies. The
MOSTI is a standard package consisting of the pump, two 20 foot (6 metres)
sections of lhk~inch (40 mm}) galvanized steel pipe, and a brass wrapped
stegl screen & feet long. It can be used where the ground water table

is not more than 6~7 metres below ground level, This is the case foxr

a2 large part of Bangladesh. The output of about 30 litres/minute is
suitable for irricating small plots of about 0.25 hectare. Such smpall
fragmenteé lané heclidings are common in Banglaﬁesh.

Through irrigation in the dxv season, an extraz crop can be achieved.

The valve of the crop depends on market conditions, but should easily
gress two times or more the totzl cost of the MOSTI pump package. 1t

is therefore not surprising that nuwerous swmall farmers have spontane-
ously adopted this method of small-scale irrigation using handpumps.

The rapid extension of the use of the MOSTI has been spectacular.x *
Manual pumping of water for irrigation purposes can only be effective
if there is a balance between the amount of energy expended and the
amount of water required for growing the selected crop. For some

crops, particularly rice, the water requirements are substantial.

% e.g. wooden attachments are sometimes fitted to enable operation
by foot. Similarly, a wooden cart-wheel mechanism has been used
to increase the pumping speed, and thus the discharge capacity of
the pump.

* In 1972, there were 2000 MOSTI's in Bangladesh. By mid-1876 the
number had increased to 40 000, and by the end of 1979 to 60 000.
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For manual pumping of irrigation water to be worthwhile any wastage
of energy mst be minimal. If much energy is spent in overcoming
friction, or lost altogsther when lifted water is zllows=d to slip
back down the well, then such pumping of water is clearly unsatis-
factory. It is in this respect that most of the currently available
handpumps are unsuitable. They were designed brimarily for drinking
water supplies, and conservation of the human enercy input never was

&n important considerztion.

However, when properly designed, man-powereé handpumps can be suitable
for small-scale irrigation. They axe uwsually chzap to make, and are
small and easily transported. Moreover, in many varts of the worls,

farmers and thelr families are the only source of power readily available.

For large-scale irrigation the quantities of water recuired will rule

out manval pumping. Other sources of power will have to be used.

Al rd

TECENOLOGY OF HANDPUMPS FOR IRRIGATION PURPCOSES

GENERAL

The power available from the humen muscle depends on the individual,
the environment, and‘the duration of thé task. The power available
for work of long duration, for example 8 hours per day, by 2 healthy
man if often estimated at 60 to 75 watts {(0.08 to ©.l0 horsepower).
This value Mmust be reduced for women, children and the aged. It also
pust be reduced for high temperature, or work environments with high
humidity. Wherd the pump user and the pump are poorly matched - for
example, pumbing from a stooped Eosition - much of the power input

is wasted.

To maximize mechanical advantage and conservation of energy expended

in pumping 2 simply supported pendulum or similar device is advantageous.
Fly wheel ané bicycle-pedal type of drive can also serve for these
purposes. The most effective use of manpower for pumping work of

long duration (several hours per day) is through the legs, not

P
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through the arms. Leg muscles are stronger than the muscles in

the upper part of the body. A healthy man should be able to develop
coxfortably about 75 watts (0.10 Hor;epower) over long peripds, by
pedalling, Many low-lift pumping devices employed for small-scale

irrigaticn, use leg power.

Wnen used for irrigaticon, handpumbps are operated very intensively.
At 20 strokes (or cycles) per minute, and operated for 10 hours/day,
they will do 12,000 cycles/day. For a 100 days irrigation season
that means 1.2 million cycles! Very few handpumps will readily
stand up to such heavy usage. If the guality of manufacture is

poor, rapid wear of the pump is to be expected.

Bowever, in princivle, if the smoothness of the cvlinder wzll, the
finish of the plunger cups, the guality of the linkages of pump
rod to handle and pump rod to pluncer assembly, would be of the
same high standard as in a motorcar engine, then a handpump could

~

last for more than 100 years.

Although many manual puomping devices exist, the first type to be
considered for small-scale irrigation would be the recip-rocating
plunger pump.

This tyée of pump has an ancient history. A study of literature
reveals that a certain Ctesibius invented, around 275 B.C., 2
reciprocating pusp. In 17th-century England, reciprocating

pumos madge of wood or lead and with tﬁe plunger packéd with leather
were in common use. It was not until abodt the middle of the 19th
century that improved means of transport made 1t economiczl to
manufacture cast irom, and machined metal handpumps for distribution

-

over a wide area.

In the late 19th and early 20th centuries, a very large number of
8ifferent handpump models were produced. BAbout 3000 manufacturers
produced¢ handpumps in the U.S5. alone. They were primerily used on
farms by single families and their livestock. Late?, wincamills were

_increasingly used to drive the pumps.
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All these pumps were desagned on the basis of the same coperating

principles, and they differed little from the traditional models.

In the period since Ctesibivs (some 2250 years) little effort was
given to improve the manually operated reciprocaiing pump. In the
industrial countries, interest in this type of pump dwindled when
they were less and less used. Over the last ten years however, it
hzs been recognized that manual pumdbing units have an important role
to play in providing adeguate supplies of water for domestic use and
probably also for smail-scale irrigation in rural areas of developing

countries.

HYDRAULICS

While this section focuses on reciprocating plunger pumps, the
fundamental principles outlined alsoc apply to other types Of pumps,

particularly other positive displacement types.
-~

The theoreticzl discharge capacity of a reciprocating handoump is
a function of the cylinder velume swept by the plunger during its
upward, pumping stroke, and the number of strokes per unit of time

e.g. per minute. This is illustrated in Figure. 1.

. Ates ik}/,?i,"@ —f Upper Limil of Streke

n g = Stroke Lsnpih
"
L
U

PIUNGeTl ammis= sz

:.----N Lewet Limit of Stiroks
) L—- Dismelsr

FIG. 1 SWEPT CYLINDER VOLUME

The swept cylinder volume (V) is the product of the {(horizontal)
cross sectional area (A) and the length of the plunger stroke (S).

The cross sectional area {A) can be written in terms of the cylinder

diameter (D):

LI U P
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3.2

The discharge caparity (Q) for a2 given number of pumping strokes

per unit of time (N) may-thus be calculated with the eguation:

Q=-——4~D. S.N.

The actual rate of discharge normally varies slightly from the
theoreticzl discharge due to failure of the valves to close instantly

when the plunger changes direction,and to leakage between the plunger

-and the cylinder wall during pumping. This difference is known as

slip and is defined as the difference beiween theoretical discharas
(Qt) and actusl édischarge (Qa) as & percentage of the theoretical
discharge, that is:

t~ %

slip = -———— (100) percent

2

Slip should nct exceed 15 percent, preferzbly 5 percent, in a well
designed and maintained pump. The hydraulic eificiency of a pump is

(100 = Slip) percent.

RBydraulic efficiency in terms of swept cylinder volume should not
be confused with mechanical efficiency which can never exceed 100

percent,

FORCE REQUIREMZNTES

The force exerted on a pump rod and, through the rod to the pump
hazndle may be as high as 50 kgf {110 1lk}. BHowever, the muscular
force available for continuous pumping by an individusl person is

generally limited to 10 - 1B kgf (20-40 1lb). Through the principle

of mechanical advantage., muscle power can be multiplied to successfully

operate handpumps to draw water from wells up to even 1BO meters

(600 feet) in depth.
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The principle of mechanical advantage is illustrated in Figure 3.

1. . ' p
- £ .
LLp - . Ly R -éﬁ:7r_‘—*~—m2_

l %Fh 5‘?’/\\\3""/“ -/""\“-’u-.‘:"\-—.--

\—*Fulcwm Pln ’, . " . ’ K v
- Fp . R -
| F = FORCE EXERTED BY PUMP ROD
' ) F, = FORCE EXSRTED BY EAND
w——————= pymp Rod ) ]

_ . I = DISTANCE FROM CENTRE OF PUMP
' : P ROD CONWECTION PIN TO CENTRE
’ OF FULCRUM PIN
’ ] L, = DISTANCE FROM “CINTRZ" OF HAND

TO CENTRE OF FULCRUM PIN

rd

FIGURE 3 MECERWICAIL ADVENTAGE OF PUMP

i

ANDLE AS LEVER

k

A typical mechanical advantage for a shallow well pump is about
4 to 1. This means that the pump rod force is balanced by a
handle force zbout one guarter of it. For deep wells a greater

mechanical advantéée should be chosen, even up to 10 to 1.

The mechanical advantage cannot be increased without limit. 2As
istance Lh from the fulcrum to the hand is increased, the arc

swept by the end of the handle increases. Too large an arc makes

the operation of the handle difficult. Decreasing the distance fromw
tﬁe pump rod to the fulerum increases the mechanical advantage but

it alsoc decreases the stroke length S of the pump rod and its attached

plunger.

e
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Where the reguired force on the handle for operating the pump is
too high, especially for nandpumps operated by women ané children,
im>rovement may be obtained by extending the handle for greatet
mechanical advantage or reducing the pump rod force by using a
spaller diameter pump cylinder.
ENZRGY (WORK) ANALYSIS
Very few measured data of human energy output for werk such as
water pumping have been obtained under field conditions. The
power available during short work periods is much greater than for
long duration effort. Table 1l summarizes modified Gate f£rom Xrenkel
{1867} .
TABLE 1: MAN GENZRATED PCOWER
~

Age Man generated power by duration of effort (in watts) -
Years 5 min |10 min |15 min |30 min {60 min |3BO min

20 220 210 200 180 160 8o

35 210 200 igo 160 135 75

60 180 160 150 130 110 60 *

The human power available for long duration effort is often

estimated at 50 to 75 watts (0.07 to 0.10 horsepower).

The following analysis is illustrative:

- A man works a handpump lifting water for small-scale irrigation
purpeses at a rate of 50 watts (2200 £t lb/min), 5 hours/day
(excluding rest perieds). The overall (hydraulic and mechanicaﬁ
efficiency of the pump is 50 percent. The water is pumped from

3 metres depth.
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Znergy input effsctive for
liZting the water: 350% of 50 watts = 25 watts (1100 ft 1b/min.)

4.1

To lift 1 litres/sec. over 1 metre requires 10 watts, and over 3

metres it takes 30 watts.

Approximate rate of delivery for 25 watis effective energy Input:

2
22 ®x litres/sec = 0.83 litres/sec = 50 litres/minute

30
(13.5 gom)

. a 2 s .
hssume for a small arsa of 0.5 hectare[b.ooo m,)a crop irrication
water reguirement of %00 mmp for the season (say, 120 days), with

a peak requirement of 250 mm/month.
The calculated reguiremsnt in the peak month would be:

250 _ - 3
Tooo X 5000 = 1250 m .

At a rate of 50 l;tres/minute,pumPing would be regquired f?r 1.250
50
25.000 minutes = approximately 420 hours.

Over the 120 days season this represents les:z than 4 hours puzping

per day.

TYPES OF HANDPUMPS

GENZRRL

Very often the best starting point for the selection or further
development of 2 handpump for irrigaticn.purposes is the obsarvation
of avezilable handpump models already in use. The next step is to
choose an option which seems most appropriate. Careful evaluation

of the different pump components ls important, so is experience by

X 103 =
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trial and error. More often than not, it takes field testing, .
redesign, retesting, etc. to develop the dssign so that it graduelly

converges arouné the best solution.

Based on the mechanical princoles involved, hanépumps for small-scale

irrigation, should be subdivided in:

- Reciprocating Piston Pumps;

-  Rotary Pumps (positive displacement)

4.2 RECIPROCATING PISTON PUMPS

SUCTION (Shallow Well)

In the suction pump, the plunger and its cylinder are located zbove

the water level - usually within the pump-stand itself (Fig. 4}.
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FIG. 4 TYPICAL SUCTION (SHALLOW WELL) PUMP,
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The suction pump relies oo atmospheric pressure to push the water

upwarés to the cylinder. Centrary to pooular belief, this tvpe of
purp does not "lift" the water up Zrom the socurce.

Rather the pump reduces the atmospheric pressure on the water in

the suction pipe and the atmospheric pressure on the water outside

of the suction pipe pushes the water vwp. Because of its reliance

on atmospheric pressure, the application of a suction pump is limited
to situations where the water table during pumping is within 7 metres
o< the suction valve. Theorstically, the atmospheric pressure would
allow a suction pump to draw water from as deep as 10 metres, but in

practice 7 metres is the limit.

Munyget ted

rr—_'.-'?
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FIG. 5 DIAGRAM OF SUCTION PUMP (SCHEEMATIC)
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LIFT PUMPS (Deepwell)

In the deepwell pump the cvlainder andé plunger are located below the
water level in the well. This pump can liZt water from wells as deep
as 180 metres. The forces created by the pumpiné work increase with
. - .
the depth +o the water table. The Droblems associated with reaching
the cylinder set deep in the well for maintenance and repair are 2lso

mach more difficult than in shallow well pumps. Thus the design and

-

. TR e
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costs of pumps for Geepwell use are more critical .than for suction pumos.

Hand-operated lift pumps are generally not suitable for irrigation

purrcoses, if the water is drawn from a larger depth, as their Gelivery

capecity is lirited.

FIG. 6 DIAGRAM OF (DEEPWELL) LIFT PUMP.

ROWER PUMP

The Rower pumé is a reciprocating piston pump with a PVC cylinder
included at 30° from horizontal (Sse Fig. 7). The operator pushes
and pulls directly on the.'T' - handle at the end of the piston rod.

A rowing action is used, hence the name "Rower Pumn”.

it o L)
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GENERAL SKETCH AND DETAILS
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The Rower pump has been designed for irrigation in Bangladesh. Othex
uses and conditions may reguire guite different pumps. - However, it
is felt that some of the idzas incorporated in this pump may find

usefulness elsewhere, too. They are summarized as follows:

1. The inclifred position of the pump eliminates levers and pins
in the handle, simplifving and reducing mainitenance. The direct
action on the piston also allows the use of a licht and cheap

cylinder and support.

2. The surge chamber significantly improves human water-lifting
capacity, especially at higher lifts. It has been used successfully
on the conventionzal cast iron hand pump as well and would appear

to ke applicable to deep well pumps.

3. The valves are simbple and efisctive, using flexing discs (inner
tube rubber) as the moving parts. The piston and foot valve
zssexblies are simple to remove, repair and replace.

e

The pump has already been tested for durability. Three pumps have

been operated on tubewells for 5 hours daily for four months without

.

significant wear problems,.

It is estimated that this pump can be produced for less than 60%

of the cost of producing the New No. 6 pumps in Bangladesh.

&
¥
ERATING THE ROWER PUMP ({Bangladesh)
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TURTEER INFORMATION TO BE .
TAYXEN FrROM "ROWER PUMP" .
DOCUMENTRTION,

LTNYfD RECIPROCRTING PISTON PUMPS

The reciprocating movement to manvally operate a 1ift pump, can be

tiring and reduces the suitability for irrigation purposes.

In Nepzal, 2 design has bsen developed for a single frame which
links <¢wo reciprocating pumps and enables a2 single operator to work ol
the linked pumps using his feet. This is less tiring and, becauss

two pumps ere working, gives z greater and conmtinuous flow of water

{up to 60 litres per minute). Pig, 9 shows how the pueps are linked.
The treadle is centrally pivoted and the suction pipes are connected
by a2 connector pipe.

”

Two alternative settings are provided for the pump rod connections to

the treadls. At the wide setting the pumps work guite well at low i
lifts but for lLifis above 5 metres it is an advantage to set the pumps |

closer together to make pumping easier, with a reduced output. Output

hw,

is satisfactory to about 7 metres but ther all pipe joints must be

airtight. =

The frame and the working parts can be made from steel angle (or even wood)
with hané toels and the construction should be within the capabilities of

a village craftsman. However, as with all mechanical devices, it is .

the maintesnance and care after installation which ultimately decides how

unseful, this machine will be. The users should be trained in simple

mzintenance (which is in this case only a matter of regular lubrication

of the pivots a2nd care of the valves and washers in the pumps). .

-
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FIG. 9 LINKED RECIPROCATING PUMPS

PENDULUM PUMPS

[

These pumping devices have been designed for manual operation using -
energy at a rate which can be easily sustained up to 5 hours a day,

under tropical conditions, i.e. about 50 watts {0.7 horsepower).

] The actual horizontal force which has to be applied to the push handle

is between 7 ané 10 kg€, when lifting water 3 and 5m respectively

P mnaapn e, e e

(Fig. 10). The counterweighted bailer is a similar pumping device

1 (Fig. 11). B

ey
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- pIAPERBRGH PUMP -
DIRPERRGM PUMP

-

n this tvpe of pump the reciprocating action is imparted to the water
I gs Dumzs T g iz

(s]]

by 2 flexible metal oxr rubber diaphragm. Non-return valves are fitte

at_the inlet and outlet (Fig. 12).
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FIG., 12 DIRGRAM OF 2 DIAPHRAGM PUMP

1ifted, water is drawn in through the inlet

!

when the dizphracm is i
rd

~ s - + . - . i

Vhen the diaphrage is pushed down, the water is forced out throuch ‘

I

the outlst wvalve. - !

The @iaphracn pumping principle is used in a number of novel handpump
, designs. These pumps are being tested and developed for use in rural -

water supplies. {e.g. Bydropompe Vergnet; Petro Pump).

This is a water lifting device using a pair of flexible bellows as

the pumping element. The .idea was originally evolved at the International
Rice Research Institute (IRRI), Philippines, where a prototype design '
was developed for use in irrigation. A modified design was developed

ang ‘tested at the Asian Institute of Technology, Bangkok. e i

The mzin components of the bellow pump are:

-~ peir of flexible bellows

!
w

upporting frame and base plat
- discharge box
= suction lines with check valves, and

- foot rests.

See Pia. 3.
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The bellows constitute the basic pumping elemant: they are supported
at the bottom by the base plate fixed to the wooden Irame. The
suction lines deliver the water to the bellows, and these discharge

inte the discharge beox which is connected to the delivery pipe,

The bellow pump is easy to operzte. The operztor stands on the

f;at rests anc merely shifts his weight f£from one foot to anothex

thus expanding one bellow vwhile compressing the other. The expanding
bellow sucks in water from the source, while water is forced from
the compressing bellow out into the discharge box. Operating the

pum? in & rvthmic manner produces a contincus flow of water.

ROTLRY (POSITIVE DISPLACEMENT) PUMPS

CHAIN PUMPS

Bn
A

Rubber discs
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In the chain pumo, discs of 2 suitable material (e.g. rubber) acttached
to an endless chain that runs over z sprocket at the top, are pulled
voward through & pipe to lift water mechanically up te the spout. It
can only be used on cisterns and shallow dug wells. This type of
pumd is readily adaptable to mznufacture by village artisans. - 2 small
chazin pump using & pipe of 20 =m diameter, with rubber discs spaced 1

metre can Gischarge from 5 to 15 litres of water per minute depending

ép the speed of rotation of the operating wheel (30 to 90 xpm).

Chain pumps using racs ang balls instead of discs were commonly used
for draining mines in Western Europe in the l6th Century. Animal-
powered chain pumps are reported to be widely used in China for irrig-

ation pumping.

BUCKET ]?IJNYS-’."-:”=

Another type of positive displacement, hand-operated pump is the bucket

pump. An example is shown in Fig. 15.

i
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FIG. 15 BUCKLT PUMP

Lo

- = . ' . .
Not to be confused with tge name “bucket pump" somstimes given reclproCaclng
well pumps whose plunger to cylinder seals are sometimes calleé "buckets”
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Small buckets attached to an endless chain are rotated over sprockets

as shown so that each bucket Gips water £r-om the source at the botton,
carries it to the top, and empties it into the spout as it passes over
the top sprocket. At least one manulacturer mekes a2 pump using 2 spong-
like belt in lieu of the buckets with a sgueegee at the top to remove
the lifted water. Another handmade version uses a rope driven by a
bftycle wheel with a2 sharp bsnd at the top to discharge the water by
centrifugal force. These punps are used mostly on cisterns and shallow

dug wells.

SEMI-ROTERY PUMP

The "Semi~rotarv" Pump (Fig. 16) is occasionally used.

FIG. 16 SEMI-ROTERY PUNMP
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5.2

NON-TZCIHNICRL ASPECTSE

&

2 mapuzl water pumping unit for small-scale irrigation is a small

~ technical device in a complex economic and socio-cultural system. b

Such factors may be difficult to define, but they are inherent in .
every installation programme of manual pumping devices, and bacome

espacially menifest in the- operation and maintenance of the pumps. B
Many pump instzllations in rural areas have failed, or have been . !
abandoned by their users, either because they did not have the skill =
and resources to keep them going, or because of mistrust in the agencies

providing the pumping devices.

In practice, the relizbility and durability of a manual pumping device '
interact with the social environment in which the pump cperates. 1In k

- s . - e » .
this respect, it is nacessa*y to follow ap approach involving the local

254

people, to the maxinoum extent possible, in the desxgn and instellation
of the pump. The social factors influencing the acceptance of the pump

by its users, shoulé be recognized in order to aveid frustration, sabotage

and pilferage. "

It is the obvious faillure of pumping eguipment, particularly in rural
areas, that is forcing engineers and economists to consider more carefully
the available manual pumpiﬁg devices, G&ining the confidence of the users,
training local people and -organizing maintenance must be an integrzl part

of any irrigation development scheme.

ORGAENISATION .

An effective pump installation programme is a conglomerate of technology,
institutions and people -~ individuals who must plan, design, manufacture,
finance, purchase, install, operate, maintain, supervise‘and.use the pumps.
In addition to the central agency, some organizational structure should be
developed at the local leéel in the form of a committee or some other entity
that is usual in the country. The importance of a local committee is that
it represents the users, é@rectly involves the community in the day to day
operation and administratf%n of the pumping devices and hopefully, helps

I

motivate the ntsers of the roumns.
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The great nuchder of small units in a2 puso installation programme usually
requires & central organization for planning, funding, engineering,
purchasing, construction, training, supervision and control. Such an
zorganization can obtain the benefiis of economies of sczle, bulk
purchasing, standardization and cualified staff, The central organiz-
ation may also bes responsible for administering the purp instzllaticn
programme; sets the technical standards and controls the execution of
the procramme; is responsible for promoting community involvenment; and

insuring inforwation and trzining of the commitiess and the users.

The central organizaticn should provide the necessary assistance to

the comnittee and users. It should have central and regionzl stores

of spare parts, and materials, tools, as well as heavy eqguipment for

use in special repairs., Supocrt could include technical assistance,

and the provision of training at the local Adevel. Financial support
could include funds, spere peris, tools, transport and the administration
of a revelving fund. The fund coulé be incremented by revenues from .

charges for use of the pumping units.

MEINTENANCE

Wnen selecting or developing a2 pumping device for use in small-scale
irrigation, it §houlé be carefully considered whether the expected
involvement of the users in the maintenance of their pump is realistic,
The envisaged division of responsibility for mzintenance tasks should

be clearly stated.

Without adeguate information, the users cannot be expected to be co-
operative in ensuring the proper mzintenance of their pumps. Without
support, ie. supply of spare parts, it will be impossible for them to
contribute their part to the servicing of thé pump,. Certaln reguirenents

are simply bevond the local capacity, at least under present €onditions.
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The high rate cof abondoned or defective mznual pumping units is .

not simply a rellection of poor guality pumps but also of inadecuate -
mzintenance and repzir. Many authorities contend that maintenance -
is the criticél element of pump installation programmes. The possible
causes of poor maintenance may provide some insight into possible ) .

-~

= improvements. They are: .

{1) Poor guality of pump design and manufacture. To & considerable

extent this condition is also the result of many years of trimming

:

] weight, bearing sizes, etc., in seeking low bids (tenders) in E
the absence of strict ébecificaticns. Much pump procurement has ’ E
an inherent bias towards low initial capital cost and ignores the ?

< total costs cover the life-span of a pump.
(2) The usual technology makes freguent lubrication mandatory. Iron f
b

and steel journals and bearing, poor fits and large clearances,

lack of lubricant stocks, and exposure to weather.

T

3 (3) Large variety of pumps in use with accompanying need for many .
~

"

different spares. Limited interchangeability of spare parts, .

sometimes even between @ifferent pump models of the same manuiacturer.
{4) Little feedback from maintenance to design, engineering, and

‘procurement personmel. Little analysis, for example, of the most

common failures. Record keeping is often inadeguate.

s

{(5) Poor maintenance skills, lack of training, inadeguate tools (for

-

example, few village maintenance men have a clevis for pumling up

RN

pump rod, drop pipe, and cylinder), lack of transport, and lack
of supexrvision are characteristic of many programmes.

i L

Most pump maintenance systems can be characterized as a one or two

level system. The one level sysitem is one where all maintenance is,
the regponsibility of the central organization. In the two level
organization, maintenance is shared with local communities or individual

smzller farmers. -

In both systems the central orcanization usually installs the pump.
The well may be the task of another central agency. For dug wells
»
*the village may provide labour under central agency supervision. ,The 2

tentral agency usually handles major repairs or replacement of the pumps

Tyt e &
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in both systems. It maintains stores of parts and lubricants and
provides transport, warehousing, andé trazining. When the central
agency provides routin. meintensnce, it often eﬁploys 2 roving

. maintenance man or team with a vehicle and who services Zrom 20

to 200 pumps on & repsatitive basis.

In the two level system, the local community or z farmer employed

by the central organization éssumes responsibility for all lnbrication
and minor repairs, for example, replacement of cup seals ("leathers"}.
Wnere villagers deal only with the basi¢-maintenance tasks requiring
frecuent attenticn, the backup service could visit the pump at recular
intervals (e.g. every three moﬁths) for & thorough servicing. This

system is found in parts of India.

In some programmes certain users ma2y be given a thorough training in
purp maintenance and virtuzlly all responsibility left in their.
hands. These apprcaches are being tried, for instance, in Xenya
and Tanzania. EBach village is reguired to n?pinate a verson before
» the well is sunk who will go to the éistrict office for two weeks

to learn about well construction and pariticularly for maintenance
of the pump. e will then be responsible for the well once it is
sunk, and will keep & small stock of leather components and other
spare parts in his house. If 2 major brezkdown occurs he will cell
upon the district office and either get the parts needef to carry
cut the repzirs himself, or he w;ll get the éistrict's mechanics to
do the job.

3 Some pecople have argued that if a pump could be designed capable
1 of being made by a village crafisman using simple tools andé oli-
the-shelf local materials, then the meker of the pump would always

be on hand to repair it when necessarv.

This argument is supported by the observations that many low-lift
irrigation pumps of "traditional" design are built and maintained

by village créftsmen. Such purcps have been designed, built, and used
in small-scale irrigation. However, most have been unsuccessful in

intensive use. 4
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" REFERENCE NO. 2

Diaphragm Pump
DR. RICHARD G.HOEGEL —

The hand operated pump presented here was first used in Vietnam; it is made
entirely of wecod, rubber, common pipe fittings, and metal fasteners, wash-
ers, and bushings. It consists of a watertight wooden box fitted at intake
and outiet openings with two rubber flap valves. The rubber diaphragm, made
from old auto inner tube material, forms the working piston of the device.
The pump handle is attached to the diaphragm. Movement of the handle in-
creases or decreases the volume within the box and this change of volume
activitates the intake and outlet valves to allow water to be pumped through
the mechanism. Two to three liters per strcke can be pumped to a height of
three to four meters. The pump can be operated by one or two men,and can be
easily acapted for use with animal or wind power. .

Dr. Richard G. Koegel, the primary author of this plan, is with the Univer-
sity of Wisconsin at Madison's Department of Mechanical Engineering. A VITA
Volunteer for almost 12 years, Koegel previously spent eight years in Asia
and Africa where he designed, bu11t and tested a number of the technologies
now d1ssen1nated by VITA. - -

Please send testing results, comments, sucgest1ons and requests for further
information to:

Technical Bulletins

VITA Publications Service
3706 Rhode Island Avenue
Mt. Rainier, MD 20822 USA

- -

VOLUNTEERS IN TECHNICAL ASSISTANCE

HADYI “AMD 2717 1 © 4%
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Tools

Wood saw, wood rasp (or file); wood drills 174", 3/8"

P& > and 1/2"

Drill for metal, 3/8" diameter--can substitute with a
means of punching a 3/8" hole in sheet metai

Screwdriver and pliers or any type of adjustable wrench

HWood chisel (or a means of boring a.hole 2" in diameter
into hardwood).

Tin snips

Metal saw ("hacksaw") and ‘metal file

DTAPHRAGM PUMP
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Materials

(Note that planks of 12 x 14" widths can be substituted by an assemblage of
smaller width boards which are adequately cross-bracad.)

1

Size ) Description & Part No. ()
2" x 2" x 36" (hardwood) handle, (1)
1" x 6" x 8 1/2" (hardwood) handle arm, (1a)
1" x 14" x 14" {hardwood) top plate, {2)
1" x 4" x 12" (hardwood) top and bottom frame, (3) & (5)
1" x 4" x 10" (hardwood) top and bottom frame, (3) & (&)
2" x 4" x 6" (hardwood) diaphragm support arm, (4c)
1" x 7" x 7" (hardwood) diaphragm supports, (4a)
2" x 14" x 48" (hardwood) baseboard, (9)
2" x 4" x 6" (hardwood) spacer block (6e)
/716" x 12" x 12" {inner tube .
rubber)* diaphragm (4) and bottom gasket (8)
+1/16" x 2 1/2" x 2 3/4" (inner :
tube rubber) outlet check valve (6) and inlet check
valve (7}
+1/16" x 4" x 6" (inner tube rubber)} outlet and inlet valve gaskets (6d)
(€e) & (7d)
3/8" dia. x 4" (machine bolts, nuts
and flat washers) arm to pump handle bolts (1b)
3/8" dia. x 5" {machine bolts, nuts
and flat washers) N diaphragm support arm connector (4d)
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Description & Part No. ()

Qty. Size
4 3/8" dia. x 1/1/2" (machine bolts,
nuts and flat washers) inlet valve assembly bolts (7F)
2 1/4" dia. x 1" (machine bolts, nuts
and flat washers) outlet and inlet valve reinforcements
{(6b) & (7b)
A2 3/8" dia. x 12" (machine bolts,
nuts and flat washers) unit assembly bolts--requires 24 flat
washers (10)
24 +1/4" x 2" (lag bolts or wood
SCrews ) : top and bottom frame fastening
screws (3a) & (5a)
g *3/16" x 2" (lag bolts.or wooed
SErews . aphragm support fastening screws (4b)
2 £1/4" x 3 1/2" (lag bolts or wood )
Screws) - diaphragm support arm fastening
- screws (4b)
6 3/4" length (flat head nails) outlet and inlet check valve fasteners.
(6c) & (7¢)
2 +1/16" x 2 1/2" dia. (sheet metal
disks) outlet and inlet check valve rein-
forcement (6a) & (7a)}
2 +1/16" x 1" x 4" (sheet metal band) pivot rod mounting clamps (1d)
1 T/2" dia. x 8" (steel rod)} pivot rod for handle (1c)
2 2" inner dia. {pipe flange)* outlet (6g) and inlet (7e)
1 +2 0z. (waterproof glue, gum, or

= pitch)

for sealing the joints in the pump
chamber against water and air leaks

* More thickness of rubber for the diaphragm may be reguired when pumping to
grezter heights (or heavier weight inner tube material).

** Obtain the metal pipe flanges first.
affect the subsesquent assembly of both the inlet and outlet check valves,
the location of the inlet and outlet holes, as well as the alignment of the

mounting bolts for same. A substitute for the pipe flange could be made by

The size of these flanges will greatly

welding a 2" pipe coupling to a 1/4" thick steel plate which would function

as the face plate of the flance, the inside of the steel plate befng cut out
to form a 2" diameter hole.
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PUMP HANDLE AND TOP HOUSING

Assembly

Handle is smoothed along top 6-8" where
it will eventually be grasped. At points
2" and 5" up from the lower -end, bore two
~3/8" holes through the side of the
handle. At a point 1% up from lower

end bore a 1/2" hole paraliel to

3/8" holes.

Handle arm is cut as follows:

The holes at the larger end are
3/8", 3/8" and 1/2" respectively
top to bottom. A sacond 1/2°
hole should be drilled for
future adjustments.

The two mounting clamps (1d) are
pieces of 16 gauge sheet metal
which are wrapped over the pivot
rod. They are then drilled with
a 3/8" drill. These clamps are
eventually mountad to the frame
via two of the pump unit assambly
bolts (part i0).

In making the top frame assembly
make the frame as flat and sguare
as possible with particular
emphasis on the bottem face, as
this face will secure the diaphragm
in place.

BEST AVAILABLE COPY

HANDLE RRy
ERMN =F 5{050

fr o A TR
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DIAPHRAGM -

Assembly ' \\\\\\ _®
Oiaphragm (4) is cut from inrer tube. Holes 1R
in rubber section should be made after dia- )

phragm supports are aligned. Supports . @;‘)
¢lamp over the diaphragm and are fastened

together with wood screws or equivalent.

NOTE: Smooth the edges and round the

corners of the diaphragm supports

around which the diaphragm will-
eventually bs bending.

Diaprei Suffe
Al = fia D GRRA]
2 pun JETTICAULY

Support arm is fastanad to both upper
and lower support by means of wood
screws or lag screws. Use hardwood
for support arm. Bore two 3/8"
diameter holes at points 1" and 2"
down from top of support arm and in
the center with respect to the verti-
¢al side of the block. The addi-
tional hole is provided for eventual
adjustment.

- o LENTER
Jdhis. pump has actually been built

according to the specifications
provided here; that is, with the
diaphragm supports and support arm
fastened together with screws.

It has been suggestead that

bolts might be stronger than
screws, and would ease the task

of replacing a worn diaphragm. In
.an earlier design; the bottom housing
pieces were held together by Teong
threaded rods through holes in the ends
which extended slightly beyond the sides
of the housing. This allowed the bottom
housing to be tightened easily if -
leakage developed.

Part (4d} fastens the support arm to the .
handle arm, which converts the back and
forth motion of the handle into the up
and down motion of the diaphragm.

The grain in the upper diaphragm support
should run horizontally and at 90° to the
grain of the lower support (parts 4a).

4

(=



BOTTOM JOUSING WITH VALVE ASSEMBLY

(See following page for details)
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*Parts 6-6¢ are similar
to parts 7-7c. The former
assembly 1s tacked onlo the out-
side of the frame, the latter to the

inside,

*parts 6 and 5a are similar to parts 3

3 W:gﬂ
s ;ﬁ AT
ek A

ey

“and 3a. Two 2" dia, holes should be
% : bored on center 1n the two opposite
] - stdes as shown. Four 3/8" dia. holes

are also bored around the 2" hole, to
eventually accommodate the check valve

iassembly.

*\g with the upper frame part 3, the

lower frame should measure 12" on

the outside edges, and 10" on the
inside edges.
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A1l joints shown in the previous diagram should

be made airtight by sealing with the watasrproof

glue, gum or pitch. Make all joints as close

fitting as possible to aid in waterproofing. CUTZET VALVE ASSEMBLY
. PIFE FLANGE MoT Siesdd,

Note the following areas for possible discrep-

ancy due to variations of materials used in - SN
construction: . & <r\°?w§§\c:’

E Y ~

(1) The pipe flanges, parts 6g and 7e should not
touch the baseboard, or overlap the upper frame
as this will affect the watertightness of the

joints. Cut the flat face of the flange to the , Ny j?/( ‘==£Z;
necessary size in order to aveid this problem. LA AN N

! I 4 AN
Where the handle arm mounts to the diaphragm 1F_—ié§_'q
support arm, make sure that the connecting bolt e Y

(4d) does not rub the slot in the top plate
while the handle is moved back and forth. If
it does, cut the bolt shorter or cut an appro-

priate notch in the top plate. k\ T, 0T CEurE Saukes
The unit assembly bolts, although not shown, are )

insertaed from the bottom of the pump through the ‘i// B PATS CIRTEED femas>
top face plate. Flat washers should be placed ~ i 2 DIk

on both the bottem and top. Take care to align ,
the top face plate and baseboard for accurate ll ot D Pmaiced - 24 A
Tocation of holes for the unit assembly bolts.

AwD 4 éy‘m PURCHED df CoEDe

In bolting the upper and lower units to the base- —
board, tighten all of the bolts with gradual even ==
pressure, alternating from one side of the frame

to the ather.

(9# A woes Srioucn B8 DU
D HE CESTER OF IHE NS

Operation

Operation involves priming the pump at the beginning of its initial application.
To do this, simply fi11 the pump up, pivoting the pump on its inlet side and
911 the diaphragm chamber with watar through the outlet. With the pump in
this position and with the inlet hose inserted intoc the water source, crank

the pump while pouring more water into the chamber. The pump will soon become
gnergized. The time and effort required to prime the pump will depend on the
depth and/or length of the inlet pipe. In general, five or ten strokes of the-
pump handle should be sufficient.

o FORCE OF TADIY 1D VA L~y Two pumps arranged as shown
rJ m@"ﬂ@ﬂgr%v:ﬁem &1 and actuated by a person
—= C

hd shifting his weight from side
| : to side (from one leg to the
- other, bicycle fashion) would

L
. make efficient use of human
@ effort.

|
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IRRIGATION PUMP

This hand operated pump s made
entirely of wood and rubber with
the exception of metal fasteners,
washers, and bushings at two wear
points. It consists of a water-
tight wooden box fitted with two
rubber flap valves. A rubber
diaphragm made from ¢id inner
tube material forms the top of
this box. The canter of this ~
diaphragm is attached to a verti-
cal pump handle. Movement of thiss
handle increases or decreases the
volume within the box, and this
change of volume working in con=-
nection with the rubber inlet and
outiet valve allows water to be
pumped. With this pump, two to
three liters per stroke can be
purped to a height of thrse to
four metesrs. By changing the
dimensions of the pump, a
smaller volume could be pumped
to a higher elevation, or a
larger volume could be pumped s e s et = .
to 2 lower elevation. The pump = ' i ' :
can be operated by one or two

“men, and can be easily adaptad
for use with animal or wind
power. But use of cheap bamboo piping, water could be pumped for considerable
distancas economically. Twe or more pumps can be jeoined in series or paralleled
to give the desired pumping characteristics.

This pump has the following advantages over various other arrangements: ’ '

. Extreme simplicity; no cleose fitting or machined parts. It can be

built or repaired with skills and materials found in the average
village. .

. As opposed to hand irrigation from buckets, the operator remains
stationary while only the water moves. In using pole and buckets,
he must raise his entire body weight plus that of the pole and
buckets, totaling one and one-half to two times that of the water
he carries to the same height as he raises the water. In addition,
he must make the return trip empty which expends energy without'
moving any water. Needless to say, the pole and bucket system
wastes a great deal of human energy.

. The irrigator is independent of motors, the breakdown of which,
or the lack of fuel for which could mean a crop failure. b
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Maintenance

The frequency with which the pump's rubber valves must be replaced will vary
widely with the type and purity of water being pumped as well as the guality of
rubber available and the amount of hours used. It is estimated that all parts

should last about 9-12 months under normal usage (2-3 hours per day) prior to
replacement of the diaphragm rubber.

Any failure of this pump to deliver water will, in 9/10ths of the cases, be
due to air leaks caused either by faulty construct1on and alignment of valives
or by a worn valve ‘or diaphragm rubber.

A small quantity of grease should be applied to the two pivot points as needed.

Adjustment

In circumstances where greater leveragde is required, a second 1/2" diameter
hole is provided in the handle arm. The pivot rod (part 1c) could be relo-
cated through this hole. A different means of {astening the pivet rod at
this new location would have to be devised but this matter would hardly tax
the ingenuity and therefore bears no Turther consideration here.

Further and finally, with the pivot rod in the new location, the handle and
handle arm would have to be rounded at the bottom outside edge to permit
unabstructied movement.
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REFERENCE NO. 3

Chapter 15 .
Water Lifting

While the earliest irrigation schemes in history probably
depended only on the gravity flow of water, it was not long
before man became aware of the need to lift water for
irrigation, and many devices were developed for this purpose
in different parts of the world using man or animal power.
The advent of mechanical power and modern machinery
revolutionised the technalogy of water lifting, enabling water
to be raised to heights and in quantities enormously greater
than had hitherto been possible. Cheap oil fuel and hydro-
electric power where available contrihuted to the popularity
of power driven pumping, and pump schemes for irrigation
were developed wherever they were found to be financially
and economically viable.

The stdccess of the mechanical pumping system has,
however, been marred by the very high incidence of fallure
wherz it has been applied inappropriately to agricultural
communities which cannot manage installations which are
too dependent on imported equipment and spare parts and
on skilled labour which is in very short supply. Because of
this, and because of the increasing costs of oil fuels and other
sources of power, research and development resources are
now being developed on quite a large scale, to re-discovering
the use of man, animal and wind power for water lifting, and
to improving traditional technology with the aid of modern
knowledge and materials

In this chapter we summarise briefly the different types of
water-lifting devices available for wrrigation, without entering
into great detail Useful references to these subjects will be
found at the end of this chapter.

Manual Water Lifting

The simplest form of manual device is the water container
which is filled and carried to the plants to be irrigated. In the
Central Valleys of Qaxaca, Mexico, where the water table is
1 to 10 m below ground surface farmers open wells in the
fields at intervals of 20 to 40m A 10 to 14 litre clay or
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metal vessel is used 1o drapw water from these wells. It hos
been estimated that a farmer can water up to 400 square
‘metres in an 8-hour working day in this way. The watermng
can {Figure 20) is another vessel used in this way. Waler can
be raised by scooping, and a device for doing this is shown
in Figure 40,

1% ]

3% 1

Fig.40 Irrigation by scoop

Man-powered Systems

A system commonly seen throughout the Middle and Far
East uses the principle of the lever to raise a bucket from a
well or irrigation channel (Figure 41), known by its Arabic
name as the 'shadouf’. The Indian ‘dall’ or 'auge’ (Figure 42)
uses the lever in a similar way.

s

/3 e %/Jm;ffrﬂ;a?m'vﬂﬂ
Fig.41 The beam and bucket Fig.42 The Indizn ‘Dall’

The Archimedian Screw, said 1o have been invented by
Archimedes about 200 B:C is shown in Figures 43 and 44. It
s still used in Egypt and India, for low lifts of between
025m and 1.30m. Limited to working between farrly
constant operating levels, 1t is one of the more efficient
water lifting machines in terms of output for energy input.
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Fig.43 Archimedéan—sc:rew {Photo: Douglas Dickens)

Fig.44 Section of Archimedean screw

Hand operated chain and bucket pumps are shown_,m
Figures 45 and 46. They both consist of conlinuous chains
suspended and rolated vertically. In the former case discs
or washers are allached to the chain, which passes through a
vertical tube in its upward movement; in the lalter case
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buchets are pttachad 1o the chain. The chaln pump was used
extensively in mines in Europe in the 16th Century More

. ; . Y v .
receritly it has been developed 1n China 4 Pin—————
Coupling __pin
) Pumnp rod ——v
il ‘ Cap ———-—]
Rubber discg e il 1 7
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Fig.45 Chain pump Fig.46 Bucket pump N base ;' :':i Valve
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The reciprocating pump is the type of hand pump most —y - 7T - Cups i’;
widely used, primarily for community water supply, but also o ii .
for irrigation. The origins of the reciprocating pump are 5 3»- Drop pipe ——| ,
believed to date from about 275 B.C. A wooden reciprocating ‘g B Pump Rod ——-r
pump was used as a ship's pump in the early Greek and g4 s;ixction
Roman navies, and archeological remaims of reciprocating ~ | e — H’D
pumps from fate Roman times have been found in Europe. ";[ R
Wooden reciprocating pumps were in commoan use in Europe nm Cap —'
throughout the 16th and 17th centuries and in the 19th and 3 Ig ([??T?ndcr
early 20th centuries metal hand pumps were manufactured =@
on a large scale in the United States and Europe. K
The main parts of a reciprocating hand pump are shown .Y lland pump nomenclature

Cylinder

in Figure 47. The handle, connected to the pump rod, moves
the plunger up and down inside the pump cylinder. As the Fig.47 Reciprocating hand pump
plunger rises, water is drawn through a non-return valve at
the bottom of the cylinder, into the cylinder, On the down-
ward stroke, the bottom valve closes and the water passes

. BEST AVAILABLE COPY
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through » socond nomreturn valve in the plunger, to the
upper side of the plunger. On the next upward stroke, this
water s forced up the drop pipe (or rising pipe), while a
second intake of water is drawn in through the bottom of
the cylinder. Water is thus raised to the pump head and
discharged through the spout.

The pump cylinder may be placed below the pump stand

or within it, depending on the depth of the water surface -

below ground level. Where this depth is less than about 6 m,
the cylinder can be in the pump stand, connected to a rising
pipe and foot valve in the water, Where the depth 1o the
water surface is greater than 6 m, the cylinder must be placed
below the pump stand, either in the water or not more than
6 m above it, and connected to the pump stand by a drop
pipe.

If it is required to raise water to a point above the pump
stand, a version of this pump known as the lift and force
pump is used, in which the spout is replaced by a delivery
pipe. For this- version a water seal is needed at the top of

- the pump stand, and a linkage arrangement for the handle
which keeps the pump rod moving vertically without lateral
movement. 5

The output of a hand pump is directly related to the
energy capacity of its operator. While a human being can
generate quite considerable energy in short bursts, the
average output for protonged work is 0.1 to 0.08 horsepower,
and 0.08 horsepower is usually taken as the operator input
for a hand pump. Energy is lost tn working against friction in
the pump and the ratio of available power to input power is
known as the efficiency of the pump, often expressed as a
percentage. A usual efficiency for handpumps is 60%, so that
the available power is about O 05 horsepower,

The power used in lifting water 1 given by the equation -

Horsepower = (Flow 'n_}gS]]x (Lift in m)

Thus for 3 hand pump with 0.05 available horse power,
Flow x Lift = 38, approximately For a lift of 1 m, delivery
would be 3 8 I/s, for a lift of 20 m, delivery would be 0.2 I/s. .

Despite its relatively simple mechanism, the hand-operated_
reciprocating pump has had a poor record of performance in
8 number of developing countries Bangladesh is one country

BEST AVAILABLE COPY

Waatmy 4tk ey e

he reciprocaling hond purmp
hich has successfully ﬂdop\pd t
?{FJr smail-scale irrigation  With assistance from UNICEF, a

rogramme for shallow groyndwater, known as
:ABSST?U&En?J;?y Operated Shalllow Tubewe!l for |rr|gat|orlwc)j
was evolved, which included a simple borehole which cou o
be driven by manual labour and a hand pump for wrugatmgrzra]
average of 0.2 ha of rice or 0:25 ha of dryland crops.1g7g
MOSTI system was introduced in the late 18950s ar}d by” 70
there were 60,000 units 1n use. The cost of the insta atlﬁ'
in 1976 was US$70. The pump fur}all\( adopted for this
programme, known as the ‘New No.8” (Figure 48) 15 a crtljlss
between the USAID ‘Batelle’ pump and an earlier locally

manufactured pump
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Fig.48 New No.6 hand pump {Bangladesh)
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Fig.49 Cross-section of a
semi-rotary pump

. Semi-rotary
bucket valve

Checl. ;

valves .,
Hotating

~—+ To pump head
shaf 'l pump fea
D

Rotor adapter
“coupling

/Steel rotor

" il' [y
LRI

Tubber stator

. , . b g
Fig.50 Cross-section ofs ponded to pipe

helical rotor pump

Suctivn valve and
strainer assembly

Dapheapm f}:
SO

Fig.51 Cross-sectran of a diaphragm pump
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Other types of hand pump which are avaliable include the
semi-rotary and helical rotor pumps {Figures 49, 50} and
hY

the diaphragm pump {Figure 61). i

Animal-powered Systems )

Animal power has been used for water lifting 1 parts of
the world for many centuries. One of the most common
methods is the Persian Wheel or Sagia, which takes different
forms, but they all comprise a water wheel or a chain of
buckets, operated by an animal harnessed to a beam which
rotates in a horizontal circie to provide the motive power
(Figures 52, 53) Another use of animal power which origi-
nated in India {sometimes calted the Mot) is sllustrated in
Figures 64 and B5. It is usually assumed that an animal
working on a circular track can exert a force of one tenth
of its weight at a speed of 0.7 metres per second. For an
ox weighing 400 kg this is gquivalent to ah output of 0.4

horse-pawer.
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Fig.53 Details of Persian wheel (/{lustration: James Goadman)

Fig.58 Details of Indian ndt

TS

; e e : : height. The rate of
a1l ﬁhﬁf}?%ﬁ”* it ; raises a portion of the water to a greater height.
Co "

o4 fomi
Y

! i 3 3 L 4?4‘, £ . . .

ﬁ{é@‘ &ng'éfﬁzkgf,,?‘%fﬁ g f"-.’??'s“.':"f%f delivery will depend upon the supply available, the working

@ --'l%l’ﬁ?;%ﬁg‘f'F’%?.!’fg{*ﬁ%"T:'ﬁ?%i‘W‘:t: P head and the height to be hfted. lf.a supply of 20 1/s were
S il ot 4 used with a fall of 5 metres, a delivery of 1 I/s could be

raised to a height of 60 metres.

A\.&-'u"":: - -': A \\A‘a.:s" l.-:“‘ N
Fig.54 Indian ‘mot’ at Iste of Dierba, Tunisia (Photo: Douglas Dickins)

Water Power

The energy of flowing water is used for raising water, as in
the water wheel {Figure 56) and the hydraulic ram or hydram
{Figures 57, 58). Water wheels are common in countries in the
Far East, and can be used where there is g fairly constant flow i NG e
in a river or large canal. The hydraulic ram is a self-acting 75N . S T
pump in which a stream of water falling through a smalt height Fig.56 Water wheel on the Nile near Juba, Sudan "
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CHAIN PUM® FOR TRRIGATION

The chafn pump, which can be powered
by man or animal, 1s primarily a shal-
Jow-well pump to 1ift water for frri-
gation (see Figure 1). It works best
when the 11ft 1s less than 6 meters
{20'), The water source must have a
depth of about 5 chain Tinks,

Both the pump capacity and the power
requirement for any 11ft are propor-
tional to the square of the diameter
of the tube. Figure 2 shows what can
be expected from a 10cm (4") diameter
tube operated by four men working in
two shifts.

The pump is intended for use as an

{rrigation pump because 1t s diffi- |
cult to seal for use as a sanitary pump.

Tools and Materials

Welding or brazing equipment
Metai~-cutting equipment
Woodworking tools

10on (4"} outside diameter,

Pipe:
Jength as needed

5om (2") outsidd diameter,
length as needed

Chatn with links about 8m (5/16") in
diameter, length as needed

Sheet steel, 3mm (1/8"} thick
Sheet steel, 6mm (1/4") thick
Steel rod, B (5/16") in diamgter
Steel rod, 12.7mm (1/2") in diameter
Leather or rubber for washers

The entire chain pump is shown in

Figure 3. ODetails of this pump can be
changed to fit materials available and

structure of the well,

-m * m ey "T" LL] -we |
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The piston links (see Figures 4, 5
6 and 7) are made from three parts:

1. a leather or rubber washer (see
Figure 4) with an outside diame-
ter about two thicknesses of a
washer larger than the fnside di-
ameter of the pipe.

2. a piston disc {see Figure 5},
3. a retaining plate {see Figure 6).

The piston 1ink is made as shown in
Figure 7. Center all three parts,
ciamp them together temporarily,
a hole about 6mm {1/4")} in dianeter
through all three parts and fasten
them together with a bolt or rivet.

The winch is built as shown in Fig-

ure 3. Two steel discs 6mm (1/4")
thick are welded to the pipe shaft,

drill

REFERENCE NO. 4

FleURE 2

LIFET

it

QUANTITY

b METERS (18 FEET)

Il CUBIC METERS/ Ho,
LA
(2906 CALLONS/HOLR)

S METERS (9 FEET)

20 CUBIC MEFrERS/ LY
Coepd Gatiomaiiose

LS TO ZMETERS (#.5 70 6 FEET)

E5-30 CUBIC METERS/HO
[~/
(6605 10 7926 GALL ONé/ﬁ’OﬁZ

Twelve steel rods, 12.7mm (1/2")
thick, are spaced at equal distances,
it or near phe outside diameter and
7;$dweld:g in gT?ce. The rods may be
on the outside of th
gog on e discs, 1f
1
A crank and handle of wood or metal

s then welded or :
shaft. bolted to the winch

The supports for the winch

shaft (see

Flgure 3? can be V-notched to hold £he

thaft, which will gradually wear {ts

z$egr:g:e. ﬂhstgap or block can be
0s5 the top, if nece

hold the shaft in p?éce. ssany, to

H

93

The pipe can be supportad by thread-
ing or welding a flange tb its upper
end (see Figure 8). The flange should
be Bum to 10mm {5/16" to 3/3"? thick.
The pipe passes through a hele in the
bottom of the trough and hangs from
the trough inte the well.

Sources:

Robert G. Young, VITA Volunteer, New
Holtand, Pennsylvania, Chapter P

Water Lifting Devices for Irri

gation
Ey EIH?Et ﬂo&enaar. Reme: Food and !
griculture Organization of th
Nations, 1956. ¢ U?itEd
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IMERTIA HAND PUMP

The inertia hand pump describdd here
Is a very efficient pump for 1ifting
vater short distances, It T1ifts water
1 meters {13') at the rate of 75 to
14 titers {20 to 30 U.S. gallons) par
rinute. Tt 1fts water 1 meter {3.3")
at the rate of 227 to 284 1iters {60
to 75 gallons) per minute. Delivery
depends on the*number of persons pump-
ing and their strength.

The pump is easily built by a tin-
smith. [Its three moving parts require
1lmost no matntenance. The pump has
been built in three different sizes
for different water Jevels,

The pump is made from galvanized
theet metal of the heaviest weight
stainable which can ba easily worked
 a tinsmith {24 to 28-gage sheets
Mye been used successfully). The
¥pe is formed and made air tight by
wldering all joints and seams. The
#lve is made from the metal of dis-
urded barrels and a piece of truck
'mer tube rubber. The bracket for
Waching the handle is also made from
Mrrel metal.
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Tools \

Soldering equipmentd

Dri11 and bits or punch

Hammer

Saws

Tinsnips

Anvil (railroad ratl or fron pipe)
Materials for l-meter {3.3') pump:

Galvanized iron (24 to 28 gage):

Shield: 6lcm x 32cm, 1 piece
(2' x 12 5/8")

Shield cover: 2%em x 22cm, 1 piece

. (81/4" x 8 5/8")

Pipe: 140cm x 49cm, 1 plece
(55 1/8" x 19 1/4")

\ Top of pipe: 15ecm x 15cm, 1 plece

(6" X 6“‘)

"Y" pipe: 49cm x 30cm, 1 piece
{19 174" x 12")

Barret metal:

Bracket: 15cm x 45cm, 1 piece
(6" x 21 1/4M)

Valve-bottom: 1Zem (4 3/4") in
diameter, 1 piece

Valve-top: 18am (7 1/8") in diam-

eter, 1 piece

Hire:

Hinge: dmm {5/32") in diameter,
32em (12 5/8") long

This pump can also be made from plas-
B

tic plpe or bamboc.
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12 DIRECT USES OF SOLAR ENERGY

conditioners, and storage. Work is being done to develop new low—cost sup-
port structures, increase efficiencies of power converters, and lower the costs
of storage, as well as to examine new storage techniques. As these programs
advance, the prices of compleie systems could drop and system reliability
will be improved. Present lifetime expectations are 20 years for modules,
10-12 years for power converters, and 8-10 years for storage (if batteries are
used). It is hoped that costs of complete systems without storage will reach
approximately §2/Wp by 1986. -

Information on photovoltaic devices has become increasingly available
over the last several years, but information on the needs of people in develop-
ing countnes has only recently begun to flow to manufacturers. (See Appen-
dix C for listing of receni publications on photovoltaics.} ’

RECENT APPLICATIONS OF PHOTOVOLTAICS
IN RURAL AREAS

Telecormmunications

In 1975, over 4,000 photovoltaic-powered educational television sets (ETVs)
were installed in Niger and the Ivory Coast (Weiss 1976). The success of this
system in educaiion in rural villages has been demonstrated, and expansion is
anticipated. An Ivory Coast firm projecting the production of more than
13,000 photovoitaic-powered sets in the next decade (Sloop and Watt 1979).
Weiss and Pak (1976) estimate a wosldwide demand of 10 MW for ETVsby
the early 1980s and conclude that photovoltaic-powered sets presently have
an econcmic advantage over alternative systems.

Another remote telecommunications application, aperated since 1977 by
the Mexican government, utilizes 36 W of photovoltaic power, operates a
rural telephone station, and is unique in that all components of the system
were designed and produced in Mexican laboratories. It is anticipated that
70 more stations will be installed in rural areas and 2 solar cell pilot pro-
duction line is being set up to produce 20 kW/yr (Perez, et al. 1978).

Irrigation

In Mead, Nebraska, a 25-kWp irrigation system, larger than most rural appli-
cations, has provided important base-line information on silicon module

reliability and system design (Figure 1). This project, sponsored by DOE, has

shown a module failure rate of 2 percent in 2 years (Forman 1979} and has
provided important statistical information on such aspects as soibng and
cleaning (Forman 1978). In the 2 years that it has been in operation, the
system has provided power with less down time than the local utility: Fur-
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FIGURE 1 A 25kWp photovoltaic-powered irrigation systeme at Mead, Nebraska,
sponsored by DOE.

ther U.S. applications of photovoltaic devices to irrigation systems have been
identified and analyzed (see Twersky and Fischbach 1978).

A study pertinent to irngation systems conducted by the U.S. National
Aeronautics and Space Administration (NASA) at its Lewis Research Center
states that under present cost poals, a utility grid extension of greater than
5-7 mi (8-11 km) makes the use of photovoltaic systems attractive (Rosen-
blum, ef al. 1978b). The study also projects 2 6-GWp market in foreign water
purnping applications, and a significant market penetration in 1981 or 1982
as systems become economically feasible. But the study cautions that a 4-year
fead time is necessary to evaluate and test planned systems, and that those-
systems will be paced by costs, government attitudes, and sources of funding.

Several -other sources have also presented prospects for photovoltaic power
in pumping applications in rural areas (see Agarwal 1978; Sangal, et 4l. 1978;
Campana, et al. 1976). : ’

The Republic of Mali has had extensive experience with photovoltaic sys-
tems (W. Mackie, SERI, Golden, Colorado, personal communication 1979).
At least five systems have been instalied, most with French assistance, and
are Used primarily for pumping water in rural areas (Figure 2) Figure 3
shows a 16-kWp system being installed at a hospital. This system will pro-
vide power for water pumping, refrigeration for pharmaceuticals, and lighting
and coaling for the operating rooms.

Under a program financed by the U.S. Agency for International Davelop-
ment (AID) and administered by the Solar Energy Research Institute, four
more water pumping stations will be installed in four regions. The 2-kW
rhotovoltaic array-powered stations will also feature 20-30 m® (706-1,059
ft®) of water storage, and are a part of 2 completely packagizd pumping
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FIGURE 3 A 16-kWp photovoltaic array being installed at the Djicla Hospital in Mali.
{Photograph courtesy of W. Mackie, SERI, Golden, Colorado}
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system offered by Pompes Guinard of France. No electrical storage is planned T ! | ﬁ?;}
for the systems, which will be installed by Peace Corps Volunieers. i‘

Total Village Power Needs e

Photovoltaic systems that meet the major electrical power needs of a village FIGURE 4 Photo ‘\:‘}}_
are also being implemented. [t has been estimated that a L0-kWp system is b etal 1979) i
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Péda/ Power

INTRODUCTION

One of the most efficient mechanical devices developed by man is the bicycle,
and pedaling is the key to the most efficient use of leg power. The thigh
muscle (the quadricep) is the largest and most powerful muscle in the human
body. Through pedaling, this muscle can be used to perform a variety of use-
ful tasks.

Pedaling enhances the power of the legs, which are then relieved of the
effort of standing or supporting the body. The usual pedaling speed, 60-80
rpm, uses leg muscles at their maximum efficiency. Studies have shown that
this speed yiclds somewhat less than 0.1 hp (74.6 W). In some cases, profes-
sional cyclists have produced up to 1 hp for short periods of time.

Pedal power is particularly appropriate when small amounts of power are
needed at wregular intervals, or when 2 mobile power source is desirable. Be-
cause many pedal power devices are lightweight, they can be carried easily to
a worksite to power such devices as winnowers, threshers, and water pumps.

Pedal power wnits are sometimes referred 1o as “dynapods” (Creek for
power and foot), and usually consist of a stationary bicycle frame, seat,
handlebars, and pedals which drive a series of chains or belts. The number of
revolutions per minute (rpm) can be changed by adding or subtracting pulleys
or gears. Usually a flywheel is necessary to smooth out the high and low
power output of a person’s natural pedaling rhythm. The use of the {lywheel
assures consiant speed and power to the device being driven by the dynapod
(see Weir 1979). :

During ‘the past § years, new pedal power technologies have evolved
that can be used in the transportation, agricultural, and domestic sectors of

133




OTHER TECHNOLOGIES

FIGURE 65 Details of railbike stiachments. (Reprinted from Pedal Power € 1877.
Permission granted By Rodale Press, Inc., Emmaus, PA 18049} -

”

A U.S, inventor, Mark Hansen, of Onamia, Minnesota, has enlarged the
concept of the raibike by building a vehicle that will support 2-3 people or

700 1b (315 kg) (see Hansen 1976). . s
. 5
AGRICULTURE :
Pumping ‘ . I
Probably one of the oldest applications of pedal power is pumping water. ?
Wood is an excellent material for constructing water purnps. In low salt-flat . .
areas, corrosion of metal pumps would cause maintenance problems. In Tai- :
wan, foot pumps made in the ancient Chinese way use few if any metal parts
{(see Figure 66). The water being pumped acts as a fubricant, making such a &
pump quite easy to operate, In large, flat, marshy areas, the water usually St
needs to be lifted about 2 ft (0.6 m) and the depth of the evaporation ponds ] te

"is only a few inches. Two people work together to operate the pump as the ’ ;
power rotor has two sets of pedals.

At the International Rice Research Institute (IRRI) at Los Bafios, Laguna
the Philippines, engineers have developed a small, lightweight, inexpensive
foot-powered pump that will lift large quantities of water several feet, using

" only moderate amounts of human power. The operator simply stands on two - T
footrests at either end of the pump and rocks back and forth (see Figure 67). -
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Pedal Power

FIGURE 66 Old-style wooden water pumps used in Taiwan for‘mising sea water into
salt-evaporation beds at a coastal town. {Reprinted from Pedal Fower @ 1977. Permis-
sion granted by Rodale Press, Inc,, Emmaus, PA 18049)

This effort compresses a diaphragm, which forces water from the outlet valve,
By operating the pump in a rhythmic manner, a continuous flow of water is
pumped. It is estimated that the foot pump will cost only $25-330 to manu-
facture. IRRI gives designs for its machines at no charge to fabricators
throughout Asia.*
Peda] power can also be applied to existing hand pumps. Figure 68 depicts
. a pitcher pump; an activator rod from = reciprocating pedal power device can
supply the up and down motion to pump water.
A simple, inexpensive (less than $5) centrifugal pump can also be attached
to a pedal-driven device (Figure 69). These devices can pump 3,500 gal/hr
(13,248 1/hr), sending water streaming out 30 ft (9 m) through a hose nozzle.

A

*More wnformation on this technology is available from the International Rice Research
Institute, Agriculture Engineering Department, Post Office Box 933, Manila, Phihppines,
and from Volunteers 1n Technical Assistance, 3706 Rhode Island Avenue, Mt. Rainijer,
Maryland 20822, USA.. ’
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FIGURE 67 Pedal pump designed by the International Rice Research Institute, Los
Bafios, Laguna, the Phillippines. {Reprinted from Pedz/ Power © 1977. Permission
granted by Rodale Press, 1nc,, Emmaus, PA 18049)

Plowing, Cuitivating, and Harrowing

The research and developmelx']t laboratories of Rodale Press, Inc. (Emmaus,
= Pennsylvania (USA) have developed a pedal power farming system, the Me-
chanical MuleTM (see Figure 70). This two-person operation consists of a
." pedal power winch that is used to reel in a steel cable attached to a mobile
3 tool carrier. The tool carrier can be equipped with a plow, harrow, cultivator,
or other tools, all quickly,interchangeable.

¢

I

Pedal Power

FIGURE B8 Pitcherp

FIGURE 89 Pumpint
printed from Pedal Po.
PA 18049}

Seated in the pec
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FIGURE 63 Pumping water using a centrifugal pump and a pedal-driven device. (Re-
printed from Pedal Power ® 1977, Permission granted by Rodale Press, Inc., Emimaus,
PA 18049)

Seated in the pedal power unit which is posifioned at the head of the gar-
den row (spade blades keep it i position), the operator pedals to reel in the
cable attached tégthe too] carrier, which is guided by a helper. The tool car-
rier, equipped with the right tool for the desired operation (say, a plow), is
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A M

FIGURE 70 Plowing operation using the Mechanica) MuleT M.

positioned at the foot of the same row. When the tool carter reaches the
head of the row, the operator stops pedaling and pushes a lever that slips the
reel into “free-reeling” position. The helper then wheels the tool carrier to
the foot of the next row, thus unreeling the cable. Simultanecusly, the opera-
tor moves the pedal power unit to the head of the next row, This sequence is
followed until the entire plot of ground 1s cultivated or plowed.

The pedal power unit or winch (Figure 71) is designed with a three-speed
sprocket-and-chain ddve (Figure 72) which permits over 1,000 1b {453 kg) of
pull with normal pedaling effort. “Low gear” is used for jobs requiring a slow,
powerful pull, such as plowing through heavy turf. “Second™ or “high” gears
are used for easier jobs, such as harrowing or cultivating, The pedal power is
much faster than hand spading and raking. Because the unit’s design is sunple,
repairs or adjustments can be handled using simple tools. The unit can be
built for less than 51350 wn quantities of 23 units.

DOMESTIC APPLICATIONS

Most domestic chores require a stationary power source. The use of pedal
power in such a capacity necessitates overcoming 2 number of problems, in-

*
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Fhy do we

REFERENCE NO. 6

Fegn 1

FENDULIM FUMP

What 15 1t?

A nanually operated pump

- incorporating 2 nevw principle (the pondulim) ¢0 consarTvs asSTZY,
and a mew meterial (FVC) to minimise fricticn, ecorrcsiom &nd dow
terioration.

nasd it?

As a minimum cost, minimum maintensnce, sclution to the problea
of lifting irrigaticn water from wells, end to avoid the socinl/
organizational problams associsted with shared irrigation s-appliu

¥Where will it work best?

Where high population dengitiss and high water tables colncide,
i.e., Northeastern India &nd Bmgla,daah, possibly ths Kils Dalta
and some places in Indonesia.

Who will it work for?

The smallast farmers, who with even the limited cash and energy
rescurces available to them, can use it to produce enough to feed
themselves and their families.

What will it cost?

Less than $10C (installed}, with much of this being in lsbor and
local materials contributed by the farsmer, the rest locally
raniufactured.

How hard 13 1t to work?

What will

One man with this pusp can 1ift 18 gpm, more or leszs steadily,

from a depth of 12 feet., (Visuvalize carrying a gallon jug in sach
hand uwp a flight of stairs every 7 secondal). There is no way to
make this easy, regardless of the ingenuity of the mechina employed,
but if the altamative is going without food, that is not exactly
e25y eithar. In the courss of a 120-day sssson, has may work, on .
the sverege, 5 hours par dxy, for a total of &0 hours.

hoe get for this effort?

Fror & half-scre of land he should get sbout 1200 1bs of rice,

i.e., for each hour of work ha gets about 2 lbs, or two days'
food for a msmber of his family.
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Annex 1 .
FPage 2

The Need for Improved Technology in Manual Pusmping of Irrdgation Water

by S. Ve Allisony

Background and Statement of Problem
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1. Over an area exceeding 1,0 million ha in monsoon Asia, intensive

erop preduction is possible only with irrdgstion. Soills are good and
temperatures are sufficient for year round cultivation. Becazues of high
annual rainfall, water rescurces are generally adequate. The principsl
problam is the difficulty of getting the water from wherever it is (under- ‘
grownd, or in streams and ponds} onto the land, where it iz needed to

support cropping activities.

2e This situation,of course, provided the justification for in-
numerable irrigation works which have been built over the centuries. 4
wide variety of constraints are now operating hovever to prevent the rate
of construction of new facilities from equalling the rate of increase of
demand for food. Additionsl scolutions are thus required.

3. Manual pumping shows promise for this purpose because:
a) these are typicselly labor surplus regions;

b) the costs of other enargy aources continue to rise sharply and
there is a continuing shortage of fuel;

c) the capital costs of individually operatad manual pumping units -
are sufficiently low to permit thsir purchase by even the
smallest farmers}

d) the energy requirements for pumping can bes provided frem within
the srallest fLarm family;

e) the water output of manual punping units can meat ths entire
irrigation needs of the small blocks of land typically owned; and

f) bocsuse of the happy match between resources and requiremants,
thase units can be installed and operated without the need for
cooperation between farmers, which has proved to be a major
stumbling block for mosgt other types of irrigation facility.

4. Marmal 1ifting of irrigation water has, of course, bean practised
in Asia for centuries. Except where:lifts were very low (less than 1 m) it
hes howaver bsen found too costly in countriss which had the possibility

_l_/ October 1975 (Internal World Bank memorandum).
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Page 3

of cne major rainfed crop per ysary the eccnomics of rainfed eropping -

ppt food prices below the opportunity cost of the labor needed to praiuoce
sore food by manual pumping. In morse arid areass, whers all cropping depsndad
w irrigation, man/land ratiocs were lowsr =nd zuch irrigation was dona by
minal powersd pumps. Whers sexi-arid oconditicas and high populatien
4#pnities ceincide, az in Chins, menuel pumping beczzo and still 1is comon.

G Ths principal fsctor which has created ths currcat noed for mopeal
peping in South Asie in ths courss of ths last fou years 1s thma the
wpulation increase, which hasi

a) pushed the demand for food up faster than the supply, with the
axpected effect on food prices; and

b) made more humsn labor available at costs which are lower relative
te the cost of food. )

be One of the most important limitations of the manual pumping spproach
is tha balance betwesn the amount of energy aveilable in a (not wry wall
nourished) human body, and the large quantitiss of water required in the
frrigation of any crop, particularly rice. The critical nature of this
balance means that, for nanval punping to psy, absolutesly minimal quantities
of anergy must be wasted overcaming friction or lifting water which is than
praitted to slip back down the well. It is in this respect that most cur-
rently available handpumps are unsatisfactory. They were designed primarily
for drinidng watsr pwposes and conservation of the human energy input was
never an important consideration.

ksecription of Inproved ITecl‘mology

1. tnder the pressure of rising food costs and severe unexployment
tttention is again being focussed on this problem. There is now reason

W believe that ingeniocus mechanical deaign, coupled with ths use of new
uterials, can minimize snsrgy losses to make manusl pumping for irrigation
hurposes a feasitle and attractive proposition.

E- One such design is illustrsted in Pig. 1. The distinctive features
Bre Arg: =

A} elimination of the standard cast iran purp body, by expanding the
upper 6 m of well casing to beccme the pump cylindarg

) setting of a simple piston below the water table in such &
position that water will be lifted directly rather than by suction,
and the pilston gasket (pump lsather} will remain moist at all times
instead of passing through thes wetting and drying cycles which
cause deterioreticn of gaskets in surface mounted puwps whlch have
their pistons above the water table;

¢) use of low cost PVC pipe with very smooth interior surfaces for
all downwell components, eliminating the possibility of corrosion
and minimizing energy losges due to friction. This pipe is easy
o]
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to transport and may be installed without difficulty by local
artisansj;

d) . use of & ribbad and fine slotted PVC well screen, in which the
ribs act to facilitate ths development of A natural granular
filter around ths screen, and tha slois are sized to pass the
required fraction of finss == and not more =-- of ths material
from the surrcunding aquifar;

e) use of a simply supported pandulum &bove the weall, to maxinize
mechanical advantages and comservation of the energy expanded in
pumping.

9. The purp has been designed to use ensergy at & rate which can be
sustained up to 5 hours a day, by a small man working undsr tropical
conditions (i.e. about 0.067 HP). The actual horizontal force which has
to be applied to the push handle i3z between 7 and 10 kg, for lifis of

3 and 5 m respactively.

10, With this energy input, ths pump will psrform aa suamariszed on
Fig. 1. Hydraulic performance has been tested successfully under
laboratory conditions but not, to date; in tha field.

. . A pump of this design will cost about 3100 installed, 25 detailed
in Apnnex 1.

Cort/Banefit Analysis

iz, To obtain parspective on the economic merits of this design

it may be coampared with two principsl alternatives: power-punped shallow
tubewalls, and manually oparated units using pump of designs currently
in use. A8 all elternatives show economic returns well in sxcass of

tha opportunity cost of capital and range upwards, depending on the

assumptions uzed, to well ovar 100%, a more relevant critsrion for cta-

parative purposes is the contribution of irrigation to the cost of tw
rice produced. The important variables &nd assumptiens in thls anslysis
are presented in Annex 1, and the results are su=marised in Fig. 2.

13. Ssveral concluaions can be drewn froem Flig. 2. It appsers thag,
except at very near zero wage rates, povar puaping 1s substantially more
attractive than manusal pumping. This 1is certainly trus from the englosering
and economic viewpoints, but it 1s valid only within bounds defined by
socisl and organizational constraints too complex to be neatly guantified.
For a start the proceas of comparison implies that we have a choice, or

must choose, between thase technologies. Ths fact is that the power pumped
wells are being inatalled throughout the region at a high rate and in fact

about as fast as financial and organizational constraints permit. Under
these circumstances what we would recommend is not that manual pumping -

installations should be supported instead of power punps, but in addition
to then.
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Secondly, electricity is aimply not available in some areas, s0
power purping implies the use of an intermal combustion engine. For ths
necessary degree of reliability this means dlesel engines and these are
pot_made smallar than about L.5 HP. If one is used it means eithers

a) producing enough watsar for 5 to 15 farmers, with assoclated
recuirements for organization or cooperation, or

b) leaving a costly place of equipment unused for betwsen 50 and
207 of the time it could be working.

15. Firally, it has t be emphasizad thet, with the minimum cost of

s power pump installation being sbout $1,300, only the larger farmers have ,
the cash, or the influence necessary to get credit instead of cash. The

manual pumping alternative, by contrast, is blased toward the smaller farmer
because, from the farmers' perspsctive, this approach 1s considerably more
attractive financially when labor internal to the farm family is used for

pumping, A farmer with more than 3 ha of land would be incapable of having

a family large enough to irrigate it &ll by manual pumping.

Potential for Development

16. It is clear that manual pumping, by any neans, is a practical
proposition for irrigation only when the statie 1lift is less than 5 m,

There are substantial areas (probably 4 to 5 million gross ha) in ths most
densely populated parts of the Indo-fiangetie plain, where the water table
rises to near or above the surface during the rainy season and than falls

to L m or less before the onset of the next monscon. This condition is
typically reached only in April or May, while the winter rice crop matures

in March and may even benefit from drying out in April. During the important
irrigation months, December to February, the aversge 1ift will thus be less
than 3 m.

7. Irrigation from wells of any type will hasten the depletion of

the water table as'shown in the following table:

Fraction of Area Irrigated (%) Additional Depth of Water Table {(m) %“

End December End Karch :
- £

10 0.26 0.85 ¥
25 0.66 2.12 e
50 1.32 L.2k

18. This suggests that, in 4 million ha, manual wells should not be
instslled t¢ serve more than about a million ha. This would still require
3 million wells == scope enough for a major investment program.
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Next Steps
19, What is needed next 13 a series of tests, to ensurs that the new

pump functions as well in the field as it does in the workshops Performancs
in terms of areas irrigated under different conditions, and the reactions of

the farmers to the pendulum operating principle, need to be cleosely monitored
through an entire irrigation ssason.

20, Only when this ph;&se, which should, ideally, include 30 to 50
installations in differing aress, is complete will the comcept ba suf~
ficiently proven to include in large quantities and major projects, At the
present time we have several projects in ths pipalins which may include

manual pumping. Unless the pendulum principle is proven first, however,

pumps of traditional design will be used, and project bensefits will be

significantly lower than if the humsn energy input was expended more ef-
ﬁCiEDtly-




b

REF.
NOS.

1, 2

3,7
5,7

3,4

?
5,7,8

7

TECHNOLOGY

A. Human Powered

1) Simple Hand Pump

2) Pendulum Pump

3} Rower Pump

4) Diaphragm Pump

5) Bellows Pump

6) Archimedean Screw

7) Vater Ladder

8) Chain/Bucket Pump

B. Animal Powered

1) Persian Wheel (Noria) 3,7,9
. Other Energy Sources
1) Wind Powered

2) Solar Powered

3) Biogas Powered
NOTES:

TYPE OF

PUMP

suction/force

force

suction

suction
suction
force
force

force

force

suction

suction

suction

T,

Prefabricated materials required.

be easily made locally.

Prefabricated materials required.
Cannot'be easily made locally.

local materials, but some materials

may not be available,

Wind mill can be made locally; puhp cannot.

manufactured locally.
manufactured locally.
manufactured locally.
manufactured locally.

manufactured locally.

manufactured locally.

be made locally.

TABLE L: Compardson of Pump Technologies
MAXIMUM  FLOW AT 5 MANFPOWER
HEAD METERS HEAD ~ NUMBER ,  REQUIRED
(METERS)  (LITERS/SEC)  REQUIRED  PER UNIT FABRICATION
5-7/180 0.7 - 0.8 h-5 24
Cannot
50 - 150 0.5 ~ 0.6 6 -7 !
5 -7 0.7 - 0.8 4 -5 24 Mostly
5 -7 0.7 - 0.8 4 - 5 1 Can be
5-7 0.7 - 0.8 4 -5 1 Can be
0.5-1.5. 1.2 = 1.5 6 - 9° 24 Can be
0.5-1.5 0.7 - 0.9 12 - 15¢ o8 Can be
20 - 50 0.8 - 1.5 2-3 24 Can be
3-5 z2-10 0.3 -~ 1.5 1 man plus Can be
1,2 bullocks
(250)° variable® a -
(250)2 variable® a - Cannot
(250)a variable® a -

aDependent upon local conditions, size of pump, etc.

“Ta 11ft 5 meters, 3 units in series.are required

dTwp men working in shifts,

See reference 7.

Number required to pump 100 m3 water, 5 meters of head, in 8 hour day.

Digester can be made locally; pump cannot.
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TECHNOLOGY RELATIVE COST LIFETIME
A. Human Powered
1) Simble Hand Pump L-M 4—-8 years
2) Pendulum Pump L-M 4-8 yeéars
3) ' Rower Pump L 2-5 years
4) Dlaphragm Pump L 2800 hours
5) Bellows Pump L 2800 hours
6) Archimedean Screw L 8-10 years
7) Water Ladder L 4-8 vears
8) Chain/Bucket Pump L 8-10 years
B, Animal Powered
1} Persian Wheel L 10-15 vears
C. Other Energy Sources
1} Wind Powered H 15-20 years
2) Sclar Powered H 15-20 years
3) Biogas Powered H 15-20 years
NOTES: L = Low M = Moderate 1 = High

COMMENTS

hY
"
Requires frequent maintenance; must be located directly
above source.

Requires fregquent maintenance; must be located directly
above gource

Some maintenance required
Some maintenance required; short lifetime
Some maintenance required; short lifetime

Appropriate for very low lifts (up to 1.5 m) but can possibly
be made to lift higher; little maintenance required.

Appropriate for very low lifts {up to 1.5 m) but can possibly
be made to 1ift higher; little maintenance required.

Must be located directly above source.

Al

Simple construction; long lifetime must be partially
located directly overhead of source.

High initial cost; long lifetime; windspeed data required;

not suitable for locations with little wind; little maintenance

Very high initial cost; long lifetime; relatively malntenance fre

Requires constant input of organic material for digester; long
lifetime; frequent maintenance required
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A, Detailed Cost Estimate

Item Quantity Local
Upper well casing (120 mm dia.) 6 m -
Lower well casing ( 37.5 mm dia,) 1l m -
Well screen { 37.5 mm die.) 5.5 mi -
Purp 12.00
Installation 15,00
?7 .00
Contingencies * 3.00
30.00

ANNEX 1 .
Page 7

Cost ($)

Foreign Total
18.00 18,00
22.00 22.00
311.00 11.C0
12,00 24,00

- 15,00
63.00 90.00
7.00 _10.00
70.00 100.00

B, Variasbles and Assumptions in Cost/Benefit Analysis

Power Pumped .-

Manually Pumped

Shallow Well Present- Design  New Design

Capital Cost ($) _ 1,300
Area Irrigated (ha) 6
Incremental Rice Production
{tons/crop) 15
GVP at $200/ton 3,000
GVP/Capital Investment 2.3

Pumping Energy Use :
Power (gals diesel)} - 13L
Manual (kg rice) -

Value of Energy Consumed

Diesel price range 53.60 to
Rice .price { .70 cts./kg.) -
Operating Labor Regquirements 12
(man/day/crop)
Labor Costs ($/crop) 1.29 to

(Range $0.10-1.00/day) 12.00

70,00

0.13

0.L45
$0.00

1.28

100.00

0.25

0.825
165.00
1,65

30.00

6.00

120

12.00 to
120,00
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REFERENCE NO. 7

2.4 Power Reguirements

The power requirements for an irrigation pump are basically deter-
pmined by the amount of water to be 1ifted per unit time--the discharge rate--
and the total height or head it must be lifted. The total head consists of
the suction head--the vertical distance from the water surface in the well to
the pump mechanism--and the discharge head--the height the water must be
pushed beyond the pump. In addition, allowance must be made for pump
efficiency and for losses in the pipes and distribution system.

Pumps are classified as high and low 1ift. A low 1ift pump is
surface mounted and used wherever the water table is high enough that the
water is within suction distance of the pipe. In theory, suction distance is
34 feet, but friction, leakage and efficiency considerations limit it to nc
more than 30 feet; 24 feet or under is preferred. A high 1ift (deep well)
pump is used for low water tables; it is placed within the well casing so that
it is within suction distance of the water. In some instances, the pump is
submerged in the water. Discharge head is not limited by atmospheric pressure
as is the suction head, theoretically it is limited only by pump power and
friction within the discharge piping, however, insufficient discharge head or
excessive flow can cause cavitation. In U.S. designs, the maximum 1ift, or
discharge head, per stage for centrifugal pumps is usually 250 feet. )

The power required to pump water at a rate ofév m3/hour through a
total head of y meters is given by the relation P = V(m®/h) X y{m) where P is in
h.p. and E is the pump efficiency. 272 x E

Given a particular lift and volume requirement, an electric or
diesel motor and pump can be matched to the need. The many small holdings in
developing countries make practical pump sizing for the jndividual farmer
difficult. The majority of farms are less than 2 hectargs (5 acres), which
for most Cropg means a wateizrequirement‘of'about 4-18 m*/h Or an average
of about 12 m”/h (539 GPM). While the water table varies, it is within the
range of low 1ift pumps in many regions (in some delta areas the water sources
is a stream). Usually a short discharge pipe empties into 2 ditch, with
little discharge head; in fact, pump cavitation may be a problem due to Tack
of water in the discharge pipe. Generally, only a small pump and prime mover
at dispersed locations is required. In those few areas which are electrified,
this means a high cost for the power distribution network. Diesel pumps-are
available, but the smaller sizes cost more per output horsepower and require
more maintenance. Also, because the market in smalier size pumps is more
volatile, spare parts, even at the manufacturers level, can be a problem.
Thus, larger pumps--sometimes larger than necessary--are used where possible,
Usually hooked into systems covering several farms or wheel mounted and
relocated, resulting in a complex irrigation system. Sometimes this is done
by.cooperative groups and sometimes the government provides operations and
Maintenance personnel.

Using the pumping conditions described above—-lZmB/h with a total
head of seven meters--works out to a theoretical horsepower delivered to the
Water of about 400 watts to meet the average regquirement, assuming a pump
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efficiency of about 60 percent. To meet peak reguirements would require twice
this amount. Allowing for losses, this means a pump of about 1/2 kW to 1 kW
size is needed.

For the purposes of this study, we can distinguish the following -
four types of pumping systems applications:

- e Low head, low volume rate pumping: This is. the case for the
majority of small farmers with farm sizes below 2 ha. Power
requirements range from about 400 watts to 1 kM. i

¢ Low head, high volume rate pumping: This is the reguirement for
farmers operating farms in excess of, about 5 ha. Their power
requirements would normally be in tfhe range of 2 to 5 kM.

¢ High head, low volume rate: This application is suited for -
drinking water supplies to smail rural communities in arid areas
and for watering Tivestock. For a community of 500 persons’
drawing water Trom a deep well with a head of about 30 m, the
power requirement would be about 500-600 w.

& High head, high volume rate: This would be the case for large
farms in arid areas with deep water tables. Power requirements
would be in excess of 10 kW to as much as 30 kW (e.qg., the Bakel
project in Senegal or the Arizona, Nebraska and New exico solar
pumping projects).
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SECTION III
CONVENTIONAL TECHNOLOGIES

3.1 Dgésel—Powered Pumps

Diesel engines are one of the two primary sources (besides humans
and animals) for irrigation pumping. They are manufactured in many countries
and are available throughout the world. The advantage of diesel power rela~
tive to electricity, the primary alternative, is that a diesel engine can be
operated anywhere and its fuel can be transporied. For this reason, it is the
primary mechanical power source in rural regions. A diesel engine has three

-disadvantages, however: its weight and size, which make it difficult for small
farmers to transport; the need for a trained operator/mechanic; and its fuel

costs.

Transport is a problem because roads to many farm areas are
essentially dirt tracks and the vehicles used are carts or light trucks.
Since a diesel engine with attachments would weigh about 250 pounds, the

farmer has a difficult task. For this reason alone, most pump installations
require outside aid.

The engine requires lubrication, cleaning and adjustment to maintain
it. Untrained operators and difficulties in getting parts delivered, result

in higher operating cost and more service outiays than would be expected from
review of manufacturers data.

1The major drawback to diesel is the difficulty of obtaining clean
fuel and the cost of that fuel if it can be obtained. Reports indicate that

T MOtors.

1 diesel R mp engines break down three times more often than electric
“E The most Trequent Fepair prubtem tited wWas "reptacement of-fozzles

and plungers" which are part of the fuel injection system and are damaged by

dirty fuel.

The primary diesel engines used for water pumping range in size from
about 3 to 20 horsepower at 1500 to 1800 RPM. While higher speed engines with
more horsepower per unit weight are available, the slower speed engines nor-
mally have a longer 1life and fewer maintenance problems.

Price Ranges and Energy Cost

. The deciding factor between diese}, solar or any other energy form
Will probably be its cost per unit of energy output. The hourly cost per
horsepower for a diesel engine is the sum of its capital recovery, maintenance

and fuel costs.
1385 costs.

These are computed in the following paragraphs for estimated

11
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£ ] For an en?1ne rated at a max1mum hp Pr by the manufacturer, usab]e
Z hp (P) is somewhat lower depending on ambient conditions and the kind of
operation the engihe is used for.. It can be determined from the relation ;4

P =P.X (rating factor)
where' rating factor = {100 -(% altitude correigion + % temp.
correction = % reserve correction) } / 100.

Altitude and temperature corrections are spec1fied by the manufacturer, ;

. heating value corrections are related to the ratio of the higher heating val
(HHV) to the lower heating value {LHV) of the fuel used, and reserve
correction is a safety factor allowance to permit design output under variou
operating conditions depending on application (for irrigation pumping,
recommanded % reserve correction is 20%).

§ For purposes of evaluating energy generation costs, the net effect
3 of a rating factor different from unity is to increase capital costs of
engines over manufacturers' list prices, as a lower rating factor implies th
a larger capacity engine is needed to deliver the same usable power. Since
are interested in applications o irrigation, we assume a rating factor of O
(taking % reserve correction as 20% and 10% for other corrections which are
site-specific).

Cost Analysis

Recent price checks indicate that the ]98Q,pr%ce—9 5U.S.
manutactured 3.3 HP, 1800 RPM engine with clutch ig $2,100.00.5". A 20 HP,
1500 RPM engine with clutch is $7,300.00. Both pr??és*ﬁ?@‘?ﬁ?jde1ivery f.o.t
Baltimore. Comparison with 1975 prices for the same engine indicates that
cost escalation has averaged 15 percent per year over the past Tive years.
that basdis, the 1985 price of a 3.3 HP engine would be $3,400.00. Subsequent
checks showed that engines yere being manufactured and sold in India for abut
the same as the U.S. price.

The useful 1ife of the diesel engine we are discussing is estimate:
to be eight years at about 1200 hours of use per year. This assumes that
irrigation service is seasonal and that the interval between seasons is used
for repajrs. The estimated 1ife, which may be optimistic, is based upon
Titerature review and observation of actual examples. For an engine of 3.3 1
delivered for $3,400.00 in 1985, the yearly capital charges are computed fron

. N
¢ i{1+7)

S ¢ 2 LS
where C = initial cost of $3400.00

i = interest charges assumed as 12%

N = Tife of asset, taken as eight years
or

8

R = 3400 —(W'IZ(HZ) oy

- $685.00 per year

On the basis of 1200 hours ‘use per year, the capital recovery cost is
$0.57/HR.

BEST AVAILABLE COPY 12
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Cost for maintenance and operations exclusive of fuel are.reported
as rangiTg {rom about 3.5¢/HR to 5¢/HR in India in 1975, in Bangladesh 5¢/HR
in 1976. These figures include the price of parts, lubricants, and
labor. Using 3.5¢/HR. for the 3.3 HP engine and an escalation rate of six
percent a year, on the assumption that local labor costs will escalate slowly,
results in a 1985 maintenance cost of approximately 8¢/HR.

Fuel is becoming the single biggest cost item. The U.S.

manuf acturer of the engine being considered 1ists its fuel consumption as .231
kg/HP-HR. This equates to 0.09 gal/HP-HR. Studies show that under field
conditions, fuel consumption is closer to 0.3 kg/HP-HR. Thus, at an output of
3 HP, the engine would use .27 gal of diesel fuel per hour. The delivered
price of fuel in the.less developed countries varies with supply and with the
degree of government subsidy. A recent survey indicates that the price of
diesel var{sd from $.65/gal in India, where it is subsidized, to $1.00/gal 1in,
Singapore. The average for the countries in the survey is $.86 per
gallon. The cost to transport the fuel to its place of use gan be con-

On that basis,
@ 1985 price 0\\§§ﬂ%g,per gallon is assumed as a conservative figure,

~amounting to a y&arly escalation in fuel and delivery costs of about 7.5
L percent. At a fuel use of .27 gal per hour for 3 HP output, the fuel cost
: ‘\A’,¢QEn will be approximately $.41/HR.

p In summary, the hourly cost of operation of a 3.3 horsepower diesel
aﬁzzg\usid 1200 hours per year will be: 4 ) -
e rel
P’“Dr{ $ Per Hour (L=l e
Capital Recovery T 30.57 S YA

’ Maintenance v
Operations = éi;ﬁ,ru

Cost per HP/HR (3 HP effective

For a given engine 1ife and interest charges on capital, current and
projected fuel costs imply that operational components of the cost; largely
fuel, dominate when the number of hours of operation increases above a certain
amount. Improved maintenance and scheduling to prolong engine life are the
best course to reduce overall cost, given the fact that fuel costs are beyond
the farmers control.

Estimated Engine Life

The estimated 1ife of the diesel engine will be assumed to be eight
years for the purposes of calculating the annual charges on capital .
investment. Manufacturers indicate that, on the average, 20,000 hours of
running time will be achieved before a major overhaul or repTacement is
required. Experience in India and Bangladesh suggests that life 1gltgs f1e]d
is about half this based on an average use of 1200 hours per year.

q~
L] -~ . .

L.
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Operational/Maintenance Experience

Internal combustion engines require more frequent maintenance, in
general, than electric motors. In LDCs, the lower cost of labor (repairmen
etc.) may frequently be balanced by the higher costs of obtaining spare
parts. U.S. experience suggests that 1.5 percent of the capital cost BS ta
as the annual cost of maintenance of a diesel powered irrigation pump. D

- gathered in India indicate the same cost to be about 5¢ per operating hour.
Perhaps 3¢ of this could be attributed to engine repair and maintenance ale

3.2 Electrically-Powered Pumps

Electric motors are manufactured in many countries in a complete
range of sizes from fractional horsepower to thousands of horsepower for us:
with alternating or direct current and at variable or constant speed. Thus

is fairly easy to select a motor to match pumping requirements and powsr
needs.

In addition to widespread availabililty, electric motors have oth:
advantages. Compared to internal combustion or Rankine c¢ycle engines, they
‘ are lighter per horsepower, are simpler to operate, and require minimal
L operator training and less maintenance. :

All of the advantages of electric.engines can be offset in the
absence of an electric power grid. In many developing countries single trar
mission lines do not cover any significant area. In addition to the smail
area, singie line coverage can cause reliability problems. For this reason,
farmers in Punjab and West Uttar Pradesh in Ingga who have the financial
resources maintain a diesel pump as a backup.

———— . In all _instances where power is available, the electric motor is_
cheaper, smaller and simplier tQ operate than the diesel. Economic comparisac
——betWeen eleciric and any other system is complicatéd by varying rat§ SEEUCﬂ
tures which do not always reflect the true cost of the electricity. 4
Nevertheless, due to its ease of operation and its apparent lTow energy cost,
: the electric motor will likely remain the preferred power source where
—~— electricity is available. '

Price Ranges and Energy Cost

Operating cost for an electric motor, as with diesel, consists of
the capital, maintenance, and fuel or electric power costs. The capital cost
of an electric motor varies radically with motor type, housing, voltage, and
type insulation. At current prices for delivery in the Washington areag,a
General Electric, 3 HP 1800 RPM, 230/460 V pump motor retails for $250°
Based on 15 percent per year escalation the 1985 cost would be $500.00. _Life
expectancy of electric motors is. longer—than_that of internal combustiop -
engines--trequently over 20 years in an enclosed space with proper -
maintenance--though smaller motors tend to have a shorter life span. In
addition, the Tliterature indicates that_service 1ife ip developing couairies
is in the range of ten years. This, plus consideration of the damp and dusty
working znvironmernt—whichusually exists, leads to the conclusion that ten
years is a conservative estimate for the capital recovery time. On that
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~ basis, annual capital recovery costs for a $500.00 motor using an amnual in-

terest of 12 percent and a ten-year life is $88.49. On the basis of 1200
hours of operation a year, the capital recovery charges would be $.073 -per
hour.

Maintenance costs for electric motors in the U.S. are very %gw but
costs per hour are $.03 in India and was $.02 to $.025 in Bangladesh.
Escalating the 3.03/HR amount at six percent a year results in a 1985 cost of
approximately $.04/hour. Operating cost for an electric motor depends on the
tariff established by the company or government monopaly which delivers the
power. In some instances the delivered rate does not reflect the true cost of
power, because the government desires to stimulate power use. Thus, there is
considerable debate about "true" power cost. The actual price to the farmer
in 1978 v§61§? ggom a low of $.03/k¥h in India to a high of 3$.048/%%Wh in .
Malaysia. Taking $.04 as an average figure and assuming escalation of
7.5 percent per year (as with diesel fuel) yields a 1985 price of $.066/kY.
The efficiency of electric motors varies with size, i.2., larger motors are
more efficient. Manufacturers information indicates that small engines lL.:ave
an efficiency of 80-85 percent. At 80 percent efficiency, a 3 HP engine uses
about 2.8 kWh/HR which comes to $.186 per hour.

ngine which operates 1200 hours a year for 10 years are:

-
-

(fiif\\ In summary, the typical energy costs per horsepower hour for a 3 HP

“$/HR
Cap1ta1 Recovery .073
Maintenance .04
Operations “TS .- .226 :f
Electricity .186 ; e e
Cost per hour. .299 ,C,(‘- M:h E/"
Cost per horsepower hour ;;;9 “—Cfff“*:;f7 h
- [ -]

The above price to the farmer is a subsidized cost; while apparently
inexpensive, the use of electric motors is restr1cted to the relatively sma11
areas which have access to electricity.

3.3 Traditional Water Pumping Systems

The other power sources used for pumping in the developing countries
are human and animal power coupled to relatively simple systems of levers,
wheels, counterweights and buckets. They are the predominant systems today,
part1cu1ar]y for shallow wells. In this instance, a shallow well is defined
as one where the water table is less than 30 feet below the top of the well.

Human-Powered Pumping Systems

Human powered devices for raising water have existed since the first
need to distribute water on a field or to raise it for drinking. In general,
they can be classified as hand- or foot-powered, and divided within those
groupings into those devices which do and do not amplify muscle power. There
are many versions of these devices which vary by detail and names from country
to country. i
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Hand-operated devices start with simple scoops or buckets and ™
progress to the counterpoise 1ift. The counterpoise, which has various loc
- names, 1s constructed by hanging a bucket from one end of a pivoted pole an
= attaching a rock or mud counterweight to the opposite end. The counterweig:
=3 permits 1ifting a larger bucket with less effort. The depth of the well an:

height of the 1ift is controlled by the length of the pole and of the rope
from which the bucket hangs. Another hand powered water lifter uses the cr.
. and windlass systems to 1ift buckets or scoops of water to the top of the
well. In addition, the United Nations and the Agency for International
Development both have had programs for development of a simple hand pump .
adaptation of the Tever handled reciprocating farm pumps for village wells.:

A unique type of hand pump is the enciosed helix, saigd to have be-
invented by Archimedes and still called the Archimedean Screw. One end o
the device, which ranges up to about eight feet long, is inserted in an
irrigation ditch and the other end is propped over the bank. As a crank
attached to the central shaft is turned, water is scooped into the bottaom of
the tube, the rotation forces it up the internal helix, and it is dumped out
of the upper end.

Foot-powered devices which use leg muscles and body weight result
more power and/or can be operated for a longer time than hand-powered pumps.
The "Plcottah,"” a foot-powered counterpoise, is used for wells. A bucket ic
suspended from the end of a beam which is much larger than in the hand-

_operated version. In this instance, the counterweight is provided by one or
" two men who walk back and forth on footholds in the top of the beam. In the
Far East, farmers use foot-powered paddle wheels. The shaft or axle of the
wheel is extended on each side and Toot treadles are fastened to it. 1In sor
instances, the bottom of the paddies are box-shaped. What might be consider
a variant of the paddie wheel is the water ladder, in which wooden paddles
mounted on an continuous chain are enclosaed in a trough. At each end, the
chain runs over a sprocket; the ladder is powered by foot treadles mounted ¢

the shaft which supports the upper sprocket.

Animal powered devices are variants of those described above but
with walking animals providing the power source. In some instances, the
animal merely walks away pulling a rope over a windlass, thereby raising a
bucket. Another version has the animal attached to a pivoted sweep with the
1ift chain attached to the opposite end. As the animal walks in a circle, t.
rotary motion of the sweep transmitted over pulleys alternately raises and
lowers & bucket. )

One of the most widespread animal powered devices is the many
variations of the "Persian wheel”. In its basic form, this is a large
vertical wheel with buckets mounted on the periphery; the shaft of the wheel
is extended and a cogwheel or gear is mounted on its end. This gezr meshes
with a larger horizontal gear pivoted on a vertical shaft. The shaft in turr
supports a lever which the draft animal rotates by walking in a circle. In
some models, the vertical wheel acts as a sprocket for a chain of buckets
which descend into a well.

BEST AVA/LABLE COPY 16
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Cost

The cost of 1ifting or pumping water by human or animal power varies
from country to country and even seasonally with the cost of labor and the
cost of owning and Teeding the animals. The one constant factor is the number
of personnel and draft animals used and the time they are used to 1ift a
specified quantity of water. This information. can be computed from data in
the literature. Tables 5 and 6 give the time in hours and the type labor
involved to 1ift one hectare-centimeter (water needed to cover one hectare to
a depth of one centimeter--about 26,240 gallons) a distance of five feet.
During the irrigation season, a one hectare field would need that much water
gvery one to three days, depending on the crops and the region.

Pros and Cons

Obviously, human- and animal-powered pumps are much slower than
diesel- or electric-powered ones. Their advantage is that they are made of
Tow cost local material with indigenous labor. Furthermore they are familiar
items requiring simple maintenance. If labor is cheap and, available and the
required water output is low, human~ and animal-powered pumps can be used,
but, the low output would restrict them to small farms or to areas which need
relatively little irrigation. Use on a small farm implies operation by the
owner-farmer; in this context, the time required to pump water becomes
significant because it is time not available for other tasks to increse food
output. Also, the humans and animals which provide the pump power are,
themselves, consumers of the scarce food produced.’
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TABLE 5
6
ELAPSED TIME TO LIFT 1 HA/CM OF WATER 5 FEET (1.5 METERS) -

METHOD

TIME (HOURS)

WORKERS

Persian Wheel

4.5 Pair of bullocks & 1 boy
Counterpoise Lift 14.3 2 men in shifts
2 Archimedean Screws* 6.7 4 men in shifts
2 Vater Ladders¥ ) 11.1 4 men in shifts - ]
o4
*2 devices operating in series. ‘
e
TABLE 6

ELAPSED TIME TO LIFT 1 HA/CM OF WATER 30 FEET (9 METERS) FROM WELL

METHCD TIME (HOURS) ‘ WORKERS
}
Persian Wheel - . 11.0 Pair of bullocks and 1 bc
!
Self Emptying Bucket 14.3 Pair of bullocks & 1 man
Rope & Bucket © 6.0 2 Pairs of bullocks & 3!%
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The potential for using solar power in water pumping applications “i ’ff

has been recognized for some time. This section covers the state-of-the-artsz4+»

of various solar technologies along with cost analyses and a look at existing =a. ;
installations around the world.

?'ﬁw(ﬂcr\,—’f" :]4 [ 76 j{;f
4.2 Photovoltajc Pumping Systems - },4MV; ;

" ‘;._/__,LL_:'.

Photovoltaic (PV) arrays convert sunlight directly into electricity
(DC) through the photovoltaic effect. The basic element of the array is a
solar cell consisting of suitable n-type and p-type semi-conducting materials
Joined together at a junction. The incidence of a quantum of lighl creates
positive and negative charge carriers ("holes® and “electrons®} which drift
across the junction setting up a volfage. By attaching positive and negative

contacts on the p- and n-type layers, current can be caused to 7low in an
external circuit.

Semi-conducted materials used for constructing arrays inctude mono-
¢crystalline silicon, polycrystalline silicon, cadmium sulfide, gallium
arsenide and others. To date the most operating experience has been with
mono-crystalline silicon. Almost all commercially available solar cells are
manufactured with silicon, although one manufacturer claigi near
commercialization potential for a thin film CdS/CuS cell.

PV arrays were originaily used to provide power for space
applications. With a cost decline from around $300/peak watt to the current
$7-10/peak watt, PY arrays have become cost effective for use in remote
terrestrial applications such as powering navigation buoys, telecommunication
equipment, anti-corrosion pipeline equipment, railroad signals, etc.

Numerous practical designs for PV water pumping systems have been
proposed. The simplest PY water pumping system, illustrated in Figure 1,
consists of a solar array without battery storage providing power fo a DC
motor which drives a centrifugal pump through a mechanical (shaft)
transmission. More than 60 such systems have been installed and operated by
Pempes Guinard in Africa and the Mediterranean area. The inclusion of a power
Conditioner or an electronic tracker which maximizes the output of power from
the array under differing insolation conditions is claimed to offer
tonsiderably improved performance in matching pump output to the. array
Output, Other systems which use battery storage to improve system performance
Or which use an AC motor are jllustrated in Figure 2. The use of AC motors
Can simplify the choice of motor-pump combination since AC induction motors
are available very cheaply in almost all sizes relevant to water pumping
Needs. On the other hand, use of an AC motor necessitates a DC/AC inverter
dnd batteries which add cons1derab1y to the cost of the system.

12
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FIGURE. 2

PHOTOVOLTALC WATER PUMPING SYSTEM WITH STORAGE
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o The power output of the PV array is proportional to ‘the
irradiance. It 1is possible to increase the output of a given array through
optical concentrators (mirrors or lens} and, since the PV array is the most
expensive component of the system, this is generally cheaper than buiiding a
larger array. Since concentrators use direct radiation, however, they reguire
tracking of the sun and this is an extra complication and expense. Moreover,
concentrating sunlight would also increase the temperature of the array. This

. requires a cooling system to avoid loss of power (and possible damage) since
cell voltage decreases by about one percent for every 2°C. rise in
temperature. For a small water pumping system, concentration--with its
additional need for a heat sink--would not significantly decrease cost. On
the other hand, manual tracking of a flat array {east-west), as offered by one
manufacturer, seems to be a simple solution for increasing ocutput of small
systems relative to a fixed array. For larcger systems, especially where the
heat removed by the cooling system can be put to other use, concentrators/
trackers may well prove to be more economical,

Existing PV Installations

Table 7 shows existing PV water pumping installations.38 Most

experience has come from the flat plate arrays installed by the French company
Pompes Guinard. '

Design Trends in Photovoltaics

-

Design trends in PV arrays applied to generating power for
applications such as water pumping are generally related to increasing cell
efficiencies and decreasing costs of array manufacturing. -R&D is underway on
potentially cheaper or more efficient solar cells than those made of single
crystal silicon, Materials being used include polycrystalline silicon or
i amorphous silicon, cadmium sulfide and gallium arsenide. GaAs cells in the
¢ laboratory have achieved efficiencies of over 20 percent as compared with 10-
14 percent for mono-crystalline Si cells. Automated manufacturing processes
can also play a significant role in cost reduction. Furthermore, R&D on
concentrators used to increase radiant intensity and so reduce the cell area
required for a given power output has been mentioned. Tracking equipment is

also used to orient the array to the sun and increase output from a given
area.

In addition, R&D on ancillary equipment such as cheaper batteries to
reduce storage costs, power conditioning equipment and DC motors is expected
to play a significant role in increasing the techno~economic feasibility of PV
arrays for water pumping. -

o
N T

Cost Analysis . 4.

¥

The system envisaged for cost analysis is 1 kW peak solar cell array
with battery storage powering a DC electric motor driving a centrifugal ° .
pump. (To use a conventional AC motor which runs on utility current requires
an inverter which adds significantly to the cost of the system}. During the
day the solar array charges the batteries which are used to operate the pump
at night. Alternatively, the pump may be operated during the day with the -7
batteries providing power stability in intermittently cloudy periods. Water
pumping is not ordinarily an operation requiring energy on demand. The demaqg_
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TABLE 7

o

Fxisring Puotovoltaic Pumoine Installations '°

PHOTOVOLTAIC DAILY N
1OCATION TER POWER oUT3LT HEAD AFPLICATION ptieiatd
INSTALLED w © n Srlas
A3U DEABY
‘Al Adm &00 40 LS livascock PG
ALGERIA
3ou Saada BOD 46 15 Agriculzeral e
Inscicuce
ECUADOR 600 S50 10 _ PG
FRANCE ’
Carsica 1975 T 600 14 - 25 irrization PG
Corsica 600 Lé 25 Lrrigaties PG
Tours 1974 400 15 0 demonscration Briav
Moncpellier L979 RN ircigacion PG
DNDIA 3
Qrissa (3 undzs) 1879 240 - Sm.:‘;'h -5 irrigacion SEI
Hyseracad 1979 240 ~ Sn._ifh ~3 dezonscracisn SEI
Palky 1979 240 - 5523/51 -5 desonstration SET
€ahibabad 1979 ~2a"/h dezpastraricn fart
TN
Tehran 1976 200 0-12 43 Briay
TenTan 1876 800 iR+ 19 Briav
TVORY COAST
Yazoussokro 900 19 s eallegs BG
LEYA
Trzpold 1300 3 o ) fara G
Trivoli 1800 42 40 ) 2quipment FC
Iripoll L3060 3 Jo )} swppliar 2c
2anghar? 1873 300 15 18
MALI
=15 1877 S00 [.%} €2 irrigation PG
Moped 2600 24 10
Wabasse 1877 900 o - 24 village 4]
Sga 1579 N 1800 25 30 hospital PC
Toomimian 1977 1300 0 25 village PG
Yangasso 1979 1300 55 25 village G
MAURTTANIA )
Cayak 3800 - 600 7 } foed rC
N'rakar 00 58 s ) co=aperzrive PG
MEXCo
- 1800 28 50 PG
- 1800 29 30 PG
- 600 23 12 irtigation PC
Guerrero §00 s 18 PG
- - 1206 3 PG
- 120 3my/h 1 universivy C
- . 120 3m“/h 1 demoastration PG
RICERTA
Karo &00 . 0 {rrigarion b1+
L — J .
1
OMay s
Meygae 320 ic 15 3riau
P 1 -
PARISTAN
Islarapad 3
2 1979 240 S5a”/h 5 dezonsrration SEI
... -
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: r1llage
. Tangaye 1979 1BOO wacer pumoing | water pucoping NAS A
and ozher and ocher village
applicacions applicacions
SAUDI ARABLA
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ENTIZD STATES
£l Monge Ca 2400 fountain Azes
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i i {pump)
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for irrigation is spread out over a few months and a storage reservoir should
b

e able To handle small fluctuations in the pumping rate. However, water
storage may be difficult on small farms which are 1ikely to use a 1 kW system
and, for certain crops, peak period water requirements may exceed sysiem
capacity.

The cost of supplying electricity from a solar cell array with one
day's battery storage is calculated as a function of cell panel cost and the

average solar insoTation per day; storage costs.are assumed to be $50/kWh of
battery storage. .

If average solar insolation is I kWh/day/peak kW of installed cell
capacity, the average number of sunny days per year is 300, and battery
efficiency is 85 percent, the total energy available on demand per year

=1 x 300 x 0.85 = 2501 kWh/pk kW
The solar panel 1ife is assumed to be 20 years, battery life to be 7 years,
and the cost of the solar panel to be $M/pk kW. One day of battery storage
costs 3501/pk kW of cell capacity. The interest rate on capital is assumed to
be 10 percent. The total annual cost per pk kW of capacity
g = R (10,20) M +.R (10,7) x 50CI
where R is the capital recovery factor.

The energy {on demand) cost is then given by

_ R{10,20) M + R (10,7) x 50I
Ba = 2501 $/kin

%é—%%‘i + 0.041 $/kWh

i

Figure 3 shows the energy costs as a function of I for various

- it is ¢lear thaft even_with solar pane.s. !

500/pk kW [projected by DOE=78 Ffor

é‘ values of M.__Unless the costs of secondary batteries decrease substantially,
at

;%%§§5) the cost of delivered elegtricity will remain_at 8¢/kWh or_above even in
y Areas of high insolation. ."In the absence of any battery storage, energy cost

“NWITT be about 4¢/KWh with solar panels at $500/pk kW in high insolation areas.

Table 8 presents some figures on the availability of solar energy in
€lectrical units (kWh/pk kW of installed capacity) in various countries at
different times of the year. These figures have been deduced from the solar
radiation data presented in Table 9.

Operational/Maintenance Experience

The PV array is encapsulated in material to protect the cells from
Mechanical damage "and the environment. In many designs, an element of
Tedundancy is introduced so that a bad connection does not cause module

8lure. The module has to be rugged, capable of withstanding wide
Cmperature variations, moisture, dust and other hazards. In irrigation
S¥stems in develeping country environments, the array has to be designed and
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Figure 3
FLECTRICITY COST FROM SOLAR CELLS *°
(ONE DAY ENERGY STORACE)

Al tin ket odk

M=5000
$/PEAK kW

M=3000
$/PEAK kW
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=2000
$/PEAK kW

M=1000
$/PEAK kW
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VALUE OF I (kW/HOURS/PEAK kW/day)
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Table 8

(kWn/PEAK kW)

IN VARIOUS COUNTRIES *

SOLAR-CELL ELECTRIC ENERGY PRODUCED DAILY

Energy Produced Daily
(kWh/peak kW)

March June Sept. Dec. Av.
£ (Washingron,
DC) 4.1 6.4 5.7 1.8 4.2
§razil
(Brasilia) 5.2 3.5 5.3 5.3 4.8
F~donesia 5.3 4.7 “5.3 4.7 5.0
Aadia (Central) 6.4 5.4 5.8 4.7 6.3
fa1i, Niger, Chad| 7.0 7.6 6.4 £.1 6.3
ambia 5.2 5.2 6.5 5.8 5.7
areg 4,1 5.8 4.1 1.8 3.9
g
=S

%5.

.:‘tesented at the Solar Ener
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: Table 9 i
; SOLAR RADTATION DATA FOR VARIOUS "
] COUNTRIES*
;
.ﬁi’ T
Area Daily Means of Total Solar Radiation (On Horizontal Surface)
(In &M CAL./CHZ/DAY)
March ' June Sepi. Dec. Annuzl & Averau-
mashlnaton, DC) ,
Iiaritude 40°N) 350 550 400 150 342
gnll (Brasllla) ]
fatitude 16%s) 450 300 450 450 412
- N ¢
‘onesia o
{llacictude 0 ) 450 400 450 400 425
s {Central g )
(Laritude 257R) 550 550 506 400 500
21i, Niger, Chad
{Tatitude 20 ‘\I) 600 650 550 350 538
Himhia o .
§ (Latitnde 187N 450 430 550 500 488
§Iﬁrea \ ‘ '
1 (Latitude 40°N) 1 350 500 350 150 338
- .
*aApproximate data obtained by using Worldwide Solar Radiation Maps in the paper
"Uorld Distribution of Solar Radiation” by G. Lof, J. Duffie, and C. Smith, presented

at the Solar Enerzy Society Conference in Phoenix, Arizona, March 1565.
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wptection from vandalism i

sevent battery failure.

.rated to withstand rough handling and damage from animals and birds.

s also necessary. No special maintenance is

gessary Tor the arrays apart from occasional cleaning of the array surface

qremove dust and, possibly, bird droppings.
jth the array, a routine check of the electrolyte level is essential to

Where batteries are used along

’ Considerable operational experience has been gained in PV systems

ged to power educaticnal TV sets in Niger for over nine years.
me arrays have functioned satisfactorily and 20 year 1ife appears a
Accelerated aging tests in laboratories appear to confirm

In general,

8.3 Solar Thermal Powered Pumps

A solar thermal

mechanical energy and uses that energy to drive & pump.
terminology, this might be likenad to a boiler which absorbs fossil-based heat
to produce steam that, in turn, drives a turbine and pump.
temperatures achieved by solar collectors, however, require design of new

systems components and sometimes ithe use of working fluids other than water.

perred pump collects solar heat, converis it to
In conventional

The relatively low

Solar Thermal Pumping Systems

century.
collected thermal radiati
which can drive a pump.
thermal pumping system.

fluid.

The efficiency

LI S
L At deap

R TP

whare T, is the (absoiut
source.

organic 1iguids, such as freon, with low boiling points.
solar therma! pumping systems have been built and installed by the French
company SOFRETES, which employs a flat plate collector and an engine with
freon as the working fluid delivering about I kW of mechanical power.

Many different kinds of solar thermal engines have been reviewed in

the literature since the first solar steam engine was demonstrated in the 19th
The basic principle in all these devices is to transfer the _

on through a working fluid to operate a heat engine
Figure 4 shows a schematic version of a basic solar

Early solar engines used concentrators and steam as a working
Modern engines in the small sizes use flat plate collectors and

Most of the small

of a heat engfneTis limited by the Carnot efficiency
2
n=1- i)
e) temperature of the heat sink and T,, of the heat

-which requires as large a temperature difference as possible between the
source and the sink (ambient ajr or water)--and increasing the efficiency of
the collector--which decreases with increasing temperature difference between

itself and the ambient surroundings.

In practice, the SOFRETES engines

achieve an overall efficiency of about one percent.
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existing Installations
_——

SOFRETES has installed nearly 70 percent of the solar thermal

overed pumping stations now in existence (see Table 10). In addition, there

qre numerous experimental installations, some of which consist of large
§ concenirating arrays intended to produce relatively large amounts of power,
E these include the 25 kilowatt system in Willard, New Mexico, which started
gperating in 1977, and the world's largest, located southwegt of Phoenix,
prizona. This latter system uses 5500 square feet (512.25M%) of concentrating
collectors to provide power to a 50 horsepower (37.3 kW) pump. The ground
§ grea required, the system complexity and the power outpui make this Targe type
solar energy system unsuitable for the small farms in the LDCs. The smaller
i systems installed by SOFRETES have a cellector area of about 100 square
¥ geiers, which can be mounted on a farm building. Table 10 is a listing of
¥ several existing and proposed installations showing their characteristics.

There is a wide array of pump sizes to which the solar engine can be
coupted. In some instances, reciprocating pumps are used since they are
already widespread in agriculture. Because these can require a large starting
torque, which may not be available, most pumps are of the rotary type. In :
each instance, pump characteristics must be matched to the motor and to the ?
pumping environmeni. The connection between the motor and the pump may be K
mechanical or hydraulic, or the solar engine may drive a generator which :
powers an electric pump.

Design Trends in Solar Thermal Flat Plate Collectors

Flat plate collectors are shaliow glass-covered boxes which contain
tubes or troughs through which water is pumped. (There also is a thermal
syphon system, but its output is too low for most pumping.} The collectors
are oriented toward the sun which enters the glass and heats the water. To
increase efficiency, the box is insulated and, in some models, the water tubes
and backing are made from the same sheet of copper to increase heat
tollection. Similarly, the use of double glazing, in lieu of a single sheet
of glass, reduces heat loss and increases the water temperature.

4 faeg on®avee Wl T sese s L

foncentrating Collectors

A concentrating collector focuses the sun's energy on a central
bsorber which contains the working fluid. Most are long parabolic curved
troughs with an absorber tube along the focus of the trough., In some
Instances, a parabolic dish resembling a television or microvave radio antenna
15 used to concentrate the sun's rays at a single point and, thereby, achieve
ahigher temperature. One source estimates that gse of a paraboliﬁldish of
gDm (5m diameter) can produce the output of 200m“ of flat plates. With ,
oth types of arrays, the glass or reflective concentrator becomes dusty, :
Scratched or discolored due to ultra violet radiation, rain, general dirt and ’
drborne dust. Concentrating collectors, particularly the parabolic dish, are :
®asier to keep clean becuase of their smaller size.

d Concentrating collectors use less area, an advantage in less f
“veloped areas where farm plots are some distance from the village and a
Stl!‘"dY'nearby roof for mounting collectors may be difficult to find. The
fajor disadvantage of the concentrators is that a tracking system is needed
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ABU DHARI 1976 99 4 35 | 5-6 | Small irrigation system
ALGERIA Demonstration and
ANNABA 1977 77 9 10 5 teaching
BRAZIL
ICO LIMA CAMPOS ' ,
{Ceara) 1977 75 5 20 | 5~6 } Drinking water supply
CAMEROON .
MAKARY - 1976 70 3 20 6 Livestock watering
LOGOYE BIRNI 1579 Irrigation
CAPE VERDE ISLANDS
SAN DOMINGOS 1979 70 3 35 | 5-6 | Village water supply
-~
CHAD "
KARAIL 1876 70 3 20 5 Livestock watering
TATI 1877 70 3 28 S Livestock watering
N'GOURI 1977 70 3 35 6 Village water s.oply
N'DIAMENA 1978 180 20 32 6 Water supply + .cwar
+ refrigeration
IRAN
SHIRAZ 1977 77 4 35 | 5~6 | Village water supply
KENYA e
WAJIR - 1878 77 5 30 5 Village water supply -
MADAGASCAR 1877 717 7-8 15 5 Village water supply
~ s
MALT T
DIOILA 1875 80 3 30 6 Village water supply
KATIBOUGOU 1977 105 6~7 15 } 5 | Irrigation s
MAURITANTA _ e
CHINGUETTI 1973 72 5 23 | 5-7 | Village end livestock
water agnE
RS
MEXTCO ]
CABORCA (Sonora) 1974 90 3 45 } 5-6 | Village water supply
CEBALLOS (Durango) 1974 90 4 40 | 5-6 | village water supply
CEDRAL (San Luis e
Potosi) 1975 80 4 20 ] 5-6 | Small dirrigation Sff.
MEXICALI (Baja . Teabgnr
California) 1975 80 7 20 !} 5-6 } Water supply ° 1 .
LA CRUZ (Chihuahua) 80 4 30 | 5-6 | village water supPy
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3§ (cenpeche) 1975 70 4 25 5-6 | Village water supply
2 52005
2 ((hihuahua) 1976 90 4 30 5-6 | Village water supply
%;’NS SANTOS (Baja
¥ caifornia) 1976 90 4 30 5-6 | Village water supply
BensA (Zacatecas) 1976 80 4 30 5-6 | Village water supply
414 DE COSS
(Zacatecas) 1976 90 4 30 5-6 | Village and livestock
; water
2 u7ID GUSTAVO
2 (intanarro) 1976 90 4 50 5-6 | Village water suppl
_-g*.ia":'UIILAN (Oaxaca)| 1976 90 4 22 5~6 | Irrigatiom -
B TACUTIXTLA
¥ (Tlaxcala) 1976 90 4 30 5-6 | Small irrigation scheme
4 USGREJOS (Jalisco)| 1976 90 4 50 5-6 | Village and livestock
: water
AUMAVE
{Tamaulipas) 1976 80 4 13 5-6 | Village and livestock
% ’ water
© % 450 GUAYABAL
3 (dexico) 1977 90 4 35 5-6 { Village water supply.
£ ISER
% AMEY - BOSSEY .
‘§ BANGOU (ONERSOL, 1873 100 8-10 12 5-6 } Village and livestock
b Rational Solar water
. Energy Agency)
ZILIPPINES 1976 77 9 10 5 Demonstration pump
friEGAL
SR (Meteorologi~ | 1968 88 6 25 | 5-6 | Pilot station
tal Physics
_E“Stitute)
“4R (UNO Indust-
Mal Development | 1975 72 4 30 6 Assessment project
ject at the
SMversity)
:gﬁ ~ DAXAR 1976 70 3 40 5 VYV Village water supply
EO*UA;\ENE 1976 70 3 40 5 | Village water supply
""-"'A‘R:E _ 1977 70 3 40 5 Village water supply
: I‘!sthEChnozLogY 1977 70 3 40 5 Demonstration and
{ .. rtute, at the information
£r o veTsity)
GL\E 1977 70 3 40 5 § Small irrigation system
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i for precise focusing on the sun. The tracking system itself uses power and

3 may introduce more complexity than the user can handle. Using a tracking

3 collector is advantageous, however, because in theory a collector continually
; focused on the sun receives - times as much solar radiation as on&zthat

3 remains fixed. In practice, an even greater gain is experienced. This may
be because the reflection due to the sun's changing angle on the fixed
collector plate is decreased.

-

Some have suggestad that the collectors be mounted on gimbals and
moved manually at periodic intervals gr that a system of weights and puileys
be used, which could be reset daﬂy.4 There are also solar cooker designs
which increase the size of the concentrator and necessitzte less accurate
tracking. None of these ideas have yet been demonstrated.

Rankine Cycle -

Some version of the Rankine cycle is used in practically all of the
solar thermal-powered pumps in existence or under development. Desvelopment
efforts primarily seek to: (1) increase operating temperature; (2) increase
the difference between the high and low temperature sides of the system; and

(3) alter the working fluid to get lower vaporization temperatures or higher
density vapor.

The simplest Rankine cycle is a flat plate collector which heats a
working fluid to vaporization and runs it through a turbine which drives a
pump. The exhaust steam is then condensed in a condenser which is cooled by
the pumped water. In most of its installations SOFRETES changes from single
cycle to double cycle operation by adding a heat exchanger in which hot water
from the collectors Rsats a working fluid which in turn drives an expansion
engine or a turbine. This permits use of water in the collectors, where
leaks are harder to control, and confines a lower boiling point fluid to an
"interior” or motor circuit.

In smaller systems of 1 kW, the power from an expansion motor drives
a hydraulic motor which in turn drives a pump. In larger systems, a turbine
drives an alternator and an eleciric motor. The SOFRETES system and many
others use fluor-carbon (Freon) type working fluids. Hydro-carbons such as
butane are aiso used, but these are flammable and &gu1d produce serious
hazards during handling or in the event of a leak. In an Italian-made pump
driven by EGRankine vapor cycle, sulfur dioxide is vaporized in a flat plate
collector. Y

The engines mentioned above usually operate with collector outlet
temperatures of about 150°C (302°F). Higher temperatures can be achieved by
increasing collector area and using concentrating arrays. For instance, a
system,_installed by ACUREX near Coolidge, Arizona uses 48,960 square feet

4500m2) of concentrating collector to reach a temperature of 288°¢c (550°F).
In this case the discharge goes to a 30,000 gallon (113,5802) storage tank or
to a heat exchanger to vaporize toluene which 39 turn drives an organic

Rankine cycle turbine that powers a generator. The resultant electricity
drives well pumps. _ :

35



oS I n --aa‘-rm‘"y"':rm

Tz on e F N
S TR e R
S s e

Stirling Cycle : ' e

Stirling engines can be generically described as gas-driven p1ston
engines. There are both free and connected piston models. The piston is
driven by the expansion of an externally heated gas--air, hydrogen or helium.
In theory, the gas receives heat but maintains a constant temperature: the
internal energy caused by the heat absorption is used to push the piston. Tt
heat absorbed by this cycle goes to a regenerator which is used to reheat the
working gas.

The free-piston model was developad to eliminate the excess frictic
losses caused by the original crank driven Stirling engines. Using a gas in
the Stirling cycle regquires very high temperatures--betﬂgeg 300°C and 1000°C
which necessitates the use of concentrating cecllectors.

No Stirlting engine pumps are now being produced. The "Beale" free
piston pump manufactured by Sunpower, Inc. U.S.A. and the "Fluidyne" pufip
manufacturegoby Metal Box Ltd. (India) are reported to be close to
production.

Other Hardware

Most solar thermal system descriptions concentrate on the collector

and the heat engines, but because most solar energy systems work at relativei
Tow temperatures or with low boiling po1nt 1iquids, the design of all

components and their proper construct1on 15 equally important. Cons»ruction

v part1cu1arly essential, as is 1nsu]at1on to prevent heat loss.

Because insolation may be intermittent, many systems include heat
storage--generally a tank containing water or the working fluid. 1In some
instances, the tank contains rock or gravel to increase heat retention.

BEST AVAILABLE COPY

Cost Analysis

As with all solar energy systems, the primary component of solar
thermal system cost is the capital investment. There is no fuel cost and
operation and annual maintenance is usually a small percentage of initial
outlay. Except Tor research and development units, few solar thermal pumps
are in service; therefore, reliable cost information is sketchy, and
comparison is difficult. One source 1nd1cates that the first cost of a 51
SOFRETES 1 kW system operating at about 509-75°C was about $13,000 (1978).

A unit instalied in Africa and operating 1800 hou 555 year, pumping from a 3l
meter depth, is estimated to pump water at $.60/m”. For al kg engine at ¢
percent efficiency, the 1ift would indicate a volume of about 10°/hour or a
total charge of $6.00 per hour. In the first instance, a capital cost of
$13,000 and a life of 15 years operating 1800 hours per year with an interes-
n ( cha“ge of 12 percent per year works out to be a capital recovery charge of
LT C?' $1.06 per hour. The higher figure, probably.more correct, comes to about
} Y/ ¢ $5.60 per hp/hr, _more_than conventional.pumps. The same approx1mat1ons exis
’{\ ~‘kbu'f(?or sdeie?'eng1nes “Table 11 gives estimated costs for the systems 1isted.
5. i Table 11A gives probable cost ranges for 150 watt power sources, a size whic
§ " i could be used on small farms.; e
l
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TABLE 11

SUHVEY OF SULAR MBICHER SRRTGAT 1ol rimpey? !

Parameter

SOFRETES
{Typleatl)

SOFHEYFS
(KD i)

Collectur Typo
Effeccive Solar
Collection Ares, o

Fluld Ci{rculatlon

Evaporator/
Condenner

Worklng Pluld
Exponaton Engine

Rotution Speed, rpa

Hoter Puup

Heun Solar !nc&dant
Radfutlon, H/m

Puwpod Wutar
Temparature, €

Operacting Tiwe,
hrfday

3
Dully ocutput, w
Manomatrle Nelght, w

Effactiva Powpling
Power, ki

Approcimole Cost, $US

Flat Plate
10

Thepmoaiphun
or
Clrculator

Tubular
Elupenta

Butnne or
Foeon

Two
Cycllinder

200

Hydruulle
Tranawiasion

100

20-30

Flat Plate

100

Thurwou ! phon

Tubulnr
Elementy

Freun

Two
Cylinder

200

llydruul lc

0

20-30

40

8

50,000

FRIW Buttellu
Wl (s tena)
«COLLECTURE-
Parubulle Purobolie
Tracking Trockling
[YES 510

Clreulutoe

=EHCIHE GIRCUET AN PUMIS-

Tubulage Tubular
Elenent s Eleoents
Fruoan Freon
Turbing Turb fne
Jb,ﬂbu Hot, Mepurcud
Rovusvy Rotury

~UIERATING COHDITIONS-

BOL-YUY $00-900
24-10 20-130
5-1 5-7
1200 14,000
-2 4.3
kD 40

500,000 2,500,000

Clrculutoy

Smapnvur
(Proposed)

Hel lo
(Fropoaud)

Parabolte
Trachking

160

Clreulatur

Tubular
Eicwents

Steun

Bouble Act.
Pleton

ooy

Rutury Lungp
Stuge LIFL

$00-200

2U-30

5-7

5500
Su

T

100, UL

Parabolle
Tracklog
1727

Hot Repurted

Hot Reporied
tivr Heported

Hot Repurted

Mot Heported

Hot Ruporced

809-500

20-30

1260
su

67

Mot Roparted

Kinoticy

Bijla Insr.

Lrroposed)

Parabolle
Tracklng

A

Clreularor

‘Tubelar
Eloments

Freon

Rotary
Expander

1800

itydrwwd fe
Trunamluaion

800-900

0-30

75,000

(1ob Modul)

Flar Plate

100

Thermou fphon

Cofl and
Tunk

Tentany

Direct on
Hater

Hor Appl.

Hork IMuid
on Hater

Vuvled

20-20

103
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PABLE VIA

Lusl OF VAR IRVER ok

SOLAIL VIHERMAL
<g0%c Houkine

a4 AE ‘LHE AL

127°¢ Bonbh e

SOLAR HIERHAL

> 206Y¢ Rankine

01 .\E THEIMAT

»300°C Stirdlag

1 Solur collector:
(a) type flat-plate Mg focus e focuy point focus
(b} oiflclency range A0-60% 30-602 10-60% A-70X
2 Thermal atorage andfor haut exchangar (th) and 2 2 9 3
bacrery scorsga (PV) efficiency vonge 76-100% 70~ oL 70-1002 70-100%
3 MHeat enplne {th) or aluctrie smutor (V) ”2—71 4-12% 8-16% 12-28%
; !
4 Tronsmlyslon and ancillory luauea‘ 5!]-!0()1:2 50-902 50-80% 50-80%
5  Puxplng afflciency 30-901 J0-90% J0-90% 30-90%
6 Uvurall eystem afficlency:
{4} runge {wornr - heut) 0,1-3.5% 0,5-6% 1-72 2-14%
b} cypleal good duslpn ix 2% 1 8z
7 Collector area or posk arpay ohtpug per 1504
peok pumpud water output at 9000/ w Iusolutlon3 2 2 9 2
{a) range (woret - best) 170-5a 33T ]?—Zf'otn 8-1,2m
{b} typleal good deulgn 1702 B 5.5m 2n?
6 Likely unit collector rostt 2 2 2 9
(s) rungo {toduy) 30-1505 /' 100-3005 o 150-4005 /s 300-1, 8005 /0
() typleal (toduy) 5 8057wt 1505 /12 200§/ 8005/
(¢} possiblc Af wedd produced {future) 505 Jw? 605 /fw 1005/u 3005wl
Y  Sysvrem collector couts
(8) runge (toduy) $750-5 U0 $900~ 5, j0U §1,000-2, 550 $2,000-2, 400
) gouod devign {(today) 51,400 §$1,200 $3,100 $1,000
{c) posstble (tutucs) 700 $500 $550 3600
10 Enpino/cranumiss lon/punp costsl .
{2} roday §2,000-4, 600 §2,000-4,000 §2,000-4,000 $2,000-4 0060
b} {uturc $500-1,000 $500~1 U0 $300-1,000 $200-1,000
11 Control aystem nnd energy astorage costo
{toduy and furure) §0~1,000 §0~1,000 $0-1,000 50-1,000
12 Totel system costo {per 130W penk uutput)x] 6 ¢ ¢
(s}  runge {today) §2,758-10,000 $2,900-8 360 $3,000-7,550 $4,000-7 400
(L) weon (roday) §6,375 §5.600 $5,245 §3,700
(e} pownible rougy (future) §1,200-2,700 $1,000-2, 500 §850-2,530 5800-2,600
Morug

1 Ytows murbed thus
N 1] 11 1 1

| aneillary louses bucjude ceacklng unlt, drlve pover, concro) eystum, punps, ete,
arw ot wuod in 213 uydceww, thegubaon 2§

Ly eatbonedly 1003 kn systemy whare they

ara not Includad.
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system Operation and Maintenance

The operation and maintenance of the solar Rankine cycie power plant
or any solar device are the most important and most often neqlected factors in
developing countries. Experience shows that many technically sound and
economically competitive machines have failed in a location due to the lack of
skilled technician or the availability of spare parts. In selecting any
system for a given app]ication in developing countries, operation and
maintenance must be given top priority. Engineering designs and economic
calculations must take this jnto account.

4.4 wind-Powered Pumps

Wind has been a power source for irrigation for centuries. Wind
turbines, or windmills, which convert the force of wind to mechanical energy
can be divided into (1) those with horizontal and vertical axles; (2) those
with rigid or cloth blades; and (3) those in which the blades are of the drag
or 1iTt types. The 1ift type blades are airfoil shaped and, therefore,
extract additional power from the suction which their shape c¢reates in the

wind. Because they operate best at high speeds and have low torque at Tow

speeds, they are generally unsuitable for water pumping unless they first
power a generator which drives an eleciric pump.

The power of the wind @Ech1ne is dependent on blade area and wind
speed. The general formula is:

o o EAV
2

in metric units the formula becomes:

e

P = .01319EAV3

for average conditions where:

P = Power in watis

A = Useful blade area in square meters

V = Wind velocity in kilometers per hour
E = Efficiency

Horizontal axis machines have the greatest efficiency, generally are
self starting and have better low speed torque. The horiziontal rotor must

‘face the wind and is aimed by a rudder vane similar to that on a weather

vane. When the wind direction is variable, as may heappen in light air
situations, the need to track the wind may reduce power output. Vertical axis
machines are omnidirectional. )

A11 wind machines have a particular wind "rated speed," at which they
deliver rated horsepower, and a lower “cut-in speed," at which the machine is
engaged and starts producing power. The multi-bladed farm windmill usually
has a cut-in speed of about 7 mph {11 km/hr). The National Aeronautical
Laboratory of gnd1a has developed a cloth-bladed rotor which will cut in at 6
km/hr (4mph).> :
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Wind ‘Powered Mechanical Systems

In mechanical systems, the rotor is connected to a pump mechanism
through a gear box. Mechanical systems are simple, less complicated to
operate and cost Tess. Their disadvantags is that the wind machine must be
directly over the well and the wind in that loc¢ation must deliver the needed
torque over a sufficient time interval. Since wind speed is infliuenced by
topography and obstructions, this is not always possible. For example,
instructions for installing the "Aeromotor" windmill once popular on U.S.

farms indicatg it must be 10 ft. above and 300 ft. from all wind
obstructions. 6

Mechanical windmills can be divided into "modern® and "local" or
indigenous types. The "modern" variety are manufactured at a central
location, involve engirneered designs, have a long life, can handle very high
heads, and usually have a high first cost. The "local" type uses the )
available local material and manufacturing abilities, may or may not involve
engineering, work at lower heads and have a Shorter Tife. Frequently, they
use wood or bamboo spars and cloth sails. While cloth sails have a short
life, the fact that they tear in high winds may save the rest of the machine

from damage. . "Local” machines can be repaired with available talent and
material.

Following is a brief description of some mechanical type windpowered
pUMPS . )

U.S, Farm" Type - This is the "windmill" invented in 1854 and popular
on U.S. farms until supplanted by electricity in the 1930s. The top of the
machine consists of a vertical multi-bladed rotor with rigid blades mounted on
a horizontal shaft connected to a gear box. The gears achieve speed reduction
and connect to a vertical shaft. On the opposite side of the gear box from
the rotor is a large tail vane which keeps the entire assembly headed into the
wind. The gear box imparts a reciprocal motion to the vertical shaft which is
attached to the piston of a reciprocating pump. Usually, the vertical shaft
contains a wooden section which functions as a weak link and will break in the
event of excess strain to prevent damage to more expensive parts. The tail
vane is connectad to the gear box with a <9ring mechanism that folds the vane
parallel to the rotor in excessive winds.?’ This points the entire mechanism
into the wind and effectively stops it to prevent gear damage. The pump and
rotor size are matched for the power requirements. The overall design has
evolved over many years and reliably pumps water at wind speeds in excess of
about 7 miles per hour.

Greek Sajl Type Rotor - This horizontal rotor, also referred to as
Cretan type, has been adapted for use in Ethiopia, Thailand, Malaysia, Sri
Lanka, and China, and hangggn further developed in India by the Nat1on§1
Aercnautical Laboratory.> It has a high starting torque, low starting
speed, . light weight and low cost and can be adjusted for changes in and )
velocities. It consists of six to 12 wood spars connected to a hub with their
outer ends connected to a circumferential wire or rope. Triangular cloth
sails are connected to each spar along the sail's longest edge, the inner
corner of the sail is fastened to the hub, and the outer corner, which is
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furthest {rom the sqar, is connected either to the circumferential wire or to
the next-spar. Sails can be wrapped around the spar in strong winds to reduce
their area. This type of rotor, as evidenced by its wide adaptation, is well
suited to local manufacture in lesser developed countries.

Princeton Sail Wing - Each blade of this two-bladed rotor has a rigid
front spar, tip-and root chords, which are three times the tip. The blade is
a“double thickness of sail cloth fastened at the leading edge to the spar and
to the rigid root and tip chords; the trailing edge of the sail is a catenary
supported by a cabtle which runs between the ends of the tip and root chords.
The blade is comparable in performance to a rigid rotor but at less cost. It
couid probably be made by indigenous labor after some instruction.

Sk b o dves L ey Db e e G g ol btk Dby do Dl bbb

Nethertlands Rotor - The traditional Dutch windmill consists of four
spar-supported cloth-covered wooden lattices. It operates at a low rotational
speed but at high torque. It requires skilled carpenters and is rarely used.

Another rotor used in the Netherlands, Denmark and some French salt
works consists of four rectangular one-piece steel blades. The blades are
cambered by being twisted so that the pitch decreases from root to tip. Work

{ to optimize the design has been done by the Technical University Eindhaven,
i the Netherlands.

National Aeronautical Laboratory, India - This wind machine is a
larger adaptation of the Cretan sail windmill. It has six cloth sails on a
stee] rotor 10m (32.28 ft.) in diameter which is mounted on a 12m tower. The
rotor is coupled to & rotary pump. One such machine can irrigate one hectare
of wheat in an area where average wind velocity is 10km/hr {6 mph) for ten
hours a day.

Madurai Windmill - This adaptation of the Cretan windmill built by
M. Sherman in Madurai, India was intended to use cheap locally available wood
and cloth. The rotor, 7.5m (25 ft.) in diameter mounted on a wood pole tower
about 5.5m (18 ft.) high, was constructed of a one meter diameter cartwheel to
which three 18-fool bamboo poles were Tashed to the hub with the ends
overlapping. Each pole formed the leading edge of a sail and a nylon cord
from the outer tip to the rim of the cart wheel formed the trailing edge. A
two-Tayer triangular cloth sock was drawn over the bamboo frame to form the
blade surface. The wheel hub was fastened to an automobile axle which rotated
In two sets of ball bearings mounted on pillow blocks. The version described
by Sherman had three blades andsTas mounted directly over an open well in
thich it operated a chain pump. The machine is supposed to be capable of
Tifting 40,000 gal/day from a well 20 ft. deep with a 10 mph wind. Other
versions of the same design have -six blades, are IEQ in diameter, and are
tonnected to a variable stroke reciprocating pump.

Jib Sail Rotor - A vertical axis rotor which has been suggested for
Possible direct adaptation to the Persian Wheel is the "jib sail” rotgs which
has been used in the Turks and Caicos isTands for filling salt ponds, It
‘Onsists of six triangular sails mounted on vertical poles so that they

Fesemble jib sails. Each vertical sail is mounted on supports which radiate
Tem a vertical shaft.
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Savonius - The Savonius is a vertical axis rotor made of two half |
cylinders which overlap the axis. It has been made from the two halves of an

0il drum cut vertically. It has high starting torque but low efficiency and
has not been very successful. Occasionally, it has been combined on the same
shaft with a Darrieus rotor which develops high speed but has low starting
torque.

Wind-Powered Electrical Systems

As previously noted, it is nol always possible or convenient to
place the machine directly over the well. In these instances, the solution is
to use wind power to drive a generator and then power electric pumps. (Most
of the newer, larger machines are being developed exclusively to supply
electric power.)} A major problem, however, is that most eleciric motors
require constant voltage and frequency and use alternating current, while the
output of a wind machine varies with wind speed and is direct current. Most
manufacturers of small wind generators use the wind machine to charge
batteries which in turn furnish alternating current through an inverter, but
batteries are expensive. Another approach is to remove batteries from the
circuit and permit power from the direct current wind generator to go directly
to the inverter. Thus, the wind machine supplements the existing system which

.provides all power during periods of calm. Such an approach reduces energy

cost but duplicates first cost and does not solve the problem of the rural
farmer who is not near a grid.

Horizontal axis electricity generating wind machines can all be
ciassified as high speed propeller type, usually of two or three blades. The
U.S. Department of Energy is testing small commercial wind systems (40 kW or
less) at its Rocky Flat Systems Test and Development Center to assess their =
performance and provide information to assist small machine manufacturers.
There are three projects aimed at low maintenance 1 kW engines, four to,
develop 8 kW engines and two to develop 40 kW systems.

Existing Installations

Many existing small-scale installations have been mentioned in the
preceeding sections. Windmills were used throughout the U.S. until the mid-
1930s and many still exist. There are thousands of cloth bladed "sail"
machines on the island of Crete and this type has been adapted elsewhere.
Windmills also have had a long history in the lowlands of northeastern
Europe. Though the use of windmills is widely dispersed, there are still many
areas where the technology can be applied through introduction of simple
models.

The Department of Energy is funding two medium-scale systems: Mod O
and Mod OA series high speed propellers. The Mod 0, which has a 125-foot
diameter and is rated at 100 kW in an 18 mph wind, is installed near Sandusky,
Ohio. Mod OA wind turbines have been installed at Block Island, R.I.,
Clayton, N.M., and Culebra, P.R. This model also is 125 ft. in diameter but
is rated at 200 kW at 18 mph. Wind machines increase in size to the 300-foot
diameter turbine under design by Boeing Aircraft, which is intended to produce
2.5 MW at 20 mph wind speed.
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Also under test at Sandia, N.M. is the Darrieus rotor, a vertical
axis 1ift type machine with three constant chord blades bent in a catenary
curve which are fastened to the vertical axis shaft at top and bottom.

gompared to other vertical axis machines, the Darrieus sweeps a large area in
proportion to its weight, requires less support structure and is more
eff1c1ent Though it is less efficient than a high speed propeller, it needs
no wind tracking systems, since vertical axis rotors are omnidirectional.

éo;t Analysis .

_.___As with all solar energy systems, wind machines have a high first

~tost and relatively low follows on_expend1fures~ Therefore, escalating oil
—EOEtY AKE them more desirable. Wind machines can be divided into three

groups which roughly coincide with their first cost, manufacturing and
maintenance technology requirements and type of app11catlons High Speed
Propeller, U.S. Farm and Indigenous. The comparison in Table 12 shows that
the Ingagenous machines are more suitable for small farms in remote rural
areas. Cost per unit output depends on hours of use, wind strength and the
cost of the machine itself. Average costs of somgSU.S. Farm type multi-bladed
windmills with accessories are given in Table 13.

Based on this information, the 1980 U.S. price for a 16-foot
diameter rotor on a 35-foot tower would be about $7300. To estimate the
anneal volume of water pumped at a given site, the following expression can be

used:
h + h2 d
= C ('"'?T"“
Where: V = Gallons pumped per year :
- C = Gallons pumped per hour at rated capacity
hy= Hours when wind is above cut in speed
hz* Hours when wind is zbove rated speed

Table 14 1ists approximate 1980 costs per gallcon and per hectare/cm
for areas where wind speeds are avajlable.

Figures in the same detail are not available for the indigenous wind
machine, It hs been reported, however, that the sail rotor, developed by the
ﬁT‘Nat1ona] Aeronautical Lg?oratory of India, pumps water at costs equal to about
5 $7.20 per ha-cm {1978). In another case, the "Polomo" windmill (an
adaptation of the Cretan Sail Machine) used in Ethiopia was reported to cost
$798.00 U.S. (1978) and $965. Og (1980) and to have a capacity of 1440 gallons
per hour at 15 miles per hour. 8 on the assumption that this machine cuts in
at least the same speed as the solid bladed U.S. Farm type, and taking 1440
9allons per hour as jts rated output, it would pump about 3219 thousand
gallons per year in Nairobi, Kenya. Assuming a ten-year life, a 12 percent
toan for that period and an average maintenance cost of two percent of the

original price, the cost would be approximately $.06 per 1000 gallons or $1.56
Per hectare centimeters.
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TABLE 12
WIND MACHINES MANUPACTURLD IN THE U.S.

-
FPEATURE WICH SPEED PROPELLOR U.8, FARM (ALRCHOIOR) THDIGLNOUS (RYDRINY & j.l
. m—l
Flrst Coat Very High tHigh {($3000-$6000) Low {3150 - &00) i
3
Useful Life i bsow 30 Years 5 - 15 .ars BAH
{5
Technolopy L%’i"
Dagipn Very Sophiaticatad Proven Eppineeclng Trial & Frvor Design
Developmuental N el
Manufacture High Technolopy Requives Steel Fabriearion Uuges Avallable
Foeldlitles CupuliiliLics
Mainrenonce Tndeterminare tow-May Hequlre Shop Facilities Hiph Bur thhes Yoecnd ,p‘i
, Faclllties A
Application Electricicy Feed to GCrid {1) Direct Vater Pumplng Hatey Tumping ,?
{2} Decencrullzed Electriciey iy
S
Capablilicy N. A, fiigh fleads Up o 1000 Lov Hends 11 I S
Relatively Low Volune Low Vb ke
Compared Lo Djesel ‘:’%‘:
. ’ 1\
L f'
Avaltabilicy: N. Al i On Internntional Hurket Loeally Where Bullt 3
ks
o
Applicacion (2} Hone Swnll Farms or Cooperatlves Indlvddual Farms }
.
(1} tiybrfd ~ Refors to Aerodynanle Improvement of Machloe te Toeresse Low VWind Output While Retainfng Indipenous Chnracter A
(2) Yor Trrigation ip 1..0.C.3. h:
~ . ‘i
)
- r-’a
I8



TABLE 13
- . AVERAGE COSTS OF U.S. MULTIBLADED WINDMILLS, TOWERS
AND PISTON PUMPS

R VAW 0 A L N A WA S SO s S

Windmiil Tower

Blade Capacity*® _ Cost Cost
Dizmeter (gallons per hour) {(USS$) (uss)

67 137 659 . 968

8! 275 922 968

107 430 1545 1035

] 2! 654 2475 1316
i 147 878 4290 © 1359
J 16* 1700 5812 1359

(usually in the range 15—20 mph) .

Total Cost 16' Rotor on 35" Tower = $7317.

45

Pump
Cost
(US$)

146
146
146
146
1486

146

*At 100 ft. dynamic head, and rared windspeed quoted by the manufacturer
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COST OF MCCUANTICAL, WATLR PULDING AT SELECTED SITES(bgn)
tm . hy hy l_'!__:'___’__?__ Va $ 3
Logstion {mph). (ours) {hours) P o calu.) /1000 gal  flw em
New Delhl, Indla 5.7 400 3700 2050 3485 522 5.81

pangalore, Indla 5,9 30 1000 1675 2848 27 7.02 i
lreiba, Jevoel 10.9 955 8045 ' 4500 1650 .098 2,62 fi ﬁi
A
ke
' ¥ g
Bhopal, India 8.0 800 5000 2900 4910 A5 " 4,05 il
A
f‘};
Nairobl, Kemya 6.6 529 3942 22435 3782 .20 5.29 - i:n
& A i
. [' g
Mandera, Kenya 8.2 747 4555 265t 4486 17 4,46 i g?r
ehah

» H
Assumptlons - Wind Machine Life = 20 Years . ‘i
(u.S, Average = 30 Yenra) '. :
Purchased, on 10-Year Loaun @ 12% Anwual TInterest i,r; hy

Yearly Motnrenanee Over 20 Yenrs Averages 1,5% of Purcluse Cost

TCLTRsS

Inclwded lo the above rlpured,

T

pype well and by constriuction method, chey e not
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it e

NOTE: Decouse well coars are 8o varinble by
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The above costs are approximate estimates u51n? available data for
onparat1ve purposes. They do not reflect actual local la

3 o not take into consideration the distribution of the wind relative to the
3 erOdS of the irrigation season when water is needed. Site specific studies
Wu]d be needed for exact estimates. :

One deficiency of the windmill directly used for water pumping is
mat it must be located above the well or water source, which may not be the
4 ptimal location for wind availability. In such cases, a wind-electric
¢nerator coupled to an electric pumpset offers greater flexibility.

Small propeller-type wind-electric generators were used exiensively
in the United States in the 1930s and 1940s by rural households without
Z central station electric power. Extension of the low-cost central power grid
to rural areas by the early 1950s nearly eliminated the country's wind
generator industry. Today, there are probably only 50 to 100 wind generators
%sold each year, primarily in the 1 to 6 kW range. HNevertheless, many models
of wind-electric generators, varying in capacity from a few hundred watts to
shout 10 kW are still commercially available.

The annual energy generation cost in ¢/kWh for a given wind-electric
generator can be calcutated as follows:

it e it 454 4

Annual cost _ capital cost rated kW amortization
kWnr rated kW average kW factor

The rated kW per average kW is the reciprocal of the capacity factor
3 vhich is a function of the average wind speed at the location of the
1 generator. Figure 5 shows the cost of generating power, for various capacity
§ factors, &s a function of capital cost per installed kW of the generation.
iThe assumption modes are: 20 years life of the wind generator, 10 percent
interest rate. At an assumed capital cost of $1300/rated kW, the cost of
i seneration varies from 4.5 to 17.5 &kWh for capacity factors lying between
0.4 and 0.1*. Table 15 uses the results of a study done by Georgia Institute
of Technology to estimate the range of generation costs of wind generators for
¢ given location with a known mean annual wind speed. The G.I.T. study
analyzed the dependence of wind turbine performance (measured in capacity
i factor and recovery factor) on cut-in speed and rated speed for various mean
wind speed and wind variance regimes (assuming wind speed distributions to be
Weibull distribution). For the purpose of our study, the mean variance case

and a wind turbine (5 kW) with 10 mph cut-in speed and 25 mph rated speed are
used.

: Based on Table 15, irrigation costs can be evaluated when such a
wind turbine is coupled to a 4.5 hp electric centrifugal pumpset. Figure 6
shows this cost as a function of mean wind speed at hub heights of 33 ft and

100 ft. Irrigation costs range from $3 to $5 per acre-in at 9 mph mean wind

:Speed and decrease to about $2 per acre-in at 18 mph mean wind speed.

.

— .
> Estimates by the U.S. Dept.. af Fnergy_put generation cost from wind
idenerators at between 5 to 10¢/kWhr for a capital cost of $1300/kW. The $1300

"PeTKW capital cost projectéd based™on & mature market, is significantly Tower
than the current market price.
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FIGURE 5
ELECTRICITY GENERATION COSTS FOR
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; TABLE 15 ]

ENERGY GENERATION COST OF WIND ELECTRIC GENERATORS K0 %
‘ Cost (c/kuh)

¥ (10 m) ;
mohn 10nm }_Q__:g. |
9 24.0 10.9
12 12.5 6.5 i

14 7.5 4.4

16 5.2 3.4

18 3.9 2.9

Ratad Speed = 25 mph
+ 1 Cut-in Speed = 10 wph

Average Variance
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FIGURE 6
ANNUAL IRRIGATION COSTS OF
WIND-ELECTRIC SYSTEMSZC
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gguming Weibull Distribution for wind speed distribution with mean variance,
3-:b1e 16 shows the irrigation cost using wind turbine coupled to an electric
3.ntrifugal pumpset for a few selected locations. A comparison of Table 15
5.0 Table 16 shows that the irrigation cost of wind-electiric pump systems is a
$:ittle higher than wind-mechanical pumps at an optimistic estimate of $1300/kW
£ capital cost Tor wind eleciric generators.

perational/Maintenance Experience
—

Except for the high speed propeller wind machines and the high speed
3nrrieus rotors used for electricity generation, all of the wind machines
giscussed have been in operation for many years. As with any machine, they
§awst De maintained and protected from over siress (exireme winds). Probably
e critical element is the connection to the pump and wear within the pump.

Tais reguires operator training and. the provision of teols and replacement
{parts. With proper operator training, lubrication and mechanical supporis,

the machines have a record of reliable Tow-cost service.

A

4.5 Biogas-Powered Pumps

Biogas_is a medium-Btu gas, approximately 550-600 Btu/cu. ft.
(20,000 joules/mg), produced from the anaerobic fermentation of organic
{ materials such as animal dung and agricultural residues. The major components
of biogas are methane (CH4), £5-60 percent by voiume and Coz‘hith small traces
of H,S, H, and NZ‘ Although the technology of anderobic digestion has been
vtilized Tn urban sewage treatment plants for many years, its use for
producing energy {and fertilizer) at the village or farm level is relaiively
new. Reviews of the technical, economic and social aspects of biogas
technology 33 ?Ep}§9d in developing countries have recenily appeared in the
literature.” "2 "% China and India are two developing countries where the
technology is most advanced in the rural areas, with almost 7 million
digestors in China and about 70,000 operating in India.

Figure 7 is a schematic of a biogas plant., The digestor consists of
a large tank in which a mixture of wastes mixed with water are placed. The
digestion process proceeds in two steps (Figure 8): an “acidogenic® phase in
which acid-forming bacteria break the complex organic waste into (mainly)
organic acids and CO,, foliowed by a "methanogenic" phase in which methane~
forming bacteria bredk the organic acid iato CHy .

ATthough a number of different digestor designs have been proposed
and are in operation, two major designs--the Chinese and Indian-~have seen the
most application. The Chinese design {Figure 9) is referred to as a water
presssure digestor. It consists of a sealed, rigid wall tank with an effluent
thamber designed to act as a pressure regulator. The Indian design (Figure
10) s a rigid wall digestor with a floating cover made of steel which

Captures the gas and floats on the slurry in the tank. The main advantages of

the Chinese design is that it has no moving parts and can be constructed very
Cheaply from locally available materials. Though the Indian design costs more

because it is made of steel, it produces a more even gas pressure.

BEST AVAILABLE COPY
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i TABLE 16 . B}
. IRRIGATION COSTS OF WIND-ELECTRIC TURBINE AT SELECTED SITZs/0

Location Vit {moh) Irrigation Costs ($/acre—i‘

Lindi, Tanzaoia 13.4 2.50 - 3.20

Yairebi, Kenya 7.6 4,30 - over 8.00

Bangzlore, India 5.7 6.00 - over 10.00

Hreiba, Israel 10.9 ' 3.00 - 4.30

Amarillo, Texas 12.6 2.70 - 3,50
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PHOTOVOLTAIC POV\}ER IN LESS DEVELOPED COUNTRIES

I, PHOTOVOLTAIC POWER

This report concerns the economic and technical viability of using solar
cells to power irrigation pumps and other village power-consuming needs in
the less developed regions of the world. Attention is focused on likely costs
of such cells (fabricated into solar arrays) by 41986 according to ERDA pro-
jections. Adttention is restricted to installations exceeding two kilowatts (kw)
(peak electric),

Solar cells are thin wafers of a semiconductor material, such as silicon,
"doped" with p- and n~type substances selected to enhance the photovoltaic
effect. This effect, long known to physicists, is the creation of charge car-
riers within a material by the absorption of energy from incident ionizing ra-
diation, e.g., ligiqt. Light meters for photography have long exploited this -
effect to advantage, but it has only been the s;)‘ace program with its need for
spacecraft power at any cost that has developed solar cells of "interesting"
efficiencies from 3 to 25 percent.

Recent advances in the technology of solar cell manufacture have succeeded
in dramatically lowering costs, compared with the space program, at conver-
sion efficiencies of around 40 percent. It is the possibility of continued cost
decreases coupled with certain inherently attractive features of solar cells

that make them of interest for application on earth. These features include:

a. Reliability with low maintenance requirements
b. No fuel costs
c. Quiet, pollution-free operation

d. Modularity (even if part of the system goes out, the rest

continues to function).

Solar cells convert incident solar energy direcily into DC electricity at
about 0.5 volt. Derived voltages and currents are achieved by connection of
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cells Into series~-parallel configurations called solar arrays or panéls. Be-
cause golar cell output is proportional to incident illumination {and a function

of the received gpectral pattern of radiation) there is often a need for battery
storage of eleciricity.

roosdth

"

™

This is to even out the supply of power to the device
of interest (for example, a pump motor) and to make power available during

" periods of low {llumination intensity (rainstorm or at night). Because output
of cells and batteries is DC, inverters are necessary to produce AC, or use
of DC equipment is mandatory. Thus energy storage and power conditioning
are essential elements in design of any photovoltaic system.

e e

Photovoltaic generation of electricity is currently used in many countries :
for communications purposes in remote installations where suiaply is difficult,
Developing country applications have been limited but Niger runs several doze
educational television sets with solar cells .and a few water pumping installa~-
tions exist in Africa, Sicily, and the Persian Gulf. Interest, however, is
5 high and a2 number of countries that have or will have pilot systems in opera-

E tion over the next few years include India, Iran, Pakistan, Senegal, Brazil,

I PPN B ot ST L SE SR L L
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Kuwait, Abu Dhabi, and Thailand. S
3 Irrigation and Village Electrification :
" Several writers have recently begun stressing the role of energy in the
] development process (Revelle; Makhijani; Makhijani and Poole.) They argue

, that: L
3 A
3 4. Large amounts of human and animal labor and noncom- z
3 mercial fuels are currently used in the rural areas of ?
the poor countries ;
ﬁ 2. These energy inputs and much smaller quantities of com-
3 = s
mercial fuels and fertilizers are used inefficiently so that '3
.3 useful energy inputs are often pitifully small compared 4

with gross energy inputs -

g b gde it

3, Human and animal labor in these areas is‘hard and even

unproductive and burning of fuels such as wood and dung ‘
can be ecologically harmful
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4. In many regions where crop yields are low because of
low useful energy inputs, less than one-tenth of one per-
cent of incident solar energy is captured

5., Up to a point, net energy output of agricultural products
increases much fasier than the energy inputs needed for
higher yielding agriculture: irrigation, fertilization,”

and multiple cropping

6. Development of the rural, poor areas of the world will
require an infusion of more energy used more eificiently.

One of the most important ways in which this increased energy will be
applied is irrigation. This is especially true where the greatest development
challenges lie: the African Sahel and the Indo-Gangatic Plain of India, Ban-
gladesh, and Nepal. Other significant consumers of energy in the rural third
world will be fertilization, power for land preparation and harvesting, and
agricultural processing. Furthermore, a key/element in any scheme to im-

prove rural health must be improvement in water supply. This most often

means replacement of presently contaminated water sources by tubewell water

pumped by hand, animal, or motor.
The challenge, then, is to develop energy technologies that meet these

needs while satisfying criteria relevant to developing countries. These cri-

teria might be:
1. Ease of maintenance and operation

2. Low use of nonrenewable resources

3. Minimal environmental impact
4. High reliability

5. Low ratio of cost~of-energy input to value-of-energy

output

6. Low capital and foreign exchange requirements.'

# This is especially true if organic fertilization is used to the extent possible.

w0
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. Photovoltalc power systems admirably fulfill the first four of these criteria,

The fifth criterion is the subject of this report, and the last criterion is the
major drawback to the use of solar power cells. It is a matter subject to
considerable research both in the U. S, and overseas at the present time.”

Of the five principal energy needs of the rural third world: irrigation,
fertilization, motive power, agricuitural processing, and potable water pump-
ing, photovoltaic systems appear most suited to pumping water for irrigation
and water supply and to driving motors of stationary agricultural machinery.
By case studies, reports are made of two energy areas: (a) irrigation water
pumping, and (b) village power supply for potable water pumping, driving -
agricultural processing machinery, lighting on a modest scale, and operating
an educational TV.

The Case Studies

This report does not attempt to estimate the total market for photovoltaic
systems in the LDCs but to investigate their economic and technical viability
in s€lected applications. This will demonstrate e;methodology for evaluation
of photovoltaic systems, show their potential in actual situations, and provide
a conceptual basis for a full-fledged marketing study.

h The irrigation case study is an irrigation project in West Africa on the
ghores of Lake Chad in the Republic of Chad. Pumping is from shallow wells
along the lake shore and, as a consequence, low-head, high-discharge pumps
can be used, Captial investment in power and pump is thus much less per _
volume-unit of water lifted than in high-head situations. ¥Fuel requirements, of
course, are also less. The area for study has a high rate of solar radiation
and a low fluctuation over the year, evapotraﬁspiration is high while rainfall
is low, diesel fuel is expensive and unreliable, and diesel engine maintenance
facilities are lacking. For these reasons the area appears favorable for use
*Research is under way in some LDCs to develop local solar energy equip-
ment manufacturing capabilities: fabrication of concentrating collectors used
with solar cells, wiring together of solar cells, installing and maintaining

systems, and training personnel, Manufacture of cells will take place in the
rich countries for some time [deWinter & deWinter; Furber],
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of solar cells. The author is familiar with the project area, having visited

the sité on a USAID-sponsored appraisal mission in 1975. Because of the
analysis made by Dr. Richard Tabors at that time, excellent cost estimates of
alternative water-lifting technologies are available.

“To supplement the Chad case study and elucidate several issues that arise
in different types of irrigation pumping situations, additional cases were an-
alyzed in Asia: Bangladesh, India, and Pakistan. The Bangladesh case com-
pares a photovoltaic system with current low-1ift pumping practice: one crop
irrigation of rice or wheat during the winter by diesel/pump water-lifting from
ariver. Again, this is a situation familiar to the author from work in that
country in 1970-741 on the Bangladesh Land and Water Study and in 4975
on the Bangladesh Energy Studg}. To show the impact of pump use for part of
a second rice crop (before the Brahmaputra floods) this Bangladesh analysis
is extended to Assam. Assam was selected because the World Bank is cur-
rently interested in groundwater development in that state and has performed
comparisons of water-lifiing costs using different technologies, including hand
pumping

Finally, the lifting of water from tubewells is considered in the lagt case
of the Pakistan Punjab. In this region, irrigation by canals fed from the Indus
and its tributaries has been ongoing for many years. Waier scarcity and water-
logging caused by canal seepage have combined to make tubewell irrigation a
profitable proposition for Punjab farmers who install tubewells on their own
initiative and drive them with diesel engines or, if electricity is available, with
electric motors. In this case, the impacts of higher head, lower fuel costs,
and better maintenance facilities can be seen.

For a village electrification case study a village of 600 persons in north-
ern India was chosen. The village lies 46 km from the nearest 414-kv trans-
mission line and has no motors at present. It is postulated that better health
of the village depends on an assured, protected water supply, that agricultural
progress depends on irrigation, that overall development depends on establigsh-
ment of agricultural processing and cottage industries, and that educational
pProgress will be hastened with electric lights and educational television. All
of these activities are powered by solar cells installed in a modular fashion
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L]



%
|
%.
1
|

{ s g o
i et O PG A DI MR S A3

ol *’?ﬁg}ﬁ Hamiia

over time. Costs of such a photovoltaic system are compared with costs of

the cheespest, motorized means of accomplishing the tasks. No attempts are

made in any of the case studies to compare photovoltaic systems with human
labor, animal power, wind, biogas or other solar aliernatives.

Methodology

The basic procedure to evaluate solar cells applied to irrigation water
lifting in LLDCs is to compare their cost, including power conditioning equip-
‘ment, with the cost of the least-cost alternative using conventional technology.
This ig accomplished by making fairly detailed assumptions about operating
procedures for the two technologies being compared. When the products of
the two technologies are the same (in terms of cubic meters of water pumped
in a year) then comparison is made on cost per horsepower-hour (hp-hr) to
drive the pump. When the products of the two technologies are dissimilar, as
when the diesel pump can cover more hectares of land, then comparison is
made on cost per thousand cubic meters of water pumped.

The following important assumptions have been made:

1. The lowest discount rate appropriate for evaluation of
public sector projects in the countries considered (Chad,
Bangladesh, India, and Pakistan) is 40 percent. This is
the rate used in International Bank for Reconstruction
and Development (IBRD) evaluation of rural electfifica-
tion projects (Anderson) and of solar cells for ETV
(Weiss and Pak),*.* Sensitivity of photovoltaic electric-

ity costs to discount rate is demonstrated for higher
rates of 15 and 20 percent.

* Weiss and Pak use discount rates of 10, 44, and 25 percent. Th:is rate can
be assumed apprommately equal to the lowest internal rate of return a govern-

ment project is expected to earn. For the IBRD thls is between 10 and 15 per-
cent {Pak and Taylor).

&
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No adjustment is made for the shadow price of foreign
exchange which can be expected to lie somewhat above
the official rates of exchange (Meta: Bangladesh Energy;
IBRD: Bangladesh Development). This assumption is
warranted for Chad because 4100 percent of the cost of
solar cells is foreign exchange and all cost computations
are done in U.S. dollars. This assumption biases re-
sults slightly against diesel, however, because local
costs given in francs (Chad) and converted to dollars at
the 1974 official rate of 237 francs per U.S. dollars would
be less convefted at an IBRD shadow rate of CFAF 270
per U,S, dollar (IBRD: Chad: Polders, p.vi)k

No transport costs of solar arrays, engines, or motors
from the U.S. (where f.0.b. prices are used) to the

couniry of use are included.
No estimate is made of the following photovoltaic costs:

a. labor and materials for installation, or
b. on-site structures for housing storage batieries.

It is assurned ERDA solar array prices include struc=~
tural elements sufficient for the unit o support its own

weight.

Cost of 1and is not included in any of the costs. This is
appropriate in Chad where land is not a development
constraint, but inappropriate in Bangladesh where land
is exceedingly scarce. (A solar array to power a 5-hp,
low-1ift pump would occupy approximately 55 m"™ of land;
that 1s 600 square feet, 1.4 percent of an acre, ora

25 by 25 foot rice paddy, which could yield 13 pounds of
rice in Bangladesh or enough to feed one adult for two

weeks,

i
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Benefits in terms of crop value are assumed identical

. across energy technologies so only costs need to be
compared, It is agssumed that if 2 project is economi-
cally sound given one set of costs (say with diesel pumps)
and if photovoltaic costs are less, then the project re-

mains sound.

Cosis are compared on the basis of equivalent annual
costs at mid-1976 prices. This is a totally static
analysis that assumes no changes in cost, benefit

streams, or load factors over time.

No alternatives that include water storage above ground

are considered.
Eguipment lifetimes are assumed as follows:

a. B8olar arrays, 20 years with sensitivity anal-
yeis for 10 years .

b. DC motors, 12 years

c¢. batteries, 7 years

d. diesel engines, 8 years

e, pumps and wells, 8 years

Two thousand-cycle, deep-discharge, lead-acid bat-
teries are used with an estimated cost of $ 50-per kwh
(Bechtel), This is, in fact, a cost goal, and not a cur-
rent cost.

Efficiencies of equipment are:

a. DC motors 5 hp and above, 80%
b. DC motors, below 5 hp, 75%

c. - pumps, 60%

d. Dbatteries, 85%
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12. Solar radiation received during the peak irrigation pump- ~ -
ing month of June at Bol, Chad, is 550 cal/cmz/day . o
(mean). This is 2300 joules/cmz/day or 6.4 kwh/mz/day. 5

A Other assumptions are discussed as they arise.
” Methodology for the village study is similar. Cost of a photovoltaic sys- k
temn to accomplish a specified task is compared with cost of the least-cost :
alternative, which might be a gasoline engine, diesel engine, diesel generator

for lights and TV only, diesel generator for village, or grid electrification.
Again, the analysis is static, but because there are no economies of scale in
photovoltaic systems (excluding power conditioning) and solar arrays are only |

fielded when the demand has developed,* this static asgumption does not bias E
the results as it would if autogeneration were being compared with grid elec- i
trification (Anderson). ) '
-~ E—w

’ f

k

%.(7

* The solar arrays used as village power sources are assumed {o be nearly” -
fully utilized for productwe purposes, except for a lighting load factor of . f
60 percent. This is not, however, the case with irrigation applications.
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III. IRRIGATION WATER PUMPING WITH PHOTOVOLTAIC POWER 3

o it

Lake Chad Polders Project . -

The major irrigation case study discussed in this report is an analysis ]
of alternative techniques of water lifting, with emphasis on photovoltaics and .
diesel engines for a specific area in the middle of Africa. As far as is known, -

the descriptive information presented about this area is factual; it is based on

a field visit by the author to the area and on extensive interviews with knowi- ] X
edgeable individuals in Chad, France, Ialy (the United Nations Food and Ag- %
riculture Organization, Rome [FAQ]), and the U. S. A.

The Lake Chad Polders Project lies to the northeast of Lake Chad in the
Republic of Chad at latitude approximately 43°N (Fig. 1). The lake-is shallow

and as a consequence relatively small changes in level make a large difference

in the location of 1ake boundaries. Therefore, after a period of years of
average-to-high rainfall and a high lake level, the lake expands to an area of
30,000 km®. More recently, during the drought, the lake shrank to an area
of less than 5,000 km?. '

The lake itself is divided into a basin that is sometimes separated into
northern and southern basins when the lake is very low. Astride and {o the
northeast of both basins is the archipelago area which is made up of a large

number of long, narrow islands, oriented northeast to south. These islands e

BTy mﬁmﬁ‘m‘w&mﬁﬁﬁww&ﬂwﬂﬁmﬁ%@w"h D VA s o R TN C AT S .n:‘ SRR R sl g ; it

are the remnants of ancient sand dunes and are partly inundated depending on

lake level.

k-1

The low areas beiween the dunes or islands are comprised of exceptionally
fertile clay or clay-loam soils on the surface, underlain by a thin sandy or
calcareous layer.which, in turn, is underlain by a thick layer of fissured, heavy -
clay. Because of the fertility of these interdunal areas, their direct access to
lake water is often cut off by man-made dams built between the dunes. When~ - .

this is done the interdunal areas are called "polders." Because polders lie

A

below or near the level of the excluded lake, they feature high water tables so -
that a shallow well can be dug and water lifted by shadoof (human-powered,

counterpoise lift) from less than one meter.

-
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The water in the lake itself is amazingly low in szlinity considering the

:' jzke's lack of surface outlet. Nevertheless, salinity problems dévelop over
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yime in the polders because of underwatering in shadoof irrigation. (The
water contains some salt that is never leached away by heavy rain or heavy
irrigation applications,, and thus, it builds up in the root zone.) Ewventually,
it is often a matter of only a few years, the polder is abandoned and a new
one is built. ;

Focusing on the town (prefecture headquarters) of Bol on the shore of the
Jake and near several polders, including Guini, Berim, and Djiboulboul, and
tne proposed polder of Mamdi: Bol is accessible by barge from the Chari
River and across the lake, but only from November to March during years
of sufficiently high water level. There is a small airstrip at Bol, but primary
access is by road from N'Djamena — a distance of 305 km most of which is
desert track passable only to four-wheel drive vehicles (with good drivers).

Bol is sunny, hot, and dry. April daytime temperatures average 38.5°C
{(104.3°F). Average rainfall is 285 mm (41 inches) which is just enough to
produce the lowest yielding crop of millet, Evapotranspiration, on the other
hand, is high: 2140 mm per year. Solar radiation averages nearly 540 cal/
cmz/day and never drops below a mean daily figure of 470 cal/cmz/day.
{About 70 percent of the rains occur in July and August.)

The town of Bol has some importance as headquarters of the Prefecture
du Lac and as a regional office of SODELAC (Societe du Developpement du
Lac} which is a small government corporation responsible for development
of the Lake Chad region. The town iiself has several thousand inhabitants
but no industry aside from cottage-level blacksmithing, basket-making, leather
working, and pottery making. SODELAC has a workshop and diesel storage
depot and there is a government rest house (with water supply occasionally
provided by a Peace Corps-insg{t&alled Dempster windmill). There is not much
wind in Bol, however, Population of Bol and neighboring viliages is a little
over 7,000 people, Population density along the archipelago region of the lake
is about 30/km>. 5

Local pecople (Badumas, fishermen and pirates originally from the islands,

and Kanembous, cattle people from the mainland) live a seminomadic life with
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fishing and cattle raising important to all. Cultivation is traditionally not a

preferred activity and consists of rainy-season millet on the dunes. Maize,
wheat, and onions are grown in wet areas of the polders near the lake edge.
Maize is for'local consumption, but wheat and onions are profitable to export

“to Nigeria or gouthern Chad. Irrigation of wheat and onions is by shadoof.
Small motor pumps have been tried, but lack of maintenance or fuel has pre-~
vented their success.

Both Guini and Berim polders are located within 5 km of Bol. They were
empoldered in 1951 and 1954, respectively, and some shadoof irrigation stiil ,
goes on in parts of these polders. [During the height of the drought (1972~
1975) this ceased, however.] Guini polder was partly developed as a gravity,
surface irrigation project between 1969 and 1972, The development included
water intake, irrigation canals, drainage channels, draining pumping station,
service roads, and an agricultural research station (Matafo). As a result of
& certain amount of success with this pilot project the IBRD is propesing to
fund extension of the system to all of Guini‘and Berim polders (IBRD: Chad).

In 1973, on a visit to the area for USAID, Roger Revelle suggestied use of
the low-lift motor pumps to lift water from shallow, hand-dug wells. These
pumps could replace the traditional shadoof irrigation, and would overcome
salinity problems if used properly. It was anticipated that such a scheme
would demand less capital than the costly IBRD project outlined above and that
it would alleviate the need for pumped drainage. Extensive studies were sub-
sequently conducted on salinity dynamics, economics of alternative water-
lifting technologies,; and other aspects of the proposed scﬁeme and it was found
feasible for Djiboulboul polder pending soil and water testing by ORSTOM
(Meta Systems: Chad). USAID is currently sponsoring the necessary testing
as well as supporting a research staff to complement the Lake Chad Polders
Project activities, This research will include examination of low-1lift pump
alternatives and problems with use of shallow wells. i

One of the most useful products of the Meta Systems study was an in-depth
comparison of water-lifting costs including sha&oofs, persian wheels, gasoline
engines, high- and low-speed diesel engines, windmills, electrification of a

project area and use of electric pumpsets, and two different types of centrifugal
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pumps, one especially adapted to low-lift applications, The study also ex-

amined alternative pump capacities. The existence of this study and personal

xnowledge of the project area on the part of the author were compelling reasons

for choosing the Lake Chad polders area for a photoveltaic pumping case study,

There are other reasons as well:

1.

Solar radiation is high with 550 C&]./sz per day mean
for the peak irrigation pumping month of June. In no

2 per day.

month is the mean radiation below 470 cal/cm
There are over 3000 hours of sunshine per year. The

high radiation output and low fluctuation of energy receipt
state make the Lake Chad region well suited to utilization

of solar energy devices (Terjung).

Chad produces no fossil fuels, and as a consequence, all
fuel must be imported and carried over a long and expen-~
sive motor road from the coast to N'Djamena. Further-
more, access to Bol is extremely/difficult because there
is no road--only a desert track—and the Iake is often not

navigable to Bol. As a consequence fuel is expensive and

its availability is unreliable.

Maintenance of engines has been a major problem facing
attempts te irrigate in the polders region of Lake Chad. .

Extension of a grid to Bol based on hydroelectric devel-

opments in southern Chad is far in the future.

Each of these characieristics of the project makes it of interest for utili-

zation of low maintenance, fuel-free solar pumping.

1

Irrigation Water Requirements and Solar Radiation

Table 1 displays data relating to both irrigation water requirements and

solar radiation for a wheat/cotton system at Bol. Irrigation water require-

ments are from two feasibility studies of polder projects (Meta Systems: Chad;
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TABLE 1:

IRRIGATION WATER REQUIREMENTS AND SOLAR RADIATION - LAKE CHAD POLOERS PROJECT - COTTON/WHEAT CROPPING PATTERN

Kov DEC JAN FEB MARCH  APRIL  MAY JUNE JULY AUG SEPY ocT TOTAL

Evapotranspiration ETP mm 179 146 144 142 208 228 227 185 183 148 151 199 2138
Average rainfaill m 8 9 69 . 142 43 9 280
; £ffective rainfall ER mn - 15 n 22 128
Crop |---| Wheat: fr=e] =] Cotton {====|
Crop coefficient ETR/ETP 0.6 0.6-1.0 1.0 0.75 0.6 0.6 1.0 0.0 0.9
Water requirements ETR-ER mm 72 110 144 7 45 136 185 146 62 a7
From groundwater mm 73 n 104
o Ret irrigation .
N requirements mn 72 110 144 n 45 136 185 73 n’ 867
Gross irrigation
requirements mn 120 183 240 18 \ 75 227 310 122 52 1447
m3/ha 1200 1830 2400 1180 720 2270 3100 1200 520 14470
Callcmzjday - mean 520 480 480 550 600 630 590 550 530 470 500 560 .
kwhlmzlday - K 6.1 h.6 5.6 6.4 1.0 7.3 6.9 6.4 6.2 5.5 5.8 6.4
Liter,second/hectare
{for K hours) 1.8 2.9 3.8 1.8 --- 1.0 2.9 4.5 1.2 0.8 m—— n——
"Surplus power” (Peak KW) 3.3 2.0 0.9 3.3 5.5 4.3 2.0 0 4.0 4.5 5.5 5.5
“Available panels"
{Peak KN)* 2.6 1.6 0 2.6 5.5 3.4 1.6 0 5 2.7%% 3 5.5 5.5

*B0 percent of "surplus power” except during months of no pumping or months of some effective rainfall,

**Depends on actual rainfall but this is minimum available assuming zero rainfall,
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BRD: Chad). Bolar radiation data are from (L&f; FAO).* Figure 2 schem-

stizes the configuration suggested for photovoltaic pumping in Chad.

Nl b kst L2 b st 4 3l

'

GUNLIGHT UKGEASSIFIED
] 4. Tkw 3.7kw SHP
; 20-kwh 4~METER HEAD
3 AR -
O ne [~ REGULATOR [—i BATTERIES | >~HF PC MOTOR 200 m3 /hr PUMP
* (B85% efficient) (80% efficient) (80% sificiant)
Y ———l
1 s55m2 5 Skw Im3d 200 m3/hr
12.6-ho FIELD

(80% tield etficiency)

3 _
P 120m3/ hr
[ : TO CROPS

Fig. 2. Irrigation pumping configuration for Chad Polders Project.

The peak month for irrigation requirements is June (Table 1). In sizing
of the solar array/motor pump system, however, it is necessary to relate
daily irrigation needs to daily solar radiation to develop required pumping
capacity. Conceptually, this is done by assuming cne day's storage and pump-
ing at night. Pumping for 6.4 hours at full power is possible during June; 5.6
hours during December {Table 1). Conseguently, for the same amount of water
pumped, 14 percent more capacity is needed during December (-gf% — 1.0} than

TP

3 during June, Water quantities pumped are not the same, however, so the re-
quired monthly pumping rate must be computed as a function of the monthly
Water requirements and the number of hours at full-power pumping (Table 1,

P
The 1.0f data huve been adjusted downward using data réporied in the FAO
Htudy.

‘“'n\. i
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line 13}, In practice, of course, all pumping is not done at night, but the
answers are unaltered. ;

It is asssumed, based on institutional and water management grounds,
that 204 rns/hour (2-cusec) pumps are used. For a dynamic pumping head of
4 meters and an efficiency of 60 percent, 5 hp is rEquired.* Assuming a mot
efficiency of 80 percent {standard assumption for 5-hp motors) and a battery
storage efficiency of 85 percent {Bechtel), the peak panel requirement is:

5 hp X 0,746 kw/hp
0.8 X (.85

= 5,5 peak kw

Several hours of battery storage might be included to buffer the motor
(IDC motor) from the fluctuations of array output and to provide pumping
capacity during short periods of cloud cover during the onset of the monsoon
when irrigation water is still required and during particularly dusty periods
when solar insolation is reduced temporarily. Twenty kwh of battery storage
is suggested to cover 3.6 hours of storage per 5-hp pumpset. This is the
least amount of battery storage that is avdilable with 2,000-cycle batteries.
(It is not anticipated, however, that the batteries are often fully discharged.)
Inclusion of battery storage in the system implies that proper battery mainte-
nance must be available on a regular basis to check electrolyte levels and

electrical connections.

("osts of Solar Pump

The cost, in cents per kwh, of ;providiz'lg solar power to the irrigation
pumping system depends on the cost of solar arrays, S, (in U.S. dollars per M
peak kw) and the interest rate chosen. It also depends cn assumed solar arra
lifetimes and insolation. In the following analysis for Chad a 20-year life for

solar arrays and an average insolation equivalent to 6.2 kwh per peak kw per

204 m3/h0ur X 4m
272 X 0.6

*hp = = 5.0 hp at motor shaft.

24
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day 1s assumed. Furthermore, the cost depends critically on the number
of hours of use, which for the cotton/wheat system studied here is 920
hours.* R

. Storage cost is assumed as $50/kwh with a life of 7 years (Bechtel). For
20-kwh storage capacity the capital cost of batteries is $14,000. Total annual
cost of the solar array with battery storage is:

' R{i,20} X 5.58 + R(i, 7) X 4000

where R(i,i} is the annual capital charge factor for an interest rate, i, and
lifetime of t years. - - ’

" Cost in cents per kwh delivered to the motor is:

R(i, 20) X 5.55 + R(i, 7) X 1000
5.5 X 920 X 0.85 X 0,01

Setting 1 as 10 percent, this becomes:
E (cents /kwh) = 0.045S + 4.77.

Note that this expression has a solar array cost term and & battery cost term

and that both vary inversely with the number of -hours of use (in this casc
920 hours). o

Variation of energy cost with S is given in Table {1a.

R G b R o it B

TABLE 1a
o

VARIATION OF ENERGY COSTS (E) WITH SOLAR ARRAY <
{Costs for Chad pumping case: 920 hours of pumping)

S E .
$/peak kw Cents /kwh
300 5
500 12
1,000 20 )
2,000 35
40,000 {154
14,000 214

* This total hourly requirement is calculated as follows: l

920 = 6.4 hr/day x 30 .Tune days
~ 0,21

where 0.21 is the fraction of the annuzal irrigation water requirement falling
during the peak month of June.
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3 TABLE 2
: VARIATION OF SOLAR ELECTRICITY COST WITH COST
: OF ARRAYS, INTEREST RATE, LIFE OF ARRAYS,
§ AND HQURS OF USE FOR CHAD IRRIGATION CASE
3 S i ty h E
3 Interest Solar Array Hours of
g $/Deak kw Rate Life in Years Use Cents /kwh
; 500 10 20 920 12
; - 20 1,800 6
; 10 920 15
; \ 410 1,800 8
§ 15 20 920 16
j 20 ' 1,800 8
10 920 18
: ) 10 1, 800 9
; 20 20 920 20
i 20 1,800 10
1 10 920 22
g 10 1,800 11
- 1,000 10 20 920 20
i 1,800 10
§ 15 920 26
§ 1,800 13
3 . 20 920 33
% 1,800 17
: 2,000 10 920 35
E l 1,800 18
H 15 920 47
! l 1,800 24
: 10,000 10 920 154
: 15 240
. "~ 14,000 10 214
15 J . ' 292
26
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Table 2 expands on Table 1a to display variation of E with 5, i, life of -

arrays (ta), and number of hours that electricity is used at full power (h}.

Table 2 is useful in comparing solar array costs with alternative elec-
tricity costs, but in villages and on farms around Bol, Chad there is no al-
ternative electricity source requiring the addition of an electric motor to the
solar system. The resulting cost is then compared with a configuration using
a diesel engine.

Capital cost of a 5-hp DC motor is assumed as $4100 (Reliance Electric
Co.) plus $100 for spares. . Life is 412 years; maintenance is assumed at $15
per year (Meta Systems, p. 85).

Annual cost = R(i,12) X 1200 + 15, Cost per hp-hr (H } as a function of

solar array cost (8) is given in Table 2a."

It is of interest to examine the components of Hs' This energy cost is
comprised of the solar array cost plus the power conditioning cost. Storage
batteries and a regulator are needed to provide a buffer between array output
and motor. Furthermore, a DC motor is used to eliminate inverter losses
if an AC motor was usd. The DC motor is at least five times more expensive
than the equivalent (for this application) AC motor, however,

By separating components of H it may be shown that:

r/"‘_\ T - -
HS & ’1“6; -'-.4 44 + 0 0{1481'
P TP Y - re r

where the first term is motor cost in cénts per hp-hr (920 hours}), the second

term is baitery cost, and the final term is the solar array cost. Thus the

motor and battery cost 8,6 cents per hp-hr irrespective of solar array costs.

“Variation of the solar array component of costs with unit cost of the arrays
is shown in Table 2b.

* To compute cost per hp-hr:

400[R{i,12) X 1200 + 151
5 X 920

H_ = cents/hp-hr =

0.746 [R(i,ta) X 5.55 + R(i,7) X 4000
0.8 5.5 X 920 X 0.85
where -0.8 is the motor efficiency and 0.746 is the theoretical kw/hp.

+ X 400
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: TABLE 2a
% VARIATION OF COST PER HORSEPOWER-HOUR
- _ WITH SOLAR ARRAY COST
.‘ S ’ Hs
. ($/Peak kw) (cents /hp-hr) = 4.16 + 0,93E
3 300 13
3 500 16
; 1,000 23
3 2,000- - 36
10,000 148
3 14,000 T 204
3
k TABLE 2b

VARIATION OF SOLAR ARRAY COMPONENT OF COSTS
WITH SOILAR ARRAY COST FOR 920 HOURS PUMPING

2 ' s .
: ($/Peak kw) g 0.448 Fieas
: 300
; 500
615

: 1,000
3 2,000

%

@ BN
DO O N
-

a
g

(RS

3 For any values of S below $645 per peak kw the motor plus battery costs 12
_ predominate, This has several implications: ah
_ t. There is a floor of about nine cents per hp-hr below :;;
: - which cost cannot drop no matter how cheap solar
£ arrays become. o
e 2, There are definile economies of scale in DC motor costs e
? which translate into moderate scale economies (in the gy ¥
: fractional-to-25 hp range} for the solar system in spite K
. of the lack of such scale economies with the solar arrays
alone.
5%
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3. There are clearly strong reasons for reducing costs
of battery storage and of appropriate DC motors.
Alternatively, as the power condltlomng costs begin

to predominate, the emphams on reducing solar array
- costs becomes less 1mportant relative to research and _

_ development directed at reducing power conditioning

costs.

4, A field test should be initiated immediately to deter-
mine the feasibililty and consequences of operating a
DC motor/water pump directly from solar arrays
with no battery storage.* The pump would not nec-
essarily have to be a centrifugal pump, but could be
a positive displacement pump, even an electrified

(and upgraded) persian wheel,

Costs of Diesel Pump

-~

Capital cost of a 5-hp diesel engine is taken as $ 1250 (Mubayi). This is,
in fact, the cost of a 6-hp engine de-rated because of high working temperalures
and dust to 5 hp. This is a somewhat smaller engine than would ordinarily be
recommended for such an application and depends on the low lift and use of a
"sewage" pump {Meta Systems, p.95). Spares add another $450 or 12 percent

(Meta Systems, p.84). Maintenance, lubricants, and oil/fuel filters come to

about $0.441 per operating hour or $377 per year for 920 hours (Meta Systems,

3 p. 85). An eight-year life is assumed. Fuel consumption is taken as 0,31

liters per hp-hr (Mubayi) or 0.44 U. 8. gallons per hour for a 5-hp engine.T
Table 2c illustrates the variation of the cost of diesel pumping with fuel

costs,

*This is alleged for a few installations fielded in Sicily and the Persian Gulf
by, Pompes Guinard of Paris.

T Cost per hp-hr becomes:

. 100[R(i,8)] X 1400 + 377 oy

Hy = 5§20 d

- Where Cd is cost of diesel fuel in cents per liter,
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3 S = $ 2000/kw, WHEAT/COTTON/FODDER

_: }———-—-——-—— S s AN Seme A m— . vl iy GE—— Oy S — — CTTSEED. NI SE——

3 < . h=920hr
S= $1000/kw, WHEAT/COTTON

L p—— h=1440hr

2 h=1800hr

S =8$1000/kw
61— WHEAT/COTTON/FODDER

i, p— —— — . w— T —— KT W—

S=$500/kw, WHEAT/COTTON

S=$500/kw, WHEAT/COTTON/FODDER

" —— S — — — — R G YL T AL VD RSN AT Sm—— NS S SN it S—

COST OF WATER (U.S. §$/1000m?)

; @ ] i | | |
3 15 20 25 30 a5 40
COST OF DIESEL FUEL (cents/liter)
1 | ]
1974 1984/2% 1984/4%,
1883/2%

3 Fig. 3. Variation of water costs for Chad Polders Project: Pumping
by diesel and photovoltaic power.

Appendix B explores the implications of use of a pump with less than a
capacity of 204 m3/hour (2 cusec). It is demonstrated that because of the high
cost of diesel engine maintenance that is relatively unchanged by the rated pow-
er of the engine, such engines become less attractive at smaller pump sizes

relative to sclar array pumping. Similar results could be expected in a com-

i,

parison of solar and gasoline engines although such a comparison was not made
in this report. ) .
Appendix C assesses the impact on the two pumping aliernatives (photo-

voltaic and diesel power) of increased pumping head. This Appendix also
=
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TABLE 2d -
; §OLAR'B.ADIATION CLIMATES OF CHAD, BANGLADESH, AND PAKISTAN %
" Average Mean Solar Monthly Radiation
Annual Hours Radiation . (cal/em2/day)

Country Location of Sunshine (cal/cm?/day) Maximum Minimum

Chad Bol, 13°N 3200 540 630 (April) 470 (Aug.)

5 Bangladesh Bogra, 25°N 2800 4040 500 (May) 300 (Sept.)
Pakistan Lyallpur, 32°N 3200 470 650 (June) 250 (Dec.)

Sources: {Mani and Chacko, Lof, FAQ)
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iomplements Appendices A and B by continuing analysis of the comjaonents

.« pumping costs.
This Chad, low-lift irrigation, pumping study has been done for an irri-
ation system considered favorable to solar energy utilization because of high

:aates of solar radiation, low solar radiation variability, and high fuel costs.

{:is interesting to examine several other irrigation pumping situations to

llustrate the effectis of:

1. Lower and more variable solar radiation
2. Cropping pattern changes
3. Pump capacity changes

4. High-head pumping.

For this exercise the analysis shifts to the Indian subcontinent, but first,
1 glance at Table 24 illustrates the new solar radiation climates to be discussed.

ilow-lift Pumping in Bangladesh and Assam (India)

-

Irrigation in Chad is entirely different from irrigation in Bangladesh (and

iissam) {(Table 2e).

< m L e kA

TABLE 2e
COMPARISON OF BANGLADESH AND CHAD

Bangladesh ' Chad
Population density (persons/kmz) 550 3
Mean annual rainfall {mm) 1,560% 2851
Approx. no. low-lift irrigation pumps 40,000 100
Approx. no. tubewells for irrigation 3,000 -
Major food crop rice millet/sorghum
Mzajor export crop & jute cotton
GDP? per capita (U.S. $) 75 75
* Bogra, northwest Banglades‘fl.
¥ Bol, northeast shore of.Lake Chad.
1 Gross domestic product.

BEST AVAILABLE COPY
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The last line of Table 2e emphasizes the major similarity of the two
countrics; they are both about as poor as a nation can be and still have
statistics.

- In spite of the considerable mean rainfall over all of Bangladesh
(nowhere is il less than 1250 mm) and the ubiquitous problem of floods (over
one-half the land area is subject to flooding) irrigation is considered by most g
experts to be a prerequisite for significant agricultural development. This
because of the November-March season with no rainfall and the frequent

PERTpY

drought periods during the remainder of the year when crops can be damaged =
by lack of water. This is especially critical during the jute/rice planting

month of April when a late monsoon can throw off the rest of the year's crop
calendar.

it keatsurvton s bR

Irrigation in most cases has been directly from a river. That accounts
for the relatively large number of.low-1lift pumps in Bangladesh (nearly all
. diesel or gasoline fueled) and it is these pumps whose operation is analyzed
3 in this study. . k
1 Before proceeding to that analysis, however, a few more notes about ruralj
Bangladesh are required. Although in the lake region of Chad, land ownership;
" does not reside with individuals or families, in Bangladesh private ownership |
of land is well established.* A typical farmer will own, however, less than '
six-tenths of a hectare and this modest farm will be split into ten or more
plots scattered over several kilometers radius from the home. A scrawny
cow might be owned, and if so, it would be used for ploughing, unlike in Chad
where cattle are not used as beasts of burden. )
"Over a quarter of the villagers of Bangladesh are landless or near-—landles
: They work as field hands or laborers for subsistence wages. Very few are :
wealthy in any village but each village has its local influential men who exer-

cise power over nearly all aspects of the lives of the others. Four hectares

constitutes a large farm.

There are about 65,000 villages in Bangladesh with populations ranging

e Al b AR,

from 200 to 2,000. Almost none of these are electrified unless they happen tos

lie might in the route ‘of a transmission line linking a power station with a city,®

A e AR -

* Technically, all land is owned by the government, but this is not pertinent
to this discussion.
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sd even then, it is doubtful if a transformer and distribution system would be
Cottage industries tend to use noncommercial fuels: wood, bagasse,

m:h;!l.;.'n‘

3 :resent.
,egetabie wastes, and dung, although small rice mills (there are 7500, but

Most villages have no power

m

«ainly in the bigger towns) use diesel engines.
1 .achin€ry: water is pumped and hauled by hand, cloth is woven by hand, pots
§.re baked with wood, sugarcane is crushed by animals, lights are dim and
scrmally nonexistent except in the wealthiest homes, If there is a power ma-
qune it is most likely an irrigation pump.

To exarmine the influence or attractiveness of photovoltaic power cn an
irrigation regime different from that in Chad, Tables 3, 4, aﬁd 5 have been

prepared for the following cases (where the cotton/wheat cropping pattern for

kb sl

- lLake Chad is Case I):

II. Wheat in northwest Bangladesh followed by an unirrigated
: rice crop
IIl, Winter (boro) rice in northwest Bangladesh followed by an

unirrigated jute crop and/or aman rice crop -

IV, Wheat and early rice in Assam (northeast India) with

irrigation only necessary through May and with an un-

irrigated rice crop also being grown,
; These three cases have been selected because they have been extensively
studied, because they are familiar to the author, and because they provide a

contrast to the Chad case in the following respects:

L v . docho e et

3 1. At Bol, Chad, the solar radiation during the peak pumping
month is 550 calories per cm2 per day. In northwest

3 Bangladesh it is 450 for rice (March is the peak month)
J and 330 for wheat (January is the peak month). In Assam .
it is ‘also 450 during March, These lower levels of solar

radiation arise because irrigation in J3angladesh and Assam

—_—

* Bdngladesh water requlrement@* were lirst developed by the author and
M, Maasland in 1968. =

e
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TABLE 3 \ W

IRRIGATION WATER REQUIREMENTS AND SOLAR RADIATION ._-

NORTH BENGAL (BANGLADESH) WHEAT

o

Requirements . ocCT NOV DEC JAN FEB MAR |Total b

Evapotranspiration, mm 103 78 66 77 83 140 547 i
Crop coefficient .21 .49 .70 1,06 1.45 .42 X
. Water requirements i
crop, mm 22 38 46 82 95 59 342 iy
land preparation, mm 57 19 s 76 i
Total, mm 79 57 46 82 95 59 418

Effective rainfall, mm 90 4 1 6 9 24 207 ,
From groundwater, mm 38 14 76 o
Net irrigation - i

requirements, mm 0 53 45 76 48 21 243 ,r';f:-'

Gross irrigation g}
requirements, mm 0 88 75 127 80 35 405 *}5'

m>/ha - 880 750 1270 800 350 4050 f

Cal/em?/day, mean 360 350 340 330 400 450 .

kwh/m2/day, K hr 4.2 4.1 3.6 3.8 4.7 5.2

Liter/second /hectare, K hr 3.0 ajj
ppal

Source: Center for Population Studies, "Progress Report;: Ganges — Brahmaputra f’
. Basin Studies,"” Harvard University, September 1968, Table [Ib~7 and ) }%’

Table 1Id-1. 60 percent irrigation efficiency is assumed. Solar radiation i

estimates from (Mani and Chacko). e
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TABLE 4

JRRIGATION WATER REQUIREMENTS AND SOLAR RADIATION
NORTH BENGAL (BANGLADESH) BORO RICE

Requirements NOV DEC JAN FEB MAR Total
Evapotranspiration, mm 89 61 61 86 132 429

Crop coefficient, mm 1.2 1.35 {.45 1.50 i
Water requirements s
Crop, mm 74 84 124 198 480
Land preparation, mm 127 ’ e
Deep percolation, mm 76 76 76 76 304 g
Total, mm . 127 150 160 200 274 9114

A Effective rainfall, mm 10 3 13 13 25 64 i o
Net irrigation d‘n
requirements, mm 117 147 147 187 249 847 j:*
Gross irrigation 1&
requirements, mm 138 173 173 220 293 997 i,
m3/ha 1380 1730 . 4730 2200 2930 | 9970 i,
Cal/cm?/day, mean 350 310 330 400 450 ﬁ,.i
. Hatl
kwh/m2/day, K hr 4.1 3.6 3.8 4.7 5.2 i,
Liter/second /hectare, K hr 4,3 4.6 5.0 %,‘
' 1!&' i

biE

Source: Center for Population Studies, "Progress Report: Ganges — Brahmaputra b
Basin Studies,” Harvard University, September 1968, Table 1Id-4; 85- ey

percent field channel efficiency is assumed plus deep percolation from ﬁ'

fields of 2.5 mm per day. Solar radiation estimates from (Mani and ;;.
Chacko). i
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TABLE 5 v i
" IRRIGATION WATER REQUIREMENTS AND SOLAR RADIATION ’”
ASSAM, INDIA — WHEAT AND EARLY RICE it
gEZ
Requirements NOV  DEC JAN FEB MAR APRIL MAY il
W
Evapotranspiration, mm 72 62 62 92 134 150 155 “f
Crop . F--] Wheat ————— -~~~ - —Early Paddy —— b
Crop coefficient, mm .9 .15 .4 .7 .8 1.0 1.24 ‘!
i
Water requirements }‘”ﬁ
Crop, mm i 65 9 25 64 107 150 188 Eg“-,
Land preparation, mm 50 ;%a
Deep percolation, mm 60 60 %
Total, mm 65 9 25 64 157 2410 248 3%;
Average rainfall, mm 9 7 17 9 73 136 276 i
Effective rainfall, mm 0 0 0 0 54 120 195 z‘%
. Net irrigation ;1%"
I'  requirements, mm - 9 25 64 103 90 53 5
Gross irrigation b 3
requirements, mm - 15 42 107 172 150 88
m3/ha _ 150 420 1070 1720 1500 880 sS?HO .
Cal/cm?/day, mean” 320 300 320 450 450 470 470
kwh/m2/day, K hr ! 3.7 3.5 3.7 5.2 5.2 5.5 5.5
Liter/second/hectare, K hr 3.0
* Shillong

Source: Solar radiation estimates from (Mani and Chacko). 60-percent irrigation
efficiency is assumed. Water requirgments data from (IBRD Allison).
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is primarily needed during the dry winter® and because

the latitude is be?x;reen 25° and 27° North.
E 2.

The wheai/cotton cropping pattern in Chad required

920 hours of pumping. Wheat in Bangladesh requires
380 hours, boro rice in Bangladesh requires 550 hours,
and wheat /early rice in Assam requires 540 hours. Both

3 ' Bangladesh and Assam receive plentiful rainfall most
years from May to September, while in Chad, irrigation

3 water is applied even in the "high" rainfall month of
August.

3. Because irrigation requirements arise during the winter

é in Bangladesh and Assam the potential evapotranspiration

is relatively low (as is the solar radiation (see 1} and
discharge capacity per hectare is lower (except for boro
rice) than in Chad, even with fewer pumping hours per
day. As a consequence, more land can be commanded

with precisely the same solar array/pump configuration.

st e

To illustrate the revised economics for these cases, Table 3 (Bangladesh
~heat irrigation) is compared with the Chad example.

Assurmning a 204 m3/hour (2-cusec) pumpT with a 4-meifer 1lift from a river
2T shallow well, required horsepower, therefore, remains 5 hp and required
solar array peak power output remains 5.5 kw. The major difference is in
acurs of use, which, for wheat alone is 380 hours.t Batteries, solar array,

* Northwest Bangladesh, at least, has a need for supplementary irrigation
during some years of sparse or erratic mongoons. Pumps in place for winter
irrigation can also pump during the rest of the year, but they rarely do so,
partly because of extensive flooding.

T This is a considerably more controversial assumption for Bangladesh, but
in fact, most low-1lift pumps in that nation are rated at 2 cusec,

t Hours of pumping = 380 = 3.8 hours/day;;;l January days ’

where 0.31 is the fraction of the total irrigation requirement falling during the
penk month of January.
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- - diesel engines, and motor are assumed’to cost the same in Bangladesh as in

A e i AR

e = ety =u 1:-‘_.

C‘had.* As a consequence, solar system energy costs differ from those in C
by u factor of ggg = 2.4 when related as cents per kw-hr, The same is true
of-H_: cents per hp-hr.

Thus, for varying values of S, solar pumping costs are found in cents/

hp-hr (Table 5a).

TABLE 5a -

VARIATION OF PUMPING COSTS WITH SOLAR ARRAY COST -
(for solar array-powered pumps — 380 hours)

S Hs

$41 Peak kw Cents /hp-hr
300 34
500 38
1000 55
2000 86

s

Analogous costs for diesel pumping are presented in Table 5b.

TABLE 5b

VARIATION OF DIESEL PUMPING COSTS WITH FUEL COSTS
(for diesel-powered-pumps — 380 hours — where it is necessary
to use the expression for I—Id in ferms of h)

Cq Hy
-Cents/Liter i Cents /hp-hr
25 30
30 34
35 33
40 34

Solar arrays are not competitive with diesel if both systems are used for
only 380 hours. That should come as no surprise from the form of the ex-
pressions for Hs and Hd‘ Furthermore, it is recognized that diesel pumps

will be used more than 380 hours. ; ' ,

* To do this analysis properly for B.angladesh. it is necessary to revise these’
costs slightly (especially maintenance), but it is comparability with Chad that
is desired.
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First, it can be argued that both systems can and should be used more
than 380 hours because of extension of the irrigation season beyond the October-
March period assumed for wheat, This implies irrigation of aus rice or jute
in April/May (as in Assam, Table 5} and possibly supplemental irrigation
during a bad monsoon,

Second, it can be argued that the diesel system alone could cover more
land area. The systermn, as described above, implies command of 18.9
hectares.* This is about 23 acres per cusec, which is not much of a coverage
according to irrigation handbooks. It is close to actual coverage of 2-cusec,
low -lift pumps in Bangladesh, however, because of institutional constraints
on increasing command area {(B. Ahmed, p. 4). TI'or example, in Bogra dis-
trict, for which the data in Table‘3 relate, during 1971-72, 16 acres were
irrigated per cusec and 450 hours were worked per year per 2-cusec pump
{M. Alam, p.38).

This is noithe place to go into all the reasons for these low rates of use,
but the reasons include lack of fuel, large numbers of farmers that need to
cooperate when plot sizes are as small as in Bangladesh, lack of spares,
breakdowns, poorly trained and motivated drivers, problems with government
distributing pumpsets, and lack of water. It is interesting to note that some
of these difficulties would be absent or lessened considerably with photovoltaics.

It is concluded, therefore, that under the institutional conditions existing
in Bangladesh, solar water pumping could be competitive with diesel pumpsety
even with a greatly restricted use.T The challenge is to use the solar arrays

for other productive purposes when not pumping water. Since this is nol done

now with the diesel engines, the challenge will not be easy to meet, But if it
can be met it will be solar arrays that, once purchased, give "free" energy

for the cost of the wiriﬁg and power conditioning.

* 204 m>/hr X 1000 liters /m3
3.0 1/sec/ha X 3600 sec/hr

1 Note that Table 5 demonstrates photovoltaics are even more competitive in
Assam in the sense that they would work 540 hours to pump a total of 5740
m3/ha. Size of the system would be the same as Table 3.

= 48.9 hectares.
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TABLE &
IRREGATION WATER REQUIREMENTS AND SOLAR RADIATION - PAKISTAN PUNJAB ~ WHEAT/COTTON - NO CANAL WATER

Nov DEC JAN FEB MARCH APRIL MAY JUNE JULY AUG SEPT ocT TOTAL

Evapotranspiration* mm 75 49 49 54 113 162 208 220 192 169 164 123 1578

grop amae T ¥ S U U COLLON-rmmmmmmm e mmm e

Crop coefficient

{weighted - 3 plantings} .42 .61 .87 1.19 1.12 .4 .45 .65 1.15 1.35 1.15 .65

Water requirements’ mm 32 30 43 7% 127 66 94 143 21 2 177 80 7

‘Effective rainfal) mm - -- bl - 12 9 6 18 , B2 94 2 - 251

Net trrigation requirements amm 32 30 0 3 76 115 57 88 125 139 134 156 80 1066

Gross frrigatfon requirements mt 51 48 54 321 183 90 140 198 221 213 248 127 1694
t’% malha 510 480 ° 540 1210 1830 so0 1400 1980 2210 2130 2400 1270 16,940

callcmz - mean . 350 330 3z0 400 150 560 600 600 50 45D 450 450

Imhlmzlday ' 4.1 3.8 3.7 4.7 5.2 6.5 7.0 7.0 5.2 5.2 5.2 5.2

N
Liter/second/ha (for K hr) 4.4

Source: International Bank for Reconstruction and Development, “Programme for the Development of Irrigation and Agriculture in West Pakistan®,
.. Comprehensive Report, Vol. 7, Amnexure 9 - Agriculture, 1966, pp. 56-63, Fig. 9.4.

*Lower Chenab Canal Command data applied to uncomanded area '

?r;onswptive use '

"Fie‘ld irrigation efficiency 70 percent, watercourse losses 10 percent

[ - - - - - K r - - - }
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rubewell Irrigation in Pakistan Punjab

Table 6 presents the irrigation requirements/solar radiation situation ‘

§ jor an area northwest of Lahore, Pakistan, that is without canal water, but
has abundant groundwater of suitable quality &t a depth of 4.5 meters (John-
son; IBRD: Pakistan; Indus) With a 3.5-meter drawdown to be expected
pumpmg at a rate of 100 m /hour—-the total lift is about 8 meters or twice

3 the 1ift required in the Chad case. Consequently, the same S5-hp, 5.5-peak-

{ kw unit designed for the Chad case will pump half as much water in the
Pakistan case with other assumptlions (regarding pump efficiency, although
the pump itself will change) held constant. It is, therefore, assumed that

¥ the 5.5-peak-kw solar array will suffice for one cusec in this Pakistan case,
Battery, motor, aﬁd diesel engine costs are assumed the same for compara-
§ tive purposes. In fact, because motors, engines, and batteries™ can be pro-
duced in Pakistan, the economics are aliered not only because of different

prices, but also because of different shadow costs of foreign exchange. This

-

factor is not considered here,
Major differences, therefore, between the Chad and Pakistan examples

arise from less solar radiation in Pakistan during September—month of peak |
period pumping—than in Chad during its peak month of June,t and from the in-
creased pumping lift in Pakistan. Maximum water delivery rates for solar
pumping are nearly the same (4.4 — 4.5 liter /second /hectare) so areal coverage
in the two cases is just a function of pump discharge (i.e., the Chad 2-cusec
pump commands twice the area of the Pakistan 1-cusec pump). Pumping in
the Pakistan case averages 1040 hours per year. .

1t is assumed that the diesel-powered pump works an average of 1950 hoursg
per year (Johnson, p.48). Cost per thousand cubic meters of water pumped by

the two systems works out as follows.

*It is not certain batteries of requisite quality are available in Pakistan, how-
ever., Also, the motor and diesel engine are undersized for the Pakistan ap-

Plication, but the comparative effect is small.

T There is more solar radiatior in the Pakistan Punjab in June than in Chad near
Bol. Peak irrigation requirements in Pakistan come in September when clouds

- restrict golar radiation.
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Cost of a 5-inch private tubewell in Pakistan is Rs. 9590 including pump
{Johnson, p. 14), which is $983 (U.S.). Life is assumed at 8 years so that
gnnualized cost is R(i, 8) X 984 = $484 at 40 percent, ‘

U.S. dollars per thousand cubic meters (excluding pump operator costs)

become* for solar pumping 41040 hours:

$14,25 for S= $41000/peak kw

$ 7.12 for S=$ 300/peak kw.l

U. 5. dollars per thousand cubic meters (excluding pump operator costs)¥

lor diesel-powered pumping 1950 hours:

4]

25 cents/liter
30 cents/liter
35 cents/liter
40 cents/liter.

$ 9.84 for Cg
$10.58 for C,4
$14.33 for Cd
$12.07 for Cy4

1l

In fact, fuel was costing about 410 cents/liter in éakistan in summer 1975
(Johnson, p.8; 4.5 Rs/imperial gallon). At this price the water cost becomes ;
$7.64. Actual fuel consumption in the SCARP I area’ appears to exceed the
assumption of 0,31 liters per hp-hr and to average about 0.37. On the other
hand, aclual maintenance costs (averaged over 1960-1975) for 5-inch private
lubcwells in SCARP II were $.i16, which is considerably below the diesel-
engine maintenance cost estimate for Chad of $800. The truth presumably

™

¥ 39560 4
10 |3956.106;4604§<Z 28400] = $5.35 + iggs is the expression for cost.

T Noile that of this $7.12, $5.35 or 75% is cost of batteries, DC motor, and
tubewell /pump 2nd is invariant with S. Only increased hours of operation

can reduce this cost. The possibilities of doing this have been analyzed in_
the Chad case.

[26180 + (41} {1950} + (1.55) (1950) Cd + 18400
tio

1950)
1040

§ SCARP II area is a well-documented irrigation pumping area in the PunJab
SCARP stands for Salinity Reclamation And Control Project.

Y

16940 X 6,4 % (3221

44

1

1
$ 8.30 for S= $ 500/peak kw %
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;: jes in between for 1977: closer to $800 for Chad and perhaps closer to $416

r jor Pakistan. If a maintenance cost of $400 is assumed, the water cost is
# (0 cents per liter, but 0.37 lilers per hp~-hr becomes $5.93/103m3 or $7.32

Per acre-foot, This is above Johnson's reported costs of $3.20 for the fol-

d Jowing reasons:

L |
4

1.  Actual installations were pumping 1.33 cusec on average,
. not 1.0 cusec as assumed here. (Their engines were

also somewhat larger than assumed here, however.)

2. Assumed maintenance cocsts in this study are still much
higher than reporied from Pakistan, even with the above

2

reduction

3. This study assumes an 8-year diesel engine life (in Chad).
Johnson uses 13 years. This study also assumes shorter

lifetimes of pump and tubewell.

Use of Johnson's assumptions yields his reporte/d cost of $3.20 per acre-
foot. 'The photovoliaic systems cannot compete with this cost at any solar
array price.* It is only when fuel costs and maintenance expenses increase
and engine lifetimes decrease that photovoltaic systems look competitive.

These examples illustrate one of the majbr difficulties with photovoltaic

i power. Power is available, if and when the sun is shining, otherwise, there ..

—

__is no power in the absence of expensive storage. Because sufficient capacity

must be available to supply peak-period water requirements, a solar array
may be fully utilized in the peak month (or 20-day period) for fewer than seven
hours even in that month and for much less than seven hours in other months
of less water demand. As a consequence, there is considerable incentive to
"peak-shave" or "fuel-save" in the use of solar arrays. Either approach

PARRTCR T T O 1% Py

evens out pumping demands on the solar pumping system.

i *Because of power conditioning costs (batteries and DC motor), fewer hours
j that a solar system can pump, and because fuel supply and diesel engine
maintenance are relatively satisfaciory in Pakistan compared to Chad.
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reduce the peak-period water applications relative to those in other periods

"Peak-shave" means application of a series of agricultural techniques to‘

Some of these techniques are acceptable {o agronomic experts: adjustment of
crop calendar, multiple.planting dates, and varietal shifts, Cther techmques\

are anathema to experts, but widely practiced by successful farmers: over-
watering followed by underwatering, underwatering followed by overwatering
{to leach salts), and simple acceptance of lower yields by varietal change
coupled with underwatering (IBRD: Pakistan).

Farmers can also improve their water application efficiencies during

during June for the Chad example, areal coverage would indrease 40 percent
over the entire crop year. Operating hours would increase to nearly 1000
hours per year as compared with 920 hours with no peak shaving. Cost per
thousand cubic meters of delivered water would decrease 8 percent.
"Fuel-save" means use of photovoltaics in conjunction with diesel or
gasoline engines (or even human-~power shadoof é6r animal-power persian
wheels). There are, in fact, two variations onthe fuel-saver theme: either

use another source of power to relieve photovoltaics during peak periods or

peak periods. If gross irrigation requirements were decreased 10 percent ‘
h

use photovoltaics during slack periods to relieve other sources of power (sue
as diesel generators in town). Clearly, the second application is the more
attractive because it reduces needed capital investment (in more engines/
pumps) and maintenance worries. Again, however, as long as the expensive
power conditioning features that have been included in this study are needed,
the choice is one.dear only to Hobson.®

Conclusions

1. In the Lake Chad, low-lift pump, case study, photovoliaic power for
irrigation pumping is competitive with diesel pumping at solar array cc;sts of
$4000 per peak kw at current diesel fuel prices.

2. At a diesel fuel price of 35 cents per liter (1984 price at 4-percent * _
annual escalation over 1974, or 1993 price at 2 percent) photovoltalc power

is competltlve at solar array costs.of $1300 per’ peak kw \ﬁ

*Hobson J. E., "Economics of Solar Energy.! | v
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3. These projections assume some use of solar pumping for a fodder
Z.rop and use of diesel pumps for approximately 4500 hours per year.
4. Bangladesh, India, and Pakistan case studies show that photovoltaic

v Mbembia A O LU - ki al]

0

ower for irrigation pumping is less competitive than in Chad because of fewer

AL U

mmping hours under supplementary irrigation in Bangladesh and Assam, less

]

solar radiation, lower fuel costs, and higher heads in Pakistan,

5. Photovoltaic power costs depend to a considerable extent on require-
Ements for battiery storage and DC motors. If battery storage can be eliminated
f#py proper selection of a2 motor-pump combination, the competitiveness of

kel haa itk

gshotovoltaic power increases significantly so that at current diesel prices a

RN

Zs0lar array cost of $41300 per peak kw is competitive.
6. To test the feasibility of operation without battery storage, the ad-

LEORT 4D )

vantages of Ope}ating with battery'storage, and the practical problems of the

mode of irrigation outlined in this report, it is essential that field trials be

o

initiated as soon as possible.
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Most biogas plants have been designed to produce gas for household
domestic uses such as cooking and lighting; in a number of instances, however,

the gas has been used as a fuel for operating engines. Most of the experience
has been gained with dual fuel types of diesel engines in which diesel
jnjection is used to initiate combustion. With modified carburetion, biogas
can also be used directly in standard internal combustion engines.

Biogas-Powered Irrigation Pumps

In a recent installation of a community size (90 m3/day) biogas
digestor in India, the biogas is being used for cooking, electricity and water
pumping f053irrigation and to supply clean drinking water fo the village
community. ETectricity 1s used onily for lighting and is generated through a
3.5 kVA generator running on & 6 hp dual fuel engine consuming an 80 percent
gas - 20 percent diesel mixture. -Water pumping is done by a 4 hp pump driven

by @ 7 hp engine through a counter shaft which also consumes a 80 percent gas
- 20 percent diesel mixture.

Internal combustion engires operating on methane. have been in use
for several years, particularly in sewage treatment plants where the 'sludge’
gas has a methane content of 70-75 percent. Biogas produced from the
anaerobic digestion of animal and agricultural wastes has a lower methane
content (50-80%), which sometimes varies from day-to-day operation of the
digestor, pius a varying admixture of corrosive gases 1ike H,S. Sathianathan
provides a detailed account of attempts made in India to modify smaT}sgaso1ina
and diesel engines to enable them to operate successfully on biogas. These
engines have been used to operate irrigation pumps and supply power to small
agro-industries such as chaff-cutters and grain grinders. According to the
report, however, “extensive use of biogas for stationary engines will depend
greatly on research and development which alone can overcome ?gny of the

§ problems now being faced in using (Tow-Btu) methane as fuel."

§ Lost Analysis

Small hp engines designed to_gpe?ate specifically on biogas are not

i tommercially manufactured, so no cost data is avajlable. Since most of the
i experimental work to date has -been on modifications to conventional diesel
1 engines to operate on the dual fuel principle, the cost of a diese] engine can

be used as a starting point for the cost of a biogas engine. One estimate of

i fuel consumption is based on Sathiapathan's account of experiments done on

tonventional diesel engines by engineers of the Khadi Village Industries
Conmission in India. They modified a single cylinder, horizontal, four~stroke
tycle engine run on diesel to operate on the dual-fuel principle with diesel
injection tg initiate combustion. An engine of about 4 hp capacity consumed
hout 15 ft° of biogas per hp-hour.* Diesel consumption (at 10 percent gas

italorific value) was about 0.005 gallons per hp-hour. In the community biogas

Plant in India referred to above, gas consumption in the 4 hp dual fuel engine
Powering a water pump is about 16 cu. ft. per hp-hr of output. Diesel
Wnsumption (at 20% gas calorific value) is 0.01 gallons/hp-hr.

' A FAO/UNDP Study reports that diesel engines have also been adapted to use

Yogas in China and the fuel consumption rate was estimated at 17 ft° per hp-
" for a 1 hp engine.
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5 cost of producing biogas from a community-size plant éof about
5000- §800 per day capac1ty? is estimated to be in the range of $1-32 per
Mcft. For use as a fuel for engines, the gas may have to be scrubbed,

stored or distributed, and, possibly, compressed Conservatively, this may

double the generating cost. Thus the fuel is estimated to range from $2.00
$4.00 per Mcf.**

Fer our cost analysis, we can assume the engine cost and life to b
the same as the 3.3 hp diesel engine analyzed in Section 3.2. The capital
recovery charges will be identical to those calculated earlier, the only
difference being in the operating and maintenance costs. Assuming fuel
consumption as 16 cu. ft. of biogas per hp-hr and 0.01 gallons of diesel per
hp-hr, the fuel cost will be 0.016 Cg + 0.01 C¢ ($/hp-hr) where Cg is the cc
of gas in $/Mcf and Cf the price of diesel ($/ga11on) Maintenance cost we
can assume conservatively to be double the maintenance cost taken for the
diesel engine, i.e., 16 per. hour for 3 hp output. Taking biogas costs to b

in the range of $2-$4/Mcf and diesel as $1.50/gallon, the total cost works o
to be (on a hp-hr basis):

Capital recovery : $0.19

Fuel EGas) : 0.03-0.06

Fuel (Diesel) : 0.015

Maintenance : 0.05
Total : 0.28-0.31

-~

For generating mechanical energy, biogas at $2/Mcf is approx1matel}
— T equivalent te_diesa) fuel at 10¢71iter (abdut half the. current U.S. price of
g8 #7§a) Ton assuming that the capital cost of the engwne is the same in boik.
casesy.  Hence, cons1deredmas a small- sca]e1 decentra11zed enengy source
Tt biogas from a commun1t i-size digester is. aTready cheaper than conventTOn i
~————petraleum T fUels. 1hais assumes, of course, that tHé fumerous tEchnicdl™ es wel

g8 TS6¢T 4T problems 19§o;§ed in the 1mpIEmentat1on of a biogas program are
successfully solved.

With biogas at $2/Mcf equivalent to fuel at 10¢/liter, the cosi of
irrigation from a 5 hp biogas~powered centrifugal pump can approximately be
$3/acre-in for 800 hours of operation/year.

Tynical Cost of Biogas Generation from Community-Size Plants

The biogas generation cost ($/Mcf) derived here is based on
preliminary cost data obtained from a pilot project designed to investigate
the advantages of large-size commungay bjogas plants over individual family .
plants in a typical Indian village. Under the project, two plants with a-
combinad production capacity of 3 Mcf/day were installed for study. Table 17

shows major cost components of these plants. 57 %
. ". 33
ol
BEST AVAILABLE COPY ~4ﬁ?
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%.

** Estimates on the costs of biogas generation from a village level plant in é

India shows that biogas can be generated and distributed at a unit cost of»:f
about 51.70 per Mcf. :
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TARLE 17
ESTIMATED COSTS OF COMMUNITY SIZE BIOGAS PLANTS (INDIA)
Investment Costs 1976 U.S. $ :
Invest
A. Plants )
|
Digesters ) 5000
Holder ; 2250
Mise - 1350
: 8600 ) ) g
3. Distribution
25 mm G.I. pipe :
F {2000 nmeters at $2/m) - 4000 ’
-
Compressor 600
4600
C. Operating and Maintenance Costs per Amnnum
Purchase of dumg
(220 kg at $6/ton per day) 480
1 Plant maintenance
s (25¢/100 liters/day of capacity) 210
Maintenance of distribution system
(3% of distribution system cost) 260 -
950 i
- ;
3
{
|
- 39
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; Assuming the 1ife span of the plant and distribution system to be 2
3 years, 10 percent interest rate, the energy generation cost (delivered to -,
jrrigation pumps) is around $2. 3/Mcf This cost could be reduced to about
$1.7/Mcf if we include the revenue that could be generated by selling the
nitrogen fertiiizer which is a main by-product of biogas p]ants.
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* It is estimated that about 1.2 tons/year of fertilizer can be obta1ned f
a b]ogas plant of 3 Mcf/day production capacity. This_would generate about
$500 in revenue at a price of $400/ton for fertilizer. 34
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Technology/Resource Typology

The technologies proposed for providing power to the prime mover are
direct solar (thermal and photovoltaic), wind (mechanical and electric) and =
biomass conversion (gasification through pyrolysis or anaerobic digestion).
Demonstrations have to take account of the resource availability in the area
where they are held. To do this, it is useful to consider a geographical
typclogy of different agroclimatic zones so that resource availability can be

. matched both fo the type of system selected and to the application for which
it is reguired. One possible typology is described in Table 18. 1

System Application and System Size

System applications--crop irrigation or water for human consumption-
-determine the system size and its economic feasibility among other alterna- -
tives in a given area. - System size, as shown earlier, depends on the depth of
the water table, i.e., the height through which water has to be lifted, and
the water requirements (both peak and average in case of irrigation) as
determined by type of crop and the area to be irrigated. Referring to the
typoiogy, arid zones generally have deep water tables exceeding 25 meters in
depth. In tropical zones, water tables are usually higher, often as little as-

5m to 10m in river valleys and deltaic plains. We can distinguish four types
of applications. .

|
|
|
|

¢ Low head, low volume pumping (LL)., The majority of applications
Wwill Tall into this category if water needs (rather than economic
demands for water) are the main criteria. Most of the
subsistence farmers operating holdings of less than 1 ha.--the
large majority of operational holdings--are in this category.
System power needs range from about 300W to Tess than 1 kW. This

; is also the area where renewable technologies, especially

photovoltaics, are likely to be most cost effective.

et A A

e [ow head, high volume pumping (LH). This category has the most
potential for commercial application since those farmers who can
potentially afford to pay for the technologies are commercial
farmers with farms in excess of 5 - 10 ha. These farmers, only a

- minority, generaliy have diesel or electric pumps. System power
requirements in most cases will range from 1 kW to sbout 5 -7 .
kW. -

¢ High head, low volume pumping (HL). This would be the
requirement for providing water for human/livestock consumption
in arid zones and, perhaps, for traditional crops grown in such
areas {e.g., sorghum, millet) with low water requirements.
System power requirements would be on the order.of 1 kW.

e High head, high volume pumping (HH). This would be required for
% crop irrigation in arid areas needing substantial quantities of

] water or where large areas of land have to be irrigated. -
Demonstrations in Gila Bend, Arizona; Willard, N.M. and Mead, .-
Nebraska are examples. System power requirements would be in ‘
excess of 10 kW. This application would not be applicable to ~ .

70 2«5
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TABLE 18
RESOURCE AVAILABILITY

%
X
4

-

Water
; Zone Solar Wind Biomass Table
i :
; Arid High(H) ) Variable(V) Low (L) Deep(D) f
|
Tropical Medium(M) - H v B ' shallow(S) !
]
' ¥ountain L ~-M M-H L - S - D®
Island M-H 5t M-" - S - D

-#Surface stream usually abundant.
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less developed countries where farm sizes are generally much

smaller, except in areas of Latin and South America (e.g.,
Northern Mexico or Southern Brazil).

Considering the water table and water requirements, the above

applications can be related to the various agro-climatic zones as shown in
Table 19. '

- Proposed Systems

The systems proposed for demonstration are:

A. Solar Thermal - These would consist of a collector field (flat
plate or parabolic trough) and a Rankine cycle heal engine coupled
to a recriprocating or centrifugal pump. The smaller SOFRETES
engine, with a peak power output of 1 kW, has been extensively
demonstrated in Africa. The results, generally, have not been very
encouraging and SOFRETES itself no longer manufactures these small
engines. Although different designs may perform better technically.,
it is perhaps more advisable to confine the solar thermal demonstra-
tion to larger system sizes similar for example, to the Bakel
project in Senegal used for nigh 1ift pumping in arid areas.

B.. Photovoltaic Systems - Since PV arrays are modular, this system
could be used for applicatipn of different power levels. The
simplest system would consist of a cell array with a power
conditioner feeding a permanent magnat DC motor coupled to a
centrifugal pump. It is proposed that half the systems demonstrated
should be without any battery storage; the other half could
incorporate one or two egquivalent days of storage capacity. Since
storage adds significantly to the system cost, it is important to
obtain technical performance data on systems without storage to test
: field performance. Different pump and motor combinations could be

! tested-for example, an AC induction motor driving a vertical turbine
pump in the case ¢f high 1ift pumping. The additional cost of
adding an inverter has to be considered,however. Since AC induction
motors are cheaply available and are manufactured in some developing
countries, this could be a factor in favor of considering them for
some demonstrations.

Sl gt

€. Wind Pumps - Mechanical wind pumps have long been a commercial
technoJogy and no special demonstrations are necessary to prove

] their technical and economical viability. Most of the

; demonstrations for wind machines should focus on wind-eleciric

; systems coupled to an AC induction motor driving a centrifugal
pump. One or two demonstrations could concentrate on innovative
wind mechanical pump designs meant to work at low starting wind )
speeds. '33
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D. Biomass Conversion Systems - Pumping systems running on either -

-medium-BTU gas produced from an anaerobic digester or Tow-BTU gas &

from pyrolysis genarally use a dual fuel engine (with 10-15% diesel _

injection). The advantage is that the prime mover and pump can be =%

conventional equipment; however, the demonstration has to be tied_fgjé
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Zone

Arid

Tropical

Mountain

Island

TABLE 19

Pumping Applications in Various Zones
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an existing or specially constructed biomass conversion unit
(digester or pyrolysis unit). Since this is linked to the avail- -
ability of the input material (animal/agricultural residues), * .
required for production of gas, the demonstrations must be on the
site of existing or planned biogas production units.

Table 20 shows the technologies applicable to the various
applications.

6.3 Program Strateay t

The objective of this program is to accelerate the widespread use of
solar water pumping systems in developing countries. This will be done by
aggressive demonstrations of applicable water pumping systems for the
agricultural sector based on specific requirementis and solar technology
applicebility. The strategy will be to maintain maximum direct contact
between suppliers and purchasers of solar water pumping technologies. The
program will provide a single focus for coordinating assistance to manufac-
turers to facilitate private sector involvement. A key element is the pursuit -
of development needs in developing countries as well as efforts to foster
expansion of U.S. manufacturers/suppliers.

6.4 Program Elements

A proposed program for development of water pumping in developing
countries will have the following elements:

8 Research and Development - A major effort should be undertaken to
develop solar water pump technologies which are relevant to the
needs of developing countries. In some cases, relatively small
changes in research programs or modest extensions of those
programs can yjeld useful products with international marketing
potential. A detailed evaluation of DOE's Solar RD&D Program
should be conducted to determine areas with the greatest
potential for application in LDC environments. A parallel effort

3 should evaluate research and development in the private sector.

: In addition to identifying developments of relevance to

- developing countries, the study should evaluate ways in which
potential marketing information can be gathered, analyzed and
disseminated to private firms.

™
e -
>
1Y

.2

o Demonstrations - A number of assistance programs should be ' .
established to erect and field test a range of solar water pump . -
technologies in a variety of developing country conditions, with ;
an emphasis on the need to transfer the results to other econcmil ™ -
and geographical conditions. Field tests should employ a stand- -
ardized evaluation procedure addressing system reliability and 23
maintainability, system economics, and other factors. It is .57y

: jmportant to provide not only the actual test results, but alsg ¥ui.
¢ information which allows other countries to interpret the results .2
for their own conditions. . . e
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TABLE 20
Applications of Solar Technology for Pumping
B i it
Solar Thermal * ) - * %
Photovoltaic * 7 * *
Wind Energy . *
Biomass %
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s Commercialization - The involvement of the private sector, both
in the developing country and in the United Staies, should be
maximized in program implementation. The private sector is ofte
unaware of the market potential for various energy-related
products. Studies should be conducted to identify potential
markets for solar water pumping technologies. Private sector
participaiion can be increased through investment guarantees and
other Tinancial incentives such as using the U.S. Overseas
Private Investment Corporation (QPIC) investment assurance
arrangements and encouraging international financial institutions
to be more responsive to funding of solar water pumping
projects. AID could arrange for initial purchases of a minimum
number of units from U.S. corporations which have developed a
product particularly applicable to developing country
requirements. A network should be established to provide up-to-
date information to the private sector.

» Training - The potential for solar water pumping systems abroad
is attected by the degree to which local resources are available
for the installation, maintenance or repair of the equipment.
Some markets may require assembly or complete production of
systems overseas, involving trainad technical end managerial
manpower. Training programs must be provided on a number of
levels, ranging from village extension workers to university
programs and middie level government officials.

. L4

s International Collaboration -~ International cooperative

. activities provide access to information from other countries
about new or alternative directions of possible significance to
our own R&D program without bearing the entire cost of a broad
yet advanced research program within each technology. This
element will promote regional and international cooperation in
exchanging information on the development, adaptation and
transfer of solar water pumping technologies.

6.5 Country Selection

A number of demonstrations are to be established to field test a
range of solar water pumping technologies in a variety of developing country
conditions. Three sets of countries representing varicus climatic zones have
bheen selected. The selected countries are shown in Table 21. The technology
gnd application to be demonstrated in each country will be derived from Tables

9 and 20. N

6.6 . Funding Level

Three funding levels are proposed. The minimum program includes
| countries in SET I only. A basic program will include countries in SET I plus
3 countries in SET II, while an enhanced program will include all setected
1 countries. An estimate of the funding levels is made by considering three
demonstrations per country for SET I, five demonstratioms per country for SET
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COUNTRY SELECTION MATRIX

TABLE 21

il lolhs S bt il

i

S
SET 1 SET II SET III
ZONE {(Minimum) {(Basic) {(Enhanced)
—
ARID Egypt Egypt Egypt
Sensgal Senegal Senegal
Sudan Sudan Sudan
India India India
Jordan " Jordan
Tunisia Tunisia
Botswana
TROPICAL Thailand Thailand Thailand
) Malaysia Malaysia Malaysia
Guyzna Guyana ., Guyana
Jamzica Jamaica Jamaica
Kenva
Niger
ISLAND Micronesia Micronesia Micronesia
Indonesia Indonesia Indonesia
Philippines Philippines
Dominican
Republie
MOUNTAIN Colombia Colombia Colowmbia
X Nepal Nepal Nepal
Peru Peru
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3 I1, and seven demonstrations per country for SET III at a cost of $225.000 per T
; system. An additional 10 percent of system cost is included to accommodate
' manpower training.

e

Minimum Program - $8.91 miilion

Basic Program - $19.8 million

Enhanced Program - $34.65 million
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CHAPTER 1

Waterwheels: Classification
and Technology

A review of past and present waterwheels
in the Mediterranean world

To facilitate the sindent’s approach to the subject it is necessary tohave z
classification, and this has the added advantage of solving the constantly
recurring problem of terminology, since it permits the use of typological
designations instead of names. On the other hand, it is difficult to remem-
ber twenty different labels, so to aid the memory, ¢ach designation in-
cludes the name of a geographical locality and a drawing.

The classification is based on the constraction principle used. This is
the system applied in Jorae Dias: Aparethos de elevar a dgua de rega.
Porto, Portugal 1953, p. 60, and, somewhat later, in Julic Caro Baroja:
Norias, azudds, acefigs, [Revista de dialeciologia v tradiciones populares,
Vol. X (Madrid 1954}, pp. 29-160), and, in the next volume of the same
periodical, Julio Caro Bzroja: Sobre la historia de la noria de tiro. [Re-
vista de dialectologia y tradiciones populares, YVol. X7 (Madrid 1955),
PP 15-79].

Waterwheels can be classified into two main groups:

I. Machines with a gear,
II. Machines without a gear.

Group I can be defined as machines in which the traction power of 2
dranght animal is transmitted to a potgarland by means of a right-angle
gear.

Group {f may be defined as water-driven wheels or {readwheels, the
rims of which are provided with a number of containers for lifting the
waler.

Group I can further be sub-divided according to the type of horizontal
shaft;

A. Machines with a short shaft.
B. Machines with a long shaft.
C. Machines with an elevated shaft.

Group I
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Classification and Technology

Fig. 2. Type 14, noria with short shafr.
These three types are shown in Figs. 2, 3 and 4. In principle, the cogs of a
right-angle gear can be arranged in two ways, viz:

1. Radially projecting cogs.
2. Cogs arranged parallel to the shaft.

We thus have six different types.
Turning to the paternoster chain, we find two different systems:

TR TRTTL IR TR E T, i UPIO U Ny “WLWMMWWMMN@MM

a. Earthernware pots or tins, firmly lashed to two endless ropes.
b. Rectangular buckets fastened to a ladder-like iren chain.

£

This last sub-division increases the number of types from six to twelve.

Fig. 3. Type IB, sagiya with long shaft.
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Fig. 4. Type IC, s@qiya with Iong, elevated shafi.

At the beginning of this chapter, the geared machines were given a rather
parrow definition, which means that the classification is representative.
If we were to broaden the definition, the classification would become
exhaustive, but then not representative. It has therefore been found best
to abide by the definition given and to describe variations simply as “other
geared machines”. Only two types of machines are included in this cate-
gory! .
1. Geared machines powered by a draught animal, but with the pater-
noster chain replaced by a wheel with 2 compartmented rim. See
Fig. 29.
2. Geared machines powered by a dranght animal, but with the pater-
noster chain replaced by a paddle-wheel, the blades of which follow
& spiral course. See Figs. 54a and 54b. )

1l

We thus have z total of 14 different types of machines in group 7. The
first 12 of these are arranged sysiematically, while the last two do not
quite fit in, which is unfortunate since they are both very comimon in

Egypt.

Group 7, which is only of secondary interest here, comprises water- Group I7
wheels without 2 gear. The definition of this class of wheels on page 1}
includes the basic sub-division, the following designations being used:

A. Water-driven wheel.
B, Treadwheel.

The term water-driven wheel indicates a paddie-wheel turped by the
current of ariver. See Figs. 1 and 32. A treadwheel is a Jarge wheel turned
by the tread of one or two labourers. See Fig. 100.
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Classification and Technology Two types of containers are used;

I. Slender pots or hollow bamboo canes lashed to the rim of the wheel.,
£ 2. Partly closed compartments forming the actual rim of the wheel. See
- Fig. 34, In this case, the structure is known as a comparimented wheel.

Two types of machines remain, which do not fit into the classification,

but which are a hybrid of the two groups. These we will call “other ma-
chines”:

1. A treadwheel and a potgarland sharing the same shaft. Ses Fig. 95.
2. A composite hand- and treadwheel designed to carry a potgarland, See
Flgs 56 and 57.

A map at the end of this book shows the geographical distribution of
the two main groups. See Fig. 114.

Vignerte No. I. This puiley device lies outside the scope

of this baok.
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" Classification of Waterwheels

I Machines with gear

A. Short shajt (noria)

I Parallel cogs a Potgarland

b Bucket chain

a Potgarland

2 Radial cogs b Bucket chain

B. Long shaft ( séqiya)
a Potgarland

1 Parallel cogs b Buckst chain

a Potgarland

2 Radial cogs & Bucket chain

C. Elevated shaft (sagiya)

a Potgarland

1 Parallel cogs b Bl_lcket chain

a Pétgaﬂand

2 Radial cogs b Bucket chain

I Machines without gear

Ibiza
Ma‘arrat
Salhin
Aleppo

Hala

Haswa
Mi‘timdiyya
Fayylim

Formia
Palestine

India
Syria

A. Water-driven wheel (hydraulic noria)

I Pots
2 Compartmented rim

B. Treadwheel

I Pots
2 Compartmented rim

Hit
Hami

Riotinto
Ostia
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Type Idla
Ibiza

La Mancha

thiza

We will now discuss the individual types of machines. In order to avoid
tepetition only the noria-type from Ibiza and the sigiya-type are dealt
with in detail.

Group I. Machines with gear
Short shaft

This type of noria is native to Spain, Portugal and Morocco, and is
characterized by its short shaft, See Figs. 5, 6, 7, 55, 69, and 113,

South of Madrid, norias were still pumerous in 1960, and in the famous
province of La Mancha, as many as 19,000 were counted in 1918. Otto
Yessen: La Mancha, [Mitteilungen der Geographischen Gesellschaft in
Hamburg, Vol. 41 (Hamburg 1930), pp. 180-184]. In about 1900 there
were 1o less than 4,000 norias in operation on Majorcs, but only a few
of these remain today (1963). As far as Portugal is concerned, this sub-
ject has been dealt with in detail by Jorge Dias (cf. p. 11), and it appears
that almost all types of water-lifting machines are represented there: It is
a pity that similar books are not available for the other Mediterranean
countries. -

In the neighbourhood of the town of Ibiza there are many notias (1955),
sometimes only a hundred metres or so apart, corresponding to one for
each farm. In these norias, both the machine and its water tank are raised
one or two metres above ground level, which means that the tank also
acts as an elevated cistern from which water can be led all over the farm.

Firg. 5. Noria type 141a, Ibiza. The {antern pinion engages with the parernoster wheel.
The pots empty the water into the trough standing inside the wheel.
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Fig. 6. Noria Ibize, Balearic Islands. Scale drawing by the author, 1955. From the
wooden trough the warter runs through a pipe leading under the circular mule-track 1o

a large water tank.
-~

The total area of a farm seldom exceeds one hectare and of this the tank
occupies about 100 square metres and the machine a further 100 square
metres. The well, which is rectangular, has a depth of approximately 4
metres and is lined with stone. The edge of the well is provided with a
balustrade, which curves elegantly into the two supporting masses. The
building material used is rough-hewn volcanic rock, a smooth surface
being achieved by means of mortar and plaster. In June of each year,
the womenfolk whitewash the masonry. The water tank is built in the same
way, except that the interior surface is given a cement rendering. The
internal dimensions of the water tank are 10 X 10 X 1 metres, giving a
capacity of 100 cubic metres or 1 cm-ba, a unit preferred by irrigation
engineers. At one corner of the water tank, steps lead down to the water,
and here the women wash the newly shorn wool. Drinking water is taken
directly from the machine. The water raised by the wheel flows into the
water tank through a pipe laid under the circular mule-track. Every
evening, the tank is opened and the water is led out to the fields through
a large number of walled channels.
In Salvater’s two-volume work on the Balearic Islands this scene is
depicted in some very fine engravings, which are also remarkable for
their exactitude. Ludwig Salvator: Die Balearen, geschildert in Wort und
Bild. Wiirzburg und Leipzig 1897, Vol. 7, p.7 and p. 225.
Figs. 6 and 7 show a scale drawing of a noria which was still in use in
1935, but which I found in ruins just a few years later.
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Fig. 7. Norla Ibiza Scale drawing by the ourhor. The same machine as in Fig. 6, but
seen from the other side.

The crux of these machines is the gear, which has a single function -
that of altering the motion from horizontal to vertical. The gear itself
consists of a lantern pinion and a large cog-wheel. In the following, the
latter will be referred to as the potgarland wheel, since it also operates the
paternoster chain,

The most convenient way of describing such a machine is to follow
the power trapsfer through the machine, starting with the draught animal
and ending where the water Jeaves the machine, The draught animal is
usnally a mule or a donkey wearing on its shoulders and neck a collar
harness that transmits the power through two traces to a double-tree
fastened to the drawbar. The drawbar passes through a hole in the upright
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shaft. The leading rein, which is attached to a second bar protruding from Ciassification and Technology
the shaft, forces the animal to follow the circular track, although it
3 cannot see this because its eyes are biinkered.
The lantern pinion is fixed to the upright shaft by means of two sets
of spokes, one for the upper rim and one for the Jower. The spokes are
made in one piece from bars equal in length to the outer diameter of the
rims and counfersunk inside the shaft so that they bisect each other in
the same plane. To achieve this, the hole through which one bar passes
through the shaft is made twice the height of the hole for the other bar.
When the spokes are in place, the larger hole is wedged to keep the spokes

Vel 4 VLAY

i

1 locked in position,
Both wheel-rims of the lantern pinion are made by the carpenter from
six or seven pieces of wood, cuf to a template. The pieces are joined
together by Eioub!e-lippcd and notched table scarves. See Fig. 8, The
[ scarf joint method of assembly is efficient as long as the wood is sound
but is valueless when it dries out. It is therefore guite common to see
peasants stiffening such joints by means of wooden scarves, The pins of
the lantern pinion are slightly conical in shape and are of a soft wood
because thev are easy to make and the peasant puts in new pins approx-
imately every other year. The cogs with which the pins mesh are difficult
to make so a hard wood is used that will last for many yeass. -
Before we leave the lantern pinion there are a few other details con-
cerning the upright shaft that are of interest. At its base, the shaft ends
in &n iron gudgeon, which is bedded in a stone. The end of the shaft is
provided with an iron ring to prevent it from splitting. See Fig. 9. The

Fig. 8. Double-lipped ond notched rable
scarf. Ar iron wedge keeps the two parts
ef the rim firmly together.

- Fig. 9. Lantern pinion, with pins, rim with spokes, and uprighi shaft with iron ring and
i gudgeon,
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g Classification and Technology upper bearing for the shaft is located about 20 centimetres above the © i

:;ﬁ lantern pinion and copsists of a beam with a yoke or liner fixed in position N

"‘*g.f by two wooden spikes. The arrangement is supported on the two charac- P

L“E - teristic supporting masses mentioned earlier. See Fig. 10. e

; The potgarland wheel has two functions: it is primarily a cogwheel, <« 3

= but it also forms the drum that carries the potgarland. Each cog and as Ii

& carrying peg are made in one, as shown in Fig. 7. The potgarland wheel i

?;; of the Spanish noria has only one rim, which is made from six pieces, &

ﬁ and four spokes made from two continuous bars equal in length to the o« |-

3 diameter of the wheel. The short shaft is very thick and is provided with -,

g a pudgeon-at each end, turning in wooden blocks. , ¢

i In order to prevent the wheel from going into reverse, the machine is s -
provided with a pawl mechanism, which acts on the cogs of the pot- =
garland wheel. See Fig. 11. To appreciate the vital function of this pawl i ':.
it is only necessary to remember that the draught animal is subjected to a = G
constant pull both when moving and when starding stiill. This pull is n

exerted by the part of the potgarland carrying the full pots. The pawl is
activated in two cases — when the animal is to be unharnessed and in the
Fig. 10. The top bearing consists of @ eyept of the harness or traces breaking. Without the pawl the machine

horizontal beam and a bearing lining. s

. would turn backwards at great speed and, after one revolution, the

drawbar would hit the draught animal on the head. At the same time,

tany of the pins of the lantern pinion would break and the pots smash.
A local carpenter once told me that several conscientious donkeys had
been killed because of defective pawls. However, although most of the
norias I saw in Ibiza were more or less defective, their pawls were always
in order. In this connexion, it should be noted that not all waterwheels
are provided with a pawl mechanism. In places where the Iift is less than
2 metres, there is practically no risk of a serious accident because the
. drawbar would move too slowly to kill the donkey. The draught animals
y Fig. I1. Paternoster wheel witk paw! and  are completely familiar with the operation of the pawl. If we watch one,
3 potgariand. Majorca. we will see it turn its ears in the direction of the tick-tock of the pawl
: TR when it wants to stop. When it bears the sound the animal halts and takes
<z N a step backwards, at which point the pawl mechanism takes over the
5 . 2 puli exerted by the full pots. If the animal did not await the sound of the
y/ PR pawl, it would have to move back 1.5 metres, which is against its nature.
] = 0l Now let us turn to the potgarland, which consists of two endless ropes
! A ):{. spaced according to the diameter of the cylindrical pots. Besides serving
\ Mk as pot-carrier, the ropes act as a buffer between the pots and the carrier- T
$ pegs of the wheel, i.e. the pots are carried on the ropes, not between them.
Q'g:_\ ) T If the pots were carried in the lIatter manner, the edge of a pot might e,

} catch on a carrier-peg and break. ‘ :
The pots have a small vent at the bottom fo permit air to escape when
the pot hits the water bottom up. Unfortunately, this vent gradually
20 becomes clogged with leaves, and when that happens the pot floats on

Fy

P pe— |

et P i ARSI TS bl g

A e

?Ej_::‘?-'!“g FE._ Y2967

-

>
t

-
¥

-
4

s T

‘i

“
i

e o

AT i




R R T Tl Mh EANGTARN.

S b

L ey

i

[ —

& =S ? I
RIS P e R R
S TS D A R T e

the water, the next pot hits it and they both break. The vent appears to
be a disadvantage because some of the water runs out of it. However,
there 1s really very little loss because most of the water just runs down
into the next pot. Rather more water is lost as the pots discharge their
contents at the top of the wheel, because some of it hits the carrier-pegs
and splashes down outside the trough.

A discussion of the modus operandi of the potgarland must include a
description of the two guide-rods which keep the potgarland on the right
course up to the potgarland wheel. These two rods are placed on either
side of ‘the potgarland and at an angle of about 45° to it. Without the
rods, the potgarland would slide out along the carrier-pegs and finally
falt off them. The constant bumping of the pots against the guide-rods
results in deep wear marks on either side of the pots (cf. p. 102).

“Inside” the potgarland wheel there is a large wooden trough sup-
poried by two brackets embedded in the balustrade of the well.

The efficiency of a machine is defined as the ratio between the output
power and the input power. This ratio gives only the efficiency of the ma-
chine itself; to obtain an idea of the total efficiency it would also be
necessary io take into account the efficiency of the draught animal. How-
ever, for the sake of simplicity, the efficiency of the machine alone will
be considered in the following. .

In the case investigated, the tractive force exerted on the drawbar
varied between 50 and 250 newtons, ie. between 5 and 25 kilograms
force. The mean value was found to be 120 newtons. The large variations
were caused by the fact that three or four pots were missing from the

potgarland.

The input power is now determined as the force multiplied by the velocity
or, to be correct, as the torque multiplied by the angular velocity. As the
force is not exerted at right-angles to the drawbar, we have to multiply
the tractive force by the cosine of the angle between the traces and the

drawbar;

P=Txw=FXvcosx

25 2 x i,
P= F% Recose = 120 ~—~—f6—0>5—1 3.65 x 0.95 = 75 watts

where n = 1.7 rpm, cose = (.95, and the radius of the circular mule
track R = 3.65m; the remaining notation is as follows:

P = power, F = force, v = velocity, T = torque, w = angular velocity.

For the output power we have to measure the risc in water level in the
water tank within a certain period and determine the water-head. The
flow was found to be 67 l/min, corresponding to 670 newtons/min, and
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Classification and Technology

the head was estimated to be 4 sn. The output power is then caleulated as
the flow multiplied by the head: 670 x 4/60 = 44 waiis.
The efficiency of the machine is then:

" .
= o = 0.6
7=
This value is significant in that it bears coraparison with the efficiency of
modern pumps. As 3 rule of thumb, the flow from a defective, mule-

drawn noria will be 4 m3/h for a head of water of 4 m. If the head is
doubled, the flow must be halved.

Type I41b

Ma'arrat al Nu'man

As we watch the potgarland and its wheel, the following question
arises: why does the potgarland not slip on the wheel when the pull
exerted by the full pots greatly exceeds that exerted by the empty pots?
We shall find the answer by investigating whether the following inequality
is fulfilled:
$ ‘
— < gh>
52
where 5, is the pull exerted by the full pots, and S3 is that exerted by the
empty pots. According to the engineering manuals, the coefficient of
friction is of the order of magnitude of 0.4 to 0.5. The potgarland circum-
scribes a2n angle = of slightly more than svor 180°. The value ¢ is the base
of natural logarithms. By substituting on the right-hand side of the
inequality, we obtain values from 3.5 to 5. In the noria discussed above,
the ratio between the pull exerted in the two directions was 800/300 = 2.7,
Le., less than the permissible value, which means that the rope does not
slip. On the other hand, while I was in Egypt 1 noticed a potgarland in
which the pots had been replaced by buckets, and here the rope did tend
to slip. The ratic in this case between the pull in one direction and that
in the other was 350/100 == 3.5, ie in the vicinity of the permissible
value.

This type, which is found in Syria (1969), is very similar to the Spanish

noria, except that a bucket chain and bucket wheel are used.

On the road from Hama to Aleppo there is a small town called Ma'arrat
al Nu'man, which once had a large number of norias. Unforiunately,
they are now no longer in use and are therefore in ruins, but I did manage

to find one in a sufficiently good state of repair to allow me to make a
scale drawing of it. See Figs. 12 and 13.

The bucket wheel consists of 1& compartments, each with an outlet. The
wheel itself is held together by two hoops and a large nomber of long
boits and fittings. Far less water is wasted with this construction than
with the former. In the village of Tall Minnis, 5 kilometres east of the

town, I saw this type of wheel in operation. It stood in the middle of the
market place, raising drinking water for the villagers.
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Fig. 12. Defective noria at Ma'arra! a! t -
Nu'man; on the road from Hamd to Aleppo !
{Halgb). The wheel is provided with open e
compartments into which the buckets o
empry their water. The bucket chain has I
gone, and the front “hoop™ has fallen off.
- The stone on the right is what remains of a
- Roman celumn. ;
v Fig. 13. Recoastruction of the defective .
, noria an the road from Hama 1o Aleppo. :
The left-hand drawing shows a partial .
- section of the bucker-chain wheel, and the :
- right-hand drawing shows a section of the i
. pucket-chain wheel and the lamern pinloa.
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Type IA22
Salhin

i

15 The upright skaft and cog-wheel.
bedding stone at the botiom must be

Zjecied to a lvad of more than half a ron.
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About 4 kilometres south of the Citadel of Aleppo lies a district called
Salhin, where there were still many norias of this type when I visited
the area in 1969. Sce Fig. 14. The brickwork surrounding the well and
the water tank is built along the same lines as in the norias of Ibiza, but
the wooden machinery differs considerably from the Spanish version.
The upright shaft, which is very long and very heavy, rotates in & bedding
stone. The cogwheel itself is a simple construction, consisting of four
heavy beams fixed in position by means of wedges and diagonals. Sce
Fig. 15. The upper bearing consists of two long beams and two small
crossbars, which together form a square gap through which the shaft
passes. Two heavy blocks of stone are used to weigh down the beams
and keep them in position. See Fig. 16. -

Fig. 14. Noria gt Sathin outside Aleppo. The upright shaft hes a height of almosr 3
metres.
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Fig. 16. Norig at Salkin. The use of cog-wheels with
only 8, cogs Is a characteristic feature of this 1ype g
of waterwheel. Forty years aga, porgarlands were still in use, bur these have now been
replaced by chains and tin buckets, These have been omitted from the drawing.

The horizontal shaft carries two wheels, see Fig. 17, one of which acts
as cogwheel, and the other as potgarland wheel. The latter will be des-
cribed later as it is identical with the drum in the Egyptian saqiya, type
IB2a, Al Mi“timdiyya.

The potgarland originally consisted of hemp ropes and earthenware
pots, but nowadays iron chains and buckets are used instead.

This noria had no pawl because there were no cogs on which it could
Play, and no guide-rods were used. All in all, it was very primitive and
had to be supervised by two women.

The machine was in operation while I measured it —a rather hazardous
occupation — but I made good use of the opportunity offered by stoppages
caused by a couple of buckets getting caught up in the potgariand wheel.

This type has the same gear construction as the previous type, but
the potgarland wheel is replaced by a bucket wheel and bucket chain.
According to Moussly, this machine is called a hallaf. Nazim Moussly:
Le probléme de I'eau en Syrie. Lyon 1951, p. 144.

Type IA2b
Aleppo
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Fig, I7. Parernoster wheel and
cog-wheel for the noria at
Salhin.

25

. e 7 e s
TRt [v—-:-‘-rn":r«",.::r T YR

e

e o s rern T e R T T R T T e SRR




¢ el
Jtt

pa—he s

bamEgrrzipste  dmwinn SISl e, )
R
e e
R e S e

. e

i =

SEs e e ;
< A X

ey M Th AP e P
R s A Mo T A A TR

=

5,0

R b g 2l - I
G T R R

ik

HairiaeadaEe T

-

SRR T AN e o TR o B B

i

Fig. 18a. Sagiya with long shafi. Note the lantern gear construction, West Pakistan,
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Long horizontal shaft

We now come to the types with a long horizontal shaft. Owing to the
method of classification adopted, we have to deal with a rare type of
wheel before the Egyptian siqiya.

The fascinating point about this machine is its use of a right-angle gear,
which represents an advanced level of joinery. See Figs. 18a and 18b. The
rims are constructed of laminated wood and the pegs are curved, both
details that make the construction rigid and compact. Type /B la, Halo.

As norias are still being built in many countries, attention should be
drawn to this joinery method and, in the case of wells with a depth
of more than 4 metres, the Spanish design should be borne in mind.
The fact that many countries prefer norias made of iren is undoubtedly
due to the poor quality of the joinery in earlier norias. In the next example E
we shall examine a machine made of iton. This is type /B 1b, Haswa.

Although machines made of iron really lie outside the scope of this
book, there is good reason to include this example because it is a true
copy of its predecessor, which was made of wood. The drawing in Fig. 19
bas been made on the basis of my survey of a dawlab (s3qiya) near
Haswa, between Baghdad and Babylon. In this region there are hundreds
of machines, but they are all made of iron; for the wooden version we
have to go to Northern Iraq. There is a photograph of such a machine |
in an illustrated work dating from 1968. According to the caption, the i
picture is from Palestine, but this must be an error because there is no -
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Fig. 20. Cross-section of thesdgiva at ;‘m"rimdfyya near Cairo. Drawn by the author
in 1964, For details see Figs. 21, 22, 23 and 24.

doubt at all that it actually comes from Northern Iraq. D. et J. Sourdel:
La civilisation de I'Fslam classigue. Paris 1968, fig. 96. It is interesting to
note that this construction uses a lantern pinion with one wheel rim in-
stead of two. See also Vignette No. 2 on p. 41.
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The best known of all water-lifting machines is the Egyptian sigiya.. Type IB2a
The monotonous creaking of the cog-wheels can be heard all the way Al Mi‘timdiyya

from the shores of the Mediterranean to deep in the Sudan, where:

In 1943, the number of waterwheels in the Northern Province was
9,456 ... thefigure has declined less than might have been expected.

bl futdy 4 v

Pl Lo

K. M. Barbour: The Republic of the Sudan, London 1961, p. 141 and
] fig. 41.

Let us nowreturn to Egypt, to the town of Al Mi'timdiyya, which lies
outside Cairo, about 5 kilometres west of Cairo Tower, for here there was
an old sAqiya of great interest. See Fig. 20. The well, which is only 2 metres
deep, 1s divided into two sections, so there is actually room for two sagiyas.
See Fig. 21. Not far away lie the ruins of another well, in which three
sdqiyas once worked. Inboth cases, the wells are made of burnt red brick,
while the surrounding walls consist of mud bricks.

Turning now to the machine itself, we shall follow the power input,
from the ox, through the gear, to the potgarland. The sagiya in question
is drawn by an ox moving extremely slowly and bearing on its shoulders
a neck-bar, the other end of which is pinned to a small beam cantilevered
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Fig. 21. Perspective of the sdgiya. The buckei-chain wheel has been removed.
Mi‘timdiyya.

out from the upright shaft. See Fig. 22. If the sigiya were drawn by '

two oxen, the neck-bar would be replaced by 2 yoke. See Fig. 108.

In order to keep the ox on the circalar track, the outer end of the neck-bar
is provided with a wedge and rope arrangement, forming a halter, The
pull of the ox is transmitted by a chain to the drawbar, which is fixed to
the cogwheel a quarter turn behind the neck-bar. As stated earlier, the
cogwheel is In turn fixed to the upright shaft, the upper end of which
has a gudgeorn turning in a long palm beam. The lower end rotates in a
bedding stone or wooden bleck, as shown in Fig. 88. The rim of the cog-
wheel is fixed between an upper and a lower set of spokes. The rim itself
consists of six pieces, joined together in a manner that prevents radial
displacement. Forty-eight holes are then made in the rim, corresponding
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Cantilevered beam

Drawbar

Fig. 22. The large cog-wheel, including the long neck-bar with the cham that sransmits

the pull to the cog-wheel.

to the number of cogs. Some of the holes coincide with the rim joints,
which are therefore spoiled. However, the real assembly mechanism for
the rim is provided by the spokes, which act as scarves. The entire weight
of the the gear-wheel is supported by a 60 centimetre long transverse rod,
and the wheel is centred by means of wedges between the spokes and the

upright shaft.

Fig. 23. The horizonial shaft with small cog-wheel and potgarland wheel.
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Fig. 24. Details of parts of the sdqiva at Mi'timdiyya. Stone trough. Bucket for bucket-
chain wheel. Pawl mechanism. Bearing for the horizontal shaft. Drawn in Egypt 1964.

Passing now to the horizontal shaft, we reach the little cogwheel, which is
a copy of the large wheel, so a detailed description is unnecessary. This
brings us to the potgarland wheel itself, which consists of more than 25
components. To understand this complicated wheel, the reader is advised
* to study Fig. 23, on p. 29.

The rim facing us has no spokes so it appears to be suspended in space.
In fact, the trough inside the wheel is supported by two small cantilever
beams. There is thus no room for spokes in the wheel as they would
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% traverse the trough supports. In this wheel, too, the earthenware pots have Classification and Technology ) i
3 been replaced by the buckets shown in Fig. 24. The buckets are tied to ;
2 ¢wo small pegs lashed to the potgarland rope. f
The trough is made of concrete and its outlet is placed a little way up !
so there is always a certain depth of water in the trough, thereby mini- :
X

mizing splashing. From the trough the water flows out to the fields through
an underground pipe.

On this journey through the Egyptian saqiya we must not forget the pawl.
See Fig. 24. This important device was described in the section on the

Spanish noria, and it will be remembered that a defective pawl may result ,
in the draught animal being killed. In the Egyptian sigiya, there is the

The pawl

Fig. 25. Sdagiya with bucker-chain wheel. Common in the Fayyiam, Egypt.
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Classification and Technology ~ added danger that the gnide-boy who sits on the big wheel may get knocked
off it if the wheel suddenly reverses. Therc is 2 Coptic story about a little

boy who was pushed off the wheel and into the well by the Devil.
- W. Spiegelberg has translated the story as follows (ef. p. 111):

.+.. ¢in Knabe war anf ein Wasserrad [no, this must be the hori-
zontal cog-wheel] gestiegen, indern er das Vieh des Klosters.antrieb.
... Da stieB der Teufel den Knaben in den Brunnen, und er ertrank
in dem Wasser.

I assume that the Devil must have removed the pawl, which would be
quite simple as this is loosely placed in a square hole.

Lastly, let us take a look at the iron kook on the long palm beam, which
has no technical purpose, but which is, all the same, a very important
piece of equipment. The guide-boy's bread-bag is hung from this hook,
well out of the reach of hungry dogs. See Figs. 21 and 23.

Type IB2b  This is the most eflective type of wheel for small lifts, and it is very com-
Fayyim  meon in the Fayyum district of Egypt. See Fig. 25, on p. 31.

-

Fig. 26a. Noria at Formia between Rome and Naples in 1971,
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Fig. 26b. Noria at Formia, scale drawing
by the author.

Long elevated shaft e TeETEEn

The next four types belong to the category with an elevated shaft.~
They are now a rarity in the field of irrigation, but were not unknown a

hundred years ago.

During a visit to Italy in 1971, I found, quite unexpectedly, a sagiya of
the elevated shaft type in the town of Formia, between Rome and Naples.
Although the machinery had obviously not been used for some years, it
was in good condition, except that the potgarland was missing. See

Type ICla
Formia, Italy

Bl S T RS T T AT AR

YR i

Figs. 26a and 26b.

This type was once common in Palestine but has now (1969) completely ~ Type ICIb
disappeared. As will be seen from Fig. 27, the lantern pinion is carried by~ Palestine
Fig. 27. Sagiya with elevated shafr. This construction was once common in the
Palestine. The long diagonal bar forms part of the pawl mechanism.
3
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Type IC2a
India

Type IC2b

Syria

Type with hollow rim
Ismailia
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the horizontal shaft, and this arrangement is also shown in a rather poor
photograph in 2 German work on Palestine, Gustaf Dalman: Arbeit und
Sitte in Paldstina, Vol. IT, Der Ackerbau. {Schriften des Deutschen Pala-
stina-Instituts, Vol. 5, {Giitersloh 1932)}, fig. 47 and pp. 225-226).

We have many pictures of sigiyas from India, most of which are iron
consfructions, with a long horizontal shaft, but Fig. 28 shows the main
outlines of a wooden s@igiya. The peculiar structure on the right of the
men is a cog-whee] with 12 cogs. The potgarland wheel has a number of
details that are reminiscent of the wheel from West Pakistan. See Fig, 18a.

5
%

This Syrian type of wheel, which has an elevated shaft and radial cogs,
in combination with z bucket wheel, I know only from skeiches in a
French work, Jacques Weulersse: Le pays des Alaouites, (Institut francais
de Damas). Tours 1940, fig. 82, and from a photograph, A. I. Jaussen et
R. Savignac: Mission archéologique en Arabie, I, Texte et atlas. (Publica-
tions de la Société des fouilles archéclogiques). Paris 1909, fig. 31, p. 32.

The last part of this section, group 7, is devoted to & number of types

that do not fit the classification.

For lifts of at the most ope metre, it is sometimes found advantageous to
use a large wheel with a compartmented rim instead of a potgarland.
A sketch of such g wheel, which I found in ruins at Sathin near Aleppo,

i

Fig. 28, Sketch of sigiya with elevated shaft and cog-wheel. The cog-wheel has only 12
cogs. The circular ox-track 15 below ground level. A long iron-plate chute leads the
water to the field. This gutter is placed over the circular track. India about 1950.
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o compartments. The upright shaft is held in position by 1wo beams, weighted by a couple
*  of large stones, 10 hold ther aganst the piles of stone on which they rest. The centri-
Y :: fugal pump in the foreground was intended 1o replace the noria, but this, teo, is out of
. order.
i
! isshownin Fig. 29, and there is a photograph of one in a book on water
X - . . 5 s
§  problems in Syria, Nazim Moussly: Le probléme de I'eau en Syrie. Lyon
;sfé 1951, plate III C. ,
% The best known of the machines based on this principle are to be found !
£ inthe Nile Delta. The design, which is shown in Figs. 30 and 31, differs '
g in many ways from that of the ordinary sdgiva. The well is located within
% the circnlar ox-track, and instead of the long beam, a short pole is nsed.
g
Fig. 30. Sdqiya with compartmented rim, The correct term is tgbﬁr. Survey carried 4
s out in Ismailia in Egypt 1964. .
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Type with paddlewheel
Nile Delta

.

Fig. 31, The same 18bat as Fig. 30, but seen from above. This type of machine is very
popular in the Nile Delta and must be the successor of the Roman invention depicred
in the wall painting in Alexandria. See Fig. 108 on p, 152,

e

The compartmented wheel is arranged in direct connexion with the cog-
wheel. The rim itself consists of 16 compartments, each with two aper-
tures, There are literally thousands of this type of machine in the region
north of Cairo. Some Egyptians call it a sigiya, but its real name is
tabit. T have found illustrations of a similar construction from Italy in
K. Jaberg und J. Jud: Sprach- und Sacharlas Italiens und der Stidschweiz.
Hlustrationsband, von Paul Scheuermeier: Bauernwerk in Italien und der
rdtoromanischen Schweiz. Erlenbach-Zirich 19435, p. 240.

Another machine common in the Nile Delta operates with a paddle-
wheel, in which the longitudinal section of the blades resembles a spiral.
The paddlewheel, which is always made of iron nowadays, is referred to
and illustrated io an F.A.QO. publication F.A.O, Agricuitural Develop-
ment Paper No. 90, Water-Lifting Devices jor Irrigation, prepared by
A. Molenaar, Rome 1956. The design principle is 2 very old one, as is
illustrated by a miniature from the 12th century. See Figs. 54a and 54b.

Group II. Machines without gear

As indicated in the foregoing, these wheels can be classified in four
groups: (A) water-driven wheels, (B) treadwheels, sub-divided into (1)
pot-wheels and (2) compartmented wheels.
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Fig. 32. Hydraulic noria from Hit on the Euphrates. The wheel Is provided with a
number of mats that act ay paddles in a waterwheel. Arn endless row of slender pots is
fastened 1o the rim. See also Fig. 71. The drawing shows only one wheel, although there
were actually five more behind it

A. Water-Driven Wheels

Fig. 32 shows a type of wheel that is still (1969) in use at Hit on the  Type IT4]
Euphrates in Irag. The construction actually has five wheels working on ~ Hit, Irag
one shaft, but for purposes of clarity, the rear four wheels have been
omitted from my drawing,.
A large number of pots arc lashed to the outer rim. The pots begin to
empiy as they reach the highest point of the wheel but are not completely
drained until they are well on the way down again. :
The famous wheels of Ham3 are of the compartmented type. The rims  Type 142
of the largest wheels consist of 120 compartments. These wheels, nine of ~  Hama, Syria
which were still in operation in 1969, although mostly as a tourist attrac-
tion, provide a fascinating spectacle, and the experience is enhanced by
the “organ music” produced by their wooden bearings. This music is a
mixture of noise and true notes, the deepest of which lie in the frequency
band 120-170 Hz, or nearly two octaves below concert pitch,
The largest of the wheels was surveyed in 1935 by Ejnar Fugmann, 2
Danish architect. Today (1969), this wheel lies partly in ruins. The drawing
in Fig. | was made by Fugmann on the basis of his extremely complicated
survey, which necessitated more than 275 different measurements. Shortly
before be died in 1965, Ejnar Fugmann requested me to publish this
survey,
The extreme complexity of the design is apparent from Fig. 33 and the
construction s as follows: first, four continuous heams constituting the
four double spokes are mounted on ejther side of a frame wedged tightly
in position round the hub. Next, the inner rim is constructed and, at the
same time, the fan-shaped spokes are nailed in place. The wheel has to be
tarned at intervals during assembly in order to avoid possible wobbling. 37
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Fig. 34. Hamé wheel. The rim consists of
120 compartments, end to end. The paddies
ar¢ fixed between the compartments,

38

Fig. 33. Model of a Hama wheel. The outer compartmented rim has been omitted.
The drawing is not a true representation, the scale of the timbers being our of proportion
ta the overall size of the wheel. See Fig. 1 on p. 8.

Finally, the outer rim for the compartments is mounted. The design of
the compartments is shown in Fig. 34.

Before leaving these wheels, there are a few points with which I think the
reader should be acquainted.

A great many authors have confused these wheels with the geared norta,
presumably because both types lift water and both are called a noria.
Therefore, in order to differentiate clearly between them, the Hama-type
of noria will be termed a water-driven or hydraulic noria, and the other
type, an angle-gear or animal-powered noria. Julio Caro Baroja has
avoided the pitfall of ambiguity by devoting a separate paper to each
type, classified above as groups J and J7 (cf. p. I1).
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Unfortunately, there are a number of intermediate forms, classified
here as “other geared machines™, and this has necessitated treatment of
all the varions types of wheels. The great wheels at ¥ama have therefore
been’included in this book even though, in principle, they belong to a
group that falls ontside its scope. Had the intermediate types been of
recent date, it would have been possible to omit the hydraulic noria
altogether, but the very oldest picture we have of a siqiya shows a type
combining a gear, oxen, and a waterwheel of the Hama-type.

B. Treadwheels

I have not succeeded in finding a specimen of a treadwheel with pots,
and although such undoubiedly exist, they must be exceedingly rare.
In the Riotinto mines in Spain there were probably such wheels. See
G. C. Boon and C. Williams, p. 124, note 25 (cf. p. 160).

There ate both recent and ancient examples of the treadwheel-compart-
mented type, the design of which is shown in Fig. 35. In connexion with
the treadwheel, we encounter the scrious problem of stability, or the
ability of the treadwhee} operators to contro! the movement of the wheel.
There are two types of treadwheels, one in which men tumn the wheel by
treading on steps inside the wheel, and on¢ in which the men tread the
wheel from above. Since antiquity, treadwheels in which the men work

Fig. 35. Remnan ireadwheel with comparimented rim from Santo Domingo in Poriugal.
The remains of wheels of this iype are to be found In the British Museum, Musée de
Conservatoire national arts e1 métiers in Paris, and in el Museo de Riotinto in Spain.
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Type IIBI
Riotinto

Type 1iB2
Ostia Antica
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Classification and Technology  inside the wheel have been used to operate winches. In a comment to
this, F. R. Forbes Taylor writes:

With the men inside, it was almost impossible for them to lose
control, even without the use of brake or pawl ....

F. R. Forbes Taylor: The Winch from Well-head to Goliath Crane. [The
Chartered Mechanical Engineer (April 1962), p. 203].

The treadwheel operated by men treading at the top is regarded as an
unstable system, although bearing friction improves the stability. More-
over if the wheel is provided with a pawl, I should think that the men have
sufficient control over it for water-lifting purposes.

Atthe end of this section on machines in group JT we now come to “‘other
types of machines without gear.”
Types of wheel turned by  The treadwheel can also be coupled to a paternoster wheel. An example
hands and feet of such a combination is shown in Fig. 95. Finally, there is another type
of treadwheel, which is turned by means of both hands and feet, and which
is also designed to carry a potgarland. See Figs. 56 and 57.

Terminology

The problem of the terminology of waterwheels is practically insoluble,
In a geographical region in which a number of different types of machine

. are used, as in Northern Egypt, the people use a generic term to cover
them all. Dictionaries are sometimes of help, but the translations are not
always reliable.

In the following a number of the most common terms in use today will
be discussed.

. In Spain, the term noriais used both for water-driven wheels and animal-
powered wheels. To avoid misunderstandings, Caro Baroja uses two
terms, la rueda de corriente and la noria de sangre. In Ibiza, the term, séni,
which is of Arabic origin, is used.

- In Syria, the people seem to be more consistent. Only the great wheels
+ at Hama are termed norias or, more correctly, the classical form, na‘ira.
This term, on the other hand, is unknown in Egypt, although Europeans
use the Spanish form, noria, when referring to the Egyptian sdqiya.
In the vicinity of Aleppo, the old Persian word, dawlib, which is well
known in Egypt, the Sudan and Iraq, is used. The term does not refer to a
particular type, but is simply a general expression for wheel, possibly a
waterwheel.
In Syria, the term garrafis used for the geared noria, whereas the word
, madar simply means mill or circular track.
In addition to the terms commented on above, there are other terms,
. such as {anbiisa, tabliyya and tulunba, They can hardly be translated as
40 anything but water-lifting wheels. -
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Vignette No, 2. This is the same con-
strucrion as Fig. 19, dut mode of woogd,
Drawn on the basis of a phote in Jorgen
Lessae: Fra Assynens arkiver. Kebenfiavn

1960, plate 9.
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REFERENCE NO. 8

SUMMARY AND CONCLTUSIONS

Photovoltaic power possesses certain attractive features that suggest an
important role in meeting the energy needs of less developed countries (LDCs).
Such power 1s fuel-free, reliable, practically maintenance~free, clean, and
quiet, Other investigators have examined use of solar cells in communications
applications. This report focuses on the most important energy requirements
of the rural third world: irrigation, potable water supply, and agricultural
processing.

A survey is made of existing and ongoing studies of nationé.l"energy sSys-,
tems, power sectors, and rural electrification in the LDCs. Tt is concluded
that although much useful data are contained in these studies, the analyses
themselves are of limited utility to assessment of the role of photovoltaic sys-
tems because of concentration on centralized systems of electricity, oil, gas,
or coal supply and distribution. The demand side of the energy equation re-
ceives little attention in most cases; the Bangladesh Energy Study is an ex-
ception, As a partial consequence, the eﬁergy needs of the rural sectors are
neglected.

In order to demonstrate the potential of solar cells in an important appli-
cation, an irrigation project on the shores of Lake Chad that uses low-1ift
pumps has been selected as a favorable location for use of photovoltaic power;
it is sunny, femote, ar-1d lacks good mechanical repair facilities. The analysis
of the use of solar cells to replace diesel engines (or gasoline engines) builds
on several previous studies of the project area, and therefore, contains the
minimal amount of speculation about important irrigation parameters,

" Solar arrays are sized to meet maximum pumping demand during the peak
month of June in a cotton/wheat cropping system. "Surplus" panels pump water
for a fodder crop and suggestions are made for other uses of these panels.
Nevertheless, it is recognized that diesel pumps do have the capability of com-
manding a larger crop area than solar pumps because of their ability to run '
longer hours, which is taken into account in the comparisons.
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The case study found that at the appropriate discount rate of 40 percent
and at projected high diesel fuel cost of 35 U. 5. cents per liter {$1.34/gallon
U. S. ) photovoliaic~powered pumping is competitive with the least-cost fossil-
fuel alternative at a solar array cost of about $ 1300 per peak kilowatt (kw).
This calculation does not attempt, however, to assess the value of the greater
reliability or environmental neutrality of these solar devices. It furthermore
does not include value of "surplus” solar arrays used during some months for
agriculfural processing, but does include pumping for additional fodder CTrops.

I is assumed in the case study that a minimal amount of battery storage
is needed as a buffer between the array cutput and motor pump. DC motors
are used. If batieries are not néeded, and it is probable that this question can
only be answered by field testing, the economics of photovoltaic power will
improve considerably. (They would be competitive today at $41300 per peak
kw exclusive of costs for transport and installation and inclusive of costs for
support structures and wiring.)}

Several other irrigation cases were also examined in Bangladesh, India,
and Pakistan. FEach of these illustrated some of the factors affecting the re-

lative attractiveness of photovoltaié power for irrigation pumping. The collec-

tion of case studies is helieved to have laid the groundwork for a marketing
study that would sum potential applications of each irrigation type over the
LDCs of the world.

The irrigation case studies are followed by analyses of the economics of
a photovoltaic-powered village in northern India. It is assumed that solar
arrays are supplied in modules to fit growth in demand. Potable water supply,
agricultural processing (illustrated by a 5~-horsepower rice hulling machine),
educational television, and a modest amount of village lighting are considered.
In each case, and in cumulation, the costs of a photovoltaic system are com-
pared with the costs of the least-cost alternative, which might be diesel or
gasoline engine, diesel autogeneration, and connection to the grid.

In general, it is found that conclusions regarding photovoliaic power in an
Indian village differ from conclusions regarding that same power in a Chad
irrigation project, primarily because of the different diesel fuel prices that
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are 30 percent lower in India. Again, the importance to the economics

of photovoltai
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c power of power conditioning, including storage batteries,

is highlighted.
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Definition of the subject

e subject of this book is water-lifting machines built of wood, clay,
gone and rope, in which one wheel, or more, forms 2 principal compo-
geat of the strueture. Despite the narrowness of the feld, the subject is
woih vast and complex, and other limitations have proved necessary.
% yor example, the type of wheel to which *The Greal Wheels of Hama”
M elong is only touched upon in brief. See Fig 1.

2. Two problems

Two main problems are encountered in 2 study of the literature: firstly,
there are hardly any good technical drawings of the various types of
siructures, and secondly, @ historical research is made difficult by the
high degree of uncertainty regarding the origin of the machines. These
problems are very closely related, since a solution of the former is
necessary for solution of the latter. The fact is that the terminclogy used

intimate knowledge of the structures themselves can help us to interpret
the texts.

3. Sources

In order 1o aitain the pecessary infimate knowledge of these machines,
we have to study them in the field, and this provides the opportunity of
contacting the local carpenter — the only man who really knows the
machine and the relevant terminology.

Unfortunately, many of the old water-lifting machines have either
disappearsd altcgether or have been replaced by modern pumps, and in
such cases, our studies have to be based on old engravings or photo-
graphs. These are usually a poor substitute because the pictorial gquality
is often so poor that one can hardly even determine the type of machine
depicted. A picture in which it is impossible to distinguish between 2
boithead and a knot in the wood is worthless to a serious student of the
subject. The engravings in carlier literature are very beautiful, but the
artists can hardly be accused of having paid too much aitention to pre-
cision, 90 these works have 1o be approached with great cantion.

For the recent history of these machines our best sources are travel
books and topographical works. Our knowledge.of mediaeval machinery
is usually derived from illuminated manuscripts and books that have to
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be regarded in the light of their anthor’s purpose, which was to sketch
new ideas rather than existing machinery. When we tum to Isiamic
manuscripts, the situation becomes even worse because the authors here
were especially fascinated by the concept of perpetual motion and by the
idea of a machine with a hidden mechanism. Fortunately, however, there
are other sources that provide a more sober picture of the applications
of such machines.

One extremely important source is the Greek papyri, which cover the
period from B.C. 300 to 4. D. 60Q. The greatest difficulty here is the inter-
pretation of the terminology used, but a study of contemporary finds
will doubtless help in the solution of this problem.

In the'Roman and Islamic Empires there were a number of buildings
where water-lifting machines formed part of the complex. From the few
preserved for posterity it is possible to form a picture of the original
structures {Tom a study of the foundations.

The investigation of such ruins is greatly facilitated by bearing in
mind the chapters in Vitruvius that deal with water-lifting contrivances,
but it must be remembered that neither in Vitruvius nor elsewhere in the
classical literature are there descriptions of a geared water-lifting
machine. !

Another extensive archaeological material is provided by the charac-
teristic pots formerly used in paterndster wheels,

On the whole, our most valuable and reliable source of information
-1y provided by classical archaeology. Thus, in Alexandria, there is a
wonderfu! painting of a machine, which throws light not oanly on the
history of water-lifting contrivances, but also on the history of technology
itselfl.
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See p. 39, Fig. 35.
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