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The improvemsnt of yural water mliu has been & major focal point of rural
development efforts in daveloping countries. These offorts have not aivays met
with success, oftem Ddecsuse insdequats actention has been given to proper
squipment selection and use. The importance of strengthening local institutions
that are capadle of handling necessary squipment-support functions, including
system design, installation, operation, maintenance, and repair, has frequently
2ot bean recignized. Even well designed pumping systems oftem fuil prematurely.
dus to a lack of planning and insufficient funding for the long-term recurrent
coats of maintenance and Tepalr.

Over the past few years, system designers have bugun to consider recutrrent costs
in the pump salection process, primarily in response te the rising cost and
increasing scarcity of conventional enexgy supplies in developing countries.
Attention is also ashifting to slternative eunergy sources for pumping,
particulariy in rural aress where users often do not have sccess to the national
power grid. Io such areas, usrers have typically had only twe options-.dicsel
systems or handpuspa. Dramatic increaser in petroleum fuel prices over the last
twu dacades bave heightenad interest in other types of low- to medium-capscity
pusps, such as thoce powered by wind and solar radistion.

This =avaal was sritten to sid & wide variety of pecple who are invelved in
making decisions about water pumping equipment and its uss:

. sanagers of water res»urces development projects;
. develiouent professionsls (vwith some degree of experience with
praps);

. hoat-country and expatriate engineers and techniclans working

in both public and private sectors, including nongovernmentsl
osganizations (NGOs);

. Poace Corps (PCVs) or other volunteers with a technical
background; and

» technicslly inclined pump users.

It iz fntended to enable readers to understand better and evaluate more
cazrefully the advantages and disadvantages of different types of pumping systems
and their components (e.g., pumps, engines, and controls), associated costs, and
long-term operation and maintenance (08M) requirements. Wiih this informacion,
readers can make knowledgesble, cost-effective choices of water pumping

1




. which w1l tunlt n water Mhmnt projuu th;t are more
sffective and that offer increased water m&hbﬂtt’ and. Mrmod mu to
uSers.

Muny handbooks have been written on dn ‘subject  of ‘rural water aupply.:
ixrigation, snd punp selectica (see the anmotated bibuogupw in. Appendix A).
Until recently, most of thens focused primarily on the technicsl aspects of
choosing a pump. Issues such as recurrent O4M costs. availabtlity of tachnical
skills and spire parts, system reliability, esse of installacion and/or
operation, and relatad mihntlm that are or may be of pau-wm: importance
to users were dic:ussed only briefly.

Pomp users in developing countries face a wide range of constraints m ensuring
the reliabilicy of water supplies, including

™ lack of trained, experienced mechanics and 'ongimu_t:o handle
systat design, installation, operation, maintenance, and
repalir;

. lack of fuel snd spare parts;

. very limited selection of locally available system types and
sizes to meet specific water needs;

. a sometimes wide variety of locally unsupported pumping
equipsent, ctosen not because 1t maets local needs but rather
because the donor prefers it: and

. inadequate iIinformation on how properly to match available
squipment to water pumping needs.

Pump selection must take all of thase constraints intoe account. The
slternative-—selecting a systea without being adequately informed--will
undoubtedly incresse water costs ond vaintenance and repsir requirements.
Insppropriate aquipment selection can have major adverse implications for a

preject, including
- inadequate or grossly over-sized system capacicy;
] over- or under-used water sources;
. increased capital squipment costs;
() highsr recurrent costs;
. overly frequent maintenance and repair; and

. unnecessary system dowmtime due to fuel shortages, inadequate
senewable ene:gy resource base, or lack of on-demand water

pusping cspability.




This samual provides information on the opsrating characteristics, design
procedures, O requirements, and advantages and disadvantages of various
equipsert alternatives to help readors make a better pump selection for both
grounduater and surface-water use. :

1.2 Goal_and_Purposss

This sanual is designed to enable field technicians and managers who do not
oacessarily have extensive experience in water enginesring to wmake appropriate
chofces of watar pumping systems and components. It presents the decision-
saking process as a logfcal progresaiom, first discussing vhat information is
needed before examining pumping system alternatives, and then showing readers
bow to gather and analyze the mwaded informatrion so it can be used in applying
a set of selection criterfa. The criteria are given in flowchart fashion, so
users can apply the data they have acquired to make useful, accurate cecisions
sbout pusping sguipsent altermatives.

Te achiave this purpose, the manual attempts to

. describe the process of properly selecting pumping eguipaent
for small.scale potabls water supplies, based on site and
resource characteristics, as well as the enginearing,
economic, and institutional characteriscics of esach type of

systes;

- assist with che 1initial screening of wvater pumping
technologles by describing what information is necessary to
deternine equipment neads and hov to gather it;

. provids detafiled guidelines for analyzing the data vequired
for a technical comparison of diesel, wind, hand, and solar
pumping systems (other types of systems may be included in
later revisions of this manual);

) inform readers on recent and past operating experience with
éfiesel, solar photovoltaic (PV), wind, and handpump systens,
including problems and attempted solutions as well as new
aspproaches to making different designs more appropriate for
operating conditions in developing countries; and

° give astimates of typical capital snd recurrent O&M costs for
ths systems considered here, along with guidelines for
sdapting these costs to reflect aspecific conditions in the
user’s country or region.




This manual iz wricten for a wide asudience-~it iz not intended to be &

fve veference manual on the engineering end economic design and
snalysis of all smsll-scale vater pumping equipment. Uhere sppropriata, readers
are teferred to other references (see Appendix A) that contain in-depth
treatments of particular topics, 80 those who are interested in the intricacles
of a certain subject can examine athar rescurces for additlonal information.
Bere, detail has been sacrificed to provide broad coverage of sll xelevant
axeas.

1.3 Qvexvisw of the Pump Sslection Procesa

This manual uses & straightforvard pump selection method that takes into account
technical, sccial and institutional, and cost factors in choosing the most
appropriate pusping system(a) for a given level of water dsmand and specific
set of site constraints. 1t shows readers how to collect and snalyze the basic
engineering and cost dats needed to select any of the four system types
considersd here--diesel, solar PV, wind, and handpuap systems. There ars a
variety ~f othar types of pumping systecs used in developing countries,
includi.g hydraulic rams, biogas-powered pumps, and animal traction pusps.
These are not covered in this manual, but information on these systems is given
in the bibliography (especially Fraenkel 1986).

The selection process involves several stages of information gathering and
analyses:

e determining ywater desand at ths site, based on the number of

water users (es.g., human, animal, and agricultural);

- wmeasuring and calculating the gnergzy recuirement to mest cthat
water damand, based on the physical characteristics of the
water source and system design;

. teviewing what
imported to define the range of available pumping options;

s satimating the
eovered in this manual—diesel, solar, wind, and hand;

. determining gite-gpecific cost factors for an economic
snalysis that compares the 1life-cycle costs of competing
systams; and

. revieving other suvporting issues (e.g., social and
institutionsl) that are {mportant to the successful long-tern
opsration and msintenance of pumping systems.

Flowcharts and illustrstions are used to describe the pump selection process.
After estimating water demand snd spplying the technical selection criteria,
several viable alternatives often vemain., A brief survey of locally available

4




.qn:lmt and an inforsal evaluation of an area’s mpport infrastructurs (o.g..

equipment dealers, mechanics, sources of credit, pump user groups, and local O&M
ecosts) saphasizes the fmportance of pump selection criteria that focus on more
than just technical issues. Capital and recurremt cost data that reflect
typical system costs in developing countries are used further to reduce the
nugber of scceptable options. Finally, social and institutiomsl criteria are
applisd to make the final selection.

While the technical constraints associated with various types of pumping systems
are fairly obvicus and well known, pumping costs (especially for O4M) are not.
This serwal scresses the typical performance of pumping equipment in developing
countries (based on field-test measurements) and the importance of local
infrastruttural support for long-term relisbility. Until recently, very littlas

rarnvvent sast and navfarasnce dats have hasn svailahla that sssuraraly raflaste
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the unique counstraints faced by users in daveloping countries. The cost
estinates used in this sanusl are based on information gathered in a variety of
developing coumtries: they can be adjusted to perait the inclusion of local
sits-specific data. The cost data presantad hers drav heavily on a four-year
study of diesel, solar, wind, and handpump costs in Botswana conducted by
Associates in Rural Development, Inc. (ARD).

The flowchart for the overall technology selection process is presented in
Figure 1. ¥hile it may appesr somevhat complex at first glance, it codiffes a
camplex decision-making process that includes consideration of a large amount
of information. The following nitrative dascription of the pump selecticn
procass vefers to particulsr steps ciovn in the flowchart.

1.3.1 Determining Water Requiremsnts and Energy Resources

The first step in the process is to gdataraine aite water desands and avallable
ANSKEY _ISAoUTces. including constraints on the water source in terms of head,
yield, and quality as well as locally available snergy resources=-diessl fuel
supplies; solar irradiation levels, average wind speeds, and availability of
busan labor for pusping. This step should include s careful reviev of existing
water collection techniques used at your site, if sny. After deciding whether
or not a pusp {s appropriate, and deternining exactly vhat you have to work with
at the site, you should begin to

. Chack local suppliers to dstermine the
types of pumping systems that are available, brand nsmes of manufacturers,
ranges of output for engine power and pumped water from a variety of heads, and
capital equipment costs.

1.3.2 Assessing Locally Available Systems

Rext, assess the advantaces and digsadvantazes ¢ rgtam optig that are already
locslly availsdle. Detsrmine which locally svailsble options are acceptable for
your application by answering the following questions about each option.




Figure 1.

Detorwing Sits Sutvey Avallable | Assass Adv/Disad
Oemanda’ | Equip./intrastr. ot avall, options
- fssousces

sugh Systam Daaig
Approsimais Caoh
Fiow Analyals

Eonalder Alternailv
Systeam Options

Reconsider

Other Opilione |

—Delatied Goal
. Evaluation lor

Reconasider
Othar Options
e
. hnlast 1]
”'*"f":l.:lo:.“c::u::.:n:. ::: n :::ln. Soliclt Bide




. Do the power ranges fit the site requirements for flow rate
and head?

) 1s system design assistance available?

. Is skilled labor available for equipment 1installation,
operation, saintenance, and tepair?

» Ars inventories of spars parts adequate so that the systea can
be repaired without undus delays?

1f the equipsent is already being used locally, the answer to all these
quastions should be yes. 1f the answer co any of the sbove is no, you should

begin to consjdar othax system options.

1.3.3 Rough System Design and Cash-Flow Analysis

Assuming the answer to sll the questions is yes, do a rough svatem design and
sash-flovw analysis. Chapters 5 cthrough 8 provide information on eystem design
analysis and Chapter 9 provides sampls inputs for cash-flow analysis for the
type of system(s) that are lecally avajlable. Use information from local
dealers on your approximate systes needs to complement the design procedures
describad in this manual.

Bext, deterpine whether the cash flows are acceptable by answering the following
quascions.

» Can pump users or purchasers raise sufficient capital to buy
the system ocutright? 1f not, do they have access to credit?

. ¥ill pump users, or vhoever is ultimately responsible for the
system, resalisticslly be able to cover expascted recurrent
costs? (Funds may have to be collected from user fess, returns
on exops grovn, or fees collected from those watering animals,
Provisions for meeting recurrent O&M costs should be specified
before the system is purchased.)

. Can pump users (or othar groups responsible for maintenance
snd rapair) cover tha costs of unexpected, but inevicable,
breskdowns?

If the answer to any of these questions is no, for vhatever reason, you should
. which may result in a different cash-flow
anslysis that is more acceptable given the particular circumstances.
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1.3.4 Addicional Considerations

If the cash flow ii scceptable, decide whether there are other reasons (besides
financial considerations) why you might waut to consider other options. These
aight fnclude, but waild certainly not be limited te,

™ uger parcicipation atd perceptions (Have users been closesly
fevolved in the decision-making process, and do they have any
objections regarding the current choice of aquipment?);

» system reliability (Are there other aystems thet may increase
the probable availability of water supplies?);

- autematic operation (Would individuals or groups involved
prefer that a pump operator or attendant [pumper] be hirad to
oversee the operation of the syztem or should the system
operate unattended?);

. employment generation (Is increasing eamployment locally a
concern, perhaps at additicnal cost in terws of woney and
convenience?);: and

. training (If the technital support skills available locally
are only marginal, is anyone willing to provide support
ffinsncial and/er administracive] for setting up training
pregrass te change this situation?).

If you are satisfied that the systea you have designed (using equipment that is
alveady locally available) fits your needs and it is not necessary to consider
other options, go ahead and gelicit bids for procurement. If you are not

sacisfied, conaider alternative system options.

£.3.5 Assessing Systems Not Available Locally

Begin by firec listing probable system options, based on the information about
svailable equipment for various system types given in Chapter 4. Which seem to
fic yeur situation best? Review the lists of advancages and disadvantages for
different types of systems, based on the comparative information given in that
chapter. Decide which advantages and disadvantages are mest impertant in your
particular set of circumstances. Discuss them with prospective syscem users and
those who may have to provide various support services——system design, repair
of breakdowns, and provision of spare parts.

Depending on the system options chosen for further consideration, the easiest
way to decide which of the four types of systems are most appropriate for your
requirements is to determine those that can meet the basic operating and site
conscraints., For example, for wind pumps, {s the wind speed at the site during
the "design month" (1.a., the worst-case condition vhen svailable wind energy
s lowest in relation to water demand) sbove the minimum recommended level in
meters per second (3.5 to 4 m/s), and the total head less than about 60 meters?




1t oL, wind pusps should 'probably not be considered any further for this
appiication. Similarly, for a solar pump, is the average solesr radistion in the
design month greater than 5 kilowatt-hours per square mater per day (kWh/m'd)?
(See Chaptesr 3 for an explanation of solar radiation sessurements.) If neot,
focus your attention on other system alternatives. Similar minimum selection
criteria can be used for each type of system and are discussed in subsequant
chapters on systes design.

1.3.6 Preparing muttu Systan ﬁuim

At this point presumably at least ons system alternative will have passed the
llnilh selection criteria. The mnext step is to dagsign the systes for the
1scted nntialm lunﬁn- a tantative gystem d.-{ will

. allow you to become more familiar with exactly vhat parameters
must be considered when designing and, wore important, vhen
using each type of aystea and

» force you to rethink your assumptions about which system will
ba best for your situation, in terms of technical inputs
(e.g.. fusl, mechanics, and spare parts) and output (raquired
quantities of water to be delivered according to a schedule
you specify).

During synten design, you should exsaine manufacturers’ literature obtained froa
pumping squipsent distributors in the area. 1In doing so, you will find out
vhether or not the syatem you are designing usea cosponsnta (s.g. engines,
punps, and contrellers) whose capacicty is actually within acceptabls rangas for
commercislly available equipsent. For example, you may determine thet given the
relatively favorable wind speeds at your sitea and the water demsnd profils, a
wind pump with a roter 10 seters in diameter would be appropriats. However, the
largest vind pusps have rotors that are typically only 7.6 meters across, which
would not deliver as much water as you require., In that cass, you should

consfider using two or more smaller windmills or reconsider gther options.

1.3.7 Comparing the Costs of the Selected Options

1f sny of the options examined can meet the physical constraints of your
application, the naxt step is to

This 15 basically a refinement of tha approximate cash-flov analysis conductad
saxlier. 7The point is to get as exact an estimate as possible (given the
available dats) of the progression of cash flows that will occur during the
systen’s expscted lifetime. This will allov you to make reasonasble decisions
about whether or not those cash flows are acceptable for your system and which
of the remaining sltermatives is the lsast-cost option.




1.3.8 Making Recessa  Comprorfises

The next atep is to decidc - other the gagh flowa associated with the least-cost
gption are acceptable. If not, go back and reconsidar the othar ayatan options
more carefully. If so. 1ist the compromizes you wiil have to meke {f you decids
to use the leaxt-.cost systes, xather than snother technically acceptable, but
more costly, system. For instance, less expensive squipment msy have lower
reliability, there may be less chance of getting repairs completed quickly, or
users asy be less familiar with the aystem. Then, decids vhether any of the
compromises are unacceptable to you or system users. If so, reconsider other
options. 1f all the compromises are acceptable, go shead and solicit bids for
the aystes from :alers you cuntacted pravioualy.

This process i:- :nteationally somevhat repetitive, so decisions will not he made
lightly or - ly on the basis of first impressions or unstated motives.

Systems tha: : already available lccally are favored over those which will
have to be  corted. Experfence has shown that systems which are newly
introduce’ = nout adequate attention to developing an associated suppert

infrastr: cure have typically fallen inte disrepair. This is not to say that
mev tyr.  of systems should be avoided. Rather, it is intendsd to ewphasize
that th _c are sdditionsl obatacles associated vwith introducing new technolegies
which can be fnsursountable unleas attention is given to developing the required
suppert fnfrastructure.

The flovchart shous the overall approach to waking a selection among sevaeral
different technologies. The process of determining the actual design of
individual syatens and exactly what site-specific operating constraints are in
effect is covered in latar sections of this manual. In the design chapters,
process flowcharts are preasnted that lead resders through the design process
foer the four types of syscems considered in this manual. Preformatted sheets
are alse provided to help aimplify dats collection and analysis, the results of
which are used in analyzing technical performance and costs for sach systes
type.

1.4 Scructure of This Manual

This senual s divided into 10 sections. To compsre any pumping technology
options, you wmust firat determine vater demand at the site. Chapter 2 shows
how to calculate this. It discusses water-resource characteristics that are
imporcant for system design, such as well yisld ({f the source is groundwater),
pumping hesd, and water quality. After discussing demand profiles (i.s., how
much water is needed and when), this chapter concludes with a subsection on
important factors affecting water availabilicy.

Chapter 3 describes how to calculate the energy requirsments for meeting the
demand profile determined in Chapter 2. It discusses the characteristics of the
four types of enmergy considered in this manual--diesel fuel, wind snd solar
onergy, snd human power for handpumping--and recoamends sources for gathering
needed information on enargy ressurces in your area.
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requiressnts are determined, the next step is choosing a particular pump to
match those paramsters. Than, an snergy source (e.g., vindmill or diasel
engine) is selectead ¢o provide the (nput snergy required by the pump chosen.
This chaptar includes sussaries of the important advantages, disadvantages, and
typical applications of different types of pumps and energy sources.

The next four chapters (5 through 8) focus on technical system design for the
four types of emergy sources considered in this sanual-——diesel, solar, wind, and
human power. Bach chapter begine with an inftial description of ctypicsl
equipsent, followed by a discussion of system characteristica; operation,
saintenance and vepair requiremsnts; and typical csapital equipment costs.
Except for the section on handpumps, which is a much simpler technology, sach
concludes with a detailed example of the design of a pumping systes using that
tachoology. These examples indicate where sach type of ensrgy source can axd
cannot be used, based sclely on technical criteria.

The final two chapters on aconomics and other nontechnical considerations are
the final atages in the screening of remsining equipment options. Up to this
point, only representative coata are given. Recurrent costs have not been
analyzed, and no economic analysis has been undsrtaken. Chapter 9 briefly
discusses analytical sethods and then shows how to apply them by taking the
reader through two detailed exsmples that compare two pumping options. These
exsnples are extensions of the technical system design cases presented in
Chapters 5 through 8.

It is not mecessary to read the entire manual to get help with decisions about
pusping systems. Skip arcund to locate information of specific interest to you.
However, all chapters should be read before equipment is finally selected to
assure that sll pertinent selection criteria are carefully considerad.
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Chapter 2
WATER DEMA..O AND RESOURCES

2.1 Ramand

To saslect an esppropriate pumping asystem, you must first know tha wvater
requivenent at the site. The water requirement is usually asasured in cubic
meters per day (w'/dey) and depends mainly on the size of human and aninmsl
mﬁhttm. although it may also include small-scale irrigation or other

demands. The amount of water used per capita depends heavily on

convent antecuhan watar is mare rasdilv availahla par enn{tn nnn-n-nt-{nn will
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increase. Remember thiz when estimating future fncresses in demand.

The World Hsalth Orgsnization (WHO) has established the msinimum water
requirement for humsn consumption at 30 liters per person per day (LPD). In
practice, while 30 LFD {s often used as a design value, this is often more than
the actual consumption typical of many rural areas. Local water demand variles
with location, customs and cultures, 2limate, distance to and capacity of the
vater source, and amount of effort or cost associated with meeting the denmand,
This section describes how to estimate current vater requiresents and evaluate
environmental conditions that limit the quantity and quality of water which can
be ocbtained from & given source. These data are used in the pump selection
process primarily to determine pumping rate and, hence, the system's power
requirements. Information on local water desand for peopls, animals, and crops
is often aveilable in alveady existing development reports for your area. You
should check these reports and integrate that information into the demand
estimation procedures given below.

2.1.1 Site-Specific Conditions

Mater desand is dependent oh site-specific conditions, Although general
guidelines have been established by many davalopment asgencies specifying the
sinisus daily consumption for people, animale, and crops, actual consumption can
(and does) vary considerably. This manual {s intended to deal only with
drinking water for people but, in fact, many village water supplies vill be also
used to water small livestock. Typical usage figures are given below for the
BOSt COmNOM CONSUNSYS.

Recple Sattle Gosts/Sheep Eoultxy Hogs

Damand in 20-40 20-40 3-13 0.2 10-15
litexs/day
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The watsr requirememt for people assumes that people get their water froa
centrally located standposts. If house taps are used, sxpected consumption will
be considerably greatsr. The total water requiremsnt for s pusp is obtained by
mltiplying the mumber of pecple and animals to be served by the per capita
consumption, and they by adding other demands (watering gardens, selling vater
to neardy consumers, stc.) in the area the pump will serve (the sexvice area).
Uhen calculating the total water requirement for a service area, consider that
people may keep more animals vhen watsr is sore readily available. Also, paople
from surrounding viZlages outside the service ares say want to use the systea
1f their water sources fail or if it is easfer for them to get water from the
v systes.

2.1.2 Variations in Consumption

Uater consumption varies over the course of a day, both seasonally and annually.
Since pumping systems are mormally sized to provide snough water to meet the
largest (or pesk) daily demand, it is important te determine what pesk demand
will be. Pesk demand can be & function of social (everyone coming home for the
holidays), agricultural (garden cropping patterns and watering schedules), or
}’ restock considexations (animals returning from grazing lands during the dry

ason, or visits from nomadic tribea with their herds). For pumps driven by
revwuable anergy sources (such as wind or solar power), you sust also determine
what daily demand {s far the worst-case situation, called the "design month.*
The design sonth is the cslendar month when average daily water demsnd is
greatest in xelation to the avaflability of the renswable energy resource. (The
sections on wind and solar pump design give more information on deteraining the
design mouth.) For dissel systema, vhich often have a very high on-demand
puaping rate and so do not require as much storage, you may also have to
consider hourly peak desand,

2.1.2 Crouth in Demand

Estimates of system capacity require assuming a design peried or horizom, which
is typically 8§ to 10 years. This can be different from the amortization period
for econcaic comparison of different systems (ses Chapter 10), as long as thers
is the potentisl for expanding the system’s capacity at the end of the design
perfod. All system design decisions should take into account the fact that the
demand for water will probsbly incresse over time. Demand is affected not only
by population growth (psople and animals) but also often by sase of sccess. Per
capits consusption (measured in LPD) usually only increases significantly 1if
service incresses—that is, if many more water points are installed nesrer to
users, particularly yard taps. While it is ¢ifficult to generalize without
information on loecal population growth, rates of 2 to 4 percent per year are
typical for rural villages in developing countries. This may sound small, but
a & percent annusl growth rate means that the demand for water will increase by
over 40 percent in 10 years (not assuming any increass in per cepita
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wvhere Dy = future m
Dy, = present desand
Fos ™ population growth tncm
N = design period in years
Fea = comsumption growth taeur

Steadily increasing water requirements place different desands on the various
types of systems. These demands sre bhandled in different ways. For diesel or
gasoline (petrol) pumps, incressed demand can be met simply by increasing the
flow rate (engiva speed) or opexating the system for more hours sach day. The
lattey is also trus for handpumps. Solar MV and vind pumps are usually slightly
oversized relative to current demand in oxder to account for future increassa
in demand. However, this can bes a costly approach, particularly for PV systems.
PV pump output can be increased by adding madules to the system, up to the power
lhlt of the motor. Once installed, wind pumps have little flexibility in
meating incressed demand, so it is important te estimate growth in demand as
closely as possible before sizing & wind system. An example of hew to estimate
demand follows.
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Example 1: Determining Demand

A village has 300 residents, but during the summer, 350 studants return fronm
a vearby boarding school, increasing the population to 350. The animal

.‘-n‘-ﬁ-l- tm RN n‘.‘hﬂ- amad TR mnasa e memaloelon swcocebh of coeed s

and m:hﬂs is ntinud to be & petcant per year. The design period is 10
years. It is assumed that per capits consumption will not increase, s¢ the
third term in the formula above equals 1. How is demand determined?

The greatest desand will occur in susmer, when the population is 350. Per
eanita consuantion is assvssd to bha 20 LPD for n-nnla S for goats, and 0.2

for chickens. Thus, present demand is

(350 x 20) + (75 2 §) + (50 x 0.2) = 7,385 LPD

From tha formula, the demand in 10 yeara will de:

7,385 x (1 + .04)™" o 10,511 LPD (or 42 percent more tham D,)

2.2 Bessurce CharscRexistics

Ehile the number of water users and their individusl consumption needs ars used
to calculate demand, actusl demand can de constrained by the available water
supply. In most cases, 1f you are choosing a punping system for s given sice,
the water source is already known. The source may be surface water (e.g.,
rivers, lakes, and man-mads or natural reservoirs) or groundwater (borsholes,
dug wells, and springs), To datermine vhat typs of pump(s) can be used and the
maximm demand that can ba met, you must know certain specific characteristics
of the weter source:

. the yield of the source in cubic meters per hour or day (o'/h
/d),

e ths static water level in maters,

' the drawdown in meters (the drop in water level during
peping), and

. the quality of the water.
16




FPor pump salection, the most iwportant characteristics are yield, static water
level, and drawdown. The smergy neaded to pump water is directly proportional
to the total pumping head (explajned below) and flow rate. The pumping head
depends partly upon the static water level and drawdown. The pusping rate can
be 1o greater than the saximum sustainable yield of the water scurce, which is
the saximum asount of water that can be pumped without significantly depleting
the scurce (see especially Driscoll et al. 1986 for more information). Finally,
the choice of equipment may also depend on wvhethar or not the source has
signiffcent water quality problems. For wells, information about yield, level,
and drawdown should be available from well-completion certificates or test-
pumping logs. Yield can limit the flow rate for pumping water and, in turn, the
mmbey of hours of pusping that are required to meet demand. This may affect
equipment selaction since some types of equipment are better matched to higher
(dfesel) or lower (solar) pumping rates.

2.2.1 Flow Rate

Daily water demand can be met in different ways. For example, if the dafly
water requirement is 100 »’/day, the entire amount can be pumped in one hour or
it can be pumped over the course of 10 hours at the rate of 10 w'/hour. Pumping
the vater as quickly ss possible saves time, but it is not always possible or
advisadle. Pumping at too high a rate from a source with limited yield may
cause excessive drawdown. This would increass the total pusping head and would
requivre more emergy;: it could even cause the pump to rvun dry. If the water
source is a year-around river, it ia unlikely there would be any problem meeting
small to moderate water requirements, except in the case of a drought. However,
sost wells and springs are incapable of delivering 100 a'/hour. Thus, a careful
assesament of well yield and pumping rates is necessary before specifying the
equipsent.

For drilled and dug wells, it is important to know the maximum sustainable wall
yield or maxisum rate at which water can be continually pumped. This provides
an uwpper limit for the pumping rate selected during the dasign process. The
well’s maximm sustainable yield and dravdown under these conditions are usually
deternined as part of the test-pumping procedure. Dravdown and, hence, totsl
pusping head will be less vhen the pumping rate is less, and the likely drawdown
for lower pumping rates can be estimated.

For a given wvater demand and constant flow rate (such as a diesel pump would
daliver), the design pumping rate is determined by taking the dally water
requirement §n »’/day and dividing by the nusber of hours of pump operstion per
dey to get #'/hour. Your choice of technology is dependent in part upon the
required pumping rate. This pumping rate must meet the demand for water, but
1t must not exceed the source’s sustainable pumping rate. If it does, you must
either increase the mmber of hours per day of pump operation, decrease water
demand, or davelop a naw vater source.

In sddition to the saximm sustsinable yield for a single well, you should also
consider the sustainable yield of the aquifer catchment area in which your
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mm(c) is to be located. For example, in some developing :zountriocs

and Yemen are good sxamples), the esxceedingly large mumber of
mm drilled in some areas has resulted in a drastic lowering of the
regional groundwater table. This happens whan the totsl sxtraction of water
from all of the tubswells is greater than the maximum sustainable yield of the
aquifer. If historical data on groundwates replenishmant rvates are available, .
estimate vhat effect the pumping rate you proposs (and the number of pumps you
are plamning to mmn nlll have on your water table.

2.2.2 Total hqing Head
*Head" is a term used for several related guantities that together coaprise the

effective pressure agsinst which a pusp lifts water. Head, ususlly given in
seters or feet of water, is a combimation of the following components:

. elevation (static water level plus static discharge head plus
dravdown) ,
. pipe frictiom,
. veloeity, and
. pressure head.
These components are illustrated in Figure 2 and explained in greater detail

below. Values for esch component must be measured or calculated to determine
total pusping head.

Elevation head is usually divided into three parts:
e atatic vater lgvel~-the vertical distance from the water level
to tha surface of the ground;

® fxaudovn--the distance from the static water lavel to the
lowered level when the pusp is operating; and

- static discharge hoad—the vertical distance from the pump

outlet to the highest point in the system, usually the storage
tank if there is one.

Elsvation

Static vater level can easily bs measured during site visits or obtained from
sccurate well-completion records.
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the size of pumps e_-nly md for vtlhp water muu. thc dnudmn is
ly sero for most rivers and streams. With borsholes (wells), the -
drawdown depends on aquifer parformance, well design and development, and the
pusping rate. Drawdown informstion is available from proper test-pumping records
and is often given in terms of the specific capacity of the well (measured in
a'/8/msser of dnuluu) ‘Drawdown mny iuemsu as  the pumping rate

Pox

|

increases.

Unfortunately, well m figures are ofm ut :udny mlhbh In such
cases, test-pumping should be done on the water ascurce before designing the
system. 1f possible, do this during or shertly after the driest part of the
year, vhan yield wiil 1ikely be at itz lowest. This will minimize the
possibility of overestimating the yield of your water source. If this is not
possible, the drawmdown will have to bs estimated, pufarnbly with assistance
from hydro-geologists familiar with your erea. The subsequent selection of
pumping squipmsent should reflect thess uncomin conditions (ses Chapter 4 on
available equipment). _

Static diacharge head fs & function of the iystes dasign and local topography.
This component of elevation head can be messured during sita visits or computed
from site surveys and plans.

i

Pipe friction loss depends on the flowv rate and the length, diamater, and
condition of the pipe used. Friction losses can be calculated using formulss,
but they can be determined more easily using graphs or tables. To use such a
graph, you must know the type of pipe being used (galvanized iron, sacoth
plaatic, ete.), since friction losses vary with type of pipe. For example, the
graphs in Figure 3 can ba used to estimate the heaad loss for galvanized iron or
plastiec pipes, sccording to tha following exasple. Additional friction loss
tables and figures for s wider vange of pipe types, diameters, and minor losses
for pipe bends and fittings are given in Appendix B
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Reample 2: Pipe Priction Loss |
Find the friction loss in meters of hesd for & smooth plastic pipe that ia
230 s Jong and 75 millimeters in diameter. Water is being pusped st
of 3 liters per second. The pipe has two bends of 90 degrees and
o open gate valves. . .

The left side of Pigure 3 for plastic pipe shous about 6 meters of hesd
to friction per 1,000 maters of pipe length (following ths arrcws
on the graph). Since the pipe 1s 250 meters long, this value wust be
divided by 4, giving a friction head loss of 1.5 meters. The equivalent
length of the bends 15 2.3 % 2 ~ 4.6 meters and that for the gate valves is
1 2 = 2.4 maters. Since this total additionsl length (7 meters) is
only a small fraction of the total 250 mater pipe length, the bands and
valves produce nagligible head loss. So, the total friction loas is still
1.5 meters.

]
¢

»
"

As a second example using the same procedure, friction loases for the same
pipe length and flow rate, but 50 msillimeters in diameter, would be 37
divided by 4 or 9.25 weters. Again, the bends and valves add a negligible
amount of head loas. Friction losses for this pipe are aix times as great
as for the larger diaseter pipe.

The preceding example shows the impor-ance of using pipe that is the right size
to save on emargy costs by minimizing head losses. One common rule of thumb s
that pipes should be sfized so that friction losses sre less than 10 parcent of
the total head. Another common rule of thumb is that pipas should be sized so
that vater velocity in the pipes naver exceeds 1 m/s. For tha example above,
for the 75-millimeter pipe, the water velocity {(calculated by dividing the £low
rate by the cross-sectional ares) is 0.97 m/s, vhich fits the criterion. For
the 30-millimeter pipe, it is 2.3 m/s, vhich does not fic the criterion.

¥elocicy

Valocity head s s measure of the energy lost vhen s moving liquid slows down,
such as vhen it flows from s pips into s stoxage tank, For purposes of systen
‘::’-;'J: it 1s measured as pressure loss in meters of vater, calculated using the
 { :

X {n/a)
2 x9.81 (s
vhere v is the sverage velocity of water in the pipe snd 9.81 is & constant.

For most small-scale pumping applications, the velocity head is smsll and can
be safsly ignored.

velocity head (in msters) =
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Example 3: Velocity Head

Deternine the velocity head if water is being pumped at a rate of 10 o’/h
through a 100-millimeter pipe at sea level undar normal atmospheric
conditions.

First, find the velocity v. The cross-sectional area of a 100-millimeter
pips is .031 »’. This figure can be obtained from atandard pipes size
tables, such as those given in Driscoll et al. 1986, or by calculating the
area from the formula:

A =pi x (diameter)® / 4 = 3,14 x (90.1 x 10%m)? / 4 = 0064 o'

The velocity equals the flow rate divided by tha cross-sectionsl area, so
the velocity in the pipe is 10/.0064, which equals 1568 m/h or about 0.44
a/s. Using this result in the formula above gives:

velocity head (in meters) = ;—;‘%‘%ﬁ% =00lm

& velocity head vhich is negligible in mcost circumatances.

Exeasyxe Read
Pressure hesd is the additional pressure required to pump water into a

preasurized tank. This pressure can be given as addicional meters or feet of
head using the following conversion:

1 pai = 6.09 kPA = 2,306 feet of vater = .703 meters of water.
(psi = pounds per square inch)
It will not often be a factor in vater supply systems in daveloping countries,
since pressurized systems are seldom used in rural areas.
Using the spproach described here, total pumping head (nseded later to daternins

pusping energy regquirements) can be calculated by adding together the values for
each of its components.
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'. Uam quality may be an Wt paramatar in pump selection and deteraining
whether the sourtce is suitable for bhuman or animsl consumption. Physical
parsseters included in water-quality testing that are important for equipment
selection ave _ _

. herdness, ' | |

. slectricel mtlnu (ot specific m;lﬂgy) . |
. hydrogen-ion concentration or pH, and o

. salinity or total dissolved solids (TDS).

Hardness is a wsasure of the mineral content of water, primarily magnesius and
calefum. Hardnass in the range of 100 milligrams per liter (mg/l) is considersd
scceptable, although up to 500 mg/l may be acceptable depending on the
availabilicy of better sources. As hardness increases, encrustation and acaling
on pipes and pump components is more likely. Over time, this increases pipe
friction and decreases the dismeter of the pipe, thus affecting the pumping rate
and inereasning tha pover requirements. Scale deposition can also decreass well
efficiency end say aven lead to the loss of & well in extreme cases.

Righ conductance (above 730 microshos), low pR (scidic water below 6.5), and/or
high TDS levelr (above 500 m3g/1) indicate aggressively corrosive water. Acidie
vater, even with low conductance or low TDS, 1is alse corrosive. Othervise
scceptable water with high TDS levels can degrade equipment simply by an
excessive wear, ss particles moving over the puwp’s moving parts vear thea down.

Corrosion can be chemical or electrochemical. The former occurs when a
contaninant exists in sufficient concentration to csuse corrosion over a broad
axea (e.g., a pump casing). The use of bronze and/or stainless-steel components
will 1ikely reduce chemical corrosion. Electrochemical or galvanic corrosion
is csused by an electrical current flowing betwesn two different metals in
contact. To reduce the risk of galvanic corrosion, dissimilar metals should not
be dirvectly joined together. Instead, a nonconductive gasket should be used.

2.4 Demand and Supply Profiles

A damandt profile refers to water desand over time, ususlly a year, although the
concept can be applied over the course of a day. Water demand varies depending
on need s woll as supply. Humans snd animals tend to drink more water in hot
dry seasons. 1f water is svailable, consumption will increase at such times.
(1f surfece water is available, the demand for pumped water for snimals will
decrease.) Sometimes during dry seasons, local water supplies siwply dry up,
so consumption decreases at some wster points and greatly increasss at those
vhers water is still svailadle. During dry sessons, borehole yields typically
drop in regions where squifars have lov recharge rates. Nomadic people can also
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 thave significant effects on water demand, creating large “spikes® or short
periocds of very high demand in the profile. Water demand is not nacessarily
constant from year to year, dus to population growth, humen and animal
aigration, changes in size of livestock herds, droughts, and s variety of other

The zupply profile depends on the type of pump. For example, & diesel pump
norzally operates At & constant rate and can deliver watsr at a moment's notice.
The same {s tyYue of handpumps, although on a much smaller scale. Solar or wind
pumps can deliver water only whan the energy rescurce is available--when the sun
is shining or wind is blowing above the windaill's stert-up wind spesd. This
has obvicus impects on system design. For instance, suppose you want to install
pump, but system users want water early in the morning. To meet that
portion of the daily demand profile, a storage tank ie needad to reserve part
the previous day‘s output.

of
As a general rule of thusb, wind and solar pumps should be dasigned with thres
to
on

:

four days of storage to account for the fact that they cannot daliver water

demand. While variations in demand can be managed by designing storage into
a puaping system, usually this helps meet only short-term wvater needs (several
deys at most), not seisoval variations in demand. Storage tanks or basins
typically bold an amount equal to a normal village‘s daily vater demand, say 20
cubic meters. It fs not usually economical to store enough water for five days
the cost of storage, psrticularly vhen using elevated storage tanks.
Nowever, if a site 1s &0 remote that it ctakes five or wore days to fix
breskdowns, the cost of additional storage must be compared to the cost of
trucking in water, higher cost preventive maintenance to increass system
reliabilicy, backup systeams, or other measures to insurs water availability
during system outages.

Energy resources, vhich are discussed in detail in Chapter 3, can also vary
seasonally. For example, diessl fuel is often unavailable in remote areas
during rainy sessons, vhen roads becoms impassable, Rsnevable energy pumping
systems, such as wind and solsr pusps, can deliver water only whan adequate
enargy resources are svailable, not during calm or cloudy periods, Other
seasonally dependent factors can sffect system performance-~for instance,
upstress flooding could raise sediment levels in a river high encugh that pumps
become clogged. The possibility of annual and sessonal variations in water
domand snd supply should be taken into account when designing pumpe. With
adequate safety msasures, demand can usually be met. Remember that for sites
vhere desend variability is high, no ressonsbly designed system can glyays be
expected to meet demand.

.
g

2.5 Nater Availabilicy

Water availability is the percentsge of time water is available to users during
a specified period. This figure is never 100 percent, since every systen
svntually bresks dowm. Availsbility can almost alvays be increased, but it can
be increasingly expensive to do so above s certain level. Pumped water supplies
say be unsvailable for thres ressons--ths mechanical systen fails (e¢.g., the
motor stops), the source becomes inaccessible (the water table drops belov the
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pump intake), or the energy resource tiih (the wind stops, the diuil. fuel runs
out, or the sun is covered with clouds). A good design practice for water
pumping systems s to focus on ensuring water svailability, which depands on

. equipsent reliability,
° varfations in vater and energy Yescurces, and

. the availability of backup equipasnt and water sources in the
avent of & system or source falilure.

The reliability of different kinds of pusping equipment and system designs can
vary considerably, but reliadility usually depends on cost snd maintenance.
Often, better squipment costs more, and thers are trade-offs between buying a
system that bhas & bigh capital cost snd low O&M requirements versus low-cost
equipment that needs a high lavel of OM. Users may have to make coapromises
if they lack adequate funds for high-quality equipment. However, the most
important strategy for preventing problems and minimizing costs is to knov the
linttations of the water source befors you chocse a systesm.

2.5.1 Equipment Reliabilicy

Reliadbility is usually mesasured as the mean time between system failures, given
in hours of cparation. This swans that on the average, s component (e.g., puwp,
engine, or belt}, if piupsiiy mainiained, can be expected to fail after the mean
time between failures has elapsed. Batter (and often more expensive) components
or systems have longer mean times batwveen failures. Usually, it is very
difficulc to find chis information for different component options, so syston
dasigners must rely omn recosmendstions vhen choosing different types or brands
of equipment. Hovever, system failure does not depend simply on the quality of
the perts used. Reliability is also very dependent upon other factors such ss
the rvesdy svailability of spare parts and people with technical skills to
maintain and repair equipment.

System designers usually try te pick components with the highest efficiency that
thay can afford (see Section 4.1 for sn explanation of efficiency). Sometimes
new equipment with purpertedly high efficiency is used in & system. Only later
do waers discover that the new part functions well for a shorc time but doss not
bave the expected relisbility snd fails prematurely. 1In general, use proven
components that you and locsl technicians are famillax with or that %:ive proven
themselves through long and steady uss slsevhers, rather than buying .ne latest
innovation. Let someone else experiment with new or unfamiliar units. In the
long run, proven reliability is much mors important in reducing the cost of
uwater delivery than s small percentage difference in operating efficiency.
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2.5.2 Dasigning for Reliabilicy

Careful design can greatly increase water availability. For example, the level
and the quality of the water in rivers, springs, and wells fluctuate sessonally
and stwwally. System design should taks expected and unexpectead changes in the
vater source into consfderation. Strategies for desling with such changes
include

. mounting borehols pumps well balow the lowest expected water
level and river pusps on anchored fleats with flexible
discharge hoses and using scresns to prevent clogging and
subsequent dasage to pulps snd sotors;

. using safety devices--circuit breakers on motors to prevent
overloading, overhsating cutoffs to prevent seizing in pumps
or motors whan wuater levels drop below the intake, and
pressure-relief valves in discharge lines; and

. designing adaguate storage to meet damand during short-tera
system outages, expected or unexpected--remember, eventually
avery systeas bresks down.

There srs othar types of approaches vhich can increase water availability. In
et common design procedures, comporents such as engines and pumpa are
typically oversized to a certain extent. Since pumps require mors power te
start them turning than to keep them going, motors hsve to supply higher
starting than rumning torque (see Chapter S on diesel engines). For electric
sotors, this means more ssps must be delivered to the motor. Thus, sotors and
power supplies (e.g., PV arrays or vind-pusp rotors) must be sized large snough
so they can provide as much as four times the normal running torque to start the
systea.

Cosponents sust also be oversized to account for gradual degradation of
performance and growth in desand over the system’s expected lifetime. For
example, pipes got clogged due to scaling over time, thareby reducing the
diameter through which water can flov. This increases the total pumping head
and, for a given power imput, reduces the fluw rate through ths pipe.
Sinilarly, as electrical components wear, voltage losses occur that reduce the
output of electric motors. As diessl engines bacome carbonized with use, they
produce less shaft power to drive pump transsissions. These and other types of
systam performance losses mean you must begin with a slightly larger pover
source if yru expect a certsin amount of water delivery five years after the
system is installed. Guldelines for component sizing that address these
problems are given in Chapters S5 through 8.

The need for preventive maintsnance cannot be overemphasized. Pumps run better--
f.0., wore officiently and at s lower cost per unit of water—when they are
regularly meintained. Yet, some user groups may not have adequats incentives
to take cave of their equipment. While it may seem reasonable to assume that
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of pumping equipment, regular maintenance will not
necessarily de carried out. These issues are discussed further in Chapter 9.
5.3

Bvery pumping system will aventually fail. System desfigners muat consider how
users will deal with such feilures. You must determins how long an outage will
be scceptadle to users, remasbering that no system gives water 100 percent of
the tims. Unless the situstion is very unusual, the right spare parts or pecple
with appropriate tachnical skills will not be on hand at the site to fix a
systen immediately after a breakdown occurs. Thus, an outage is likely to last
several days at least. o

System design should take fnto account ways of dealing with maintenance
prodlems. Firat, you nsed to have soms ides of vhat problems will be caused
even by brief outages. Do pecple typically stors the drinking water needed for
sevaral days at their houses, or do they draw water seversl timas a day because
they have no off-site storaget If there ia little or no off-aslte storage, &
coamunity storsge tank should be big enough to store water for at lesst one day.

Second, backup systems can be used vhenaver the primary aystem fails or s shut
doun for mafntemance. Uhile this almost guarantess that you will always have
vater (so long as your emergy sourca is sufficient), it also means that the
systes will be wore expenaive. PFurther, people often do not place a high
priority on maintaining backup systems, and a backup system will not do much
good if {t does not work wvhen you need it to. Some pusping syetems can easily
be designed to incorporate backup engines or energy sources. For exasmple,
suppose & IV systes with a vertical-turbine pusp is driven by s pulley on top
of the pusp shaft. Normally, the pulley is drivem by a belc comnected to the
electric motor. A beckup diesel angine could be installed by mounting it so
that if the solar system fails, dus to equipment failure or simply tc a lack of
sun, the diessl engine could be used to meet demsnd until the FV system 1s
working again. Similarly, handpumps could serve as backups for diesel, wind,
or solar pusping systess, and diesels could back up wind pumps.

A third soluticn is te have more than one water supply system (pump and water
souzce). 1f one system fails or needs to be taken cut of service for any
teason, the second will still be able to supply some minimum level of service.
0f course, this requires the additionsl expense of digging a second borehols
and installing and maintsining & second pusping systes.

Any suggested solution for handling systes failure must be weiphed against the

cost of an unexpected outage--if wvater is unavailable for a certain amount of
time, what are the consequences:

° Can enough vater be lifted by hand to supply at least drinking
vater until the pump is fixed?
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{e.g., Gonkey carts)? Are the roads mn vhat would this
coat, and who would pay for it?
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ancther water source until the systea is upnudf
» Wien vater is belog used for agricu mﬁl ﬁiit“iiﬁiii. vhat
happans if the cnp nﬂﬂ ' :
The costs of the options discussed above or similar ~reliaf measures
st weighed against the cost of a backup system, sdditional storage, or
I developing other watar sources,
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EMERCY DEMAKD AND RESOURCES

An important aspect of choosing pumping equipment is determining the energy
required to pump water and assessing vhat emergy sources could be utilized.
This chapter offers a method for calculating emsrgy demand and discusses the
characteriscics and limitations of a variety of enargy resources.

3.1 Hydxaulic Energy Demand

Energy is the capacity to perform work. 1In the case of moving or lifting water,
bydraulic enexgy is the capacity to move a specified amount of water a cercain
distance. Energy is expressed inm joules, vatt-hours, or horsepower-hours.
Power is the rate at which work is performed, measured in horsepowsr (Hp) or
vatts (V). Both terms are feportant in detersinivg the appropriate aize for
pumping equipment.

The hydraulic energy required to 11ift & certain volums of water is given by the
following equation:

E=(psxgxQxH/.6 x 10

where B, = hydraulic energy in kilowatt-hours (kWh)
Ps = density of water (1,000 kg/u')
8§ ~ gravitational constant (9.81 u/s%)
Q= voluse of water pusped in w'/day
He= total pumping head in meters
:n:ultuun‘ the given constants (9.01, 1,000, and 3.6), the equation simplifies

B~ .00273 x Qx H

E, is divectly proportionsl to the hesd and the daily water demand. Thus,
strictly in terms of hydrsulic energy requirements, pumping 20 w'/day from a head
of 50 meters is the sam2 as pumping 50 w'/day through 20 meters of head. Taken
together, the hesd and daily water requirement determine the energy demand.
However. this convenient simplification does not take into sccount differences
in friction losses when water is pumped through various lengths of pipe.
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The hydraulic amrgy requiremant calculated using the above formula s
significancly less than the actual energy nesded to move water bacause of
inafficiencies in delivery systeas (punps and engines). For example, the snergy
efficiency of comverting

. diesel fual to pupped water ranges frea 5 to 20 parcent,
» sclar yadfiation to puaped vater is 2 to & parcent,

. wind snergy to pumped water is on the order of 4 to § percent,
and

a foodstuffs to water puaped by humans is anywhers from 5 te 10
parcent.

Uhen comparing different types of pumping systems, these efficiencies alone do
not datermine cthe best choice. Other system characteristica--such as cost, ecase
ef saintenarce, and capacity--~are also imporcant. However, for a specific type
of system (e.g., wvind punmps), efficiency ia an important consideration in
choosing batween coapeting wind systems. The post iomporcant snsrgy
censideration is whethar the available resource is sufficient to meet the
pusping requirementc.

Each compcnent of a mechanical system {&.g., motor, pump, transmission, etc.)
has 1ts owm efficiency, vhich 1s the ratio of the power out to the power in,
Electric motor efficiencies are usually about 65-90 percent (higher for larger
sfzes), and pump efficiencies range between 40-7% parcent, depending on how well
the pudp is satched to its load (l.es., the head and flow). For convenience, we
will refer to the combined punp, motor, and transaission (che entire subsystem)
efficiency as the "punp efficlency® or “subsystem efficlency*. 1f pumps are
norsally purchased in an integral unit with the motor (such as a submersible
pusp). pecple commonly refer to the combined pump and motor efficiency as the
pump or subsystem efficiency For example, 1f the motor efficiency is &0
percent, the pump officiency 70 percent, and the transmission efficiency 7%
percent, the subsystem efficloncy is

0.80 x 0.70 x 0.7% = 42 percent
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Example 4: Hydrasulic Energy Requirsmant

A. What is the hydrsulic enargy required to pusp 20 n’/d through 75 maters
of head? From the formula given above

B, (in k¥h) « 00273 x 20 w'/day x 75 &

R e 4.1KMm

1f the pump (only) efficiency is 60 percent, how much mtgy must be
providad by an engina?

E=4,1 kih/.60 = 6.8 kWh

1f water is pumped over a six-hour period, wvhat is the required
sschanical power cutput from the engine?

pover = energy/time
6.8 kWh/6 hours = 1.1 k¥

Rote that the choice of flow rate (20 =’ in a six-hour peried or 3.3 o’/hour)
does mot change the energy requiremsnt, but does determine the power output
requirement for thea pumping device. Diesel engines and PV modules, in
particular, are denominated in power units, the rate at which a device is capable

of performing work. This fact is important in later sections on engine
selection.

3.2 Enaxgy Rasources

Traditional snergy resources for delivering vater include gravicy, hand lifcing,
and wind snergy, in some cases. lMore recently, petrochamical fuels and
electricity have been utilized and, finally, the use of solar ensrgy has become
possible. One basic aspect of the pump selection process is evaluating the
availability and potential for using different energy resources. Clearly, if
water can be delivered by gravity, it is likely to be ths most reliable and
cost-effective system. However, if the capital cost of a long pipe or channels
is high, or water quality is not suitable for the intended use, other systems
should be considered. Tha following sections provide guidelines for determining
the resource information needed to make a preliminary evaluation of pumping
aquipment options.
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.21 Hand Lifting and Carrying

Other than gravity flow, lifting and carrying water by hand is the oldest method
of moving it from a source to a destination. Many hand-operated delivery systens
have beaen used around the world (see particularly Fraenkel 1586). Tha major
limitations of hand lifeing are the sustainable energy output of humans and the
relatively small vater delivery vate. Hand lifting can fnclude svery option
fron a rope and bucket to modern, high efficiency handpumps. Remember that
under cartain circumstances, the bucket and rope method of drawing warsr may be
perfectly appropriate for some sites. Do not dismias the no-punp option before
considering ic thoroughly.

A human's maxisun continuocus power output for short pericds is about 100 watts
(0.1 kW). This cannot be sustained over the courss of a day. For an average
adult male, the energy output over a day is about 0.2 to 0.25 kWh., Assuwing &
puap that is 70 percent efficient. this would smount to pumping only 3.2 w'/day
for a head of 20 meters. With multiple pumpers, vhich would usunlly be the case,
0.75 to 1.0 WWh could be produced over a day.

These linits saverely constrain the smount of water that can be delivered using
hand-operated pumps. Hovever, if the ensrgy raquirement is small because the
vater requirement and/or head are very low, and s willing labor force is
available, huaan-powered systems should seriously be considered as s low-cost,
lov-maintenance option. The main question would be whether or not daily water
demand could be met with handpumps.

3.2.2 Petrochemical Fuel and Electrical Enargy

Petrochemical energy sources—-diesel fuel, gasolina, and kerosene--ars widely
avsilable in nearly every country in the world (there are, of course, periodic
shortages and fuel delivery problems). Novertheless, it is important to consider
their iopact on system opersting costs, as well as whether or not they ars and
vill continue to be relfably available in the quantities needed to mest daily
energy requirements. Since gasoline and kerossne engines sre not nearly so
comson as diesel motors for pumping water and are generally mors sxpensive for
wost small-scale water pumping needs, they will not be discussed further here.

Fuel availability and costs dapend on many factors, fncluding

. supply at the national level;

. reliability of national and regional distribution systems-—-
public and private, formal and nonformal;

» the existence of priority allocation schemes; and

. lecal varistions in demand—an unexpectedly high periodic
demand sometines depletes fusl supplies.
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The auitability of slectrically operated pumps dapends on their proximity to the
electricity grid and the relisdility of service. Since grid power is uncoamon
in moat rural areas of developing countries, grid-electric pumps will not be
conaidersd further hers. However, in most cases where reliable grid power is
svailable at a site, electric pumps are the preferred syatem for technical snd
oSt TeaROns.

The appropriatensss of a diesal, electrical, or any other pumping system must
be at least partially detarmined on the basis of past energy availabilicy, its
1ikely avatlability in the future, and the degree of aystan rveliability that {s
required. When considering diesel or electric pusping systess, you should
determine whether past problems with availability and fluctuations in fual costa
are great enmough to warrant considering othar types of systams.

Diesel engines are available {n any rated power output range between 2.0 kW and
20 magauates (M), so finding equipment with the right capacity is gensrally not
a problem, except for very small outputs—-less than 2.0 kXW. A full discussion
of factors affecting diesel fuel consumption rates and methods for calculating
consumption and power cutput are given in Chapter $,

3.2.3 Solar Radistion

The performance of & solar pumping sys:.= will ba proportional to the solar
energy falling on the PV arvay (the set of solar wmodules that produce
electricity). Solar energy or irradiation is measured wfth a pyrancmeter, which
gives readings in power per unit of horizontal area, watts or joules per square
meter per sscond (U/n’ or J/m2-sec). These power messursments are integrated
over time (usually a day) to give energy in kilowatt-hours or megajoules per
square meter per day (kWh/m'd or MWi/w'd).

As an example, & good solar radiation day in a semi-arid climate at less than
25 degrees latitude produces sbout 6 kih/w'd or 21.6 WI/w'd, since 1 kWh/w'd
eaquals 3.6 Wi/u'd. One peak sunlight hour is defined as 1 Kih/wh. The
literature of scme PV pump msnufacturers vefers to the mumber of peak sunlight
hours as a wey of quickly estimeting local solar radistion levels. Remamber
that irradistion can vary considerably over a day, month, or year, depsnding on
local westher conditions snd latitude. In addition, annual averages can vary
significantly from one year to the next.

Solar and wind pusp sizing fs based on the concept of design month, which was
mentionad in Chapter 2. During that month, the ratic of available energy
(monthly aversge solar irradiation or wind spesd) to the hydraulic energy
roquiresent is at its lowest (see example in Section 7.3.2). In general, solsr
pusping systems should not be considered unless irradfation during the design
month is grester than sbout 5 kWh/w'd. Agsin, this guidelins is somevhat
flexible, depending on site-specific costs and operating constraints. WVorld-
wide maps of solar radistion data do exist (see Kenns and Gillect 1985), but the

dst; are not precise snough to be used as the basis for a site-specific system
dasign.
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To assess W pump suitability and pnrtm the following information is
needed, at a minimum: .

. the average daily solar smergy available at the site during
each month of the year and

. the average daily temperature for each month (because M array
output decreasss as the operating tempavature increases).

As is true of wind spesd data, solar irradistion data are somsvhat dependent on
the terrain and sicroclimate. However, solar irradistion is generally not so
variable as wind speeds, bor is thes amount of available solar snergy so
sensitive to the amount of irradiation as wind energy f{s to wind speed. Hence
the effects of differences at the site from recordsd data are not as pronounced
for solar ss for wind-energy systems. Thus, solar irradiation data from
pyranometer sites that are as far avay as eseveral hundred kilometers may be
scceptable. This is fortunate as the vorldwide network of stations weasuring
solar irradiation is much more limited than that for wind neasurements.
Variations in the amount of frradiation dapend on how diffecent the microclimate
at the proposed pumping location is from the recording site.

The slectriecul enargy produced by a PV array depends not only on the operating
temperature and incident solar {rradiastion, but also on the size of the arisy
and the angle at wvhich it fa tilted up from the ground. The wore nearly
perpendicular the array s relative to the sun's rays, the more electrical
energy will be produced. Details on solar pump sizing, based orn the energy-
resoutce informatiocn discussed here, are provided in Chapter 6.

3.2.4 Vind Regimes
The pover sveilable in wind is given by the following forwula:
Fb=05xp, xAXxV,
where P, = power available in the wind in vates

Pa = air density in kg/w’

A = cross-sectional area of wind being lntore:?tod
(1.e., area covered by windmill rotor in =)

Vv, = air velocity in meters per second (m/s)

Note that the power in the wind is proportionsl to the gubs of the wind spesed.
This means that doubling the wind speed increases ths pover available by a
factor of gight. It also means that swall errors in estimating windspesd can
result in large errors in estimating available power in the wind. To svaluate
the potsntisl use of vind ss an energy source, messurements or estimates must
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h-d-oflmlﬂndmmmﬂ» course of a year. Mm:noutputof
a vind pump i& directly proportiocnal to power available in the wind over time.
The watsr output for a particular windaill is proportional to the energy
available, which depends on wind spesd and rotor diaseter, and inversely

proportional to the total head.

The wvind pattern or regime can be approximately characterized by an average
speed (usasured in a/s or miles per hour {mph)] at a given hefght) over a given

period, usually » womth. Gemerally, windmills should not be considered if a
alta’s aversgse L M alnl»lnl tha manth with lowvass mr_ml- ia lass chan 2 &%

n/s or the total Mlng haad is over 60 meters. However, a eoubimtion of many
site and economic factors f£inally determines tha lowest average wind speed at
vhich windeills are a practicsl altermative.

Sints st people will not want to measure the wind at the proposed site for a
year before deciding whether to purchese a systes, windapsed data are
occasionsily svailable for nearby sitea as hourly averages, but mors often as
daily or monthly averages. To assess the location’s suitabilicy for windmills
and to estimate performance, monthly average wind spesds tear the site are
required for a periocd of ac least a year. 1If available, recorded dats for
longer periods are very useful in assessing vhather that year of data 1is an
accurste representation of wind speeda at the site. The more detailed the
windapesed data used in system design, the wore accurately you can predict the
performance of particular windmills.

At a sinimun the following information is neadad sbout the wind xegime to assess
vindnill performance:
. montbly average wind speeds over the course of one year {used
to datarsine the months with low wind spesds);

[ the location and height of the recording instruments used,
since wind speed varles vith helght; and

. a dascription of the terrain whers the wind speeds wvers
recordad, and the topography between that location and the

proposed pump gite (trees, hills, and other features can
dramatically affect wind spends).

In sddicion to wind dats, other important information -hat must be collected
about the proposed pusp site includes

. the site’s slevation above sea level (this affects air density
and, hence, the amount of power in the wind) and
» 8 description of the terrain around the pump site.
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Depanding on the nunbnlty of the data sources, the completeness and accuracy
of the windspeed informetion, snd the conditions under which it is collected,
cotrections may need to be applied properly to estimate thnﬂndatthtpropond
site. These include _ }

- a bheight correction if the windmill will ba located at a
different hmt than vhere the data wers recoxded;

. a eomeucn if the data-collection perfod is short; and
s a correction for local terrain condictions.

Taken together, such corrections can affect local windspead estimates by as much
as 30 to 40 percent. A discussion of corrections and the calculations required
to choose a wvindaill ard predict its performance is provided in Chapter 7.

3.3 Informacion on Energy Resouxces

It is important that information on energy resources be as complete as possible.
In most cases, this means gathering data locally. Sita visits sre highly
recommended for recording important resource parameters and assessing exposure
and terrain conditions relevant to possible wind or solar energy wse. In

sddicion to data collection at the site, other sources of information on enexgy
resources include

° the national despartment of msteorological services;
. airports and departments of civil aviation;

. university or polytechnic science departments;

. the country’s department of agriculture; and

. agancies responsible for energy, mines, and/or dams,

Additional sources of information concerming the enezgy resources discussed in
this section are briafly described in the annotated bibliography (Appendix A).
Local estimates of varisbility in wind or solar resources may also be helpful,
especially {f little or mo other data are available. Talk with local people
about their perceptions of ares vesther conditions. Their psxceptions may be
particularly useful in assessing dafly variations in resource levels, such as
periods of calm or cloud cover. While such informstion may not alvays be
accurate, rssember that most villagers have been living in the same placs for
& long time and, thus, may be able to verify data from distant weather stations.
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AVAILABLE EQUIPHENT—POMPS AND DRIVERS

The pusp is only one piece of equipment to be chosen as part of a complete
~ The engine is then chosen to match the pump’s pover requiresents. This chapter
- discusses the besic operating chiractsristics of pumps (i.e.. pump curves), the
different kinds of water pumps available, and selecting the pump with suitable
to mest & particular meed. As you might expsct,
appropriste for certein applications—specific head,
fiow rate, and water quality conditiona. The advantages and disadvantages of
various kinds of pumps and their suitsbilicy for use with different types of

to sore generally az drivers or prime movers) are also covered
in this chapter. The fimal section of this chapter describes tha advantages,
disadvantages, and most appropriace applications for the four types of pump
drivers covered im this mansl—diesel, solar, wind, and human power.

4.1 Ruan Characteriatics

The moat Important technical characteriatic for predicting pump performance is
the pump curve. Pump curves (tuo axamples of wvhich are shown in Figure 4)
depict a pump‘s ecperating range in terms of total head, flow rate, and
efficiency. While each pump model has a unique pusp curve, differsnt types of
pusps have characteristic curves. Figure 4a shous typical pump curves for s
wertical turbine pump and Figure 4b for a positive displacement pusp operating
ot & variety of different speeds (note that the axes are rsversed in the two
figures). These pump performsnce curves also includea power consumption and
efficiency curves. ERfficlency curves can bs used to refine system dasign by
indicating the pump that operstes most sfficiently for your system’s total head.
1f sfficiency curves axe not available, you can calculate them given the pumping
head, flovw rate, and power Tequirement, using the energy requiresent calculation
presantad in the previous section,

The efficiency of the pumping system and its components can have a considerable
eoffect on recurrent costs. A system with lower efficlancy consumes more energy
pusping a given amount of water than s similsr system with higher efficiency.
Bovever, there are often trade-offs betwesn higher efficiency and lover capital
costs. Efffciency is a function of each system component (e.g., pump, engine,
snd transaission) and how well the system vas designed to match the physical
constraints of the water source. This manual (particularly Chapters 3 through
§) includes detailed discussions of the concept of efficlency, its rols {n
systes design, and how to reduce costs by carefully integrating all components
of a pusping system.
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Figure 4. Buap Ferformance Curves
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Te determine the required fiow rate and head, you must know the charucceristics
of your water source, s discussed in Chapter 2. Cenerally, it is recommendad
that the aversge flow r:te, {n cubic meters per hour (»/h) or liters psr second
(1/s), should be no mor: than about 70 percent of the maximum sustainable yield
of the wall or other water scurce. This will Lislp winimize tha puasibility of
over-pusping tha source and will reducs excessive drawdown, thus decreasing the
head and enmergy requiremerit. Below 70 percent of the well's yield, the flow
¥ate is determined by the water requirement in cubic meters per day (n’/d) and
nusber of hours you want to operate the systen.

The flow rate for diesel pumps is essentislly constant because of the engine’s
tonstant operating spsed. In oost cases, you would simply choese the flow rate
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(below the 70 pexcent limit) needed to mest your water requitemsnt if che pump

is run to sight hours per day. Flow rates for handpusps generally do not

the linit on yield of the wvater source, but are dependsnt on the speed

at which the pump is sanually cperated. Because of the cubic relationship

ov vate and wind spasd, pumping rates for windsills can be very high

a general rule, do not design the sutput of a wind systea to

be more than one-third of the source's saximum daily sustainable yleld. For

exapple, if the source yield iz 3 #°/h (ox 24 x 3 = 72 »'/4), & windmill should
be sized to pump no mors than 1/3 of the dafly 72 o’ yield, or 24 al/d.

For solar pumping systems without batteries, cutput varies over the day, with
thes maxiwom generally occurrving around noon when the sun is highest in the sky.
The sverage daily flow rate (average daily output dividad by number of hours of
operation) should be no more than about 70 percent of the water source’s moxisum
sustainsble yield. For both the solar and wind cases, using these design limits
will balp prevent over-pusping of the water source (and consequently large
drawdown) during periods whem the energy resource is strong.

Exssple 3: Pump Performance at a Given Head

that is che flow rate of the pump in Figure 4a when the total systea head
is 7 meters? What would it be if the head were increased to 9 meters?
Ehat are fts efficiency and power requiresents?

A. A pump’s operating or design point {s the value of the point
on the pusp curve for total system head when the pump is

. From Figure 4a, the operating point (Point A on the
graph) of the 8P-16 pump is 17 w'/h at & head of 7 meters.

Vhen pumping head is increased (by pusping to s tank, for
axasple), the volume of water ocutput dacreases, since it takes
EOTS® snergy to pump to tha additional height of the storage
tenk. Again from Figure 4a, if a ground tank added 2 meters
to total system head (making it 9 meters), the pump output
would be reduced to about 10 w'/h (Point B on the graph).

c. As stated sbove, at 7 seters head the pusp dalivers 17 a'/h.

Read the vslus of the efficiency curva at that flow rate to
got adbout 71 percent (reading off the right side scsle of the
gxaph to Point C). At 9 meters head and 10 &/h, it is only
60 percent sfficient (Point D). In both cases, pover
consumption (shown in the bottom curve) is just below 0.5 kW.




Por electric-submersidle pump sets, vhare the pump and {ts motor are integrated

ints ana waie wmumn narformsnce nnnh- afran show maltinls hasd snd flow eurves
F— e —_—

- EPFE AR e mmw e S T

ull ettleimm for different motor voltages (see the solar pump curves in
Pigae 35), or for different motors with regular altsrmating ecurrent (AC)
submersibles. For IV pumps, an additional paramster that specifies systea
is the level of solar radiation in the plane of the array. For a
rediacion level, a point on the curve indicates how such water the pump will
deliver for a given head. An example of these curves is given in Figure 6.

Various types of pumps have performance curves with very different shapes.

7 shows typical curves for cemtrifugal and reciprocating pumps.
Understanding how these curves apply to a particular situstion will help you to
choose an appropriate type of pump. For example, if a well has a water lavel
that is sessonally variable (i.s., it depends on raimvater for recharge), there
are advantages to choosing a reciprocating over a centrifugal pump. If the
centrifugal pump operates at the aiddle (most efficient) point of its performance
curve during the wet season, when the water level drops off in dry months, the
total pumping head will increase, thus reducing efficiency and output. However,
output for & reciprocating pump ie nearly independant of the head. 1If the vater
level dropa, the system will continue to pump nearly the ssse amount (as long
as the water doss not drop below the level of the pump), but at a higher pover
consumption than if the vater level were constant.

4.2 Advantages snd Disadvantazes of Diffexent Pumps

Many types of pumps are availadle, but seven are commonly used in diesel, solar,
wind, snd hand-pumping systems. They are listed below, along with a brief
description of their typical use, advantages, and disadvantages. Illustrations
of common designs for these pusp types are shown in Figure 8. The comments here
concarn commonly used, commercislly available, small-scale pusps (i.e., less than
10 ki), The first three are sll centrifugal pumps--they all have s low starting
torque and their output and efficiency ars very dependent on the operating head.

e  Ssl-Priming Cencrifugal

Use: surface-mounted motor and pusp for high-volume, low-head
spplications.

Adcantages: oase of instsllation, access, and repair, and a
low starting torque.

: limited S5-meter suction head, ralatively

inefficient compared to centrifugals that have flooded inlets,
such as submersible and shatt-driven units.

s Subsersible Centrifugal

Uss: down-hole, high-volume, high-head, integrated motor/pump
wnit.
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Figure 6. Solax Pusp Pexformance at Varisble lzxadiation Levels
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¢ of Commonly Used Pumps

Figure
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Shaft-Driven Centrifu
{(Grundfos)

Submersible Centrifugal

Positive
Displacement Rotary
(Mone Pump)
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Jet
{Stewart 1982)

Positive Displacement
Reciprocating Piston
(Driscoll 1986}

;(ﬂotkes and Visscher 1986)
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Advantagas: miti-lﬁp to mmu a wide range of heads,
not restricted. _

Disadvantagas: sandy or highly saline water causes rapid
dagradation, water quality affects replacement interval for
pump and wotor as these are submersed, high capical cost,
sxpensive to repair (pump set requires rvemoving unit from
well), requives elsctricity (i.e., cemnot use other drivers),
bruzhless direct-curremt (DC) submersible motors still in
‘development stage so presant DC and AC submersibles must be
pullad for periodic brush replacement, inverter losses for AC
svbmersibles vhen used with PV, 1limited capacity since
currantly available units are sll noainally one kW.

Shafs-Dxiven Cepntrifugal (Vertical Turbine)

Usg: dowm-hole, medium-volume, medium-head pump driven by
cotary shaft.

Advantages: surface-mounted motor offers ease of maintenance,
not limited in terms of suction so there are wo priming
prablems, high capacities are available.

Risacvantageg: Shaft losses reduce efficlency compared to
submersibles, shaft and borehole slignment ars critical to
proper operation, installacion 1is difficulce,

det

Eag: msadius-head, medium-flow, down-hole pump end surface-
sounted motor.

Advantages: can be used beyond suction limit, very reliasble,
easy access to wotor for maintenancs, low starting torqua-
least expensive intermediate-head pump.

Dissdvantages: relatively inefficient.

Yse: high-head, low-flow, down-hole piston and cylinder,
driven by zucker rod from surface.

Advantages: can pump low flows against very high heads, output
is independent of head, simple design.

Pisadvartages: maintenance requires periodic replacement of
leathers and cylinder, more expensive than centrifugals of
same size, relatively inefficienc as leathers degrade, most
commonly used with windmills, pulsing flov, in PV syscens (see
Chapter €) requires batteries or power-conditioning units
(PCUs) for high starting current.
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. Poaitive-Displacepenc Rotaxy
Uze: medium- to high-head, medium-flow, Mono or Moyno pumps.

Advantages: generally very robust, eutput fairly independent
of head, not confined to sucticn limit, ne priming problems,
good efficiency over wide rsnge of heads except for under 20
metars, and no dback-flow vslve vequlred.

! sand o very hard water can cause premature
degradation of rubber stators, rcquires gearing, can evarload
motors if dowmstresm valves are inadvertantly closed,
fascallacion {s Qifficuls. Although newly develcped nicrile
stators have lover starting torque, standard units require
battery or PCU te supply high starting torque.

. Riaphragm

Yae: flow produced by flexing diaphragm that is generally used
for low-head, low-flow applications.

Advantages: fev voving parts, low internal friction, tolerant
ef sand or other particulates.

Rizadvantages: constant flexing causes diaphragm wear, fairly
uncoamon tyre of pump.

4.3 Pump Selection Considerations

A number of factors to take into consideration when selecting pumps cannot
easily be quantified but should be csrefully considered in choosing any punmp.
These include:

. equipment reliabllivy {cften a direct function of the
complexicy of the design);

. frequency and complexity of maintenancs requirements and
technical skill levels or additional training needed to
perform maintenance tasks;

s degree of use in your aves~-if a pump is commonly used, local
wmechanics are probably familiar with its operation, and spare
parts are likely to be readily available: and

. potential for standardization of equipment, with the goal of
minimizing spare parts inventories and technical training
requirements.
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To some extent, pusips are applicstion-specific. TFor example, handpumps
obvicusly have a very limited application for irxrigation. However, various
types of hand-operated pumps—~for instance, rover pusps, standard reciprocating-
piston handpumps (e.g., Despster or Indis Mark 1I), and rotary pumps
(Monw)—~have been used in several countries for micro-irrigation. Gsnerally,
river-pumping applications for water supply or smsll-scale frrigation sysacems,
which normally require high flows at low heads, use centrifugal pumps because
of thelir high capacity, reliability, and ease of maintenance. For applications
requiring a high capacity syscem, surface-sounted centrifugsls are employed for
Jow heads, and wertical turbine centrifugals for deseper wells—both arve
relatively inexpensive and their motor: are easily serviced. To provide

water from wells, submersibles or poaitive displacement pumps are a
sors likely choice. They are ususlly more effizient, but their capacity is
lower.

These are just some axsmples of pump applications. Table 1 shows practical head
and output limits with various power sources for these and several other pumps.
This information is shown graphically in Figure 9. To a large extent, the
choice of a pusp will be dictatad by constrainta associated with the watar
source--requirements for the head and flow rate, and the variability of the
source. 1In many cases, any one of several diffarent pump types will perferm
adequately. The important point {is to chooss a system that will operate
efficiently and reliably under the design conditions at your site.

In practical terms, the way to select a particular pump 1ls to first choose the
type that s asppropriate for your particular aspplication, based on the
advantages, disadvantages, and ranges for the flow rate and head given in this
section. Then, basad on an informal survey of the local availability of makes
snd models uf that type, select four or five models with puap performance curves
vhere youcs site’s operating point is roughly in the middle of the curves (the
x-axis represents the flow rate and the y-axis, ths head). The final choice is
deteryined by which models require the least enargy to pump the amount of water
you require from a given head. This can ba decided by noting which puaps have
the highest operating efficiency for the system’'s tots]l pumping head, Make sure
you are using the correct pump eurve in order to reflect the puap’s operating
speed (e.g., for positive-displacemant pumps) or variable voltage conditions
{for electric-submersible pumps), 1f these apply.

4.4 Advantages snd Dissdvantsges of the Drivers Covered in This Manual
As shown in Table 1, certain drivers are suitable for certain types of pumps.

This section discusses the quslitative differences betwesn drivers and, vhere
sppropriate, the pumps they are dest suited for.
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Table 1
Pusp Ranges and Power Sources

Practical Capacity Common
Depth Range Range Power
Type of Pump (=) ud/hy Source
Centrifugal
singie stage 15-20 variable motor
aolar
saltci-stage 30.500 variable electric
subaersaible sotorx
solsr
mliti-stage 15-.80 varisble motor
shafc-driven wind
Jet
shallow well up te 7 1-6 motorx
deep-wvell 20.60 1.3 motor
Recipsocoting-Piston Pumps
shallow well up te 7 2-3 human
(auetion) wind
daep well 15-100 2-6 hurzan
notor
wind
Rotary Positive 30-150 1-100 motor
Displacement human
solar
Diaphragn 5-30 1.3 human
motoy

(sdapted from Hofkes and Visscher 1986, 61)
Figure 9. Pump Apclication Rangs

Recipro Contrituga! (submersibie)

Deepwall
- turbine

Centrifugal (shafi-driven)—

53— ;-‘f

(suction)

£
T L
f

2 5 v 25 50 100 250500 1000
Flow rate (m*h)
{Hofkes and Visscher 1986, 60)
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6.4.1 Diessl Systema

Diesel engines are ths standard prime mover in sost of the developing world (see
Chapter 5). They can be used to drive nsarly any type of pump, either directly
-~ or through s generator. Diesel snginss are normally characterized by

. low capital costs, but relatively high recurremt costs for
osM; ' ' '

. local familiarity with OiM dus to axisting infrastructural
support metworks of widely varying quaiicty that include
trained msechanics and spare parts supplies (slthough this can
vary vidaly from country to country, and aven by specific area
vithin a country);

. fusl availsbility that is highly varisble and affected by
seasonally dependent transportation networks;

[ fuel costs that often vary seasonally dut are generally
increasing fn rural areas despite current Jdecreases in world
oil prices;

. on-damand pusping capability, as opposed to wind or solar
pumps, vhich are depsndent on the availabilicy of variable
renevsble energy resources;

. equipment that is commonly available for essentially unlimited
ecapacity in terms of head and flow rate, except Jor ssall
loads (less than 2 to 3 AN);

- relative portability of amaller units, vhich are generslly
high-spead; and

. the nead for an attendant during operation.

&.4.2 Solar TV Systems

Solar pumping systess typically consist of a PV arrsy (i.e., the power sourcs),
pover-conditioning equipment, an electric motor, and & pusp (ses Chapter 6).
They are usually charscterized by

. relatively high capital equipment costs and low recurrent
costs for operation (since there is no fusl requirement),
saintenance, snd repairs;

. limited cspacity for commercially available equipment--up to
2.2 XV peak powsr input, vhich can provide about 40 »'/day fronm
25 metars of head (although this can vary widely from country
to country snd even from one ares to another within a
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country), given solar radiation lavels in many developing
countries (Note: although it is very unusual, it is possible
to install several stacked M submersiblea in ons well.
However, this {s ususlly met sconomically viable);

° no on-demand pumping capability, though water storsge tanks
or batteries can be used to minimize this limitation:;

® low portability for most installations becsuse of the PV
array--some smaller units of less than sbout 500 watta pesk
can be mountsd on trailers for portability:

'y slectromachanical controls, which allow for unattended
oparation;

[ susceptidbilicy to vandalism—stones can sasily break the
glazing en PV modules; and

. very high reliability for the powsr supply (i.e., the array),
but not always for the energy supply (the sun).

4.4.3 Wind Systems

Mechanical wind pusps typically consiat of a horizontally or vertically mounted
windmill (i.e., rotor) and transmission (gearbox or other types) mounted on s
tover. Most often, rods connected to the ctransmission drive a down-hole piston
pusp. Wind pumpa are typically characterized by

. high capital equipment costs and relstively low recurrent
costs for operacion (becsuse there is no fuel requirssent),
saintenance, and repair;

[ limited capacity given the rotor diameter on commercially
available machines (up to 7.6 meters) and wind regimes that
are commonly encountered (less than 5 m/s under fairly
favorable conditions);

s no on-demand pumping capability, vhich necessitates providing
s large amount of storage cspacity to increase water
availability;

. tha possibilicy of local manufacture;

) no portability; and

. mechanical controls, which permit unattended operation.
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PR Rand-Opersted Systems

Hand-operated pusps are commonly simple lever arms that move phm. diaphrege,
or rvotary down-bole pumps. 'l'hnym ch-ueuﬁmw

» very low ecapital and recurrent costs;
- ease of luulhttan. opu'ltion. anll uinunm..

. very limited emcity for single units-=less than M: 5 .'/d
for up to 40+-50 meter heads, Dut more at lmhudl_ and

® the possibility of local mamufacture for soms simpler modsls.

4.5 Ocher Types of Drivera
This sanusl does not deal specifically with other ayatem types besidss the four
described above. The approximats head and flow limita for the pump driveras
discussed hare are given in Figure 10. 8ix other kinds of pump drivers and one
othay configuration (hybrid syastems) might be of potantial use to some Teaders.
Thas, the following are briefly described here (ses Froenkel 1986 for coverage
of an exceptionally wide variety of pumps):

. electric genarators and grid-connected pump sats,

» vind-electric turbines,

. snimsl-traction pusps,

° biogas or dual-fuel pumps,

a river current turbines

» hydrsulic rams, snd

® hybrid systeas,

6.5.1 Elsctrically-Driven Pump Sets

Ghere electric power is svailable, grid-connacted pump seta sare often the most
cost-effective system option for rural veter supply. Cowpared to diesel-driven
poops, electric sets are gemerally easier to install, require icis maintenance,
and uss cheasper fuel (electricity as opposed to diesel or gasoline). However,
for sites without any grid electric pover, che high cost of extending an
axisting grid to more remote areas ususlly sskes other pumping slternatives more
cost-effective.
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In soae countries, diesel-driven generators are used to power electric pusps.

For sites with other noncompetitive end-uses for the electricity (e.g., village
lighting or grinding grain at night), diesel-powered slectric generstors for
vater pumping wmay be cost-effective. In gemeral, such systems offer the
flexibility of using electric pump motors, but sre inefficient from an emergy
perspective §n that the ensrgy is converted from chemical to sechanical to
electrical form and then back to msechanical. Extensive cost data that would
pernit comparisons vith alternatives are unavailable. These systems also raquire
components that are more complex and difffcult to repair (e.g., electric
generators). They also demand additional skill to msaintain and repair and,
hence, entail associated training needs. This is a fairly uncommon application
in many developing countries, so it will not be discussed further in this manual.

Finally, local “mini-grids® have been suggested as a way of powering electric
pumps in rursl sress distant from a national grid. Mini-grids--relatively small
units in Cerms of pover genmeration (about 500 kW)~--could pover s variety of
losds in & local area, such as motors and lighting for cottage industry, village
lighting and communications, and pumping for the rural water supply. Again,
this approsch has some merit, but it is fairly rare at present and will not be
considered here.

4.%.2 Wind.Electric Turbines

Wind-electric turbines received a considerable boost in popularity in the United
States and Burope during the late 1970s and esrly 1980s vhen over 135,000 were
installed in California. These machines were sited in sreas with aversge wind
speeds of more than 7 u/s, & speed that {s rare on a regular basis in most areas.
Wind-electric turbines are usually designed to operate most afficiently at higher
wind speeds than are mechenfcal wind pusps.

Ehere high wind speeds prevail (i.e., greater than 6 to 7 m/s), wind-electric
turbines can be the most cost-sffective choice for power generation at remote
sfites. HNowever, such high average vind speeds sre not usually found in most
dwveloping countries. Direct water-pusping applicationa for wind-electric
turbines are still in the development stage, and there is little long-term data
on yrecurrent OB costs. For thuse reasons, they will not be digscussad further
here. However, vhere windspeeds are sufficient, the potential of this nev and
intevesting spplication of wind power deservas to be monitored as developments
oecur.

4.5.1 Aniss})-Traction Pumps

Animal-drevn pumps (ADPs) have been used to supply vater for drinking and small-
scale irrigation for thoussnds of ysars in countries such as Egypt and Iran.
Racent research on ADPs (Kemnedy and Rogers 1985) has focused on increasing
their efficiency snd reliabfility, lowering their capital costs, and developing
units that can be sanufactured in devaloping countries. Work has been undertaken
in countries 1like Botswana (see Hodgkin, McGowan, and White 1988, vol. V) to
develop an animal-dravn transmission that can be used in conjunction with o
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standard pump, such as the Mono. While meny lov-flow, relatively lov-efficiency
animal-traction pumps are being used around the world, very little cost data is
available on faproved versions that might be relevant to the spplications covered

4.5.4 Biogas and Dual-Fael Pumps

Biogas pumps are slightly wodified internal cambustion engines (usually diesels)
vhich burn blogus, a product of the decomposition of a biomass. The main
combustible component of biogas is methane, but it also contains other gases
such as carbon moncxide. Biogas puaps have been used experimentally in many
countries (e.g., India and Botswana) but have not yet achieved widespread
commercial acceptance. Dual-fuel engines are also used to drive water pumps.
The tvo fusls are usually diesel fusl (to get the angime started) and biogas or
producer gas fros a biomass gasifier (to run the engine after it gets warmed
up). Gasifier pumps have been used in the Philippines and Thailand for
irrigation pusping but, again, have achisved no significent share of the pumsping
market (mor, it must be safd, have wind or solar pusps). Tha primary advantage
of thase engines s that they use renevable anargy resources and, depending on
the country where they are used, show some potentiasl for taking the place of
isported fossil fuels. Their primary disadvantage is that they have all the
attendant OGN limitacions of diesel pump cperation, requiring freguent and often
g:;ulu maintenance and frequent repeir, due to the typical impurity of their

4.5.5 River Currvent Turbinas

River current turbines are basicslly modified paddle vheals which sre installed
in rivers or streams. The water current drives the pump blades in s circuler
woticn, which {s usually mechsnically converted into s reciprocating motion to
drive o piston pusp. The pumps are typically used in low-hesad, low-flow
spplications. These pumps have besn used experimentally in (smong other
countries) Mali and Southern Sudan but have achieved no aignificant commercial
suceess. While they have the distinct advantage of being locally manufacturable
in meny countries, they have not gained a reputation for being robust enough to
attract many potential customers. Research on river current pumps is continuing
in several developing ceuntries,

4.5.6 Hydrsulic Rams

In certain situstions, hydraulic ram pusps are an extremely useful technoiogy
for pusping water. Relstively simple in design and construction, locally
ssnufactursble in meny countries, and very dursble, they csn effectively 1ift
water up to 130 meters, using no external power. They use the potential energy
of water falling a certain disctance to lift s smaller amount of water up a
greater distance. The major constraint is that their application is severely
limited to sites that have the necessary sltitude difference betwesn the water
source snd the pump to drive the ram. This situation occurs often enough in
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some uuuiu. particularly in South and Central America, that rams are an
important, if limiced, pumping technology.

4.5.7 Hybrid Systems

One disadvantage of nearly every typo of pumping device is that it occasionally
runs out of the energy resource used to drive it—diesel fusl {s sometimas
unavailable, the wind stops, or thers are ssweral cloudy days in a row. To
sddress this problem, hybrid systems that use wore than one power supply (e.g.,
diesel/wind, wind/MV, or diesel/handpumping systama) have been empleyed where
the demand for water {s critical and cutages cannot be tolerated. Rybrid systems
are almost aluays sore expensive than traditional systems with a single driver.

An example of a hybrid system 1is PV/dlesel, wvherse PV powers an electric
sulmersible pusp vhenever solar radiation is sufficient. If the array, which
is the main driver, produces insufficient power Lecause of several cloudy days
in a row, the diesel angine is automatically engaged by the electronic controller
and pomps watsr until the IV unit can again produce sufficient power. Such
systems novrmally uss a aingle pump with two drivera. Since the diesel unit
consumes fuel omly whan ft is running, there fa no penalty (aside from the
engine's initial capital cost) for having it always available in reserve.

ihile backup systems are similar to hybrids, they usually use completsly
redundant componants. An example is a villaga water supply system thsat has
several different water sources. A small diesel angine is installed to pump
from the bast source as the primary pusping unit., When vater becomes unavailable
for vhatever resson (e.g., breakdown of the diesel engine, need to perform
seintenance, or deplation of the water source), handpumps installed at another
site(s) are used as dackups. However, in moat situations, handpumps cannot
supply the same amount of water as the diesel engine, so & reduced supply must
suffice until the primary dlesel system is again operational.

An alternstive to purchasing and installing hybrid or backup pumps is using
larger stovage tanks. 1f sufficient water can be pumped during normsl operation
80 that enough weter for several days is available in a storage tank, users will
have an sdequate supply in the event of system failure.

The next four chapters discuss detsiled procedures for designing diesel, solar,

vind, and hendpusping systems. All are based on the fundamental punp
characteristics discussed in this section.
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As the most common type of prime mover in much of the dwoloping world, diesel
engines are used to drive a wide variety of pumps. In many countries, tbon is.
a brosd national metwork (formal or informal) of equipment distributors, local
dealers, mechanics, and transportation facilictes that supports diessl engines
used for pumping and other purpcass. In most cases, diesel pump sets ars the
standard against which all othar types of pumping systems must be compared. The
two major factors in choosing an appropriate diesel engine are manufacturer and
model. A manufacturer with a good reputation for quality products should be
chosen. Alse, it is important to consider the loecal mtlabtltl:y of equipzent
ond experienced technicians, engine configurations, and local dealex support in
terms of spare parts inventories. The choice of model depends on the site-
specific pumping task.

5.1 Engine DRescripticn

Through drive shafts or pulleys and belts, diesel engines can be used to drive
4elmost any type of pump. They can also drive alactric generators to run electrie
pump sets, which {s a configuration that has advantages in cases where
submersible puape are favored and grid electricity is unavailable. Howvever,
this nenual addresses only the direct mechanical application of diesel engines

te water pumping.

The range of diesel engine output is essentially unlimited, with units uvailable
from 2 XN to 20 k. This manusl focuses primarily on the 2 to 10 kW range for
snall-scale water pumping. Diesel pump sets are usually charscterized by
soderats capital costs and comparatively high recurrent costs for fuel,
saintenance, snd repair. They are relatively portable, since engines up to 10
X normally weigh less than 200 kg. Two typicsl small engines (under 10 kV¥) end
ove larger emgine (40 XW) axe shown in Fhotographs 1.3,

Diesel engines are internal.combustion engines that use disssl fusl (also called
gas oil) as an energy socurce. They normally have combustion-ignition systenms,
seaning that the fuel is ignited by high temperatures in the combustion chamber,
which are produced during the engine’s cowpression stroke. Spark plugs are not
normally used in diesel engines, except in rare instances that will not be
consfdersd here. Diesel engines are generally categorized in the following
ways:

. high- or low-speed—oparating st greater or less than about
2,000 revolutions per minute (rpwm);

. single- or multi-cylinder--bigger, more powerful sngines have
8 greater mmber of larger cylinders;
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we- Lister diesel engine with
shaft turbine pump for
irrigation in Sudan.

2.

Lister diesel engine with
Mono pump for village water
supply in Botawana,

PR . .

% 3.

gltalian diesel engine with
<% centrifugal pump for
irrigation in Somalia.
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. aiy- or uut-mi“; and
. two- or four-stroks.

Traditionslly, diese) engines for water puaping have been slow-zpeed, velatively
long-lasting engines. Those that are clearly built for long sexvice are
geoerally beavy; they often run at lower spesds (less than 2,000 rps) and tend
to be more expensive in teras of the initial cost. However, they are often more
durable and easier to work on when saintensnce or repairs are required because
of thely simple design. The higher speed, lighter engines that are now becoaing
available tand to be less expensive initially but also to have a shorter service
1ife. Some lighter, high-spaed Japanese diesels fall into this category. From
the standpoint of life-cycle costs, it is not alwaya clear which is the best
choice. Deciding betwsen low- and high-speed angines will depend on other
factors, such as funds available for the equipment purchase, availability of
spare parts, and quality of sexvics.

Single-cylinder engines typically have rated power cutputs batween 1 and 10 kW.
Malti-cylinder engines are available in a variety of sizes starting at sbout 8
W. They tend to ryun more smoothly than single-cylindsr engines but are
norsally wore expensive. Whether you use a single eor multi-cylinder engine
depands primarily on power regquiresents.

Yater-cooled engines tend to be larger and somevhat quieter when running; they
do pot require a cooling fan and/or fins as sair-cooled units do but involve the
additional maintenance of keeping the coolant at a certain level. Larger air-
cooled engines need a cooling fan (very small ones sometimes rely only on fins),
the oparation of which entails an associated pover loss. Most engines under 10
ki are air-cooled.

Both two- and four-stroke diesel engines are available. The former have fewer
moving parts, tend to operate at higher speeds and wear out faster, are less
efficient, and have a higher pover-to-weight ratio (i.e., they produce more
power par kilogram of engine weight). 01l must be added to diessl fuel for the
proper operation of two-stroke engines. Otherwiss, damage to the engine may
vesult. For most watar pumping applications, four-stroke engines are preferred.

Diesel engines also differ in the way that power is transferred to the pump.
Soms are connected to the pusp shaft through a gear box and others through belts
and pulleys. 3Such transmissions involve associated power losses that have to
be accountad for in engine sizing (see Section $.3 below).

5.2 Sslscting a Manufacturex

Diesel pusping systems are videly used in most developing countries, snd many
types of engines ars ususlly svailable. The most important question to ask when
choosing & manufactursr is vhether you have ready access to adequate spare parts
and trained local sechanics who can repair the engine. Carsful consideration
should be given to the mske of the equipment, the product support provided by
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the aamufacturer and its local reprasentatives, end operacing and repair
capabilities in that particular country.

Extreme caution is suggested vhen considering "offshore® purchases of mechanical
equipmaent through other than local suppliers, or vhen buying any eaquipment that
is not already supported locally. Even if aome spare parts are included with
the original offshore purchase, more will evantually be nesded. 1In addition,
any specialized repaly tools that may be required and are net available locally
will have to De purchased directly from the manufacturer, and local mechanics
will not be familiar with the equipment and its particular idiesyncrasies. For
a1l kinds of systems, long-ternm, trouble-frae opavation depends largely on local
capabilities to service and repair the aquipment when necessary. The quality
of equipment and service infrastructure vary considerably between countries as
well as within a country or region.

It is a good idea to carry out an informal survey of locally available equipment
bafore deciding what to purchase. Discussions with dealers and local engine
ovethaul shops can help determine apare parts availability and can identify
particular makes and models with good reputations as well as those prons to
probless. At this stage, you can learn about specific installation and
operational features that may affect your choice. Consult several sources to
confire information and opinions, since individuals usually have their own
prefexences, justified or otherwise. Whils the initial cost plays an obvious
role in selecting a particular manufscturer’s equipment, consider that a lower
initial cost may mean lover quality squipment that will bs expensive to maintain
and that will frequently require replascement parts.

3.3 Choosing an Englae Model

Afcteaxr selecting the appropriate flow rate and determining the total head, the
pover requirement can be calculated as described in Chapters 2 and 4. A
particular model of diesel engine is then chosen on the basis of this power
rvequirement. The performance of any diesel engine 1s usually specified by
manufacturers in terms of three variables:

] torque,
[ pover, and

» fuel consumption.

All vary with engine speed, so they are quoted for specific speeds or given for
a range of speeds in graph fors. Examples of typical diesel-engine performance
curves for torque, power, and fuel consumption are shown in Figure 11, While
fusl consumpticn (grams of fusl consumed per hour of operation) increases witn
engine speed, specific fuel consumption (in grams of fuel consumed per kilowatt
power output) varies with operating speed. In Figure 11, the Kubota ER 1200 is
designed to operate wmost efficlently (i.e., lowest specific fuel consumption)
around 1900 rpm, vhile the Lister STI operates most efficiently at 1500 rpm.
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Figure 11, Diesel Engine Performance Curves

5.1b Lister ST1

Power Outpute=Lis..r ST-1
1 ' Continuous Maximum
1] l 3 [Engine Speed Power kW (Hp) Power kW (Hp)
_ Rl 3000 7.8 {10.5) 8.7 (11.7)
SO VO T 2600 7.5 (10,0) 8.4 (11.2)
“This SUiermiras Qv & (el on e taes of 26 g il Suret ) 2000 6.0 (8.1) 6.7 (9.0)
1800 5.4 (7.3 6.0 (8.1)
5.1a Kubota ER1200 1500 4.5 (6.0) 5.0 (6.7)
1200 3.5 {4.7) 3.9 {5.2)
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prume. and velative humidity, since these variables alsc affect performance.
Pusl consusption is quoted for a given power output at full engine loading.
Engine loading is the ratio of power required by the pusp to the saximum pover
available from the engine. Actual (partial-load) fusl consusption is dependent
on the engine‘s condition and loading. As discussed in the following sections,

losding has an impact on fuel consumption and maintenance requirements.

The “nameplate® power rating of a diesel engioe, Ih_:le.h is stamped on the
sanufacturer’s nmmeplate, is the power available under continuous full-load
conditions (i.s., vhen the load or pump is drawing the full rated power frem the
engine) at the engine speed indiceted and under specified conditiona of
tempurature, air pressure, snd humidity. The power availadble from an opersting
engine will mormally be less then the mamufactursr atates bacause operating
conditions are unlikely to maich those of the nameplate rating. Diesel engine
output is “"de-rated® or reduced by a certain percentage to aceount for such
differences in conditions. An engine’s power output can be calculated using
mamufacturer’s specifications and then da-rating the engine for the specific
site and operating conditions. De-rating recommendstions vary by manufacturer
::“ oulu‘ but Lister gives these typical de-rating factors for the following
tions:

. for high engine-air inlet temperaturs, de-rate ths pover
output by 2 percent for every 35.3° above 30° Centigrade;

. for lower barometric pressurs (i.e., higher site elevation).
de-rate by 3.5 percent for every 300 metars of elevation
bayend 130 meters above ssa level;

» fer high huaidity, vhich is also dependent on temperature, de-
rate up to & percent (the precise valus has to be chosen from
3 table supplied by the manufacturer); and

] for power-absorbing equipment, common de-rating factors are
up to 10 percent for motor-driven radiator fans, 5 percent for
belt drives, and 3 to 3 percent for transmissions.

These de-rating factors are calculated individually and then added. The total
da-vating percentage is subtracted from 100 percent and then multiplied by the
rated power for a full load to determine the de-rated output for the rpm
specified.
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12,000 rpm. It will be operated at 1,500 rpa at a site 750 meters above § -
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the Lister ST-1 davelops 4.5 W& uuhr standard conditions,
the ssnufacturer's literature (see Figure 11). The de-
for alticude is:

1, Xpm,
eol'di 3
rating factor

((750m - 150m)/300) x 3.5 percent = 7 parcent
The de-rating factor for temperature is:
(38 - 30)/5.5) ¢ 2 pexcent = 3 percent

Belt losses call for de-rating by 3 percent. Adding these factors
togather, the total de-rating factor is 15 percent. Thus, the power that
can be delivered by an ST-1 operating undsxr these conditions will be:

4.5 x (1~ .15 =383 W

Bach manuufazturer’s literatwie should include information on standard conditions
and da-vating calculations. The total de-rating factor can easily be 20 to 2%
percent. 1In practice, this mesns the powsr that can be expscted from sn engine
may be only 75 to 80 percent of the rated power indicated in the specifications
for a chosen speed. Salecting an engine based on nameplate output alone can
sean purchasing a unit that will not ba able to mest 3 task’'s power requirenents,

Guce the de-rvated output for an engine has been calculated and matched to the
punp’s power requivement, an engine modsl can be chosen. 1n doing so. engine
losding should slso ba taken into account. Remember that loading is a measure
of the power required of an engins relative to the maxiwum de-rated power it is
capable of delivering. Loading does mot depend on the totsl volume of water
pumpad, but rather on flov rates and haad—1it s dependent on power, not snergy.
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For diessl pumping systeas, loading is not a function of time, but it can bhave
s significent #ffect on tise-dapendsnt varisbles associated with engine
operation, such as fuel consumption and maintenance rsquiresents and costs.
Under most conditions, an engine should be overpowered by 20 to 30 percent (i.e.,
run at a loading of 70 to 20 percent). RBormally, diesel engines are most fuel-
efficient at these levels, and & margin of power is avatlable to meet unusually
heavy operating condicions, such as at start-up. Engines operated at lowver
loading levels run cooler. This decreases fuel efficiency and incresses carbon
buildup in the cylindar(s) and exhsust manifold, wvhich increases service
requiremants.

Under-loaded engines--rumning at lesa than 50 percent of full-load
conditions-~axe common in many situations in developing countries. The resasons
{nclude improper datermination of head as well as poor engine and/or pump sizing
and matching. Another explanation iz that for the very low pover demands
encountered with soms small-scale spplications, it msay not bs possible to select
on engine wvhich is small encugh and has a slew encugh speed to permit proper
loading (70 to 30 percent) due to the limfited availability of small diesel
engines andfor limited yield of the water source. The lower liumit of diesel
engines that are ccamonly available fs about 2 kW, There are somu engines as
suall as 1 kN, but they asre uncommon. In such casss, alternatives to diesel
engines should be comsidered.

3.4 Ceat Considerations

Cost considerations include initial equipment and installation costs as well as
recurrent costs for operation and preventive and corrective saintenance. The
inttial instslled cost of a diesel pusp set is significantly higher tham the
capital cosc of the engine and pusp. It also includes labor for the
inatallatjor:, trsnspertation, and the cost of other equipment and materials
ineluding cement, fencing, s pump house, water meters, non-return and gate
valves, and piping, smong other items. Diessl engine costs vary considerably

dspending on the size and procurement source. In 1988 typical cost ranges were
as follovs:

[ US$300 co US$600 por kW for units between 2 and 10 kW, wich
smaller engines being mors expensive por kW and

» US$200 to US$500 per kW for units between 10 and 25 kW, with
sasller angines again baing more expensive per kW.

These figures do mot include ancillary equipment, such as trsnsaissions,
gearboxes, and fusl storage tanks.

Rescurrent operating costs include labor for s pump operator (if that individual
is paid), fual, lubricants, and consumables. The cost for a pumper typically
falls at the lower end of rates for local skilled labor. In some cases, &
pumper’s duties can be combined with other related activities (e.g., serving as
& cavetaker or guard), thereby reducing the cost of employing a pumper. Careful
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of the most {mportant recurrent systes costs (ses Chapter 9).

The fuel snd lubricant consumption of a diesel angine accounts for a significant
portion of {ts operating costs. lubricent use {(including oil changes) should
be in the venge of J to 5 percent of fusl consumption by volume. As shown in
Figars 11, fusl consuaption is depandent on the engine’s full rated power
(specified by the ammufacturer) and losding conditions., Full-load fusl
consvaption {FLFC) is often given by manufacturers in grams of fusl consumed per
rated K (g/k¥h) or some similar weasure such ss pounds of fusl consumed per
bzake horsepower-hour, as in the Lister curve in Figure 11. For emall-szcale
applications, you would norsally be interested in the fusl consumption of a
specific engine in terms of liters per heur (1/hr). To convert to these units,
the cslculation is:

FLFC = g/kihh x (.001,5G) = k¥

vhere FLFC = full-load fuel consumption in l/hr
g/hth = fuel consumption in grams per kih
SG = specific gravicy of dieael fuel (usually 0.87)
W = ngine‘s vated full-load power ocutput for a apecific rpa
(nor de-rated)

Por rough figures, actual fuel consumption can be estimated as the engine’s FLFC
in 1/br sultiplied by the loading, which will be reascnably accurate dowm to a
loading of 20 percemt. DBelew 20 percent, fusl consumption dces not decrease
mch. Kote that engine de-rating does not affect this calculation.
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Example 7: BEngine loading and Puel Consumption

The diesel engine in Bxasple & 5 coupled vith & pusp that iz 60 percent
efficient and delivers 36 »'/day from 75 meters of head, rumning at a
constant rpm over a 6-hour period. that fs the engine loading and
anticipated fuel consumption? '

First, determine the power requirement for the losd. Froa the formula for
hydraulic enargy (E,) demand given in Section 3.1: '

E, = .00273 x 36 n’/day x 75 a

E, = 7.4 k¥h/day
The power (P) input to the pump is then:
P = 7.4 Xi/6 hours/60 parcent = 2,0 kW

Since the de-rated power output of this engine (from Example 6) 1is 13.8)
k2, the loeding will be as followa:

loading = 2 ki/2.83 kW = 52 percent

This is somevhat lover than desirable. Opersting the sngine at a lover
speed would improve the loading.

Fros manufacturers’ literxaturs, the FLFC for a Lister STI is 240 g/kVh at
1.500 rpa or 1.24 1/hr, using the conversion formula given sbove. At &
loading of 52 percent, actual fuel consumption can be expected to be 1.24
x 0.52 or about 0.64 I/hr. This figure will depend to some extent on the
engine’s condition, but it is a good spproxisation,

For a given engine, pump, and site conditions, fuel consumption per cubic mater
of water pumped will depend on the loading. At a lower loading, the engine will
consume more fusl per unit of water pumped. Using the same procedure givem in
Example 7, you could calculate the difference that loading makes in fuel
consumption per unit of water pumped (using a more precise but complex
velationship betwesn fuel consusption and loading than chat given sbove). For
example, if you have s Lister $T-1 thaut is used to pump 30 »’/day from 90 meters
of head, you can vary the flow rate and, hence, the loading by changing the
engine speed. Assuming that ths head remains essentially constant, annusl fuel
connmption for the two different loadings would be 1,830 liters at a leading
of 34 percent and 1,430 at 73 percent. This represents s savings in fuel and
lubricant cests slone (per unit of water pumped) of over 22 percent, not to
mention the reduction in maintenance costs assocliated with rumning the engine
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varmer snd tharedy veducing carbon bLuildup. An alternative approach is using
& smaller engine at a higher loading. 1In that case, you would also save money
on capital equipment costs, in addition to lower operating, maintenance, and
{eventually) engine replacement costs. This exasple shows the iwportance of
proper loading in the design of diesel pumping systems. L

5.5 Sexrvice Requixessnts

Service requiremsnuts can be catagorized as preventive, corrective, or curative.

saintenance includes servicing that should be done on & routine basis
to ensure efficient operation of the system. Corxrantive maintenance is required
for occasional probless that may lead to engina or pump failure, but are not part
of normal servicing. Qurative maintenance is a response to a breakdown.
Corrective and curative maintenance comstitute unscheduled service.

Praventive maintenance ixplies that service is carried out on a routine basis,
according to the mmber of hours of engine use or a timed schedule. In practice,
servicing is often not perforsad regularly, so cursative maintenance is required
after the engine hes brokan down. This has obvious consequences for the
reliadility of the systes snd the lifetime of the equipment. Breakdowns occur
for a vide variety of reasona, including poor installation, a lack of oparator
attention, and faflure to provide vegular service or poor-quality servicing.
The undarlying causes of breakdown frequency may be sore complicated and can
fnclude a poor undexrstanding of the system, lack of incentives for pumpera to
perfora well, and funding problems.

As » stand-alone mechanical syatem, a dienel engine requires an operator, regular
servicing, and perfodic repair. The pusper's skill and the quality and amoumt
of servicing and repairs that are required are completely interdependent. An
opexator is responsible for day-to-day operation of the pusping system, including
starting and stopping the engine, and replenishing the fuel. The pumper is also
responsible for preventive maintensnce, such as chacking the oil and possibly
changing it (as regquired), tightening loose nuts and bolts, and othsr sinor
tasks. Corrective maintenance is usually performed by a mechanic, whose tasks
include decarboniazing the engine, cleaning injector noszles, replacing worn
belts, adjusting valve clearsnces. and changing the oil, air, and fuel filters,
Checking the fuel-injection system and cooling system snd replacing other worn
components &8 necessary are also part of pesriodic service regquirements.

The sanufacturer’s litersturs providad with ths engine should indicats proper
intervals for sexvicing (see Appendix C). To give a sense of the range of normal
sarvice requirements, oil cianges are typlcally required after every 250 hours
of engine operation snd decazbonization after every 1,500 hours. Ths actual
raquirements for a particular system msy vary with ths opersting environment,
spplication, and mechanic’s skill and training. For example, if the engine is
operating at & low loading, the decarbonization interval should be shorter. Very
often, becsuse engines do not receive proper maintenance, the risk of breakdowns
is increased, the overhaul interval is reduced (which increases costs), and the
lifetime of the engine is shortened, Almost without exception, the routina

saintenance aspect of the service infrastructure for diessl engines is the
weakest .
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operator's amnttm and the normal sexvicing the m;iu moivu . Routine
preventive maintensnce, such as changing the englue oil and veplacing ﬂ.luu.
is oos of the most important factors in minimising repair costs. However, having
at least ome breskdowun per year (and possibly sore) that requires curative
maintenance is fairly typical, dlm«lthlmlm‘aap nnneowtionm
the quality of service it has received.

The cost of unscheduled servicing iz highly variable. Estimates 6!‘ sexvice and

saintenance costs, not including fuel and labor, ave likely to be in the range
of US$0.1S to US§0.25 per cubic meter of water delivered. This figure may be
higher or lower depending on labor costs, the operator’s skill, and the quality
of the equipment, among other factors. Another way of looking at this is that
typical anmupl OM costs, mot including axperses for fusl and operator labor,
range between 25 and 75 percant of the engire’s initial cost or 5 to 13 percent
of the system’s installed capital coat (vhich includes not only the engine, but
slso ths pump, tha concrete pad, the transwission, and othar {tems).

5.6 Sauisment lifs

The sexrvice life of sny device depands on the conditions under vhich it is used,
which includas fnstallation and maintenance. Under optimum conditions, an engine
should be replaced vhen the cost of maintaining it exceeds tha cost of purchasing
s new ooe. However, users’ parceptions of engine life also play a role, 1If
users anticipate getting five years of service, a nev angine may be purchased
st five years even though the old one is still functional. Light, high-speed
engines axs l{ksly to have shorter lifetimes than hesvy, slow-spssd modsls.
The best wey to estimate values for equipment Lifetimes in your situation is te
aak other engine users, locsl equipmant dealers, and operators of repair shops
sbout the nakss and models you sre interested in.

Usually, the lifetime of an engine is given informally in years. The normal
yange is two to thres years for lower quality, heavily used, and/or poorly
maintained engines to 20 years or more for highsr quality systems that are
reasonadly well maintained and overhsuled at regulsr intervals. Lifetime hours
of operation vary from under 5,000 te over 50,000 hours. About 20,000 hours is
& reasonable spproximstion for plaaming and costing purposes. A complete list
of diesel maintensnce needs and s recommsnded schedule for mesting those needs

ave given in Appendix C.
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Chaptar &
SOLAR PHOTOVOLTIAIC PUMPS

r W cells are uzed to convert sunlight directly into slectricicy. While
pover can be wused for a variety of end-use applications (e.g.,
commuricactions, Ligheting, and refrigeration at health ciinies), 1t is
ping increasingly popular for vater pumping in remote areas As of mid-1%88,
& estimated that betueen 5,000 and 10,000 solar pumps have been installed
nd the world. Successes in PV research and developuent have significantly
ted costs and fncreased the reliabilicy of this power source, which has
erically been very expensive, Multiple cells (30 to 50) are mounted on a
le unfit (abeut 0.3 by 1.2 seters) called a module. The individual modules
¢vired together in groups to form arrays. While the FV arrays themselves are
peicnally reliable power zources, the primary limitation on the use of solar
s has been and contimues to be the high inftial capital cost of a system.
. Since wvater output s dirvectly propertional to tha lavel of solar
diation falling on the modules, relatively high and uniform solar irradiation
occur at your site for solar pumps to be a cost-effective pumping option.

r puaps bave been used in ficld applications for about 10 years. Soame early
ls were plagued by design and manufacturing problems. Considerable gains
mereasing aystem efficlency and relisbility and reducing production costs
lowerad the cost per unit of water delivered. Still, solar pumps remain
iy expensive compared to other pumps, slthough they do have the potential
reing coat-effeactive pumping alternstives undar certain circumstances. This
fon: describes typicsl system cosponents as well as the design, operation,
tenance, and repair requirements of solar pumps.

Sxsxtem Degcription

¥ pusps become more popular, an increasing variety of designs is becoming
lable that differ in cost, application, capacity, and relisbilicty. This
lon describes the most common kinds of solar pusping systems and several
i of optional components. The focus 1is on systems that have been field-

td {n evaluation programs in countries such as Botswana, Mali, Malaysia, and
5.

mat basic PV pumping systexs consists of s elactrical power source (i.e.,
sYray), & wetor, and s pump. The electrical output from the array is
tered to the motor, which drives the pump. Many variations of this simplest
of system use different optional components. More complex designs are
wily fntended to Increase the efficiency or reliablility of the water supply,
'Té water can be pumped with a PV array of the same size. Schematic drawings
sversl typical soler puwping systems (submersibles, vertical turbines,
Ang suctfon, and centrifugal suction pumps) are shown in Figure 12,
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¢.1.1 The Power Source

M modules produce a certain current and voltage under specified sunlight
conditions. While saveral types of PV cells are commonly used (e.g., single
crystal, semicrystalline, and amoxphous), nearly any power modile can be employed
in a pumping system. Motors wied in solar pumping systems have spacific
electrical operating charecteristics chosen to mateh those of the array. This
increases the overall system efficiency. so more water is delivered per dollar
invested in the system. The satching of aotors and arrays no langer presents
significant probless with equipment standardization smong different
samufacturers’ equipment, since most currently availabie PV modulea have similar
electrical output.

Axxays can be wired to produce a wide range of electrical ocutput. Modules are
connactad in series {(i.e., with the terainals mimus to plus and plus to minus)
to increase woltage and, hance, motor spead at & constant current. Wicing
msodules in parallel (with terminals minus to sinus and plus to plus) increases
the current output and motor torque at a constant voltage. Motors are designed
to operate most afficiently at a certain current and voltage, so care sust be
taken to select a motor with slectrical input requirements that match array
output in order to get the best performance from the aystem. Similarly, the
ator output smst match the operating characteristics of the pusp in order to
use power efficiently. Equipment buyers usually need net match chase components
themselves, as this iz norsally already taken care of by PV module and pump
sanfacturers and systes designexs. However, bacause of the importance to proper
system operation of correctly matching these components, the procedures necassary
to do this have been included in this manual. Thia will allow you to confirm
the specifications given by equipment suppliers.

Equipment diatributors will specify the array size and configuration (i.s.,
wiring arvangement for a specific current and voltage combination) needed to
pusp a certain quantity of water from s given head, based on manufacturer’s
retommendacions. Arvay sizes are given in term of peak watts (W,). This is an
fndicator of the arrey’s expected pover cutput under peak operating conditions,
which are defined as 1 WW/»' solar irradiation on the array and an operating
temperature of 23° Centigrads. Typical pover modules are rated at 40 to 60 W,.
The output of PV modules varies depending on the operating temperaturs and lsvel
of solar irvadiance—=f.e., the solar erargy per unit of ares in vatts per square
meter (W/n'). The higher the solar irrediance level on & PV cell, the higher the
power output is; the higher the operating tesmperaturs, which depends on the
ambjent air temperature, the lower the output.

W pumping svstea designs can be varied by adding ons or moxe of the following
components:

. Controllers. Their functions include regulating current
snd/or voltags from the arraf and to the motor, shutting down
the motor for verious safety reasons, and controlling the
systes by means of & float swvitch thet turns the motor off
when the storags tank is filled/

73




. Invertars. Thay ehw ﬁn array's slectrical output from DC
to m. ’ : )

® Power-point trackers. Thess convert nmlijht into electricity
wore efficfently. o

. Battaries. They p:ivhh a constant voltage to the moter end
store energy, 50 tha system can pump vater aven vhen the array
is unable to deliver encugh power directly. :

) Sun-tracking devices. These move the array so it u directly
perpendicular to the sun, thersby intercepting more radiation
and increasing the power output.

Several types of controllers are used with FV pumps, including inverters, power-

trackers, and battery-charge controllers. The PV array produces DC
electricity. Some solar pump wotors operste divectly on DC, others require AC.
An jnvertay is used to comvert DC power from an array into AC power for the pump
sotor. An inverter cam alse act as s controller to shut down the motor befors
overlosding or overheating occurs and can help the motor and array operate
effictently in other ways.

Solar cell operating characteristics depicted as current-voltage (I/V) curves
are shown in Figure 13. They show a certain current and voltage cutput for the
wodule under varicus irradiance (i.e., solar irradiation) levels. Thers is a
particular point on an arrey's operating curve at which it preduces maximus
pover—the maximus power point. A type of controlling device called a maximum
power-point tracker (HPPT) forces the arrsy snd motor to operate at or nesr this
point. For example, at an irradiance of 1,000 W/w', the module shown has a
maximue power point at 16 volts and 3 amps. An MPPT does not make & PV array
physfically track the sun, but some use davices that tilt the axray so it is
perpendicular to the sun‘s xays, thus producing more power. Using sn MPPT makes
a system more complex snd adds to the cost, but undar certain circumstances, it
can be & cost-effective means for producing additional power from an array.
Batteries asre somotimes used vith PV systems as storage devices and/or
controllers. Solar irrsdiation is {ntermitrent dus to varisble cloudy
conditiont and the sun's movement across the sky during the day. Batteries
store electrical energy frow the array, vhich can then be used by the motor to
drive the pusp vhen irradiation is inadequate to drive the system directly. 1In
sddition, batteries can serve as controllers to provide constant voltage to the
motor, so it operstes at & acre constant and higher average efficiency.
Batteries have disadventsges that should be considered in the system design
process. These include additional capitsl costs, higher =maintenance
requirements, and periodic replacemsnt costs.

Several kinds of sun trackers can be used to move an array so that it is
perpsndicular to ths sun's rays. Thess vary considerably in terms of
complexity, reliability, amd cost. Undsr certain conditions, srray trackers
have been shown to produce increases in array output of up to 40 percent over
the course of & day. This net gain must be weighed against the increased
complexity and cost of thase devices.
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Fisure 13. PV Moduile m:im Chavactariatices
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{ARCO Solar, Inc., manufacturer’s literature)

Particularly in areas vhere vell yields are lov and dravdowns high or vhere
water tables vary considarably due to drought or unusually heavy use, safety
devices such as low-water cut-out switches and motor overheating/overloading
protection should be included in a pumping systea. Some commercial PV pumps are
already equipped with these safety devices, but you should request that they be
included in any quotation on the price of a system. PV systesms should also be
properly groundad to protect them from lightning==this inexpensive safety measurs
é naver be overlooked.

All of the comezelling and stersgs =eochanisms briefly deserides hers have
s and disadvantages in terms of their complexity of operation and
repalr, their effects on system efficiency, and their costs. The emphasis in
punp design end component selection should be on trying to achieve long-term
reliability, rather than ths highest possidble systes efficiency. Relisbility
has often been shown to be a strong function of & system’s design simplicity.
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6.1.2 The Motors

Several types of motors are used in solar pusping systems, imcluding DC motors
with or without rsplacesble brushes and AC wotors with inverters. DC motors
sorsally use brushes to carry curyent. These have to be replaced occasionally
when they are worn down. This poses no probles for surfaca-mounted wotors that
axe easily sccessible for maintenance (assuming that the replacemsnt brushes are
locally available), but for submersible pumps, vhers the motor and pump are

mounted undervater as an intsgral unit, changing the brushes requires that the
wlvnls suwsn aed d'-n nln ha lln‘l‘gd fram tha havahale ay athar watar ssurca..s

W AW H e A i

major oparatiomn. h«n:ly. uu umfumu (e.g.. A.X. Ilunomld in the
Daited States) have developed drushless DC motors for use vith subsersible pumps.

This immovation will reduce recurrent costs for periodic maintenance of
subaeysible pusps, since the brushes will sot have to be replaced on these units,

6.1.3 The Puaps

The most typical kind of pumps used in PV systems are listed below, Their
operating characteristica, typical spplicetions, advantages, and disadvantages
were discussed in Chapter 4. These pumps are listed agein here with the nanss
of some well-knowm suppliers:

. self-priming centrifugal--AEG, A.Y. MacDonsld, and SEI;

. submersible centrifugsl--Crundfos, A.Y. MacDonald, Warms,
ARG, folar Voltaics, Totale and Franklin; and

® positive-displacement, reciprocating-piston (jack)—
Chronar /Tri-Solar, Lash, Ergo, and Solamotor.

lass common types include:

® positive-displacemant, rotary--Hono, and Robbins
Heyers/Moyno;

. jot—A.Y. MacDonald; and
. wortical or dsep-well turbine--Chronar/Tri-Solar, Guinard.

In gensral, WV systems that rvequire high flows for lov heads (e.g., for aicro-
irrigation) use surface-mounted, self-priming centrifugsl pumps becsuse of their
bigh capscity, relisbility, and ease of maintenance. Submersible units (vhich
axe by far the most common), positive-displacemsnt pumps (piston and rotary) and
vertical turbines are used for deeper wells and borsholes. Piston pumps are
typically high-hesd, low-flow units. Jet pumps are used for moderate head and
flow anplications, but are not common.
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Solar irradiation vuie_l in uuul vays:

. dnﬂr—nthununtimmduumdum:t?unmthn
pattens causs cloudy or partislly cloudy condictions; .

. seasonally--as varying long-tera weather patterns occur over
the year (a.g., wonscons or dry seasons) and as the angle of
declination changes (i.e., the angle betveen the sun’s rays
and a horizontal surface on the earth), vhich is reflectsd in
the sun’s lower position in the winter sky and higher position
in the summer;

. annuslly--as weather patterns assoclated vwith Jdrought
conditions, clouds, air pollution, and monsocons vary; and

. geographically-=~as a function of latitude and microclimatic
westher conditions (e.g., local ground fog and dust storms)
at the site.

Cloudiness reduces solar irradiation on the arrsy, sometimes to the point vhere
no water can be pumped unless the system has a battery bank for electrical
storags. Solar irrsdiastion vories depending on annusl variations in weather
(such as drought conditions In Sahelian Africa) as well as on seasonal changes
such as sonsoons (which in some places like India and Malsysis can cbscure
nearly all ussble solar irradiation for up to several months each year).

A typical opersting day for a solar pusp is depicted graphically in Figure 14,

ubhich ehows actusl measured data for s solar pump on an average sunny day 1n
Botswsna. The graph indicstss the hydraulic or subsystes efficiency (also
sosecines colled “wire-to-water® efficiency, but always the ratio of hydraulic
snargy out of the subsystem divided by electrical energy into the subsystem),
the flow rate in 1/s. snd the solsr irradiation intensity in W/m®. The figure
shows how the pusp does not turm on immediately in the morning, but only when
the cut-in or chrashwold irradiation level {s reached. This {s the minimus level
of irradiation at which the arrsy produces enough current to overcoms the
starting torque of the pusp and motor starting. It varies with the system and
site. A similar system is shown in Photograph 4.
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4. Grundfos Submersible Solar Pump for Village
Water Supply in Botswana
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. : the sum {8 at its highast pofnt in the sky. Thereafter,
soler irradisticn and, consequently, pump ouepnt ‘dacrease until the cut-out.
fxradiation level is reached in late afterncon and the pusp stops. The system's
hydraulfe efficiency increasss sarly in the day until the unit is in its normal
operating range, lewels off, nnﬂ:hndtqnoffmtnhﬂn hu afnmoon.

Because of the varisbility in solar irndhtteu and the emqua: mhbnity
of pump output over s given period, solar pumps (1ike wind pumps) require some
type of storage system so that vater is aluays available to users. For PV pumps,
energy can be atored efther electrically (using batteries) or hydraulically
(watsr in a storage tank). Considerable debate has taken place on battery versus
water storage, asz well as on the amsount of each required for any given
installation. A gemeral rule of thumb is that systems should be designed with
three days of storage. (Uhat type of storage depands upon ssveral factors,
primexily the respective local cost and availability of storage tanks and
battories, and secondarily the likelihood that the batteries will be properly
maintained. Storage tanks require comaideradbly less active maintenance than
batteries, and so are lesa likely to fail over the long run. Batteries in PV
pumping systems are not normally servicsd properly and thus must be frequently
replaced at great sxpense.

One of the bast features of solar pumps is that their norusl operating
requiremsnts are minimal cowpared to most other types of systems. A solsrx
pusping system ususlly operstes completely automatically, so pump oparators are
not strictly required as they are vith diessl engines, for exampls. ¥or do solar
pumps require fuel.

6.3 fheesing s Solax Pusp

Sizing mwethods for solar pumping systems rangs from very simple to highly
cempleox. This section covers simpler methods first and then wore accurates ones,

6.3.1 A Simple Method of Solar System Sizing

The simplest method of solar sizing calculates the pover required, given the
estinated bead and flow rate requirements. Subsystem efficiency is the racio
of snexgy cut of a system (i.s., vater flow for a given head) divided by energy
put into the system (electrical ensrgy output from the array). Using a typleal
estimated subsystes efficiency of 25 to 35 percent, array size can be calculated.
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b = cotal pusping hesd fn weters

To pump one 1iter per second (1/s) with 28 meters of head for a !rltil\m:h

a subsystes efficiency of 30 percent, wvhat is the electrical output needed
from an array? o

Py = (9.8 % 20 x 1)/0.30 = 915 vatta

If & pusp set Yan for two hours at that rate, snsrgy consumption would be 915
vatts multiplied by two hours, vhich ie 1,830 watt-hours or 1.83 kWh. This is
the hydraulic energy desand, which wes discussed in Chapter 3. The naxt step
is to determine the size of array in ¥, that could supply that 915 watts of power
under peak solar irradiation conditions.



| in sexies hmm 'rquirul volnp ‘l‘opﬂnr. thon seven modules [
:hﬂono&qutotloswlumlﬁpudbyzz amps, or 2)1 watta. The
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§ systam's overall power requirement (915 watts) dividsd by the output of

each miu string (231 tm:u) or tont strtngs of um -odulu. for a

This vough calculation assumes & solar irradfation level of 1,000 U/t or 1
i/, Solar {irradiation data are often given in terms of kih per square meter
per day or Xih/w'd. In the simplest method of system sizing, if your site has
a daily solar ixradiation level of § kh/w'd, the pump in Example 9 would produce
the same water output aver the courss of an entire day as 1f it vere running for
6 hours at a constant flow rate equal to tha total volume of water pumped during
the day divided by the total dsily solar irradiation or about

6 hrs/dey 2 1 1/8 % 3,600 sec/hour = 21,600 1/day = 21.6 n'/day

This rough method of system sizing oversimplifies the veal situation in several
ways:

. The level of solar irradiation actually varies continually
over the course of a day--starting at zero, irradiaction
increases to {ts maximum about noon and then drops off to gero
again after sunset.

® Systea eofficiency varies with irradistion level and
temperaturs—efficiency improves ss irradistion increases (up

to 3 point, sgain ses Figure 14) but drops as the tempersturs
rizses in the afterncon.

» It is assumed that all of cthe 6 kWh/a’d can be used by the
systean—in fact, for systems wvithout batteries, irradiation

bolow the cut-in level i{s wasted because the pump is not
rumning.
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mentioned shove, below vhich the pump will not eperats in the early -omln; and
late aftsrnoon. However, these are relatively small errors vhich tend to
overestinate t.'ln daily output by S percent or so.

Virtuslly every verisble except array size and the ;uviutlml conatant
changes with the time of day and the season. The array/losd matching factor is
& ssasure of the electrical impedance mismatch betwesn a PV array and the
subsystes 10ad (i.e,, the subsystes controller or pump motor in a direct-coupled
aystes). Sisple computer programs arve available that can be used to estimate
quickly the water ocutput using this formulas, including cut-in irradiation levels
to reflect the fact that the pump 1s not operating in the early morning and late
afterncon (MeGowsn and Win 1983).

%
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Example 10: More Accutate Array Sizing

| Use the wore accurate formuls given above to calculate the size o’t'th.c
arrey needed to pump 20 u’/dsy from 28 meters ot hnd usi.n; the -quipun:
ducrihdinhnpluland!

Array Size fn ¥, =" 376" 0.9 x 0.6 x 0.30 1177 W,

t where gravitational constant = 9.81
' h (pumping head) = 28 maters
vater cutput = 22 n'/day
soiar irradiation = 6 kUh/m'd)
conversion factoxr (kih to MI) = 3.6
Fp, =09
FL = 0.8
Mf, =~ .3

| A 28-module array (one module = 41 ¥,) would be adeguate here.

In order te give you a batter feel for PV system sizing, Table 2 shows the array
size meeded to pump a given amount of water (10 to 30 m'/day) at a given head
{10 to 60 meters) for thres different irradiation levels. The array sizes vere
cosputed ustng the formula sbevre for more accurate array sizing.
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6.3.3 Using Data on Irradiation Conditions

To design a cost-effective asystems properly, historical dats on local solar
irradiation conditions should be used, vhere available. Unfortunately, such
information is seldom collected in many areas of most daveloping countries.
Thus, estimates of wonthly irrsdiation levels over the year must bs used.
Possible sources of local irvsdiation data (e.g., meteorclogical dats and BV
sanufacturers’ world or area maps) are discussad in Chapter 2. The avarage
deily frradistion level used in array sizing should bs based on the design month.
The concept of design month for solsr puspe is similar to that for windmille--it
is the month in which it will be most difficult to meet the water requirssent
at the site given the svailable solar energy.

Vhen drawing up bid documents for solar pumps, specify the water requirement as
& certain sverage daily ssount from & given hasd, and supply whatever local
irradiation dats ars available. When reviewing deslers’ quotes, use the sxample
given above to check that the systems being proposed are reasonably sized to meet
the water demand st the site. Bidders’ estimates of water output should be
within 15 percent of your calculations from ths wmethod described here.
Otharvise, the system being proposed will probably be improperly sized to meet
your requirsments.

The following example illustrates the complete procedure for sizing a solar pusp
and its components.




| teemple 12: nmma Solar ru-p Sylm Selection

' *Auhtmuhln‘miamfumuaﬂnmnummlm.
. where an elevated tank (5 meters high) storas water pumped from & neacby

‘| borshole. The dutm from the borshole to the storage tamk in the
village 1¢:230 meters.  The honhoh mnntly has a 4-imch diameter
 caning. It has been: mt- .for 72 hours by a local drilling
mm.nﬂaﬂelﬁots /hmmmd mupth!mthaupot

the borshole to the water surface during the test-pumping was 13 meters.
 Irrsdiation on a solar erray during the design month would be & kilh/a'd (or
21.6 W/u'd). The village currently has 680 people, and the sheikh has
deternined that the populstion increases by sbout 2 percent ammually,
Currently, people use about 30 liters sach per day, but the svailability of
dl.ul fuel has been so imalhr and its price has been incressing so

t-puug that the coamnity has 'ﬁ;ﬂn“‘ to considar Luuy'"'iﬁ & Eolar piip,. What

type of solar pumping system is appropriate?

Elxst. detexmine water dsmand. The current population of 680 is growing
at 2 percent per year (Fy;). Tha system should be sized to provide an
adequate supply of water over its entire useful 1life (N), wvhich is expected
to be 20 years (some components will have to ba replaced as not all of the
equipsent will last this long). From the formula given in Section 2.1.2,
the demand in yesr 20 will be

future demand = (current demand) x (1 + Fq)™?
=« {680 pecple x 10 1/day) x (1 + .02)=h
= 30 w'/day

Second, detsrmine total pumping head. Begin by calculating friction
losses. Assume that the maxisum pumping rate can be estimated by

considering that the 10 a'/dsy output requiresent will be pumped over &
*peak sum-hours® (& kWh/w'd), so the peak flow rate will be

(30 &/day)/(6 peak sun-hours/day) = 3 &'/h = 1.4 1/sec

Assuma that a 60-millimeter galvanized irem wip: (1]l ba used down the
borehole and that the pump will be set 5 maters bclw the dynamic wvater
level. The totsl length of piping in meters will be

13 (borehole) + 250 (pipe Tun) + 5 (pump set) + 5 (tank) = 273 meters
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| Exssple 11: Detailed Solar Pusp System Selection (continued)

From Figure 3 (in Chepter 2) and the tables in Appandix B, the friction
loss under these conditions--273 weters of 60-um galvanized steel pipe with
negligible losses dus to bends and valves-<is 2.2 seters. The total
pumping head would then include the dynamic head of 13 maeters, the
discharge head to the elevatsd unpressurized tank of 5 meters, and friceion
losses in the pipes of 2.2 meters for a total of 20.2 maters.

Eote that the 2.2-meter friction loss is somavhat greater than 10 percent
of the total head. Therafore, you should use slightly larger pipe to
reduce the friction less (thereby reducing the amount of anergy required te
punp your water). With 10Q0-mfllimeter pipe, the friction loss is 1 meter.
The total head {s then 18 + 1 = 19 meters.

Ihixd. determine the array aize nesded. Following exactiy the same
precedure as given in Exasple 10 and using & subsystem efficlency of 32
pexcent, vhich is typical of Grundfos sudmersibles available in Khartoum,
and a water demand 3O m'/d for 19 meters of head, you can compute the array
size needed:

- —_—u8l x 1% x 30 -
arrsy size in ¥, 6§x3.6x009x0.8x0.32 1,124 ¥,

This figure is the wminisum array size in ¥, that can mest your vater
requirement. However, other requirements must be taken into account. The
Crundfos submarsible you are looking st runs st 105 volts. You are
considering using Solarex modules, specifically the MSX-53 version that a
dealer in Khartoum has given you a quote on. These 56 W, modules have &
typical operating voltage of 15 volts. This means you wi'.ll have to wire
105/15 or seven modules In serfes to get the right voltage.

| Io find tha total nusber of modules, the last step, divide 1,124 W, by 56
§ Y, per module or about 21 modules (rounding up to the nearest nul:fph of
| seven). Your array would then be wired as three parallel sots of seven

§ modules each. This system size should match the one described in the

dealer‘s quote. To selact the individual pump set, review the pump curves
for the types of submsrsibles the dealer carries, and pick the unit that
eperates mosc eificiently at the head for your site (19 meters). Your
system sizing i{s novw complete.
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pomping unit. lohrmomuumllynhw -to 83 percent of ths total
systes cost and are usually quoted in terms of dollars per ¥, or US§/,. In
lm.udnhmummmsmm mdfrut.lu countyy of manufacture.

In 1588, they were being quntul as lov as ﬁ, to USQSﬂP These prices
usually do moc include freight and insurance ¢ to daveloping
countries, which can easily add 30 percent or more to ‘price. For unph.
in 1988 sodules with & U.S. price of $5/i, were quoutl in Botsvana for §8

Posp sets (i.e., & pusp and motor) designed for use with W systemn range
price from US$1,000 to US$3,000 (FOB the manufacturer), with the units n:cd
for lower power output costing less and often used at lower heads (e.g., surface-
mounted centrifugsl and jet pusps). Units with higher power output for deeper
wells run from ¥S$2,000 to US$3,000. Subsersible AC pumps are generally the most
expensive becsuse in sddition to the pump and motor, they must have an fnverter
to convert DC power to AC. Often, the higher cost of these units is more than
offset by greater reliability and, consequantly, lower recurrent costs.

Other costs associated with solar pumping aystems include the array mounting
structure, wiring, other types of controllers, water meters, civil works (e.g.,
a concrete pad for the arrsy and piping), and storage tanks. These costs can
vary conaiderably depending on vhether the equipment and/or materials are made
locally or imported. Check with local dealers for estimates of these costa.

6.5 Ouexation, Maintenance, and Rapaix

Normal operating procedures for PV pusps uwsually require minimal user
interaction, but this does not mean they require no attendance vhatscever. Dust
should be washed from the collector array, as required (i.e., when it 1is
obviously costing the modules), and for surface-mounted motors, belt tightnass
and any overhesting of the motor or transmission should be noted. If float
switches are used iIn the systea‘s storage tank, they should be checked
pericdically for proper operation. Water output should be recorded by reading
the flow meter on a daily basis. This will permit a more rapid diagnosis of any
problear occurring with the system.

One persom should ba assigned the responsibility of monitoring pump operation,
recording water-use data, and determining the nature and extent of any breakdowns
that occur. This individual could be trained to desl vith simple repairs, such
o loose or broken wives. He or she should also know exactly how to call for
& repair crew if repairzs are trequired. Becauss of the complexity of most of the
components in PV pusaping systems, it is mich more likely that the first response
to breakdowns will be te replace a cosponent rather than to make an on-site
zepair.

In many circumstances, particularly at unattended or remote sites, vandals may
break the mrdules or rip out the wires. Qualified personnel performing periodic
saintsnance should also check for natural degradation, such as corroded terninals
and worn insulation. The equipment should definitely be fenced in to protect
it from children and animals and to protect them from electric shock. Animals
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. Ildm pmbhn uill ln worse Ilnn mun m tmalhd on lw-yhld u-ns.f_;’- Lo
in water sourcas that have wide fluctuations in wvater lewel; or vhere the water = -
quality is marginal. If low-water or overheating cut-off Ml:ehn sre.pot used,
down-hole equipsent, including pumps and motors, can be dastroyed whem water
levels drop below the depth of the pusp installation. Under very low:flow
condicions vhere the pump contimues to operats, an insufficient. ﬂw of water
past a submersidble pump may not provide sufficlent cooling and uy ruu‘l.t tn

damage to the pump.

Under typical comditions for properly duigmd systams, monthly or bimenthly
asintenance will consist of visually 1nspecting electrical comnections,
tightening nuts and bolts, cleaning the arrsy, checking the array electrically
on & quarterly basis to make sure it is working properly, and chacking the
battery bank, if there {s one. Thias entire process should taks no sore than one
to two hours of a mechanic’s time, not including any travel that may be requirsd.

Host problems in ™V pumping systems occur with components other than the array.
Unlass they are vandalized, modules very seldom fail. If they are severely
dansged, they may have to be replaced, at great expense (US$250 to US$350 each).
It is much sore cost-effective to educate users about the importance ¢? teaching
children and others not to damage the water supply system.

Most probless occur with the pump, motor, and controller. Generally, the dasign
philoscphy behind solar pumps has been to manufacture components that will be
rveplaced rather than repaired, at least for most situations in devaloping
countries. Desler representatives (vho are usually asaigred only te dsveloping
countriss with large mmbers of solar pumps) for U.S. or Europsan PV pump
manufacturers often carry spare parts for pumps (e.g., impsllars and seals) or
will replace the unit if it is under warranty.

Motors are more problematic. Depending on the level of technical skills in your
asrea, the rewinding of electric motors can be performed locally. Local mechanics
or mechanically inclined users can easily replace the brushes, if the motor is
easily accessible. Local mechanics can slso replace pump or motor seals,
sssuning that similer types of squipment are used locally (e.g., grid-electric
submersible pusp sets). With the exception of brush replacement, wost procedures
shwli th: bfc urril ed out in 8 clean elsctrical shop in the nearest laxge town, not
n ield.

_—————



~ Of courss, appropriats spsre parts sust be avaflable. If not, corsidezrable time
and offort may be requicred to find the necessary parts locally or to have them
shipped from the mamufacturer. The importance of & complete epare parts
inventory cannot be overemphasized. The biggest problea in system maintenance
choosing & supplier, remesber the importance of local deslers who maintain
supplies of spare parts and can fix or axe willing to replace failed or defective

There is little, if any. local manufacture of M pumping equipment in daveloping
countries. Battery-charge controllers are made in some developing countries,
and the number of Spire Corporation’'s turnkey PV cell snd module assembly plants
in the developing world is slowly increasing. Given the highly automated and
sophisticated seanufacturing technicuss that are typically used to make PV

_ » 811 of it will probably be fmported. In many countries, there are
simply no local dealers. In those with local dealers, their knowledge of the
product and proper system design procedures may be minimal, so potential
customers mist either have acceas to design guidelines (cuch as this manusl) or
look elsewbere for equipment. If this is the case in your area, you might
reconsider the possibility of using aystems that are already available locally.
In other countries, knovledgeable, well-equipped doalerships can provide accurate
systemn dasign, proapt procurement from existing inventories or as s result of
good relations with manufacturers, and trained crevs for installation and user

training. At present, this type of situation is the exception rather than the
rule.

6.6 Equipasnt Life

Since PV pumps are 2 relatively mew technology (compared to diesesl engines,
vindaills, and handpumps), lictle iz known sbout the economic lifetime that
users can reasonably expect of most systems and componants. While field tests
have been conducted for certain types of systems, few (if any) PV pumps have
been in .actual use for more than several yesrs. MNodule manufacturers nov
commonly guarsntee their products for 10 years against significant loss of power
output, and accelersted tests have indicated thac modules will retain up to 90
percent of their original power-generating capacity for up to 20 years after the
initial instellation. The need for module replacement because of danage is yery
dependent on cthe sice.

Other components are mot so robust. The motor will probably have to be replaced
every three to seven yesrs, depending on the level of operating pover ({.s., the
higher the powsr, the sooner the motor will need replacement), the quality of
the watar (for submersibles, poor water quality tends to corrode casings and ruin
seals more quickly), and the quality of the installation. Electronic components,
such as controllears, msy also need replacement every threes to five years,

depending on the quality of the equipment. Array mounts should never need
Teplacement.
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Chapter 7
WIND PUMPS

Wind pumping systems or windmills convert the energy in wind into mechanical or
electrical energy to drive a pump. This section covers what you need to know
to

. gather the recesssry information to datermine wiather a
windmill will meet the demand for water at vour site and

» select a prcperly sized windmill and pump if this type of
system is apprupriate for your site.

Stnce the vest pajoricy of all wind pumps used in developing countries are
gechanical wirdmills driving piaton pumps, that configuration is the p-imary
focus of this chapter. Octher types of wind pumps will be mentioned only
briefly.

7.2 System Degcxiprion

Wind snevgy systems are generally subdivided in two ways--horlzontsl- or
vertical-axis machines (referring to the axis of the rotor) and electrical or
vechanical. While it is possible to pump water using the sanergy produced by any
of these fzur possible configurations, the most common type is the horizontal-
axis, mechanical system, which is usually referred to as a steel-bladed, farnw-
type windmill or, simply, a farm windmill. Deuwpster, Asromotor, Filasa, and
Southern Cross windmills are examples of this system design. Figure 15 shows
& schematic diagram of this type of wind energy systea.

A typical farm windmill has four main parts:

. a horizontal-axis wind vheel, wvhich converts power in the wind
into the rotary shafr power of the axis;

° a windsill "nead,” which chenges the rotary motion of the axis
to a8 vertical reciprocating motion and makes any necessary
gear reductions;

. s %ail attached to the head, vhich has two purposes——it allows
the windmill to track changes in the wind direction and, along
with a brake, permits the windmill to be furled (:.e., taken
out of the wird and stopped) during high winds or when
desired: and
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o . a tover, usually fabricated of stesl, on vhich the windmfll
head is mounted. e

This design 1s nearly slways used with a xeciprocating-piaton pusp. Ths-typical
sultiblade configuration is dasigned to provide the resquired high torque to
starc the pump at low wind speeds. At higher vind speeds, the efficlency of &
system is somevhat reduced due to rotor asrodynamics and load cherscteristics.
For a fixed wind speed, a windmill’s power output is proportiocnal to the
dlamster of the rotor. Commercial farm windaills vary in diameter from 3.0 to
7.3 meters. WVater output depends on the samount of emergy delivered to the pump
eylinder. Cylinder sizes for reciprocating pumps vary in terms of diameter and
length of stroke-<ths larger the cylinder diamater and ths longer the stroke,
the more water pusped per stroke. Commonly availadle cylinders run from 2.25
to 4.0 inches in disseter, although larger sizes can be cbtained. The stroke
length is generally determined by the design of the windmill head. Towers
typically come in heights of 9, 2, and 15 meters.

Recent efforts at improving the design, reducing the wef ht, and simplifying
fabrication procedures for windwills have reasulted in . new generation of
winda{lls. These differ from traditional designs in man ways, including the
elininacion of gears and castings, which permits simpliffed fabrication
techniques, and {mproved rotor efficlency based on a better undarstanding of
mllndyn-ie design. PMhotographa 5 and & show two examples of new-generation

Another type of windaill that has bean tesied and demonstrated on a much smaller
scale then the farm winduill is the Savonious vertical-axis design. The rotor
consists of saveral curved metal blades mounted sround a central, vertical sxis
of rotation. Initially, this design shoved prosise as a simple, inexpensive.
easily constructed device for utilizing wind energy. However, for water pumping
spplications, it has not proven eftective. It is inefficlent; problems have
arisen in countrolling its speed to protect it frow high vinds; towers that are
strong and large enough to get the rotor up into the wind.stream are too
expensive; and coupling the vertical shaft to a pump that will operate
efficiently at the rotor’s low rotational spseds has proved difficule.

Other mechanical windmill designs sre relatively uncommon, perticulsrly in
developing countrias. Thus, this section focuses on the steel-bladed, farm-type
vindeill and recent improvements {n this traditional design.

7.2 Oparating Characteristics

Water delivery for a wind pumping system depends on a variety of factors, the
nost significant being

. the vind regime at the site,
' the pusping head,
23




5.

CWD-5000 Windm: 11 for Water and
Micro-irrigation near Khartoum,

Sudan

6.
Kijito 20~Poot in Botswana
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- m-w-mwfumummwumnm The power
svafilable in wind varies as the cube of the wind spesd--if the wind speed
doubles, the power asvailable increases by a factor of eight. Becsuse of
varistions in wind vegimes {e.g., gusts and variable éirections), wind speeds
can only be measured and predicted in a statistical senss, and vater delivery
can only be estimated statistically. There is no guarantee that a specific
saount of watar will be delivered per day, week, or month. This characteristic
lindes practical windmill use to spplications with flexible vater requirements
or some sort of backup system. It also seams that for most applications, a
storage tank will bs needed, yrpically holding enough water for three to four

Although the other factura sisted sbove are important in the dssign process,
thay do wot have the same influence on performance as wind speed. The ocutput
of a specific vindaill/pump cosbinatic: at a given site is inversely
onal to the pumping head--as the head increases, the output decreases.
All other factors being aqual, the water output increases as the size of the
rotor imcreases (a larger rotor offers a larger ares for wind capture) and the
beight of the tower increases (winds are faster furcther from the ground).

Rotor sizing iz & fairly sisple procadure (see below), but selecting a pump
cylinder is more complex. Llarger cylindars require greater power to initiute
pumping, but once started, they deliver more water per stroke. For each
combination of windm{ll, pumping hesd, and wind regime, there is an optimum
point at vhich & balance is reached between the longey pumping hours required
vith smaller cylinders and tha higher pumping rates for larger ones. At lower
sverage wind speeds, smaller cylinders are usually selected to maximize total
vater delivery.

The relationship between wind speed, haad, and amount of water pumped for a
given size of windaill is shown in Figure 16, (Photograph 7 shows ths wiudafll
on which Figure 16 is based.} The two lines show daily water output in cubic
meters for & Climax 12-foot diameter machine and 43 meters of head, using 2- and
4-inch eylindars. For exsmple, at an averags daily wind speed of 3 n/e, the 4-
inch cylinder will pusp only about 1.6 »'/d, but the 2-inch will pusp about 2.8
w'/d because the windaill sterts the smsller cylinder moving in lower wind
speeds. Bowever, in winds that are & »/s and above, the laerger cylinder will
deliver censiderably more watexr, pumping & as onoud to 4.6 /4. This
difference increases as the wind speed goes up.

7.3 theosing » ¥indeill

In most countries, there is not a wide selection of locally available windnills.
It is not so isportant to have s local dsaler for windmills as ic is for diesel
engines becsuse vinduills require lass msintenance; neverthsless, s local source
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for spare parts is needed. Moreover, if a reputable vindafll is manufactured
1loeally in your country or region (ea.g., the Kijito in Kenya or the Sanit in
Thailand), it is suggested that these makes be considered first. Wirdeills are
usually prozured directly from & sanufacturer or its agent. Tha most coamon
wuummmuwmamuy from the manufacturer
and the pump cylinder, rod, and pipe from local suppliers. Buying thase three
conpovents locaily is prefe=able since this o 'sures that if any parts are omitted
- ot incorrectly speeified, they cen be ref.iced lecally. 1t {s also a good
indicator that spare partas and knowledgesble mechanics will be available if and
wben: they are needed. Finally, purchasing local producta for the pump rod and
pipe will prodadly be comsiderably cheaper.

To follow the desipgn procedures outlined in this section, it is not essencial
to understand all the aspects of the theory behind wind energy use. Nacessary

concepts will be introduced as thay arise. The general approach in wind system
design 1z o

. deternime wind spesds at the aite,
. figure the design wind speed,
. calculate the necessary rotor aise. and

e -~ chooss the proper cylinder.

7.3.1 Site Wind Speeds

There are twe ways to estimnt sverage wind speeds at your sitse. The firet
assunes that no wind data have besn collected st the site but that long-term
data {2 available from a meteorological station relatively nearby. The second
sethod assustes you heve recorded ssveral months of wind data at the site, but
have no long-term asnnual data except for information from a nearbdy
meteorological station. 1In the first case (f.e.. no site data), certain
correction factors can be applied to escimate wind speeds at your site fru.
msteoroiegical information:

" a haight corvection, i{f the wvindmill will be at a different
height than the recording instruments;

s a correction for locsl terrain conditions; and
™ & coxxection factor if ths dats has been recorded over a short
duration.

These correction factors (described in detail below) should bs used with
caution. Becsuse the powar in the wind is proportional to the cube of the wind
speed, small earvors in estimating wind speed can lead to large errors in
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estimating wind-punp output. Uhers possible, you should always try to gather
at least several months of wind-speed data at your proposed site at the actual
plamnad height of the windaufll rotor. Theae ahert-term da%a can then be
corralated with longer-term data from the nearest mateorological stacion. Site-
specific data will help you more accurately dltenim vhether a windmill is a
good investment or only a marginal one.

Vind data are vecorded with an instrument called an snemometer, which is
basically an slectrical switch that counts the votations of a muitiple cup or
propeller rotating at a aspeed proportional to tha surrounding wind speed. The
mumbet of rotations are counted, multiplied by a conversion factor, and then
divided by the time elapsed to give an average wind speed in meters per satond
(w/s) or ailes per hour (mph).

Aneuoneters are mounted on poles at a fixed haight above the ground, i.iii.i-‘;ijf 2
or 10 metera. Under normal conditions, wind speeds are greater at higher
distances above the ground. This is largely because the effects of surface
features and turbulence diminish as cthe height increases. The varisbility
depends on the discance from the ground and the roughness of the terrain. The
vind speed data should indicate the height at which the data ware collected
{(L.e., the height of the anemometar). The most commonly accepted measure of
the difference that can be supac-cd {n wind spaesds betveen the amsmomster’s
reference height and the proposed neight of the windmill is given by the "one-
seventh pover law":

V, = V, x (hyh)"

uhere V, = unknown wind speed at the windmill’s height (h,)
V, = known wind speed at the anemometer’s height (h,)

it iz much wore difficult to predfct average monthly wind speeds if the
reference haight at vhich thr data were reacorded {s less than 6 meters. Data
collected at heights of less than 6 meters should not be used to select a
windmill or predicc performance.

In relatively flat aress vith no trees or buildings in the immedlate vicinity,
site selection is not eritical. However, in mountainous areas or places where
obstacles may bleck the flow of wind, differences in surface roughness and
obstacles betvesn the anemometer snd pump site must be taken into account vhen
estimating wind speeds for the site. As a general rule, a windmill towver should
be tall encugh so that the lowest part of the rotor is at least 9 msters off the
ground or 13 fest above any obstruction within a radius of 400 feet,
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corvection factor should be applied, decreasing the wind speed »s surface

incm. Figure 17 shows the effects of various obstacles on wvind

spasd, along with the eatimated reduction in pover at different points behind

the obstructfon. For example, if a building has a height of H, at a distance

of 58 dowiwind from the building, che turbulence caused by the building reduces

sut by 43 pe—cent. A: a distance 10H dovmwind, the reduction in power is enly
vercent.

If the lepsth of the recordad data is short, thare is a chance that average wind
apesds based on the dats are not truly representative of long-term averages.
1f cuiy one yeax of information is available, average speeds may be in error by
10 percent. Averages for longer perfods (three yeara or mors) ars likely to be
no more than 3 percent in error. If the duration of recorded data is only one
year, it is suggested that sverage wind speeds be discounted by 10 psrcent as
a safety factor to ensure that the windmill will not be undersized.

Thare is & anothar simple, but useful, technique for extrapolating from
sateorological data to a specific site, if long-term data are available frou a
neazby seteorclogicsl station and you have recordsd wind speeds for ssveral
sonths or more at your site (if possible during vhat you expect will be the
dasign month) (see below). Divide the monthly sverage wind spesds at the site
by the long-term aversges for the same months messured st the meteorclogical
site to obtain a correlation factor., Then, use this factor with the
msteorological dats to estivate the average monthly wind speeds at the site for
sonths with no site-specific data.
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Fiqure 17, Effects of Obstacleg on Wind Speed
{Sea text for explanation.)
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Exampls 12: Windspesd B ~sapniation from Another Site's Data

You have installed ar atemomater at your site to measure wind speeds for
several sonths. You recorded an average wonthly wind speed of 5.0 a/s in
April. A vearby mateorological station (with an anemometer at the same
befight and similar terrain) measured 4.0 n/s for the same month. Estimate
the wind speed at your site for a month in which the meteorological station
ssasured 3.5 a/s.

The correlation factor is 5.0/4.0, or 1.25. You can then escimate hu*
the average wind spesd at your site was shout 3.5 x 1.23, ov 6.4 wm/e, ‘iba !
accuracy of this sort of axtrapolation depends on bow clesely seasonsi
varfatfions in wving at the site follow those at ths weathar staction,

7.3.2 Design Month

During the course of a normil year, there are periods of high and low winds.
Over & number of year.s, the patterm of these pariods wili usually be fairly
predictable and should be apparent from an examination of average monthly wind
speeds for the region.

In addition to average wind zpeeds, the vater-demand profile at the site must
be determined (sae Chapter 2), so the design month can be determined. This is
the month vhen it will be soat difficult to meet the water requirement utilizing
wind enexgy. 1If the demand is constant, the dasign wind speed will bs the
sverage for the sooth with the lowvest averags spsed. If demand fluctuates from
month to sonth, the dasign wind speed is determined by dividing the average speed
cubed by the average daily demand in cubic maters per day (i.e., V/a'/day) for
each month and then selecting the month vith the lowest value——the design month,

101




a5 '
S, 2.6, 2.7, 2.8, 2.9, 3.2, 3.1, 3.1, 3.0,
the vater requiresent is 10 n’/dny from Japuary

E the nuinﬁt of tho-'yur. nhteh_is'-"

| “  graph showa 1 16 Balow reveals two 1ikely
candidates, Jenuary and Decambar. Calculations show that the valus for
: --v'/u'/day u l 56 in Jnnuty and 64 1n lheuht. us, - '

Figure 18. Determining the Design Month

Determining the Design Month
by the ratio of windspeed cubed/demand

35
3 _ ]
A - BER B . Windspeed
f
Q 25 B . * . i . by : demand
3 1 BB B ANBRERE |
E 28 2 RaHUEUNE : rotio
15-- BT
E ‘-
e My uuy Y
Fo A an o Ag et ™ pec
Month of the “Yeor
102




7.3.3 Required Rotor Dismeter

Tha rotor ares needed for a specific site depends on the pumping head, dasign
wind gspeed, wetsy requiressn?, and overall system efficiency, also calied unervgy
efficiency. Windaill output also depends on tha pump cylindex chosen. At this
stage, it will be assumed that sn sppropriate cylinder size is available. A
method for choosing the proper cylinder size s given in Sectfon 7.3.4. The
calenlation for selecting an appropriate rotor diameter is

DY = (Qx H)/(p % 7.9 x v} x n)

vhere &), = required windafll rotor diameter in meters
Q@ = water required in »'/day
H = cotal pumping head in meters
P = local air density in kg’
v, = average wind speed for design wonth in m/s
n = assused overall system efficiency as a percentage
7.9 = units conversion factor

For & standard farm-type windaill and average wind spesd of 3.5 m/a or greater,
use a system efficiency of 6 percent. This figure should be progressively
reduced to & percent as the average wind aspeed declines to 2 m/s. For speeds
aver 4 n/s, a ressonsble value for efficiency is 5 to 6 percent. For fmproved
vindaflls, such as the Kenyan Kijite or Duteh CWD-3000, an effictency of 8
percent should be used if wind apeeds are 3.5 a/s or higher, but this figure
should be progressively reduced to 4 percent as the average wind spoed declines
to 2 m/s. Afr density is closely related to air pressure and temperaturs. In
most cases. altitude (i.e., pressure) is the largest factor in asir-density
calculatfons. A secondary factor is alr tempersture. Table 3 below gives
coryection factors for altitude (K,) and tempsrature (K,). To estimate air
densicy for any altituda and temperature, multiply the density of standard air
(1.22 kg/w' ac sea level and 20* Centigrads) by both factors shown in Table 3.
Consult local weather services to get a rTepresentative air density for your
proposed sive.

Table 3

Alr Density Correction Factors*

Altitude (w) = 0 750 1,500 2,250 3,000
FA - 1 0.913 0.835 0.760 0.692
- -20 -10 0 10 20 30 40

Temperature (o)
v ¢ 1.271 1.12% 1.073 1.020 0,989 0.958 0.925

* Adapted from: J. Leki et sl., Hore Other Homes and Carbage (San Framcisco:
Sierra Cludb Books, 1981).
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Example 14: Bstimating Alr Densitcy

Rstimate the air density at 1,300 meters ai«ove ses levsl at 40° Contigrade.
Undexr thess conditions, K, = 0.835 and ¥y = 0.923. Therefore, air density
=1.22 kg/w' x 0.835 x 0.925 = 0.9 . {(This seans that for a climate
liks that in Botswsna, the power available in tha wind is only 77 parcent
of that ut pes lewel and 10* Cantigrads).

Exasple 15: Rotor Dismstar

What iz the required rotor diameter for & standard fara windmill {f
condicions during the design month sre V, = 3.6 a/a, H = 25 maters, and
Q = 7u'/day, with an air censity of 1.0 kg/w't

Bl= (Qx M)/ x7.9%xV)xn)
D? = (7 x 35)/7.9 x 3.6° x .06)
D) 1.1

Thus, D = 3.7 meters or 10.9 fast. So, choose a windaill with a 12-foot
Ciamater, che next largeat avallable size.

7.3.4 Pusp Cylinder

To 3ize a pump cylinder proparly for a windmill, cthe concept of system design
ractio (X,) must be introduced. Thiw fs the ratio of the system's design wind
speed (v,) to the average wind speed st the site for the deaign month. The
systen’s dasign wind speed is the instantanecus operating wind speed at vhich
syscen officlency reaches a saxioum. For steel-bladed, farm-type windmills, the

design wind speed can be approximaced as
vl e .15 x (S x H x D3/(D} x G))

vhere wd = sverage vind speead for design month in o/s
S = gtroke length in centimeters

H = total head in smters
b, = disomter of the punp cylindar i{n inches
) = rotor diameter in meters

G » windai{ll gear ratio
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M G are machine paramsters that will depand on the vindmill

and B varies vith the site. A pump cylinder can be chosen based on
The ¢ylinder diameter (D) f8 given £ inches because this

how cylinders are usually measured. All other msasurements are in metrie

units.

A wind punp that is well matched to a sita should reach its optimm efficiency
around the average wind speed there. This is the case vhen X, 12 1.0. In many
instances, this is indeed true. However, the dasigner should know that for values
of X, that are slightly relow 1.0, the windmill will operate for slightly longer
periods because it ruis in Lighter winds, but it will deliver leas watar owrall,
which say have an iwpact on the sizse of storage tank required. For values of
X, above 1.0, a windeill nay deliver slightly more water on the average, but less
during lower wind periods.

The recommended value for X, is usually betwean 0.7 and 0.9. Your choice will
dapend to some extent ot the slasticicy of demand at the site, but a reasonable
compromise is to use a design parameter for X, of 0.8. The required cylinder

size will depend on the value of X, selected for your site and can be determined
uting the following formula:

D= (X x v x D) x G)/(.15 % S x H)

vhere X, = systes design ratio
and all othexr variables are as defined above.
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Exsmple 16: Cylinder Size

A Dempster windnill is to be installed at the site in Example 13. 1If X,
fs 0.8, vhat {s tha proper cylinder size? Note that complete machine
specifications should be given fn the manufacturer‘’s literature oun the
windatil. For a 12-foot Dempatar, they are a stroks length of 18.4
centinmeters and gear ratio of 3:l.

Blea ((Rxv) xDPxC)/C.15 xS x M)
B2 = ((0.8 x 3.6)* x (3.65)° x 3.0)/(.15 x 18.4 x 35)
D} - 12.3
D, = 3.53 fuches

Therefore, choose a 3.5-inch cylinder.

The sizing wethed given hare is adagquate for choosing a windaill and pump
cylindaxr. However, it {s poasible to make more accurate estimations 1if more
reliable information on the wind resource {s available. Computer programs have
been developed chat permit more accurate and detailed estimates of wind pump

output.

1.4 Cost_Considexations

This section gives representative costs for several types of windaills and
associated equipmsent, as well as typlcal recurrent OSM costs and requirements.
For models from the same manufacturer, the capital cost of a vindaill increases
vith increasing rotor diamester. As a general estimate, windmills cost between
US$200 and 300 (not including ctowers) pear squate meter of rotor area,
depending largely on the country of manufacture. Towver costs are proportional
to haight. For the same-siza rotor, traditional desigrs (e.g., Southern Crors
and Fiass) are sometises less expensive than "improved” models (Kijito or
CND-5000), but the price is highly dependent on the country of origin. For
exaaple, a 16-foot Flasa on a 40-foot tower costs sbout US$13,600, shipped from
Fisss Windwills in the United Sctates, and a 12-foot model on the same tower
costs US$6,500. In contrast, s Kijito from Kenys costs about US$11,000 for a
24-foot diamater rotor on s 4D-foot tover, shipped from Mombasa, while a 12-foot
Kijito costs US$5,000.

The price of a pusp cylinder dapends on the manufacturer, the diamster, and the
saterial. Cylinders manufactursed in developing countries are generally less
expansive but can be of good qualicy depending on the source. They are typically
aveilable in the 2- to 4-inch range for US$200 co USG800, with larger sizes
costing more. The cost of even larger cylinders incresses greatly. Most
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¢ylinders ave made of brass. Stainless-steel cylinders can bs purchased for
sites with very corrosive water, but they are often prohibitively expensive.

The prices given here for windaills and cylinders sre current as of the summer
of 1988, but may vary with new design snd mamufacturing developments. They also
depend on the country of origin—-for instance, Kijitos are mads in both Kenya
and Pakistan but are sold for different prices. The prices quoted here do mot
include shipping and insurance or local import teriffs and reatrictions. 1If
possible, contact a Jocal distributor to get more accurate prices for your ares.

1.3 nsrating Requiressnts

As is true of all pumping equipsent, the quality of windmill oparation and
preventive, corrective, and curative mafntensnce (defined in Section 5.5) will
have a definite impact on the relisbility of the system, the magnitude of
recurrent costs, and the life of the equipment. These aspects of vindmill use
ars closely interrelated, such that following proper procedurss in ons area will
favorably affect other OM requirements.

Moat wind systems do mot need a full-time operator. unlike diesel pump sets.
When the wind blows, the windeill pumps vater. All fara windaills and most of
the {wproved designs have safety mechanisms to turn the rotor out of the wind
to protect it during periods of high wind. Despite these self-vegulating design
features, s part-time operator or caretsker sasy be advisable for a number of
reasons. His or her tasks would include the following:

. periodically checking the wvindmill and storage tank,
. perforaing light maintenance,

. senuslly furling the windeill vhen the storage tank is full
and unfurling it vhen more water can be added, and

- reporcing major repair needs to repair craws.

The 1ssus of paying a part-time operator or carataker will vary depending on the
pump application and community structurs. 1t should be noted that the cost of
this item can make s difference in determining the economic and finsncial
feasibility of a wind pump.

7.6 Haintenance and Repsic

Whils normal preventive saintensnce requirements for windmills are minimal, they
are isportant. They include rwutine tightening of sll nuts and bolts, chenging
the lubricating oil, gressing certain parts, and periodically changing the pump-
cylinder leathers ss they wear out. Ignoring any of thess small tasks, cen
damage the machine and, at best, will decrease its expscted service life. 1If
these tasks can be accomplished dy a local caretaker instead of an ares
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meckanic, operating costs will be reduced because labor and transportation costs
will be ssved. 1In addition, the system is likely to be more relisble if che
responsibility for maintenance rests with someone vho benafits dirvectly from its
proper opexation. This is not possible with some tasks, however, such as
changing pump-cvlinder leathers, wvhich ususlly requires tools for pipa 11%ting.

The frequancy of routine maintenance depends on conditions at the site. It is
recomsended that wvwindeilla be checked visually at least once a month and
resaining saintenance tasks be carried out annually. The life of cylinder cup
leathers deperdds to some degtee on water qualicy (i.e., grit or sand {n the
vater) amd may vange from less than a year to over two years. In the absence
of other information, an average replacement interval of one year iz a
reasonable estimate for planning purposes.

Minor problems that do uot cause a system to break down raquire corrective
maintenance. Tha most ccmmon problems typically involve the windmill's manual
furling mechanism. Broken furling cables do not disable the windmill and, in
mcst cases, the problem can be vrectified at the local level. However, if left
unrepaived, & broken furling mechanism will prevent the windmill from being
manually curned eut of high winds, vhich could cause {rrepsrable damage.

Vhen curative maincenance is required for breakdowns, outside assistance 1ia
often needed to restors the windmill co operation. Ths most common curative
maintenance problems are broken or disconnected pump tods. How eften this
problems arises is highly dependent on the quality of the original inscallacion.
Improperly installed vods ot crooked borehole casings can cause regular breakage
of sucker rods. The problem may arise only every several years or as often as

every fev months. A typicsl rate for a reasonably weli installed system is once
& year.

Field asperience has indicated that en average windmiil installation will have
three to four maintenance problems annually. The reliability and serviceable
life of the windmill systea will be increased and costs decreased in proportion
to the amount of maintenance and repair work that can be handled at the local
level as well as the responsiveness of outside help, when it is required.

7.7 Eauipment Lify

The long-term cosc-effect{veness of windmills depends on a system having low
recurrent costs and a long useful life. Historically, the popularicy of steel-
bladed, farm-type windmills in many aress was dus to the fact that they
possassed thess attributes, with typtcal lifetimes often in excess of 20 years
and accasionally as long as 40 to 50, Windmills have not had such a favorable
record in developing countries. Often, the first or second breakdown has been
the end of a windmill‘s useful life, because local people were not often trained
in proper operation and repair procedures before the system vas installed. This
situacion emphasizes ths importance of identifying a capable maintenance and
repair organizstion before installing & wind pump and establishing a
satisfactory, cooperative, and responsive relationship between that organization
and the users of the system to ensure a long, useful 1ife for the machine.
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Considersble researc). and davelopment hive bean undertaken over the last 10
years in an effort to produce more efficient, relisble, low cost handpumps that
can be menufeccured lecally. As part of the United Nation’s Intermational
Drinking Vater Supply aud  Sanitation Decsde, the World Bank has funded

tive studies nf handpumps (Arlosoroff et al. 1987) that have focusad on
«the concept of villagt-level operation and menagement of majntenance (VLOM).
VIOM puaps can easily be installed, operated, and maintained by village
sschanics and technicians without expensive tools.

It is increasingly appsrent that hendpusps are the least expensive, most
velisble technology for mamy applications, particulerly for low-demand sites
(about 5 »’/day). Uhen properly msintained, handpusps can be very relisble, but
commmity involveasnt in maintenance and xepair is usually required to ensure
their long-tera performance. Such involvement decreases the naed for O&M
support from outside the local community, vhich often sakes handpumps a mora
asttyactive option in the eyes of development planners and, more important,
users. Hendpumps that can be maintained locally are likely to result {m much
highay water availability for the community, compared to other systems vhere
maintenance or repair depand on the intervention of centrally based repair crevs
wvhich are usually overburdened.

This chapter discusses the technical charactexistics, costs, and support
requirements of handpumps used for domestic water supply. Sizing is & much less
complex desfign fssue for handpumpa than the other systems discussed in this
sanal, so the selection criteris presented hers focus more on other fssues
related to maintenance and repsir. There is a wide variety of husan-powered
pusping systems that are used primarily for agricultural purposes, including
foot-powered treadles, shadoofs, and chain-and-wvasher pumps, but these will not
be discussed further here. Kennedy and Rogers (1983) and Fraenkel (1936) offer
in-dapth discussions of these other types of human-powered pumps.

8.1 Drmes_of Handoumps

Ove.” 50 makes and models of handpumps sre available worldwide. All depend on
hunm. power and, thus, have a limited pusping rate and head range compared to
the other mechanical systems considered in this manual. Handpumps can be
divided into four categories:

. bigh lift—positive-displacement pumps capable of pumping from
dapths of up to about 45 maters,
- intermediate lift—for 1ifts of up to 25 maters,
. low lift-—up to 12 meters, snd
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. suction puspa--up to 7 maters.

These categories include high-iifc reciprocating, diaphrags, progrsssive-cavity,
direct-action, and suction pumps. Illustrations of several coamon types of

pumps are shown {n Figure 19. Two typical installations are shown in
Photograghs 8 and 9.

Deep-well rveciprocating-piston pumps are the best-knowm type of high-':fc pusps.
They iy have {amersad pump cylindars snd are opevated with lev -arm pump
bandles. The adst common designs are the India Mark II and Afri- v, These
pusps can 1ift vater from up to about 43 meters, although soae othe: iesigns ave
move suitable for Lifts of less than 25 maters. Typically, hi: ifr piston
pusps axe

. more difficult and expensive to maintain at the - lage lavel
than low-1ift puaps,

. oparated at a decreased pumping rate as head increases, and

. genexally less suitable for local manufacturs in developing
countries.

A second design suitable for high-1ift pumping ia :he progressive-cavity pump.
Similar te a screv pump in ita operation, this design incorporates a rotor
turning within a stator that progressively forces water up the drop pipe. The
Mono and Moyme brands are examples of chis design.

A third type of high-11ft punp is the desp-vell diaphrags design. It uses a
flexible nembrane that is repescedly stretched and relaxed mechanically to
provide the pusping action. The French Vergnat is perhaps the best example of
this ctype. These pusps are especlally suitable for sandy or silty water.
Hovever, compared o reciprocating-piston pumps, they are generally more complex
and axpansive and often require specialized parts and tools for maintenance and
repalr.

Birect-action systems, such as Blair and Kangaroo pumps, are sultable only for

1ifts of up co about 12 meters because the pumper acts directly on the pump,

without the advantage of s lever arm. Compared to the designs mentioned above,
these pumps tend to be

. low in cost,
. more suitable for village-level maintenance, and

. fnappropriste for Feavy use—they should probably not be
considered for sites vhere the water demand is above 1.5 te
2 »’/day. "
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Figure 19. Different Type
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8. India Mark II Piston Handpump in Botswana

9. Mono Direct Drive Handpump in Botswana
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creating a partial vacuua to pull water upward. Thus,
they are useful only for 1ifts of no more than 7 meters, a limit that decreases

on pumps must also be primed bafore use by pouring
water into the space sbove the plunger. Still, these pumps are very popular in

areas vhere haads are low. This type of pump tends to de

. easy to service and repair because all moving componenta are
at ground level, and

s primarily suited to meeting fairly limited water needs.

Since low- and intermediate-lift pumps are eassentially simplified versions of
high-1ift pumps, only high-1ifc and suction pumps will ba discussed further in
this chapter.

8.2 Opazating Characteristics

The operacting cheractaristics and requirsments of handpumps are significantly
different from those of diesel, solar, and vind systems. These differences
between handpumps and cthe other systems {nclude both advantages and

. The most important advantages of handpumps are their simplicity
of operation, low cost, and potantial for local maintenance. The significant
disadvantages of handpumps are that their capacity is very limited and they
geverally cannot be used with piped distridbution aystems. To some extent, these
draxbacks can be overcome by using more than one pump. Of course, this would
usually require sdditiomal water points, which would emtail high costs for
drilling or digging more wells at sitea vhers groundwater is pumped.

The capacity of handpusps varies from 3 to 20 liters per minute, or 0.3 to
1.2 o® per hour on a continuous basis, depending on the head and pump type. In
practice, output is often more dependent on the users than on the capacity of
the pusp~~even if pecple are organized, lined up, and ready to begin pusping as
soon &8 the preceding person finishes, it still takes time to rewmove the full
container under the discharge pipe and replace it with an empty vesssl. Output
1s also sffected by the spead (1.¢., effort) with which a pump is used, a factor
that varies considerably from user to user. Under typicsl conditions, a single

can deliver 4 to 5 w'/day, enough for 200 to 250 people. This capacity
linits zhe use of handpuwps to villages and settlements with small populations.
even if sultiple pumps are installed. Depending on particular site constraints,
a system of four or five handpumps may provide a relisble water supply that is
cost-competitive with other options. This, of course, depends on the costs of
digging the wells for each puwp.

Usually hsndpusps deliver wvater only to the wellhead and .annot easily be
adaptesd to central-standpipe or yard-tap distribution systems. This fact has
two fsplications. First, vater sources should be within a convenient walking
diztance for users. Any sconosic anslysis of the number of water points to be
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included fn a system should consider the opportunity cost of time raquived te
collect water. Second, compared to distributed wvater supplies, significant
capital savings are realized when a storage and distribution system iz not
needad.

8.3 Opaxation. Maintenance, and Repair Requixements

Haintenance programs for pumping systems are usually handled by the community
or a centrally based orgenization. In the former (s.g., VLOM), the community
cakes direct responaibilicy for the pumping system and only contacts outside
help for repairs {f necessary. In centrally based programs, responsibilicy for
& systes rescs wich an outside agency, contacted by the community wvhenever any
servicing is required. Studies over the last several years have repaatedly
shown that comsunity fuvolivesent is an important faccor in successful long-ters
operation of handpumps. To tha greatest extent possible, comaunity
participation in pumping projects should be encouraged from the earliest
planning stages.

Az iz true for more complex technologies, the proper design, procurement, and
installation of handpumps are necessacy, though not sufficient, cenditions for
successful tong-term use. Correct opersticn, maintenance, and repair procedures
are equally important. The VLOM upproach to handpump design focuses on reducing
users’ dependence on axternal support. This approach can save coney and tiue
and can alse ainimize other problems (e.g., communication, transportation, and
{mproper repairs) cften associated with centrally supported maintenance and
repaly programs. Since handpumps are relstively simple pumping systems, they
lend theaselvas to the VLOM approach,

VLMt prograss provide an 08 structure that is more directly responsive to
ceamunity needs. However, centralized prograns with mobile mechanics that serve
specific geographic aress can complement the VLOM model by mobilizing trained
mechanics, tools, and transpertation when more complicated vepairs are required.
VLOM vater supply programs include training components to identify and develop
the capability of s village caretsker to perform light waintenance, prevent
abuse of the pump through improper operation or vandalism, and quickly summen
outside help for maintenance and repalrs as required. Caretaker offectiveness
is the critical component in successful handpump use.

Regular preventive maintenance for handpumps-~for instance, cightening nucs and
bolcs, and keeping the ares clean--should be performed at the local level by the
village caretaker. As previously defined, curative malntenance includes actions
that are necessary to restore pumping following s breakdown. Most handpumps are
not truly VLOM designs, so it is frequently {mpossible to handle all maintenance
ard repair ac the village level. Often, repairs are required when belew-ground
componentes fail due to poor water quality, heavy use, or simple wear. This type
of work ususlly involves the transportation of a repair crew with appropriate
tools from a central workshop In such cases, a prompt response is necessary
to ensure a steady supply of water.

Bown-hole components that occasionally require maintenance, repair, or
replacement are the cylinder, cylinder or cup leathers, drop pipe (through which
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weter is pumped), and sucker or pump rods, wvhich drive the piston inside the
cylinder on piston puaps or turn the rotor on Mono-type pusps. Replacing cup
1sathers is the most common repair. Depending on the typs of cylinder, this say
involve pulling the entire cylinder or just the piston. Periodically (with
greater frequency at sites with poor vater quality), the drop pipe will need to
be replaced. Sometimes, pump rods become disconnected and must be replaced if
they canmot be fished out of the well.

The most common maintenance problem encountered shove ground is the occasional
nead to veplece worn bearings on the pump handle. Othar problems invariably
arise with the pusp head or other componentzs. The frequancy of asuch repairs
will depend on the particular pump selected for the site and tha care it has
received during use. The amount of loat pumping time and repair costs will be
a funccion of the nature of the problem, the availability of nacessary spare
parts, and the responsivensss of the maintenance structurs.

A reasonable range for frequancy of repairs is thres to four times a year to
onte every twe years. The level that f{a acceptable will dspend on the
responsiveness of the repair infrastructurs and the total smount of time the
punp is out of service. 1f repairs can be done at the local level, ocutages will
be shorter and a higher breskdown fraquancy msy be acceptable to users. If
repairs st be done by a centralized maintenance unit, it may take several days
to & week or more before preblems are sddressed, and a greater frequency of
repairs iz not as likely to be tolerated.

The expected lifetime for handpumps is difficult to estimate as it depends on
the conditions and amount of use as well as care the aquipment has received.
However, typical rengces are anyvhere from 3 to 10 years.

8.4 Lhocsing a Handpusp System and Modsl

Pecple are often reluctant to conaider handpumps becsuses of thair obvious
limications, despite the equally obvious potential for cost savings. The
following sections offer some basic recommendations ragarding constraints on

handpusp use to assist you in determining vhether or not handpumps are the right
choice for your eite.

8.4.1 Application Limits

Hendpumps should not be considered if the total head at your site is more than
45 to 30 weters, due to the physical difficulty of pumsping vater from greater
depths. You should also take into account vhather the maximum snticipated head
will be further increased by drawdown in low-yield wells or seasonal
fluctuationz of the water source~=both are liksly with shallower sources that
aye wore dependent cn ssasonsl recharge.

If the saximm snticipated puwping head £s less than 45 meters, the next concern
is the water raquirement. Given that s typicsl handpusp can serve 200 to 250
psople (f.e., provide & to 5 W/day), the number of handruaps and wells needed
for lavger sites can easily be calculated. In some circumstances (e.g., very
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veaote sites vhere diesel fual may be expansive or difficult to obtain and vhere
qualified technicians msay not be available), four to five handpumps may ba a
more attractive option than a single diesel pump that has greater pumping
capacicy and its associated wvater storage and distribution system. Certainly,
the cost of developing additional wells, water storage and discribucion systems,
and the maintenance associated with these components must be considered in
deciding which typs of systems to use (see Chapter 10 for sn econcaic analysis

of pumping aystams).

Convenience and heslth concexrns should be considered in system design and
siting. Well siting and user convenfence are not as importent for pumping
systemt that can distribute water through central standpipeas or private
connections. However, for handpumps to be a visble option, thay should be
located wo more than a reasonazble walking distance from users--400 co 500

maters, At sfites vhers water sources ares located well ocutside village

boundsries (perhaps to veduce the risk of pollution), handpumps are probably nat
suitable becasuss of the diztance and time that would be required to collect
vater. The nesd to prevent well pollution is alse important. Pollution may
oceur through direct entry, as occuras with open, hand-dug wells, or the
nigration of contsainanta from the surface. Provisions should be made for a
well apron and “soak-avay" or drain to kaep the area around the well as clean
and dry as poasible.

8.4.2 Salecting & Handpump Model

In carms of equipment, che process of sysctem design for handpumps consists
mainly of choosing tha pump and, in a few cases, an appropriate cylinder. Pump
selection depends on s nuaber of factors, including anticipated waximum lifr,
vater requivrements, discharge rate, ease of maintenance and reliabilicy, and
resistance to corrosion snd abrasien., Addicional concerns are the avallabilicy
of the pump locally and, where appropriate, the potential for local manufacture.
When selecting a pump consider these factors in the following order:

. opsrating condicions--head and output requirements,

. ease of maintenance~-~dependent on local O&M infrastructure,
. relisbilicy--see the ratings given below,

. resistance to corrosive or abrasive water conditions, and

. potential for local manufacture of the sntire pump or some of

its components.

In many areas, handpumps can be purchased only through agents from abroad. In
others, imported handpumps can be ordered through a iocal dealer or distributor,
Occasionally, local suppliers stock imported pumps or sven models manufactured
locally. There is increasing interest in promoting the local fabrication of
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bandpusps in coumtries vhere the {ndustrial capacity is sufficient to ensure
high-quality products. The advantages of in-country manufscturing include:

. cost savings, as the result of lower labor and shipping costs;

® local technicians® familiarity with the unics, thereby
ensuring bettsr msintenance and repair capabilities;

. increased availability of spare parts; and
. local incoms generation.

In sddition to a moderateiy developed industrial capability, an adequate local
or regionsl market must axist before locsl mamufactur ng of handpumps should be
considered. At the project level, the decizion to use handpusps should include
an evaluation of tha potential for futurs fabrication of tha antire pump or some
componants. If local mamufacturing is seriously being considared, various
associated naeds must be studied. High-quality sanufacturing of pumps and/or
spare parts can be an expensive, time-consuming project. The implications and
cost of such a program must be carefully considered within the overall context
of a country-wids water vesources developsent strategy.

If you determine that handpwsps are the most appropriate techmology, based on
the vater demand at the site, ths operating constraints, and other facters
discussad shove, the best single source of information on choosing a particular
oep ssmufacturer and model is Arlosoroff et al. 1987. The section titled
*Handpunp Compendium® contains summary deacriptions of over 100 makes, 86 of
which were tested during the World Bank’s handpump project. Each desgcription
fncludes an overall assessment and ratings on discharge rate, esss of
maintsnance, reliability, corrosion resistance, abrasion resistance, and
manufacturing needs. After first determining which pumps can be procured
locally, use this reforence to choose between the available models. The book
aleo contains & set of four pump selection tables organized according to head
1isita--7, 12, 23, and 43 meters. WUithin these four categories, pumps are rated
on each of the six areas listed above. These summary selection tables are
reproduced in Appendix D.

8.5 cost Considsxations

Vhen comparing water costs for handpumps with thosse for other technologies
considered in this manual, special care sust be taken to include all relevant
costs. Only those items that are common to sll systems can be overlooked in
such comparisons. For example, if you consider using multiple handpumps to maet
a demand for distributed water, you must include the cost of developing multiple
water sources. Similarly, if this is to be weighed againat tha cost of a
distributed wvater supply provided by s diesel pump, remember to include costs
for piped distribution, vater storage, snd associated meintenance and upkeep.
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The installed capital cost of a handpump varies depending on the type of syatea
and itz location. Prices given here are for 1968. Low-head pumps typically
cost US$200, but may be as low as US$50, particularly wvhen they are manufactured
locally. Pumps for higher heads, which are usually imported, can cost
considerably more, between US$300 and US$1,000 per unit plus shipping. Pump orx
sucker rods cost about US$2 to US$) per meter and drop pipa about US$5 to USS7
per meter. The cost for a well cap and comcrets drain varies conaiderably
depanding on locsl labor and cement costs, but averages around US$50 to US$100.

8.5.1 Operating Costs

Handpump operstion is fairly straightforvard. The only “fuel® cost is the
pusper’s salary, if any. Handpumps do require attended operation, but in most
cases, pump oparators are the vater users themseives and 50 are not paid. Even
so, & proper econoaic analysis of handpumps should cousider the labor cost of
punping vater. When considering different system options, be sure to include
all_che costs of supplying vater. For exampls, some handpump sites may be
located outside the village. If you are comparing a handpump system (where
vater users must carry water from the pump site to their village) to a diesel
or other system vhich pumps water te public, cantrally located standpipes, the
coast of any addicicnal labor for carrying water from the handpump site to the
central location should be included in the analysis (as should the cost of the
distribution system for the diesel aystem).

Handpumps require a tine and labor comnitment from users, who could use that
time in other ways if another pumping option wera chosen. This is not usually
& factor vhen considering diesel, solar, cr wind pumps. As mentionsd above,
datly care of a handpump should be entrusted to a caretaker, who has some skills

and perhaps encugh tools to peruit him ocr her to fix minor problems. This
Person say or may not be paid by the community or as an employee of some public

agency.
8.5.2 Maintenance and Repalr Costs

Fer coenvenience, maintenance and repair needs have baen divided into nine
potential problem areas:

. ths pump handle;
. the fulcrum or bearings;

. the rod hanger, where the gucker or pump rods attach to the
bottom of the fulcrum;

) the pump tods, bacoming disconnected from each other or the
pusp element;

. the rizing mair or drop pipe;
. the piston seal, often referred to as the leathers;
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. the pumping element-~for example, the piston in reciprocating
pumps and the diaphrage in diaphraga pumps: _

. the foot valve, which prevents vater from draining out of the
drop pipe and causing a loss of priming in suction pumps); and

® other problems.

For piston pumps (including bhigh-1ifc reciprocating, low-lift suction, and
direct-action types), the leathers are typically the most common item needing
repair. They will probably require rsplacemsnt every six months to two years,
dapending on the quality of the water and the degree of pump use, with heavy use
increasing the fraquency of replacement. The cylinders will likely last five
to seven years, depending on the same factors. A typical maintenance and repair
crev can replace the leathers or cylinders in ome day (mot including
transportation to the site), aven if the cylinder and drop pipes have to be
pulled. 1f the drop pipes have to be pulled, a special rig or tripod may ba
meeded to lift thea from the borehole.

The besrings are the second most common problem area in piston pumps. Depending
on the dasign, the replacement of bLearings can be very difficult. New pump
designs, such as the Afridev, use plastic bearings that can be easily replaced
in ocvder to minimize this problem.

For Mono-type pumps, the bobbins holding the pusp rods in place will have to be
replaced pericdicslly, in addition to the puap rods and drop pipes. In general,
the pump itself is very long-lasting and will probably require replacement only
SVery seven to ten ysars under norsal use. For diaphragm pusps, the part that
is most likely to need periodic replacement is the diaphragm, every three to
five years. Typical frequencies for the maintenance and repair needs of many
pumps axe given in the "Handpump Compendium* section in Arlosoroff et ai. 1987.

A ressonable estimate for a typical cost range for the maintenance of handpuaps

1s US$23 to US$200 per year, sssuming the pusp is used regularly for about eight
hours par day.
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"~ Technical selection of pumping squipment has been sxplained in detail in the

chaptexs. By now, you should be able to dotorlinn vhich systemns mest
or fail to meet the pumping requirements at ysur site. 1If no systems mest the
selection criteria. a resvaluation of the criteria, site. or project 4s
necassary. Mmhw&mrrmdthehoico“toomorun
systen options that are tachnically acceptable, you must now make certain that
these ming systams can be oponud and maintained ptopurly.

Bafore further selecting systems from among the remaining equipment options you
mst weigh & mmber of additional factors invelving the complex inter-
relationship between the physical equipment, pump users, and infrastructural
support netvork that keeps the equipment oparating over the long run-——system
desiprers, squipment dealers, installation personmel, operators, and maintenance
and repair crews. Thase factors are not naarly so sasy to quantify as the head,
the flow rate, and the various cost issues discussed in previcus sections. As
a decision-maker, you must determine vwhat these factors are and vweigh their
relative importance.

The first fsportant criterfion in sgquipment selection is the technical question
of whather the system can deliver the desired amount of vater. The next is that
proper operation, maintenance, and repair support will be available to ensure

that tha system will continue to supply water yvellably over the long term. This
requires an infrastructure that ¢an provide the following important neads:

[ spars parts inventories,
. skilled operators and mechanics,
® transportation natworks,
. communication, and
. clear lines of authority and responsibility.
In each of the five broad categories of msintenance requiressnts coversd in the
ssctions, & series of questions are posed that can be used to

detarmine whether or mot the local or regional infrastructure will be able to

respond to thw meeds of the specific type, make, and model of squipment you are
considering.

121




9.1 Spaxe Parts

Probably the meost important determinant of whether a pumping aystem can be
maintained over the long run iz the availabilicy of spare parts. All parcs
requived for the pump set you select must be available at some location that is
relatively near (i.e., can be reached within a reasonshle time) or the pump’'s
first failure may mean the and of its service life. Servicing guidelines for
diess] angines {(often provided by manufacturers) usually divide spare parcs into
tvo groups—fast-moving apares and other parts. Fast-moving parts include items
oteded for praventive procedures and coomon corrective maintenance, such as
gaskets, belts, and injector nozzlea. Theas should be readily available at a
nearby locacion for the engine make and model you choese. Other spare parts
that are less comsonly needed fnclude cylinder heads, crankshafca, and
fiywheels. These must also be available, but since the need for them iz likely
to be less frequent, you may be able to tolerate a longer delay in obtaining
thes.

For handpumps and windmills, fast-moving spare parts that are often needad are
sssentially limited to cup or cylinder leathers and woaden sucker rods for
vindeills., Since these sre fev in number and velatively inexpansive, these
systems are less vulnerahle to outages caured by a lack of parts than diessl
engines, vhich vequire many fast-moving parts. Solar PV pumps do not typlcally
require any fast-moving spare parts, although all hand, wind, and PV pumping
systema will occasionslly require unexpected repairs (sueh as tveplacement
brushes for soee PV motors). The parts needed to complate these repairs—-e.g.
2 handpunp head, windaill blade, or invertor--may only be neaded every thrae,
five, or ten yesars., However, vhen breakdowns occur, these spare parts should
be avaflable in local or neardy regional inventories, since it s highly
unlikcely that they can be fabricated locally under most circumstances found in
developing countries. The more fast-moving the part, the more widely it should
be distridbuted. For examples, diesel belts should be available at the local
level, but pump cylinders or PV modules need only be avallable at the district
or perhaps natfonal level.

It is posaible that parts may only be availsble at greater distances from the
site (i.e., from a central or regional, rather than & local, Lnventory), so a
longer pericd may elapse before repairs are completed. In that case, the systen
designer and uders must decide how they will meet water requirements until che
systen can be repaired. In some Instancas, especially Lf the part ls very
expensive and the number of systems being supported is small, ic may bs too
expensive to maintain a regional inventory, so high-cost spare parts will have
to be imported on an ss-needed basis. 1If this is the case, it s essential that
there be a communication and distribution network in place already, including
fmporc agents and distributors, and that planners and water users understand how
much eime {5 required to procure imported parts, Ome solution is tc maincain
8 locsl inventory of at least one complets set of all spare parts for a system.
These can be replaced as they are used,
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To get a clear picture of the possidble difficulties in obtaining required spare
parts for the yemaining equipment options, answer the gquestions below.

1. Axe all spare parts available locally at the pusp site? Lisc
the name of local shop(s) or agent(s) and the types of spare
parts they carry.

2. How far is the nearest location outside ths village vhere fast-
moving spare parts for your pump set are available? List the name
of the village, the discance from the site, and the name of the shop
or agent.
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the sams location vwhere full service and overhsuls are
available)? List the names of the agents and the spare parts
and gservice they cam provide.

4. HBow long does it taka to get spavs parts vhen theay must be
ordered or imported?

9.2 Skillad Opsrators apd Machanics

The second brosd category under Ot requivemsnts is skilled personnel. The
skills rvequired to operate a pumping system are very different from the
technical and diagnostic skills needed to ensure a long service life and proper
rvepairs. Tasks for operators or caretakers typically include

starcing and stopping the pump set, as required;

. performing daliy chacks of fluid levels (vhere necessary) and
equipment coniition;

® handling limited preventive maintensnce, ss the opevator's
t::ining and asuthority and the available parts and tools
allow. and

. contacting the proper suthority to explain specific problens,
when needed,

Operators and caretskers are the most important human component in successful
system operation. They form the first line of defense in the ongoing effort to
keep & pumping system oparstional.

Hechanics are necessary vhen the required maintenance or repair procedure is

beyond the cperstor’s suthority, cspability, or capacity. Typicslly, mechanics
sust have
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. mobility to travel to the pump site,

- the abilicty te accurately diagnose problems in the avetam,
. access to nacessary tools o coaplete minor and major repairs,
and

. the skills needad £o make complicated repairs in the field.
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that a broken dewn tem iz rxeturned r.n nwi« prolpcly Handpunps and
Mlh are most suftable for local repairs. Since the skills needad are
fairly limited, people in the communicy can be trained to perform wmost
maintsnance and repair tasks. The widespread use of diesel engines for pumping
water and gensrating electricity in isolated sreas means that there ars usually
some area mechanics who are at least partly skilled. 1If the level of local
repatir capabilities is doubtful, skilled personnel frea outside the immediate
:mil ¢y may be necessary to ensure that proper maintsnance proceduTes ars
ollovwed.

Solar pump repairs can require specialized skills that are not normally found
in rursl areas. Individuals with basic skills in electricicy may be available,
but the specialized nature of PV technology may mean that suitable technicians
will not be available even vithin the region. Although sclar pumps rarely need
curative saintenance, it is still important to consider who will perform auch
tepairs. If mechanics are only available regionally, you should also consider
how far they may be willing to travel.

To datermine the availability of qualified operators or caretakers and trained
technicians as well as their potential ability to handle maintenance and repalr
functions, you should answer the following questions.

QpeKazoxs

| 8 De the people nearby that might serve as potential cperators
or caretakers have any eoxperience or familiarity with the
squipment you are considering?

2. Are there individuals with sufficisnt education and mechanical

aptitude that coul: be trained to parform these functions
well?

3. Are operators likel:. to have the tools needed to opsrate the
system properly and nandle minor repairs?
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1. Are skilled mechanics and/or elactricians available in the
village who have general mechanical, engine-repair, and/or
electrical skills?

2. How far must mechanics trained {n engine and/or slectrical
repairas travel to assist with msintenance of the pumping
systea? .

3.  Are mschanics from cutside the community available year-tround,
or would transportation problems or other responsibilities
sake them unavailable sometimes?

& Can arrangemsnts be made to provide training to mechanics and
technicians so that the nacessary skills are svailable vhen
needad?

For all of the sbove items, you should alsc consider: How much will this coat?
o will pay for ic?

9.3 Authority and Reaponsibility

The ultimste authority and/or responsibility for a water supply system may rest
with & local community lesadsr or organization or a reglonal or central
government agency. Uhen local persons or groups are responsible, they must have
sufficient funds snd tha cspacity to mobilize resources to respond to problems,
as necessary, Lif their suthority is to be meaningful. If a regional or central
organizacion is responsible, 4t must be responsive to local needs for
saintenance snd repair that cannot be handled st the local level.

Regardless of where tha formal authority lies, some degree of coamunity
responsibilicty is slvays important in the succesaful operation of water supply
systems. The choice of technology should take into consideration the capacity
of & village to be tesponsible for a puwping system and the svailadility of
outside sources of periodic assistance. 1In general, less complex technologies
are sore suitable for situatiors where local authoricies have responsibilicy for
a systen. HMore complex technologies that require higher levels of O&M support
are more sppropriate when suthority for a system is more centralized.

For example, 1f care is taken in selecting s handpump, it is likely that most
maintenance functions can be carried out locally. At the other extreme, most
repairs of solar pusps must be performed by outside agents, who should be
clearly identified prior to making & commitment to that technology. This does
not mean that solsr pusps are necessarily s bad choice, only that there must be
responsive machanisms for maintenance and repairs to ensurs ths long-term
relisbility of the system. Diesel systems usually require the largest ongoing
comnitment of resources because of the complexity of engine OSM relative to
other technologies. Sometimes, a community will have a qualified mechanic who
is available to perform service functions, assuming that spare parts are
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available. Since the qualicy of local mechanics varies considerably, it ia
important to check thoroughly the sxperience of the person designated as a local
mchanie. Sometimes, “"repaira®™ can leave the system in worse shape than before.
For the most part, windmills can be serviced locally, with the pozsible excaption

of changing the pump lsathers.

To clarify the lines of authority and responsibilicy for your system, answer the
questions below.

i. What person or organization haz ultimate authoricy over the
water supply system? Ia this authority local or centralized?

2. Does thiz parson or sgency have control of the financisl
tesources necessary for succeasful O&M? If not, which
organization does? Is obtaining funds a major problea for the
coamunity or user group when the need arises? Does any other
group, Iin the private or public, formal or informal sectors,
have the capacity to rvespond when problems occur?  Are
existing cost-recovery schames (e.g., user fees) adequately
enforced at the local level, se as to ensurs the availabilicy
of O&it funds when they are required?

3, Vhat group or individual in the community or nearby area has
responaibility for the watec supply system at the local level?
1s the group or individual vesponsible to a local or central
authoricy? 1s the vesponsible party paid or a volunteer?
Does it have other functions (e.g.. village development or
heslcth) cthac may reinforce or get in the wvay of fics
responsaibilities for cthe water system? If an organization is
rasponsible, fs it likely tc represent a faction of the
coamunity or the whole village?

&, Does this responsible party feel ft can effectively bring
Tesources to bear on operational problems wvhen needed? 1If it
must ¢all on an outside organizarion for O&M assistance, will
this other crganization respond {n a timely fashion?

5. If there is a backup system or secondary water source, is it
under the sane authority as the primary systew?

%.4 Iransportation

As long as spars parts, skilled labor, and/or fuel must be brought in from
outside & village for some or sll O&M functions, the quality of the local and
regionsl transpoxtation network must be considered in equipment selection.
Factors to be considered include distance, travel time, the quality of roads and
whether they are passable yesar-round or only seasonally, and the availability
of vehicles or other means of transportacion. For systems that have great needs
for outside support, these are very important issues. That s why it is an
advantage if skilled personnel and spare part inventories are available locally.
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Since the transportstion um:l is critical in moving uehnxetm parts, and
msterisls to a pump site quickly and efficiently, answering tln following
quescions will give you an undsrstanding of vhat characteristics of that nstwork
affect the long-term operation of a system.

1.  Vhat msens of transportation are readily available for travel
to nearby towns or villages to cbtain spare parts or tachnical
sssistance--bus, otttehl trmpom:ion. private wehicles,
other modes?

2. Vhat distances muat be traveled to obtain spare parts and to
summon sechanica?

3. How long do these trips typically take?

& Are light- and heavy-duty trucks (four-wvheel driva, 1if
necessary) available to transport heavier equipment and spars
parts to the site? If mot, how can they be made available?

S. How such do thess different seans of transportation cost per
kilometer or trip?

6. Axe fuel and parts for vehicles readily available on a year-
round basis?

2.5 Sompunicacion

Ineffective communication is often & factor in long periods of system downtime,
but it is frequently overlooked. There are generally two types of
commmications problams—~response time and inaccurate or incomplete information.
If it tokes two days to sumson assistance, every service requiring such
commmication requires st least two days plus the time needed for a response,
1o addfition, becsuse messages are often incoaplete or inaccurate, maintensnce
and repair craws might bring the wrong personmel, parts, or tools. A simple
message 1ike "there is no water® is not very halpful to a maintenance crew that
is trying to decide what spare parts and tools will be required. The crew may
have to make an sdditionel trip to complete the repair., The need for rapld,
sceurate communication of the nature of & problem to the proper person or agency
is important in assuring a tisely, sppropriate response. One suggestion is that
all site operators Y- given written forms (perhsps postcards) with the address
and telephone number of the repair crew dispstcher, along with seversl questions
vhich need to be answered wvhen reporting problems.

The follewing questions focus on important communication issues.

1. Are the proper steps for summoning maintenance and repair
assistance claar to the operator/caretaker and users?

2. Does the operstor/caretaker have ths training and skills to

veport most problems accurately to the maintenancs/repair
crew?
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.8

&,

hen outside assistance is needed for maintenance and repair,
how is assistance sunmonad? Are these channels of
communication open year-round? Do they depend on verbal,
veitten, or radic meszages?

Is assistance requested from different scurces, depending on
the nature of the problem? If go, list the various types of
problezs and the corresponding sources of asalstance.

then assistance is summoned, how long is it likely to take ¢o
get a response from each scurce of help?

-

Evaluacing the capability of a maintetance structure is nelithexr simple norx

straightforvard.

It requires an assessment that iz based on speclfic local

condfcions and the type eof equipment being considered. Ia the procass of such

an evaluation, there ars several imporiant points to keep in mind:

localk capabilicy (eo.g., for operation, maintenance, rvepair,
sud/or spare parts inventories) f{s always an advantags;

complex systems are likely to need oore maintenance than
simple omes;

well-known technologies and systens that are essily understood
increase the possibilities for local repairs;

the acceptable length of time for skilled technicians to get
to youxr site with appropriste tools and spare parts depends
on water availability requirements end backup sources of
supply:

to the extent possible, maintenance functions should be
integrated into the oexisting (infrastructure, either
government-operated or private--do not try to set up nevw
oxganizations to support naw types of equipment; and

be sure to consider the nead for and cost of ongoing training
in O&M procedures,

While it is ispossible to guarantee that an existing maintenance and repair

tnfrastructure will be responsive in the future to needs assoclated with the
equipment you choose, careful consideration of answers cto cthe questions listed
fo chis section should give you a good indication of the 1likelihood for
successful long-term operation of the system,
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The final muou of this manual addresses the ﬁjot remaining issus fnvolved
in punp selsction—costs. An snalytical sethod called present.worth analysis
is applied to the two major components of pusping systea costs (i.e., capital

and yecurrent costs) to compare the costs of pumping uater with different types
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Mmili
FIRARCIAL ARD ECOROMIC ARALYSIS

The first step in choosing a pump iz to select one or more options that will
mtet the technical uqnlxunnu at your site. This will probably narvow down
the choice. The next step is to find out vhich of the remaining options can be
successfully supported by the 08 infrastructure available im your area. This
" will probably reduce the nusber of choices even further. Finally, you need to
develop a comparstive cost analysis that will allow you to compara the few
viable systems left on the basis of life-cycle cost. ut.oeyelo cost is the
basis for an econciaic comparison called present-vorth or present-valus analysis.

It ctakas into account all costs incurred over the useful life of your system,
including those for the i{nitisl equipment (capital coasts), instsllation,
opazation, maintenance, and repair.

10.1 Exeasnt-¥Vorth Analyaia Method

Vhile there are many kinds of comparative economic methods, present-vorth
snalysis is a convenient method for assessing the relative costs of different
punping aystems. This method sanalyzes all costs associated with installation
and use of a pumping system by reducing them to a single number called the
present worth or value. Dividing the present valus by the tetal volume of water
punped over the system's lifetime gives a unit cost for wacer, refarrad to here
simply an upit cost. Calculating unit costs for twoe diffarent pumping aystems
that are designed to deliver the same volums of water from the same head sllovs
you to make direct financisl and economic comparisons between the two. This
approach cem only be used to cospare systems that are delivaring the same daily
output for roughly the same head range, It does not address the question of
bepefics, w0 you cannot determine whether the benefits of the pump installation
(in terms of increased heslth benefits or mmber of gardens irrigated, for
exasple) will be worth the cost.

This chapter describes the method for present.-worth analysis by discussing
typical cost components (capital costs, recurrent costs for operation,
maintenance, and repair), discussing the analytical method, and then taking you
through an example showing how it is applied. The distinccion between financial
snd economie costs is discussed, wvith an example that showa the difference
between ibose two concepts. In general, a system’s financial cost is determined
from the user’s viswpoint, vhils the gconomic cost is based on the perspective
of the govermment or society as a vhole. Since financisl and economic umit
costs can vary considerably, it is possible that selection of the most cost-
effective system may depend on which perspsctive you take.

10.2 Iypes of Coats

Fresent-worth anslysis divides system costs into two basic groups--installed
capital and recurrent costs. Installed capital costs are all sssumed to occur
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at the atart of a system’'s lifecime (i.e., time zero). All later costs (e.g.,
for operstion, maintenance, and spare pParts}! aAre recurrent costs.

To determine whether potential owners or users of a pumping system can afford
to own and operate it, {t is important to estimate all costs as accurately as
possible and then axamine the cash flows nesded to mast future recurrent costs.
Some systeas (e.g., diesel pump seta) have low capital costa, but high recurrent
costs. Othars, such as wind and sclaxr systems, hava high capital costs, but low
recurrent costs. Vho will pay these different costs may have a significant
impact on the choice of a systen. If a system is not going to be wholly

dependent on outside funding (e.g., completely suhaidized by the government or
paid for by a donor organizacien), it is lmportant to know what cost-recovery
zechantom(s} will be used. Will recurrent costs be funded by water-user feesa?
Are users willing to pay them? Up to how much? Will the government or some
other funding source cover a fixed percentage of recurrent costs? Careful

consideration of these questions {s crucial vhen selecting a system.

A system’s installed capital cost is the totsl figure for all equipmant,
materfals, labor, and transportation needed for complete installation of a
furctioning system. Recurrent costs generally fnclude:

. an cperator's silary;

. wages for & mechanic to handle regular service and breakdowns;
. spare parts and replacement components;

s transportation, including s driver; and

» overhauls, vhen necessary.

Recurrent costs can ba subdivided into fixed annual, variable annual, and non-
anmual costs, which asre defined in the sectiona below. Each category can
include costs for materials, labor, and cransportation. A macrix shoving all
the different types of system costcs is as follows:

Inatalled Recurrent Costs
Capltal Costa! fixed | varigble | non-annual
Haterials
Labor
Transportation
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It is not necessary to consider costs that are common to all of the asystens
snalyzed. For example, assume you are considering using ona small diessl
engine, one solar pusp, or two handpuspe to meet demand. For the diesel or
solar system, you cnly meed one well or borehole. For the two handpumpa, you
may oesd to dig a second well or borehole. If the cost of watexy scurce
development variez batweon slternatives, includs those costs in your analysis.
Depending on the particular application, you may need to consider other
sdditionsl coats, such as:

- vell construction or drilling:
. field surveys;
[ design vork, including engineering dravings; and

- water storage tanks, vhich may or may not be needed for
different systems and can vary in siza.

Shere appropriate, thase costs should be included in the matrix shown above.
Sections 10.2.3 and 10.2.4 give detailed descriptions of how to estimate coscs
for each parct of the matrix.

10.2.1 The Discount Rate

The pressmt warth of recurrent costs is determined by msaking assumptions about
the discount rate and useful life of the system, also cslled the term of the
analysis. The discount rate is used to calculate the present worth of future
costs (for instance, replacing a windaill cylinder after five years of
operation). It is based on wvhat economiats would consider the buyer's best
alternative imvestment. If ths best slternative is investing meney in a bark
at 10 percent interest, the assumed discount rate is 10 percent. This rate may
vary for different investors, since deciding on the best alternative depands on
personal circumstances and their willingness to take risks.

Discount rates differ sccording to the user. You have to estimate the return on
the best alternative investment given local conditions and users’ perceptions.
Individuals in the private sector may be reluctant to berrow money because of
uncertainty about the future, in which case discount rates may need to be as
bigh as 20 percent. For economic analysis, suitable rates are determined by
government sconomists. The World Bank often uses economic discount rates of 10
to 12 percent. The discount rate can have s large effect on the results of
analysis, particulerly when compsting slternatives differ markedly in their
cspitsl and recurrent costs.
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10.2.2  The Term of the Analysis

Tha ters of the analysis sust be ascertained. Usually, this is the same as the
useful life of the major syatem component that will last the longest. For
example, with solar pumps, the longest lasting componsnt is the PV array, vhich
has an escimated life of 20 years.  Obviously, not sll of the other componants
will last that long. They will hnb to be replaced pariodically as they fail.
The cost of repair or rsplacemsnt for these components is included in the
recurrent costs. Similarly, for a diesel pump, the term of the analysis is the
’s useful lifetime. It can ba overhsuled several times, but sventuslly
it w1l have to be uplmd To compare different systems uing Ppresent-vorth
analysis, you have to use the aame terw of analysis for all of them. For
example, you want to compare & solar pump and a diesel system. The term of the
anslysis ia assumed to be 20 yeara, and diesel engines in your area are expectad
to last only 10 years. You can still use this method by sisply assuming that
you replace tha diesel engine at the end of the tenth year, considering it as

a rumtmt cost.

10.2.3 Installed Capital Costs

In this section, rvanges are given for typical capital and recurrent costs
associated with ths installation of sach typa of aystem. In some cases, thess
rvanges sre wide bacause of the degres of variability in power and differences
fin vhere the equipment is purchased and used. When possible, it is best to get
more precise cost information from local distributors before doing a present-
vorth snalysis. The installed capital cost for a pumping system includes
equipment costs for the power source (driver) and pump, other materials, civil
vorks, snd associsted labor and transportation costs. The driver could be s
diesel engine, a solar array and controller, a windeill head with a tower, or
& handpump head. Be sure to include the cost of required accessories. All
capital equipment costs also depend on fmport taxes, duty requirements, and
freight charges from the country of origin, but these should be kept separate
for the sconoaic analysis.

DRissel Syatems

Costs for diesel engines are affected by the racted output, qualicy of the

equipsent, and location of the manufacturer. They rangs from US$300 to US$1,000
per k. Other major items for diessl systems include:

» the puap and transsission, {f any;

» pusp houses and fencing, for security and protection of
equipsent and materials; and

. other components for water storage and distribution, such as
tanks, piping, and valves. Under some conditions, the need for
a completely reliable system involves considering the purchase
of a spare engine and/or pump. 1In most cases, a good water
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meter end pressure geuge should alsc be purchased for
diagnostic purposes.

In addivion to these more expensive componenta, lover coat {tems needad to
install a functioning system can add up to a total that is a significant portion
of the overall materials coat. They include engine frames, foundation bolts,
non-retutn valves, uniona, gate and pressure-relief valves, spare pulleys, belts
or drive shafts, and some tools for operator sexvicing. Required materials also
include cesent, sand, gravel, reinforcing meah, and/or “re-bar® to make a
concrets fovadstion for the engine (or windmill vtower, solar array's sounting
frame, or handpump base), as well as fencing. These can amount to 10 percent
of the equipment’s total capital costs. A complate list of parts and matarials
for each of the four system types is given in Appendix E. Typical costs for
diesel pumping systems ars given in Table &,

Table &

Typical Capital Costs for Diesel Pumping Systema
{in US §)

diesel engine {2 to 10 kW) 1,000 o 4,000
pusp (complete) 300 to 3,000
civil vorks (pad, pusp house) 500 to 1,000
othar (valves, fuel tanks) 1,000 te 3,000

Total System Coat (CIF») 3,000 co 11,000
* Cost/insurance/freight (delivered price)

Sclax:-Poversd Svstams

For solar pumps, MW wmodules are the most expensive component. Other system
components include the pump, motor, array support structure, wiring, and
controller snd/or batteries. Arvay costs are in the range of US$4.0 to US$46.5
per W, from the peint of menufactuxe. This cost can easily rise to US§9/W, or
more where distribution and shipping costs are high. In most cases, motors and
pusps for a solsr systen are purchased together bacsuss solar pusp manufasccursxs
design and match pumps and sotors to maxiaize subsysces efficiency. Controller
costs vary considersbly depending on the typs of control system chosen and the
country of manufacture. Some manufacturers msy spscify controllers that are
- dasigned to operate with their systems, Array support structutes cost from

US$100 to US§200 for racks that hold four to six modules. Wiring costs are
usually US§30 to US$200. Unlike dfesel pumps, neither PV nor wind systess
norsally require pump houses, but all three require fencing.
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Table S
Typical Capital Costs for Solar Pumping Systems

(in US §)
WV array (0.6 to 2.2 ki) 3.600 o 20,000
pusp (no submersible motor) 200 ¢o 700
motor (0.3 to 2 kW) 200 to 800

submersible pump set (motor,
puep, and invertor, if needed) 1,500 o 4,000

cantrollers (vhers needed) 100 to 1,600
civil vorks (pad, fencing) 300 to 1,000
other (viring, racks, rods, meters) 200 to 1,400
Total System Cost (CIF) 4,600 o 28,000

Wind Systems

Windaill and tewar costs are highly dependent on shipping charges, as chese
sachinas tend to be heavy. In gensral, units are supplied complete, with no
addicional or optional parts to be considersad. The cost for a windmill head
will generally be higher for rotors with larger diameters. The range of costs
is US$200 to US$500 per squave meter of rotor area. Simpler designe that are
fabricated locally or regionally are likely to be less cxpensive than American
or Eurcpean windmilla of similar size. Tower costs are proportional to the size
and to the quality of construction; cthey range from US$1,000 co US$3,000,
depending on whether the towsr is made locally or purchased and {mported with
the windm{ll. Cylinder costs are often dependent en design, wich high-quality,
batl.valve cylinders Leing more expensive than those with flap or spoocl valves.
Other itess include the drop pips, pump rod, pilpe clamp at the wellhead, cement
for the foundation, and fencing.

Table &
Typical Capital Costs for Wind Pumping Systems

(in US §)
vindaill head (cost is a funetion of size) 600 co 8,000
tower and associsted hardware 1,000 to 4,000
pusp cylinder with spare lsathers 100 co 800
other (foundstion, tank, piping) 500 co 2,000
Total System Cost (CIF) 2,200 cto 15,000

tandoumpg

Handpump costs vary considerably depending on the country of origin. You might
assume that locslly fabricated units would be the least expensive, but this is
not always the csse. Handpump costs range from US$300 to US$1,000.
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Table 7
Typical Capital Costs for Handpump Systems

tin US §)
head 300 to 1,000
pump cylinder with spare leathers 100 co 400
pump vod (depends on dapth) 10 o 150
other (foundstion, drain, piping) 100 to 4ADO
Total System Cost (CIF) 510 to 2,000

Besides esquipment and materials, cepital costs also include the labor and
transportation associated vith ingtallacton. Lsbor cosats are often divided into
skilled, semiskilled, and unskiiied components. This is partly because the
daily or hourly rates are different for these groups and becauss the unskilled
portion is often valusd below the wage rate in the economic analysis (ses
Section 10.4). You should have some idea of labor costs or daily rates for
these three groups, including any relevant per-diem or other allowvances.
Remeaber to include the preparacion associated with collecting tools and
equipment in your estimates for inatallation time.

Iine Required for Installacicn

Assuming that tha well is already developed, the minimum smount of time required
for installetion of a diesel pump is about three to fiva days and includes
pouring & foundation, lovering the pump, inscalling the engine, and building a
prefabricated metal pump house. Solar pumps often take s bit longer but should
require no sore than seven to eight days, unless the crev is very insxperienced.
For the Jirst few instsllations of any system, the need for on-the-job training
will increase installation time somsvhat. Windmill instsllation con sasily take
up to ten to tuelve days in typical developing councry situations. Handpumps
can typically be installed in two to three days, if all goes well. These
figures should be used only as general guidslines for estimating the actusl time
needed for an installation at your site., Your esctimste will depend on the
musber of pecple in sn installation crev as wall as on their training and
femiliarity with the particular type of system being installed. The size of a
tm::l crov varfes from thres to ten, of which one to thres are usualiy skilled
1 Is.

Ixansportation Costs

Transportation costs are sffected not only by the distance to ths sicte, but alse
by the type of vehicle used and the number of trips. Remember that it may be
necessary to mske more than one trip to the site to move sll the equipment,
grar, and personnel needed to complete the inatallscion. Thus, the totsl
transportation distance can easily be two to thres times the round-trip distance
from the installation center to the site. The type of vehicle(s) affects
trapsportation costs becsuse light, two-vheel drive trucks are less expansive
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to operate and maintain than heaviex four-wheel drive vehicles and trucks, vhich
may be needed for some fnatallations, such as windmills. To get some idea of
transportation costzx, talk to vehicle rental agenciesa or truck users in the
private sector. Often it is poasible to get a daily rental figure plus a
wileage charge, which will probably not includs fusl costs. Rental zgencles
usually have & good estimate of typical fual use per kilometer.

Once these cost components have baen calculatsd aseparately, they sre added
together to determine the installed capital cost. All other coats associated
wvith operation, maintenance, and repair are roecurrant costs.

10.2.4 Recurrent Ceats

As mentioned above, rescurrent costa can be divided into fixed annual, variable
annuxl, and non-anmual costs., This zection discussez thase cost components for
all four system types considered in this manual,

Eixed Anmual Costs

Fixed annusl costs for a puaping system are annual recurrent costs that are not
affected by the amount of use a system receivas. The major types of fixed costs
do not fall neatly into the materials, labor, and transportation categories used
above. Rather, they include such items as overhead, finance charges (s.g.,
{nterest on a loan used to buy the syatem), and labox costs for an opevater, Lf
any. Tor example, fusl is pot a fixed cost since it depends on how much the
engine is run.

Whethar er not thars are overhead costs and how high they are depends on the way
& pumping systea {s @anaged and msintained. Overhead can include costa for such
things as record-keeping or msintaining a vehicle, office, warehouge, spare
parts inventoriss, or headquarters staff. These costs are often omitted from
comparative analysis on the assumption thac they will be similar regardless of
the system chosen, but this {s not necessarily the case. 1f a system was paid
for with cash from business operating funds, personal monies, or a grant, thers
will be no interest charges.

The labor cost for an operator is ususlly a fixed cosc that depends on the type
of pwp and dafly average use of the system. It rarely changes with hourly
usage of the punp each day. FPor example, diesel pumps are often run by s full-
time salax‘ed (f.e., not hourly) operaror. In instances where the cperator may
have ado.cional unrelated responsibilities (e.g., a maintenance person for a
school or & driver), the allocation of soms time to non-pumping activities can
reduce labor costs somevhat. Handpump operation doss net requirs an actual
operator. However, it {s ifmportant to value the time spent pumping water in the
economic snalysis. Typically, this time {s ccsted ar the prevalling wage rate
for unskilled labor.
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¥axiable Anmual Costs

Items falling in the variable anmmual cost category include all matsrisls (i.e.,
fusl, oil, and parts), labor (except for the operator), and transportation
required for normal operation, servicing, and repair of the system. These are
all the items vhose use depends on the amcunt of time the system is operated
during the year. Estimates for these costs can de made by wodifying the
information providad in Chapters 5 through & to meet the specific conditions at
your site. These requirements sand their associated costs sre summarized here.

Anvaal lsbor costs are a function of the number and duration of trips made in
response to normal service requirements end breakdowns as well as the crew's
size and akill levels. Of the four systems considered here, diesel pusps will
1likely require the most maintepance and repair trips. For planning purposes,
count on at least four such trips per year up to as sany as one per month,
depending on the situation. For solar, wind, and handpump systems, the number
of maintenance/repair trips will probably be many fewer, in the range of one to
three annually if the installation is properly done. Fewer trips may be nesdsd
if cthe pump eperator can perfors some minor servicing.

Haintenance and repair crews typically consist of a mix of skilled, semiskilled,
and unskilled labor. 1In estimating annual labor costs for service and ropair,
consider the specific skill aix required for your system. In the absence of
other information, assume a repair crew of three--ona skilled asnd cwo
unskilled-—plus s driver for 70 percent of all necessary repaira. Larger crews
of as many as eight will be needed for jobs like pulling pipe, replacing
engines, or repairing breaks in the pipeline. Labor costs can then be estimated
by calculating the total datily vage rate for smaller and larger crews, and then
sulciplying by the nusber of days required for sach crev. Remember, if all
labor arises from salaries included in the overhead figure discussed above, you
nead not caleulate labor costs here,

Annusl transportation costs include trips made for service and rvepair, as
dascrided in the preceding paragraphs. In addition, they should include trips
to deliver fuel for diesel systems. The cost of such trips will depend on the
distance and the type of vehicle used. The distance traveled may or may not be
the same s the installation distance--it dopends on the relative locations of
sarvice facilicies and the pump site. You should also consider that it may be
possible to coabine trips in some cases (e.g., regular servicing and a delivery
of diesel fuel).

The type of vehicle used will depend on what is available, plus the requirements
of tha job and ths condition of the roads to the pump site. Of course, lighter
vehicles should be ussd when possible, but this may not always be practical
given other coenstraints. As described above, vehicle charges are often given
a8 a daily rste plus s mileage charge plus fuel., As appropriate, include these
figures in caleulsting transportation costs. Again, {f the cost of vehicles is
figured into the overhsad, the variable annusl transportation costs should be
reduced or eliminated, Typically transportation costs range from US§0.25 to
U5$1.00 per kilomster.
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Men-Anoual Costs

Non-anpual costs are those that do not usually recur every yesar. Costs im this
catagory are treated differently because of their interaittent nature. They
fnclude such itema as major orx sinor overhauls for diessl systems, or the
replacement or repsir of any major system component during the term of the
analysis.

For diess]l systems, non-anual costs include the overhsul and replacesent of the
engine, pump, and down-hole componsnts, as necessary. Non-annial costs for
solar pusps {include the overhaul or replacemsnt of batteries, controllers,
electric motors, and down-hole equipsent, as well as the replacemant of solar
sodules in case of vandalism or theft. For windeills, non-annual costs will
1ikely bs limited to the replacemsnt of the pump and down-bole components-~ths
dvop pipe, sucker vods, leathars (if these are not replaced annually), and pump
cylindexr. The only non-anmual costs for handpusps will probadbly bs the
replacesent of the down-hole componants and possibly the pump-hesd or bearings.
For all systams, other non-annual costs msy include the repair or replacement
of eivil works, atorage tanks, fences, pump houses, and wells (particularly {if
hand-dug wells are used).

Summary estimates of recurrent costa for the four types of systems considared
in this samual are given in Tsbles 8 to 11.
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Table 8
Racurrent Costs for Diesel Pumps

Eixed Avoual
intarest on loan tf applicable
pump operator varies
¥Yaxiable Anngal
diesel fuel
ofl and filcer changes (monthly) 1 day of labor + US$5 to US$15 each
ainor repaivrs (3-6 times annually) 1 day of labor sach + US$10 to US$100
Eon-Appual
engive ove haul every 2 to S years
replace/repair pump and/or pipes svery 5 to 10 years

Note: Fixed costs must be determined based on local practices and
specific site conditions. Fual costs can be calculated using the
method given in Chapter 5. The oil and filters (if any) may need
to be changed more or less often depending on engine use and
operating conditions. For an engine that is used eight to nine
bours a day, the oil and filcers should probably be changed once a
wonth. Repair coats are highly variable and will be affected by the
quality of preventive and curative saintenance. The values given
sbove are typical. Engine overhsuls and repair or replacement
intervals for the pump and piping are alco highly varisble. The
valuss shown are indicative of aversge conditions in developing
countries.
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Table 9

Recurrent Costs for Uind Pumps

Eixed Anpmal
interest on loan it applicable
pusp caretaker, i{f any varies
Yacisble Annaal |
replace leathers and ofl or grease 1 day of labor + US$S to US$LS
repair 1 to & times annually 1 day of labor sach + US$0 to US$100

| Py e |
- =t

replace cylinder and pipes every 35 to 10 years

Bote: Depending on watar quality and the extent of pump use,
leathers may nesed to be replaced more often than annually. Other
rvepaire may be vequired more or lass often depanding on che qualicy
of the installation and the users’ care of the windaill. The
replacement interval for the pump cylinder and piping will depend
largely on water quality. If the wvater has highly aggressive or
abrasive charactaristics, the cylinder and pipes will have to be
replaced often, perhapa aven more often than indicated in the range.
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Table 10

Recurvent Costs for Solar Puaps

Elxad Aocual
intersst on losn | if applicadble

Yaxiahle Arewaal
replace leathers (for piston pumps) 1 day of labor + US$S to USS1S
ainor repafr 1.2 times annually 1 day of labor sach + US$0 to US$300
Son-Anonal
repair or replace motor/pump svery 3 to 5 years
repair or replace electronic parts every 3 to 3 years
replace cylinder (if any) and pipes every 5 te 10 years

Eote: Predicting the long-term frequency of repairs and replacement

for solar

compovants is difficult because few syatems have been
it operation for more than thres to five years.

Nany early units

required the replacemsnt of major components every yesr or twe,
particularly for elesctrical components such as controllers,
inverters, and motors. Kewer units have surmounted most of those
esarly problems, and much longer component lifetimes are becoming
more common. Minor smmual repairs consist primarily of replacing
poor alectrical connections or vandslized modules, if necessary.
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Tatedl
Recurrent Costs for Mandpuaps

ninor, {f applicsbie

varies
replace leathers 1 day of ledor + US$5 vo USS1S _
Tepair 1 to 4 times annually 1 day of labor sach + US$0 co US100
Ben-Annual |
vepair handle/replace bearings avery 1 to 4 years
replace cylinder, pipes, and rods svery 3 to 10 years
replace pump-head avery 3 to 10 years

Note: Generally, the maintanance and repair requiremsnts for
handpumps will ba essier ¢o meat, and costs will be lower if the
drop pipe does not have to be pulled to replaca the leathers or fix
the cylinder. Handpumps designed using the VLOM concept will have
fever needs for more sxpenaive repairs by personnel from outside the
f{unediate area.

10.2.5 Filling Out the Gost Macrix

The cost matrix for capital and recurrent costs shown at the beginning of this
section should be complected based on the information given above. Two macrices

will be necessary if a financisl snd an economic analysis are carried out.
Diffexences between the two matrices are discussed in Section 10.5.

Note that, for the sake of simplicity, inflation of specific costs over and
above the general rate of inflation has not been discussed in this section.
Waile it fs true that any or all of the costs discussed here can change
(increase or decresse) at a rate different from the general rate of inflation,
it is often very difficult to predict the msgnitude (or often, even the
directicn) of those changss. If you have information which convinces you to
believe that ome or more of the capital or recurrent costs of operating your
pusping system will chsnge over the period of the anslysis, factor that
informetion into the snalysis. Better yet, maks several calculations of the
unit cost using different assumptions sbout the change in one or more varisbles.
This “sensitivicy snalysis” will sllow you te ses what effect your assumptions
have on the unit cost.
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a0 Zxsasnt-Sorth Analysis

This section discusses the amalytical method for presant.worth analysis. It
requires that all future costs be discounted to their present worth, which is
most esasily accomplished by grouping costa in such & way that simple formulas
can be used to calculats the present worth of each group., A list of sll
relevant formulas used in present-worth analysis is provided im Appendix F.

For the purpose of the analysis, installed capital cosis sre already present
costs. Firxed and varisble annusl costs for msterials, labor, and transportation
should be combined to get a total for annual recurrent costs that will be the
same for each year of the amalysis, if it iz assumed that the equipment is
operated for the same smount of time every year. Use Equation One to calculate
the total present value of these costs.

. - O34 -1
Emuation One: P=Ax gl d)

vhere P = present worth of a uniform serfes of future costs
A = annus]l smount or payment
4 = discount rate, as a decinal
n = tera of the analysis in years

Note: To simply this calculation, a table of fictors which can be used to
calculate the present worth of a uniform series of future paymenta (or costs)
are given in Appendix F. To use them, take the annual payment (A) and multiply
by the "F1* value given in the tables for a particular interest rate and term
of 2nalysis ("RE®) (sse Exawple 17 below).

Yon-annusl costs must be trested individually. For each occurrence of a non-
ermual cost, Eguation Two should be used to calculate its present valus. It
should also be used instead of Equation One to calculate the present worth of
jndividual total annual costs if they vary from year to year over the term of

the smalysis (f.e.. if pump operation varies from year to year). Example 17
demenistrates the method.

Eauation Tve: F=Fx(1l+d)y

vhere P = present worth of future cost
F = future smount
d = discount rats, as a decimal
¥y = year of occurrence for the futurs cost

Note: To simplify this calculation, tables of the present worth of a single
future payment (same as calculated in Equacion Two) sre given in Appendix F.
Ses Example 17 bDelow for their use.
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Example 17: Calculating Present Worth
Assume that the discount rate is 12 percent over the 20-year term of this

analysis. The following table shows expected coats over the life of the
pusping system you ars considering.

pical concal Fimd | sariabia ] nenanmal
Capital Costal fixed __non-aanual

Haterials 3,000 1,000 500

Lahor 500 75

Transportation 300 30 50 50

Total 3,800 1,000 900 1.150 625

O¢f the non-annual costs shown, the first (totaling $1,150) occurs in year
k0. The second ($625) occurs in years 5 and 13, wWhat is che prasent vorth
of this system? The present vorth of inscalled capictal costs 1s $3,800.
The present werth of fixed and variable (hers assumed to be constant)
annusl costs ts given by Equation One:

- QA+ 48 -1
Pebdx S+

Substituting values from the table above:

O WS 3 LACES W
Fe (81,000 + $500) x TN 1y 10)¥

= $1,900 x 7.47 = $14,192

Hote: you could simply look up the corresponding value in Appendix F as
follows: Llook down the term of analysis (*N") column to 20 years, go
sctoss to the "F1" column and the appropriate interest rate (12 percent)
and vead the value 7.4694. Mulciply $1,900 (from above) by 7.4694 to get
§14,192. The present vorth of each of the thrae non-annual costs must hbe
calculated separately,
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Example 17: Calculating Present Worth (comtined)
At year 5: P = $625 x (1 + .12)¢ = $355

At yoax 10: P = §1,150 x (1 + .1)* - §370
At yoar 15: P« 8625 x (1 + .12)% - $114

You could simply look up the multiplier valus for these three
caleculations in the table in Appendix F as follows: Look down the term of
analysis (“N") colummn to 3 years, go across to the °F2" column and the
appropriste interest rate (12 percent) to get the valua 0.3674. Mulciply
the year-5 value of $625 (from above) by 0.5674 to get $355. Similarly,
muleiply the year-10 value of §1.150 by 0.3220 to get $370, and the yeasr-
15 value of $625 by 0.1827 to get $114.

Therefore, the present worth of all costs is:

$3,800 + $14,192 + $355 + $370 + $114 = $18,831.

Eote that this example did not consider the amount of water pumped, noxr vas a
unit cost calculated. This procedurs will de shoun i{n "he sxampie in the naxt
seccion.

10.4 Einapcial Versus Economic Analysis

The basic difference betweon financial and economic analysis 1is one of
perspective. Financial analysis relates to private costs and bensfits, while
scoronic analysis is concerned with social costs and bensfits to a community or
nacion. Usually, the private sector is more concerned with financial analysis,
Analysis done to address public-sector nesds is often economic. Whather you
should perfora one or both depends on vho provides the money and vhat the
objectives of ths pumping systes are.

The major difference in calculating financial and economic present «orth is
making sllovances for factors that have soclial impact, such as,

. foreign-exchange costs and intersst rates,
. taxes and subsidies,

) ewployment generation, snd

. training costs.
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These allowvances are cosmonly called shadow prices. For exaople, in wmoat
developing countries, the economic cost of labor is less than the actual
financial cost. This meana that vhen there is a lahor surplus (in most
developing countries, thia partains only to unskilled laboer), the sconomic cost
to the country or soclety as a vhole is léss than the market price or current
vage level. Shadov prices are usad to veflect the difference batween the market
price and the trus value of goods, services, and other production factors. The
shadow price for unsikilled labor is & mulriplier (usually batwveen 0.4 and 0.7)
that decreases the actual cost of unskilled labor in an aconomic analysis. Its
value is usually determined by govermment economists and planners.

You should note that when the econoaic cost for labor is less than the financisl
cost, labor-intensive systems--those with proportionally higher labor
tequirements—become more attractive than capital-intensive ones from an
econosic perspective. For ifnstance, thixz means that the unit cost of a diesal
system, which has a higher proporction of labor costs and lower proportion of
capical costs than other systems, is lowered by the shadaw-pricing of unskilled
labor. Similarly, the unit costs of capital-intensive systeas auch as wind or
solar are incresased vhen foreign exchange {s shadow-priced at a value graater
than one.

In some countriss, foreign-sxchangs costs and real interest vatea deo not reflect
true economic costs. This is avident in the large differences frequently sesn
in offfcisl versus free-market exchange rates. Interest rates used in aconoale
aralysis aay be dictated by government economists and, thus, may not necessarily
reflect the true cost of baorrowing capital. In addition, the export sarnings
of some countries are based on the depletion of resources (e.g., mining). In
these cases, funds may be available for import purchases in the short run, but
not over Longer teras as foreign earnings decline. Circumstances auch as these
lead to shadou-pricing for foreign-currency requirements chat batter reflect the
real cost of foreign-exchange axpenditures. Such shadow-pricing typically
fincreases the coat of imported items by 5 to 15 parcent.

From the standpeint of a private ussr or business parson, taxes are part of the
cost of doing buainess. and any government subsidy is censidered a benefit.
Thase costs and benefits are likely to i{nfluence some activicies in the private
sector. Mowever, from the government's perspective, they do not represent costs
or benefics at all, buc merely c transfor of morey and control over resources.
Ceonomic analysis does not include taxes pald as costs or subsidies as benefits.
Actually, taxes and subsidies are often used as mochanisms to help manipulate
private-sector sctivity to bring it more in line with what the government
believes s the greater nacional good. Interest paid on domestic loans and
dapreciastion allowances slso fall into this category of transfer payments and,
hence, are included in financfal but not economic analysis.
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Training costs Incurred by firms in the private sector are costs from their

tive. PFrivats bBusinesses t-ain individuals vith the axpectation that
they will benefit from their employees’ increased skills and ability. However,
since employees do not always remain with the fire providing tha training,
betefits may not aluays accrus to those firms. This constitutes a disincentive
to the privats sector to provida training. In most countries, development of
a more highly skilled work force is a ¢lesrly stated goal. Training costs may
oot be considerad in an economic analysis, if the bensfits of a mors skilled
work force are considered to be equal to or greater tham the financisl cost.
Privats-sector training costs may be shadow-priced to reflect potential economic
benefits. Example 18 shows the effect of shadow-pricing on economic analysis.
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Exauple 18: Econmcsic Coats

Using the information given in Exasple 17, calculate the aconomie cost for
that systes. The economic price of unskilled labor is one-half of the
financial price. Assume that half of the labor coat {s unskilled. All
and materials are imported, tncludhg trsnsportation, since
mhﬁnl,tim.hnﬂullpmmmt fmported. The shadow
prm-nuplmummmuxu._ S

Firast, deteraine the mle cost antries for the uttix given in uqh 1
17. Muleiplying the financial values of various costas by appropriate
shadow price multipliers gives:

Installed |
Canital Costal fixed
2.450
jﬁji__ 730 13

4,170 750 996 1,283 689

Again, the firat non-anmusl recurrent cost listed ($1,283) occurs in year
10. The other ($689) occurs in years 5 and 15. The present worth of
installed capital costs s $4,170. The present worth of fixed plus
variable (here assumed to be constant) annual costs i{s given by Equation
One:

PeAXx dx (1L+a)

Substituting valuas from the matrix gives:

P = ($750 + §996) x %{; - $1,766 x 7.47 = $13,042

The presant worth of each of the thres non-annual costs must be calculated
ssparately.

AC year 3: P« $689 x (1 + .12)¢ - §391
At yoar 10: P = $1,283 x (1 + .12)" - 8413
At year 15: P~ $689 x (1 + ,12)" - $126

Therefore, the present econcsic worth of all costs (i.e., the system’s
1ife-cycle cost) is:

$4,170 + $13,042 + $391 + $413 + $126 = $18,142




The financial and etonomic present worth calculated in Examples 17 and 18 do
wot differ appreciably. The economic coat is slightly less (US$689). In other
circumstances, hovever, these two costs can vary considerably. When comparing
different system options, one may be chaaper economically and the other
fivancially. In that case, the choice of a system would depend on the
perspective of the potential puxchaser. ' ‘

10.5 Unic Cost of Vatex

Finally, the unft cost needs to be calculated, vhich depends on the amount of
vater pumped. For simplicity, sssume that the aystea delivers a constant 30
w'/day over its useful 1ife. (Growth in water demand can be included by using
a slightly more complex procedurs). The econcamic unit cost is dstermined by
annualizing the system’s life-cycle cost and dividing that nusber by the annual
wvater output, as shown in Exasple 19.
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| Example 19: Calculating Unit Cost

Calculate the unit cost of watar for the installation described in Examples
17 and 18, assuming that an annual aversge of 30 w'/day of water is pumped.

Solve Equation One for "A" to anmualize 1ife-cyele costs:

- ]

- 24 -1 - Bxdx 1+ d):
Pe Ax G e Qeae OF A A+4d° -1

Substituting values from Example 18 gives:

A= = $18,142 x 0.1339 = $2,.429

1+ .12)*%-.1

Dividing this valus for annualized lifs-cycie cost (ALCC) by tha annual
volume of water pumped gives ths economic unit cost:

—rARG 82,629
unit cost = Jo= Y0 @@ 10,930 w0~ 90.22/@

This final valua--the sconcmic unit cost of pumping water sver the systes's
1ifetime--is the figurs you should use to compare this system with other
options, Note that this is a scmevhat simplified example, since nc growth
in demand has been assumed.

Then evalusting cepital costs and the present worth of different technology
options, saversl other points should be considared:

) Internstional donors are more likely to be able to provide
funds to cover high capital costs than private individusls or
host govermnments.

. Host govermments are often net in s position to cover
recurrent costs, even Lif the capital cost is provided by a
donor .
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' w Yy or m not ba able to Justify bigher capitsl
. COBts €O benefit from lover 1life-cycle mu because of short-
L uu mmy mminu. _

.. In ‘most places, pttnu-mm puxchms are ury lmtuw
to initial eapital costs, such that low capital costs often
influence the ehoie. of tnchnolou to;udlm of the long-ur-

"It is 1mportant to nh one final point fn th.s section on comparative coats.
1f you are considering introducing a type of .mping system that is unfamiliar
locally becsuss it has the potsntial for long-cerm cost savings, remesber that
simple cost parity is mot enough to convince potential buyers to adopt a new or
wfamilisr type of system. There would probably have to be a significant price
differance to gat potential users aven to consider the nev system.

For example, if you are considering solar or wind pumps i{n an ares that has
historically used only handpumps or diesel systems, buyers are not likely te
purchase the former ainply because they are equal or slightly cheaper in cost
than couventional systems. There would probably have to be clearly substantial

associated vith using the nev systems to make it worthwhile for users
to take the risk of fnstalling unfamiliar equipment. The definition of
substantial savings undoubtedly varies depending on the user group, its lavel
of sophistication, education, and willingnesa co take risks. It may msan that
nav systess would have to be as much as 10 to 30 percent cheaper in terms of
unit coats to be appesling. BEven so, to many users the promiss of future
savings (even in the nesr future) is not enough to offset the obviocus appeal of
& system 1ike a diesel punp set that has a lov initfial cost.

10.6 Summary

This manual bas taken you through the essential steps involved ln properly
sel*..ing & pumping systea for a small-scale, rural water supply. Its
undexlying assusption is that the use of equipment which i{s slready locally
available should be the Zirst strategy considered in most cases. It is most
1ikely that che systess commonly found in your arca can be serviced locally and
thus mset the most critical requiremsnt fo: ensuring successful long-term
operation.

In summary, the appreach to pump selection de: ribed here is to
. cslculate the pusping requirement,
. daternine vhat kind of aquipment i: availablae,

. review the local O&M infrastructure to ses wvhat types of
squipment can be supported,

. daternine which kinds of available equipment mset your sits
Tequiremsnts and can be supported over ths long term.
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. eslculate how much the resaining viable equipsent options will
cost to use, amd

select the one vith the required cash flowvs that best fit the
naeds of tha commmity or a;my_uhieh vill be using ic.

While the technical requirements for a pumping system must cbviousiy be met, it
should be remsmbered thut skilled labor, the availabilicy of fusl and spare
parts, good transportation facilities, and the importance of plamning for future
canh outlays maeded to keep tha system operating properly are also wvery
isportant factors in selecting a pumping system.

shat shitn meumual hos alanifloed rhe ewesediises fou dotavemlmlioes Bl
ENRINEL TN 4L AL LTARE AN r. WAL W LYWE WA ELE
requiresants £

comparing costs, thus assisting you to sake a well-informed
choice of a pumping systeam and components. However, the method given in this
sanusl bas been oversimplifiead in some ways. Thers sre more refined tools
available to assist you in selecting a pumping systea. Revieving the annctated
hibliography (Appemdiz A) will give you some insight into areas of further
interesst. There are also computer programs available that are relatively easy
to use and can facilitate cartain parts of the method presented here, espscially
the financial and economic analysis. Finally, remember cthat addicional
assistance with pump selection and comparative analysis is available through
activicies funded by international donors, such as the WASH Project, and a
varfety of insticutions and private firaus.

f
i
9
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AFPPERDIX A
Aspotated Bibliography

Axrlosoroff, 5., et sl. ' :
Vashington, DC: WRIDP and World Bank, 1987.

Most recant comprebensive work published by the World Bank

davelopaent program. An excellent reference manual for
policymakers snd professionsls on technicel, social, and econocaic
sspecets of handpump use.

Ehatia, R.

foxr Rorthern India- World Employment Plan Resesrch. GCeneva,
Switzerland: Interunaticnal Labor Organization, December 1984.

Economic avaluation of PV, prid-slectric, diesel, bio-gas, dual-
fusl, and winduills as energy scurces for irrvigation water
pueping. Good discussion of potential role of rural
electyification fn resote-asite irrigation pumping.

CIba, DGIS, GYZ, USAID, and FAO. Handbook for Comparative Evgluation of

Iechnical and Iconcmic Pexformance of Yatex Pumping Systems.
Amsersfoort, Netherlands: Consultancy Services Uind Ensrgy Developing
Countries (CWD), March 1987. (Drafe.)

Detailed methodology for pump testing as well as technical,
insticucional, and socloeconomic evaluation of diesel, wind, solar
W, grid-electric, hand, and snimal-traction pusps.

Drisenl], F. C., ot ai. Groundvater snd Wells. St. Paul, Minnesots: Johnson
Yell Company, 1986.

Excellant technical reference on all important aspects of
groundwater davelopment, including aquifers; weil hydrasulics;
designing, drxilling, and developing walls (borsholes); pump
sslection and saintemance; and water quality and treatment.

Frasnkel, P. Nager-Lifting Devicas. FAOQ Irrigation and Drainsge Paper.
Rome, Italy: Food and Agriculture Organization of the United Nations,
19

-

Very comprshensive descriptions of the entire range of pumping and
watex-1ifting devices used around the world, Gives operating
characteristics and system design criteria for pumps and prime
sovers. Includes brief discussion of equipment selection.
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Fraankel, P. Ihe Power Guide: A Catalogue of Small-Scale Power Eguinment.
Croton-on-Hudson, New York: Intermediate Techmology Publications, 1979.

Becellent sumsary of pover equipment costs, capacities, and
descriptions, ineluding solar, wind, water, biomsss and thersal
enargy, internal and excternal combustion engines, and electrical
geoerators, as well as instrumentation, monitoring, and control
equipuent. Somewhat dated on certain topics.

Backleman, M. Hatarworka: An Owner/Bulildax Guide to Rural Waterx Syatems.
Garden City. Mew Jersey: Dolphin Books. Doubleday and Company. 1983.

Good practical reference on domestic water system design and
construction, with useful sections on options for hardware and
systea configuracions.

Halvig, O.; Scott, V.. snd Scalmanini, J.
Denavar, Coloxrade: American Vater Works Assoclation, 1984.

Stresses efficlency concepts in water aystem design. Contains
detailed practical strategies for improving the efficlency of
wells and water pumping systema.

Bodgkin, J.; McGowan, R.; and Vhite, R. $mall-Scale Yater Pusping in
Rotavana. Burlington, Verment: Assoclates in Rural Development, Inc.,
(ARD) 1988.

Five volumes--1:  Compaxisons. 11._ Disas)l Syatems. I1L:
Vindaills, 1¥: Scolax Pusps. and

¥._Octher Pusping Tschnologles.
Susmarizes results of comparative pump testing program in Botswana
that conducted field-testing and evaluation of a wide variety of
pumps. Detailed technical, soclio-inatitutional, and
financial feconcmic snalysis of pumping system slternatives.

Hodgkin, 3., and McGowan, R. ¥ind fusp Fleld Tests in Botsvans. Burlingcon,
Vermont: Asaocciates in Rural Development, Inc. (ARD), 1985,

Susmarises detailed technical Lssues and related
financial/econonic concerns surrounding wind pump use, based on

field tests conducted during Botsvana Renevable Energy Technology
(BRET) Project.

Hotkes, BE. B., and Visscher, J. T.

Renevable Enargy Sources for Rural Water
Supclies. Technical Pspar 23. The Hague, Netherlands: International
Reference Centre for Community Water Supply and Sanitation (IRC), 1986.

Very useful general-purpose raference on basics of water punping
using solar, wind, hydropower, and biomass snergy devices.
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Internacional Reference Conter for Community Water Supply and Sanitation

(IRe).
fox _Developing Countriss. Technical Paper ¥o. 20. The Hague,
Betherlands: IRC, February 1_911.

Brief susmary of low-cost, small-scale water eollection,
treatasnt, transportation, and distribution techniques as well as
westevetar and solid wasts disposal for deweloping courtries.

 Good sections on simple, but effective, water filtration and '
chemicsl treatment devices, and their conatructioen.

Wenna, J.. and Gillecte, B. Solar Matex Pusping: A Handbook. London,
England: Intermediate Technology Publfications, Ltd., 1985.

Cood refersnce on solar pump operation and system sizing. Gives
msthodology for choosing MV systems based on technical selection
criteria.

Ketwedy, V. lumlllopﬂ. T. A. lhsan- and Animal-Poversd Vatex-lLifring
. Llondon, England: Intermediate
Technology l'ubnuttm. l..:d « 1988,

Discusses “state of the art* for human- (now slightly dated) and
animal.powered pusps, including past and ongoing performance
stodies in developing countries. Suggesta potential applications
and axesas whare further research is varranted,

Lancashire, S.. Kenna, J.: and Fraenkel, P. Windpumping Handhook. London,
England: Intermediate Technology Publications, Ltd., 1987,

Good practical reference on wind-pumping technology, including
sizing for vater supply and irrigsation, and information on
procurenent, installation, and saintenance.

lysen, B. H. ]Introduction to Wind Ensrgy. 2nd ed. Aseerafoort, Netherlands:

Steering Committse Wind Enexgy in Daveloping Countries (SWD, mow CWD),
May 1983,

Veory datailed general reference on design and theory of operation
for electrical snd mechanical wind machinez, with sn emphasis on

ter-pamping applications.

MecCovan, R., and Hodgkin, J. Hater Pump Field Isscs in Notswana. Burlington,
Vermont: Associstes in Rursl Development, Inc. (ARD), 1985.

Summsyizes results of technical and sconomic comparisons of
dlessl, wind, solar, hand, and animal-traction pumps, based on
tvo-year program of field tests conducted during the Botawans
Renavable Energy Terminology (BRET) Project.
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BeGowan, R., and Hodgkin, J. Sclax Pump Fleld Tests in Botawvans. Burling:
Vermont: Asxsoclates in Rural Development, Ine (ARD), 1985,

Summarizes detailed technical isswes and related
financial/econcalc concerns surrounding sclar pump use, based on
two years of field tests conducted during the Botsvana Renevable
Enaxgy Terminology (BRET) Preject.

Okun, b., and BErmat, W.

Cesmunlity Piped Water Supply Systeas in Developing
Countriss. World Bank Technical Paper No. 60. Washington, DGC: World
Bank 1987,
Provides checklists for fdentifying sites and projects and
plaming and designing coamunicy piped water suppliesa. Useful
coverage of syaten design process, with general focus on most
telavant technical issues and good discussion of infrastructural
support/planning requiresents.

Sctewart, H. Pumpus. Indianapolis, Indiana: T. Audel & Co., 1982,

Technical treatmeat of operating principles, design, operation,
maintenance, and vepair of ssny common types of pusps. Aimed at
helping techniclans understand nuts-and-bolts oparating
principles.

¥.$. Envircrmentzl Protection Agency (EPA).
Sxatems. EPA-4)0/9-74-007. Washington, DC: EPA Office of Water
Prograns, Water Supply Divisien, 1975,

Deala with ground water and well davelopment, surface water
sources, watar treatment, pumping, distribution, and storage for
domestic water supplies.

Water Systems Council. WHater Svstems Handbook. 8th ed. Chicago, Illinois:
Water Systems Council, 1983,

A practical guide to water system design with emphasis on
electrical and mechanical aspects of domestic water supplies,
including sections on troubleshooting and repairs.

World Bank. Villags Water Supply. Washington, DC: Werld Bank, March 1976.

Good brief summsry of all aspects of village drinking-water supply
projects. Covers tachnical aspects, costs (in summary fashion),
financial sspects, organization and management, justifying
investnents, policy issues, and project and program design.
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Friction Loases

* Theodore Baumeister, Euguens A. Avallone, and Theodore Baumeister, III

(eds.), Marks® Standard Handbook for Mechsnical Engineers. 8th ed. (New York :
MeGraw-Hill Book Company), pp. 12-106 and 12-109
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Valve Losses in Bquivalent Peet and Meters of Pipe
for Screwed, VWelded, Flanged, and Flared Connections
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Typical Recommended Service for Diesel Engines
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APPENDIX C “
Typical Recommended Service for Diecel Engines

The following suamarizes the recosmended service intervals for Lister engines.
The engine mode]l is given in parentheses (e.g., ST, LT, 2/1). Where no mo(}
is specified, the procedure applies to all.

Daily Check supply of diese]l fual -nd oil level
Check air filter (in dusty conditions)

125 hrs Check air filter (in moderately dusty conditioers,
renew if necessary)
Check for oil and fuel leaks
Check and tighten nuts and belts as necessary
Clean engine and mounting

250 hrs Change engine 0il
Clean the restrictor banjo union in the
lubricating oi)l feed line
Renew oil filter if fitted (ST)
Clean injector nozzle if exhauat is dirty
Renew fuel filter if necessary
Check belt tension

500 hrs Dacarbonize if necessary (LT)
Renew fuel tilter element (ST)
Adjust valve clearances (LT)
Change oil in oil bath air filters (3/1 so

equipped)

1000 hrs Decarbonize (8/1) and if necessary (ST}
Change filter elements (8/1)
Adjust valve clearances (1T)

200 hrs Decarbonize (LT)
Exanine and clean fan blades (LT)
Check governor linkage and adjustment (LT)
Drain a:.d claan fuel cank (LT}
Ranew fuel filter (LT)
Clean and test the injector nozzle (LT)
Check fuel pump timing (LT)
Check oil pump and its valves (lT)
Renow the air filter element (LT)

2000 hrs Decarbonize (S57T)
Clean inlet and exhaust system (ST)
Exaning snd clesn fan bkladas (ST)
Check governor linkage and sdjustment (ST)
Drain and clesn fuel tank (ST)
Renew fuel filter (ST)
Clean and test the injector nozzle (ST)
Check fuel pump and its valves (ST;
Renew the sir filter element (ST)
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APFENDIX D

Handpomp Selaction lablest

* Arlosoroff et al. 1987, 80-87
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THE RATINGS

 Paibingk i e Pump Saincion Talbies e baset on evalullion of pump
paroraance o P I-atoy ang el als. Theee ralings e used
T e = CGoog

& = Mucuate

-« Dies N0k mest sunmum: iR
A mlye Setid wor-gretaion of e rgliogs o 00GHC heatings can by
ot o e elvtey pilet o ia. Chapies.

TP Narme

e pumpt we it FDRADEtCHl 1 R SOCHONE. BOTIONG 10 the
Wiy DUEIng Wt FeCOrRNKNG by the mANRCure: The riterence
Smpeehe ey Comprar | et B ordee of e

L = Thepung biss been mamd » the ahoratory
FE = Thepmghashac b rowngm of 2 plars id vals
) = Thepumghen hactimied eld irais

The dathege rte SRemad "sequate” 0 aach pumpvg W 15 NOMKE ot
T 00 ¢ e appropeaie O The rale ool M GOt INCreales.
for e eastms espierge o Bex 51 Soma deepwsll pumps thus
AtPire ul 1NpE for ax-ML SOONCREONE, whare uters will oDt oy
MR Guing Groditt GACAINOES. A DG ROW 4 Mide whare & pump
& ipialg vl & Mg O CHINGE 30t O adiuabin sircke Ipngih, 10
SR arent cigeis.

Rennss O Cils ' GRS Wil whiCH MEMINENCE SN be LM Sut by
A = Aviegh Coreigher
B = Argreemechenc
€ = Amoteig MEmMEnence am

GUIDE TO PUMP SELECTION TABLES

walting 1o be repaiesd. They thus tahe account of the lact that pumps
which are suitsbie I07 wiliQh MENMEnanch NG can be HIpared quichly
may bt mote ‘rehabie™ han those wich raguee ™Mo Compies
mmnummmmm

Ratinge oe basad primanly on the malerials of the gownhole compo-
ottt Gavenged sl pumprods and neing Mauns aie NOt CDHOSON
SNt M S0 AV WENN 20T SN G ~= FADAY.

Uiodurnes T Anranion Resistanee

vatumn 8- Mal,__aufaclurmq‘Nﬁl.ds

Raiings iNGCEie tha S8e with winth § pump Could B2 manuiaciyred in &
Geveltgisg country with the speched level of industrid) development

1 = Ly ndusingl Dase. invvied quaty comrol

2 = Netum-ievel mdiaily, N0 SPECIH procesies

3 = AMivanostinduatry. good quailtty Controd

Sivart! Lul

The Anglyet dovelops & short B8 Oy entnng & chach mark aganat
TOSE PUMpPE MaTing M SHICHON CreNG.

.'_'_.'Q._Il.jmn 10 - Capdal Cost

Andlysts shoulc obiain curent pricas lor shon-itied pumps

Calumn 1) Hemark:,

Special femtwres of indvaldl QUM e MOl tn g COMMN
Ampincaion of 1Ne NONE 18 §Fven Delow.

Boviphib sl ¢ e satiggs Mo inthiwsdioal pamge
Cart bee Tounegd 0 e Hanwtpang Comgeesaddion:

B, ofome T AN,

T i ASiair 10 DTS uith Ihe e rafanerny rumbie = (g Nole
14 ralas 1o Pung 14 e Malcay. in the 18NS, rairgs 1o wineh the note
weswempigee [ o |

lurl, The on coromon fatrg. for Ihe AtwASM o based on Cument
< ks Entigr modeis 0 sulles Fam Comosion,

h& The ¢ corosaan rEng ior he Atndey & based on the we of
IANRNES Sl pumprods. ORerRd 86 BN OpRON,
Mt 7. The Dubs Ty 7 & & fugh-cschargs pump designed ior g
DIRSOV SparaiY.

- Motoa B ond 6. The Inche Mark K LSS B gravity UM On the
PAmge. 800 Rims & oM Cytder seting of 24 maters (one
RAARCIrRr aFers 2 k- ink System for shallowsy senngs ).
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Nole 14. The Haidey is a pumphead anly. Al tings are besed on The
use ol convenional downhols SOMponents.

Note 1§. Relabiley raings ke the Monollt are based On pumps wih
metal goars. Plasiic Quars weis es rehable.

Nole 21. The oo corosion reeng ko the Verpnet i bassd on cument
modais. Earler motiels td suiier from comosion.

Nete 23. The 00 discharps rabng for the Voignie tahes account of the
pump's aciustable stroks length. Pragsent designs requrg & Memum wel
Semener of 110mm. .

Mole 20. Downholg componants of the Kangaron are COmOOn (eis-
fart. The o rating relates 1 the pedal retum sprng.

Nota 40. The Rower is designedt &5 an imigalion pump, and hes & tegh
acharge. N is wickely uaed (Or SOMeSHC witer supply in Bangiadesh.
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GUIDE TO PUMP SELECTION TABLES

THE RATINGS

Aabnge @ he Punp Seincion Tabies 3 Dased on evglustion of pump
paritenante i the inborainry and et tials. Thive rabnge sie used

aa o Good

& o Ainpow

- u DN A0St PRV feQuI SNkt
A mere Satuing tarpreiaban o he rabngh o SHIGHE MAtINgE Can. 08
DUt n e 00N DIt & o Thapier.

Pumy Mamwe

The puspe e iSeC Aiphahetsly v four sechons. actindng o e
PR Mg W rectTmendid by Ihe manuiactuer The elerence
ambet wiveh pracedies $ach Pump RIEE WdiCEet e arcer of Ing
P e Manepuen Compancium.

- Data Source

L = oo pumdhal Geen M the B EXry
F o Thepumpiag hata mowmum. of 2 paars feid als
@) = T pumng ha R hemiae Mt 1naie.

The GAcharge ‘e deomed “SORGUON" 10r $ACH DM WL i& noMG M
e e O e aptyotriaie tabie The rate reduces &4 JERTh NCTERSES.
e Pe sMort expianed n Box 81 Some deepwed pumps thus
SEPRQUe IOuige FRAQE s Npw-blt SOCACENOTA. while usets wel opt Y
PP Qg Gredins GECHIONE A IPRCE NOtE 1 Mate whe'e & Dump
& eliibie wif § 1aPgE OF CYNON BI0E Of BHUEIEDIE SV Oke RGN,
St SR SOt

Mgiiatviy. FaOR. Sre B INGICINOM. OF the DROPOFION Of 1he tmE el the
Smg: & Khily: 10 D funchoning proptrly. BIDINES TENNOE Bfe Qven for
mwvm Tre rahngs Combing AdQmints of the “Masn ime

bafore: tariure” (NFTEF ) anct Ihe Drobabie ‘downtime” when e pump &

erhmn b

Carrosion Resistance

Rabide 2re based pnmanly On the matendls of the douwnhole LOMDg-
nants. Galversied sive! DuMprods and nlng mans are Aol COITOLION
MUSLINE 0 A00NASVE WRIN SN0 8T & = 1abNg.

hd

olurmn

Abrasion Hesislance

Ratngs incicale the pump's cagabidty (o pump sand iasden watet
Parlormancs i SDOrAOry and hall thals 15 COMAT Wilh J5sessment
of tus soal and vaive types. Leaihet Cupsait e faled — . thaugh the
et of abrason danags wit De reladed t0 thy daly cutdut of the pump
Anglystx may Maneiore accept iower raied pumps for koht duty

Cotumn B

Manutacturnng Needs

Rabnge nccale the e wih wineh & pumD COult b MANUIACILIEd in 3
GIvEIOOING COUNTy with the SD0Chd vl O iOusinal Gevelopment

1 = LOowndustnil Dile. bivwied Quay coniedl

2 = Madum-ivel indusiry. NG SQECE DIOCESIAS

3 = Advanced nduatry 900G Quaiy COntrol

BROMTList

ol §-

Tha Anaiys! deveilOps & shomt ket Dy aMenng & chack mam aQanst
NOSE PUMPS MBRtG Ml SHECHON Crlend

Column 10 - Caprtal Cost

Ansiysis should oblam curry 7t pnces for shon-kited pumps

iolume 11 - Remarks

Spechl fesiutes of novidus) pUMDE 818
Ampidcaton of the noles i grven beldw.

noted I COUMN

Aoyl alion of e ratindggs Tor indivrhan! plngs
Can b fourkt in b Handpoump Compendium

TAHMLE S

The roles: risie 1o DUTDS with. 1IN SEME NAVINCe number — |.8. Note
L4 nplars i Pymp 14, R SKcSEv. in the [BDISS, rains 1 winch iNg NOle
swsseigvgee [ @ ]

Maty 3. The e Svasion redng for the Als-ASM 15 based on cumen
macheis. Earder models dic Suler rom Comosion.
Mole 2. The @ covronon: rateg r the Aindey o based on e uss of
SEIESE SIee! DLDIS, SRred 96 B ODROR.
Saln 7. The Ouba Tropc 7 % & Inghv-Oucher pump Cesgnad oy o

DOrROR Oparmon.

Nolos § ang 10. The inka Mark B RS & Qrivly et on The
Munger. and mcuwes & mmmum: cyinder sefmg o 24 msiers (one
maninthrwr oflers. g st Sni Sysie for ShalOwWer SeINGS).
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Nole 14. The Makiev i & pumpheac only. All ratngs are based on ths
B O CONENEON downhol COMpOnants.

Nole 14, Rebabilty ratngs lor the MonoMt ar¢ DaseC On pumps with
ptel Qears. PIagtic 00ars wiNg loss reliable

Mok 21. The 00 comosion retng for the Vergne! s Dased on cument
models. Earier models chd sulter rom comoson.

Mol 23. The oo dscharge rating ko the Volants 1akes account of the
pUME's achustabie stroka length. Presant depgns requie 3 Muumum wol
diameter of 110mm.

Mo 20. Downhole components of the Kangaioo aré COTORON 1885
tort. The @ rabng reiates 10 ths Pacial retumn spang




Maximum pumping it — 12 meters
“Adequate™ dlacharge rale — 18§ Mersimirase

2.9

90,99

oala | —

LIk N

..n..ll.,.ll. Loo Lo =

B

U I ST

Soplgte 39

* [RCINNG ITAT SACIIAQE FIRSGE 378 DRSed On chonce of I COMICECYRndu 1128 from @ range ollered by the marsdachurer.
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THL HATIMNGSD

Patinga in g Pump Selechon Tabies are Dase o0 dualusbon of pump
" parittTRsCe o e NDOLIDTy and helt . Treek (HNgS e used
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mwmbwmm whitrg users
PR Jwig prailit SNCRE/QEE A SDECH NS I§ Mate where § Pump

o Bwlhaiig: win § range &F Cylnier 5i204 O adjudiable sirohe NG, 10
St Efturart depit.

Rak g ECain (N QI with wingh MBNPNENcE Can Do Camed out Dy.
A = Aviagecartane
B = Andrearmechans
€ = Amobie MENenance leam

Rphntivy. rahngs. 30 o0 Ingeabon. 3F The proporon of the wme that e
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Delare: faviure” (METRE} snct the probabie “downiime® when the pump 15

waitng 10 be mpeved. They Yws ihe sccount of the fact Tut
wihith are sutable tor vilage Mmanilenance and Can be
mey be more “relisbie’ then those viuh requve more
marienanch. aven it the ithe break douwn ngs equently

PARELINt i AQ0IOSANE WAl 3N 4N A — HIbNY.

Abrasion Hest

Loimn T stance

Ratngs indcals the Ppumps Capabilly 10 pump Sand-lnden water.
Periormance in inboratery and figlkd thals is combned with asssssment
of the Sa8 and vaive iypes. Leather cupaslls we ralec — . though the
o Of abranion dmage will be caiated 10 e iy OUpUt O the pump.
Anglysis may ereione acoept Iowe rENG pumps Tor hoht Quty

oo B

Manufactunmng Needs

Ratngs ndicate The 386 with which § pump could be manufaciured m &
Aevaloping COUNtty with The 30eiiled Bve) of Mduaing! Seveiopment

1 = Lowmdustnl Dase. brmned quany Comro!

2 — Nedum-lgvel niiusiry. N0 IREC DrocetLes

3 =  Advancad ndusity. Qoo quay control

Short List

Couluenn 4

The Analyst doveiops & shont kit by anlenng & check mark aQa:nat
those pumpt masbng his Selchon criens

Capiial Cos!

Lolumn 10¢

Anglysts should obilsin Surrent phoes 10r shor-bsted bumpt

M alumn 11 Rermarks

Special leswres of indwidull DUMPS B0 NOWG W s Colun
AmpIBCENOn Of this NONG i§ Qven BeiOw.

Arpabth ation oF The ratiowys toar irselew il pearges
can be touned in thwe Handdpamy Compendium

Ther A0S AMDNS 12> DUMES wi vy Same rilerence number — ig. Note
1E plivs 12 P 14, i higiciev. int the abias. ratngs I wineh INe note
e myvgreet | @ |

Mulp 1. The 8@ COmouon anng 1 1he Ab-ASM 8 Dased on cument
awcinis. € arier rocdets dd sulier frden comosion.

Nete 2 The o comomon taing for the Aingev B basad ot the e of
WSS SI00l Dumprots. Oiered &8 I UDRON.

o 7. The Dube Tropc 7 w5 3 ph-cechams pump Jesigned v two-
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RCTABLD S,

PEON ORSMEbon.
Mote 14, The Maidev & & pumphead only. AR matngs 310 based on the
e of conventional downholg components.

Note 16. Relabity mengs for the Monoidt ae Dasd On pumps with
metal gaavs. PIasiC 00ars Wi les reladie.

Hote 21. The 00 Corosan ratng 10r the Vargndt i Based on curtent
models. Earber modeis dal suller inom comoson.

Note 23, The oo ducharge rating for the Volania iskes account of the
pump's adustabls sroke length. Present desns requie 8 mammom wal
diamgter of 110mm.
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THE BATINGS
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Ahrasion Hesistance

Voalumn

Aswngs incdCale he pump's Capabiddy 10 pump Sand-laden wales
Pariormancs in boraitry and kit thals 15 Combened with assessman
of the sesl and valve typse. LAaINET CUPSERIS 3N raied — . MOugn the
axtant of abrasion demage will be neisied 10 the daly output of the pumg
Analysts may tharelors accept lowst rated pumps e aght duly

Column 8 —

Manutactunng Neess

Rasnge indicate the sase with which & pumgp couid b manulaciured m g
Sovainping courntry with he SDRcAed iguel ol snchusingl development

¥ = Lowwdusing bide, naed quakty control

2 = NGum-igvel ndusy. N0 SPEGIH PrOCEENes

3 =~ Advinced nOuey. good quiiity conirol

Short 14t

Slohurmn 4

The Anglyst ceveioDs & Shon el by entenng & CheCk Mark aganat
thobd (NP MEsUNg his S6lecsdn Criena.

Column 10 Capitisl Caxst

Analysts shoulkd abtain currnt press for shor ke ed pumpd

Tolumn 11 Remarks

Specitl festwes of ndwiusl pUMEs e NOTMO N s COMA.
Ampidcanon of Ihe RO i Oven Delow.

Armp:hiliation of the ratnggs Tor behividuasl poamps

cai be forark! o thee Harndpeong Compeenivm

MOile "y <

Thwr oy kil 12 DUPpE wetft g SOME rONNINCe rumier — i Nole
14 miavy i Pumgs 14, (he Maidev. I the iabigs. rabngs 10 wivch the nok
mlonaemgiipwd ("o}

Note £ The @@ coroson ratng o Ihe A-ASM & based on Surem
Nolw 2. The @ comonon rawng v the Aindev 1§ based on the use of
ARSE 3 Pumprots, ONered 8¢ 90 Ophon.

Mute 7. The Oubs Trops 7 i 8 gh-chachergs pump desgnad for iwo-
PErRde pavalion.

SN TARESEE

Nols 12. The manuiscturer recommends 8 masmmum depin of 40
meters for he Karnda

Nole 14. The Makisv & 2 pumphadt Only. Al ratngs aie Based on the
us# Of Corventiondl Gownhole COMPONINS.

Note 16. Aelabikly raangs for the Monokt are Dased on pumps wih
maial gears. Piastic gears were lass ref e A 2.1 gew ranG & Supphad
for denpwell RDpRCENONS

Note 21. The 00 corowon rabng kK the Vergnat b Dased On Curent
mosets. Eacher modiels o suller from Somouon.

Nole 23. The 00 discharQe raing oy the VOrama takes account of the
pump's aciustabie SITohe NGIN. Presant GeSONS TIQUIre 3 MIWTRY: weil
ckameter of 110mm




Maximum pumping liit — 45 meters
“M‘mm—?mm

12

300 Noky 7
See
Sen Note 23
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pressure relief
Vater meter
mon-Teturn
hoae tap
union

valve
pipe and fitctings (elbows, nipples, couplings, etc.)
cament
sand
gravel
reinforcing
aesh

engine
fxane

foundation bolts

lock for pusp heuse

fus) storage tank

1abor: skilled supervisory and mechanic semiskilled pipefitters,
sschanic helpers unskiiled labor

labor per diem allowances

transportation
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plpo(mthnmciu?) _
elbous, tees, Mme&m .
mmmmmumum
nunqnmmtm

unskilled labor

laber: skilled supervisory wmnnu m tnlullon. pl.poutuu

labor per diea allowences
transportation

Storage_tank

storage tank

tank stand

tank liner

water level indicator

inflow and outflow connections

pipe from borebole to tank

1aborx: skilled supervisory
semtskilled tank inscsllers, pipefitters
unskilled labor

labor par diem allowances

transportation
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- labew: m -un.a electrician
' -semiskilled pipefitters, electrician helpers
unskilled labor

clamp of forcehead
fence (gate, wire cormer posts, regular posts, barbed wire?)
labor: skilled supervisory
seniskilled pipefitters, installers
unskilled labor
labor ver dies allowances
transportation
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1} 3']]“

lm:pfﬁnnlm
ttmomuu -

E

financing charges for capital costs

fuel and oil

wlu (clasning materials, ate.)

: maintenance (filters, bol.u. ete.)

: repalr (pumpset, pipelinas, storage)

labor: akilled mechanic/electrician
semiskilled pipafitters
unskilled muscle

labor per diem sllowances

cranaportation (no. of trips)

4

module replacement (damage or theft)
controller replacement

battery replacement

tank replacemsnt

rebufld wel) /redrill borehole

188
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3 Formules Used in Pressnt-Vorth Anslysis
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A F

A P

a+ iy
1
a -+

t+ -1

i

(+ o=\

i + i
{

A+iy=1

Kl + i

(0+dd=-1

Single paymeat
Single paymest .
present worth

Uniform serics

compound amount

Uniform series

present worth

Sinking fund

Capital recovery

(F/P. i%.N)

(_p/r;--'m. N)

(F/A, i%. N)
(P/A, i%,. N)
(A/F. i%. N)

(A/P, i%. N)

“, efiective interest rate per imterest pericad; N, number of interest periods: A. uniform series amount (occurs
o the end of each inerest paviod), F, future worth; P, present worth.

*The functions) symbol sysiem is used throughout this book.

*E£. Paul DeGarmo, William G. Sullivan, and John R. Canada,

F ) 7th .d-

%imzim Economy
12shing Company, 1964), p. 75.

191

{New York, New York:

Macmillan



EEREX LA TR SE ST AR FF R PR R R AT A R A PR A AT e R BT

]
]
»
L]
L]
L)
1]
L]
]
L
L
*
)
]

10:
112
1%
138
14t
18}
16;
1%
18
19
201

o

0.9434

1.8334
2.8730
3.4851
4.2124
4.9173
5.5824
¢.2098
8.8017
7.3601
7.0089
8.3838
¢.0827
9.2980
9.7122
10.10489
10.4772
10.827¢
11.1841
k1.4899

’ ot

0.82398;
0.7921}
0. 74T}
0.7T084¢
0.8681!
0.8274%
0.5915;
0.48884)
0.5268!
0.4970;
0.4084!
0.4433}
0.4173¢
0.39381
0.3714¢
0.3503;
0.3308;
0.3118;

“r
L)
L4

lntercat l.to t!!

a.
F1

0.9259
1.7833

3.377t

3.3121
3.9927
4.6229
8.2084
8.7466
8.2469
8.7101
7.1390
7.5381
7.9038
8.2442
8.8895
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