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PREFACE

This manual was vrittem to help professionals and technicians in developing
countries select water ,umping equipment that clasely matches their requirements
in terms of performance, cost, and long-term system support. Funding for the
manual was provided by the Water and Sanftation for Health (WASH) Il Project
under the auspices of the U.S. Agency for Iuternational Development's (AID)
Burcau for Science and Technology, Office of Health. It was prepared by the
engineering staff of Associates in Rural Development, Inc. (ARD).

Buch of the information in this manual {s based on the authors’ experiences with
punp testing and evaluation in a variety of developing countries, including
Botswvara, Malaysia, Sudan, Yemen, Somalia, and Djibouti. We would like to thank
the many people whe helped us on these projects, including host-country and
expatriate engineerz, economists, and technicians as well as a numbexr of people
from private veluntary organizatians (PVOs) and the Peace Corps. We would also
ltke to thank the persons who have reviewed drafts of this report for their
useful cemments: Peter Bujis of CARE, Joseph Christmas of UNICEF, Mike Godfrey
of CARE/Rwanda, Peter Lehman of Humboldt State University, Rita Kirkpatrick of
ARD, Ron White--consultant with ARD, and Alan Wyatt of Research Triangle
Institute. We would also like to thank John Ashworth (formerly with ARD) for
his help in conceptualizing the carly phases of this work. In the final stages
of preparation, the manual was edited by Diane Bendahmane whose careful reading
and detailed comments are greatly appreciated. Finally, we would particularly
Like to thank Phil Roark (WASH) for his active support throughout the development
of this field guide. He has not only kept the writing, shaping, aund review of
this guide moving forward, he has also made many useful suggestions during the
development of the technical approach and presentation of the material.

The cost and performance data given herein represent the best available estimates
as of the date of this report for the types of equipment discussed. These values
can and do vary consideratly, depending on the country where the equipment is
used, the expertise of the operator, and the extent to which proper system
sizing, operation, and maintenance procedures are tollowed,

WASH hopes this manual provides a helpful method for pump selection that will
be useful to a wide variety of readers. Comments on the method and any
additional local datz on experiences with equipmernt, costs, performance, and
availability would *: welcomed Ly the authors for inclusion in subsequent
revisions.

ix




The improvement of rural \nm :uppnu has been a major focal point of rural
development efforts in developing countries. These offorts have not aivays mct
with success, often because insdequats attention has been given to proper
equipment selection and use. The importance of strengthening local institutions
that are capsble of handling necessary equipmant-support functions, including
system design, installation, operation, saintenance, and repair, has frequently
a0t been reccgnized. Even well designed pumping systems often fuil prematurely
due to a lack of plamning and insufficient funding for the long-term recurrent
costs of maintenance and repair.

Over the past few years, systea dasigners have bugun to consider recurrent coats
in the pump sslection process, primarily in response to the rising cost and
increasing scarcity of conventional enmergy supplies in developing countries.
Attention is also shifting to alternmative energy sources for pumping,
particulariy in rural aress wvhere users often do not have sccess to the national
power grid. In such areas, users have typically had only two options--dicsel
systess or handpumsps. Dramatic increases in petroleum fuel prices over the last
twu decades have heightene¢ interest in other types of low- to medium-capacity
pusps, such as thoze powered by wind and solar radiation.

This =araal was swritten to sid s wide varfety of people who are invelved in
making decisions about water pumping equipment and its ugs:

. sanagers of water ros>urces development projects;

® develioment professionals (with some degree of experience with
pEps);

. host-country and expatriate engineers and technicians working

in both pudblic &nd private sectors, including nongovernmental
vzganizations (NGOs);

. Peace Corps (PCVs) or other volunteers with a technical

background; and
. technically inclined pump users.

1t is intended to enable readers to understand better and evaluate more
carefully 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 (0&M) requirements. Wiih this information,
readers can make knowledgeable, cost-effective choices of water pumping
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mlmt. which will tuult n \uut doulopunt ptojccu ﬂm: are more
effective and that offer incw:ud vater milabtuty and dccmnd enu to
users.

Many handbooks have been written on the mbjoet of rural uu: mpply.'
fxrigation, and pump selectioa (see the annotated: biblto.nphy in Appendix A).
Until recently, moat of thene focused primsrily on the technical aspects of

choosing a pump. Issues such as recurrent O&M costs, mihbiuty of technical
skills and spire parts, nystem reliabilficy, mc of installation and/or
operation, and related emhhutim that are or lny be of parmt importance
to users were dic:useed only briefly.

Pump users in developing countries face a wide range of constraints in cnsuting
the reliability of vater supplies, including , o

® lack of trained, experienced mechanics and onginursto handle
system design, installation, operation, maintenance, and
repairx;

3 lack of fuel and spare parts;

. very limfited selection of locally svailable system types and
sizes to meet specific water needs;

. a sometimes wide variety of locally unsupported pumping
equipment, ctosen not because it meets local needs but rather
because the donoy prefers it; and

. inadequate information on how properly to match available
equipment to water pumping needs.

Pump selection sust take all of these constraints into account, The
alternative-—selecting a system without being adequately informed—-will
undoubtedly {ncrease water costs snd maintenance and repair requirements.
Insppropriate equipment selection can have major adverse implications for a
project, including

e inadequate or grossly over-sized system capacity;

[ over- or under-used water sources;

. increased capital equipment costs;

) higher recurrent costs;

» overly frequent maintenance and repair; and

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

pusping capability.




This manual provides information on the opsrating characteristics, design
procedures, O&M requirements, and advantages and disadvantages of various
equipsert alternatives to help readers make a better pump selection for both
groundvater and surface-vater use. , i

1.2 Gaal and Purposes

This manual is designed to enuble field technicians and managers who do not
oecessarily have extensive experience f{n water engineering to make appropriate
chofces of water pumping systems snd components. It presents the decision-
making process as a logical progression, first discussing wvhat information is
needed before examining pumping system alternatives, and then showing readers
how to gather and analyze the needed information go it can be used in applying
a set of selection critsria. The criteria are given in flowchart fashion, so
users can apply the data they have acquired to make useful, accurate dgecisions
sbout pusping equipment alternatives.

To achieve this purpose. the manual attempts to

. describe the process of properly selecting pumping eguipment
for small-scale potable water supplies, based on site and
resource characteristics, as well as the engineering,
economic, and institutional characteristics of each type of
system;

. assist with the initial screening of water pumping
technologies by describing what information is necessary to
deternine equipment needs and how to gather it;

. provids detailed 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
diesel, solar photovoltaic (PV), wind, and handpump systems,
including problems and attempted solutions as well as new
spproaches to making different designs more appropriate for
operating conditions in developing countries; and

» give estimates of typical capital &nd recurrent 0&M costs for
the systems considered here, along with guidelines for

adapting these costs to reflect specific conditions in the
user’s country or region.




This manual {s vwritten for a wide audience--{t £z not intended to be a
comprehensive reference manual on the engineering and econoaic design and
analysis of all small-scale vater pumping equipment. Uhere appropriate, readers
are referred to other references (see Appendix A) that contain in-depth
treatments of particular topics, so those wvho are interested in the intricacies
of a certain subject can examine other resources for additlonsl information.
Here, detail has been sacrificed to provide broad coverage of all relevant
aresas.

1.3 Ovaxview of the Puap Selection Process

This manual uses a straightforvard pump selection method that takes into account
technical, social and institutional, and cost factora in choosing the most
appropriate pusping system(s) for a given level of water demand and specific
set of site constraints. It shovs readers how to collect and analyze the basic
engineering and cost dats needed to select any of the four system types
considered here—-diesel, solar PV, wind, and handpump systems. There are a
variety -f other types of pumping systeis used in developing countries,
includi.g hydraulic rams, biogas-powered pumps, and animal traction pumps.
These are not covered in this manual, but i{nformation on these systems is given
fn the bibliography (especially Fraenkel 1986).

The selecticn process involves several stages of information gathering and
snalyses:

e deternining yater demand at the site, based on the number of

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

Y mcasuring and calculating the gnergy recuirement to meet that
vater demand, based on the physical characteristics of the
vater source and system design;

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

. estimating the
covered in this manual--diesel, solar, wind, and hand;
[ determining gsite-specific cost factors for an economic

snalysis that compares the life-cycle costs of competing
systems; and

. revieving other supporting isgsues (e.g., social and
institutionsl) that are important to the successful long-term
operation and maintenance of pumping systems.

Flowchsrts and illustrations are used to describe the pump selection process.
After estimating water demand and applying the technical selection criteria,
several viable alternatives often remain. A brief survey of locally available

4




equipaent and an informal evaluation of an area's support infrastructure (e.g.,
equipment dealers, mechanics, sources of credit, pump user groups, and local O&M
costs) emphasizes the importance of pump selection criteria that focus on more
than just technical fssues. Capital and recurrent cost data that reflect
typical system costs in developing countries are used further to reduce the
ousber of scceptable options. Finally, social and institutional criteria are

applied to make the final selection,

While the technical constraints associated with various types of pumping systems
are fairly obvious and well known, pumping costs (especially for O&M) are not.
This manual stresses the typical performance of pumping equipment in developing
countries (based on field-test measurements) and the importance of local
infrastructural support for long-term reliability. Until recently, very little

racuvvent cast and navfarmsnca datas have haan availahla that acscuratalv raflace

LS = 98 2 FL =1 P A . S T - . T T e WEW Ay W aaww

the unique constraints faced by users in developing countries. 'l‘hn cost
estimates used in this sanusl are based on information gathered in a variety of
developing countries; they can be adjusted to permit the inclusion of local
site-specific data. The cost data presented here 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. WUhile it may appear somevhat complex at first glance, it codifies a
complex decision-making process that includes consideration of a large amount
of information. The following nsivrative description of the pump selecticn
process refers to particuler steps tiiown in the flowchart.

1.3.1 Deternining Water Requirements and Energy Resources

The first step in the process is to
LDRXEY Xesources. including constraints on the water source in terms of head,
yield, and quality as well as locally svailable energy resources--diesel fuel
supplies; solar irradiation levels, average wind speeds, and availability of
husan labor for pumping. This step should includs a careful reviewv of existing
water collection techniques used at your site, if any. After deciding whether
or not a pump is appropriate, and determining exactly vhat you have to work with
at the site, you should begin to gurvey locally available punping equipment and
. Check local suppliers to destermine the
types of pumping systems thn: are availadble, brand names of manufacturers,
rangss of cutput for engine power and pumped water from a variety of heads, and
capitsl equipment costs.

1.3.2 Assessing locally Available Systems

Fext, sssess the advantages snd disadvantages of system options that are already
locslly available. Detsrmine which locally availsble options axe acceptable for

your application by answering the following questions about each option.




Figure 1. The Pump Selection Process
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. Do the pover ranges fit the site requirements for flow rate
and head?

. Is system design assistance available?

. Is skilled labor available for equipment installation,
operation, maintenance, and vepair?

. Are inventories of spare parts adequate so that the systeam can
be repaired without undue delays?

1f the equipment is already being used locally, the answer to all these
questions should be yes. If the answer to any of the above is no, you should

begin to consider other system options.

1.3.3 Rough System Design and Cash-Flow Analysis

Assuming the snswer to all the questions is yes, dg a rough svstem design and
cash-flov analysis. Chapters 5 through 8 provide information on systeam design
analysis and Chapter 9 provides sample inputs for cash-flow analysis for the
type of system(s) that are locally available. Use information from local
dealers on your approximate system needs to coamplement the design procedurcs
described in this manual.

Kext, determine vhethar the cash flows are acceptable by answering the following
questions.

. Can pusp users or purchasers raise sufficient capital to buy
the system outright? 1f not, do they have access to credit?

. Will punp users, or vhoever is ultimately responsible for che
system, realistically be able to cover expected recurrent
costs? (Funds may have to be collected from user fees, returns
on crops 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 other groups responsidble for maintenance
and repair) cover the costs of unexpected, but inevitable,
breakdowns?

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




1.3.4 Additional Considerations

If the cash flov {i acceptable, decide whether there are other reasons (besides
financial considerations) why you might waut to consider other options. These
night include, but would certainly not be limited te,

. uger participation ard perceptions (Have users been closely
fnvolved in the decision-making process, and do they have any
objections regarding the current choice of equipment?);

. system reliability (Are there other systems 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 hired to
oversee the operation of the system or should the system
operate unattended?);

. employment generation (lIs increasing employment locally a
concern, perhaps at additicnal cost in terms of money and
convenience?); and

. training (If the technital support skills available locally
are eonly marginal, is anyone willing to provide support
{financial and/or administrative] for setting up training
programs to change this situation?).

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

1.3.5 Assessing Systems Not Available Locally

Begin by first listing probable system options, based on the information about
available equipment for various system types given in Chapter 4. Which seem to
fit yeur situation best? Review the lists of advantages and disadvantages for
different types of systems, based on the comparative information given in that
chapter. Decide which advantages and disadvantages are most important in your
particular set of circumstances. Discuss them with prospective system 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
constraints, For example, for wind pumps, i{s the wind speed at the site during
the "design month" (i.e., the worst-case condition when available wind energy
s lowest ir relation to water demand) zbove the minimum recommended level in
meters per second (3.5 to 4 m/s), and the total head less than about 60 meters?




If not, wind pusps should 'ptohbly not be emidqm any further for this
application. Similarly, for a soler pump, is the average solar radiation in the
design month greater than 5 kilowatt-hours per squars meter per day (kWh/m’d)?
(See Chapter 3 for an explanation of solar radiation messurements.) If not,
focus your attention on other system alternatives. Similar minimum selection
criteria can be used for each type of system and are discussed in subsequent
chapters on systes design.

1.3.6 Preparing 'l‘u\ntivo System Deaigns

At this point presumadly at least one system alnmtivc 111 have passed the
-iniu selection criteria. The next step is to Mm for the

ectad antions. Mrinl a tentative gystem desfien wil

-— T e —— L ——— -

. allow you to bocou more femiliar with exactly wvhat parameters
sust be considered vhen designing and, more important, when
using each type of aystem and

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

During syatem design, you should examine manufactursrs’ literature obtained from
pumping equipmsent distributors in the area. In doing so, you will find out
vhether or not the system you are designing uses components (e.g. engines,
pumps, and controllers) whose capacity is actuslly yithin acceptable rangas for
commercially available equipment. For example, you may determine that given the
relatively favorable wind speeds st your site and the water demand profile, a
wind pump vith a rotor 10 meters in diameter would be appropriate. However, the
largest wind pumps have rotors that are typically only 7.6 meters across, which
would not deliver as much water as you require. In that case, you should

consider using tvo or more smaller windmills or reconsider other options.

1.3.7 Comparing the Costs of the Selected Options

If any of the options examined can meet the physical constraints of your
application, the next step is to

This is basically a vefinement of tha approximate cash-flovw analysis conducted
esrlier. The point iz to get as exact an estimate as possible (given the
available data) of the progression of cash flows that will occur during the
system’s expected lifetime. This will allow you to make reasonable decisions
about whether or not those cash flows are acceptable for your system and which
of the remaining alternstives is the least-cost option.




1.3.8 Making Necessa: Compromises

The next step is to decide - =ther the gash flowa associated with the least-cost
option are acceptable. If not, go back and reconsider the other syatem options
more carefully. If so. list the compromises you wiil have to mske if you decide
to use the least-.cost system, rather than snother technically acceptable, but
more costly, system. For instance, less expensive equipment msy have lower
reliability, there may be less chance of getting repairs completed quickly, or
users may be less familiar with the system. Then, decide whether any of the
compromises are unacceptable to you or system users. 1If so, reconsider other
options. If all the compromises are acceptable, go shead and solicit bids for
the system from :alers you contscted previously.

This process i< ntentionally somevhat repetitive, so decisions will not be made
lightly or = ly on the basis of first fimpressions or unstated motives.

Systems that  : already available locally are favored over those which will
have to be  Horted. Experience has shown that systems which are newly
introdiice - nout adequate attention to developing an associated support

infragtr cure have typically fallen inte disrepair. This is not to say that
new typ  of systems should be avoided. Rather, it is intended to emphasize
that th .c are additional obstacles associated with introducing new tachnologies
which can be insursountable unless attention is given to developing the required
suppert fnfrastructure.

The flowchart shows the overall appreach to meking a selection among several
different technologies. The process of determining the actual design of
individual systems and exactly what site-specific operating constraints are in
effect is covered in later sections of this manual. In the design chapters,
process flowcharts are preaented that lead readers through the design process
for the four types of systems considered in this manual. Preformatted sheets
are also provided to help simplify data collection and analysis, the results of
vhich are used in analyzing technical performance and costs for each system
type.

1.4 Scructure of Thig Manual

This manual s divided inte 10 sections. To compare any pumping technology
options, you must first determine water demand at the site. Chapter 2 shows
how to calculate this. It discusses water-resource characteristics that are
important for system design, such as well yield (if the source is groundwater),
pumping head, and water quality. After discussing demand profiles (i.e., 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 requirements for meeting the
demand profile determined in Chapter 2. It discusses the characteristics of the
four types of energy considered in this manual——diesel fuel, wind and solar
energy, and human power for handpumpirg--and recommends sources for gathering
needed information on energy res.urces in your area.
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The typu of m(ng equipsent and their operating characteristics are covered

in ﬂ.-n- ‘ tha musn salastrian avanass afsar watrtay Jdamand and haad

uqn!uuau m determined, the next step is choosing a particular pump to
match those parameters. Then, sn energy source (e.g.., windmill or diesel
engine) {s selected to provide the imput emergy required by the pump chosen.
This chapter includes susmarfies of the important sdvantages, 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 energy sources considered in this manual-—diesel, solar, wind, and
human pover. Each chapter begins with an initial description of typical
equipment, followed by a discussion of system characteristics; operation,
saintenance and repair requirements; and typical capital equipment costs.
Except for the section on handpumps, which is a much simpler technology, each
concludes with a detailed example of the design of a pumping system using that
technology. These examples indicate where each type of energy source can and
cannot be used, based solely on technical criterias.

The final tvo chapters on economics and other nontechnical considerations are
the final stages in the screening of remaining equipment options. Up to this
point, only representative coats arxe given. Recurrent costs have not been
analyzed, and no economic analysis has been undertaken. Chapter 9 briefly
discusses analytical methods and then shows how to apply them by taking the
reader threugh two detailed examples that compare two pumping options. These
examples are extensions of the technical system design cases presented in
Chapters 5 through 8.

It is not necessary to resd the entire manual to get help with decisions about
pusping systems. Skip around to locate information of specific interest to you.
Houever, all chapters should be read before equipment is finally selected to
assure that all pertinent selection criteria are carefully considered.

11




Chapter 2
WATER DEMA:w) AND RESOURCES

2.1 Denand

To select an appropriate pumping system, you must first know the water
requirement at the site. The wvater requirement is usually measured in cubic
meters per day (n'/dsy) and depends mainly on the size of human and animal
populations, although it may also include small-scale {rrigation or other
demands. The amount of wvater used per capita depends heavily on

convenisncew-wvhan vater iz more readile ml'l.h'l. per canirs consmumntion will
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increase. Remember this when u:inting future increases in demand.

The World Health Organization (WHO) has established the winimum water
requirement for humsn consumption at 30 liters per person per day (LPD). In
practice, while 30 LPD f{s often used as a design value, this is often more than
the actual consumption typicsl of many rural areas. Local vater demand varies
with location, customs and cultures, climate, distance to and capacity of the
vater source, and amount of effort or cost associated with meeting the demand.
This section descridbes how to estimate current water requirements and evaluate
environmental conditions that limit the quantity and quality of water which can
be obtained from a given source. These data are used in the pump selection
process primarily to determine pumping rate and, hence, the aystem's power
requirements. Information on local water demand for people, animals, and crops
is often available in already existing development reports for your area. You
sheuld check these reports and integrate that information into the demand
estimation procedures given bdelow.

2.1.1 Site-Specific Conditions

Water demand is dependent oh site-specific conditions, Although general
guidelines have been established by many development agencies specifying the
sinisuis daily consumption for people, animals, and crops, actual consumption can
(and does) vary considerably. This manual is intended to deal only with
drinking water for people but, in fact, many village water supplies will be also
used to water small livestock. Typical usage figures are given below for the
mOSt commoOn CONSUMErs.

Reople Cattle Goats/Sheep Poultxy Hogs

Demand in 20-40 20-40 5-15 0.2 10-15
liters/day
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The wvater rsquirement for people assumes that people get their water from
centrally located standposts. If house taps are used, expected consumption will
be considerably greater. The total water requirement for a pump is obtained by
multiplying the mumber of people and animals to be served by the per capita
consumption, and they by adding other demands (watering gardens, selling water
to nearby consumers, etc.) in the area the pump will serve (the service area).
Uhen calculating the total water requirement for a service area, consider that
people may keep more animals when water is sore readily available. Also, people
from surrounding vi-lages outside the service area msy want to use the system
if their vater sources fail or if it is easier for them to get water from the
v system.

2.1.2 Varfations in Consumption

Vater consumgtion varies over the course of a day, both seasonally and annually.
Since pumping systems are normally sized to provide enocugh water to meet the
largest (or peak) daily demand, it is important to determine what peak demand
will be. Peak demand can be a function of social (everyone coming home for the
holidsys), agricultural (garden cropping patterns and watering schedules), or
)’ restock considerations (animals returning from grazing lands during the dry

ason, or visits froa nomadfic tribes with their herds). For pumps driven by
renwnable enargy sources (such as wind or solar power), you must also deteraine
what daily demand is for the worst-case situacion, called the "design month.*
The design month is the calendar month when average daily water demand is
greatest in xelation to the availability of the renevable energy resource. (The
sections on wind and solar pump design give more information on determining the
design month.) For diesel systems, vhich often have a very high on-demand

pusping rate and so do not require as much storage, you may also have to
consfder hourly peak demand.

2.1.2 Crowth in Demand

Estimates of system capacity require assuming a design period or horizon, which
is typically 8 to 10 years. This can be different from the amortization period
for economic comparison of different systems (see Chapter 10), as long as there
is the potentisl for expanding the system’s capacity at the end of the design
pericd. All system design decisions should take into account the fact that the
demand for water will probably increase over time. Demand is affected not only
by population growth (people and animals) but also often by ease of access. Per
capita consumption (measured in LPD) usually only increases significantly if
sexrvice incresses-~that is, if Bany more water points are installed nearer to
users, particularly yard taps. While it is difficult to generalize without
information on local population growth, rates of 2 to 4 percent per year are
typical for rxural villages in developing countries. This may sound small, but
a 4 percent annusl growth rate means that the demand for water will increase by
over 40 percent in 10 years (not assuming any increase in per capita

14




Mﬁou). Increased demand due to growth in population and per capita
consumption can be calculated using this formula:

DDy x (14 F)®0 x (14 Fog)®Y

where Dy = future demand
D, = present demand '
Fyg = population growth factor
R = design period in years
Feo = consumption growth facter

Steadily increasing water requirements place different demands on the various
types of systems. These demands are handled in different ways. For dlesel or
gasoline (petrol) pumps, increased demand can be met simply by increasing the
flow rate (engine speed) or operating the system for more hours each day. The
latter is also true for handpumps. Solar PV and vind pumps are usually slightly
oversized relative to current demand in order to account for future increases
in demand. However, this can be a costly approach, particularly for PV systeas.
IV pump output can be incressed by adding modules to the system, up to the pover
limit of the motor. Once installed, wind pumps have little flexibility in
meeting increased demand, so it is important to estimate growth in demand as
closely as possible before sizing a wind system. An example of how to estimate
demand follous.

15




Example 1: Determining Demand

A village has 300 residents, but during the suamer, 50 students return from
a nearby boarding school, increasing the population te 350. The snimal

mameclatlom ¢o EN ahtabana and 78 asava The smanmnlatlian swassh of asanla
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and animals {s estimated to be 4 percent per year. The design period is 10
years. 1t is assumed that per capita consumption will not incresse, so the
third term in the formula above equals 1. How is demand determined?

The greatest demand will occur in summer, wvhen the population is 350. Per
eapita consumption is assumed to be 20 LPD for people, S for goats, and 0.2

for chickens. Thus, present demand is o
(350 x 20) + (75 x S) + (50 x 0.2) = 7,385 LPD

From the formula, the demand in 10 yearas will be:

7,385 x (1 + .04)0%) = 10,511 LPD (or 42 percent more than D,)

2.2 Bescurce Characteristics

Vhile the number of vater users and their individusl consumption needs are used
to calculate demand, actual demand can be constrained by the available vater
supply. In most cases, 1f you are choosing a pumping system for s given site,
the water source is slready known. The source may be surface water (e.g.,
rivers, lakes, and man-made or natural reservoirs) or groundwater (boreholes,
dug wells, and springs). To determine what type of pump(s) can be used and the
maximus demand that can be met, you must know certain specific characteristics
of the water source:

. the yield of the source in cubic meters per hour or day (w’/h
or w'/d),
° the static vater level in meters,

» the drawdown in meters (the drop in water level during
pumping), and

. the quality of the water.
16




For pump selection, the most important characteristics are yield, static water
level, and drawdown. The energy needed to pump water is directly proportional
to the total pumping head (explained below) and flow rate. The pumping head
depends partly upon the static water level and drawdown. The pumping rate can
be no greater than the maximum sustainable yield of the water source, which is
the maximum amount 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 whether or not the source has
significant vater quality problems. For wells, information sbout yield, level,
and drawdown should be available from wvell-completion certifficates or test-
pumping logs. Yield can limit the flow rate for pumping water and, in turn, the
number of hours cf pumping that are required to meet demand. This may affect
equipment selection since some types of equipment are better matched to higher
(diesel) or luwer (solar) pumping rates.

2.2.1 Flow Rate

Daily vater demand can be met in different ways. For example, if the daily
wvater 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 m'/hour. Pumping
the water as quickly ss possidble saves time, but it is not always possible or
advisable. Pumping at too high a rate from a source with limited yield may
cause excessive drawdown. This would increass the total pumping head and would
require more energy; it could even cause the pump to run dry. If the water
source is a year-sround river, it is unlikely there would be any problem meeting
small to moderate water requirements, except in the case of a drought. However,
most wells and springs are incapable of delivering 100 o’/hour. Thus, a careful
sssessment of well yield and pumping rates is necessary before specifying the
equipment.

For drilled and dug wells, it is important to knov the maximum sustainable well
yield or maximum rate at wvhich water can be continually pumped. This provides
an upper limit for the pumping rate selected during the design process. The
vell’s maximum sustainable yield and drawdown under these conditions are usually
determined as part of the test-pumping procedure. Drawdown and, hence, total
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 water demand and constant flow rate (such as a diesel pump would
deliver), the design pumping rate is determined by taking the daily water
vrequirement in »’/day snd dividing by the number of hours of pump operation per
dsy to get w'/hour. Your choice of technology is dependent in part upon the
required pumping rate. This pumping rate must meet the demand for water, but
it must not exceed the source’s sustainable pumping rate. If it does, you must
either increase the mumber of hours per day of pump operation, decrease water
demand, or develop a new water source.

In addition to the maximum 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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system(s) is to be located. For example, in some developing czountries
(Sangladesh and Yemen are good examplesz), the exceedingly large number of
tubsvells drilled in some areas has resulted in a drastic lowering of the
regional groundwater table. This happens when the total extraction of water
from all of the tubewells {s greater than the maximum sustainable yield of the
squifer. If historical data on groundwates replenishment rates are available,
estimate vhat effect the pumping rate you propose (and the number of pumps you
are plamning to in:ull) wiu have on your water table.

2.2.2 Total h-ping Head
"Head" {is a term used for several related quantities thnt together comprisa the

effective pressure against wvhich a pump lifts water. Head, usually given in
meters or feet of water, is a combination of the following components:

. elevation (static water level plus static discharge head plus
drawdown) ,
. pipa friction,
. velocity, and
® pressure head.
These components are illustrated in Pigure 2 and explained in greater detail

below. Values for each component must be measured or calculated to determine
total pumping head.

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

. graydown--the distance from the static water level to the
lowered level vhen the pump is operating; and

. atatic discharge hagd--the vertical distance from the pump
outlet to the highest point in the system, usually the storage
tank if therc is one.

Elsvation

Static water level can easily be measured during site visits or obtained from
accurate well-completion records.

18
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Por tlu -m ot m u-only used for un-;. nut mppuu. thn drudmm h =
essentially zero for most rivers and streams. With boreholes (wells), the
drawdown depends on aquifer performance, well dui.n and development, and the
pumping rate. Drawdown information is available from proper test-pumping records
and is often given in terms of the specific capacity of the well (measured in
o’/d/meter of drawdown). Drawdown usually increases as the pumping rate

Unfortunately, well drawdown figures are often not readily available. In such
cases, test-pumping should be done on the water scurce before designing the
system. 1f possible, do this during or shortly after the driest part of the
year, when yield will lihly be at its lowest. This will minimize the
possibility of overestimating the yield of your water source. If this is not
possible, the drawdown will have to be estimated, preferably with assistance
from hydro-geologists familiar with your area. The subsequent selection of
pusping equipment should reflect these unccmin conditiom (see Chapter 4 on
available equipment).

Static discharge head is a function of the systes design and local topography.
This component of elevation head can be measured during site visits or computed
from site surveys and plans.

Ripe Friction

Pipe friction loss depends on the flow rate and the length, diameter, and
condition of the pipe used. Friction losses can be calculated using formulas,
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, smooth
plastic, etc.), since friction losses vary with type of pipe. For example, the
grephs in Figure 3 can be used to estimate the head loss for galvanized iron or
plastic pipes, according to the following example. Additional friction loss
tadbles and figures for s wider range of pipe types, diameters, and minor losses
for pipe bends and fittings are given in Appendix B.
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Example 2: Pipe Priction loss

Find the friction loss in meters of head tor a smooth plueic pipe :hn: is
250 maters long and 75 millimeters in diameter. WVater iz being pumped at
antoofSliunperneond Mpipwmhndnofwamumd
o open uu valm ‘ , , : i

The left lidn of lim 3 for pmtie pipe shou shout 6 uuu ot‘ head
loss due to friction per 1,000 meters of pipe length (following the arrows
on the graph). Simthepiphzsounn long, this valus must be
divided by A, giving a friction head loss of 1.5 meters. The equivalent
length of the bends §s 2.3 x 2 ~ 4.6 meters and that for the gate valves is
1.2 x 2 = 2.4 meters. Since this total additional length (7 meters) is
only a small fraction of the total 250 meter pipe length, the bends and
valves produce negligible head loss. So, the total friction loss is still
1.5 meters.

As a second exasple using the same procedure, friction losses for the same
pipe length and flov rate, but 350 millimeters in diameter, would be 37
divided by 4 or 9.25 meters. Again, the bends and valves add a negligible
smount of head loss. Friction losses for this pipe are six times as great
as for the larger diameter pipe.

The preceding example shows the impor-ance of using pipe that is the right size
to save on energy costs by minimizing head losses. One common rule of thuab is
that pipes should be sized so that friction losses are less than 10 percent of
the total head. Another common rule of thumb is that pipes should be sized 40
that water velocity in the pipes never exceeds 1 m/s. For ths example above,
for the 75-millimeter pipe, the water velocity (calculated by dividing the flow
rate by the cross-sectional area) is 0.97 m/s, vhich fits the criterion. For
the 50-millimeter pipe, it is 2.3 w/s, vwhich does not fit the criterion.

Yelocicy

Velocity head is s measure of the energy lost when a moving liquid slows down,
such as vhen it flows from s pipe into a storage tank. For purposes of system
Gesign, it is measured as pressure loss {n meters of vater, calculated using the
formula:

¥ (n/s)
2 x 9.81 (m/s®)
vhere v is the average velocity of water in the pipe and 9.81 is a constant.

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

velocity head (in meters) =

22




Example 3: Velocity Head

Determine the velocity head {f water is being pumped at a rate of 10 o’/h
through a 100-milliseter pipe at sea level under normal atmespheric
conditions.

First, find the velocity v. The cross-sectional area of a 100-millimeter
pipe is .031 »*. This figure can be obtained from standard pipe aize
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 »?

The velocity equals the flow rate divided by the cross-sectional srea, so
the veloecity in the pipe is 10/.0064, which equals 1563 m/h or about 0.44
w/s. Using this result in the formula above gives:

velocity head (in meters) = T;‘%:%ﬁ.%

=00la

2 velocity head wvhich is negligible in most circumstances.

Exeasuxe lead

Pressure head is the additional pressure required to pump water into a
pressurized tank. This pressure can be given as additional meters or feet of

hesd using the following conversion:
1 psi = 6.89 kPA = 2,306 feet of vater = .703 meters of water.
(psi = pounds per square inch)
It will not often be a factor in water supply systems in developing countries,
since pressurized systems are seldom used in rural areas.
Using the spproach dascribed here, total pumping head (needed later to determine

pusping energy requirements) can be calculated by adding together the values for
each of its components.
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23 Nater Quality
Gater quality may be an iqomnt parametsr in pump selection and determining
whether the source is suitable for human or animsl consumption. Physical

parameters included in water-quality testing that are important for equipment
selection are ‘ s

- herdness, ‘

o  electrical conductance (or specific conductivity),
. hydrogen-fon concentration or pH, and s

. salinity or total dissolved solids (TDS).

Hardness is a weasure of the mineral content of water, primarily magnesium and
calcium. Hardness in the range of 100 milligrams per liter (mg/l) is considered
acceptable, although up to 500 mg/l may be acceptable depending on the
availability of better sources. As hardness increases, encrustation and scaling
on pipes and pump components is more likely. Over time, this increases pipe
friction and decreases the diameter of the pipe, thus affecting the pumping rate
and increasing the pover requirements. Scale deposition can also decrease well
efficiency and may even lead to the loss of a well in extreme cases.

Righ conductance (above 750 micromhos), low pH (acidic water below 6.5), and/or
high TDS levelr (above 500 mg/l) indicate aggressively corrosive water. Acidic
vater, even with low conductance or low TDS, is also corrosiva. Otherwise
scceptable water with high TDS levels can degrade equipment simply by an
excessive wear, as particles moving over the pump’s moving parts wear them down.

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

2.4 Remand and Supply Pxofiles

A demand profile refers to water demand over time, usually a year, although the
concept can be applied over the course of a day. Water demand varies depending
on need a5 well as supply. Humans and animals tend to drink more water in hot
dry seasons. 1If water is available, consumption will increase at such times.
(1f surface water is available, the demand for pumped water for animals will
decrease.) Sometimes during dry seasons, local water supplies simply dry up,
so consumption decreases at some water points and greatly increases at those
vhere water is still svailable. During dry seasons, borshole yields typically
drop in regions wvhere aquifers have lov recharge rates. Nomadic people can also
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‘m dplftun: offocu on nm desand, creating large “spikes® or short
periods of very high demand in the proffle. WUater demand is not necessarily
constant from year to year, due to population growth, husan and animal
migration, changes in size of livestock herds, droughts, and & variety of other
factors.

The supply profile depends on the type of pump. For. o:uph. 4 diesel pump
norzally operates at a constant rate and can deliver water at a moment’s notice.
The ssme is true of handpumps, ;knlthough on a much mlht;s‘uh. Solar or wind

is shining or wind is blovin. above the windaill's lurt-up vind speed. This
has obvicus impacts on system design. For instance, suppose you want to install
a solar pump, but system users want water early in the morning. To meet that

on of the daily demand profile, a storage tank is needed to reserve part

previocus day‘s output.

of the

As a general rule of thusb, wind and solar pumps should be designed with three
to four days of storage to account for the fact that they cannot deliver water
on demand. While variations in demand can be managed by designing storage into
a pusping system, usually this helps meet only short-term vater needs (several
days at most), not seisonal variations in demand. Storage tanks or basins
typically hold an smount equal to a normal village’s daily vater demand, say 20
cudbic meters. It is not ususlly economical te store enough water for five days
given the cost of storage, particularly wvhen using elevated storage tanks.
However, if a site iz so remote that it takes five or more days to fix
breakdowma, the cost of additional storage must be compared to the cost of
trucking in water, higher cost preventive maintenance to increase system
relfabilicty, backup systems, or other measures to insure water availadbility
during system outages.

Energy resources, which are discussed in detail in Chapter 3, can also vary
seasonally. For example, diessl fue! is often unavailable in remote areas
during rainy sesasons, vhen roads becoms impassable. Renewable energy pumping
systems, such as wind and soler pumps, can deliver water only when adequate
erargy resources are svailable, not during calm or cloudy periods. Other
seasonally dependent factors can affect system performance-~for instance,
upstrean flooding could raise sediment levels in a river high enough that pumps
become clogged. The possibility of annual and seasonal variations in water
demand and supply should be taken into account when designing pumps. With
adequate safety measures, demand can usually be met. Remember that for sites
vhere demand variability is high, no reasonably designed system can glways be
expected to meet demand.

2.5 Eater Availabilicy

Vater availability is the percentage of time water is available to users during
8 specified periocd. This figure is never 100 percent, since every system
eventually breasks down. Availability can almost alvays be increased, but it can
be incressingly expensive to do so above a certain level. Pumped water supplies
say be unavailable for three reasons—-the mechanical system fails (e.g., the
motor stops), the source becomes inaccessible (the water table drops below the
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pump intaks), or the energy resource :.n. (the vind stops, the dhsil fuel runs
out, or the sun is covered with clouds). A good design practice for water
pumping systems is to focus on ensuring water availability, which depends on

. equipment reliability,

3 variations in vater and energy resources, and

. the availability of backup equipasent and water sources in the
event of & system or source failure.

The reliability of different kinds of pumping equipment and system designs can
vary consfderably, but relfability usually depends on cost and maintenance.
Often, better equipment costs more, and there are trade-offs between buying a
system that has a high capital cost and low 0&M requirements versus low-cost
equipment that needs a high level of O&M. Users may have to make coapromises
if they lack adequate funds for high-quality equipment. However, the most
important strategy for preventing prodblems and minimizing costs is to know the
limttations of the water source before you choose a system.

2.5.1 Equipment Relisbility

Reliability is usually measured as the mean time betweer system failures, given
in hours of operation. This means that on the average, a component (e.g., pump,
engine, or belt), if prupeily mainisinsd, can be expected to fail after the mean
tize between failures has elapsed. Better (and often more expensive) components
or systems have longer mean times between failures. Usually, it is very
éifficult to find this information for different component options, so system
designers must rely on recosmendations when choosing different types or brands
of equipment. However, system failure does not depend simply on the quality of
the parts used. Reliability is slso very dependent upon other factors such as
the rvesdy availability of spare parts and people with technical skills to
maintain and repair equipment.

System designers usually try to pick components with the highest efficiency that
they can afford (see Section 4.1 for an explanation of efficiency). Sometimes
new equipment with purportedly high efficiency is used in a system. Only later
do users discover that the new part functions well for a short time but does not
bave the expected reliability and faile prematurely. In general, use proven
components that you and local technicians are familiar with or that %.ive proven
thesselves through long and steady use elsevhere, rather than buying cne latest
fnnovation. Let someone else experiment with new or unfamiliar units. In the
long run, proven reliability is much more important in reducing the cost of
vater delivery than s small percentage difference in operating efficiency.
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2.5.2 Designing for Reliability

Careful design cen greatly increase water availability. For example, the level
and the quality of the water im rivers, springs, and wells fluctuate seasonally
and stwwally. System design should take expected and unexpacted changes in the
vater source into considevation. Strategies for dealing with such changes
include

® mounting borehole pusps well below the lowest expected water
level and river pusps on anchored floats with flexible
discharge hoses and using screens to prevent clogging and
subsequent damage to pumps and motors;

. using safety devices——circuit breakers on motors to prevent
overloading, overheating cutoffs to prevent seizing in pumps
or motors when water levels drop below the intake, and
pressure-relief valves in discharge lines;: and

. designing adaquate storage to meet demand during short-term
system outages, expected or unexpected--remember, aventually
every system breaks down.

There are other types of spproaches wvhich can increase vater availability. In
most common design procedures, components such as engines and pumps are
typically oversized to a certain extent. Since pumps require more power to
start them turning than to keep them going, motors have to supply higher
starting than running torque (see Chapter S5 on diesel engines). For electric
motors, this means more amps must be delivered to the motor. Thus, motors and
pover supplies (e.g., PV arrays or vind-pump rotors) must be sized large enough
80 thay can provide as much as four times the normal running torque to start the
systen.

Cosponents must also be oversized to account for gradual degradation of
performance and growth in demand over the system’s expected lifetime. For
example, pipes get clogged dus to scaling over time, thereby reducing the
Oiameter through which water can flow. This increases the total pumping head
and, for a given power input, veduces the fluwv rate through the pipe.
Similarly, as electrical components wear, voltage losses occur that reduce the
output of electric motors. As diesel engines become carbonized with use, they
produce less shaft power to drive pump transmissions. These and other types of
system performance losses mean you must begin with a slightly larger power
source if yru expect a certsin amount of water delivery five years after the
systag is {installed. Culdelines for componsnt sizing that address these
prodlems are given in Chapters 5 through 8,

The need for preventive maintenance camnot be overemphasized. Pumps run better—
f.0., more eofficiently and at & lower cost per unit of water——when they are
regularly maintained. Yet, some user groups masy not have adequate incentives
to take care of their equipment. While it may seem reasonable to assume that
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users -m" take care of pumping equipment, rvegular maintenance will not
necessarily be carried out. These issues are discussed further in Chapter 9.

2.5.3 Backup Systems

Every pumping system will aventuslly fafl. System designers must consider how
users will deal with such failures. You must determine how long an outage will
be scceptable to users, remesbering that no system gives water 100 percent of
the time. Unless the situstion is very unusual, the right spare parts or people
vith eppropriate technical skills will not be on hand at the site to fix a
system immediately after a breakdown occurs. Thus, an outage is likely to last
several days at least. o

System design should take into account ways of dealing with maintenance
problems. Firat, you need to have some idea of what problems will be caused
even by brief cutages. Do people typically store the drinking water needed for
several days at their houses, or do they draw water several times a day because
they have no off-site storage? If there is little or no off-site storage, a
community storage tank should be big enough to store water for at least one day.

Second, backup systems can be used vhenever the primary system fails or is shut
down for maintemance. WUhile this almost guarantees that you will always have
vater (so long as your energy source is sufficient), it also means that the
systes will be more expensive. Further, people often do not place a high
priority on maintaining backup systems, and a backup system will not do much
good {f {t does not vork when you need it to. Some pumping systeas can easily
be designed to incorporate backup engines or energy sources. For example,
suppose & IV system with a vertical-turbine pump is driven by a pulley on top
of the pump shaft. Normally, the pulley is driven by a belt connected to the
electric motor. A backup diessl engine could be installed by mounting it so
that {f the solar system fails, due to equipment failure or simply tc a lack of
sun, the diesel engine could be used to meet demand until the PV system is
working again. Similarly, handpumps could serve as backups for diesel, wind,
or solar pusping systess, and diesels could back up wind pumps.

A third solution 1is to have more than one water supply system (pump and water
source). 1If one system fails or needs to be taken ocut of service for any
reason, the second will still be able to supply some minimum level of service.

0f course, this requires the additional expense of digging a second borehnle
and installing and maintaining s second pumping systes.

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

cost of an unexpected outage--if water is unavsilable for a certain amount of
time, vhat 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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An important aspect of choosing pumping equipment is determining the energy
required to pump water and assessing vhat energy sources could be utilized.
This chapter offers & method for calculating energy demand and discusses the
characteristics and limitations of a variety of ensrgy resources.

3a Hydxaulic Enexgy Demand

Energy is the capacity to perform work. In the case of moving or lifting water,
hydraulic enexgy is the capacity to move a specified amount of water a certain
distance. Energy is expressed in joules, watt-hours, or horsepower-hours. ‘
Pover is the rate at vhich work is performed, measured in horsepower (Hp) or
vatts (V). Both terms are important in detersining the appropriate size for
pumping equipment.

The hydraulic energy required to lift a certain volume of water is given by the
following equation:

E,= (p. x g x Q x H)/(3.6 x 10%

vhere E, = hydraulic energy in kilowatt-hours (kWh)
Ps = dansity of water (1,000 kg/u')
8§ = gravitational constant (9.81 m/s?)
Q= volume of water pumped in w/day
H = ctotal pumping head in meters
absutuung the given constants (9.81, 1,000, and 3.6), the equation simplifies

E,=-.00273xQx H

B is directly proportional to the head and the dsily water demand. Thus,
strictly in terms of hydrsulic energy requirements, pumping 20 w’/day from a head
of 30 meters is the sam> as pumping 50 w’/day through 20 meters of head. Taken
together, the head snd daily water requirement determine the energy demand.
However, this convenient simplification does not take into account differences
in friction losses when water is pumped through various lengths of pipe.
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The hydrauviic energy requirement calculated using the above formula is
significantly less than the actual energy needed to move water because of
inefficiencies in delivery systeas (pumps and engines). For example, the energy
efficiency of converting

. diesel fuel to pumped watex ranges from 5 to 20 percent,

Y sclaxr yvediatlion to pumped water is 2 to & percent,
. wind energy to pumped water {s on the order of 4 to 8 percent,
and

[ foodstuffs te water pumped by humanx is anywhere from 5 to 10
percent.

Vhen comparing different types of pumping systems, these efficiencies alone do
not determine the best cholce. Other system characteristics--such as cost, ease
of maintenarce, and capacity--are also important. However, for a specific type
of system (e.g., wind pumps), efficlency is an important consideration in
choesing between competing wind systems. The most important energy
consideration fs whether the available resource is sufficient to meet the
pumping requiremenc.

Each compenent of a mechanical system (e.g.., motor, pump, transmission, etc.)
has its own efficliency, which is the ratio of the power out to the power in.
Electric motor efficiencies are usually about 65-90 percent (higher for larger
sizes), and pump efficiencies range between 40-75 percent, depending on how well
the punp is matched to its load (i.e., the head and flow). For convenience, we
will refer te the combined pump, motor, and transmission (the entire subsystem)
effictency as the "pump efficiency” or "subsystem efficiency*. If pumps are
normally purchased in an integral unit with the motor (such as a submersible
pump), people commonly refer to the combined pump and motor efficiency as the
pump or subsystem efficiency. For example, 1if the mocor efficiency is 80
percent, the pump efficiency 70 percent, and the transmission efficiency 75
percent, the subsystem efficlency is

0.80 x 0.70 x 0.75 = 42 percent
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Example &: Rydraulic Energy Requirement

A. What is the hydraulic energy required to pump 20 m'/d through 75 meters
of head? Froa the formula given above

E, (in X¥h) « .00273 x 20 »’/day x 75 m
B = 4.1 WM

B. 1f the pump (only) efficiency is 60 percent, how much oim:gy must be
provided by an engine?

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

C. If wvater is pumped over a six-hour period, wvhat is the required
mechanical pover output from the engine?

pover = energy/time

6.8 WWh/6 hours = 1.1 kW

Rote that the choice of flow rate (20 o’ in a six-hour period or 3.3 m'/hour)
does not change the energy requirement, but does determine the power output
requirement for the pumping device. Diesel engines and PV modules, in
particular, are denominated in pover units, the rate at which a device i{s capable

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

3.2 Ensxgy Resources

Traditional energy resources for delivering vater include gravity, hand lifting,
and wind energy, in some cases. More recently, petrochemical fuels and
slectricity have been utilized and, finally, the use of solar energy has become
possible. One basic aspect of the pump selection process is evaluating the
svailability and potential for using different energy resources. Clearly, if
water can be delivered by gravity, it is likely to be the 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. The following sections provide guidelines for determining
the resource information needed to make a preliminary evaluation of pumping
equipment options.
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3.2 Hand Lifeing and Carrying

Other than gravicy flow, lifting and carrying water by hand is the oldest method
of moving it from a source to a destination. Many hand-operated delivery syztems
have been used arcund the world (see particularly Fraenkel 1986). The major
limitations of hand 1ifting are the sustainable emexrgy output of humans and the
relatively small water delivery rate. Hand lifting can ineclude every option
from a rope and bucket to modern, high efficiency handpumps. Remember that
under certain circumstances, the bucket and rope method of drawing water may be
perfectly appropriate for some sites. Do not dismiss the no-pump option before
considering it thoroughly.

A human’s maximum continuous power output for short periods is about 100 watts
(0.1 kR). This cannot be sustained over the course of a day. For an average
adult male, the energy output over a day is about 0.2 to 0.25 kWh. Assuming a
pump that is 70 percent efficient, this would amount to pumping only 3.2 m'/day
for a head of 20 meters. With multiple pumpers, which would usunlly be the case,
0.75 o 1.0 kWh could be produced over a day.

These limits severely constrain the amount of water that can be delivered using
hand-operated pumps. However, if the energy requirement is small because the
vater requirement and/or head are very low, and a willing labor force is
available, human-powered systems should seriously be considered as a low-cost,
low-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

Fetrochemical energy sources--diesel fuel, gasoline, and kerosene--are widely
available in nearly every country in the world (there are, of course, periodic
shortages and fuel delivery problems). Nevertheless, it is important to consider
their impact on system operating costs, as well as vhether or not they are and
will continue to be reliably available in the quantities needed to meet daily
energy requirements. Since gasoline and kerosene engines are not nearly so
common as diesel motors for pumping water and are generally more expensive for
most small-scale water pumping needs, they will not be discussed further here.

Fuel availability and costs depend on many factors, including

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

. local variations in demand-—an unexpectedly high periodic

demand sometimes depletes fuel supplies.
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The suitability of electrically oparated pumps depends on their proximity to the
electricity grid and the reliability of service. Since grid pover i{s uncommon
in most rural ereas of developing countries, grid-electric pumps will not be
considered further here. However, in moat cases vhere reliable grid power is
available at a site, electric pumps are the preferred system for technical and
coSt Teasons.

The appropriataness of a diesel, electrical, or any other pusping system must
be at least partially determined on the basis of past energy availadbilicy, its
1likely availabdility in the future, and the degree of systen reliability that is
required. When considering diesel or electric pumping systems, you should
deternine vhether past problems with availability and fluctuations in fuel costs
are great enough to warrant considering other types of systems.

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

3.2.3 Solar Radfation

The performance of a solar pumping sys:.= will be proportional to the solar
energy falling on the MW array (the set of solar modules that produce
electricity). Solar energy or irradiation is measured wfth a pyranometer, which
gives readings in power per unit of horizontal area, watts or joules per square
meter per second (W/m’ 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/w'd or Mi/w'd).

As an example, a good solar radiation day in a semi-arid climate at less than
25 degrees latitude produces sbout 6 kWh/m'd or 21.6 MJ/n’d, since 1 kWh/m'd
equals 3.6 Wi/w'd. One peak sunlight hour is defined as 1 kVh/mwh. The
literature of some PV pump manufacturers refers to the number of peak sunlight
hours as a way of quickiy estimating local solar radiation levels. Remember
that irredistion can vary considerably over a day, month, or year, depending on
local weather conditions and latitude. In addition, annual averages can vary
significantly from one year to the next.

Solar and wind pusp sizing is based on the concept of design month, which was
mentfoned in Chapter 2. During that month, the ratio of available energy
(monthly average solear irradiation or wind spsed) to the hydraulic energy
requiressent is at its lowest (see example in Section 7.3.2). In general, solar
pumping systems should not be considered unless irradiation during the design
month {5 greater than sbout 5 kWwh/w'd. Again, this guideline is somevhat
flexible, depending on site-specific costs and operating constraints. World-
vide maps of solasr radiation data do exist (see Kenns and Gillett 1985), but the

dats are not precise snough to be used as the basis for a site-specific system
design.
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To assess PV pump suitability end performance the following information is
needed, at a -inin- e

® the average daily solar energy available at the site during
esch month of the year and

. the average daily temperature for each month (because PV array
output decreases as the operating temperature increases).

As is true of wind speed data, solar irradiation data are somevhat dependent on
the terrain and microclimate. However, solar irradistion is generally not so
varfable as wind speeds, nor is the amount of available solar energy so
sensitive to the amount of irradiation as wind energy is to wind speed. Hence
the effects of differences at the site from recorded data are not as pronounced
for solar as for vind-energy systems. Thus, solar irradiation data from
pyrancmeter sites that are as far avay as several hundred kilometers may be
acceptable. This is fortunate as the vorldwide network of stations measuring
solar irradistion is much more limited than that for wind =measurements.
Varfations in the amount of irradiation depend on how diffecent the microclimate
at the proposed pumping location is from the recording site.

The electrical energy produced by a FV array depends not only on the operating
temperature and incident solar irradiation, but also on the size of the ariay
and the angle at which it {s tilted up from the ground. The wore nearly
perpendicular the array is relative to the sun's rays, the more electrical
energy will be produced. Details on solar pump sizing, based on the energy-
resource information discussed here, are provided in Chapter 6.

3.2.4 ¥ind Regimes
The power svailable in wind is given by the following formula:
P,=0.5xp,xAxvV,
vhere P, = pover available in the wind in watts

Pa = air density in kg/o’

A = cross-sectional aroa of wind being intercepted
(1.e., area covered by windmill rotor in o)

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

Note that the power in the wind is proportional to the gybe of the wind speed.
This means that doubling the wind speed increases the power available by a
factor of gfight. It also means that small errors in sstimating windspeed can
result in large errors in estimating available power in the wind. To evaluate
the potential use of wind as an energy source, measurements or estimates must
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a vind pump is directly proportional to power available in the vwind over time.
The wvater output for a perticular windaill is proportional to the energy
available, which depends on vwind speed and rotor dismeter, and inversely

proportional to the total head.

The vind pattern or regime can be approximately characterized by an average
speed (measured in m/s or miles per hour [mph] at a given height) over a given
period, usually 2 month. Generally, vindaills should not be considered if a
aita’s averass wind speed Anﬁ_!n_g tha manth with louvaatr epeeds iz less than 2.5
n/s or the um pu-plng head is over 60 meters. nmvu-. a combination of many
site and economfc factors finally determines the lowest average wind speed at
vhich vindeills are a practical alternative.

Since most people will not want to measure the wind at the proposed site for a
year before deciding whether to purchese a system, windspeed datas are
occasionally available for nearby sites as hourly averages, but more often as
daily or monthly averages. To assess the location’s suitability for windmills
and to estimate performance, monthly average wind speeds near the site are
required for a period of ac least a year. 1If available, recorded data for
longer periods are very useful in assessing vhether that year of data is an
accurate representation of wind speeds at the site. The more detailed the
windspesd data used in system design, the more accurately you can predict the
pexformance of particular windmills.

At a sinimum the following information is needed about the wind xegime to assess
windmill performance:
s sonthly average wind speeds over the course of one year (used

to datermine the months with low wind speeds);

. the location and height of the recording instruments used,
since wind speed varies with height; and

(] a description of the terrain vwhere the wind speeds wvere
recorded, and the topography between that location and the

proposed pump site (trees, hills, and other features can
dramatically affect wind spenrds).

In addition to wind data, other important information _-hat must be collected
about the proposed pusp site includes

. the site’s elevation 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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Depending on the reliability of the data sources, the completeness and accuracy
of the vwindspeed information, and the conditions under which it is collected,
corrections may nesd to be applied properly to estimate the wind at the proposed
site. These include ,

. a height correction if the windmill will be located at a
different height than vhere the data were recoxded;

. a correction if the data-collection period is short; and
- a correction for local terrain eondtum. |

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

3.3 Information on Ensrgy Resources

It is important that information on enexrgy resources be as complete as possible.
In sost cases, this means gathering data locally. Site visits are highly
recommended for recording important resource parameters and assessing exposure
and terrain conditions relevant to possible wind or solar energy use. 1In
addicion to data collection at the site, other sources of information on energy
resources include

. the national department of meteorological services;
. airports and departments of civil aviation;

. university or polytechnic science departments;

. the country’s department of sgriculture; and

[ agencies responsidle for energy, mines, and/or dams.

Addicional scurces of information concerning the energy resources discussed in
this section are briefly described in the annotated bibliography (Appendix A).
local estimates of varisbility in wind or solar resources may also be helpful,
especially if little or no other data are available. Talk with local people
about their perceptions of ares weather conditions. Their pexceptions may be
particularly useful in assessing daily variations in resource levels, such as
periods of calm or cloud cover. While such informstion msy not alvays be
accurste, remsmber that most viliagers have been living in the same place for
a long time and, thus, may be able to verify data from distant weather stations.
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AVAILABLE BQUIPHMENT-—PUMPS AND DRIVERS

one piece of equipment to be chosen as part of a complete
pusping system. Pumps are selected based on the required flow rate and head.
n is then chosen to match the pump's power requiresents. This chapter
discusses the basic operating characteristics of pumps (i.e., pump curves), the
different kinds of water pumps available, and selecting the pump with suitable
ting characteristics to meet a particular meed. As you might expect,
certain types of pumps are appropriate for certsin applications--specific head,
fiow rate, and water quality conditions. The advantages and disadvantages of
various kinds of pumps and their suitsbility for use with different types of
engines (referred to more generally as drivers or prime movers) are also covered
in this chaptex. The final section of this chapter describes the advantages,
disadvantages, and most appropriate applications for the four types of pump
drivers covered in this manusl—diesel, solar, wind, and human power.

4.1 e _Characteriatics

The most important technical characteristic for predicting pump performance is
the pump curve. Pump curves (tvo examples of which are shown in Figure 4)
depict a pump’s operating range in terms of total head, flow rate, and
efficiency. WUhile each pump model has a unique pusp curve, differunt types of
pusps have characteristic curves. Figure 4a shovs typical pump curves for s
vertical turbine pump and Figure 4b for a positive displacement pump operating
st a variety of different speeds (note that the axes are reversed in the two
figures). These pump performsnce curves also include power consumption and
efficiency curves. Efficiency curves can be used to refine system design by
indicating the pusp that operstes most efficiently for your system‘’s total head.
If efficiency curves are not available, you can calculate them given the pumping
head, flow rate, snd power requirement, using the energy requirement calculation
presented in the previous section.

!

The efficiency of the pumping system and its componeuts can have s considerable
effect on recurrent costs. A system vith lover efficiency conasumes more energy
pusping & given amount of water than a similar system with higher efficiency.
Howsver, there are often trade-offs between higher efficiency and lower capital
costs. Effficiency is a function of each system component (e.g., pump, engine,
and transmission) and how well the system was designed to match the physical
constraints of the water source. This manual (particularly Chapters 5 through
8) includes detailed discussions of the concept of efficiency, its role in
systes design, and how to reduce costs by carefully integrating all components
of a pumping system.
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Figure 4. Pump Pexformance Curves
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To determine the required fiow rate and head, you must know the characteristics
of your water source, &: discussed in Chapter 2. Generally, it is reccmmended
that the aversge flow r:te, {n cubic meters per hour (o’/h) or liters per second
(1/8). should be no mor: than about 70 percent of the maximum sustainable yield
of the well or other water source. This will lielp minimize the puasibility of
over-pumping the source and will reduce excessive dravdown, thus decreasing the
head and energy requirement., Below 70 percent of the well's yield, the flow
vate is determined by the water requirement in cubic meters per day (m’/d) and
number of hours you want to operate the system,

The flow rate for diesel pumps is essentially constant because of the engine’'s
constant operating speed. In most cases, you would simply choose the flow rate
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(below the 70 percent limit) needed to meet your water requirement if the pump
is run six to eight hours per day. Flow rates for handpumps generally do not
approach the limit on yield of the water source, but are dependent on the speed
at which the pump is manually operated. Because of the cubic relationship
between flow rate and wind speed, pumping retes for windaills can be very high
during gusts. As a general rule, do not design the output of a wind systea to
be more than one-third of the source’s maximum dafly sustainable yleld. For
exasple, if the source yield iz 3 w’/h (or 24 x 3 = 72 »'/4), a windmill should
be sized to pump no wore than 1/3 of the daily 72 &’ yield, or 24 a'/d.

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

Exasple 3: Punp Performance at a Given Head

Fhat i{s the flow rate of the pump in Figure 4a when the total system head
is 7 meters? \What would it be if the head were increased to 9 meters?
What are its efficiency and pover requirements?

A. A pump's operating or design point is the value of the point
on the pump curve for total system head when the pump is
running. From Figure 4a, the operating point (Point A on the
graph) of the BP-16 pump is 17 n’/h at a head of 7 meters.

Vhen pumping head is increased (by pumping to a tank, for

exsmple), the volume of water output decreases, since it takes
EOTe energy to pump to the additional height of the storage
tank. 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).

As stated sbove, at 7 meters head the pump delivers 17 w’/h.
Read the value of the efficiency curve at that flow rate to
get about 71 percent (reading ofZ the right side scale of the
graph to Point C). At 9 meters head and 10 w/h, it is only
60 percent efficient (Point D). In both cases, powver
consumption (shown in the bottom curve) is just below 0.5 kV.
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Por electric-sudbmersidble pump sets, vhere the pump and {ts motor are integrated
fnte ons unit, pumn performance graphs often show multiple head and flow curves
and efficiencies for different motor voltages (see the solar pump curves in
Figure 5), or for different motors with regular alternmating current (AC)
submersibles. For W pumps, en additional paramster that specifies system
pexformance is the level of solar radiation in the plane of the array. For a
radiation level, a point on the curve indicates how much 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 centrifugal and reciprocating pumps.
Understanding how these curves apply to a particular situation will help you to
choose an appropriate type of pump. For example, if a well has a water level
that is seasonally variable (f{.e., it depends on rainwvater for recharge), there
are advantages to choosing a rezfiprocating over a centrifugal pump. If the
centrifugal pump operates at the middle (most efficient) point of its performance
curve during the wet season, vhen the water level drops off in dry months, the
total pumping head will increase, thus reducing efficiency and output. However,
output for a reciprocating pump is nearly indspendent of the head. If the vater
level drops, the system will continue to pump nearly the same amount (as long
as the vater does not drop below the level of the pump), but at a higher power
consumption than {f the water level wvere constant.

4.2 Advantages snd Disadvantages of Diffexent Puaps

Many types of pumps are available, 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 pump types sre shown in Figure 8. The comments here
concern commonly used, commercially available, small-scale pumps (f.e., less than
10 WI). The first three are all centrifugal pumps--they all have a low starting
torque and their output and efficiency are very dependent on the operating head.

o  Sslf:-Priming Centrifugal

Uss: surface-mounted motor dnd pump for high-volume, low-head
applications.

Adesntages: ease of installation, access, and repair, and a
low starting torque.

¢ limited 5-meter suction head, relatively

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

. Submersible Centrifugal

Use: down-hole, high-volume, high-head, integrated motor/pump
unit.
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Figure 6. Solar Pumsp Pexformance at Variable Izxadiatiocn levels
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Figure 7. Centrifugal vs, Reciprocating Pump Pressure

and Capacity Characteriscics
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g of Commonly Used Pumps
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m mlcl-sup to aceo-odn:o a wide range of heads,
not restricted.

: sandy or highly saline water causes rapid
degradation, water quality affects replacement interval for
pump and wotor as these are submersed, high capital cost,
sexpensive to repair (pump set requires removing unit from
‘well), requires electricity (i.e., cannot use other drivers),
brushless direct-current (DC) submersible motors still in
‘development stage so present DC and AC submersibles must be
pulled for periodic brush replacement, inverter losses for AC
submersibles when used with PV, 1limited capacity since
currently available units are all nominally one kW.

Shafs-Driven Gentrifugal (Vertical Turbine)

Use: doam-hole, medium-volume, medium-head pump driven by
cotary shaft.

¢ surface-mounted motor offers ease of maintenance,
not lhiud in terns of suction so there are no priming
problems, high capacities are available.

: Shaft losses reduce efficiency compared to
submersibles, shaft and borehole alignment are critical to
proper operation, installation is difficult,

det

lise: medium-head, medium-flow, down-hole pump and surface-
sounted motor.

Advantages: can be used beyond suction limit, very reliable,
easy access to wotor for maintenanca, low starting torque—
least expensive intermediate-head pump.

Disadvantages: relatively inefficient.

Rositive-Displacement Reciprocating-Piston (Jack)

Use: 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.

Disedvantages: maintenance requires periodic replacement of
leathers and cylinder, more expensive than centrifugals of
same size, relatively inefficient as leathers degrade, most
comsonly used with windmills, pulsing flow, in PV systems (see
Chapter €) requires batterln or pover-conditioning units
(PCUs) for high starting current.
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Use: medium- to high-head, medium-flow, Mono or Moyno pumps.

! generally very robust, output fairly independent
of head, not confined to suctiun limit, no priming probiems,
good efficiency over wide renge of heads except for under 20
meters, and e back-flow valve required.

¢ sand <. very hard water can cause premature
degradation of rubber stators, requires gearing, can overload
motors if downstream valves are inadvertently closed,
installation fs difficults. Although newly develcped nitrile
stators have lower starting torque, standard units require
battery or PCU to supply high starting torque.

. Diaphragm

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

Advantages: few moving parts, low internal friction, tolerant
of sand or other particulates.

Risadvantages: constant flexing causes diaphragm wear, fairly
uncommon 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 carefully considered in choosing any punp.
These include:

. equipment reliability {often a direct function of the
complexity of the design);

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

. degree of use in your area~-if a pump 'is commonly used, local
mechanics 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, pusps are application-specific. For example, handpumps
obviously have a very lisited application for irrigation. However, various
types of hand-operated pumpa--for instance, rover pusps, standard reciprocating-
piston handpumps (e.g., Dempster or India Mark 1I), and rotary pumps
(Mono)-~have been used in several countries for micro-irrigation. Generally,
river-pumping applications for water supply or small-scale irrigation syscems,
vhich normally require high flous at low heads, use centrifugal pumps because
of their high capacity, reliability, and ease of maintenance. For applications
requiring a high capacity system, surface-mounted centrifugsls are employed for
lov hesds, and vertfical turbine cemtrifugals for deeper wells-—-both are
relatively inexpensive and their motors are easily serviced. To provide
drinking water from wells, submersibles or positive displacement pumpe are a
more likely choice. They are usually more effizient, but their capacity is
lower.

These are just some examples of pump applications. Table 1 shows practical head
and ocutput limits with various power sources for these and several other pumps.
This information iz shown graphically in Figure 9. To a large extent, the
chofice of a pusp will be dictated by constraints associated with the water
source--requirements for the head and flow rate, and the variability of the
source. In meny cases, any one of several different pump types will perform
adequately. The important point is to choose a system that will operate
efficiently and reliadbly under the design conditions at your site.

In practical terms, the way to select a particular pump is to first choose the
type that is appropriste for your particular application, based on the
sdvantages, disadvantages, and ranges for the flow rate and head given in this
section. Then, based on an informal survey of the local availability of makes
snd models of that type, select four or five models with pump 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, the head). The final choice is
deteruined by which models require the least energy to pump the amount of water
you require from a given head. This can be decided by noting which pumps have
the highest operating efficiency for the system’s total pumping head. Make sure
you are using the correct pump curve in order to reflect the pump’s operating
speed (eo.g., for positive-displacement pumps) or variable voltage conditions
(for electric-submersible pumps), if these apply.

4.8 Advantages and Disadvantages 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 qualitative differences between drivers and, where
sppropriate, the pumps they are best suited for.

49




Puwp Ranges and Power Sources

Takle 1

Practical Capacity Common
Depth Range Range Pover
Type of Pump (m) ml/he Source
Centrifugal
singie stage 15-20 variable motor
solar
sulti-stage 50-500 variable electric
submersible motor
solar
mslti-stage 15-80 variable motor
shaft-driven wind
Jet
shallow well up to 7 1-6 motor
deep-vwell 20-60 1-3 motor
Recip.ocating-Piston Pumps
shallow well up to 7 2-3 human
(suction) wind
deep well 15-100 2-6 human
motor
wind
Rotary FPositive 30-150 1-100 motor
Displacement human
solar
Diaphragm 5-30 1-3 human
motor
(sdapted from Hofkes and Visscher 1986, 61)
Figure 9. Pump Aoplication Range
t 00 =1 T LB,
i Recipro Centrifugal (submersible)
’ 25 R e T Deepwell
g - turbine
1 Centrifugal (shaft-driven)—
‘ A
Reciprocating
(suction)
"’ I
1 2 5 10 25 50 100 250500 1000

(Hofkes and Visscher 1986,

50
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&.4.1 Diesel Systems

Diesel engines are the standard prime mover {n must of the developing vorld (see
Chapter 5). They can be used to drive nearly any type of pump, either directly
or through a gemerator. Diesel engines are normally characterized by

. low capital costs, but relatively high recurrent costs for

. local familiarity with O&M due to existing infrastructural
support networks of widsly varying quaiity that include
trained mechanics and spare parts supplies (although this can
vary videly from country to country, and even by specific area
vithin a country);

. fusl avaflability that fs highly variable and affected by
seasonally dependent transportation networks;

. fuel costs that often vary seasonally but are generally
increasing in rural areas despite current decreases in world
oil prices;

. on-demand pusping capability, as opposed to wind or solar
pumps, which are dependent on the availabilicy of variable
rensvable energy resources;

. equipment that is commonly available for essentially unlimited
capacity in terms of head and flow rate, except .Jor small
loads (less than 2 to 3 kW)

. relative portability of smaller units, vhich are generally
high-speed; and
[ the need for an attendant during operation.
4.4.2 Solar IV Systems

Solar pumping systems typically consist of a PV array (i.e., the power source),
pover-conditioning equipment, an electric motor, and a pump (see Chapter 6).
They are usually charscterized by

[ relatively high capital equipment costs and low recurrent
costs for opsration (since there is no fuel requirement),
maintenance, snd repairs;

[ limited cspacity for commercially available equipment--up to
2.2 k¥ peak power input, which can provide about 40 w'/day from
25 meters of head (although this can vary widely from country
to country asnd even from one area to another within a
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country), given solar radiation levels in many developing
countries (Note: although it i{s very unusual, it is possible
to install several stacked MW submersibles in one well.
However, this is usually nct economically viable);

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

. low portability for most installations because of the PV
array--gsone smaller units of less than about 500 watts peak
can be mounted on trailers for portability:

. electromechanical controls, which allow for unattended
operation;

. susceptibility to vandalism-—stones can easily break the
glazing on FV modules; and

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

46.4.3 Wind Systems

Mechanical wind pumps typically consist of a horizontally or vertically mounted
vindmill (i.e., rotor) and transmission (gearbox or other types) mounted on a
tover. Most often, rods connected to the transmission drive a down-hole piston
pusp. WUind pumps are typically characterized by

® high capital equipment costs and relatively low recurrent
costs for operacion (because there is no fuel requirement),
saintensnce, 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, which necessitates providing
s large amount of storage capacity to increase water
availabilicy;

° the possibility of local manufacture;

® no portability; and

. mechanical controls, which permit unattended operatiom.
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448 ' opeuud sy'-tm e vt

Hand-cperated pumps are commonly sisple lever arms that move phton. diaphrege,
or rotary down-hole pusps. ‘lluy are clnucuttud by

s very low upiul and recurrent eosu‘
® ecase of (mullntien. opouuon. anﬂ uinnmnco.

. very lintted upncuy for single units--less :lun nbout S a'/d
for up to 40-30 meter heads, but more at lower heads; and

. the possibility of local manufscture for some simpler models.

4.5 Other Tvpes of Drivers

This manusl does not deal specifically with other system types besides the four
dascribed above. The approximats head and flow limits for the pump drivers
discuiased here are given in Figure 10. 8ix other kinds of pump drivers and one
other configuration (hybrid systems) might be of potential use to some readers.
Thus, the following are briefly described here (see Freenkel 1986 for coverage
of an exceptionally wide variety of pumps):

. electric generators and grid-connected pump sets,
° vind-electric turbines,

. animsl-traction pumps,

. biogas or dusl-fuel pumps,

. river current turbines

» hydraulic rams, and
[ hybrid systeas.

$.5.1 Electrically-Driven Pump Sets

Vhere electric power is available, grid-connected pump sets are often the most
cost-effective system option for rural vater zupply. Compared to diesel-driven
pmps, electric sets are generally casier to install, require icas maintenance,
and use cheaper fuel (electricity as opposed to diesel or gasoline). However,
for sites without any grid electric power, the high cost of extending an

existing grid to more remote sreas usually mekes other pumping alternatives more
cost-effective.
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Figure 10. Approximate Head and Flow Limits
for Pump Systems Available in 1988
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In some countries, diesel-driven gemerators are used to power electric pumps.
For sites with other noncompetitive end-uses for the electricity (e.g., village
lighting or grinding grain at night), diesel-powered electric generators for
water pumping may be cost-effective. 1In general, such systems offer the
flexibility of using electric pump motora, but are inefficient from an energy
pexspective in that the energy is converted from chemical to mechanical to
electrical form and then back to mechanical. Extensive cost data that would
permit comparisons with alcternatives are unavailable. These systems also require
components that are more cosplex and difficult to repair (e.g.. electric
generators). They also demand additional skill to maintain and repair and,
hence, entail associated training needs. This is a fairly uncommon application
in nany developing countries, so it will not be discussed further in this manual.

Finally, local "mini-grids® have been suggested as a wvay of povering electric
pumps in rural areas distant from a national grid. Mini-grids-——relatively small
units in terms of power generation (about 500 kW)-~-could power a variety of
loads in a local area, such as motors and lighting for cottage industry, village
lighting and communications, and pumping for the rural wvater supply. Again,
this approach has some smerit, but it is fairly rare at present and will not be
considexed here.

4.%.2 Uind-Electric Turbines

Vind-electric turbines received a considerable boost in popularity in the United
States and Burope during the late 1970s and eerly 1980s vhen over 15,000 were
installed in California. These machines vere sited in areas with average wind
speeds of more than 7 m/s, & speed that is rare on a regular basis in most areas.
Wind-electric turbines are usually designed to operate most efficiently at higher
wind speeds than are mechanical wind pumps.

Ehere high wind speeds prevail (i.e., greater than é to 7 m/s), vind-electric
turbines can be the most cost-effective choice for power generation at remote
sites. However, such high average wind speeds are not usually found in most
daveloping countries. Direct water-pumping applications for wind-electric
turbines are still in the development stage, and there is little long-term data
on recurrent O&M costs. For thuse reasons, they will not be discussed further
here. However, where windspeeds are sufficient, the potential of this new and

interesting application of wind pover deserves to be monitored as developments
occur.

4.5.3 Animsl-Traction Pumps

Animal-dravn pumps (ADPs) have been used to supply vater for drinking and small-
scale irrigation for thousands of years in countries such as Egypt and Iran.
Racent research on ADPs (Kemmedy and Rogers 1985) has focused on increasing
their efficiency and relisbility, lowering their capital costs, and developing
units that can be manufactured in developing countries. Work has been undertaken
in countries like Botswana (see Hodgkin, McGowan, and White 1988, vol. V) to
develop an animal-drawn transmission that can be used in conjunction with a
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standard pump, mh as the Mono. While many low-flow, relatively low-efficiency
animal-traction pusps are being used around the world, very little cost data is
available on improved versions that might be relevant to the spplications covered
in this manual. ' '

£.5.4 Biogas and Dusl-Fuel Pumps

Biogas pumps are slightly modified internal combustion engines (usually diesels)
vhich burn biogus, a product of the decomposition of a biomass. The main
combustidble component of biogas is methane, but it also contains other gases
such as carbon monoxide. Biogas pumps 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 fuels are usually diesel fuel (to get the engine started) and biogas or
producer gas from a biomass gasifier (to run the engine after it gets warmed
up). Gasifier pumps have been used in the Philippines and Thailand for
frrigation pusping but, again, have achieved no significant share of the pumping
market (nor, it must be said, have wind or solar puamps). The primary advantage
of these engines is that they use renevsble snergy resources and, depending on
the country where they are used, show some potential for taking the place of
isported fossil fusels. Their primary disadvantage is that they have all the
actendant O&M limitations of diesel pump operation, requiring frequent and often
extensive maintenance and frequent repair, due to the typical impurity of their
fuel.

4$.5.5 River Current Turbines

River current turbines are basicslly modified paddle vheels which are installed
in rivers or streams. The water current drives the pump blades in a circular
wotion, which {s usually mechanically converted into a reciprocating motion to
drive a piston pusp. The pumps are typically used in lowv-head, low-flow
spplications. These pusps have been used experimentally in (among other
countries) Msli and Southern Sudan but have achieved no significant commercial
success. While they have the distinct advantage of being locally manufacturable
in many countries, they have not gained & reputation for being robust enough to
sttract many potential customers. Research on river current pumps is continuing
in several developing countries.

4.5.6 Bydrsulic Rams

In certain situations, hydraulic ram pumps are an extremely useful technology
for pumping water. Relatively simple in design and construction, locally
wanufscturable in many countries, and very durable, they can effectively lift
water up to 150 meters, using no external power. They use the potential energy
of water falling a certain distance to lift a smaller amount of water up a
greater distance. The major constraint is that their application is severely
limited to sites that have the necessary altitude difference between the water
source and the pump to drive the ram. This situation occurs often enough in
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uin mmu. particularly in South and Central America, that rams are an
fwportant, if limited, pumping technology.

4.5.7 Ilybrid:ytms ,

Ons disadvantage of nnrly mry type of p\-pin; device 1: that 1t occasionally
runs out of the energy resource used to drive ic—diesel fusl is sometimes
unavailable, the wind stops, or there are ssveral cloudy days in a rov. To
sddress this problem, hybrid muu that use more than one powver supply (e.g.,
diesel/wind, wind/MW, or diesel/handpumping systems) have been employed where
the demand for water {s critical and cutages cannot be tolerated. Hybrid systems
sre almost alvays more expensive than traditionsl systems with a single driver.

An example of a hybrid system is PV/diesel, where PV powers an electric
submersible pump vhenever solar radfation is suffictent. If the array, which
{s the main driver, produces insufficient powver because of several cloudy days
in a row, the diesel engine i{s automatically engaged by the electronic controller
and pumps water until the FV unit can again produce sufficient power. Such
systems normally use a single pump with tvo drivers. Since the diesel unit
consunes fuel only vhen it is running, there {s no penalty (aside from the
engine's inttial capital cost) for having it always available in reserve.

ihile backup systems are similar to hybrids, they usually use completely
redundant components. An example {s & village water supply system that has
several different water sources. A small diesel engine is installed to pump
from the best source as the primary pumping unit. When vater becomes unavailable
for vhatever reason (e.g., breakdown of the diesel engine, need to perform
seintenance, or depletion of the water source), handpumps installed at another
site(s) are used as bdackups. Nowever, in most situations, handpumps cannot
supply the same amount of water as the diesel engine, so a reduced supply must
suffice until the primary diesel system is again operational.

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

The next four chspters discuss detailed procedures for designing diesel, solar,

vind, and handpusping systems. All are based on the fundamental pump
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 pusps. In many countries, there is
a broad national network (formal or informal) of cquipunt distributors, local
dealers, mechanics, and transportation facilities that supports diesel engines
‘used for pusping and other purposes. In most cases, diesel pump sets are the
standard against wvhich all other types of pumping systems must be compared. The
two major factors in choosing an appropriate diesel engine are sanufacturer and
model. A manufacturer with a good reputation for quality products should be
chosen. Also, it is important to consider the local availability of equipzent
snd experienced technicians, engine configurations, and local dealex support in
ternss of spare parts inventories. The choice of model depends on the site-
specific pumping task.

5.1 Engine Descxiption

Through drive shafts or pulleys and belts, diesel engines can be used to drive
4almost any type of pump. They can also drive electric generators to run electric
pump sets, which {s a configuration that has advantages in cases vhere
subsersible pusps are favored and grid electricity is unavailable. Hovever,
this manual addresses only the direct mechanical application of diesel engines

te water pumping.

The range of diesel engine output is essentially unlimited, with units available
from 2 kW to 20 ki. This manusl focuses primarily on the 2 to 10 kW range for
ssall-scale water pumping. Diesel pump sets are usually characterized by
soderate capital costs and comparatively high recurrent costs for fuel,
saintenance, and repair. They are relatively portable, since engines up to 10
k¥ normally weigh less than 200 kg. Two typical small engines (under 10 kW) and
one larger engine (40 kW) are shown in Photographs 1.3,

Diesel engines are internal-combustion engines that use diesel fuel (also called
g§as ofl) as an energy source. They normally have combustion-ignition systems,
seaning that the fusl is ignited by high temperatures in the combustion chamber,
which sre produced during the engine’s compression stroke. Spark plugs are not
normally used in diesel engines, except in rare instances that will not be
considered here. Diesel engines are generally categorized in the following
vays:

. high- or low-speed—operating at greater or less than about
2,000 revolutions per minute (rpm);

[ single- or multi-cylinder--bigger, more powerful engines have
8 greater mmber of larger cylinders;
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1.

*~e- Lister diesel engine with
shaft turbine pump for
irrigation in Sudan.

2.
Lister diesel engine with
Mono pump for village water
supply in Botswana.

3.

ﬂiltalian diesel engine with
<% centrifugal pump for

. irrigation in Somalia.
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Y two- or four-stroke.

Traditionally, diesel engines for water pumping have been slow-apesd, relatively
long-lasting engines. Those that are clearly built for long service are
generally heavy; they often run at lower speeds (less than 2,000 rpa) and tend
to be more expensive in terms of the initial cost. However, they are often more
durable and easier to work on wvhen maintenance or repairs are required because
of their simple design. The higher speed, lighter engines that are now becoaing
available tend to be less expensive initially but also to have a shorter service
1ife. Some lighter, high-speed Japanese diesels fall into this category. From
the standpoint of life-cycle costs, it is not always clear which is the best
choice. Deciding between low- and high-speed engines will depend on other
factors, such as funds available for the equipment purchase, availability of
spare parts, and quality of sexvice.

Single-cylinder engines typically have rated power outputs between 1 and 10 kW.
Multi-cylinder engines are available in a variety of sizes starting at about 8
k. They tend to run more smoothly than single-cylinder engines but are
norsally more expensive. Whether you use a single or multi-cylinder engine
depends primarily on power requirements.

Uater-cooled engines tend to be larger and somevhat quieter when running; they
déo not require a cooling fan and/or fins as air-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 operation of which entails an associated powver loss. Most engines under 10
k¥ are air-cooled.

Both two- and four-stroke diesel engines are available. The former have fewer
soving parts, tend to operate at higher speeds and wear out faster, are less
efficient, and have a higher power-to-weight ratio (i.e., they produce more
power per kilogram o>f engine weight). Oil must be added to diessl fuel for the
proper operation of two-stroke engines., Otherwise, damage to the engine may
result. For most water pusping applications, four-stroke engines are preferred.

Diesel engines alsc differ in the way that power is transferred to the pump.
Some are connected to the pump shaft through a gear box snd others through belts
and pulleys. Such transmissions involve associated power losses that have to
be accounted for in engine sizing (see Section 5.3 below).

5.2 Sslecting s Manufscturer

Diesel pusping systems are widely used in most developing countries, and many
types of engines are usually available. The most imporiant question to ask when
choosing a manufacturer is vhether you have ready access to adequate spare parts
and trained local mechanics who can repair the engine. Careful consideration
should bde given to the mske of the equipment, the product support provided by
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the marufacturer and its local representatives, and operacing and repair
capabilities in that particular country.

Extreme caution is suggested vhen considering "offshore" purchases of mechanical
equipment through other than local suppliers, or vhen buying any equipment that
s not already supported lecally. Even if some spare perts are included with
the original coffshore purchase, more will eventually be needed. In addition,
any specialized repair tools that may be required and are not available locally
will have to be purchased directly from the manufacturer, and local mechanics
will not be familiar with the equipment and its particular idiosyncrasies. For
all kinds of systems, long-term, trouble-free operation depends largely on local
capabilities to service and repair the equipment 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
before deciding what to purchase. Discussions with dealers and local engine
overhaul shops can help determine spare parts availability and can identify
particular makes and models with good reputations as well as those prone to
preblems. At this stage, you can learn about specific installation and
operational features that may affect your choice. Consult several sources to
confirm information and opinions, since individuals usually have their own
preferences, justified or otherwise. While the initial cost plays an obvious
role in selecting a particular manufacturer’s equipment, consider that a lower
initial cost may mean lower quality equipment that will be expensive to maintain
and that will frequently require replacement parts.

5.3 Choosing an Engine Model

aAfter selecting the appropriate flow rate and determining the total head, the
pawer 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
requirement. The performance of any diesel engine is usually specified by
manufacturers in terms of three variables:

[ torque,
* power, and

» fuel consumption.

AXl vary with engine speed, so they are quoted for specific speeds or given for
a8 range of speeds in graph form. Examples of typical diesel-engine performance
curves for torque, powar, and fuel consumption are shown in Figure 11. While
fuel consumpticn (grams of fuel 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 most efficiently (i.e., lowest specific fuel consumption)
around 1900 rpm, while the Lister STI operates most efficiently at 1500 rpm.
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Pigure 11,

Performance curve

Diesel Engine Performance Curves

5.1b Lister STI

Powey Output=~Lis.or ST-1
Continuous Maximum
|Engine Speed Power kW (Hp) Power kW (Hp) |
3000 7.8 {10.5) 8.7 (11.7)
oohaen 2600 7.5 (10,0) 8.4 (11.2)
“This COMIrERncs Qrve i 1iad) on the tees of IS L iusen ety Sundd) 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)




!ntlumondhp-. Mmmwmﬂ:m The upper one {s for
saximum rated pover cutput and the lower for continuous cutput. Systems should
be sized s0 engines run continucusly at or below the lowar output curve. This
mmcmlmmrltmofmmulntumahm:m as
or mamthnthcmmmt ofamcific puqing mt.:~ B

Engine po:fonmu is aluyt given for mcinc eonditim of :qnn:utc. air
pressure, and relative humidity, since these variables also affect performance.

Fusl consumption is quoted for a ‘given power output at full engine loading.

Engine loading is the ratio of power required by the pusp to the maximum pover
available from the engine. Actual (partial-load) fusl consumption is dependent
on the engine's condition and loading. As discussed in the following sections,
loading has an fmpact on fuel consumption and maintenance requirements.

The “nameplate" power rating of a diesel onginc. vhich is stamped on the
manufacturer‘s nameplate, is the pover available under continuous full-load
conditions (i.e., vhen the load or pump is dravwing the full rated power from the
engine) at the engine speed indicated and under specified conditions of
tesperature, air pressure, snd humidity. The pover available from an opersting
engine will normally be less than the manufacturer states because operating
conditions are unlikely to match those of the nameplate rating. Diesel engine
output s “de-rated® or reduced by a certsin percentage to account for such
differences in conditions. An engine’s power output can be calculated using
manufacturer’s specifications and then de-rating the engine for the specific
site and operating conditions. De-rating recommendations vary by manufacturer

and engine, but Lister gives these typical de-rating factors for the following
conditions:

. for high engine-air inlet temperature, de-rate the pover
output by 2 percent for every 5.5° above 30° Centigrade;

. for lower barometric pressure (i.e., higher site elevation).
de-rate by 3.3 percent for every 300 wmetsrs of elevation
beyond 150 meters above sea level;

. for high humidity, which is also dependent on temperature, de-
rate up to & percent (the precise value has to be chosen from
3 table supplied by the manufacturer); and

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

These de-rating factors are calculated individually and then added. The total
de-vating percentage is subtracted from 100 percent and then multiplied by the

rated power for s full load to determine the de-rated output for the rpm
specified.




Example 6* Do-hud Mn qunt ; ,
A mm n-l has a n—phu utin; for eom:tm outpm: ot ¢ ki at
2,000 rpm. It will be operated at 1,500 rpa at a ‘site 750 meters above
- sea level where the temperature can bo expected to reach 38 cnn:i;ndc &
, iu the summer snd where the humidity is negligible. A pulley-and-belt
‘system will be used to drive the pump. Hhaththaaet\ulpmroutpnt:
m:mummmmmumt :

At 1,500 xpm, the Lister 51-1 devolops 4.5 W& under standard conditions,
ucording to the manufacturer‘'s literature (see Figure 11). The de-
rating factor for altitude is:

((750m - 150m)/300) x 3.5 percent = 7 percent
The de-rating factor for temperature is:

(¢38 - 30)/5.5) & 2 percant = 3 percent

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

4.5 kW x (1 —

13) = 3.83 kW

Each manufaszturer’s literatuie should include information on standard conditions
and da-rating calculations. The total de-rating factor can easily be 20 to 25
pereent. 1In practice, this means the power that can be sxpacted from an engine
may be oenly 75 to 80 percent of the rated pover indicated in the specifications
for a chosen speed. Selecting an engine based on nameplate output alone can
mean purchasing a unit that will not be able to meet a task’s power requirements.

Once the de-rated output for an engine has been calculated and matched to the
pusp‘s power requivrement, an engine model can ba chosen. 1n doing so, engine
losding should also be taken into account. Remember that loading is a measure
of the power required of an engine relative to the maximum de-rated pover it is
cspable of delivering. Loading does not depend on the totsl volume of water
pumped, but rather on flow rates and head-—it is dependent on power, not energy.
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For diesel pumping systems, loading i3 not a function of time, but it can have
a significant effect on time-dependent variables associated with engine
operation, such as fuel consumption and maintenance requirements and costs.
Under most conditions, an engine should be overpowered by 20 to 30 percent (i.e.,
run at & loading of 70 to 80 percent). Rormally, diesel engines are most fuel-
efficient at these levels, and a margin of power is available to meet unusually
heavy operating conditions, such as at start-up. Engines operated at lower
loading levels run cooler. This decreases fuel efficiency and increases carbon
bufldup in the cylinder(s) and exhaust manifold, which increases service
requirenents.

Under-loaded engines—-running at less than 50 percent of full-load
condftions--are common in many situations in developing countries. The reasons
include fmproper determinatieon of head as well as poor engine and/or pump sizing
and matching. Another explanation is that for the very low pover demands
encountered with some small-scale aspplications, it may not be possible to select
an engine wvhich is small enough and has a slow enough speed to permit proper
loading (70 te 80 percent) due to the limited availability of small diesel
engines and/or limited yield of the water source. The lower limit of diesel
engines that are commonly available {s about 2 kW. There are somu engines as
small as 1 kN, but they are uncommon. In such cases, alternatives to diesel
engines should be considered.

3.4 Cost Considerations

Cost considerations include initiasl equipment and installacion costs as well as
recurrent costs for operation and preventive and corrective maintenance. The
inttisl installed cost of a diesel pusmp set is significantly higher than the
capital cost of the engine and pump. It also includes 1labor for the
installatfon, transpertation, and the cost of other equipment and materials
including cement, fencing, a pump house, water meters, non-return and gate
valves, and piping, smong other items. Diesel engine costs vary considerably

depending on the size and procurement source. In 1988 typical cost ranges were
as follows:

. US$300 to US§600 per kW for units between 2 and 10 kW, with
smaller engines being more expensive per kW and

. US$§200 to US$500 per kW for units between 10 and 25 kW, with
smaller engines again being more expensive per kW.

These figures do not include ancillary equipment, such as transmissions,
gearboxes, and fuel storage tanks.

Recurrent operating costs include labor for s pump operator (if that individual
is paid), fuel, lubricants, and consumables. The cost for a pumper typically
falls at the lower end of rates for local skilled labor. In some cases, a
pumper’s duties can be combined with other related activities (e.g., serving as
& caretaker or guard), thereby reducing the cost of employing a pumper. Careful
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considaration of the magnitude of pumper coats ts recommended, as it can de one
of the most important recurrent system costs (see Chapter 9).

The fuel and lubricant consumption of a diesel angine accounts for a significant
portion of its operating costs. Lubricant use (including oil changes) should
be in the rvange of 3 to 3 percent of fuel consumption by volume. As shown in
Figure 11, fusl consusption is dependent on the engine's full rated powver
(cpecified by the mamufacturer) and loading conditions. Full-load fuel
consumption (FLFC) is often given by manufscturers in grems of fual consumed per
rated k¥h (g/k¥h) or some similar measure such as pounds of fuel consumed per
brake horsepover-hour, as fn the Lister curve in Figure 1l1. For small-scale
applications, you would normslly be interested in the fuel consumption of a
specific engine in terms of liters per hour (1/hr). To convert to these units,
the cslculacion is:

FLFC = g/kilh x (.001,/SG) x kW

vhere FLFC = full-load fusl consumption in 1l/hr
g/xih = fuel consumption in grams per kih
SG = gpecific gravity of diesel fuel (usually 0.87)
¥ = engine’s rated full-load power output for a specific rpm
(not de-rated)

For rough figures, actual fuel consumption can be estimated as the engine’s FLFC
in 1/br sultiplied by the loading, which will be reasonably accurate down to a
loading of 20 percent. Below 20 percent, fuel consumption dces not decrease
such. KRote that engine de-rating does not affect this calculation.
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Example 7: Engine loading and Fuel Consumption

The diesel engine in Example 6 i{; coupled with a pump that is 60 percent .
efficient and delivers 36 »'/day from 75 meters of head, running at a
constant rpm over a 6-hour period. Uhat {s the engine loading and
antficipated fuel consumption?

First, determine the power requirement for the load. From the formula for
hydraulic energy (E,) demand given in Section 3.1: !

E, = .00273 x 36 n’/day x 75 =
E, = 7.4 k¥h/day
The pover (P) input to the pump is then:
P = 7.4 kih/6 hours/60 percent = 2.0 kW
Since the de-rated power output of this engine (from Example 6) is 3.8)
ki, the loading will be as follows:
loading = 2 kN/3.83 kW = 52 percent

This is somevhat lover than desirable. Operating the engine at a lower
speed vould improve the loading.

From manufacturers’ literature, the FLFC for a Lister STI is 240 g/kWh at
1,300 rpm or 1.24 1/hr, using the conversion formula given above. At a
loading of 52 percent, actual fuel consumption can be expected to be 1.24
x 0.52 or about 0.64 1/hr. This figure will depend to soms extent on the
engine‘s condition, but it is a good spproximation.

For a given engine, pump, and site conditions, fuel consumption per cubic meter
of water pumped will depend on the loading. At a lower loading, the engine will
consume more fuesl per unit of water pumped. Using the same procedure given in
Exazple 7, you could csalculate the difference that loading makes in fuel
consumption per unit of water pumped (using a more precise but complex
relationship between fuel consumption and loading than chat given above). For
example, if you have s Lister ST-1 thut 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 the head remains essentially constant, annusl fuel
consumption for the two different loadings would be 1,830 liters at a loading
of 34 percent and 1,430 at 73 percent. This represents a savings in fuel and
lubricant costs slone (per unit of water pumped) of over 22 percent, mnot to
mention the reduction in maintensnce costs associated with running the engine
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varmer and theredy reducing carbon buildup. An altermative approach u using
s smaller engine at a higher loading. In that case, you would also save money
on capital equipment costs, in addition to lower operating, maintemance, and
(eventually) engine replacement costs. This example shows the importance of
proper loading in the design of diesel pumping systems. ¢

5.5 Sexvice Requiremsnts

Service requirements can be categorized as preventive, corrective, or curative.
Ixeventive maintenance includes servicing that should be done on a routine basis
to ensure efficient operation of the system. Corrsctive maintenance is required
for occasional probless that may lead to engine or pump failure, but are not part
of normal servicing. Qurative maintenance is a response to a breakdown.
Corrective and curative saintenance constitute unscheduled service.

Praventive maintenance ixzplies that service is carried out on a routine basis,
sccording to the number of hours of engine use or a timed schedule. In practice,
sexrvicing {s often not perforsad regularly, so curative maintenance is required
sfter the engine has broken down. Thia has obvious consequences for the
reliability of the system and the lifetime of the equipment. Breakdowns occur
for a wide variety of reasons, including poor installation, a lack of operator
attention, and faflure to provide regular service or poor-quality servicing.
The underlying causes of breakdown frequency may be sore complicated and can
include a poor understanding of the system, lack of incentives for pumpers to
perfora well, and funding problems.

As s stand-alene mechanical system, a diesel engine requires an operator, regular
servicing, and periodic repair. The pumper’s skill and the quality and amount
of servicing and repairs that are required are completely interdependent. An
operator is responsible for day-to-day operation of the pumping system, including
starting and stopping the engine, and replenishing the fuel. The pumper is also
responsible for preventive maintensnce, such as checking the oil and possibly
changing it (as required), tightening loose nuts and bolts, and other minor
tasks. Corrective saintenance is usually performed by a mechanic, whose tasks
include decarbonizing the engine, cleaning injector nozzles, replacing worn
belts, adjusting valve clearances. and changing the oil, air, and fuel filters.
Checking the fuel-injection system and cooling system and replacing other worn
cONpOnents &S necessary are also part of periodic service requirements.

The msnufacturer’s litersturs provided with the engine should indicate proper
intervals for sexrvicing (see Appendix C). To give a sense of the range of normal
service requirements, oil changes are typically required after every 250 hours
of engine operation and decarbonizacion after every 1,500 hours. The actual
requirements for a particular system may vary with the operating environment,
spplication, and mechanic’s skill and training. For example, if the engine is
operating at a 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 (vhich increases costs), and the
lifetime of the engine is shortened. Almost without exception, the routine

saintenance aspect of the service infrastructure for diesel engines is the
weakest.
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_operator's atmtimu and the noml utvieing the engine receives. Routine
preventive maintenance, such as changing the engire oil and xeplacing filters,
is ooe of the most important factors in minimizing repair costs. However, having
at least one breskdown per year (and possibly more) that requires curative
maintenance {s fairly typical, depending on the wgim's age and condltion and

the quality of service it has received.

The cost of unscheduled servicing i{s highly variable. lﬂ:intu of service and
maintenance costs, not including fuel and labor, are likely to be in the range
of US$0.15 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 annual O8M costs, not including expenses for fuel and operator labdber,
range between 25 and 75 percent of the engire‘s initial cost or 5 to 15 percent
of the system's installed capital coat (vhich includes not only the engine, but
slsc the pump, the concrete pad, the transmission, and other items).

5.6 Equismant life

The service 1ife of any device depends on the conditions under which it is used,
which includes installation and maintenance. Under optimum conditions, an angine
should be replaced vhen the cost of maintaining it exceeds the cost of purchasing
s new one. However, users’ perceptions of engine life also play a role. If
users anticipate getting five years of service, a new engine may be purchased
at five years even though the old one is still functional. Light, high-speed
engines are likely to have shorter lifetimes than heavy, slow-spesd models.
The best way to estimate values for equipment lifetimes in your situation is to
ask other engine users, local equipment dealers, and operators of repair shops
sbout the makes and models you are interested in.

Usually, the 1ifetime of an engine is given informally in yesrs. The normsl
range is two to three years for lower quality, hesvily used, and/or poorly
maintained engines to 20 years or more for higher quality systems that are
reasonably well msintained and overhauled at regular intervals. Lifetime hours
of operation vary from under 5,000 to over 50,000 hours. About 20,000 hours is
a reasonable spproximstion for planning and costing purposes. A complete list
of diesel maintensnce nseds and s recommended schedule for meeting those needs

are given in Appendix C.
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Chapter &
SOLAR PHOTOVOLTAIC PUMPS

r PV cells are used te convert sunlight directly into electricity. While
power can be vused for a variety of end-use applications (e.g.,
communications, lighting, and refrigeration at health ciinics), it {is
ning increasingly popular for vater pumping in temote areas As of mid-1988,
& estimated that between 5,000 and 10,000 solar pumps have been installed
nd the world. Successes in PV research and developuent have significantly
ced costs and fncreased the reliability of this power source, which has
orically been very expensive. Multiple cells (20 to 50) are mounted on a
le unit (sbeut ¢.3 by 1.2 meters) called a module. The individual modules
rired together in groups to form arrays. While the PV arrays themselves are
ptionally reliable power sources, the primary limitation on the use of solar
¢ has been and continues to be the high initial capital cost of a system.
» since wvater output is directly proportional to the level of solar
dfatfon falling on the modules, relatively high and uniform solar irradiation
oRcuE at your site for solar pumps to be a cost-effective pumping option.

r puozps have been used in field applications for about 10 years. Some early
ls were plagued Dy design and manufacturing problems. Considerable gains
rereasing aystem effictiency and reliability and reducing production costs
lowered the cost per unit of water delivered. Still, solar pumps remain
ly expensive compared to other pumps, although they do have the potential
weing cost-effective pumping alternatives undsr certain circumstances. This
fon deseribes typical system components as well as the design, operation,
tenance, and repair requirementz of solar pumps.

? purps become more popular, an increasing variety of designs is becoming
lable that differ in cost, application, capacity, and reliability. This
lon describes the most commou kinds of solar pumping systems and several
i of optfonal components. The focus is on systeme that have been fleld-

td in evaluation programs in countries such as Botswana, Mali, Malaysia, and
1.

mwet basic PV pumping syscem consists of an electrical power source (i.e.,
srray}), & motor, and a pump. The electrical output from the array is
rered to the motor, which drives the pump. Many variations of this simplest
of system use different optional components. More complex designs are
iwily intended to increase the efficiency or reliability of the water supply,
Te water can be pumped with a PV array of the same size. Schematic drawings
eversl typical solar pumping systems (submersibles, vertical turbines,
:ing suction, and centrifugal suction pumps) are shown in Figure 12.
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6.1.1 The Power Source

MW wmodules produce a certain current and voltage under specified sunlight
conditions. Uhile several types of PV cells are commonly used (e.g., single
crystal, semicrystalline, and amorphous), nearly any power module can be employed
in a pumping system. Motors used in solar pumping systems have specific
electrical operating characteristics chosen to match those of the array. This
increases the overall system efficiency. so more water is delivered per dollar
invested in the system. The matching of motors and arrays no longer presents
significant problems with equipment standardization among different
sanufacturers’ equipment, since most currently availabie PV modules have sinmilar
electrical ocutput.

Arrays can be wired to produce a wide range of electrical output. Modules are
connected in series (i.e., with the terminals minus to plus and plus to minus)
to increase voltage and, hence, motor speed at a constant current. Wiring
modules in parallel (with terminals minus to minus and plus to plus) increases
the current output and motor torque at a constant voltage. Motors are designed
to operate most efficiently at a certainm current and voltage, so care must be
taken to select a motor with electrical inmput requirements that match array
output fn order to get the best performance from the system. Siamilarly, the
sotor output sust match the operating characteristics of the pump in order to
use power efficiently. Equipment buyers usually need not match these components
themselves, as this is normally already taken care of by PV module and pump
sanufacturers and systea designers. However, because of the importance to proper
system operation of correctly matching these components, the procedures necessary
to do this have been included in this manual. This will allov you to confirm
the specifications given by equipment suppliers.

Equipment distributors will specify the array size and configuration (i.e.,
wiring srrangement for s specific current and voltage combination) needed to
pump a certain quantity of water from a given head, based on manufacturer's
recommendations. Array sizes are given in term of pesk watts (V). This is an
indfcator of the srray’s expected pover output under peak opcntfn; conditions,
which are defined as 1 kV/»’ solar irradiation on the arrsy and an operating
temperature of 23° Centigrade. Typical pover modules are rated at 40 to 60 W,.
The output of PV modules varies depending on the operating temperature and level
of solar irradiance--i.e., the solar erergy per unit of area in vatts per square
meter (W/m'). The higher the solar irradiance level on a PV cell, the higher the
power output is; the higher the operating temperature, which depends on the
ambient air temperature, the lower the output.

WV puaping svsten designs can be varied by adding one or more of the following
components:

. Controllers. Their functions include regulating current
and/or voltage from the arraf’snd to the motor, shutting down
the motor for various safety reasons, snd controlling the
systes by means of a float switch that turns the motor off
when the storage tank is filled/
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. Imxuu They change thc array‘’s electrical output from DC
u 'mu

. Power-point trackers. These convert sunlight into electricity
more efficiently. e O

. Batteries. They provide a constant voltage to the motof and
store energy, 80 the system can pump vater even vhen the array
is unable to,glplint enough power directly. “

. Sun-tnchm devices. These move the array so it u directly
perpendicular to the sun, thereby intercepting wore radiation
and increasing the power output.

Several types of controllers are used with PV pumps, including inverters, power-
point trackers, and battery-charge controllers. The PV array produces DC
electricity. Some solar pump wotors operate dirxectly on DC, others require AC.
An inverter is used to convert DC power from an array into AC pover for the pump
motor. An inverter can slso act as a controller to shut down the motor before
overloading or overheating occcurs and can help the motor and array operate
efficiently 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 output for the
module under various irradiance (i.e., solar irradiation) levels. There is a
particular point on an array’s operating curve at which it produces maximun
pover——the maximum power point. A type of controlling device called a maximum
pover-point tracker (MPPT) forces the arrsy and motor to operate at or near this
point. For example, at an irradiance of 1,000 W/m', the module shown has a
maxisus power point at 16 volts and 3 amps. An MPPT does not make a PV array
physically track the sun, but some use devices that tilt the array so it is
perpendicular to the sun’s rays, thus producing more power. Using an MPPT makes
8 system more complex and adds to the cost, but under certain circumstances, it
can be & cost-effective means for producing additional power from an array.
Batteries are somotimes used with PV systems as storage devices and/or
contrellers. Solar irradiation is intermittent due to variable cloudy
conditions and the sun’'s movement across the sky during the day. Batteries
store electrical energy from the array, vhich can then be used by the motor to
drive the pump when irradiation is inadequate to drive the system directly. In
addition, batteries can serve as controllers to provide constant voltage to the
motor, s0 it operates at s @ore constant and higher average efficiency.
Batteries have disadventages that should be considered in the system design
process. These {nclude additional capital costs, higher maintenance
requirements, and periodic replacement costs.

Several kinds of sun trackers can be used to move an array so that it is
perpendicular to the sun’s rays. These vary considerably in terms of
complexity, reliability, and cost. Under certain conditions, array trackers
have been shown to produce increases in array output of up to 40 percent over
the course of a dasy. This net gain must be weighed against the increased
complexity and cost of these devices.
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(ARCO Solar, Inc., manufacturer's literature)

Particularly in areas vhere well yields are low and dravdowns high or where
water tables vary considersbly 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 system. 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 systems should also be
properly grounded to protect them from lightning—-this inexpensive safety measure
should naver be overlooked.

trelling and stersge =ochanis=z orisiiy describeg hers nave
advantages and disadvantages in terms of their complexity of operation and
repair, their effects on system efficiency, and their costs. The emphasis in
pusp design and component selection should be on trying to achieve long-term
reliability, rather than the highest possible system efficiency. Reliability

has often been shown to be a strong function of a system’s design simplicicy.

Al af rha saniralline and sravese machanismes bhwi Aaamwsinas
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Several types of motors are used in lohr pumping systems, including DC motors
with or without replaceable brushes and AC motors with inverters. DC motors
normally use brushes to carry current. These have to be replaced occasionally
vhen they are vorn down. This poses no problem for surfacs-mounted wotors that
are easily accessible for maintenance (assuming that the replacement brushes are
locally available), but for submersible pumps, wvhere the motor and pump are
mounted underwater as an integral unit, changing the brushes requires that the

uhale susn and dm'l; n(m ha nn\ lad Cm tha hnn‘uﬂ- ar nrhr vatar SOourcSe—a

major operation. lneontly. uu sanufacturers (e.g., A.Y. MacDonald in the
United States) have developed brushless DC motors for use with submersidle pumps.

This inmnovation will reduce recurrent costs for periodic wmaintenance of
submersidle pumps, since the brushes will not have to be replaced on these units.

6.1.3 The Pumps

The most typical kind of pumps used in PV systems are listed below. Their
operating characteristics, typical applications, advantages, and disadvantages
vere discussed in Chapter 4. These pumps are listed again here with the names
of some vell-knowm suppliers:

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

™ submersible centrifugal--Grundfos, A.Y. MacDonald, Warns,
ARG, folar Voltaics, Totale and Franklin; and

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

Less common types include:

(] positive-displacement, rotary--Mono, and Robbins
Meyexs/Moyno;

[ jot—A Y. MacDonald; and
. vertical or deep-well turbine--Chronar/Tri-Solar, Guinard.

In gensral, PV systems that require high flows for low heads (e.g., for micro-
irrigation) use surfsce-mounted, self-priming centrifugal pumps because of their
bigh capacity, reliability, snd ease of maintenance. Submersible units (which
sxe by far the most common), positive-displacement pumps (piston and rotary) and
vertical turbines are used for deeper wells and boreholes. Piston pumps are
typically high-head, low-flow units. Jet pumps are used for moderate head and
flow applications, but are not common.
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. irvedistion falling on the FV modules, the total pusping hesd, and the operating
. tempersture of the array. Higher irradiation levels produce greater electrical

‘output and, consequently, more water. As is trus for all pumping systems, the

greataxr the pusping head, tholmrthonurwmtforanmlmlofpomr L

input. An arrey's electrical output and a pump‘s water output drop off as the
qnutiu tesperature inc:’uus—-thu N ms are -ou ctﬁchn: in cooh:, .

Solar irradfation miu in u\nul vays:

. daily-—as the sun risez and gets and as short-tera weather
patterns cause cloudy or partially cloudy conditions;

. seasonally--as varying long-term weather patterns occur ovey
the year (e.g., monscons or dry seasons) and as the angle of
declination changes (i.e., the angle between the sun's rays
and a horizontal surface on the earth), vhich is reflected in
the sun's lower position in the winter sky and higher position
in the susmer;

. annually--as weather patterns associated with drought
conditions, clouds, air pollution, and monsoons vary; and

° geographically--as a function of latitude and microclimatic
weather 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
storage. Solar irrsdistion vories depending on annual variations in weather
(such as drought conditions in Sahelian Africa) as well as on seasonal changes
such as monsoons (which in some places like India and Malaysia can obscure
nearly all usable solar irradiation for up to several months sach year).

A typical cperating day for a solar pusmp is depicted graphically in Figure 14,
which shows actusl measured data for s solar pump on an average sunny day in
Botswana. The graph indicates the hydraulic or subsystem efficiency (also
somecimes cslled “"wire-to-water® efficiency, but alvays the ratio of hydraulic
enaxgy out of the subsystem divided by electrical energy into the subsystem),
the flow rate ir 1/s. snd the solar irradiation intensity in W/m'. The figure
shows how the pump does not turn on immediately in the morning, but only when
the eut-in or thrashold irradiation level s reached. This {s the minimum level
of irradiation at which the array produces enough current to overcome the
starting torque of the pump and motor starting. It varies with the system and
site. A similar system is shown iu Photograph 4.
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- Afut the cut-in lml u f each ’ . on qnd the flow uu incnuu,;
until around noon when the sun is at iu highest point in the aky. Thereafter,
solar irradistion and, consequently, pump output decrease until the cu:-out;
frradiation level is reached in late afternocon and the pusp stops. The systea's
hydraulic efficiency increasss early in the day until the unit is in its normal
operating rangs, levels off, and then dropc off min in tho hl:o aftcrnoon.

Because of the variability in solu irndhtion Ind the connqmnt vuiabiuty
of pump output over a given period, solar pumps (like wind pumps) require some
type of storage system so that water is alvays available to users. For PV pumps,
energy can be stored either electrically (using batteries) or hydraulically
(vater in a storage tank). Considerable dabate has taken place on battery versus
water storage, as well as on the asount of each required for any given
installation. A general rule of thush is that systems should be designed with
three days of storage. What type of storage depends upon several factors,
primerily the respective local cost and availability of storsge tanks and
batteries, and secondarily the likelihood that the batteries will be properly
maintained. Storage tanks require considerably less active maintenance than
batteries, and so are less likely to fail over the long run. Batteries in PV
pumping systess are not normally serviced properly and thus must be frequently
replaced at great expense.

One of the best features of solar pumps 4s that their norual operating
requiremsnts are minimal cospared to most othar types of systems. A solar
pusping systes ususlly operates completely sutomatically, so pump operators are
not strictly required as they are with dissel engines, for example. Nor do solar
pumps require fuel.

6.3 Cheosing a Solar Pump

Sizing methods for solar pumping systems rangs from very simple to highly
cemplex. This section covers simpler methods first and then more accurate ones.

6.3.1 A Simple Method of Solar System Sizing

The simplest method of solsr sizing calculates the pover required, given the
estinated head and flow rate requirements. Subsystem efficiency is the ratio
of enexgy ocut of a system (i.e., water flow for a given head) divided by energy
put into the system (electrical energy output from the array). Using a typical
estimated subsystem efficiency of 25 to 35 percent, array size can be calculated.
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© 9.8) « gravitational consta
w0 b= total pumping head in meters

T niste s: povet tagutre i A

' To pump one 1iter per second (1/s) with 28 meters of head for a systemwith |
a subsystem efficiency of 30 percent, vhat is the electrical output needed |
from an array? e

Py = (9.8 x 28 x 1)/0.30 = 915 wates

If a pusp set ran for two hours at that rate, gnergy consumption would be 915
vatts multiplied by two hours, which is 1,830 watt-hours or 1.83 kWh. This is
the hydraulic emergy demand, which vas discussed in Chapter 3. The next step
is to deternine the size of array in ¥, that could supply that 915 watts of power
under peak solar irradiation conditions.

80




, ﬁ}los 1 dtvlm by tho module voltage of 15, so seven modules must be wired

|| in series to produce the required voltage. to;o:hnt. those seven -odulu ‘
" bave an output of 105 volts multiplied by 2.2 amps, or 231 watts. The
tmimm:ofuriu strings of seven modules each is thus the

| system’s overall power requirement (915 watts) divided by the output of
 each series string (231 watts) or fout :tringt of seven nodulu. for a
“total of 28 modules.

This rough calculation assumes a solar irradiation lavel of 1,000 W/n? or 1
kii/n?. Solar frreciation data are often given in teras of kWh per square meter
per day or Kih/a'd. 1In the simplest method of system sizing, if your site has
a daily solar irrsdiation level of 6 kWh/m'd, the pump in Example 9 would produce
the same vater ocutput over the course of an entire day as if it were running for
é hours at a constant flow rate equal to the total volume of vater pumped during
the day divided by the total daily solar irradiation or about

6 hrs/dsy x 1 1/s x 3,600 sec/hour = 21,600 1/day = 21.6 n'/day

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

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

° System efficiency varies with irradiation level and
tenperature—efficiency improves as irradiation increases (up
to & point, again see Figure 14) but drops as the temperature
rises in the afternoon.

. It is assumed that all of the 6 kWh/m’d can be used by the
system——in fact, for systems without batteries, irradiation

below the cut-in level is wasted because the pump is not
running .
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This formula hmz mmlnm :hc utul opoution of a lolu pusp, oxeop:

 that it does mot take into account the cut-in and cut-out radiation levels
mentioned sbove, below vhich the pump will not operate in the esrly morning and
late afterncon. However, these are relatively small errors which tend to
overestimate the daily cutput by S percent or so.

Virtuslly every variable except array size and the gravitational constant
changes with the time of day and the season. The array/load matching factor is
a measure of the electrical impedance mismatch between a PV array and the
subsystes load (i.e., the subsystem controller or pump motor in a direct-coupled
system). Simple computer programs are available that can be used to estimate
quickly the water output using this formuls, including cut-in irradiation levels
to reflect the fact that the pump is not operating in the early morning and late
afterncon (McCowan and Hodgkin 1985).
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Example 10: lhu Accuxate Array Sizins

| Use the more accurate fomla glm above to calculate :ha utu of r.ha
| array needed to pump 20 w'/day from 28 meters oE head, using the Qquipmnt
described in Examples 8 and 9¢

Array Sfze fn ¥, <" 376 x 0.9 x 0.8 x 0,30 1177 W,

where gravitational eonstant = 9.81
h (pumping head) « 28 meters
water output = 22 m’/day
soiar irradiation = 6 kih/w'd)

conversion factor (kih to Ml)= 3.6

F, =0.9

- 0.8

- .30

A 28-module array (one module = 43 V,) would be adequate here.

In order te give you a better feel for PV system sizing, Table 2 shows the array
size needed to pump a given amount of water (10 to 30 m'/day) at a given head
(10 to 60 meters) for three different irvadiation levels. The array sizes were
computed using the formula abcre for more accurate array sizing.
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6.3.3 Using Data on Irradiation Conditions

To design a cost-effective system properly, historical data on local solar
ixradiation conditfons should be used, vhere available. Unfortunately, such
information is seldom collected in many aress of most developing countries.
Thus, estimates of wmonthly irradiation levels over the year must be used.
Possible sources of local irradiation data (e.g., meteorological data and PV
sanufscturers’ world or area maps) are discussed in Chapter 2. The average
daily irrsdiation level used in array sizing should be based on the design month.
The concept of design month for solar pumps is similar to that for windmills--it
is the month in vhich it will be most difficult to meet the water requirement
at the site given the available solar energy.

Vhen drawing up bid decuments for solar pumps, specify the water requirement as
& certain sverage daily amount from & given head, and supply whatever local
frradfation dats sre available. When reviewing deslers’ quotes, use the example
given above to check that the systems being proposed are reasonably sized to meet
the water demand at the site. Bidders’ estimates of water output should be
within 15 percent of your calculations from the method described here.
Othervise, the system being proposed will probably be improperly sized to meet
your requirements.

The fellowing example illustrates the complete procedure for sizing a solar pump
and jts components.
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'f,iVA uhrpuq» ubein; emidoud tor use at .vnu.. site in rural Sudan, [

_where an elevated tank (5 meters high) stores water pumped from a nearby
J borshole. The distance from the borshole to the storage tank in the
J village is 250 meters. The borshole currently has a 4-inch diameter
- casing. It has been mt- for 72 hours by a local drilling
~contractor, and a yicld of 5 /h vas measured. _ The depth from the top of
the borehole to the water surface during the tut-pulpmg vas 13 meters.
- Irradistion on a solar srray during the design month would be 6 kiWh/m'd (or
21.6 M3/w'd). The village currently has 680 people, and the sheikh has
deternined that the population increases by about 2 percent annually.
Currently, people use about 30 liters each per day, but the availability of
diesel fuel has been szo frregular and its pricc has h«n inctusing so

rapidly that the community has begun to consider buying a solar pusp. What

type of solar pusping system is appropriate?

Eixat. detexmine water demand. The current population of 680 is growing
at 2 percent per year (F,). The syatem should be sized to provide an
adequate supply of water over its entire useful life (N), vhich is expected
to be 20 years (some components will have to be replaced as mot all of the
equipaent will last this long). From the formula given in Section 2.1.2,
the demand in year 20 will be

future demand = (current demand) x (1 + F,u)™»
= (680 people x 30 1/day) x (1 + .02)™V
30 o’/day

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

considering that the 30 »'/day output requirement will be pumped over 6
*peak sun-hours” (6 kWh/w'd), so the peak flow rate will be

(30 #’/day)/(6 peak sun-hours/day) = 5 o’/h = 1.4 1/sec

Assume that a 60-millimeter galvanized from wiz: {1l be used down the
borehole and that the pump will be set 5 meters below the dynamic water
level. The total length of piping in meters will be

13 (borehole) + 250 (pipe run) + 5 (pump set) + 5 (tank) = 273 meters
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- Example 11: Detailed Solar Pump System Selection (continued)

From Figure 3 (in Chapter 2) and the tables in Appendix B, the friction
loss under these conditions--273 meters of 60-um galvanized steel pipe with
negligible losses due to bends and valves--is 2.2 meters. The total
pumping head would then include the dynamic head of 131 meters, the
discharge head to the elevated unpressurized tank of 5 meters, and friction
losses in the pipes of 2.2 meters for a total of 20.2 meters.

Rote that the 2.2-meter friction loss is somevhat greater than 10 percent
of the total head. Therefore, you should use slightly larger pipe to
reduce the friction loss (thereby reducing the amount of anergy required to
pump your water). WUith 100-millimeter pipe, the friction loss is 1 meter.
The total head i{s then 18 + 1 = 19 meters.

ixd, determine the arxay size needed. Following exactly the same
precedure as given in Example 10 and using a subsystem efficiency of 32
percent, which is typtcal of Grundfos submersibles available in Khartoum,
and a water demand 30 w'/d for 19 meters of head, you can compute the array
sfze needed:

o - —_9.81 x 19 x 30 -
arvay size in ¥, 6x3.6x009x0.8x0.32 1,124 v,

This figure {s the minimum array size in W, that can meet your water
requirement. However, other requirements must be taken into account. The
Grundfos submersible you are looking st runs at 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 a
typical operating voltage of 15 volts. This means you will have to wire
103/15 or seven modules in series to get the right voltage.

Ia Ag al ptal number of mndules e 188 ptep, divide 1.12“ M) by 56
W, per module or about 21 modules (rounding up to the nearest nult{ple of
seven). Your array weuld then be wired as three parallel sets of seven
modules each., This system size should match the one described in the
dealer’s quote. To select the individual pump set, review the pump curves
for the types of submersibles the dealer carries, and pick the unit that
operates most efficiently at the head for your site (19 meters). Your
system sizing 1s now complete.
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" Solar pump costs depend primarily on twe componsnts——the array size and the
pumping unit. Solar module costs usually make up 60 to 85 percent of the total
system cost and are usually quoted in terms of dollars per W, or US§/N,. In
1983, module costs were about US§10/M,, shipped from the country of manufacture.
In 1988, they were being quoted as low as US$4A/N, ty’o‘ﬂSQSﬁ‘.% These prices
usually do noc include freight and insurance charges to ship to developing
countries, which can easily add 50 percent or more to the price. For example,
in 1988 sodules with a U.S. price of §5/U, were quoted in Botswana f°,ff$‘/‘t-

n

Pump sets (i.e.., a pump and motor) designed for use with FV systema range
price from US$1,000 to US$3,000 (FOB the manufacturer), with the units rated
for lower power cutput tosting less and often used at lower heads (e.g., surface-
sounted centrifugal and jet puaps). Units with higher power output for deeper
vells run from US$2,000 to US$3,000. Submersible AC pumps are generally the most
expensive because in addition to the pump and motor, they must have an inverter
to convert DC power to AC. Often, the higher cost of these units is more than
offset by greater reliability and, consequenrly, lower recurrent costs.

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

6.3 Quexation, NMaintenance. and Repaix

Normal operating procedures for PV pumps usually require minimal user
interaction, but this does not mean they require no attendance vhatsoever. Dust
should be washed from the collector array, as required (i.e., vhen it is
obviocusly costing the modules), and for surface-mounted motors, belt tightness
and sny overheating of the motor or transmission should be noted. If float
switches are used in the system’s storsge 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
problems occurring with the system,

One person should be assigned the responsibilicty of monitoring pump operation,
recoxding water-use data, snd determining the nature and extent of any breakdowns
that occur. This individusl could be trainsd to deal with simple repairs, such
s loose or broken wires. He or she should also know exactly how to call for
a repair crew if repairs are required. Because of the complexity of most of the
components in PV pumping systems, it is much more likely that the first response
to breakdowns will be to replace a component rather than to make an on-site
yepair.

In many circumstances, particularly at unattended or remote sites, vandals may
break the mndules or rip out the wires. Qualified personnel performing periodic
maintenance should also check for natural degradation, such as corroded terminals
and worn finsulation. 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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qmuty is mgiml ¢ 4 lu-nm or mrhnting eut-off m:ehu are not u.nd S
down-hole equipment, including pumps and motors, can be dnt:oynd when water
levels drop below the depth of the pump installation. Under very lu-nw
conditions where the pump continues to operate, an insufficient flow of water
past a submersible pump may not provide sufficient eooltng and ny rnul: in
damage to the pusp.

Under typical conditions for properly deaigned systems, monthly or bhonthly
aaintenance will consist of visually inspecting electrical comnections,
tightening nuts and dolts, cleaning the array, checking the array electrically
on & quarterly basis to make sure it is working properly, and chacking the
battery benk, if there {s one. This entire process should take no more than one
to two hours of & mechanic’s time, not including any travel that may be required.

Nost problems in PV pusping systems occur with components other than the array.
Unless they are vendslized, modules very seldom fail. 1If they are severely

» 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 c¢ teaching
children snd others not to damage the water supply system.

Host problems occur with the pump, motor, and controller. Generally, the design
philosophy behind solar pusps has been to manufacture components that will be
replaced rather than repaired, at least for most situations in developing
countries. Dealer representatives (vho are usually assigred only to dsveloping
countries with large nmumbers of solear pumps) for U.S. oz European PV pump
, manufacturers often carry spare parts for pumps (e.g., impellers and seals) or
| vill replace the unit i{f it is under warranty.

Motors are more problematic. Depending on the level of technical skills in your
area, the rewinding of electric motors can be performed locally. Local mechanics
or mechanicslly inclined users can easily replace the brushes, if the motor is
easily accessible. Local mechanics can also replace pump or motor seals,
sssuming that similar types of equipment are used locally (e.g., grid-electric
submersible pump sets). With the exception of brush replacement, most procedures
should be carried out in a clean electrical shop in the nearest large town, not
in the field.
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Of course, appropriate spsrs parts must be available. 1If not, considerable time
and effort may be required find the necessary parts locally or to have them
shipped from the manufacturer. The importance of a complete spare parts
inventory cannot be overesphasized. The biggest problea in system maintenance
and repair is the time it takes to address the problem from abroad. When
choosing a supplier, remember the importance of local dealers who maintain
supplies of spare parts and can fix or are willing to replace failed or defective

There is little, if any, local manufacture of PV pumping equipment in developing
countries. Battery-charge controllers are made in some developing countries,
and the number of Spire Corporation's turnkey PV cell and module assembly plants
in the developing world is slowly incressing. Given the highly automated and
sophisticated manufacturing technicues that are typically used to make PV
equipment, all of it will probably be imported. 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 wminimal, sc potential
customers must either have access to design guidelines (cuch as this manual) or
look elsevhere for equipment. 1If this is the case in your area, you might
reconsider the possibility of using systems that are already available locally.
In other countries, knowledgeable, well-equipped dealerships can provide accurate
system design, prompt procurement from existing inventories or as a result of
good relations with manufacturers, and trained crews for installation and user

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

6.6 Equipesnt life

Since PV pumps are a relatively new technology (compared to diesel engines,
vindeills, and handpusps), little is known sbout the economic lifetime that
users can reasonably expect of most systems and components. While field tests
hsve been conducted for certain types of systems, few (if any) PV pumps have
been in .actual use for more than several years. Module manufacturers nov
commonly gusrantee their products for 10 years against significant loss of power
output, and accelerated tests have indicated that modules will retain up to 90
pexcent of their original power-generating capacity for up to 20 years after the
initial installation. The need for module replacement because of damage is yery
dependent on the site.

Other components are not so robust. The motor will probably have to be replaced
every three to seven years, depending on the level of operating power (i.e., the
higher the power, the sooner the motor will need replacement), the quality of
the water (for submersibles, poor water quality tends to corrode casings and ruin
seals more quickly), and the quality of the installation. Electronic components,
such as controllers, may also need replacement every three to five years,
depending on the quality of the equipment. Array mounts should never need
replacement.
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Chapter 7
WIND PUMPS

Vind 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 necessary information te determine wi.ather a
vindmill will meet the demand for water at your site and

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

Since the vazi majority ef all wind pumps used in developing countries are
mechanical wirdmills driving piston pumps, that configuration is the primary
focus of this chapter. Other types of wind pumps will be mencioned only
briefly.

7.2 System Degcription

Wird energy systems are generally subdivided in two ways-<horizontal- or
vertical-axis machines (referring to the axis of the rotor) and electrical or
mechanical. While it is possible to pump water using the snergy produced by any
of these {zur possible configurations, the most common type is the horizontal-
axis, mechanical system, which is usually referred to as a steel-bladed, farm-
type windmill or, simply, a farm windmill. Dempster, Aeromotor, Fiasa, and
Southern Cross windmills are examples of this system design. Figure 15 shows
a schematic diagram of this type of wind energy system.

A typical farm windmill has four main parts:

. a horizontal-axis wind wheel, vhich converts power in the wind
into the rotary shaft power of the axis;

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

. a t¢ail attached to the head, which 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 (i.e., taken
out of the wird and stopped) during high winds or when
desired; and
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Figure 15. Typical Windmill Installation

(Dempster Manufacturir
Literature)




o a tower, usually fabricated of stesl, on wvhich the windafll
head {s mounted. : .

This design is nearly always used with a reciprocating-piston pump. Ths typical
multiblade configuration is designed to provide the required high torque to
start the pump at low wind speeds. At higher wind speeds, the efficiency of a
system is somevhat reduced due to rotor aerodynamics and load characteristics.

For a fixed wind speed, a windmill‘'s pover output is proportional to the
dlumeter of the rotor. Commercial farm windmills vary in diameter froa 3.0 to
7.3 meters. Water output depends on the amount of ensrgy delivered to the pump
cylinder. Cylinder sizes for reciprocating pumps vary in terms of dismeter and
length of stroke--the larger the cylinder diameter and the longer the stroke,
the more water pumped per stroke. Commonly available cylinders run from 2.25
to 4.0 inches in diameter, although larger sizes can be obtained. 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
febrication procedures for windmills have resulted in . new generation of
vinda{lls. These differ from traditional designs in man, ways, including the
elininacion of gears and castings, which permits simplified fabrication
techniques, and {mproved rotor efficiency based on a better understanding of

ae ¢ design. Photographs 5 and 6 show two examples of new-generation
sachines.

Another type of windmill that has been tested and demonstrated on a much smaller
scale than the farm vindmill is the Savonious vertical-axis design. 7The rotor
consists of several curved metal blades mounted sround a central, vertical axis
of rotatfon. Initially, this design showed prosise as a simple, inexpensive,
easily constructed device for utilizing wind energy. However, for water pumping
spplications, it has not proven eftective. It :s inefficient; problems have
arisen in controlling its speed to protect it frow high winds; towers that are
strong and large emough 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 speeds has proved difficult.

Other mechanical windmill designs are relatively uncommon, particularly in
developing countries. Thus, this section focuses on the steel-bladed, farm-type
windeill and recent improvements in this traditional design.

7.2 Operating Characteristics

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

. the wind regims at the site,
s the pusping head,
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5.

.. CWD~-5000 Windm 11l for Water and
Micro~irrigation near Khartoum,

Sudan

6.
Kijito 20-Foot in Botswana
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e the dismeter of the windaill rotor selected, and
. the pump cylinder. o |

The single most important factor is the wind speed at the site. The power
svailable in wind varies as the cube of the wind speed--{f the wind speed
doubles. the power available increases by a factor of eight. Becsuse of
variations in wind regimes (e.g., gusts and variable directions), vind speeds
can only be msasured and predicted in a statistical sense, and vater delivery
can only be estimated statistically. There is no guarantee that a specific
smount of water will be delivered per day, week, or month. This characteristic
limits practical windmill use to applications with flexible vater requirements
or some sort of backup system. It also means that for most applications, a
storage tank will be needed, urpically holding emough water for three to four
days. :

Although the other factura sisted above ars important in the design process,
they do not have the same influsnce on performance as wind speed. The output
of a specific vindmill/pump combinatic: at a given site is inversely
onal to the pumping head--as the head incresses, the cutput decreases.
All other factors being equal, the water output increases as the aize of the
rotor increases (s larger rotor offers a larger area for wind capture) and the
height of the tower increases (winds are faster further from the ground).

Rotor sizing is & fairly simple procedure (see balow), but selecting a pump
cylinder is more complex. Larger cylinders require greater power to initiute
pumping, but once started, they deliver more water per stroke. For each
combination of windm{ll, pumping head, and wind regime, there is an optimum
point at vhich a balance is reached between the longer pumping hours required
wich smaller cylinders and th2 higher pumping rates for larger ones. At lower
average wind speeds, smaller cylinders are usually selected to maximize total
vater delivery.

The relationship detween wind speed, head, and amount of water pumped for a
given size of windmill {s shown in Figure 16, (Photograph 7 shows the wiudmill
on which Figure 16 is based.) The two lines show daily water output in cubic
weters for a Climax 12-foot diameter machine snd 43 meters of head, using 2- and
4-inch cylinders. For example, at en average daily wind speed of 3 m/s, the 4-
inch eylinder will pump only about 1.6 »'/d, but the 2-inch will pusp about 2.8
u'/4 because the windmill starts the smaller cylinder moving in lower wind
speeds. However, in winds that are 4 m/s and above, the larger cylinder will
deliver ccnsideradbly more water, pumping 8 as opposed to 4.6 w'/d. This
difference increases as the vind speed goes up.

7.3 Sheesing s ¥indeill

In most countries, there is not a wide selection of locally available windmills.
It is not so important to have a local dealer for windmills as ic 1is for diesel
engines because vindmills require less maintenance; nevertheless, a local source
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Figure 16

Windmill Output
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for spare parts iz needed. Moreover, if a reputadle windmill is manufactured
-locally im your coumtry or region (e.g., the Kijito in Kenya or the Sanit in
Thailand), it is suggested that these makes be considered first. Wirdmills are
usually prosured directly from a manufacturer or its agent. The most coamon
approach is to purchase the windmill and tower directly from the manufacturer
and the pump cylinder, rod, and pipe from local suppliers. Buying these three
components locaily is prefe-able aince this ¢ iures that if any parts are oaitted
. ot incorrectly spccified, they can be rep.iced locally. It {s also a good
indicator that spare parts and knovledgeable mechanics will be available if and
when they are needed. Finally, purchasing local producta for the pump rod and
pipe will prodbadly be coensiderably chesper.

To follow the design procedures outlined in this section, it is not essential
to understand all the aspects of the theory behind wind energy use. Necessary

concepts will be introduced as they arise. The general approach in wind system
deasign is co

. deternivs wind speeds at the aite,

figure the design wind speed,
[ calculate the necessary rotor size. and

s - choose the proper cylinder.

7.3.1 Site Wind Speeds

There are twe ways to estimst: average vwind speeds at your site. The first
assumes that no wind data have been collected at the site but that long-term
data is svailable from a meteorological station relatively nearby. The second
sethod assumes you have recorded several months of wind data at the site, but
bave no long-term asnnual data except for information from a nearby
metecorelogical station. In the first case (i.e., no site data), certain
correction factors can be applied to estimate vwind speeds at your site frua
meteorological information:

' & height correction, if the windmill will be at a different
height than the recording instruments;

e 8 correction for local terrain conditions; and
e & correction factor if the data has been recorded over a short
durstion.

These correction factors (described in detail below) should be used with
caution. Bacause the power in the wind is proportional to the cube of the wind
speed, small errors in estimating wind speed can lead to large errors in
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estimating wind-pump output. Vhere possible, you should always try to gather
at least several months of wind-speed data at your proposed site at the actual
plannad height of the windmfll rotor. These shert-term data can then be
correlated with longer-term data from the nearest meteorclogical station. Site-
specific data will help you more accurately determine whether a windmill is a
good investment or only a marginal one.

Uind data are vecorded with an instrument called an anemometer, which is
basicaily an electrical switch that counts the rotations of a mulitiple cup or
propeller rotating at a speed proportional to the surrounding wind speed. The
number 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 setond
(a/s) or miles per hour (mph).

Anemometers are mounted on poles at a fixed height above the ground, iiSiiailY
or 10 meters. Undexr normal conditions, wind speeds are greater at higher
distances above the ground. This {s largely because the effects of surface
features and turbulence diminish as the height increasea. The variability
depends on the distance from the ground and the roughness of the terrain. The
vind speed data should indicate the height at which the data were collected
(f.e., the height of the anemometer). The most commonly accepted measure of
the differemce that can be expec-ed in wind speeds between the anemomster’s
reference height and the proposed neight of the windmill is given by the "one-
seventh power law":

V, = ¥, x (h/h)V?

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

it is ouch more difficult to predfct average monthly wind speeds if the
reference hefght at which the data were recorded is less than 6 meters. Data
collected at heights of less than 6 meters should not be used to select a
windmfll or predict performance.

In relatively flat areas with no trees or buildings in the {mmediate vicinity,
site selection is not critical. However, in mountainous areas or places where
obstacles may bleck the flow of wind, differences in surface roughness and
obstacles between the anemometer and pump site must be taken into account when
estimating wind speeds for the site. As a general rule, a windmill tower should
be tall enough so that the lowest part of the rotor {s at least 9 meters off the
ground or 15 feet above any obstruction within a radius of 400 feet.
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eoructicn t‘actor should be applied, decreasing the wind speed ss surface
roughness increases. Figure 17 shows the effects of various obstacles on wind
spead, along with the estimated reduction in power at different points behind
the obstruction. For example, if a building has a height of H, at a distance
of 5H dowvnwind from the building, the turbulence caused by the building reduces
power by 43 pevcent. At a distance 10H dowmwind, the reduction in power is only
17 vercent.

1f the lensth of the recorded data is short, there is a chance that average vind
speeds based on the data are not truly representative of long-term averages.
1f cuiy one year of information is svailable, average speeds may be in error by
10 percent. Averages for longer periods (three years or mors) are likely to be
no more than 3 percent in error. 1f the duration of recorded data is only one
year, it is suggested that average wind speeds be discounted by 10 percent as
a safety factor to ensure that the windmill will not be undersized.

There is a another simple, but useful, technique for extrapolating from
mateorological data to a specific site, if long-term data are availadble fron a
neazby meteorologicsl station and you have recorded wind speeds for several
sonths or more at your site (if possible during vhat you expsct will be the
design month) (see below). Divide the monthly average wind speeds at the site
by the long-term averages for the same months measured at the meteorological
site to obtain a correlation factor. Then, use this factor with the
meteorological dats to estiwate the average monthly wind speeds at the site for
sonths with no site-specific data.
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Fiqure 17, Effects of Obstaclegs on Wind Speed
{(See text for explanation.)
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Example 12: WVindspeed EB'~zapniation from Anothor Site's Dats

You have installed ur amemometer at your site to measure wind speeds for
several months. Yov recorded an sverage monthly wind speed of 5.0 a/s in
Aprfil. A nearby moteorological station (with an ansmometer at the same
height and sinmilar terrain) measured 4.0 m/s for the same month. Estimate
the vind speed at your site for a month in which the meteorological station
measured 3.5 n/s.

The correlatfion factor is 5.0/4.0, or 1.25. You can then estimate thi*
the average wind zpeed at your site was about 3.5 x 1.25, or 6.4 m/e., ‘ibe
accuracy of this sort of extrapolation Jdepends on how clcsely seasonei
variations in vina at the site follow those at the weather station,

7.3.2 Design Month

During the course of a normil year, there are periods of high and low winds.
Over a mmber of years, the pattern of these periods will usually be fairly
predictable and should be apparent from an examination of average monthly wind
speeds for the region.

In addition to average wind speeds, the vater-demand profile at the site must
be determined (see Chapter 2), so the design month can be determined. This is
the sonth vhen ft will be most difficult to meet the water requirement utilizing
vind enexgy. 1f the demand is constant, the design wind speed will be the
sverage for the month with the lowest average speed. If demand fluctuates from
month to month, the design wind speed is determined by dividing the average speed
cubed by the average daily demand in cubic meters per day (i.e., V'/m'/day) for
each sonth and then selecting the month with the lowest valus——the design month.
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Figure 18. Determining the Design Month
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7.3.3 Required Rotor Dismeter

The rotor area mweeded for a specific site depends on the pusping head, deaign
wind speed, water requiresent, and overall system efficiency, also called energy
efficiency. Windmill output also depends on the pump cylinder chosen. At this
stage, it will dDe assumed that an gppropriste cylinder size is availadble. A
method for choosing the proper cylinder size {s given fn Section 7.3.4. The
calculation for selecting an appropriate rotor diameter is

D2 = (Q x H)/(p % 7.9 x v x n)

vhere U, = required windamfill rotor diameter in meters
Q = wvater required in »’*/day
q = total pumping head in meters
p = local air density in kg/»
v, = average wind speed for design wonth in m/s
n = assumed overall system efficiency as a percentage
7.9 = units conversion factor

For a standard farm-type windmill and average wind speed of 1.5 m/s or greater,
use a system efficiency of 6 percent. This figure should be progressively
reduced to 4 percent as the average wind speed declines to 2 m/s. For specds
over & m/s, a reasonable value for efficiency is 5 to 6 parcent. For improved
windaills, such as the Kenyan Kijito or Dutch CWD-5000, an efficiency of 8
percent should be used if wind speeds are 3.5 m/s or higher, but this figure
should be progressively reduced to 4 percent as the average wind spoed declines
to 2 m/s. Afir density is closely related to air pressure and temperaturs. In
most cases. altitude (i.e., pressure) is the largest factor in sir-density
calculations. A secondary factor is air temperature. Table 3 below gives
correction factors for altitude (K,) and temperature (K,). To estimate air
density for any altitude and temperature, multiply the density of standard air
(1.22 kg/n’ at sea level and 20" Centigrads) by both factors shown in Table 2.
Consult local weather services to get a representative air density for your

proposed sice.

Table 3

Alxr Density Correction Factors*

Altitude (w) = 0 750 1,500 2,250 3,000
FA - 1 0.913 0.835 0.760 0.692
Temperature (ol) = -20 -10 0 10 20 30 40
KT - 1.271 1.125 1,073 1.020 0.989 0.958 0.925

* Adapted from: J. Leki et al., More Other Homes and Garbage (San Francisco:
Sierra Club Books, 1981).
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Example 14: Bscimating Air Density

Estimate the air donasity at 1,500 meters al«ove sea level at 40° Centigrade.
Under thess conditions, K, = 0.835 and Ry = 0.925. Therefore, air densitcy
- 1.22 kg/u’ x 0.835 = €.925 = 0.94 . (This seans that for a climate
like that in Botswana, the power available fa the wind is only 77 percent
of that at tea level and 10° Centigrade). :

Example 15: Rotor Dismeter

What iz the requirad rotor diameter for a standard farm windmill %if
conditions during the design month are V, = 3.6 m/s, H = 25 meters, and
Q = 7u'/day, with an air censity of 1.0 kg/u’?

D= (QxW)/(1 x7.9%xV}xn)

D= (7 x 35)/7.9 x 3.6 x .06)
D! = 1.1

Thus, D = 3.3 meters or 10.9 feet. So, choose a windmill with a 12-foot
Ciameter, cthe next largeat available size.

7.3.4 Pump Cylinder

To size a pump cylinder properly for a windmill, the concept of system design
ratio (X,) must be introduced. This is the ratio of the system’'s design wind
speed (v,) to the averasge wind speed at the site for the design month. The
system's design wind speed is the instsntanecus operating wind speed at which
system officiency resches a maximum. For steel-bladed, farm-type windmills, the

design wind speed can be approximated as
vl = .15 x (S x H x D¥/(D? x G))

vhere wd = sverage wind speed for design month in m/s

s = gtroke length in centimeters

H = total head in meters

D, = disneter of the pump cylinder in inches
D, = rotor diameter in meters

G - windmill gear ratio
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Note that D, and G are machine parameters that will depend on the vindmill
selected, and H varies vith the site. A pump cylinder can be chosen based on
the aizes available. The cylinder diameter (D,) is given {1 inches because this
is how cylinders are usually messured. All other measurements are in metric
units. ‘

A vind pump that is well matched to a site should reach its optimum efficiency
around the average vind speed there. This is the case vhen X, i3 1.0. In many
instances, this is indeed true. However, the designer should knowv that for values
of X, that are slightly telow 1.0, the windmill will operate for slightly longer
periods because {t ruis in iighter winds, but {t will deliver less water overall,
vhich may have an impact on the size of storage tank required. For values of
X, above 1.0, a windaill may deliver slightly more water on the average, but less
during lower wind periods.

The recommended value for X, is usually between 0.7 and 0.9. Your choice will
depend to some extent on the elasticity 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
using the following formula:

D= ((X, x v} xD?x G)/(.15x S x H)

wvhere X, = system design ratio
and all other variables are as defined above.
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Exsmple 16: Cylinder Size

A Dempster windnill {s to bs inatalled at the sfte in Example 15. If X,
iz 0.8, vhat iz the proper cylinder size? Note that complete machine
specifications should bde given fn the manufacturer’s literature omn the
windmill. For a 12-foot Dempster, they are a stroke length of 18.4
centimeters and gear ratio of 3:1.

Dle ((X,xv)*xD?xG)/(.15xSx H)
D2 = ((0.8 x 3.6)* x (3.65)* x 3.0)/(.15 x 18.4 x 35)
D2 = 12.5
D, = 3.53 fuches

Therefore, choose a 3.5-inch eylinder.

The sizing method given here is adequate for choosing a windmill and pump
cylinder. However, it {s pcasible to make more accurate estimations if more
reliable information on the wind resaurce is available. Computer programs have
been developed that permit more accurate and detailed estimates of wind pump
output.

7.4 Cosc Considerations

This section gives representative costs for several types of windmills and
associated equipment, as well as typical recurrent O&M costs and requirements.
For models from the same manufacturer, the capital cost of a windmill increases
with increasing rotor diameter. As a general estimate, windmills cost between
US$200 and US$300 (not including towers) per square meter of rotor area,
depending largely on the country of manufacture. Tower costs are proportional
to height. For the same-size rotor, traditional desigrs (e.g., Southern Crozs
and Fiasgs) are sometimes less expensive than "improved” models (Kijito or
C¥D-5000), but the price is highly dependent on the country of origin. For
exanple, a 16-foot Fiasa on a 40-foot tower costs about US$13,600, shipped from
Fiasa Vindmills in the United States, and a 12-foot model on the same tower
costs US$6,50C. 1In contrast, a Kijito from Kenya costs about US$11,000 for a
24-foot diameter rotor on s 40-foot tower, shipped from Mombasa, while a 12-foot
Kijito costs US$3,000.

The price of & pump cylinder depends on the manufacturer, the diameter, and the
material. Cylinders manufactured in developing countries are generally less
expansive but can be of good quality depending on the source. They are typically
available in the 2- to 4-inch range for US§200 to US$800, with larger sizes
costing more. The cost of even larger cylinders increases greatly. Most
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cylinders are made of brass. Stainless-steel cylinders can be purchased for
sites with very corrosive water, but they are often prohibitively expensive.

The prices given here for windmills and cylinders are current as of the summer
of 1988, but may vary with new design and manufacturing developments. They also
depend on the country of origin——for instance, Rijitos are made in both Kenya
and Pakistan but are sold for different prices. The prices quoted here do not
include shipping and fnsurance or local import tariffs and restrictions. 1If
possible, contact a local distributor to get more accurate prices for your area.

7.5 Operating Requirements

As is true of all pumping equipment, the quality of windmill operation and
preventive, corrective, and curative maintenance (defined in Section 5.5) will
have a definite impact on the reliability of the system, the magnitude of
recurrent costs, and the life of the equipment. These aspects of windmill use
are closely interrelated, such that following proper procedures in one area will
favorably affect other O6M requirements.

Most wind systems do not need a full-time operator, unlike diesel pump sets.
Vhen the wind blows, the windaill pumpa vater. All farm windmills and most of
the improved designs have safety mechanisms to turn the rotor out of the wind
to protect it during periods of high wind. Despite these self-regulating design
features, a part-time operator or caretaker may be advisable for a number of
reascuns. His or her tasks would include the following:

® periodically checking the windmill and storage tank,
® perforaing light maintenance,

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

- reporting major repair needs to repair crews.

The fssue of paying a part-time operator or caretaker will vary depending on the
puwp application and community structure. It should be noted that the cost of
this item can make a difference in determining the economic and financial
feasibility of a wind pump.

7.6 Maintensnce snd Repair

¥hile normsl preventive maintensnce requirements for vindmills are minimal, they
are isportant. They include routine tightening of all nuts and bolts, changing
the lubricating ofl, greasing certain parts, and periodically changing the pump-
cylinder leathers as they wear out. Ignoring any of these small tasks, can
damage the machins and, at best, will decrease its expected service life. 1If
these tasks can be accomplished by a local caretaker instead of an area
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mechanie, operating costs will be reduced because labor and transportation costs
will be saved. 1In addition, the system is likely to be more reliable if the
responsibility for maintenance rests with someone vho benefits directly from fts
proper operation. This {s not possible with some tasks, however, such as
changing pump-cvlinder leathers, which usually requires tools for pipa 1!%ting.

The frequency of routine maintenance depends on conditions at the site. It is
tecommended that windmills be checked visually at least once a month and
remaining maintenance tasks be carried out annually. The life of cylinder cup
leathers depends to some degree on water quality (i.e., grit or sand in the
vater) and may range from less than a year to over two years. In the absence
of other infermatfon, an average replacement interval of one year is a
reasonable estimate for planning purposes.

Minor problems that do not cause a system to break down require corrective
maintenance. The most common problems typically involve the windmill’s manual
furling mechanism. Broken furling cables do not disable the windmill and, in
mest cases, the problem can be rectified at the local level. However, if left
unrepaired, a broken furling mechanism will prevent the windmill from being
manually turned eut of high winds, which could cause {irreparable damage.

Vhen curative maintenance is required for breakdowns, outside assistance is
often needed to restore the windmill to operation. The most common curative
maintenance problems are broken or disconnected pump rods. How often this
problem arises is highly dependent on the quality of the original installation.
Improperly installed rods or crooked borehole casings can cause regular breakage
of sucker reds. The problem may arise only every several years or as often as
every few months. A typical rate for a reasonably well installed system is once
a year.

Field experience has indicated that an average windmill installation will have
three to four maintenance problems annually. The reliability and serviceable
life of the windmill system 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 Equipment Life

The long-term cost-effectiveness of windmills depends on a system having low
recurrent costs and a long useful life. Historically, the popularity of steel-
bladed, farm-type windmills in many areas was due to the fact that they
possessed these attributes, with typical 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 was installed. This
situation emphasizes the importance of identifying a capable maintenance and
repair organization before installing a wind pump and establishing a
satisfactory, cooperative, and responsive relationship between that organization
and the users of the system to ensure a long, useful life for the machine.
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Considersble researcdh and development have been undertaken over the last 10
years in an effort to produce more efficient, relisble, low cost handpumps that
can be manufaccured locally. As part of the United Nation’s Intermational
Drinking Vater Supply amd Sanitation Decade, the World Bank hss funded
comparative studies nf handpusps (Arlosoroff et al. 1987) that have focused on
«the concept of villagu-level operation and msnagement of maintenance (VLOM).
VILOM pumps can easily be installed, operated, and maintained by village
mechanics and technicians without expensive tools.

It is increasingly appsrent that handpumps are the least expensive, most
reliable technology for many applications, particularly for low-demand sites
(about 5 a'/day). VFhen properly maintained, handpumps can be very reliable, but
community involvement in maintenance and repair is usually required to ensure
their long-term performsnce. Such involvement decreases the need for O&M
support from outside the local community, which often makes handpumps a more
sttractive option in the eyes of development planners and, more important,
users. Handpumps that can be maintained locally are likely to result in much
higher water availability for the community, compared to other systems wvhere
maintenance or repair depend on the intervention of centrally based repair crevs
vhich are usually overburdened.

This chapter discusses the technical characteristics, costs, and support
requirements of handpumps used for domestic wvater supply. Sizing i{s & much less
complex design issue for handpumps than the other systems discussed in this
manual, so the selection criteris presented here focus more on other issues
related to maintenance and repsir. There is a wide variety of human-powered
pusping systems that are used primarily for asgricultural purposes, including
foot-povered treadles, shadoofs, and chain-and-washer pumps, but these will not
be discussed further here. Kennedy and Rogers (1985) and Frasnkel (1986) offer
in-depth discussions of these other types of human-powered pumps.

8.1 Iypes of Handoumps
Ove. 50 makes and models of handpumps are available worldwide. All depend on
bumss. pover and, thus, have a limited pumping rate and head range compared to

the other mechanical systems considered in this manual. Handpumps can be
divided into four categories:

. high lift—positive-displacement pumps capable of pumping fronm
dapths of up t> about 45 meters,
. intermediste lift——for lifts of up to 25 meters,
. low lift——up to 12 meters, and
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. suction purps--up to 7 meters.

These categories include high-1ift reciprocating, diaphraga, progressive-cavity,
direct-action, and suction pumps. Illustrations of several common types of
pusps are shown in Figure 19. Two typical installations are shown {n
Photographs 8 and 9.

Deep-vell reciprocating-piston pumps are the best-known type of high.':ft pumps.
They usually have immersed pump cylinders and are opevated with lev -arm pump
handles. The most common designs are the India Mark II and Afri- v. These
pusps can lift vater from up to about 45 meters, although some othe: iesigns are
more suitable for lifts of less than 25 meters. Typically, hi: ift piston
puaps are

. more difficult and expensive to maintain at the - lage level
than low-lift pumps,

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

. generally less suitable for local manufacture in developing
countries.

A second design suitable for high-lift pumping is :he progressive-cavity pump.
Similar to a screw pump in its operation, this design incorporates a rotor
turning within a stator that progressively forces water up the drop pipe. The
Mono and Moyno brands are examples of this design.

A third type of high-11ft pump is the deep-vell diaphragm design. It uses a
flexible membrane that is repeatedly stretched and relaxed mechanically te
provide the pumping action. The French Vergnet is perhaps the best example of
this type. These pumps are especially suitable for sandy or silty water.
However, compared to reciprocating-piston pumps, they are generally more complex
and expensive and often require specialized parts and tools for maintenance and
repalir.

Direct-action systems, such as Blair and Kangaroo pumps, are suitable only for
1ifts of up to about 12 meters because the pumper acts directly on the pump,

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

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

. fnappropriate for heavy use-—they should probably not be
considered for sites where the water demand is above 1.5 to
2 w'/day.
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8. India Mark II Piston Handpump in Botswana

9. Mono Direct Drive Handpump in Botswana
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Suetiou pusps opcuu by etuting a parcul vacuum to pull vater npnrd Thus,
are useful oniy for iifts of no more than 7 maters, a limit that decreases

at higher altictudes. Suction pumps must also be primed before use by pouring
water into the space above the plunger. Still, these pumps are very popular in

areas vhere heads are lov. This type of pump tends to de

Aass ¢ anas
AWE 411 WUBw,

° easy to service and repair because all meoving yeonpomntt are
at ground level, and

s primarily suited to meeting fairly limited water needs.

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

8.2 Operating Characteristics

The operating characteristics and requirsments of handpumps are significancly
different from those of diesel, solar, and vind systems. These differences
between handpumps and the other systems include both advantages and

. The most important advantages of handpumps are their simplicity
of operatfon, low cost, and potential for local maintenance. The significant
disadvantages of handpusps are that their capacity is very limited and they
generally cannot be used with piped distribution systems. To some extent, these
dravbacks can be overcome by using more than one pump. Of course, this would
usually require additional wvater points, which would entail high costs for
drilling or digging more wells at sites vhere groundwater is pumped.

The capacity of handpumps varies from 5 to 20 liters per minute, or 0.3 to
1.2 »® per hour on a continuous basis, depending on the head and pump type. In
practice, cutput is often more dependent on the users than on the capacity of
the pusp-—even if people are organized, lined up, and ready to begin pumping as
soon 88 the preceding person finishes, it still takes time to remove the full
container under the discharge pipe and replace it with an empty vessel. Output
is also affected by the speed (i.e., effort) with vhich a pusp is used, a factor
that varies considerably from user to user. Under typical conditions, a single
bandpump can deliver 4 to 5 w¥/dsy, enough for 200 to 250 people. This capacity
linits c<he use of handpumps to villages and settlements with small populations,
even if multiple pusps are installed. Depending on particular site constraints,
a system of four or five handpumps may provide a& reliable vater supply that is
cost-competitive with other options. This, of course, depends on the costs of
digging the wells for each pump.

Usually hsndpumps deliver vater only to the wellhead and .annot easily be
adspted to tentral-standpipe or yard-tsp distribution systems. This fact has
two implications. First, vster sources should be within a convenient walking
distance for users. Any economic snalysis of the number of water points to be
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fncluded in a system should consider the opportunity cost of time required to
collect water. Second, compared to distributed water supplies, significanc
capital savings are realized vhen a storage and distribution aystem is not

Maintenance programs for pumping systems are usually handled by the community
or a centrally based organization. In the former (e.g., VLOM), the community
takes direct responsibilicy for the pumping system and only contacts outside
help for repairs {f necessary. In centrally based programs, responsibility for
a system rests with an outside agency, contacted by the community whenever any
servicing is required. Studies over the last several years have repeatedly
shown that community involvement {s an important factor in successful long-term
operation of handpumps. To tha greatest extent possible, community
participation in pumping projects should be encouraged from the earxliest
planning stages.

As is true for more complex technologies, the proper design, procurement, and
installatfon of handpumps are necessacy, though not sufficient, conditions for
successful long-term use. Correct operaticn, maintenance, and repair procedures
are equally important. The VLOM appreach to handpump design focuses on reducing
users’ dependence on external support. This approach can save noney and time
and can also minimize other problems (e.g., communication, transpertation, and
improper repairs) often associated with centrally supported maintenance and
repalr programs. Since handpumps are relatively simple ;vmping systems, they
lend themselvas to the VLOM approach,

VLOM programs provide an O&M structure that is more directly responsive to
community needs. However, centralized programs with mobile mechanics that serve
specific geographic areas can complement the VLOM model by mobilizing trained
mechanics, tools, and transportation when more complicated repalrs are required.
VIOM water supply programs include training components to identify and develop
the capability of a village caretaker to perform light maintenance, prevent
abuse of the pump threugh improper operation or vandalism, and quickly summon
outside help for maintenance and repairs as required. Caretaker effectiveness
fs the critical component in successful handpump use.

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

Down-hole components that occasionally require maintenance, repair, or
replacement are the cylinder, cylinder or cup leathers, drop pipe (through which
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water is pusped), and sucker or pump rods, vhich drive the piston inside the
cylinder on piston pumps or turn the rotor on Mono-type pumps. Replacing cup
leathers is the most common repair. Depending on the type of cylinder, this may
involve pulling the entire cylinder or just the piston. Periodically (with
greater frequency at sites vith poor water 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 maintensnce problem encountered above ground is the occasional
necd to replace vorn bearings on the pump handle. Other problems invariably
arise vith the pump head or other components. The frequency of such repairs
will depend on the particular pusp selected for the site and the care it has
received during use. The amount of lost pumping time and repair costs will be
a function of the nature of the problem, the availability of necessary spare
parts, and the responsiveness of the maintenance structure.

A reasonable range for frequency of repairs is three to four times a year to
once every two years. The level that is acceptable will dapend on the
responsiveness of the repair infrastructure and the total amount of time the
pump is cut of service. If repairs can be done at the local level, outages will
be shorter end a higher breakdown frequency may be acceptable to users. If
repairs ~ust be done by a centralized maintenance unit, it may take several days
to a week or more before problems are addressed, and a greater frequency of
repairs is not as likely to be tolerated.

The expected lifetime for handpusps is difficult to estimate as it depends on
the conditions and amount of use as wvell as care the equipment has received.
However, typical rangcs are anyvhere from 5 to 10 years.

8.4 Choosing a Handpump System and Model

People are often reluctant to consider handpumps because of their obvious
lisications, despite the equally obvious potential for cost savings. The
following sections offer some basic recommendations regarding constraints on

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

8.4.1 Application Limits

Handpumps should not be considered if the total head at your site is more than
45 to 50 meters, due to the physical difficulty of pumping water from greater
depths. You sheuld also take into account vhether the maximum anticipated head
will be further increased by drawdown in low-yield wells or seasonal
fluctuations of the water source—both are likely with shallower sources that
are more dependent ¢n seasonal recharge.

If the maximm anticipated pumping head is less than 45 meters, the next concern
iz the water requirement. GCiven that & typical handpump can serve 200 to 250
people (i.e., provide &4 to 5 W/day), the number of handpuaps and wells needed
for layger sites can easily be calculated. In some circumstances (e.g., very
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venote sites vhere diesel fuel may be expensive or difficult to obtain and vhere
qualified technicians way not be available), four to five handpumps may be a
more attractive option than a single diesel pump that has greater pumping
capacity and ftrs associated water storage and distribution system. Certainly,
the cost of developing additional wells, water atorage and distribution systems,
and the maintenance associated with these components must be considered in
decfiding vhich type of system to use (see Chapter 10 for an economic analysis

of pumping systems).

Convenience and health concerns should be considered in system design and
sicting. Well siting and user convenience are not as important for pumping
systems that can distribute wvater through central standpipes or private
connections. However, for handpumps tc be a viable option, they should be
located no more tham a reasonable walking distance from users--400 to 500

maters. At sites vhere water sources are located well outsida village

boundaries {perhaps to reduce the risk of pollution), handpumps are probably not
sufrable because of the distance and time that would be required to collect
water. The need to prevent well pollution is also important. Pollution may
oceur through direct entry, as occurs with open, hand-dug wells, or the
migration of contaminants from the surface. Provisions should be made for a
well apron and "soak-away" or drain toe keep the area around the well as clean
and dry as possible.

8.4.2 Selecting & Handpump Model

In terms of equipment, the process of system design for handpumps consists
mainly of choosing the pump and, in a few cases, an appropriate cylinder. Pump
selection depends on s number of factors, including anticipated maximum lift,
wvater requirements, discharge rate, ease of maintenance and reliability, and
resistance to corrosion and abrasion. Additional concerns are the availability
of the pump lecally and, where appropriate, the potential for local manufacture.
When selecting a pump consider these factors in ths following order:

» operating conditions--head and output requirements,

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

. resistance to corrosive or abrasive water conditions, and

. potential for local manufacture of the entire 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 local dealer or distributor.
Occasionally, local suppliers stock imported pumps or even models manufactured
locally. There is increasing interest in promoting the local fabrication of
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handpusps in countries where the industrial capacity is sufffcient to ensure
high-quality products. The advantages of in-country manufscturing include:

. cost savings, as the result of lower lebor and shipping coats;

. local technicians’ familiarity with the units, thereby
ensuring better msintenance and repair capabilities;

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

In addition to a moderateiy developed industrial capability, an adequate local
or regionsl market must exist before local manmufactur ng of handpumps should be
considered. At the project level, the decision to use handpumps should include
an evaluation of the potential for future fabrication of the entire pump or some
components. If local manufacturing is seriously being considered, various
associated needs must be studied. High-quality manufacturing 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-wide water vesources development atrategy.

I1f you determine that handpumps are the most appropriate technology, based on
the water demand st the site, the operating constraints, and other facters
discussed above, the best single source of information on choosing a particular
sump manufacturer and model is Arlosoroff et al. 1987. The section titled
*Handpump Compendium™ contains summary descriptions of over 100 makes, 86 of
vhich wvere tested during the World Bank’s handpump project. Each description
includes an overall assessment and ratings on discharge rate, ease of
saintenance, reliability, corrosion resistance, abrasion resistance, and
manufacturing needs. After first determining which pumps can be procured
locally, use this reforence to choose betwesn the available models. The book
slso contains a set of four pump selection tables organized according to head
1imita--7, 12, 25, and 43 meters. Within these four categeries, pumps are rated
on each of the six areas listed above. These summary selection tables are
reproduced in Appendix D.

8.5 Cost Considerations

Vhen comparing water costs for handpumps with those for other technologies
considered in this manual, special care must be taken to include all relevant
costs. Only those items that are common to all systems can be overlooked in
such comparisons. For example, if you consider using multiple handpumps to meet
8 demand for distributed vater, you must include the cost of developing multiple
vater sources. Similarly, if this {s to be weighed against the cost of a
distributed water supply provided by a diesel pump, remember to include costs
for piped distribution, water storage, and associated maintenance and upkeep.
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The installed capital cost of a handpump varies depending on the type of system
and its location. Prices given here are for 1968. LlLow-head pumps typically
cost US$200, but may be as lov as US$50, particularly vhen they are manufactured
locally. Pumps fcr higher heads, which are usually imported, can cost
considerably more, between US$300 and US$1,000 per unit plus shipping. Pump or
sucker rods cost about US$2 to US$3 per meter and drop pipe about US$5 to US$7?
per meter. The cost for a well cap and concrete drain varies considerably
depanding on local labor and cement costs, but averages around US$50 to US$100.

§.5.1 Operating Costs

Handpump operation is fairly straightforward. The only "“fuel® cost is the
puzper’s salary, if any. Handpumps do require attended operation, but in most
cases, pump operators are the water users themseives and so are not paid. Even
so, a proper econoaic analysis of handpumps should consider the labor cost of
punping water. Vhen considering different system options, be sure to include
all_the costs of supplying water. For example, some handpump sites may be
located outside the village. If you are comparing a handpump system (where
water users wust carry water from the pump site to their village) to a diesel
or other system vhich pumps water to public, centrally located standpipes, the
cost of any additional labor for carrying water from the handpump site to the
central location should be included in the analysis (as should the cost of the
discribution system for the diesel system).

Handpumps require a time and labor commitment from users, who could use that
time in other ways if another pumping option were chosen. This is not usually
a8 facter when considering diesel, solar, cr wind pumps. As mentioned above,
daily care of a handpump should be entrusted to a caretaker, who has some skills
and perhaps enough tools to peruit him or her to fix minor problems. This
person may or may not he paid by the community or as an employee of some public
agency.

8.5.2 Maintenance and Repair Costs

For cenvenience, maintenance and repair needs have been divided into nine
potential problem areas:

. the pump handle;

- the fulcrum or bearings;

. the rod hanger, where the sucker or pump rods attach to the
bottom of the fulerum;

. the pump rods, becoming disconnected from each other or the
punmp element;

] the rizing main 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 diaphragam in diaphraga pumps;

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

. other problems.

For piston pumps (including high-1fft reciprocating, low-1lift suction, and
direct-action types), the leathers are typically the most common item needing
repair. They will probably require replacement every six months to two years,
depending on the quality of the water and the degree of pump use, with heavy use
increasing the frequency 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 one day (mot including
transportation to the site), even if the cylinder and drop pipes have to be
pulled. If the drop pipes have to be pulled, a special rig or tripod may be
oeeded to lift them from the boreholes.

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

For Mono-type pumps, the bobbins holding the pump rods in place will have to be
replaced pericdically, in addition to the pump rods and drop pipes. In gemeral,
the punmp itself is very long-lasting and will probably require replacement only
every seven to ten years under normal use. For diaphraga pumps, 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 are given in the "Handpump Compendium” section in Arlosoroff et al. 1987.

A reasonable estimate for a typical cost range for the maintenance of handpumps

is US§25 to US§200 per year, assuming the pusp is used regularly for about eight
hours per day.
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: technieal selection of pumping equipment has been explained in detail in the

‘preceding chapters. By now, you should be able to determine which systems meet
~or fail to meet the pumping requirements at your site. If no systems meet the
selection criteria, a reevaluation of the criteria, site, or project f{s
necessary. Assuming that you have narroved the choice down to one or more
system options that are technically acceptable, you must now make certain that
these pumping systems can be opcnud and maintained propcrly.

Before further selecting systems from among the remaining equipment options you
must wefigh a mumber of additional factors involving the complex inter-
relationship between the physical equipaent, pump users, and infrastructural
support network that keeps the equipment operating over the long run--system
designers, equipment dealers, installation personnel, operators, and maintenance
and repair crews. These factors are not nearly so sasy to quantify as the head,
the flow rate, and the various cost fssues discussed in previous sections. As
a decision-maker, you must determine vhat these factors are and weigh their
relative importance.

The first {mportant criterion in equipment selection is the technical question
of wvhether the systea can deliver the desired amount of water. The next is that
proper operation, maintenance, and repair support will be available to ensure

that the systea will continue to supply water reliably over the long term. This
requires an infrastructure that can provide the following important needs:

® spara parts inventories,

[ skilled operators and mechanics,

® transportation networks,

[ communication, and

® clear lines of authority and responsibility.
In each of the five broad categories of maintenance requirements covered in the
following sections, a series of questions are posed that can be used to

~ determine whether or not the local or regional infrastructure will be able to

respond to the needs of the specific type, make, and model of equipment you are
considering.
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9.1 Spaxe Parts

Prebably the most important determinmant of whether a pumping system can be
mafntained over the long run is the availabilicy of spare parts. All parts
required for the pump set you select must be available at some location that is
relatively near (i.e., can be reached within a reasonable time) or the pump's
first failure may mean the and of its service life. Servicing guidelines for
diesel engines {eften provided by manufacturers) usually divide spare parts inte
two groups--fast-moving spares and other parts. Fast-moving parts include items
seeded for preventive procedures and common corrective maintenance, such as
gaskets, belts, and injector nozzles. These should be readily available at a
nearby location for the engine make and model you choose. Other spare parts
that are less coammonly needed include cylinder heads, crankshafts, and
flyvheels. These must also be available, but since the need for them is likely
to be less frequent, you may be able to tolerate a longer delay in obtaining
cthes.

For handpumps and windmills, fast-moving spare parts that are often needad are
essentially limicted to cup or cylinder leathers and wooden sucker rods for
windmills. Since these are few in number and relatively inexpensive, these
systems are less vulnerable to outages caused by a lack of parts than diesel
engines, vhich require many fast-moving parts. Solar PV pumps do not typically
require any fast-moving spare parts, althougl all hand, wind, and PV pumping
systems will occasionally require unexpected repairs (such as replacement
brushes for some PV motors). The parts needed to complete these repairs--e.g.
2 handpump head, windmill blade, er invertor--may only be neaded every three,
five, or ten years. However, vhen breakdowns occur, these spare parts should
be available in lecal or neardy regional inventories, since it is highly
unlikely 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 distributed. For example, diesel belts should be available at the local
level, but pump cylinders or PV modules need only be available at the district
or perhaps nattonal level.

It is possible that parts may only be avallable at greater distances from the
site (i.e., from a central or regional, rather than a local, inventory), so a
longer period may elapse before repairs are completed. In that case, the system
designer and users must decide how they will meet water requirements until the
system can be repaired. In some instances, especlsally if the part is very
expensive and the number of systems being supported is small, it may be too
expensive to maintaln a reglonal inventory, so high-.cost spare parts will have
to be imported on an as-needed basis. If this is the case, it is essential that
there be a communication and distribution network in place already, including
import agents and distributors, and that planners and water users understand how
much time is required to procure imported parts. One solution is to maintain
a local inventory of at least one complete 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 possible difficulties in obtaining required spare
parts for the remaining equipment options, snswer the questions below.

1. Are all spare parts available locally at the punp site? List
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 the village vhere fast-
moving spare parts for your pump set are available? List the name
of the village, the distance from the site, and the name of the shop
or agent.

Q Uhara do vaws have te =0 o sat uneomman anara narts ln-n-“

| 4
the same location where full service llld overhauls aro
available)? List the names of the agents and the spare parts
anid service they can provide.

4. How long does it take to get spare parts vhen they must be
ordered or imported?

9.2 Skilled Operators and Mechanics
The second broad category under O&M requivements is skilled personnel. The
skills required to operate a pumping system are very different from the
technical and diagnostic akills needed to ensure a long service life and preper
rvepairs. Tasks for operators or caretakers typically include

. starting and stopping the pump set, as required;

. performing daliy checks of fluid levels (vhere necessary) and
equipment conviition;

. handling limited preventive maintenance, as the operator’s
training and asuthority and the available parts and tools
allovw; and

. contscting the proper authority to explain specific problems,
vhen 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 operational.

Hechanics are necessary vhen the required maintenance or repair procedure is

beyond the operator’s suthority, capability, or capacity. Typically, mechanics
sust have
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. mobility to travel to the pump site,

. the ability to accurately diagnose problems in the svstem,
. access to necessary toels to complete minoer and major repairs,
and

. the skills needed to make complicated repairs in the field.

e

144 ..._ﬁd"i als in the cosmunity possess repair skills, this will

tolun doun system iz returned to service promptly. llandpunp- and
wmthilh are most suitable for local repairs. Since the skills needed are
fatrly limited, people in the community can be trained to perform most
maintenance and repair tasks. The widespread use of diesel engines for pumping
water and generating electricity in isolated areas means that there are usually
some area mechanics vho are at least partly skilled. If the level of local

E

repair capabilities is doubcful, gkilled personnel from outside the immediate
community may be necessary to ensure that proper maintenance procedvres are
followed.

Solar pump repairs can require specialized skills that are not normally found
fn rural areas. Individuals with basic skills in electricity may be available,
but the specialfized nature of PV technolegy may mean that suitable technicians
will not be available even within the region. Although solar pumps rarely need
curative maintenance, it is still important to consider who will perform such
tepairs. If mechanics are only available regionally, you should also consider
how far they may be willing to travel.

To determine 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.

| Do the people nearby that might serve as potential operators
or caretakers have any experience or familiaricty with the
equipment you are considering?

2. Are there individuals with sufficient education and mechanical

aptitude that could be trained to perform these functions
well?

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

2. How far must mechanics trained in engine and/or electrical
repairs travel to assist vith maintenance of the pumping
systea? ,

3. Are sschanics from outside the comaunity available year-round,
or would transportation problems or other responsibilities
make them unavailable sometimes?

A, Can arrangements be made to provide training to mechanics and
technicians so that the necessary skills are available vhen
needed?

For all of the sbove items, you should also consider: How much will this cost?
Vho will pey for it?

9.3 Authoxity and Reaponsibility

The ultimate authority and/or responsibility for a water supply system may rest
vith a local community leader or orgsnization or a regional or central
government agency. When local persons or groups are responsible, they must have
sufficient funds and the capacity to mobilize resources to respond to problems,
as necessary, if their suthority is to be meaningful. If a regional or central
organization is responsible, it must be responsive to local needs for
saintenance and repair that cannot be handled at the local level.

Regardless of wvhere the formal authority lies, some degree of comamunity
responsidbility is alvays important in the successful operation of water supply
systess. The choice of technology should take into consideration the capacity
of a village to be responsidle for a pumping system and the availability of
outaside sources of periodic assistance. In general, less complex technologies
are more suitable for situatiors where local suthorities have responsibility for
a system. More complex technologies that require higher levels of O&M support
are more appropriate when authority for a system is more centralized.

For example, Lf 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 pumps must be performed by outside agents, who should be
clearly identified prior to making & commitment to that technology. This does
not mean that solsr pumps sre necessarily a bad choice, only that there must be
responsive mechanisas for maintenance and repairs to ensure the long-term
rveliability of the system. Diesel systems usually require the largest ongoing
comaitment of resources because of the complexity of engine O&M relative to
othsr 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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avaflable. Since the quality of local mechanics varies considerably, it {s
important to check thoroughly the experience of the person designated as a local
wechanic. Sometimes, “repairs® can leave the system in worae shape than before.
For the wost part, windmills can be serviced locally, with the possible exception

of changing the pump leathers.

To clarify the lines of authoricy and responsibility for your system, answer the
questions below.

I. Vhat person or organization hasz ultimate auvthority over the
water supply system? Is this authority local or centralized?

2. Does this person or agency have control of the financial
resources unecessary for successful O08&M? If not, which
organfzation does? Is obtaining funds a major problem for the
community or user group when the need arises? Does any other
group, in the private or public, formal or informal sectors,
have the capacity to respond when problems occur? Are
existing cost-recovery schemes (o.g., user fees) adequately
enforced at the local level, so as to ensure the availability
of O&M funds when they are required?

3. WVhat group or individual in the community or nearby area has
responsibility for the watec supply system at the local level?
Is the group or individual responsible to a local or central
authority? 1Is the responsible party paid or a volunteer?
Does it have other functions (e.g.. village development or
health) that may reinforce or get in the way of its
responsibilities for the water system? If an organization is
responsible, is it 1likely to represent a faction of the
community or the whole village?

4. Does this responsible party feel it can effectively bring
resources to bear on operational problems when needed? If it
mugt call on an outside organizanion for O&M assistance, will
this other organization respond in a timely fashion?

5. 1f there is a backup system or secondary water source, is it
under the same authority as the primary system?

9.4 Ixansportation

As long as spare parts, skilled labor, and/or fuel must be brought in from
outside a village for some or all O&M functions, the quality of the local and
regional transportation network must be considered in equipment selection.
Factors to be considered include distance, travel time, the quality of roads and
whether they are passable year-round or only seasonally, and the availability
of vehicles or other means of transportation. For systems that have great needs
for outside support, these are very important issues. That is why it is an
advantage 1f skilled personnel and spare part inventories are available locally.

126




Since the tuupomuen utvork is critiul in min; mhnichns parts, and
materials to a pump site quickly and efficiently, answering the following
questions will give you an understanding of what characteristics of that network
affect the long-term opoution of a system.

1. What mesns of transportation are readily available for travel
to nearty towms or villages to cbtain spare parts or technical
assistance—bus, officisl transportation, private vehicles,
other modes?

2. Vhat distances must be traveled to ocbtain spare parts and to
summon sechanics?

3. How long do these trips typically take?

&. Are light- and heavy-duty trucks (four-vheel drive, if
necessary) available to transport heavier squipment and spare
parts to the site? If not, how can they be made avsilable?

S. How much do these different means of transportation cost per
kilometer or trip?

6. Are fuel and parts for vehicles readfily available on a year-
round basis?

9.5 Communication

Ineffective communication is often & factor in long periods of system downtinme,
but it is frequently overlocked. There are generally two types of
comsunications probless-~-response time and inaccurate or incomplete information.
If it tekes two dsys to summon assistance, every service requiring such
commmication requires st least tve days plus the time needad for a response.
In addition, becsuse messages are often incomplete or inaccurate, maintenance
end repair crews might bring the wrong personnel, parts, or tools. A simple
message like "there is no water™ is not very helpful to a maintenance crew that
is trying to decide what spare parts and tools will be required. The crev may
have to make an additionsl trip to complete the repair. The need for rapid,
sccurate communication of the nature of a problem to the proper person or agency
is important in assuring a timely, sppropriate response. One suggestion is that
all site operators - given written forms (perhaps postcards) with the address
and telephone number of the repair crew dispatcher, along with several questions
which need to be answered vhen reporting probleas.

The following questions focus on important communication issues.

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

2. Does the operator/caretaker have the training and skills to
report most problems accurately to the maintenance/repair
crew?
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Vhen outside assistance is needed for maintenance and repair,
how {s assistance summoned? Are these channels of

communieation open year-round? Do they depend on verbal,
veitten, or radie messages?

Is assistance requested from different sources, depending on
the nature of the problem? If so, list the various types of
problems and the corresponding sources of asaiztance.

When assistance is summoned, how long 1is it likely to take to
get a response from each source of help?

2UNBALY

Evaluating the capabilicy of a maintenance structure is neither simple nox

straightforvard.

It requires an assessment that ia based on specific local

condftions and the type of equipment being considered. In the process of such

an evaluation, there are several impor:iant points to keep in mind:

local capability (e.g., fer operation, maintenance, repair,
and/oxr spare parts inventories) is always an advantage;

complex systems are likely to need more maintenance than
simple ones;

well-known technologies and systems that are esiily undexstood
increase the possibilities for local repairs;

the acceptable length of time for skilled techniclans to get
to your site with appropriate tools and spare parts depends
on water availabilicty requirements and backup sources of
supply;

to the extent possible, maintenance functions should be
integrated inte the existing infrastructure, either
government-operated or private==do not try to set up new
oxganizations to support new types of equipment; and

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

While it is impossible to guarantee that an existing maintenance and repair
infrastructure will be responsive in the future to needs associated with the
equipment you choose, careful consideration of answers to the questions listed
in this section should give you a good indication of the likelihood for
successful long-term operation of the system.
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final section of this manual addresses the major remaining issue involved
pump selection—costs. An analytical method called present-worth analysis
‘applied to the two major components of pusping system costs (i.e., capital
Tecurrent costs) to compare the costs of pumping vater with different types
systeas.

-
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Chapter 10
FIRARCIAL ARD ECOROMIC ANALYSIS

The first step in choosing a pump iz to select one or more options that will
weet the technical requiresents 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 OSM infrastructure available in your area. This
" will probably reduce the mumber of choices even further. Finally, you need to
develop & comparstive cost anslysis that will allow you to compare the few
viable _systems left on the basis of lifc‘eycle cost. ufc-eyeh cost is the
basis for an economic comparison cailed present-worth or present-value analysis.

It takes into account all costs incurred over the useful life of your system,
including those for the initial equipment (capital costs), installationm,
operation, maintenance, and rvepair.

10.1 Rxesent-Worth Analysis Method

Uhile there are many kinds of comparative economic methods, present-vorth
anslysis is a convenient method for assessing the relative costs of different
pusping systems. This method anslyzes all costs associated with installation
and use of a pumping system by reducing them to a single number called the
present vorth or value. Dividing the present value by the total volume of water
pusped over the system's lifetime gives a unit cost for wvater, referred to here
simply as unit cost. Calculating unit costs for two different pumping systems
that are designed to deliver the same volume of water from the same head sllovs
you to make direct financial and economic comparisons between the two. This
spproach can only be used o compare systems that are delivering the same daily
output for roughly the same head range. It does not address the question of
benefits, so you cannot determine whether the benefits of the pump installation
(in terms of increased heslth benefits or nvmber of gardens irrigated, for
example) 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,
majintenance, and repair), discussing the analytical method, and then taking you
through an example showing how it is applied. The distinction between financial
and economic costs is discussed, with an example that shows the difference
between ihose two concepts. In genersl, a system’s financial cost is determined
from the user’s viewpoint, vhile the gconomic cost is based on the perspective
of the govermment or society as a whole. Since financial and economic umit
costs can vary considerably, it is possible that selection of the most cost-
effective system may depend on which perspective you take.

10.2 Iypes of Costs

PFresent-worth snalysis divides system costs into twc basic groups——installed
capital and recurrent costs. Installed capital costs are all assumed to occur
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at the =tart of a system’s lifetime (i.e., time zero). All later costs (e.g.,
for operation, maintenance, and spare parts) are recurrent costs.

To determine whether potential owners or users of a pumping system can afford
to own and operate it, it is important to estimate all costs as accurately as
possible and then examine the cash flows needed to meet future recurrent costs.
Some systeas (e.g., diesel pump sets) have low capital costs, but high recurrent
costs. Others, such as wind and solar systems, have high capital costs, but low
recurrent costs. Who will pay these different costs may have a significant
impact on the choice of a system. If a system i{s not going to be wholly
dependent on outside funding (e.g., completely subsidized by the government or
paid for by a donor organizatioen), it is important te know wvhat cost-recovery
mechanism(s} will be used. Will recurrent costz be funded by water-user fees?
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 is crucial when selecting a system.

A system’s installed capital cost is the totsl figure for all equipment,
materials, labor, and transportation needed for complete installation of a
functioning system. Recurient costs genarally includa:

. an cperator‘s salary;

. vages for a mechanic to handle regular service and breakdowns;
. spare parts and replacement components;

. transportation, including a driver; and

. overhauls, wvhen necessary.

Recurrent costs can be subdivided into fixed annual, variable annual, and non-
annual costs, which are defined in the sections below. Each category can
fnclude costs for materials, labor, and transportation. A matrix showing all
the different types of system costs is as follows:

Installed Recurrent Costs
Capltal Costs) fixed | varigble | non-apnual
Materfals
Labor
Transportation
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It is not necessary to consider costs that are comaon to all of the systems
analyzed. For example, assume you are considering using one small diesel
engine, one solar pump, or tuwo handpumps to meet demand. For the diesel or
solar system, you only need one well or boreshole. For the two handpumps, you
may need to dig a second well or borehole. If the cost of water source
development varies betweon altermatives, include those costs in your analysis.
Depending on the particular application, you may need to consider other
additionsl costs, such as:

. vell construction or drilling;
. field surveys;
. design work, inciuding engineering drawings: and

. vater storage tanks, vhich may or may not be needed for
different systems and can vary in size.

Vhere appropriate, these costs should be included in the matrix shown above.
Sections 10.2.3 and 10.2.4 give detailed descriptions of how to estimate costs
for each part of the matrix.

10.2.1 The Discount Rate

The present worth of recurrent costs is determined by making assumptions about
the discount rate and useful life of the system, also called the term of the
analysis. The discount rate is used to calculate the present worth of future
costs (for instance, replacing a windmill cylinder after five years of
operation). It is based on vwhat economists would consider the buyer’s best
alternative investment. If the best alternative is investing money in a bank
at 10 pexrcent interest, the assumed discount rate is 10 percent. This rate may
vary for different investors, since deciding on the best alternative depends on
personal circumstances and their willingness to take risks.

Discount rates differ according 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 borrow money because of
uncertainty about the future, in which case discount rates may need to be as
high as 20 percent. For economic analysis, suitable rates are determined by
government economists. The World Bank often uses economic discount rates of 10
to 12 percent. The discount rate can have a large effect on the results of
snalysis, particularly when competing alternatives differ markedly in their
capital and recurrent costs.
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10.2.2 The Term of the Analysis

The term of the mly:h mt be uutulnnd Usually, t:hi.- is the same as the
useful life of the major system component that will last the longest. For
example, vith solar pumps, the longest lasting component is the PV array, wvhich
has an estimated life of 20 years. Obviously, not all of the other components
will last that long. They will hm to be replaced periodically as they fail.
The cost of repair or replacement for these components is included in the
Tecurrent costs. smmly. for a diesel pump, the term of the analysis is the
engine’s useful lifetime. It can be overhauled several times, but eventually
it will have to be nplaecd To compare different systems ualng present-vorth
analysis, you have to use the sase term of analysis for all of them. For
example, you wvant to cospare a solar pump and a diesel system. The term of the
analysis is assumed to be 20 years, and diesel engines in your area are expectad
to last only 10 years. You can still use this method by simply assuming that
you replace the diesel engine at the end of the tenth year, considering it as
a Yecurrent cost.

10.2.3 Installed Capital Costs

In this section, ranges are given for typical capital and recurrent costs
associated with the installation of each type of system. In some cases, these
ranges are vide becsuse of the degree of variability in power and differsnces
in vhere the equipment is purchased and used. When possible, it is best to get
more precise cost information from local distributors before dving a present-
vorth snalysis. The installed capital cost for a pumping aystem includes
equipment costs for the power source (driver) and pump, other materials, civil
vorks, and sssociated labor and transportation costs. The driver could be a
diesel engine, a solar array and controller, a windmill head with a tower, or
a handpump head. Be sure to include the cost of required accessories. All
capital equipment costs also depend on fimport taxes, duty requirements, and
freight charges from the country of origin, but these should be kept separate
for the economic analysis.

Diese)l Systems

Costs for diesel engines are affected by the rated output, quality of the
equipment, and location of the manufacturer. They range from US$500 to US$1,000
per k. Othar major items for diesel systams include:

™ the pump and transaission, if any;

) pump houses and fencing, for security and protection of
equipment and materials; and

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

In addition to these more expensive components, lower coat items needed to
install a functioning asystem can add up to a total that is a significant portion
of the overall materials cost. They include engine frames, foundation bolts,
non-return valves, unions, gate and pressurs-relief valves, spare pulleys, belts
or drive shafts, and some tools for operator servicing. Required materials alse
include cement, sand, gravel, reinforcing mesh, and/or “re-bar®" to make a
concrete fovudation for the engine (or windmill tower, solar array’s mounting
frame, or handpump base), as vell as fencing. These can amount to 10 percent
of the equipment’s total capital costs. A complete list of parts and materials
for each of the four system types is given in Appendix E. Typical costs for
diesel pumping systems are given in Table 4.

Table 4

Typical Capital Costs for Diesel Pumping Systems
(in US §)

diesel engine {2 to 10 kW) 1,000 to 4,000
pusp (complete) S00 to 3,000
civil works (pad, pump house) $00 to 1,000
other (valves, fuel tanks) 1,000 to 3,000

Total System Cost (CIF%) 3,000 to 11,000
* Cost/insurance/freight (delivered price)

Sclax-Povered Svystems

For solar pumps, PV wodules are the most expensive component. Other system
components include the pump, motor, array support structure, wiring, and
controller and/or batteries. Array costs are in the range of US$4.0 to US§4.5
per ¥,, from the point of msnufacture. This cost can easily rise to US§9/W, or
more vhare distribution and shipping costs are high. In most cases, motors and
pumps for a solar systen are purchased together because solar pump manufacturers
design and match pumps and sotors to maxiaize subsystem efficiency. Controller
costs vary considerably depending on the type of control system chosen and the
country of manufacture. Some manufscturers may specify controllers that are
dasigned to operate with their systems., Array support structures cost from
US$100 to US$200 for racks that hold four to six modules, Wiring costs are
usually US§50 to US$200, Unlike diesel pumps, neither PV nor wind systems
normally require pump houses, but all three require fencing.
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Table §

Typical Capital Costs for Solar Pumping Systems

(in US §)
PV array (0.6 to 2.2 ki) 3,600 to 20,000
punp (no submersible motor) 200 to 700
motor (0.5 to 2 kW) 200 to 800

submersible pump set (meotor,
puxp, and invertor, if needed) 1,500 to 4,000

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

Yind Systems

Uindmill and tower costs are highly dependent on shipping charges, as these
machines tend to be heavy. In general, units are supplied complete, with no
addicional or optional parts to be considered. The cost for a windmill head
will generally be higher for rotors with larger diameters. The range of costs
fs US$200 to US$500 per square meter of rotor area. Simpler designs that are
fabricated locally or regionally are likely to be less expensive than American
or European windmills of similar size. Tower costs are proportional to the size
and to the quality of constructlion; they range from US$1,000 te US$3,000,
depending on whether the tower is made locally or purchased and imported with
the windmf{ll. Cylinder costs are often dependent on design, with high-quality,
ball-valve cylinders being more expensive than those with flap or spool valves.
Other ftems include the drop pipe, pump rod, pipe clamp at the wellhead, cement
for the foundation, and fencing.

Table 6
Typical Capital Costs for Wind Pumping Systems

(in US §)
windmill head (cost is a funection of size) 600 co 8,000
tower and associated hardware 1,000 to 4,000
pump cylinder with spare leathers 100 to 800
other (foundatfon, tank, piping) 500 to 2,000
Total System Cost (CIF) 2,200 to 15,000

Handpumps

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

¢(in US §)
handpusp head 300 to 1,000
pump cylinder with spare leathers 100 to 400
pump rod (depends on depth) 10 to 150
other (foundation, drain, piping) 100 to 400
Total System Cost (C1F) 510 to 2,000

Besides equipment and materials, capital costs also include the labor and
transportation assocliated with installatfon. Labor costs are often divided into
skilled, semiskilled, and unskilled components. This is partly because the
daily or hourly rates are different for these groups and because the unskilled
portion is often valuesd below the wage rate in the econoamic analysis (see
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 allowances.
Remember to include the preparation associated with collecting tools and
equipment in your estimates for installation time.

Iime Requixed for Installation

Assuning thet the well is already developed, the minimum amount of time required
for installation of a diesel pump is about three to five days and includes
pouring a foundation, lowering the pump, installing the engine, and building a
prefabricated metal pump house. Solar pumps often take a bit longer but should
require no more than seven to eight days, unless the crev is very inexperienced.
For the {irst few installations of any system, the need for on-the-job training
will i{ncrease installation time somevhat. Windmill installation con sasily take
up to ten to twelve days in typical developing country situations. Handpumps
can typically be installed in two to three days, if all goes well. These
figures should be used only as general guidelines for estimating the actual time
needed for an installation st your site. Your estimate will depend on the
mmber of people in an installation crew as well as on their training and
familiarity with the particular type of system being installed. The size of a
typical crew varies from three to ten, of which one to three are usualiy skilled
laborers.

Ixansportatiop Costs

Transportation costs are affected not only by the distance to the site, but also
by the type of vehicle used and the number of trips. Remember that it may be
necessary to make more than one trip to the site to move all the equipment,
geaY, and persomnel needed to complete the installation. Thus, the total
transportation distance can easily be two to three times the round-trip distance
from the installation center to the site. The type of vehicle(s) affects
trapsportation costs becausec light, two-wheel drive trucks are less expansive
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to operate and mafntain than heavier focur-wheel drive vehicles and trucks, which
may be needed for some installations, such as windmills. To get some idea of
transportation costs, talk to vehicle rental agencies or truck users in the
private sector. Often it is possible to get a daily rental figure plus a
wileage charge, which will probably not include fuel costs. Rental sgencies
usually have s geod estimate of typical fuel use per kilometer.

Once these cost components have been calculated separately, they are added
together to determine the fnstalled capital cost. All other costs associated
vith operation, maintenance, and repair are recurrent costs.

10.2.4 Recurrent Costs

As mentionad above, recurrent costs can be divided into fixed annual, variable
annual, and non-annual costs. This section discusses these cost components for
all four system types considered in this manual.

Eixed Annual Costs

Fixed anmual costs for a pumping system are annual recurrent costs that are not
affected by the amount of use a system recefives. 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 (e.g.,
fnterest on a loan used to buy the system), and labor costs for an operator, if
any. For example, fuel is pot a fixed cost since it depends on how much the
engine is run.

Whether or not there are overhead costs and how high they are depends on the way
& pumping system is managed and maintained. Overhead can include costs for such
things as record-keeping or maintaining a vehicle, office, warehouse, spare
parts inventorifes, or headquarters staff. These costs are often omitted from
comparative analysis on the assumption that they will be similar regardless of
the system chosen, but this {s not necessarily the case. If a system was paid
for with cash from business operating funds, personal monies, or a grant, there
will be no interest charges.

The Labor cost for an operator is usually a fixed cost that depends on the type
of pmmp and daily average use of the system. It rarely changes with hourly
usage of the pump each day. For example, diesel pumps are often run by a full-
time salar‘ed (i.e., not hourly) operator. In instances where the operator may
have adu_tional unrelated responsibilities (e.g., a maintenance person for a
school or a driver), the allocation of some time to non-pumping activities can
reduce labor costs somewhat. Handpump operation does not require an actual
operator. However, it is important to value the time spent pumping water in the
economic analysis. Typically, this time is ccsted ar the prevailing wage rate
for unskilled labor.
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Yariable Annual Costs

Itens falling in the variable anmual cost category include all materfals (i.e.,
fuel, ofl, and parts), lador (except for the operator), and transportation
required for normal operation, servicing, and repair of the system. These are
all the ftems vhose use depends on the amount of time the syatem is operated
during the year. Estimates for these costs can be made by wmodifying the
information provided in Chapters 5 through 8 to meet the specific conditions at
your site. These requirements snd their associated coats are summarized here.

Annual lsbor costs are a function of the nusber and duration of trips made in
respouse to normal service requirements and breakdowns as well as the crew’'s
size and skill levels. Of the four systems considered here, diesel pumps will
1ikely require the most maintenance and repair trips. For planning purposes,
count on at least four such trips per year up to as many 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 installaticn is properly done. Fewer trips may be needed
if the pump operator can perfora some minor servicing.

Maintenance and repair crews typically consist of a mix of skilled, semiskilled,
and unskilled labor. In estimating annual labor costs for service and ropair,
consider the specific skill mix required for your system. In the sbsence of
other information, assume a repair crew of three--one skilled and two
unskilled--plus a driver for 70 percent of all necesssry repairs. Llarger crevs
of as many as efight 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 daily wage rate for smaller and larger crews, and then
mulciplying by the number of days required for each crew. Remember, if all
labor arises from salaries included in the overhead figure discussed above, you
need not calculste labor costs here.

Annusl transportation costs include trips made for service and repair, as
dascribed 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 as the installation distance--it depends on the relative locations of
service facllities and the pump site. You should also consider that it may be
possible to combine trips in some cases (e.g., regular servicing and a delivery
of diesel fuel).

The type of vehicle used will depend on what {s available, plus the requirements
of the job and the condition of the roads to the pump site. Of course, lighter
vehicles should be used when possible, but this may not always be practical
given other constraints. As described sbove, vehicle charges are often given
as a daily rate plus & mileage charge plus fuel. As appropriate, include these
figures in caleulating transportation costs. Again, if the cost of vehicles is
figured into the overhead, the variable annual transportation costs should be
reduced or eliminated. Typically transportation costs range from US§0.25 to
US$1.00 per kilometer.
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BSon-Annual _Costs

Bon-anmual costs are those that do not usually recur every yesr. Costs im this
category are treated differently because of their intermittent nature. They
include such items as major or minor overhauls for diesel systems, or the
replacesent or repsir of any major system cosponent during the term of the
analysis.

For diesel systems, non-snnual coats inchuh the overhsul and replacement of the
engine, pump, and down-hole components, as necessary. KNon-annual costs for
solar pusps include the overhaul or replacement of batteries, controllers,
electric motors, and down-hole equipment, as well as the replacement of solar
modules in case of vandalism or theft. For windmills, non-annual costs will
1ikely be limited to the replacement of the pump and down-hole components-~the
deop pipe, sucker rods, leathers (if these are not replaced annually), and pump
cylinder. The only non-annual costs for handpusps will probably be the
replacessnt of the dowm-hole coaponents and possibly the pump-head or bearings.
For all syatems, other non-annual costs may include the repair or replacement
of civil works, storage tanks, fences, pump houses, and vells (particularly if
hand-dug wells are used).

Summary estimates of recurrent costs for the four types of systems considered
in this senual are given in Tables 8 to 11.
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Teble 8
Recurrent Costs for Diesel Pumps

Eixed Aunual
interest on loan i1f applicable
pump operator varies
Yaxiable Annual
diesel fuel
ofil and filter changes (monthly) 1 day of labor + US$5 to US$15 each
ainor repairs (3-6 times snnually) 1 day of labor esach + US$10 to US$100
Eon-Annual
engine ove haul every 2 to 3 years
replace/repair pump and/or pipes every 5 to 10 years

Note: Fixed costs must be determined based on local practices and
specific site conditions. Fuel coats 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
hours a day, the oil and filters should probably be changed once a
msonth. Repair costs are highly variable and will be affected by the
quality of preventive and curative maintenance. The values given
above are typical. Engine overhauls and repair or replacement
intervals for the pump and piping are alto highly variable. The
values shown are indicative of average conditions in developing
countries.
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Table 9

Recurrent Costs for Wind Pumps

Elxed Annual
interest on loan if applicable
pumap caretaker, {f any varies
¥ariable Annual
replace leathers and oil ox grease 1 day of lsbor + US§3 to USS1S
repair 1 to & times annually 1 day of labor each + US§0 to US§100

Maw . Ameeeal
EA_MIRERS.

replace cylinder and pipes every 5 to 10 years

Note: Depending on water quality and the extent of pump use,
leathers may need to be replaced more often than annually. Other
repairs may be required more or less often depending on the quality
of the installation and the users’ care of the windmill. The
replacement interval for the pump cylinder and piping will depend
largely on water quality. If the water has highly aggressive or
abrasive characteristics, the cylinder and pipes will have to be
replaced often, perhaps even more often than indicated in the range.
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Table 10

Runmt Costs for Solar ’i-l”

Eixsd Annual ; ,

interest on loan if applicadble

pump caretaker, if any : varfes ,

clean srray, check wiring : 1 hr of labor per week

replace leathers (for piston pusps) 1 day of labor + US$5 to USSLS

ainor repair 1-2 times annually 1 day of labor each + USS0 to US$300
Son-Apnual

repaixr or replace motor/pump every 3 to 5 years

Tepair or replace electronic parts every 3 to 5 years

replace cylinder (if any) and pipes every 5 to 10 years

Bote: Predicting tha long-tera frequency of repairs and replacement
for solar pusp components is difficult because fevw systems have been
ir. operation for more than three to five years. Many early units
required the replacement of major components every year or two,
particularly for electrical components such as controllers,
inverters, and motors. Navwer units have surmounted most of those
early problems, and much longer component lifetimes are becoming
more common. Minor annual repairs consist primarily of replacing
poor electrical connections or vandalized modules, if necessary.
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Teble 11
Recurrent Costs for BRandpuaps

interest on losn minor, if applicadble

pump caretaker, if any  varfies

replace leathers ' 1 day of labor + US$5S to USS1S

repalr 1 to & times anmually 1 1 day labor each + US$0 to US100
) " o

repair handle/replace bearings every 1 to 4 years

replace cylinder, pipes, and rods every 5 to 10 years

replace pusp-head every 3 to 10 years

Fote: GCenerally, the maintenarnce and repair requirements for
handpumps will be easier to meet, and costs will be lower if the
drop pipe does not have to be pulled to replace the leathexs or fix
the cylinder. Handpumps designed using the VLOM concept will have
fever needs for more expensive repairs by personnel from outside the
fumediate area. :

10.2.5 Filling Out the Cost Matrix

The cost matrix for capital and recurrent costs shown at the beginning of this
section should be completed based on the information given sbove. Two matrices
will be necesssry if a financisl and an economic analysis are carried out.
Differences between the two matrices are discussed in Section 10.4.

Note that, for the sake of simplicity, {nflation of specific costs over and
above the general rate of inflation has not been discussed in this section.
While it {s true that any or all of the costs discussed here can change
(increase or decrease) at a rate different from the general rate of inflation,
it is often very difficult to predict the magnitude (or often, even the
direction) of those changss. If you have information which convinces you to
believe that one or more of the capital or recurrent costs of operating your
pusping system will change over the period of the analysis, factor thac
informstion into the analysis. Better yet, make several calculations of the
unit cost using different assumptions about the change in one or more variables.
This "sensitivity snalysis” will allov you to ses what effect your assumptions
have on the unit cost.
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1003 Bxsaent-Vorth Analvais

This section discusses the analytical method for present.worth analysis. It
requires that all future costs be discounted to their present worth, which is
most essily accomplished by grouping costs in such a way that simple formulas
can be used to calculate the present worth of each group. A list of all
relevant formulas used in present-vorth analysis is provided in Appendix F.

For the purpose of the analysis, installed capital costs are already present
costs. Fixed and varisble annual costs for materials, labor, and transportation
should be combined to get a total for annual recurrent costs that will de the
same for each year of the analysis, i{f it is assumed that the equipment is
operated for the same amount of time every year. Use Equation One to calculate
the total present value of these costs.

+ d)* -

. - O+ 40 -1
Eguation One: | 4 Axd‘uﬁ,).

whexe P = present worth of a uniform series of future costs
A = antusl amount or payment
d = discount rate, as a decimal
n = term of the analysis in years

Kote: To simply this calculation, a table of factors which can be used to
calculate the present worth of a uniform series of future payments (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 ("E") (see Example 17 below).

Bon-annual costs must be treated individually. For each occurrence of a non-
stmual cost, Equation Two should be used to calculate its present valus. It
should slso be used instead of Equation One to calculate the present worth of
fndividual total annual costs i{f they vary from year to year over the term of

the analysis (i.e., {f pump opersation varies from year to year). Example 17
demonstrates the method.

Equation Tvo: P=Fx(1+d)-y

vhere P = present worth of future cost
F = future amount
d = discount rate, as a decimsl
y = year of occurrence for the future cost

Note: To simplify this calculation, tables of the present worth of a single
future payment (same as calculated in Equation Two) are given in Appendix F.
See Example 17 below 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 costs over the life of the
punping system you axe considering.

Irstalled
Capital Costs

Hatertals 3,000

Lahor 500

Transportation : 300 50 50

Total 3,800 1,000 900 1,150 625

0f the non-annual costs shown, the first (totaling $1,150) occurs in year
10. The second ($625) occurs in years 5 and 1S. What {s the pragent worth
of this system? The present worth of installed capital costs is $3,800.
The present worth of fixed and variable (here assumed to be constant)
annual costs i{s given by Equation Oune:

- d+d4)° - 1
PeAXx dx (lL+d)°

Substituting values from the table above:

]
P ($1.000 + $900) x —{% : i%3i47i2§; - $1,900 x 7.47 = $14,192

Note: you could simply look up the corresponding value in Appendix F as
follows: Look down the term of analysis ("N") column to 20 years, go
scross to the "Fl" column and the appropriate interest rate (12 percent)
and read the value 7.4694. Multiply $1,900 (from above) by 7.4694 to get
§14.192. The present worth of each of the three non-annual costs must ke
calculated separately.
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Example 17: Calculating Present Vorth (contined)

At year 5: P = $625 x (1 + .12)% - §355
At year 10: P = §1,150 x (1 + .12)® - $370
At year 15: P = §625 x (1 + .12)" - $114

Note: You could simply look up the multiplier value for these three
calculations in the table in Appendix F as follows: Look down the term of
analysis ("N") column to 5 years, go across to the "F2* column and the
sppropriate interest rate (12 percent) to get the value 0.5674. Multiply
the year-5 value of $625 (from abave) by 0.5674 to get $355. Similarly,
multiply the year-10 valus of §1,150 by 0.3220 to get $370, and the year-
15 value of $625 by 0.1827 to get $114.

Therefore, the present vworth of all costs is:

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

Kote that this example did not consider the amount of water pumped, nor vas a
unit cost calculated. This procedure will be shown in *he example in the next
section.

10.4 Einancial Versus Econopic Analysis

The basic difference between financial and economic analysis is one of
perspective. Finsncial analysis relates to private costs and benefits, while
economic analysis {s concerned with social costs and benefits to a community or
nation. Ususlly, the private sector is more concerned with financial analysis.
Analysis done to address public-sector needs is often economic. Whether you
should perform one or both depends on vho provides the money and what the
objectives of the pumping system are.

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

. foreign-exchangs costs and interest rates,
[ taxes and subsidies.
. employment genaration, snd

. training costs.
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These allowances are commonly called shadow prices. For example, in most
developing countries, the economic cost of labor is less than the actual
financial cost. This means that when there is a labor surplus (in most
developing countries, this pertains only to unskilled laber), the economic cost
to the country or society as a whole is less than the market price or current
vage level. Shadow prices are used to reflect the difference between the market
price and the true value of goods, services, and other production factors. The
shadow price for unskilled labor i{s a multiplier (usually between 0.4 and 0.7)
that decreases the actual cost of unskilled labor in an economic analysis. Its
value is usually determined by government economists and planners.

You should note that when the economic cost for labor is less than the financial
cost, lahor-intensive systems--those with proportionally higher labor
tequirements—-become more attractive than capital-intensive ones from an
economic perspective. For instance, this means that the unit cost of a diesel
system, which has a higher proportion of labor costs and lower proportion of
capital costs than other systems, is lowered by the shadow-pricing of unskilled
labor. Similarly, the unit costs of capital-intensive systems such as wind or
solar are increased vhen foreign exchange is shadow-priced at a value gresater
than one.

In some countries, foreign-exchange costs and real interest rates do not reflect
true economic cestas. This is evident in the large differences frequently seen
in official versus free-market exchange rates. Interest rates used in economic
analysis may be dictated by government economists and, thus, may not necessarily
reflect the true cost of borrowing capital. In addition, the export earnings
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 lomger terms as foreign earnings decline. Circumstances such as these
lead to shadow-pricing for foreign-currency requirements that better reflect the
real cost of foreign-exchange expenditures. Such shadow-pricing typically
fncreases the cost of imported items by 5 to 15 percent.

From the standpoint of a private user or business person, taxes are part of the
cost of doing business, and any government subsidy is considered a benefit.
These costs and benefits are likely to influence some activities in the private
sector. However, from the government’'s perspective, they do not represent costs
or benefits at all, but merely ¢ transfer of morey and control over resources.
Economic analysis does not include taxes pald as costs or subsidies as benefits.
Actually, raxes and subsidies are often used as mechanisms to help manipulate
private-sector activity to bring it more in line with what the government
belfeves {s the greater national good. Interest paid on domestic loans and
deprecliation allowances also fall into this category of transfer payments and,
hence. are included in financial but not economic analysis.
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Training costs incurred by firms in the private sector are costs from their
pexspective. Private businesses t-ain {ndividuals with the expectation that
they will benefit from their employees' increased skills and ability. However,
since employees do not alvays resain with the firm providing the training,
benefits may not alvays accrue to those firms. This constitutes a disincentive
to the private sector to provide training. In most countries, development of
a more highly skilled work force is a clearly stated goal. Training costs may
mot be considered in an economic analysis, {f the benefits of a more skilled
work force are considered to be eqgual to or greater than the financial cost.
Private-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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Example 18: Economic Costs

Using the information given {n Example 17, calculate the economic cost for
that system. The economic price of unskilled labor is one-half of the
financial price. Assume that half of the labor cost {s unskilled. All
and uutm: are {mported, including transportation, since
trucks, fusl, tires, and all spare parts must be 2 imported. The ah‘don
price multiplier on fmi;n exchange is 1.15. : ,

First, determine the economic cost entries for the matrix ghun in lxuph 1
17. Muleiplying the financial values of variocus coats by appropriate
shadow price multipliers gives:

| Installed __;_mm_Qan__
Capital Costs] fixed | variable | non-annual

Hatexials 3.450 863 11,1350 575
Labox 373 150 25 75 56
243 —28 28

730

996 1,283 689

Again, the first non-annuasl 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 is $4,170. The present worth of fixed plus
variable (hers assumed to be constant) annual costs is given by Equation
Cne:

-

P=Ax  Sx+a

Substituting values from the matrix gives:

6 W% ¥4 LD
12 % (1 + (12)*

P = (§750 + $996) x « $1,746 x 7.47 = §13,042

The present worth of each of the three non-annual costs must be calculated
separately.

At ysar 5: P = §689 x (1 + .12)¢ = $391
At year 10: P = §1,283 x (1 + .12)" - §413
At year 15: P -~ $689 x (1 + .12)%¢ = 8126

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

$4,170 + §13,042 + $391 + $413 + $126 = $18,142
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The financial and economic present worth calculated in Examples 17 and 18 do
not differ appreciably. The economic cost is slightly less (US$689). In other
circumstances, however, these two costs can vary considersbly. When comparing
different system options, one may be cheaper economically and the other
financially. In that case, the choice of a system would depend on the
perspective of the potential purchaser. ' '

10.5 Unit Cost of Water

Finally, the unit cost needs to be calculated, which depends on the amount of
vater pumped. For simplicity, assume that the system delivers a constant 30
w'/day over its useful life. (Grouth in water demand can be included by using
a slightly more complex procedure). The economic unit cost is determined by
annualizing the system’s life-cycle cost and dividing that number by the annual
vater output, as shown in Example 19.
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Exemsple 19:

Calculate the unit cost of water for the installation described in Examples
17 snd 18, assuming that an annual average of 30 m'/day of vater is pumped.

Calculating Unit Cost

Solve Equation One :c: A" to annualize 1life-cycle costs:

g4 -1 -
P= Ax G Q+an O A Q+d)° -1

Substituting values from Example 18 gives:

]
a- 8122220 2 AD° < 519,102 x 0.1339 - §2,429

Dividing this value for annualized life-cycle cost (ALCC) by the annual
volume of water pumped gives the economic unit cost:

- —>_LCC 82,429
unit cost = T 0w "10,950 w - $0.22/@

This final valus--the economic unit cost of puaping vater over the system’s
1ifetime--is the figure you should use to compare this system with other
options. Note that this is a somevhat simplified example, since nc growth
fn demand has been assumed.

Vhen evaluating capital costs and the present worth of different technology
options, seversl othar points should be considered:

) International donors are more likely to be able to provide
funds to cover high capital costs than private individusals or
host govermments.

. Host governments are often not in a position to cover
recurrent costs, even if the capital cost is provided by a
donor,

152




mu nay or way not ln able to fustify hisher capital
. costs to benefit from lover uto-eych eosu boemo of short-
":’,’ton mnxy const:ninu

. Iu most pheu. pxinu-uctor purchuu m vu-y umteivo
to initial capital costs, such that low capital costs often
inﬂw the ehoico of tcchmlcgy ugnrdhu of tho long-un

1t is lqotunt to nh one flnnl point in th:s section on comparative costs.
1f you are considering introducing a type of pumping syastem that is unfamiliar
locally because it has the potential for long-cerm cost savings, remember that
simple cost parity is not enough to convince potential buyers to adopt a new or
unfamiliar type of system. There would probably have to be a significant price
difference to get potential users even to consider the new systea.

For example, if you are considering solar or wind pumps in an area that has
historically used only handpumps or diesel systems, buyers are not likely to
purchase the former simply because they are equal or slightly cheaper in cost
than conventional systems. There would probably have to be clearly substantial
savings associated with using the nev systems to make it worthwhile for users
to take the risk of installing unfamiliar equipment. The definition of
substantial savings undoubtedly varies depending on the user group, its level
of sophistication, education, and willingness to take risks. It may mean that
nev gystems would have to be as much as 10 to 30 percent cheaper in terms of
unit coats to be appesling. Even so, to many users the promise of future
savings (even in the near future) is not enough to offset the obvious appeal of
s system like a diesel pump set that has a lo- initial cost.

10.6 Sumnary

This manual has tsken you through the essential steps invelved ln properly
sele..ing & pumping system for a small-scale, rural water supply. 1ts
underlying assusption is that the use of equipment which 1s already locally
available should be the Zirst strategy considered in most cases. It is most
1likely that che systems commonly found in your area can be serviced locally and
thus n‘ut the most eritical requirement fo: ensuring successful long-term
operation.

In sumsary, the appreoach to pump selection de: ribed here is to
. calculate the pumping requirement,
(] determine what kind of equipment ic available,

. review the local 0&M infrastructure to see vhat types of
squipment csn be supported,

. determine vwhich kinds of available equipment meet your site
requirements and can be supported over the long term.
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. calculate how nuch the remaining viable equipment options will
cost to use, and

select the one vith the required cash flsws that best fit the
needs of the commmity or agency vhich vﬂl be using it.

While the technical uq\uuunu for a pumping system must odviousiy de met, it
should be remesmbered that skilled labor, the availability of fusl and spare
parts, good transportation facilities, and the importance of planning for future
cash outlays naeded to keep the system operating properly are also very
isportant factors in selecting a pusping system.

ohua b

F

& -

It fs hoped that this manual has clarified the procedurss for datermint ng thess
requirements for comparing costs, thus ass{sting you to make a well- tnfomd

and

choice of a pumping system and components. However, the method given in this
manuzl has been oversimplified in some ways. There are more refined tools
available to assist you in selecting a puaping system. Reviewing the annotated
bibliography (Appendix A) will give you some insight into areas of further
interest. There are also computer programs available that are relatively easy
to use and can facilitate certain parts of the method presented here, especially
the financial and economic analysis. Finally, remember that additional
assistance with pump selection and comparative analysis is available through
activicies funded by international domers, such as the WASH Project, and a
varfety of institutions and private firms.
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Arlosoroff, S., et al. . H
Vashington, DC: UNDP and World Bank, 1987.

Most recent comprehensive work published by the World Bank
handpump developasnt program. An excellent reference manual for
policymakers and professionals on technicel, social, and econoamic
sspects of handpump use.

Bhatia, R. i

for Rorthern India  WVorld Employment Plan Research. Geneva,
Switzerlsand: Internaticnal Labor Organization, December 1984.

Economic evaluation of PV, grid-electric, diesel, bio-gas, dual-
fuel, and vindmills as energy sources for irrigation water
pusping. Good discussion of potential role of rural
electrification in resote-site irrigation pumping.

CIbA, DG1S, GIZ, USAID, and FAO. Handbook for Comparative Evgluation of

Iezhnical and Ecoucmic Performance of Water Pumping Systema.
Amsersfosrt, Netherlands: Consultancy Services Wind Energy Developing
Countries (CWD), March 1987. (Draft.)

Detailed methodology for pump testing as well as technical,
institutional, and socioeconomic evaluation of diesel, wind, solar
W, grid-electric, hand, and animal-traction pumps.

Drisewll, F. G., et ai. Groundwater and Wella. St. Paul, Minnesota: Johnson
Vell Company, 1986.

Excellent technical veference on all important aspects of
groundwater development, including aquifers; well hydraulics;
designing, drilling, and developing wells (boreholes); pump
selection and maintenance; and vater quality and treatment.

Fraenkel, P. Nater-lifting Devices. FAO Irrigation and Drainage Paper.
Rome, Italy: Food and Agriculture Organization of the United Nations,
1986.

Veory comprehensive descriptions of the entire range of pumping and
wvater-lifting devices used around the world., Gives operating
charactexristics and system design criteria for pumps and prime
movers. Includes brief discussion of equipment selection.
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Frasnkel, P. Iha Power Guide: A Catalogua of Small-Scale Poverx Equipmant.
Croton-on-Hudson, New York: Intermediate Technology Publications, 1979.

Excellent summary of pover equipment costs, capacities, and
descriptions, including solar, wind, water, biomass and thermal
enexgy, internal and external combustion engines, and electrical
generactors, as well as instrumentation, monitoring, and control
equipment. Somevhat dated on certain topics.

Reckleman, W. ¥atervorka. An Ownex/Buildax Guide to Rural Vater Systems.
Garden City. New Jersey: Dolphin Books, Doubleday and Company, 1983.

Good practical reference on domestic water aystem design and
construction, vith useful sections on options for hardware and
system configurations.

Helvig, 0.; Scott, V.; snd Scalmanini, J.
Denver, Colorado: American Water Works Association, 1984.

Stresses efficiency concepts in water system design. Contains
detailed practical strategies for improving the efficiency of
wells and water pumping systems.

Hodgkin, J.; McCowan, R.: and White, R. =
. Burlington, Vermont: Associates in Rural Development, Inc.,
(ARD) 1988.

Five volumes--]1. Compaxisona. n._nunuxum 115
Eindaills. IV: Solar Pumps, and

Summarizes results of comparative pump testing program in Botsnm
that conducted field-testing and evaluation of a wide variety of
pusps. Detailed technical, socio-institutional, and

financial /economic anslysis of pumping system alternatives.

Hodgkin, J., and McGowan, R. ¥ind Puap Field Tests in Potswana. Burlington,
Vermont: Associates in Rural Development, Inc. (ARD), 1985,

Susmarizes detailed technical issues and rolated
financial/economic concerns surrounding wind pump use, based on
field tests conducted during Botsvana Renevable Energy Technology
(BRET) Project.

Hofkes, E. H., and Visscher, J. T. Renewable Energy Sources for Rural Vater
Supplies. Technical Paper 23. The Hague, Netherlands: International
Reference Centre for Community Water Supply and Sanitation (IRC), 1986.

Very useful general-purpose raference on basics of water pumping
using solar, wind, hydropower, and biomass energy devices.
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International Reference Center for Community Water Supply and Sanitation

(1RC).
fox Developing Countries. Technical Paper No. 20. The Hague,
Betherlands: IRC, l‘ebmry 1977,

Brief summary of low-cost, small-scale water collecticen,
treatmsnt, transportation, and distribution techniques as vell as
wastevater and sclid waste disposal for developing eonm:uu.

' Good ssctions on simple, but effective, water filtration and '
chemical treatment devices, and their construction.

Kenna, J., and Gillete, B. Solax Watex Pumping. A Handbook. Londonm,
England: Intermediate Technology Publications, Ltd., 1985.

Good yeference on scolar pump operation and system sizing. GTives
ssthodology for choosing PV systems based on technical selection
criteria.

Kermedy, V. t.. and logon. T. A. = . -
. london, England: Intermediate
Technology Nbliuum. l.:d.. 1985.

Discusses "state of the art®" for human- (now slightly dated) and
animal-povered pumps, including past and ongoeing performarce
studies in developing countries. Suggeats potential applications
and avess vhere further research is wvarranted.

Lancashire, S., Kenna, J.; and Fraenksl, P. wm London,
England: Intermediate Technology Publications, Ltd., 1987.

Good practical reference on wind-pumping technology, including
sizing for water supply and {rrigation, and information on
procurement, installation, and maintenance.

Lysen, E. H. Introduction to Wind Energy. 2nd ed. Ameersfoort, Netherlands:

Steering Committee Wind Enexgy in Developing Countries (SWD, now CWD),
Nsy 1983,

Very detailed gensral reference on design and theory of operation
for electrical and mechanical wind machinee, with an emphasis on
water-pmping applications.

McCowsn, R., and Hodgkin, J. Hater Pump Field Tests in Botswana. Burlington,
Vermont: Associstes in Rural Development, Inc. (ARD), 1985.

Summarizes results of technical and economic comparisons of
diesel, wind, solar, hand, and animal-traction pumps, based on
tvo-year program of field tests conducted during the Botswana
Renewable Energy Terminology (BRET) Project.
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MeGowan, R., and Hodgkin, J. Solar Pump Field Tests in Botswana. Burlingt .,
Vermont: Associates in Rural Development, Ine (ARD), 1985.

Summarizes detailed technical issues and related
financial/econealc concerns surrounding solar pump use, based on
twvo years of field tests conducted during the Botswana Renewable
Energy Terminology (BRET) Preject.

Okun, D., and Ernst, W. Commur

Countries. World Bank Inchntcaiwraécrxﬂo. 60.
1987

Hlihin;ton. Bcﬁ World

Provides checklists for identifying sites and projects and
plamning and designing community piped water supplies. Useful
coverage of systen design process, with general focus on most
relevant technical issues and good discussion of infrastructural
support/planning requirements.

Stewart, H. Pumps. Indianapolis, Indiana: T. Audel & Co., 1982,

Technical treatment of operating principles, design, operation,
maintenance, and vepair of many common types of pumps. Aimed at
helping technicians understand nuts-and-bolts operating
principles.

U.S. Envirormental Protection Agency (EPA).

Systemg. EPA-430/9-74-007. Washington, DC: EPA Office of Water
Programa, Water Supply Divisien, 1975,

Deals with ground water and well development, surface water
sources, water treatment, pumping, distribution, and storage for
domestic water supplies.

Water Systems Council. Water 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,
tneluding sections on troubleshooting and repairs.

World Bank. VYillage Water Supply. Washington, DC: World Bank, March 1976.

Good brief summary of all aspects of village drinking-water supply
projects. Covers technical aspects, costs (in summary fashion),
financial aspects, organization and management, justifying
investments, policy issues, and project and program design.
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APPENDIX B

Friction Losses

* Theodore Baumeister, Euguemne A. Avallone, and Theodore Baumeister, I1II

(eds.), Marks’ Standard Handbook for Mechanical Engineers, 8th ed. (New York :
McCraw-Hill Book Company), pp. 12-106 and 12-109
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Valve Losses in BEquivalent Peet and Meters of Pipe
for Screwed, Welded, Flanged, and Flared Connections
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Neod loss (melres per IOOmM pipe length)
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Head loss in smooth pipes of different internal diameter

165




n 0

frm

[ " | N§§§ 02
SINOSIIING

Vi
S$S° " vee2 R $383 8 885§ §

b

g [
o~
=]

Frctionlosses n metres per 100m ior a new pipehne of castiron

Far ather types of pige multiply the fretion lo8% B8 Indicated by the table by th« factors

geenbelow.

New Rotfed steet - Q8
New piastc - 08
Orgrusty castwon - 1.25
Fipes with encrustations - 1.7

Determination of head friction losses in straight pipes
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mogram calculated for rigid PVC pipes using Blasius

Head ioss no
formula
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APPENDIX C

Typical Recommended Service for Diesel Engines
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APPENDIX C

tnﬁcdllhuu.umﬂul:unﬂootbrln.mﬂ.nqnnml

The following sunmarizes the recommended service intervals for Lister engines.
The engine model is given in parentheses (e.g., ST, LT, 8/1). WUhere no mo(l
is specified, the procedure applies to all.

naily

125 hrs

250 hrs

500 hrs

1000 hrs

%00 hrs

2000 hrs

Check supply of diesel fuel -nd oil level
Check ajir filter (in dusty conditions)

check air filter (in moderately dusty conditiors,
renew if necessary)

Check for oil and fuel leaks

Check and tighten nuts and bclts as necessary

Clean engine and mounting

Change engine o©il

Clean the restrictor banjo union in the
lubricating oil feed line

Renew o0il filter if fitted (ST)

Clean injector nozzle if exhaust is dirty

Renew fuel filter if necessary

Check belt tension

Decarbonize if necessary (LT)

Renew fuel filter element (ST)

Adjust valve clearances (LT)

Change oil in oil bath ajir filters (8/1 so
equipped)

Decarbonize (8/1) and if necessary (ST)
Change filter elements (8/1)
Adjust valve clearances (LT)

Decarbonize (LT)

Examine and clean fan blades (LT)

Check governor linkage and adjustment (LT)
Drain and cieaan fuel cank (LT)

Renew fuel filter (LT)

Clean and test the injector nozzle (LT)
Check fuel pump timing (LT)

Check ©oil pump and its valves (LT)

Renew the air filter element {LT)

Decarbonize (ST)

Clean inlet and exhaust system (ST)
Examine and clean fan bladas (ST)

Check governor linkage and adjustment (ST)
Drain snd clean fuel tank (ST)

Renew fuel filter (ST)

Clean and test the injector nozzle (ST)
Check fuel pump and its valves (ST;

Renew the air filter element (ST)
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APPENDIX D

Handpump Selsction lablea*

* Arlosoroff et al. 1987, B80-87
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GUIDE TO PUMP SELECTION TABLES

THE RATINGS

Rabngs i thie Purmp Selectian Tabies e Dased on evalustion of pump
pericrmance in he DGOl S et tigls. Thves ratngs are used

w = Goot

e = Aducile

e o D0RS NOLMEE! I IOQUINgMENS
, Ammmmummummmu
Houndt e thi @drir purt of this Chapeer.

The pumps o ised dphabetcally it fous $8CHONS. GECIGING 1O the
RN DuraCang Uit recommendind by the manygciurer. The relerence
Mg wanch prétedes e pump NaMe Indtates the order of the
purps o the Mandpurmp Compengium.

L = Thepumphas been msied nhe aboratory
F = Thepumphas had a minmumof 2 yours hold tials
# = Mmmmmmm

The dacrarge rate deemed “SlRQuate” e ealh pumping Mt G noted at
mmmnmm The rate reduces as dopih inCreases.
for e reasors expiared v Box 51. Soma decpwell pumps thus
ativine iower 1ahrgs for ow-k? applications, where ulerd will opt for
Grmps Qg Grodier Aacharges. A IRESAl NaE IS Mmade where 8 pump
S suaiabie win & range ¢ Cyinder B2es O adiustable stroke lgngih. 1o
St Gferent gty

Ease of Mairenance

Ronaas et the e236 with whiCh MEMENance can be cermen out by
A —  Avilage careiaher
& = Aageamechanc
C = Amgtiie mantenancs team

mmmmmdmmunmmm
mumnnm . Separale ranngs are gven for
difterent gy outputs. 1 mmwmm ‘mean time
before Gy’ (MTRF) and the probabdie "downtime” wher the pump @

wating 0 be repaired. They thus take account of the fact that pumps
which ate suilable fof wilage mantenance and can be rpared quickly
may be mofe “relabie” than those which requife Mmare complex
mmaummmmw

Column b — Cerrosion Resislance

Ratngs e based primanly on the materials of the gownhole compo-
resisiant in BQFEsSive Walter 0 8am & — TANG.

Abrasion Resistance

Rabngs indicate tha pcump's capability to pump sand-laden water.
Pertarmance o lRLoralory End field tnals is combined with assessment
¢! the seai and vaive lypes. For nor-suction pumps. leather cupseals
ate 13G — . though the extent of abras.on damage wil be related to
the daly output of the pump. Anglysis may therelore accep! lower ratedd
pumps for kght duly appiicahong.

Column 8 — Magumctunng‘Needs

Ratings indicaie the ease with which & pump could b2 manulactured in a
devetopiig couniry with the spechied love! of ingustnal development.

1 = Lywingustral Dase. imited Quaity control

2 = Medum-level niduslry, no SPECIAl prOCES50S

3 — Advanced industry. good Quaity control

olumn 9 — Short List .

The Analyst develops o short list Oy entenng @& check mark ggainst
1050 PUMPS MOEting hig selection enenc.

'.'jo.Ju‘mn 10 — ‘Capityl Cost
Anglysts shoult! obiain cument pricas for shomt-tsted pumps.

Column 11— Remarks

Special festures of individutl pumgd e noted ! this column.
Ampitication of the NIt 1§ gFven Delow.

Amplibcation o the ratings tor individual pumps
can te fourdd in the Handpump Compenditim

MOTES OmTAHLES

The noles reisto i DUMPS with the: 5ame reference number — (.e. Note
umnwmmm in.the tables. ratings to wihich the rote
| nlors. arg pNIghiDd

lhrpt Thnmmﬁmhh&ﬂsm&mw
< igie. Earigr motieis &d suffer iram comosion.

u-z. The @ coruton rgting for he Aindov 5 baged on the use of

SIENIEES Si0ei DUmpOS. Ofred as an ophion.

Nuote 7. The Duba Tropie 7 i @ ngh-Siacharge pump designed for two-

[ T
Moles ® and 16. The inSia Mark H uses & gravity retum on the

plungsr. and requires B mnimum. Cylinder seting of 24 metors (ona
mandacirer alters 3 fined-ink System for shaliower setings).
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Note 14, The Maidev is & pumphead only. All ratings are based on the
use of conventional downholg components.

kiote 18. Reliabilry ratngs for the Monoidt are based on pumps wih
metal gears. Plastic gears weie lss reliabie.

Note 21. The oo comosion rating for the Vergnet i based on curment
modeis. Earfier models did sufter from comosion.

Nole 23. The 00 discharge rating for the Volanta takes account of the
pump's siustabie stroke length. Present 0esigns requie A msmum weil
diameter of 110mm.

Nole 30. Downhole components of the Kangaroo are COTOSON egis-
tant. The o rating relates to the pedal retum sphng.

Note 40. The Rower is designad as an imgation pump, and has a high
cischarge. It s widely used for Somestic water supply in Bangiadesh.
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GUIDE TO PUMP SELECTION TABLES }

THE RATINGS

Rasngs i e Pump Seinction: Tables are based on evaluation of pump
perirmance s he aboraitry and fieid rals. Tives rabngs gre used

o « Geod

© o Adeguate

- = RS N0 MESt TUMMUM reQurements
A more dulind intergretaon ¢ the ratings 10 specific headings can be
foune in he Qarier part of v Chapter.

The pumps are isted aphabetcally v four SECHONS. aCEQIGINg to the
oumber WGl frecedes eaLh Dump RAME mdcates the order of the

4

“olumn 2 — Data Source

L = Thopumphas beentestedn the aboratry
E  « Thepumphas hadammmum ol 2 years beidtrals
5 = Theounphashadhovied heid tnals

The Sicharge rale deemed "S0equate” iOr each pumpng WM B NOIEY at
the top of the appreprate table The rate reduces as depth NCreases.
for v redsors expianed n Box 81 Some decpwell pumps thus
SEMOVE e 1APQE < oWt apphications. where users wil opt for
DuMPE Qrung greater GEENarges A 3peCal note 15 Made where a pump
1§ Gvalable wif 3 range of Cyhndar HiZes Or adiusiable siroke length, o

Reliatuhty ratings are an mgication o the proporion of the tme that the
gumg: 4 Ghely: 10 be functiorng properdy. Separate ratings Ere given for
Giftarant da'y oints. TRE raings combing uagments of e “mean kme
bfgre taiure” (MTBE) ang the probable “downtime” when the pump is

wahng o be repdred They thus ke actount of the fact that pumps
wiich are suitabie i villdge mamienance and can be repared Quitkly
may be more Creliable” than those whith requite more complex
manienance. even f the lafer bregh down less requently

Cohumn & —

Corrosion Resistance

Ratngt dre based primaniy on the matendls of the downhole compo-
nenis. Galvanized steel pumprods and fising mans are not CoOITOSION
(ESIATANT I BOOIOSSIVE WRLD! NG 8N A = rabing.

Res
Ab O H a

Ratngs indicate the pump's capabiity to pump sand-laden water
Performance in laboratory and held trals 15 combined with assessment
of the seal and vaive types. Leather cupseals are rated — . though the
axtent of abrasion damage will be related to the daily output of the pump.
Analysts may therelore accept lower rated pumps for kght duty

“olumn B — Manutacturing Needs

Raiings ndicate the edse with which a pump could be manulacturied mn a
developing country with the 5peChed ievel of ndusinal development

1t = Lowinausing base. kmed Qualty control

2 = Medum-igvel ndusiry. NO SPECIAI PFOCesses

3 = Advanced ndustry. good Qualty contrat

o3¢ pUMpPS Meetiig Mg Selection crend

Analysts should obtan Curry Y pnces for shon:kgied pumps

Column 11 — Remarks

Special feaivres of ndvidua) pumps are noted In this COlumn.
Ampiicanon of the Noes is gven Deiow.

Amplitication ot the ratings 1o individual pumps.

can be 16und in the Handpump Compendium

MOTES ON TAHLES

The motet relate 10 pumps wih. the: samg reference number — i.e. Note
14 rglgrs too Pump. 14, the Maidav. in.ihe (abies. rahngs o whch ihe note
rolars are hyhvighted: l’ [

Moty t. The oo comoson rating for the Abi-ASM is based on cument
medeis. Earier mogeis did suffer from coNOsIOn,
Note 2. The o corosion raung for the Atndev 1S based on the use of
staninss steel pumprods, cifered as an oplion.
Mot 7. The Duta Tropic 7 6 8 Mgh-aischarge pump dosigned for two-

Motes B snd 10. The India Mark If uses 3 Qravily refum on the
phinrger, and requres 3 mirmum: cyfinder senmg of 24 melers (one
maniptiurer ofters 3 ixed-ink systom for shalicwer setings).
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Note 14. The Maidev is a pumpheat! only. All ratings are based on ihe
use of conventional downhole componards.

Note 18. Retiabilty ratings for the Monoilt are based on pumps with
meipl gears. Plastic 0ears ware less relable

Nois 2. The oo comosion rating for the Vergnet 15 based on current
models. Earligr modeis did sulter from comonon.

Note 23. The oo discharge rating for the Volania takes account of the
pump's adiustable stroke lengih. Present desgns requie a manmum well
dameter of 110mm.

Nots 20. Downhole components of he Kangaroo are COfrOs.0n res:s:
tam. The o rating relates 1o the patial réturn spnng




Maximum pumping (it — 12 meters
“Adequate” discharge rate — 18 lera/minute

(USS) Remarks

e
:

hat

3

| HIGH LIFT PUMDPS (048 maters) |

LOW UFT PUNPS (0-12 metere)

,___‘

[
E
£

o8 1ssl 1]
AL

At

* IPECANS 1AL DSCRArge ralngs are DASES on ChOICE of the COMect Cylnder 1128 rom a range oMered by the manulacturer.
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THE RATINGS

Ranngs in e Purep Selethon Tables are based on evaluation of pump
perGIAGACE it e iShoratory and Sielt ngll. Thes ratngs e used:

o = Gooe

&« Aduousts

- u  DO0T NOt MBS e IGQIIOMEntS
A oore diigieg nerpretanon of the rabings o SPRCHC heaings Can be
foued i e earier part of this Chagier.

Pusnp Name

The cumps @re ised aiphabtically in iour sechons. according to the
Mgumure pUrping it recommended by the manuiactures The reference
umler Whch preceds ach pump name indiCaes the order of the
purmps i the Handgump Compendium,

— Data Source

L = Thepumhas Doen osted nthe iaboratory
F = Teepumphas hataminmmum ol 2 yoars fiold tnals
By = Trepamphesnasimited hoidngls

Drscharge Rale

The Gacharge rate deomed “adequate” K Gach pumpng Wt 18 noted at
e P of the oDvoprdte able. The rgte reduces as depth nCreases.
©r the remaons expined . Bos 51. Some deepwell Pumps thus
LM IQwer ratings for iow-Iit agphcations. where users wiil opt for
BUMES Fung greater AIBCharges A Special nole is made where 8 pump
wmmawdmmnmmmmsmwh )
st et depihe.

K o 4 — Ease of Maintenance

anmmmmmnwmw

GUIDE TO PUMP SELECTION TABLES

waiting 0 be repaired. Thay thus take account of the fact that pumps
which are suitable for village mantenance and can be repared quiCkly
may be more “relighle” than those whch roQure MOre COMpIg
mwnnmmmmw

Ay iR SquedBar s s tanee

Ratings are Dased pnmarly on the matenals of the downhole compo-
nenis. Gaivanized steol pumprods Snd nging Mang are not COrOLION
ressiant in agressve water gnd 0o A — rating.

14

Column 7

- Abrasion Resistance

Ratngs indicate the pump's capability to pufp sand-lagen water.
Perlormance in laboratory and field thals is combined with assessment
of the seal and vaive types Leather cupseals are rated — . though the
oxtent of atvasion damage wil be refated 10 the dady output of the pump.
Analysts may therefore accept lower rated pumps for kght duty
apphcadons.

Cotlumn B —

Manutacturing Needs |

Raungs indicate the 0ase with which 8 pump couid be manufaciured in a
Aoveioping countty with the 3pacihed leve! of Indusing) evelopment

1 == Lowmndustral base. kmaed quaity control

2 == Meodum-lgvel industry. N0 BpECial processes

3 —  Advanced industry. good gquality control

Short List

cColumn9 -

The Analyst deveiops a shont hist by entenng & check mark agans!

Capital Cost

Column 10 -

Anglysts shoukd obiain curent prces for shont-ksted pumps

Behalvity, raings are 8n RECalon of 1he proporon of the tme hat Ihe
S 1 WSy 16 D€ Ruihe g DIoDerly. Separtis ralings me pven te
Gfferant Gvly oulputs. The raings combing judgments of the “mean time
pefre lisiure” (MTEE) and the probabie “downtime™ when the pump 15

Ampliticatbon of the ratings lor individual pamps
can be found in the Handpump Compendium

NOTES OM TABLES

Tha rOtes r@iane 1o pumps with ihe same referonce rumber — i.¢. Note
14 reters to Pump: 14. the Maidev. in the 1ables, ratings 1o wiich the note
s e ngiigries T @ |

Nate 1. The Qo comoson rating for the Abe-ASM & based on current
madeis. Earier modeis did suffer from comosion.

Note 2. Trhe @ coromon rabng for the Aingev 15 based on the ute of
SIRISS Stee) pumprods. SMered as an upuon.

Mote 7. The Duba Tropc 7 6 & Mgh-discharge pump 0esigned for two-

POrLOn operation.

Mote 14. The Maldev is a pumphead only. Al ratngs are based on the
uze of conventional downhole components.

Note 16. Rekablty ratngs for the Monolft are Dased on pumps with
metal gears. Plastc gears were less rekabie.

Note 21. The 00 corrosion rating for the Vergnet is based on current
models. Earker modeis did sufter from corrosion.

Note 23. The oo discharge rating for the Voiana takes account of the
pump's adiusiable stroke length. Present designs requue 3 muumum well
ciametar of 110mm.
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Maximum pumping lift — 25 meters
“Adequate” discharge rate — 10 Iera/minute

Ses Now 7

i

S 90 0 -

© IAIC31ES (At CIGCRarge ranngs Sre BASES 0N chaite of e CONect CyRinder 520 from a ranga aNered by tha manulacturer.
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THE RATINGS

Ratngs » the Pump Selschon Tebles are based on evaluation of pump
PR MANGE 1P the GGy aNd fieid als. Tivee rabngs e uaed

w =« Good

o « Adequale

- o D00t ot meet rimmuns ieuitements
A more datdied widrpretabon o the rahings itr specic Peadngs Can be
foumd i the earier part of s Chagier.

Pump Name

The pumps are iated Fphabetically in four S8chons CCOIONg 1o the
magnPEum pumping i recormended by the manuatiurer. The reference
oumber vive» PreCedies eath pump hame iInGCales the ordet of the
Wmnmw

— O-u Source

L = Thepumphias been teatedin the ighcratory
F = Thepumphashatta mmmum of 2 years field tnals

i odearsen 3 e

Dusctar g Rate

The acrirge rate Geempd “adedudte” ior each pumping Wt i noted at
he 0o of the aporognate abie The rate reduces as depth NCroases.
or he reasong esplained n Box St Some deepwell pumps thus
mmmwwmmm‘mfmswmwm

PUMES guing greater Gacharges. A 5pecial ntte 4 made where a pump
% iR with: § raNQe O cylinggs %208 OF Bthustable siroke NG, ©
Suirt Sfferent deptng

- Fase of Maigtenance

Tovdseriry 4

Rahrgs ndcate the ease with. wineh mantenance can be camed out by
A — Awiage caretaker
8 = Angreamechame
C = Amoble mamenance leam

— Rehabilily

N

SRR fatTan We G AR @ §W PIOPGTRIT @ (Pe bme that Ihe
Gump i, ikely 1 be functiomng properly. Separate raungs are gven for
Mmm The 1atings COMBING judgments of the "mean time

beaive faiure” (MTBFE) and the probable “downtime” when the pump 1§

|

j epaired They thus take account of the fact that pumps
MthWmammhmunm
may be than those which requre mate complex
m,mtummmmw

Column 6

Corrosion Resistance

Ratings are based primarily on the Mmatenals of the Cownhoie compo-
nents Gavanized steel pumprods and nsing maing are NO! COMOSION
resialant in agQressive walet and eam a — rating

- Abrasion Resistance

Column 7

Ratings indcate the pump's capability 1o pump sand-laden water
Pertormance in faboratory and field thals 15 comiuned wih assessment
of the 363} and vaive types. Leathar Cupseais are rated — . though the
axient of abvasion damage wil be related to the daily output of the pump.
Analysts may thaveiore accept lower rated pumps for hght Outy
pphcatons,

Column 8 — Manufacturing Neegs

Ratings inckcate the ease with which 3 pump couid bo manufactured m a
developing country wih the specded ipvel of Industnal development.

1 =  Lowndustnal base, kmted quality control

2 = Magium-igvel ndusiry. N0 SPOCIA! DIOCRASES

3 = Advanced ndusiry, good quakty control

Short List

Column 9 -

The Analyst develops @ shont bt by entenng & check mark aganst
those puMps Mmaeting his selechon criena.

Column 10— Capital Cost

Anailyats should oblain current prices for shor-ligied pumps

Column 11 Remarks
Special fealures of indwidual puMps are noled 0 s column
Amplfication of the notes is given below.

Amplhihtation of the ratings 101 bwhvidual pumps
can be tound ia the Handpamp Compendium

NGTES OH TABEE S

The notes reigle io pumps with. ihg Same refgrence number — i.e. Nole
14 rafers 10 Purmp 14, the Maidev. In the Iables. ravngs 1o which the note
nelors aro hghigiee [ @ ]

Note 1. The 00 cormomon rating for the Ab-ASM 15 based on curent
modeis. Earier modeis 0 sulter rom corosion,
Note 2. The o comosion rating for the Afridev & Dased on the use of
SIArEsS S100 DUmprOcs. offered as an option,
Mote 7. The Duba Trope 7 is & hgh-cischerge pump designed for wo-

Nols 12. The manufactwrer recommends 8 maximum depth of 40
meters for the Kardia

Note 14. The Maldev 18 @ pumphead only. All ratings are based on the
use of corwentional downhole components.

Note 16. Rekabiiy ratngs for the Morncidt are based on pumps with
metal goars. Plastic gears were less refae. A 2.1 gear rato & supphed
for deapwell apphcations.

Note 21. The oo corrosion rating for the Vergnet & based on current
moders. Earker mociels dud suller from comoson.

Nole 23. The oo discharge rating for e Voanta takes account of the
pump's atustable stroke length. Present desgns requie a minmum well
dameter of 110mm




Maximum pumping it — 45 meters
“Adequate™ discharge rate — 7 iitera/minute

See Note 14

See Note 23

¢ imacates AL SACHAQe Fatngs are Based On choice of e correct Cylindar :2¢ 1rom 2 range oiféred Dy the manulacturer.

2
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- shaft

. extension

pulley

belts

pressure relief
vater seter
mon-Yeturn
hose tap

union

gate valve

pipe and fittings (elbows, nipples, couplings, etc.)

foundation belts

lock for pump house

fuel storage tank

labor: skilled supervisory and mechanic semiskilled pipefitters,
sechanic helpers unskiiled labor

labor per diem allowances

transportation
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E plpe (ute :Inn om :iu?)

elbous, tees, and m:im'

duttﬂm:ion boxes and valve cm.n
-of&andpunlm oy i

- standpipes and taps . ‘
labor: skilled morvhoty u-hknlcd nnk huuncn. ptpo!uuu .
ungkilled labor Tl

labor per diem allowances

umpom:hn
w

storege tank

tank atand

tank liner

water level indicator

inflow and outflow connections

pipe from boreshole to tank

labor: skilled supervisory
semiskilled tank instsllers, pipefitters
unskilled labor

lsbor per diem sllowances

transportation

186




o Mﬂle m eabh

 ssfety wire
: Ilonholc clq

m'
-~ laber:  supervisory, :kinod electrician
‘ ~semiskilled pipefitters, electrician helpers
, unskilled lador
hbot per diem allowances
transportation

Rindaills

windaill head
tower

pump cylinder
Piping

clasp of forcehead
fence (gate, wire corner posts, regular posts, barbed wire?)
labor: skilled supervisory
semiskilled pipefitters, installers
unskilled ladbor
labor per diem allowances
transportation
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Labor | per dien nllmr
umomuon

AmLmn
timncin' charges for upim costs
pusp operator
fuel and ofl '
consumables (clesning matsrials, ete. )
spares: maintenance (filters, belts, etec.)
spares: repair (pumpset, pipelines, storage)
labor: skilled mechanic/electrician
seniskilled pipefitters
unskilled muscle
labor per diem sllowances
transportation (no. of trips)

Hon-anoual coata

pump replacement

engine replacement

module replacement (damage or theft)
controller replacement

battery replacesent

tank replacement

rebufld well/redrill borehole
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APPENDIX F

Formulas Used in Present-Uorth Analysis
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 Singlepayment  (F/P, i%. N)

o 1 Single payment 5 r
P F Y. rescntwortn (P/F. 1% N)
For uniform series
(annuities): ,
(+ -1 Uniform series .
F A P : nd nt (F/A, i%. N)
(r+ -1 Uniform series P
P A TS present worth (P/A, i%. N)
i o .
A F a+ir=1 Sinking fund (A/F. i%. N)
i+ 0 . _ o A
A P 0+ =1 Capital recovery (A/P, i%. N)
s, eftective interest rate per interest period; N, number of interest periods: A. uniform series amount (occurs

ot the end of each interest period); F. future worth; P, present worth.
*The functiona) symbol system is used throughout this book.

*E. Paul DeGarmo, William G. Sullivan, and John R. Canada,
%ﬁﬁgﬁxring Economy, 7th ed. (New York, New York: Macmillan
:shing Company, 1984), p. 75.
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TSI R TR ETRET RIS I FXE LT N EN RS I B4 F R LN T NY rrereere

- Cu-ponnd lntercot‘t;ctorn (Ianod on annunl ee.poundinlb
lttttltllllﬂlttltlllllltlltlltlllltlllllllllllll!t:!tl’

; fﬂh0re’7Vf/

N 2 Ters of Annl:ttl (yoaro) .. '
rn s Factor for Present Vdorth ot Ualfor- Seroc ot rueuro P.y-ontn
Ft =z lnctor tor Pronont Uorth or Sinalo ruturc Pny-ont ‘

L2 d 2 3
e

HE O
: 0.94%

¢ 2.6730
' 3.485)
'o4.2124
¢ 4.9178
v 8.3824
¢ 6.2098
t §.8017
10 7.3601
11 7.8069
12! 8.3838
13: 8.8327
14 9.29%0
18: 9.7122
t6; 10.1039
17! 10.4773
18! 10.827¢
19; 11.1581
20; 11.4699

¢ 1.83M

0.9434¢
©.8900!
0.8396!
0.7921}
0.7473;
0.7050!
0.6651:
0.6274!
0.5919!
0.8584!
0.5268:
0.4970!
0.4680!
0.4423¢
0.4173!
0.3936!
0.3714!
0.3803!
0.3308:
0.3118;

BRI ETN S $ f; :

Intore-t latc (Il

F1

1.7833
2.81711
3.3121
3.9927
4.6229
§.2064
§.7466
6.7101
7.1390
7.5361
7.9038
8.2442
8.85958
8.0814
9.1216
9.3719
9.6038
9.081801

‘,
Tk

&

2 !

0.9259;
0.8573:
0.7938:
0.7350:
0.6806;

0.6302!

0.5838;
0.8403¢
0.5002;
0.4632;
0.42089¢
0.3871¢
0.3677;
0.3408;
0.3182}
0.2919¢
0.2703;
0.2502;
0.2317¢
0.2148;

10
n
0.9091

- 1.7388

2.4869
3.1899
3.7908
4.3383
4.8684
8.3349
8.7890
6.1446
6.49851
6.6137
7.1004
7.36887
7.6061
7.8237
8.0218
8.2014
8.3649
8.5136

0.909:1;
0.8264:

0.7513;

0.6830!
0.6209;
0.5645%;
0.5132;
0.4665]
0.4241}
0.308358;
0.3508¢
0.3186;
0.2097;
0.2633;
0.2394;
0.2176;
0.1978;
0.1799;
0.1635;
0.1486;

: . 12
F2
232333TITT2TITITTTTITIITTITA2TILTISTITIRAAIZIBTTI A2 2T ITIs I aa3 ]

0.9259

B |

0.8929
1.6901
2.4018
3.0373
3.6048
4.1114
4.5638
4.9676
5.3282
$.68802
§.9317
6.1944
6.4238
6.6282
6.8109
6.9740
7.1196
7.2497
7.3658
7.4694

e eees

F2

0.8929!
0.7972:
0.7118;
0.8333!
0.5674!
0.5066;
0.4523;
0.4039:
0.3606!
0.3220!
0.2878!
0.2567;
0.2292!
0.2046!
0.1827}
0.1631!
0.1456!
0.1300!
0.1161!
0.1037!

PSS SIS ST IS AN STSEESS 2233 TISESS2SSIITIISSI SIS 2SS IS S 22223 S 2
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