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Preface

This manualwaswritten to helpengineers,economists,technicalprojectmanagers,andtechnicians
in developingcountriesselectwaterpumpingsystemsfor ruralandsmall-scaleurban/peti-urban
watersuppliesthatcloselymatch theirrequirementsin terms ofperformance,cost,andlong-term
systemsupport.Fundingfor themanualwasprovidedby theWaterandSanitationfor Health
(WASH) H Projectundertheauspicesof theU.S. Agencyfor InternationalDevelopment’s(AID) Bu-
reaufor ScienceandTechnology,Office of Health.It waspreparedby theengineeringstaff ofAsso-
ciatesin RuralDevelopment,Inc. (ARD). This second(1992)editionof themanualwasbasedon
userresponseto theJanuary1989edition, aswell ascoursestaughtby theauthorsto technicalstaff
of severalinternationalNGOsandGovernmentofSudanwateragencyrepresentatives.Themanual
wasusedasthecoursetext.

Much of theinformationin this manualis basedon the authors’experienceswith communitywatersystemspump testingandevaluationin avariety ofdevelopingcountries,includingBotswana,Indo-
nesia,Malaysia,Sudan,Yemen,Somalia,andDjibouti. We would like to thankthemanypeoplewho‘ helpedus on theseprojects,includinghost-countryandexpatriateengineers,economists,andtechni-
cians,aswell as anumberof peoplefrom privatevoluntaryorganizations(PVOs) andthePeace
Corps.We would alsolike to thankthepersonswho haverevieweddraftsofthis reportfor theiruse-

ful comments:PeterBujis of CARE, JosephChristmasofUNICEF, Mike Godfreyof CARE, PeterLehmanof HumboldtStateUniversity,Rita Kirkpatrick of ARD, ARD consultantRon White, and
Alan Wyattof ResearchTriangleInstitute.We would alsolike to thankJohnAshworth(formerly

with ARD) for his help in conceptualizingtheearlyphasesof this work. Weappreciatethecom-mentsgivento us by Peacevolunteersin Benin,Morocco,Ecuador,andKenyaon revisionsandcor-
rectionsfor this secondedition.In thefinal stagesof preparation,the first edition manualwasedited

by DianeBendahmanewhosecarefulreadinganddetailedcommentsaregreatlyappreciated.Thissecondedition wasproducedin desktoppublishingformatby Andy Lowe. We wouldparticularly
like to thankPhil Roark(WASH) for his activesupportthroughoutthedevelopmentof this field

guide. Hehasnotonly kept thewriting, shaping,andreviewof this guidemovingforward,he hasalsomademanyusefulsuggestionsduringthedevelopmentofthetechnicalapproachandpresenta-
tion of thematerial.

This manualdirectly addressesfourkinds ofpumpedwatersystems--diesel,wind, solar,andhand
pumps.However,themethodsgiven canbe appliedeasilyto nearlyanykind of system(grid-elec-

tric,

gasoline,etc.).Thecostandperformancedatagivenhereinrepresentthe bestavailableesti-
matesasof thedateof this reportfor thetypesof equipmentdiscussed.Thesevaluescananddo
vary considerably,dependingon thecountrywhere theequipmentis usedandtheextentto which
propersystemsizing,operation,andmaintenanceproceduresarefollowed.

WASH hopesthis manualprovidesa helpfulmethodfor designingandcostingpumpingsystems

that will be usefulto a wide varietyofreaders.Commentson themethodandany additionallocaldataon experienceswith equipment,costs,performance,andavailability would be welcomedby the
authors.

III
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Chapter 1: Introduction

1.1 Why This Manual?
Theimprovementofruralwatersupplieshasbeena majorfocalpoint ofrural developmentefforts in

developing countries.Theseefforts havenotalwaysmet with success,in partdue to inadequateop-erationandmaintenance(O&M) andfinancialmanagement,but oftenbecauseof inappropriate
equipmentselectionanduse.Theimportanceof strengtheninglocal institutionsthatarecapableof

handling necessaryequipmentsupportfunctions,includingsystemdesign,installation,operation,maintenance,repair,andfinancing,hasfrequentlynotbeenrecognized.Evenwell-designedpump-
ing systemstoo often fail prematurelydueto a lackofplanningandinsufficientfinancingfor the

long-term recurrentcostsof maintenanceandrepair.
Overthepastfew years,systemdesignershavebegunmore systematicallyto considerrecurrent

costs (for fuel, parts,andlabor) in thepumpselectionprocess,primarily in responseto the risingcostand increasingscarcityandunreliability of conventionalenergysuppliesin developingcoun-
tries.Attention is alsoshifting to alternativeenergysourcesfor pumping,particularly in ruralareas

where
usersoftendo not haveaccessto thenationalpowergrid orreliabledieselfuel supplies.In

suchareas,pumpusershavetypically hadonly two options—dieselsystemsorhandpumps.In-
creasesin fuel pricesover the last two decadeshaveheightenedinterestin othertypesoflow- to me-
dium-capacitypumps,suchas thosepoweredby wind andsolarenergy.
This manualwas written to aid a wide varietyofpeoplewho areinvolvedin makingdecisionsabout

waterpumpingequipmentandits use:

• managersof waterresourcesdevelopmentprojects;

• developmentprofessionalshavingsomefamiliarity with pumps;

• host-countryand expatriateengineers,economists,andtechniciansworking in both public
andprivatesectors,includingnongovernmentalorganizations(NGOs);

• PeaceCorps(PCVs)orothervolunteerswith atechnicalbackground;and

• technicallyinclinedpumpusers.

It is intendedto enablereadersto betterunderstandandevaluatetheadvantagesanddisadvantages
of differenttypesof pumpingsystemsandtheircomponents(e.g.,pumps,engines,andcontrols),as-‘ sociatedcosts,andlong-termO&M requirements.With this information,readerscanmakeknowl-
edgeable,cost-effectivechoicesofwaterpumpingequipment,which will resultin water
developmentprojectsthatare moreeffectiveandthat offer increasedwateravailability andminimize‘ coststo users.While this manualfocuseson pumpsfor potablewatersupplies,it canalsobe usedto
determinepumpingequipmentfor small to mediumscaleagriculturaluse,if irrigation waterdemand
is known1.

1 -

Seereferencein Appendix A on PeterStern, Small Scale Irrigation, 1TDC Publications,London,1979.

1
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Manyhandbookshavebeenwritten on thesubjectofrural watersupply, irrigation,andpumpselec-
tion (seetheannotatedbibliographyin Appendix A). Until recently,mostof thesefocusedprimarily I
on thetechnicalaspectsof choosingapump.IssuessuchasrecurrentO&M costs,availability of
technicalskills andspareparts,systemreliability, easeof installationand/oroperation,andrelated
considerationsthatareimportantto userswerediscussedonly briefly. This manualdealsnotonly
with theseissues,butalsowith all othermajorissueswhich areimportantwhenconsideringthe long-
termsustainabilityof systems.

Pumpusersin developingcountriesfaceawiderangeofconstraintsin ensuringthereliability of
watersupplies,including:

• lackof trained,experiencedmechanicsandengineersto handlesystemdesign,installation, I
operation,maintenance,andrepair;

• lackof fuel andspareparts; I
• very limited selectionof locally availablesystemtypesandsizesto meetspecificwater

needs;

• asometimeswide varietyoflocally unsupportedpumpingequipment,chosennot because
it meetslocal needsbutratherbecausethedonorprefersit;

• inadequateinformationon howproperlyto matchavailableequipmentto waterpumping
needs;and

• weaklocal, regional,andnationalorganizationsandinstitutionswhich areoftenunableto
successfullymanageandfinanciallysupportwatersystems.

Pumpselectionmusttakeall of theseconstraintsinto account.Thealternative—selectinga system
withoutbeingadequatelyinformed—will undoubtedlyincreasewatercostsaswell asmaintenance
andrepairrequirements.Inappropriateequipmentselectioncanhavemajoradverseimplicationsfor
aproject,including: I

• inadequateorgrosslyover-sizedsystemcapacity;

• over- or under-usedwatersources; I
• increasedcapitalequipmentcosts;

• higherrecurrentcosts; I
• overlyfrequentmaintenanceandrepair;and

• unnecessarysystemdowntimedueto fuel shortages,inadequaterenewableenergy

resourcebase,orlackof immediateaccessto water.

1.2 Goal and Purposes
This manualis designedto enableengineers,economists,technicians,andtechnicalprojectmanag-
erswhodo notnecessarilyhaveextensiveexperiencein waterengineeringto makeappropriate I
choicesaboutwaterpumpingsystemsandcomponents.It presentsthedecision-makingprocessasa
logicalprogression,first discussingwhatinformationis neededbeforeexaminingpumpingsystem

2 1
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alternatives,andthenshowingreadershow to gatherandanalyzethe neededinformationsoit canbe
usedin applyinga setof selectioncriteria. To achievethis purpose,themanualattemptsto:

• describetheprocessofproperlyselectingpumpingequipmentfor small-scalewater
systems,basedon siteandresourcecharacteristics,aswell as theengineering,financial,
economic,andinstitutionalcharacteristicsofeachtypeof system;

• assistwith theinitial screeningof waterpumpingtechnologiesby describingwhat

informationis necessaryto determineequipmentneedsandhowto gatherit;
• providedetailedguidelinesfor analyzingthedatarequiredfor a technicalcomparisonof

diesel,solar,wind, andhandpumpingsystems;

• inform readerson recentandpastoperatingexperiencewith diesel,solarphotovoltaic
(PV)2, wind, andhandpumpsystems,includingproblemsandnewapproachesto making
differentdesignsmoreappropriatefor operatingconditionsin developingcountries;

• giveestimatesof typical capitalandrecurrentO&M costsfor thesystemsconsideredhere;
and

• showreadershowto calculatelife cycle costsof competingsystems,andhow to usethis
informationto determinewatertariffs (if desired).

This manualis written for awide audience—itis not intendedto be acomprehensivereferenceman-

ual

on theengineeringandeconomicdesignand analysisof all small-scalewaterpumpingequip-
ment. Whereappropriate,interestedreadersarereferredto otherreferences(seeAppendixA) that
containin-depthtreatmentsofparticulartopics.Here,detail hasbeensacrificedto providebroadcov-
erageof all relevantareas.

1.3 Overview of the Pump Selection Process
This manualusesa methodthattakesinto accounttechnical,socialandinstitutional,andcostfactors
in choosingthemostappropriatepumpingsystem(s)for agiven levelof waterdemandandspecific

set of site constraints.It focuseson thebasicdataneededto selectany of thefoursystemtypescon-sideredhere—diesel,solar,wind, andhandpumpsystems.Thereare avariety of othertypesof pump-
ing systemsusedin developingcountries,includinghydraulicrams,biogas-poweredpumps,and

animal tractionpumps.Thesearenotcoveredin this manual,but informationon thesesystemsisgiven in thebibliography (especiallyFraenkel1986).Themethodgiven herecanbe appliedto these
systemsaswell.

Theselectionprocessinvolvesseveralstagesof informationgatheringandanalyses:

2‘ Therearetwo kindsof solarpumpingsystems:thosewhich convertsolarradiationinto heatenergy(solarthermal
systems),andthosewhichconvertradiationdirectly into electricity(solarphotovoltaics,or simplyPV systems).Since
solarthermalsystemshaveml beenusedwith successcommercially,only solarPV systemsareconsideredin this
manual.The termssolarPV, solar,or PV pumpsareusedinterchangeably.

3
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• determiningwaterdemandatthesite,basedon thenumber,type, andconsumptionlevel
of waterusers(e.g.,human,animal,andagricultural);

• measuringandcalculatingtheenergyrequirementto meetthat waterdemand,basedon the
physicalcharacteristicsofthewatersource(headandyield, sometimescalleddebit)and
system design;

• assessinglocally availableenergyresources(electricity,dieselfuel, solar,andwind
energy);

• reviewingwhatequipmentis locally availableor canbe importedto definetherangeof
availablepumpingoptions; I

• estimatingthe wateroutputofthe four typesofpumpingsystemscoveredin this
manual—diesel,solar,wind, andhand; I

• reviewingothersupportingissues(e.g.,socialandinstitutional)thatareimportantto the
successfullong-termoperation,maintenance,andrepairof pumpingsystems;

• determiningsite-specificcostfactorsfor a financialor economicanalysisthatcompares
the life-cyclecostsper unitof waterdeliveredofcompetingsystems;and

• basedon technicalandO&M considerations,determiningwhich systembestfits the I
community’sororganization’swillingnessandability to 1)pay capitalandrecurrentcosts
and2) properlymanagethesystem.

Thepumpselectionprocessis summarizedin Figure 1.

1.3.1 DetermIning Water and Energy Requirements I
Thefirst step in theprocessis to identify thephysicalcharacteristicsof thesite, including:

• how peoplearecurrentlymeetingtheirwaterneedsat thesite; I
• thewaterdemandprofile (howmuchwateris required,when,andhow thatdemand

changesovertime);

• thehead,which is basicallytheheightyou mustpump thewaterup from its source,plus
friction lossesin pipesandvalves;

• thewaterquality—is it sufficientforpeopleto use,or will you haveto developanother
source?

• theavailableenergyresourceswhich couldbe usedto powerapump. Thesecouldinclude I
dieselfuel (or gasoline),solarenergy,wind power,orhuman/animalmusclepower.

Then,from theexamplesgiven in Chapter3, calculatetheenergyrequirementfor meetingthewater
demand.If pumpswerealreadybeingusedat thesiteandtheyarefor somereasoninadequateor bro-
kendown,talk with thepumpoperator(if thereis one)andthepeoplein thecommunityandfind out
what wentwrong.This mayhelppreventyou from makingthesamemistake.To determinewhether
renewableenergyresourcesareapplicableat this site,you mustdeterminefrom existingweather
dataor by installingmonitoringequipmentthequantityof solarradiationandwind energyavailable.

I
I



Assess Physical Site Constraints: Demand, Yield, Head

1~
Calculate Energy Demand and

Assess Energy Resource Options

.~

Survey Available Equipment and Parts
(Pumps and Drivers)

Determine Which Options Are Most Technically Appropriate

Diesel — Wind — Solar — Handpump

‘I
Assess O&M Requirements and Determine

Which Options are Locally Supportable

‘I
Do Financial/Economic Life Cycle Cost Comparison

Figure 1. Pump Selection Process

Consult with Community and Other Groups Responsible
for System Operation, Maintenance, and Repairs

I
Desiun Systems to Match Demand Using Various Options

1~
Determine Which System Best Fits Community’s or

Organization’s Willingness and Ability to Pay Capital
and Recurrent Costs

.1
Consider Other Issues such as Equipment Reliability,

Training Needs, Cost vs. Quality of Components,
and Foreign Exchange Requirements

.1
Make Final System Selection

Solicit Bids from Suppliers/Installers
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1.3.2 Assessing Locally Available Equipment and Support
Checkto seewhatkind andbrandsofequipmentpeopleatthis or nearbysitesarenow using.Visit
local equipmentdealersto determinewhattypesandbrandsof pumps,engines,andrelatedequip-
mentareusedlocally. Note poweroutputrangesofavailableengines,andwateroutputrangesand
powerrequirementsfor availablepumps.This informationis availableeitherfrom nameplateson the
equipmentitself, or from manufacturers’literatureavailablefrom dealers.From thelists of advan-
tagesanddisadvantagesofdifferenttypesof pumpsgiven in Chapter4, determinewhat kinds of
pumpswould bemostappropriateforyourparticularsituation.Note local equipmentcostsfor avari-
etyof differentsizesof pumps,engines,andothernecessarysystemcomponents.Rememberthata
pumpedwatersupplyjust maynotbe thebestapproach.In somesituations,gravity systemsor open
wells with bucketsandropesmaybethemostappropriatesolution.Answerthefollowing questions:

• Do theavailableengineandpumppowerrangesfit thesiteenergyrequirementatdesired
flow rateandhead? I

• Is skilled laboravailablefor equipmentinstallation,operation,maintenance,andrepair?

• Arelocal or nearbyregionalinventoriesof fuel (if required)andsparepartsreadily I
accessibleatreasonablepriceson ayear-roundbasis?

• Is systemdesignassistanceavailablelocally? I
• Whatkind of systemdo thepeoplewant(communitiesalmostalwayshaveapreference

for onetypeof systemor another)?

If pumpsarealreadybeingsuccessfullyusedin nearbyareas,theanswerto the first four questions
shouldall be yes.if theanswerto any of themis no, you shouldeitherconsiderothersystemop-
tions,or determinewhatneedsto be doneto improvethelocal supportinfrastructure,determinehow
muchthat improvementwould cost,andfind outwho might be willing to pay forit.

Forthe lastquestion,if peopleareforcedto usea systemwhich theyneverwanted,it is unlikely that
thesystemwill receivethenecessarymanagementor financialsupportto lastvery long. Fora sys-
tem to be sustainableoverthe longterm,it mustmeetthedemandsof both water usersandthosere-
sponsiblefor operatingandmaintainingthesystem.All necessary supportactivitiesmustbe
assignedto responsiblegroupsor individuals.Wherepossible,identify theseresponsiblepartiesas
partof theequipmentselectionprocess.

1.3.3 Approximate System Design and Cost Analysis
If alreadyavailableequipmentappearsto be areasonablechoicebasedon thequestionsin the last
section,designseveralpossiblesystemoptionsbasedon thedesignguidelinesgiven in Chapters5
through8 fordiesel,solar,wind, andhandpumps.Usingthecapitalcostinformationyou gathered
from local equipmentdealersandtherecurrentcostinformationgatheredfrom discussionswith lo-
calwaterorganizations,technicians,andpumpoperators,estimaterecurrentcosts.Calculateex-
pectedannualcostsandtheLife CycleCost, asdiscussedin Chapter10. Then,in discussionswith
communityrepresentatives(preferablywatercommittees,if theyalreadyexist) or thegovernment
agencieswhich will be responsiblefor thesystems,answerthefollowing questions:

I
6 1
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• Canpumpusersor purchasingagenciesraiseenoughmoneyto buy theequipment
outright?if not, will theyhaveaccessto sufficientcreditatreasonableratesto install the
systems?If not, how will thesystembepurchased?

• Will waterusers(oranothergroupor agencyresponsiblefor thesystem)realisticallybe
willing andableto covertheexpectedrecurrentcosts?If so,how will themoneybe raised,
andhow will it be manageduntil it is used?If not, who will pay therecurrentcosts?

If expectedfinancing is notsufficientto coverexpectedsystemcosts,thenyou mustconsiderother

options.A commonexampleis whena communitywould like to beableto install a dieselpump,

along with awaterstoragetankanddistributionsystem.However,whenrealisticcostsarecalcu-
lated, thecommunitymayonly be ablepracticallyto affordhandpumps.

1.3.4 Other Considerations In System Selection
If you havedeterminedthat oneormorelocally availableequipmentoptionsaretechnicallysuited

for theapplication,that all necessarysupportactivitiescanbe providedlocally, andthatestimated

capitalandrecurrentcostsarewithin thefmancialandmanagementcapabilitiesof userorotherre-sponsiblegroups,thereareothercriteriayou might want to apply to makethefinal choicebetween
theremainingoptions,suchasthefollowing.

• SystemReliability—Thereareoften largedifferencesin the quality ofdesignand
construction,materialsused,andeaseofinstallationandrepairfor differentbrandsof
pumpingequipment.Talkto avarietyofusersandmechanicsto find out whatlocally
availablebrandsareconsideredto be thebestbrandsfor theprice.

• ForeignExchangeRequirements—Somesystemscanbe purchasedentirelywith local
currency,whereasotherswill requirepartor full paymentin foreigncurrency.if foreign
currencyis difficult orvery expensiveto obtain in your area,you maybeforcedto
consideronly systemswhich canbepurchasedwith local currency.

• Automatic Operation—Somekinds of systemscanrunessentiallyunattended(e.g.,wind
andsolarsystems).If laborcostsarehigh, you shouldconsiderthetradeoffbetweena
highercapitalcostandassociatedsavingsin laborcostsovertheyears.

• EmploymentGeneration—Inareasof highunemployment(especiallyofskilled
workers),theremaybegoodreasonto considerusing labor-intensive(handpumpsor
diesels)ratherthancapital-intensive(windor solar)systems.

• Technicalor ManagementTrainingNeeds—Systemswhich arenot widely usedor are
generallyunfamiliarto local technicianswill probablyrequireatechnicaltrainingprogram
to enablelocal mechanicsto properlyservicethe newsystems.Considerwho will pay for
this training,andhowlong andinvolvedit might be.

• PotentialEnvironmental Impacts—Different kinds of systemscanhavequitedifferent
environmentalimpacts(noisepollution, differenteffectson aquifers,greaterwastewater
disposalproblems).Assesswhetheranyof thesemight bereasonfor choosingone system
overanother.

7
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• Higher Quality Systemsor Components—Youmaywantto considerusing higher
quality, moredependable(butprobablyalsomorecostly)equipment(engines,pumps,or
replacementparts)from othersourcesoutsidethe immediateregion.Forexample,
replacementparts for certaindieselenginescanvary in durability by afactorof five. If
you canobtainhigherreliability sparepartsfor amodestincreasein cost,do so.

1.3.5 ImportIng Systems I
if you do not feel that locally availableequipmentis suitablefor reasonsof limited selection,cost,re- -

liability, or otherreasons,considerimportingsystems.If you useneworlocally unfamiliarsystems,
it will be necessaryto developan entiresupportinfrastructurefor thesesystems,including training
peoplewhocan design,install, operate,maintain,andrepairthenewsystems.It mayalsobeneces-
saryto setup neworexpandexistingprocurementanddistributionnetworksfor equipment,parts,
andfuel. Any newsystemwouldhaveto haveadvantagesover existingsystemswhichareboth sig-
nificant (in termsof costandreliability) andreadily apparentto usersor otherbuyers(e.g., govern-
mentagencies)to makeit worthwhile to do this.

Whenconsideringnewkinds orbrandsof equipment,againreviewthelists of advantagesanddisad-
vantagesof differentkinds of pumpsandenginesgiven in Chapter4. Chooseseveraldifferentkinds
which apply to yoursituation.Discusswith usersandtechnicianswho will provide support(e.g., sys-
terndesign,repairs,providingspareparts)for thesesystemswhatadvantagesor disadvantagesare
importantto them. Next, look attherangeofapplicationfor the systemsyou areconsidering.Forex-
ample,thefollowing tablecontainssomeusefulgeneralizationsaboutwhenandwhennot to usecer-
tam kinds of systems.Note thattheseareonly very generalguidelines.SeeChapters5 through8 for
details. i

I
I
I
I
I

After identifying severalpossiblesystemoptions,obtainmanufacturer’sliterature(whereavailable)
to determinethespecificationsof eachmajorsystemcomponent.Designseveralrepresentativesys-
ten-is for yoursiteusingtheproceduresgiven in Chapters5 through8. Assessoperation,mainte-
nance,andrepairneedsasdiscussedin Chapter9. Basedon quotedcostsfrom local or foreign
dealers,do thecomparativeLife CycleCostanalysisdescribedin Chapter10. Assessthesupportin-

8 1

Consider Using:
Diesel Pumps

For:
Table 1. System Application Guidelines

Solar Pumps

High head (greater than 50 meters) or medium to
high volume (greater than 40 m3/day) applications

See:

Wind Pumps

low-medium head (60 meter maximum) or
low-medium volume (up to 50 m3/day at low head)
applications, and only where solar radiation
levels are 5 kilowatt hours per square meter per day
(kWh/m2-day) or greater

Chapter 5

Handpumps

for low-medium head (60 meters maximum) or low-
medium volume (5-30 m3/day) applications, and only
if average monthly windspeeds are 4 m/sec or greater

Chapter 6

Low volume (less than 8 m3/day) applications at
heads of no more than 50 meters

Chapter 7

Chapter 8
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frastructureasit appliesto thevarious systemoptions.Rankthesystemsaccordingto thetechnical
applicability, cost,probablereliability, andaffordability.

Decidewhetherthecashflows associatedwith the least-costoptionareacceptable.If not, go back

and reconsidertheothersystemoptions morecarefully. If so, list thecompromisesyou will havetomakeif you decideto usethe least-costsystem,ratherthananothertechnicallyacceptable,but more
costly,system.Forinstance,lessexpensiveequipmentmayhavelower reliability, theremaybe less

chance
of gettingrepairscompletedquickly, or usersmaybe lessfamiliarwith thesystem.Then,de-

cidewhetherany of thecompromisesareunacceptableto you or systemusers. so, reconsiderother
options.If all thecompromisesareacceptable,go aheadandsolicit bids for thesystemfrom dealers
you contactedpreviously.

This processis intentionallysomewhatrepetitive,sodecisionswifi notbe madelightly or simply on

the basisof first impressionsor unstatedassumptions.Systemsthat arealreadyavailablelocallyshouldbe favoredoverimportedones.Experiencehasshownthatsystemswhicharenewly intro-
ducedwithoutdevelopinganappropriatesupportinfrastructuretypically fall into disrepair.This is

not to saythatnewtypesof systemsshouldbe avoided.Rather,it is intendedto emphasizethat thereareadditionalobstaclesassociatedwith introducingnew technologieswhich canbe insurmountable
unlessattentionis given to developingthe requiredsupportinfrastructure.

1.4 Structure of This Manual

This manualis dividedinto 10 sections.To compareany pumpingtechnologyoptions,you mustfirstdeterminewaterdemandat thesite.Chapter2 showshowto calculatethis. It discusseswaterre-
sourcecharacteristicsthat areimportantfor systemdesign,suchaswell yield (if thesourceis‘ groundwater),pumpinghead,andwaterquality. After discussingdemandprofiles(i.e., how much
wateris neededandwhen),this chapterconcludeswith asubsectionon importantfactorsaffecting
wateravailability.

Chapter3 describeshow to calculatetheenergyrequirementsfor meetingthedemandprofilesdeter-
minedin Chapter2. It discussesthegeneralcharacteristicsof thefour typesof energyconsideredin

this manual—dieselfuel, wind andsolarenergy,andhumanpowerfor handpumping—andrecom-mendssourcesfor gatheringneededinformationon energyresourcesin your area.

‘ Commontypesof pumpingequipmentandtheir operatingcharacteristicsarecoveredin Chapter4.
After waterdemandandheadrequirementsaredetermined,thenextStepin thepump selectionproc-
essis choosingaparticularpumpto matchthoseparameters.Then,anenergysource(e.g.,windmill‘ ordieselengine)is selectedto provide theenergyrequiredby thepump.Thischapterincludessum-
mariesof theadvantages,disadvantages,and typicalapplicationsofdifferent typesof pumpsanden-
ergy sources.

Thenextfourchapters(5 through8) focuson technicalsystemdesignfor thefour typesofenergy
sourcesconsideredin this manual—diesel,solar,wind, andhumanpower.Eachchapterbeginswith‘ an initial descriptionoftypical equipment,followed by a discussionof systemcharacteristics,opera-
tion, maintenanceandrepairrequirements,andtypicalcapitalandrecurrentcosts.Eachchapterin-
cludesadetailedexampleofthedesignof apumpingsystemusing that technology.Theseexamples
indicatewhereeachtypeofenergysourcecanandcannotbe used,basedsolelyon technicalcriteria.

9



I
I

Thefinal two chapterson operation,maintenance,andrepairrequirementsandcostanalysisconsid-
erationsarethefinal stagesin the screeningofremainingequipmentoptions.Up to this point, only
representativecostshavebeengiven.Recurrentcostshavenotbeenanalyzed,andno economic
analysishasbeenundertaken.Chapter10 discussescostanalysisproceduresandthenshowshow to
apply themby taking thereaderthroughdetailedexamples.Theseexamplesareextensionsofthe
technicalsystemdesigncasespresentedin Chapters5 through8.

It is notnecessaryto readtheentiremanualto gethelpwith specificdecisionsaboutpumpingsys-
tems.Skip aroundto locateinformationof specific interestto you. However,all chaptersshouldbe
readbeforeequipmentis selectedto assurethatall importantselectioncriteriaareconsidered.

I
I
I
I
I
I
I
I
I
I
I
I

10 1
I



Chapter 2: Water Demand and Resources

2.1 Demand
To selectan appropriatepumpingsystem,you mustfirst determinethewaterdemandat thesite.The
waterdemand(orrequirement)is usuallymeasuredin cubic metersperday (m3/day),anddepends
mainly on thesizeof humanandanimalpopulations,althoughit mayalsodependon small-scaleirri-
gationor otheruses.Theamountofwaterusedpercapitadependsheavily on convenience—when
wateris morereadilyavailable,percapitaconsumptionwill increase.Rememberthis whenestimat-
ing futureincreasesin demand,especiallyif therewill be any increasein the level of service(e.g.,
public tapsvs. in-housetaps)provided.

TheWorldHealthOrganization(WHO) hasestablishedtheminimumwaterrequirementfor human
consumptionat 30 liters perpersonper day (LPD). In practice,while 30 LPD is oftenusedas ade-
sign value,this is oftenmorethantheactualconsumptiontypical of manyrural areasin Africa, and
muchless thantypically foundin Latin America. Localwaterdemandvarieswith location,customs
andcultures,climate,distanceto andcapacityof thewatersource,waterquality, andamountof ef-

fort orcostassociatedwith meetingthe demand.This sectiondescribeshow to estimatecurrentwaterrequirementsandevaluateenvironmentalconditionsthat limit thequantityandquality of

water which canbe obtainedfrom a givensource.Thesedataareusedin thepumpselectionprocessprimarily to determinepumpingrateandhead,andhencethesystem’spowerrequirements.Informa-tion on localwaterdemandforpeople,animals,andcropsis oftenavailablein existingwaterandag-
riculturalresourcesdevelopmentreportsforyour area.You shouldcheckthesereportsandusethat
informationin thedemandestimationproceduresgiven below.

2.1.1 Site-Specific ConditionsWaterdemandis dependenton site-specificconditions.Althoughgeneralguidelineshavebeenestab-
lishedby manydevelopmentagenciesspecifyingtheminimumdaily consumptionfor people,ani-

mals,
andcrops,actualconsumptioncan(anddoes)varyconsiderably.This manualis intendedto

dealonly with drinkingwaterfor peoplebut, in fact,many villagewatersupplieswill be alsousedto
water small livestock.Typical usagefiguresaregivenbelow for themostcommonconsumers.

1
This valueassumes that peoplehaveto walk to apublic tap togettheirwaterandshouldbe consideredaminimum

requirement.If houseconnectionsor in-yardtapsarecommon,this valueshouldbe multipliedby a factorof fouror more.

People1 Cattle GoatsSheep Poultry Hogs Camels

Demand in 20-40 20.40 5-15 0.2 10-15 25
liters/day

11



Thetotal waterdemandis obtainedby multiplying thenumberofpeopleandanimalsto be served
by thepercapitaconsumption,andthenaddingotherdemands(wateringgardens,selling waterto
nearbyconsumers,etc.)in theareathepump will serve(theservicearea).Whencalculatingthetotal
waterdemandfor a servicearea,considerthatpeoplemaykeepmoreanimalswhenwaterbecomes
morereadily available.Also,peoplefrom surroundingvillagesoutsidetheserviceareamaywantto
usethenew systemif theirown watersourcesfail, or if it is easierfor themto getwaterfromthe
newsystem.

2.1.2 VariatIons In Consumption
Waterconsumptioncanvary hourly,daily, seasonally,andannually.A demandprofile refersto water
consumptionover time, usuallyayear,althoughtheconceptcanbe appliedover thecourseofaday.
Waterdemandvariesdependingon needaswell as supply.Humanbeingsandanimalstendto drink
morewaterin hotdry seasons.If wateris available,consumptionwill increaseat suchtimes. (Also,
if surfacewateris available,thedemandforpumpedwaterforanimalswill decrease.)Sometimes
duringdryseasons,local watersuppliessimpiydry up,so consumptiondecreases(or completely
stops)at somewaterpointsandgreatlyincreasesat thosewherewateris still available.Duringdry
seasons,boreholeyields typically dropin regionswhereaquifershavelow rechargerates.Nomadic
peoplecanalsohavesignificanteffectson waterdemand,creatinglarge“spikes” orshortperiodsof
veryhigh demandin theprofile.Waterdemandis notnecessarilyconstantfrom yearto year,dueto
populationgrowth,humanandanimalmigration,changesin sizeoflivestockherds,droughts,anda
varietyof otherfactors.An exampleof two typicaldemandprofiles is given in Figure2. Theyrepre-
sentthevillage waterdemandgiven in Example1 on page15. Thefront setof barsrepresentsthe

Figure 2.
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monthlyaveragedemandin YearOneof thesystem’soperation.Thebacksetofbarsrepresentsthe
growthin demandover the10 yeardesignlife ofthe system.

The supplyprofiledependson the type ofpump. Forexample,adieselpumpnormally operatesata
constantrateandcandeliver waterata moment’snotice.Thesameis trueof handpumps,although
on a muchsmallerscale.Solaror wind pumpscan deliverwateronly whentheenergyresourceis
available—whenthesunis shiningorwind is blowingabovethewindmill’s start-upwind speed.
This hasobviousimpactson systemdesign.Forinstance,supposeyou want to install a solarpump,
butsystemuserswant waterearlyin themorning.To meetthatportionof thedaily demandprofile, a
storagetankis neededto reservepartof thepreviousday’soutput.

As ageneralrule ofthumb,wind andsolarpumpsshouldbedesignedwith three-to-fourdaysof stor-
ageto accountfor thefact that theycannotdeliverwateron demand.While variationsin demandcan
be managedby designingstorageintoapumpingsystem,usuallythis helpsmeetonly short-term
waterneeds(severaldaysat most),notseasonalvariationsin demand.Storagetanksorbasinstypi-
cally holdan amountequalto anormalvillage’s daily waterdemand,say20 cubicmeters.It is not
usuallyeconomicalto storeenoughwaterfor five daysgiven thecostof storage,particularlywhen
usingelevatedstoragetanks.However,peopleoftenmaintainacertainlevel of storagein their
houses,frequentlyaroundoneday’ssupply.Determinewhatpeople’swaterstoragehabitsare(or
couldbe encouragedto be) beforebeforesizing thestoragesystem.If a site is soremotethat it takes
five ormoredaysto fix breakdowns,thecostof additionalstoragemustbecomparedto thecostof
truckingin water(in theeventofan emergency),higher-costpreventivemaintenanceto increasesys-
temreliability, backupsystems,or othermeasuresto insurewateravailability duringsystemoutages.

Energyresources,whicharediscussedin detailin Chapter3, canalsovary seasonally.Forexample,

diesel fuel is oftenunavailablein remoteareasduringrainy seasons,whenroadsbecomeimpass-able.Renewableenergypumpingsystems,suchaswind andsolarpumps,candeliverwateronly
whenadequateenergyresourcesareavailable,not during calm orcloudyperiods.Otherseasonally

dependent factorscanaffect systemperformance—forinstance,upstreamfloodingcouldraisesedi-mentlevelsin ariver high enoughthatpumpsbecomeclogged.Thepossibilityof annualand sea-
sonalvariationsin waterdemandandsupplyshouldbetakeninto accountwhendesigningpumps.

With adequatesafetyfactorsin systemdesign,demandcanusually bemetmostof thetime. Remem-ber thatfor siteswheredemandvariability is high, no reasonablydesigned(orpriced)systemcan
alwaysbe expectedto meetdemand.

2.1.3 Growth in Demand
Estimatesof systemcapacityrequiretheassumptionofa designperiodorhorizon,which is typically

10 to 20 years.This canbedifferentfrom theamortizationperiodforeconomiccomparisonofdiffer-entsystems(seeChapter10), aslong asthepotentialexistsfor expandingthe system’scapacity at‘ theendof thedesignperiodto meetfuture demand.All systemdesigndecisionsshouldtake intoac-
countthefact that thedemandfor waterwill probablyincreaseover time. Demandis affectednot
only by populationgrowth @eopleandanimals),butalsooftenby easeofaccess.Percapitacon-‘ sumption(measuredin LPD) usuallyincreasessignificantlyonly if serviceincreases—thatis, if
manyadditionalwaterpointsareinstallednearerto users,particularlyyard tapsor in-houseconnec-
tions.While it is difficult to generalizewithoutspecificinformationon local populationgrowth,
ratesof 1 to 4 percentperyeararetypicalfor rural villagesin developingcountries.This maysound
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small, buta4 percentannualgrowthratemeansthat thedemandfor waterwill increaseby over 40
percentin 10 years(notassuminganyincreasein percapitaconsumption).Increaseddemanddueto

growth in populationandpercapitaconsumptioncanbe calculatedusing this formula:

I
I
I
I
I

Theconsumptiongrowthfactor(FcG)would not normally be significant.It wouldonly be usedif
percapitaconsumptionincreasedon someregularannualbasisdue,for example,to steadilyexpand-
ing an increasedlevel of servicethroughoutthecommunityover severalyears.

Steadilyincreasingwaterrequirementsplacedifferentdemandson thevarioustypesof systems.
Thesedemandsarehandledin differentways.Fordieselor gasoline(petrol)pumps,increasedde-
mandcanbemet simply by increasingthe flow rate(enginespeed)oroperatingthesystemfor more
hourseachday. Thelatteris also truefor handpumps.Also, dependingon thewatersource,addi-
tionalhandpumpscouldbe installed(e.g.,two handpumpscouldbe installedon onecappedhand-
dug well). SolarPV andwind pumpsareusuallyoversizedrelativeto currentdemandin orderto
accountfor futureincreasesin demand.However,this canbe a costlyapproach,particularlyfor PV
systems.PV pumpoutputcan beincreasedby addingmodulesto thesystem,up to thepowerlimit
of themotor (seeChapter6). Once installed,wind pumpshavelittle flexibility in meetingincreased
demand,soit is importantto estimategrowthin demandascloselyaspossiblebeforesizing a wind
system(seeChapter7). Example1 on thenextpagedemonstrateshow to estimatefuturedemand
growth.

2.2 Water Resource Characteristics
While thenumberof waterusersandtheirindividual consumptionneedsareusedto calculatede-
mand,actualdemandcanbe constrainedby theavailablewatersource.Thesourcemaybe surface
water(e.g.,rivers, lakes,andman-madeor naturalreservoirs)orgroundwater(boreholes,dug wells,
andsprings).To determinewhat typeofpump(s)canbe usedandthemaximumdemandthatcanbe
met, you mustknow certainspecificcharacteristicsof thewatersource:

• theyield of thesourcein cubicmetersperhourorday (m3/houror m3/day);

• thestaticwater level in meters;

I
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DF=Dpx(1 +FpG)”~x(1 ÷FcG)~_~

where DF = future demand (m3/day)

Dp = presentdemand (m3/day)

Formula #1

FPG = population growth factor (% per year)

N = design period in years

FOG = consumption growth factor (% per year)

If per capita demand remains constant, this formula simplifies to:

DF= Dp(1+FpG?’1~
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Example 1: Calculating Demand
A village has 300 residents, but during the summer, 50 students return home from
boarding school. The animal population is 200 chickens and 75 goats. Irrigation water for
gardens comes from the nearby river. Suppose the population growth rate of people and
animals is 4% per year over the ten year system design period.
A) Calculate design demand, assuming no change in the level of service.

Peak demand will occur in summer, when 350 people are in the village. From the table
on the first page of this chapter, per capita consumption is 30 LPD for people, 10 for
goats, and 0.2 for chickens. Present demand is then:

(350 x 30) + (75 x 10) + (200 x 0.2) = 11,290 liters/day

From Formula 1, future demand in ten years is:

11,290 x (1 + 0.04)(1~1)= 16.069 liters/day (a 42% increase)

B) Recalculate design demand, assuming everything remains the same, except that yard
connections are installed after five years, raising demand for people from 30 to 80 LPD.

Answer: Since the consumption rate only increases for people, it is easiest to calculate
the demand for people and animals separately, then add them together. For animals,
present demand is:
(75 x 10) + (200 x 0.2) = 790 liters/day

After ten years, future demand just for animals will be:

790 x (1 + 0.04)(1~1)= 924 liters/day

After five years, the number of people in the village will be:

350 x (1 ÷0.04)(51) = 409 people

The new yard connections are then installed, so that demand increases to 80 LPD.

During the last five years of the design period, demand for people therefore increases to:
(409 x 80) x (1 + 0.04)(51) = 38.278 liters/day

Adding the human and animal water consumption together gives a total design demand
of 39,202 liters per day, which is 3.5 times as much as the initial dailydemand. This
underlines the importance of calculating the future demand when designing the system.

• thedrawdownin meters(thedropin waterlevelduringpumping--seeSection2.2.2
below);and

• thequality of the water.

For pumpselection,themostimportantcharacteristicsareyield, staticwaterlevel, anddrawdown.Theenergyneededto pump wateris directly proportionalto thetotal pumpinghead(explainedbe-
low) andflow rate.Thepumpingheaddependspartly on the staticwaterlevel andthedrawdown.
Thepumpingratecanbe sogreatthat drawdownfalls to thepumplevel in thewell casing.As pump-
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ing rateincreases,thedrawdownincreases,which in turn increasestheenergyrequired.Caremust
be takennot to over-pumpthesource.Themaximumsustainableaquiferyield is the rateat which I
watercanbe pumpedfrom the sourcewithoutdepletingit.2 Finally, thechoiceofequipmentmay
alsodependon whetherornot thesourcehassignificantwaterquality problems.For wells, if infor-
mationaboutyield, waterlevel, anddrawdownis notavailablefrom well-completioncertificatesor
test-pumpinglogs,thewell mustbe test-pumped.Well yield canlimit theshort-termflow ratefor
pumpingwater (m3/h)and,in turn, thenumberof hoursofpumpingthat arerequiredto meetde-
mand.However,the long-termpumprate(m3/day)shouldnot exceedthesustainableyield of the
watersource.This mayaffectequipmentselectionsincesometypesof equipmentarebettermatched
to higher (diesel)or lower(solar)pumpingrates.

2.2.1 Flow Rate
Daily waterdemandcanbemetin differentways.For example,if thedaily waterrequirementis 100
m3/day,theentire amountcanbepumpedin onehour(at 100m3/h)or it canbepumpedover the
courseof 10 hours(at 10 m3/h).Pumpingthewateras quickly aspossiblesavestime, but it is not al-
wayspossibleor advisable.Pumpingattoo high aratefrom asourcewith limited yieldmaycause
excessivedrawdown.This would increasethetotalpumpingheadandwould thereforerequiremore
energy;it couldevencausethepumpto rundry. If thewater sourceis ayear-aroundriver, it is un-
likely therewould be any problemmeetingsmall-to-moderatewaterrequirements,exceptin thecase
of adrought.However,mostwellsandspringsareincapableofdelivering100 m3/h.Thus,acareful
assessmentof well yield andpumpingratesis necessarybeforespecifyingtheequipment.

Fordrilled anddug wells, it is importantto know themaximumsustainableaquiferyield, which is
themaximumrateat whichwatercanbecontinuallypumpedon along-termbasis.This providesan
upperlimit for thepumpingrateselectedduringthedesignprocess.Thewell’s maximumsustain-
ableyield anddrawdownundertheseconditionsareusuallyestimatedfrom dataobtainedduring
thetest-pumpingprocedurewhenthewell is first drilled. It is difficult to determinetheexactvalue
for this yield. Theactualdesignflowrateis usuallychosenasonly a fraction (50-75percent)of the
estimatedwell yield. This is asafetyfactorusedto minimize thepossibilityof overpumpingthe
well. Drawdownand,hence,total pumpingheadwill be lesswhenthepumpingrateis less,andthe
likely drawdownfor lowerpumpingratesoftencanbe estimated.

Choosing a DesIgn Flow Rate
• Determinethemaximumsustainableyield in m3/dayfrom thewatersource.If this is

greaterthanthemaximumsustainableyield, you mayhaveto developasecondarysource. I
• Determinethepeakdaily demandfor thesite.If this is greaterthanthemaximum

sustainableyield, you mayhaveto developa secondarysource. I
• Dependingon the typeofpumpset(engine/pump)you choose,estimatehow manyhours

you expectto operateit every day.3

2
SeeespeciallyGroundwaterandWells,Driscoll etat. 1986 for moreinfonnation.

3 - --

Forexample,a dieselpump usuallyrequiresan operatorwhowould typically work aneight-hourday. Dependingon

your demand,of course,you mayneedto operatethepump 12 ormore hoursaday,and getabackupoperator.

I
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• Calculatetheaverageflow rate(in m3/h) by dividing thedaily demandby theexpected
operatinghoursof thepumpset4.

In additionto themaximumsustainableyield for a singlewell, you shouldalsoconsiderthesustain-
ableyield ofthe aquifercatchmentareain which your system(s)is to be located.Forexample,in
somedevelopingcountries(BangladeshandYemenaregoodexamples),theexceedinglylargenum-
ber of tubewellsdrilled in someareashasresultedin a drasticloweringof theregionalgroundwater
table. This happenswhenthe total extractionof waterfrom all ofthetubewellsis greaterthanthe
maximumsustainableyield of theaquifer.If historicaldataon groundwaterreplenishmentratesare
available,estimatewhat effectthe pumpingrateyou propose(andthenumberofpumpsyou are
planningto install) will haveon your local aquifer.

2.2.2 Total Pumping Head
“Head” is a termusedfor severalrelatedquantitiesthat togethercomprisetheeffectivepressure
againstwhich apump lifts water.Head,usuallygivenin metersorfeetofwater,is acombinationof
the following components:

• elevation(staticwaterlevel plusstaticdischargeheadplus drawdown);

• pipefriction;

• velocity; and

• pressurehead.

Thecomponentsof totalpumpingheadfor anunpressurizedsystem(exceptvelocity) areillustrated
in Figure3 andexplainedin greaterdetail below. Valuesfor eachcomponentmustbe measuredor
calculatedto determinetotalpumpinghead.

Elevationheadis usuallydivided into threeparts:

• staticwater level—theverticaldistancefrom thewaterlevel to thesurfaceof theground
(or thedischargepoint ofthepumpasshownin Figure3);

• drawdown—thedistancefrom thestatic waterlevel to thelowerdynamicwaterlevel
whenthe pumpis operating;and

• staticdischargehead—theverticaldistancefrom thepump outletto thehighestpointin
thesystem,usuallythestoragetankif thereis one.

Elevation
Staticwaterlevelcaneasilybe measuredwith battery-drivenwell soundersduringsitevisits or ob-
tainedfrom accuratewell-completionrecords.Staticdischargeheadis afunctionof thesystemde-
sign(e.g., whetherornot you usean elevatedtank)andlocal topography.This componentof
elevationheadcanbe measuredduring sitevisitsorcomputedfrom sitesurveysandplans.

4
Whileadieselpump hasa constantoutput,solarandwind pumpoutputsvary over theday.A solarpumptypically

operatesoveran 8-10hourdayundergoodsunlightconditions,sofigure theaveragehourly flowrate(seeChapter6).
Dependingon thewind conditions,awind pumpmayoperateanywherefrom 0-24hoursaday(seeChapter7).
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Forthesizeof pumpscommonlyusedforvillage watersupplies,thedrawdownis essentiallyzero
for mostrivers andstreams.With boreholes(wells), thedrawdowndependson aquiferperformance,
well designanddevelopment,and thepumpingrate.Drawdowninformationis availablefrom
propertest-pumpingrecordsand is oftengiven in termsof thespecificcapacity(yieldperunitof
drawdown)of thewell (measuredin m3/day/meterof drawdown,usuallyafter24 hoursofpump-
ing)5. Drawdownusuallyincreasesasthepumpingrateincreases,sincewatercan usuallybe
pumpedoutof thewell fasterthanit is replacedfrom thesurroundingaquiferin mostsituations.

Unfortunately,well drawdownfiguresoftenarenotreadilyavailable.In suchcases,test-pumping
shouldbe doneon thewatersourcebeforedesigningthesystem.If possible,do this duringor
shortly after thedriestpart of the year, whenyield is likely to beatits lowest.This will minimize the
possibility ofoverestimatingtheyield of yourwatersource.If this is notpossible,thedrawdown I
wifi haveto beestimated,preferablywith assistancefrom hydrogeologistsfamiliarwith your area.

5 - 1
SeeDiiscoll etat., 1986for acompletediscussionof testpumpingproceduresandanalysis.

I
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The subsequentselectionofpumpingequipmentshouldreflect theseuncertainconditions(seeChap-

ter4 on availableequipment).

Pipe Friction
Pipe friction lossdependson the flow rateandthe length,diameter,andconditionof thepipe used.
Friction lossincreaseswith agedueto encrustationandsiltation,especiallyin smalldiameterpipes.
Potentialair trapsin siphonscanalsocauseexcessiveheadloss.Friction lossescanbe calculatedus-
ing formulas,but theycan bedeterminedmoreeasilyusinggraphsor tables.To usesuchagraph,
you mustknow thetypeofpipebeingused(galvanizediron, smoothplastic,etc.),sincefriction
lossesvary with typeof pipeandthedegreeofcorrosionorclogging. Thegraphin Figure4 canbe
usedto estimatetheheadlossfor galvanizediron or plasticpipes,accordingto thefollowing exam-
ple. Forexample,for an 80 mmgalvanizediron pipe200 meterslong ataflowrateof 6 liters/second,
theheadlossis 2.2 metersper 100 metersof pipe(seedottedline anduppercircle on Figure4). The
total headlossis then2.2 x 2 or4.4 meters.Otherfriction lossesoccuraswatermovesthrough
valves,bends,andotherfittings. Thesearecalledminor losses.Additional friction losstablesand
figuresfor awider rangeof pipetypes,diameters,andminor lossesfor pipebendsandfittings are
given in AppendixB.

Example2 showstheimportanceof usingpipethat is the right sizeto saveon energycostsby mini-
mizing headlosses.Onecommonrule ofthumbis thatpipesshouldbe sizedsothat friction losses
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Figure 4. A Pipe Friction Loss Chart
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Example 2: PIpe Friction (Head) Loss
Find the friction loss in meters of head for a horizontal smooth plastic pipe that is 250
meters long and 80 mm (3 inches) in diameter. The pipe has four 90 degree standard
elbows and two open gate valves. Water is being pumped through the pipe at a rate of 4
liters per second (l/sec).

Determine the total equivalent length of the pipe by looking at the Fitting Losses table in
Appendix B. For a 90 degree standard elbow, the equivalent length for an 80 mm elbow is
2.3 meters. The equivalent length for an open gate valve is 1.0 meter. Therefore, the total
equivalent length for four elbows and two gate valves is:

(2.3x4)+(1.0x2)= 11.2 meters.

Adding this value to the 250 meter pipe length gives a total equivalent length of 261.2 1
meters. There are two tools given to calculate friction loss, a chart and a nomograph. First,
look at the friction loss chart on the previous page. Along the bottom axis of the chart (flow
in liters per second), locate 4 I/sec. Move up to the 80 mm pipe diameter line (the lower
small circle on the chart), then across to the left axis titled Friction Losses (in meters per
100 meters of equivalent length), and read 1.0 meter. The total friction loss is then:

(261.2 x 1.0)/100 = 2.6 meters.

Since this chart is for cast (galvanized) iron, multiply the answer by 0.8 (for new plastic) to
get 2.1 meters friction loss. I
The second way to find the friction loss is to use the nomograph for new plastic pipe in
Appendix B, page B-4. Start on the left-most axis (flowrate in 1/sec) at 4 I/sec. Draw a line
(shown) across the next axis to the right (pipe diameter) at 80 mm, and read 8 rn/km on
the third axis (friction loss in meters per kilometer of pipe). The total friction loss from the
nomograph is then:

(261.2 m x 8 m/km)/i 000 rn/km = 2.1 meters (same as the chart).

Now, suppose you want to save some money and use cheaper, smaller diameter (say, 50
mm) pipe. Following the same procedure as above, you can calculate the total equivalent
length to be:

(1.5 x 4) + (0.7 x 2) + 250 = 257.4 meters. I
Again referring to the friction loss chart (or the nomograph), the friction loss is 8.2 x 0.8
(for plastic) = 6.6 meters per hundred meters length. The total friction loss for 257.4
equivalent meters of pipe is then: 1
(257.4 x 6.6)/i 00 = 17 meters (confirm this with the nomograph).

This is more than eight times as much friction loss as with the 80 mm pipe, and would I
increase the power requirement of the pump and engine. The water velocity in this case is
about 2 m/sec, well above the recommended limit of 1-1.5 rn/sec. Note that for old pipe
with encrustations, the friction loss is 1 .7 times greater than that shown on the friction loss I
chart for new galvanized iron pipe.

I
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arelessthan 10 percentof thetotal head.Anothercommonruleof thumb is that pipesshouldbe
sizedsothat watervelocity in thepipesneverexceeds1.5 rn/sec.For theexampleabove,for the 80
mmpipe,thewatervelocity is 0.87 m/sec,which fits thecriterion.For the50 mmpipe,it is 2.0
m/sec,which doesnot fit thecriterion. In additionto minimizingenergyrequirementsandcosts,

pipesizeselectionshouldalsodependon whatpipesizesare availablelocally.
Velocity

Velocity
headis ameasureoftheenergylost whenamoving liquid slowsdown,suchaswhen it

flows from apipeintoa storagetank.Forpurposesof systemdesign,it is measuredaspressureloss
in metersof water,calculatedusingthe formula:

velocity head (in meters)
v2 (~/~)

Formula #2
2x9.81 (m/~OC2)

wherev is theaveragevelocityof waterin thepipeand9.81 is aconstant.For mostsmall-scale
pumpingapplications,thevelocity headis smallandcanbe safelyignored.This canbe seenfrom
Example3 below.

‘ Pressure Head
Pressureheadis theadditionalpressurerequiredto pumpwaterinto apressurizedtank. Thispres-
surecanbe givenas additionalmetersorfeetof headusing the following conversion:

1 psi = 6.89 kPA = 2.306 feet of water = .703 meters of water (psi = pounds per square inch).

Example 3: Velocity Head
Determine the velocity head if water is being pumped at a rate of 10 rn3/h through a
100 mm galvanized iron pipe at sea level under normal atmospheric conditions.
First, find the velocity, v. The cross-sectional area of a 100 mm pipe can be obtained
from standard pipe size tables or by using the pipe inner diameter (see Appendix B)
and calculating the area from the formula:

A = it x (diameter)2 / 4 = 3.14 x (90.1 x 10 3m)2 /4 = .0064 m2

The velocity equals the flow rate divided by the cross-sectional area, so the velocity in
the pipe is 10/.0064, which equals 1568 rn/h or about 0.44 rn/sec. Using this result in
the formula above gives a negligible velocity head of:

“044m/ ~2
velocity head (in meters) = SOC) =0.01 m

2x9.81 (m/2)
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It will notoftenbe afactorin watersupplysystemsin developingcountries,sincepressunzedsys-
temsareseldomusedin rural areas. I
Using theapproachdescribedhere,totalpumpinghead(neededlaterto determinepumpingenergy
requirements)canbecalculatedby addingtogetherthe valuesfor eachofits components:

Total Pumping Head = Static Water Level + Static Discharge Head + Drawdown +

Friction Losses + Pressure Head + Velocity Head. I
2.3 Water Quality
Waterqualitycertainlyis importantin determiningwhetherthewatersourceis suitablefor human
andanimalconsumption,but it alsomayhavean impacton pumpingequipmentselection.Water
sourcesshouldbe assessedusing theWorld HealthOrganization(WHO) drinkingwaterstandards6,
particularlyfor pathogenicorganismssuchasfecal coliform, aswell asturbidity, total dissolvedsol-
ids,chemicalcontaminants,(nitrates,nitrites,sulfates,fluorides,manganese,andiron) andheavy
metals(arsenic,chromium,cyanide,mercury,andcadmium)7.Unpleasanttaste(e.g.,high iron con-
tent)or smell (e.g.,hydrogensulfide)canalsomakeawatersourceunacceptable.Using unpolluted 1
groundwateris oneof themainjustificationsfor pumpedwatersystems.Manypeoplein developing
countrieshaveno choicebut to usepollutedsurfacewatersourcesdueto the lackof accessto
groundwater(seePhoto1). 1
Forpumpingequipment,thefollowing waterquality parametersindicatepotentialcorrosionwhen
their levelsare : 1

• pH (hydrogenion concentration)—lessthan7 meansthat thewateris acidic;

• dissolvedoxygen(DO)—greaterthan2 mg/I; I
• total dissolvedsolids (TDS)—greaterthan1,000mg/I, electricalconductivity cancause

electrolyticcorrosion;

• hydrogensulfide (H2S)—greaterthan 1 mg/I (which you cansmell);

• carbondioxide (CO2)—greaterthan50 mg/I;

• chlorides(Cl)—greaterthan500mg/I.

Any of theaboveconditionswhencombinedwith any otherone(or more)will increaseyourcorro-
sion problems.High conductance(above750micro-ohms),low pH (acidicwaterbelow 6.5),and/or
high TDS levels(above500 mg/I) indicateaggressivelycorrosivewater.Acidic water,evenwith low
conductanceor low TDS, is alsocorrosive.Otherwiseacceptablewaterwith high TDS levelscande-

6
InternationalStandardsfor Drinking Water,WHO, Geneva,3rdRevisedEdition, 1971.

7
A variety of watertreatmentoptionscanbe usedto dealwith manyof thesecontaminants.SeeSurfaceWater

Treatmentfor CommunitiesinDevelopingCountries,DanielOkunandChristopherShultz,WASHTechnicalReport
No. 29, September, 1984. 1

GroundwaterandWells,The JohnsonWell Company,p.454.
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Photo 1.

gradeequipmentsimply by an excessivewear,asparticlesmovingoverthepump’smovingparts
wearthemdown.

Corrosioncanbe chemicalorelectrochemical.Chemicalcorrosionoccurswhenacontaminantexists

in sufficientconcentrationto causecorrosionovera broadareasuchasasteelpumpcasing.Wherepossible,avoidusinggroundwaterwhich is acidic,hashigh concentrationsof dissolvedgasesor sol-
ids, orhashigh temperatures.If you mustusecorrosivewaterbecauseit is theonly option,thense-

lect pumpingequipmentthatcanresistthecorrosion.Using bronze,stainlesssteel(e.g.,forpumpcasings),orheavyduty plastic(for droppipes,or well casings)componentswill minimizecorrosion
problems.Minimizing watervelocity throughwell screensandpumpswill alsohelpreducecorro-
sion from sandanddissolvedsolids.

Thefollowing waterqualityparametersindicatepotentialencrustationproblemswhentheirlevels
are:

• pH—higherthan7.5;

• carbonate(CO3) hardness—greaterthan300 mg/I;

• iron (Fe}—greaterthan0.5 mg/I;

• manganese(Mn)—0.2mg/I in thepresenceofhighpH.

Hardnessis ameasureofthemineralcontentof water,primarily magnesiumandcalcium.Hardness
in therangeof 100 milligramsperliter (mg/I) is consideredacceptable,althoughup to 500 mg/I may
be acceptableif betterqualitysourcesare unavailable.As hardnessincreases,encrustationandscal-

A woman in Somalia collecting polluted drinking water from the only
nearby available water source.
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ing on pipesandpumpcomponentsis morelikely. Overtime, this increasespipefriction andde-
creasesthediameterof thepipe,thusaffectingthepumpingrateandincreasingthepowerrequire- I
ments.Scaledepositioncanalsodecreasewell efficiencyandmayevenleadto the lossof a well in
extremecases. 1
2.4 Water Availability
Wateravailability is thepercentageof time wateris availableto usersduring aspecifiedperiod.This
figure is never100 percent,sinceeverysystemeventuallybreaksdown orneedsto be temporarily
takenoutof servicefor maintenance.Availability canalmostalwaysbe increased,but it canbe in-
creasinglyexpensiveto do so aboveacertainlevel. Pumpedwatersuppliesmaybe unavailablefor 1
threereasons:themechanicalsystemfails (e.g.,themotorstops),thesourcebecomesinaccessible
(e.g.,thewatertabledropsbelow thepumpintake),or theenergyresourcefails (e.g.,thewind stops,
thedieselfuel runsout, or thesunis coveredwith clouds).A gooddesignpracticefor waterpump-
ing systemsis to focuson ensuringan acceptablelevelof wateravailability, which dependson:

• equipmentreliability;

• variationsin waterandenergyresources;and

• theavailability of backupequipmentandwatersourcesin theeventof asystemorsource
failure.

Thereliability of differentkindsof pumpingequipmentandsystemdesignscanvary considerably,
but reliability usuallydependson the qualityof equipmentandregularmaintenance.Usually,better
equipmentcostsmore,andtherearetrade-offsbetweenbuyingasystemthat hasa high capitalcost
andlow O&M requirementsversuslow-costequipmentthat needsa high levelof O&M. Usersmay
haveto makecompromisesif they lack adequatefundsfor high-qualityequipment.However,the
mosti~po~tstrategyfor preventingproblemsandminimizingcosts is to know the limitationsof
thewatersourcebeforeyou choosea system.

2.4.1 Reliability—Equipment and System Design
Reliability is usuallymeasuredasthemeantime betweenfailures(MTBF), given in hoursof opera-
tion. This meansthaton theaverage,acomponent(e.g.,pump,engine,or belt),if properly
maintained,canbe expectedto fail afterthemeantime betweenfailureshaselapsed.Better(and
oftenmoreexpensive)componentsor systemshavealongerMTBF. Usually, it is verydifficult to
find this informationfor differentcomponentoptions,so systemdesignersmustrely on recommen-
dationswhenchoosingdifferenttypesorbrandsofequipment.However,MTBF doesnot depend
simply on thequality of thepartsused.Reliability is alsoverydependentupon otherfactorssuchas
thereadyavailability of sparepartsandpeoplewith technicalskills to maintainandrepairequip-
ment.

Systemdesignersusually try to pick componentswith thehighestefficiencythat theycanafford (see I
Section4.1 for an explanationofefficiency).Sometimesnewequipmentwith purportedlyhigheffi-
ciencyis usedin asystem.Only later mayusersdiscoverthat thenewpartfunctionswell for ashort
time butdoesnothavetheexpectedreliability andfails prematurely.In general,useproven compo-
nentsthat you and local techniciansarefamiliar with or that have proven themselvesthrough
long andsteadyuseelsewhere,rather than buying the latest innovation. Letsomeoneelseexperi-
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mentwith newor unfamiliarunits. In the longrun,provenreliability is much moreimportantin re-
ducingthe costof waterdelivery thana small percentagedifferencein operatingefficiency.Having
saidthis, alwaystry to usethemostefficientsystemcomponentswhich havegoodreputationsfor re-
liability.

Gooddesigncangreatlyincreasewateravailability.For example,thelevel andthequality of the
waterin rivers,springs,and wellscanfluctuateseasonallyandannually.Systemdesignshouldtake
expectedandunexpectedchangesin thewatersourceinto consideration.Strategiesfor dealingwith
suchchangesinclude:

• mountingboreholepumpswell below thelowestexpectedwaterlevel,mountingriver
pumpson anchoredfloatswith flexible dischargehoses,andusingappropriatescreens(for
both groundwaterandsurfacewaterpumps)to preventcloggingandsubsequentdamage
to pumpsandmotors;

• usingsafetydevices—circuitbreakerson motorsto preventoverloading,overheating
cutoff switchesto preventseizingin pumpsormotorswhenwaterlevelsdropbelowthe
intake,andpressure-reliefandbackflow valvesin dischargelines; and

• designingadequatestorageto meetdemandduring short-termsystemoutages,expectedor
unexpected—remember,eventuallyevery systembreaksdown.

There are other approacheswhich canincreasewater availability. In mostcommondesignproce-
dures,componentssuchas enginesandpumpsaretypically oversizedto a certain extent. Sincef pumpsrequiremorepowerto startthemturning thanto keepthemgoing,motorshaveto supply
higherstartingthanrunningtorque(seeChapter5 on dieselengines).Forelectricmotors, thismeans

more ampsmustbe deliveredto themotor.Thus,motorsandpowersupplies(e.g.,PV arrays,orwind-pumprotors)mustbe sizedlargeenoughoruseappropriateelectroniccontrolssotheycanpro-vide enoughpower(as muchasfour times thenormalrunningtorquein somecases)to startthesys-
tem.

Componentsmustalsobe somewhatoversizedoversizedto accountfor gradualdegradationofper-
formanceandgrowthin demandoverthesystem’sexpectedlifetime. Forexample,pipesgetclogged

due to scalingovertime, therebyreducingthediameterthroughwhich watercanflow. This in-creasesthetotalpumpingheadand,for a givenpowerinput, reducestheflow ratethroughthepipe.
Similarly, aselectricalcomponentswear,voltage lossesoccurthatreducetheoutputof electricmo-

tors. As dieselenginesbecomecarbonizedandwornwith use,theyproducelessshaftpowerto drivepumptransmissions.Theseandothertypesofsystemperformancelossesmeanyou mustbeginwith
a slightly largerpowersourceif you expectacertainamountof waterdeliveryfive or tenyearsafter

thesystemis installed.Guidelinesfor componentsizingthat addresstheseproblemsaregiveninChapters5 through8.

The needfor preventivemaintenanceto increasesystemreliability cannotbe overemphasized.Pumpsandmotorsrun better(i.e., moreefficiently and atalowercostperunit ofwaterdelivered)
whentheyareregularly maintained.Nonetheless,manysystemsarenot properlymaintained,fora

variety
ofreasons.Usersmaynotunderstandtheneedfor regularmaintenance,maynotknowhow

to do performthemaintenance,or haveaccessto technicianswith theknowledge.Theremay be a
shortageof spareparts,or moresimply a shortageof moneyto buy them. Chapter9 discussesthese
problemsin detail.
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Everypumpingsystemwill eventuallyfail. Systemdesignershavearesponsibilityto considerhow
userswill dealwith suchfailures.You mustdeterminehow long an outagewill be acceptableto us-
ers(i.e., how will theygetwateruntil the systemis put backinto operation?),rememberingthat no
systemgiveswater 100percentof the time. Unlessthesituationis very unusual,theright spareparts
orpeoplewith appropriatetechnicalskills will not be on handatthe siteto fix a systemimmediately I
afterabreakdownoccurs.Thus,outagesoftenlastseveraldaysor morebeforepartsandmechanics
canbe foundto fix theproblem.

2.4.2 Backup and Hybrid Systems
Systemdesignshouldtakeinto accountwaysofdealingwith maintenanceproblems.First, you need
to havesomeideaof whatproblemswill be causedby evenbrief outages.Dopeopletypically store
thedrinkingwaterneededfor severaldaysat theirhouses,or do theydrawwaterseveraltimesaday
becausetheyhaveno off-site (i.e., in theirhomesoryards)storage?if thereis little or no off-site
storage,acommunitystoragetankshouldbe big enoughto storewaterfor atleastone day, andpref-
erablytwo.

Second,backupsystemscanbe usedwhenevertheprimarysystemfails or is shutdown for mainte- I
nance.While thisalmostguaranteesthat you will alwayshavewater(so long as yourenergysource
is sufficient), it alsomeansthatthe systemwill be moreexpensive.Further,peopleoftendo not
placeahigh priority on maintainingbackupsystems.Backupsystemsmustbekept in goodoperat-
ing conditionso theyareavailablewhenneeded.Somepumpingsystemscaneasilybedesignedto
incorporatebackupenginesor energysources.Forexample,supposeaPV systemwith avertical-tur-
binepumpis drivenby apulley on top of thepumpshaft.Normally, thepulley is drivenby a belt
connectedto theelectric motor.A backupdieselenginecouldbe installedby mountingit sothat if
thesolarsystemfails,dueto equipmentfailure or simply to a lackof sun,thedieselenginecouldbe
usedto meetdemanduntil thePV systemis working again.Backupsystemswhich arefully inte-
gratedinto themain systemareoftencalledhybridsystems.Similarly,handpumpscouldserveas
backupsfor diesel,wind, or solarpumpingsystems,anddieselscouldbackup wind pumps.Forpro-
tectedopenwells, a bracket/pulley/ropesystemcould alsoserveasabackup.

A third solutionis to havemorethanonewatersupply system(pumpandwatersource).if onesys-
temfails or needsto be takenout of servicefor anyreason,thesecondwill still be ableto supply I
someminimumlevel ofservice.Of course,this requiresthe additionalexpenseofdiggingasecond
boreholeor openwell andinstallingandmaintainingasecondpumpingsystem.

Any suggestedsolutionfor handlingsystemfailure mustbe weighedagainstthecostof an unex-
pectedoutage—ifwateris unavailablefor acertainamountof time,whatare theconsequences?

• Can enoughwater be lifted by handto supplyatleastdrinking wateruntil thepumpis
fixed?

• Canenoughwaterbe truckedin or transportedby othermeans(e.g.,donkeycarts)?Are

theroadspassable,whatwould thiscost,and whowouldpayfor it?

• Would peoplehaveto travel to or temporarilymoveneareranotherwatersourceuntil the
systemis repaired?

• Whenwateris beingusedfor agriculturalpurposes,what happensif the crop fails?
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Thecostsof theoptionsdiscussedaboveor similaremergency-reliefmeasuresmustbe weighed
againstthecostofa backupsystem,additionalstorage,or developingotherwatersources.
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Chapter 3: Energy Demand and Resources

An importantaspectof choosingpumpingequipmentis determiningtheenergyrequiredto pump
waterandassessingwhat energysourcescouldbe utilized. This chapterdemonstratesthemethodfor
calculatingenergydemandanddiscussesthecharacteristicsandlimitations of avarietyof energyre-
sources.

3.1 Hydraulic Energy Demand
Energyis thecapacityto do work. Forpumpingor lifting water,hydraulicenergyis thecapacityto
moveaspecifiedvolumeof wateragainstacertainhead.Energyis expressedin joules,horsepower-
hours,watt-hours,or (mostcommonly)in kilowatt hours(kWh). Poweris therateatwhich work is
performed,measuredin horsepowerorWatts(orkilowatts, kW). OneWatt ofpowerusedfor one
houris one Watt-hour.OneWattusedfor 1,000hoursis onekWh.

Both termsareimportantin determiningthecorrectsizefor pumpingequipment.Enginesormotors
areusuallyratedin termsofpoweroutput(kilowatts orhorsepower).Theenergyrequirementindi-
cateshow long thatpoweroutputmustbe sustained,typically overaday. Powerin watts is:

Thehydraulicenergyrequiredto lift acertainvolumeof wateris givenby thefollowing equation:

Power(Pw)=9.8lxHxQ Formula#3

where Pw = power (Watts)

H = total pumping head (meters)

0 = volume of water pumped (liters per second, 1/sec)

Eh=~’~ Formula #4

(3.6 x 106)xT~

where Eh = hydraulic energy in kilowatt-hours (kWh)

pw = densityof water (1,000kg/rn3)

g = gravitational constant (9.81 mIs2)

= efficiency of pump (in percent—see below)

QD = volume of water pumped (m3/day)

H = total pumping head (meters)
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Substitutingthegivenconstants(9.81, 1,000,and 3.6), theequationsimplifies to

(.00273xQDxH)
~ E~

1~
Formula #5

~

Thetheoreticalamountof hydraulicenergyEh requiredto pumpagivenamountofwateris directly
proportionalto theheadandthedaily waterdemand.Thus,strictly in termsof hydraulicenergyre-
quirements,pumping20 m3/dayfrom a headof50 metersis thesameas pumping50 m3/day
through20 metersof head.Takentogether,theheadanddaily waterrequirementdeterminetheen-
ergy demand.However,this convenientsimplificationdoesnot takeinto accountdifferencesin fric-
tion losseswhenwateris pumpedthroughdifferentlengthsanddiametersofpipe.

ThehydraulicenergyrequirementcalculatedusingFormula#5 aboveis significantly lessthanthe
actualenergyneededto movewaterbecauseof inefficienciesin systemcomponents(pumpsanden-
gines).For example,theenergyefficiencyof converting:

• dieselfuel to pumpedwaterrangesfrom 5 to 20 percent;

• solarirradiationto pumpedwateris 3 to 5 percent;

• wind energyto pumpedwateris on theorderof4 to 8 percent;and

• foodstuffsto waterpumpedby humansis anywherefrom 5 to 10 percent.

Whencomparingdifferenttypesofpumpingsystems,theseefficienciesby themselvesdo notdeter-
mine thebestchoice.Othersystemcharacteristics—suchascost,easeofmaintenance,andcapac-
ity—are alsoimportant.However,for aspecific typeof system(e.g., wind pumps),efficiencyis an
importantconsiderationin choosingbetweencompetingwind systems.Themostimportantenergy
considerationis whethertheavailableenergyresourceis sufficientto meetthepumpingrequire-
ment.

Eachcomponentof amechanicalsystem(e.g.,motor,pump,transmission,etc.)hasits own effi-
ciency,which is theratio ofthepowerout to thepowerin. Electricmotorefficienciesareusually
about65-90percent(higherfor largersizes),andpumpefficienciesrangebetween40-75percent,de-
pendingon how well thepumpis matchedto its load(i.e., theheadandflow--seeChapter4). For
convenience,wewill refer to thecombinedpump, motor,arid transmission(theentiresubsystem)ef-
ficiency asthe“subsystemefficiency.” If pumpsare normallypurchasedin an integralunit with the
motor(suchasasubmersiblepump),peoplecommonlyreferto thecombinedpumpandmotoreffi-
ciencyas thepumpor subsystemefficiency.Forexample,if themotorefficiencyis 80 percent,the
pump(by itself) efficiency70 percent,andthe transmissionefficiency75 percent,thesubsystemeffi-
ciencyis theproductof eachindividualcomponent’sefficiency.

Subsystem efficiency = motor efficiency x pump efficiency x transmission
Form

efficiency
ula 4W

Accordingly,thesubsystemefficiencyin this caseis 0.80 x 0.70x 0.75 = 42 percent.
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Example 4: Hydraulic Energy Requirement

Notethat you canmeetthe20 m3/dayrequirementby pumping20 m3/h for onehour,or by pumping

20 m3/dayin 6 hoursat3.3 m3/h.Thechoiceofflow ratedoesnotchangetheenergyrequirementper se(althoughif you usethe samesizepipe,your friction losseswill increasegreatly),butdoesde-
terminethepoweroutputrequirementfor thepumpingdevice.DieselenginesandPV modules,in

particular, areratedin unitsofpower.This factis importantin latersectionson engineselection.

3.2 Energy Resources
Traditionalenergyresourcesfor deliveringwaterincludegravity,handlifting, andwind energy.

Over thelast70 yearspetrochemicalfuelsandelectricityhavebeenutilized. Overthe last tenyears,solarenergyhasbeendirectlyconvertedto electricityto run speciallymodifiedpump/motorsys-
tems.Onebasicaspectof thepumpselectionprocessis evaluatingtheavailability of andpotential

for usingdifferentenergyresources.In nearlyall cases,if watercanbe deliveredby gravity, it islikely to be themostreliableandcost-effectivesystem.However,if thecapitalcostofa longpipe-
line orchannelsis high, or waterquality is not suitablefor theintendeduse,or (morecommonly)

you
simply needthewateruphill from theavailablesource,pumpingsystemsmustbe considered.

Thefollowing sectionsprovideguidelinesfor determiningtheresourceinformationneededto make
apreliminaryevaluationof pumpingequipmentoptions.

A.What is the theoretical hydraulic energy required to pump 20 m3/day against 75
metersof head?

From Formula #5,

Eh (in kWh) = .00273 x 20 m~/dayx 75 m

4.1 kWhEh=
11

B.lf the pump (only) efficiency is 60 percent, how much energy must actually be
provided by an engine?

Eh = 4.1 kWh/.60 = 6.8 kWh

C.lf water is pumped over a six-hour period, what is the required mechanical power
outputfrom the engine?

power = energy/time

6.8 kWh/6 hours = 1.1 kW
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3.2.1 Hand Lifting and Carrying
Otherthan gravityflow, lifting andcarryingwaterby handis theoldestmethodof movingit from a
sourceto a destination.Manyhand-operateddelivery systemshavebeenusedaroundtheworld1.
Themajorlimitations of handlifting arethesustainableenergyoutputofhumansandtherelatively
smallwaterdelivery rate.Handlifting canincludeeveryoptionfrom aropeandbucketto modem,
high-efficiencyhandpumps.Rememberthatundercertaincircumstances,thebucketandrope
methodofdrawingwatermaybe perfectlyappropriatefor somesites.Do not dismisstheno-pump
optionbeforeconsideringit thoroughly.

A human’smaximumcontinuouspoweroutputfor shortperiodsis about100watts(0.1 kW). This
cannotbe sustainedoverthecourseof aday. Foran averageadultmale,theenergyoutputoveraday
is about0.2 to 0.25 kWh. Assumingapumpthatis 70 percentefficient, thiswould amountto pump-
ing only 3.2 m3/dayfor a headof 20 meters(from Formula5). With multiplepumpers,which would
usuallybe thecase,0.75 to 1.0 kWh (or about13 m3of water)couldbeproducedovera day.

Theseconditionsseverelylimit theamountof waterthatcanbedeliveredusinghand-operated
pumps.However,if theenergyrequirementis smallbecausethewaterrequirementand/orheadare
very low, anda willing laborforce is available,human-poweredsystemsshouldseriouslybe consid-
eredasa low-cost,low-maintenanceoption.Themain questionwould bewhetheror not daily water
demandcouldbe metwith handpumps. I

3.2.2 PetrochemIcal Fuel and Electrical Energy
Petrochemicalenergysources—dieselfuel, gasoline,andkerosene—arewidely availablein nearly
everycountryin theworld (thereare,of course,periodicshortages,pricefluctuations,andfueldeliv-
ery problems).Nevertheless,it is importantto considersystemoperatingcosts,aswell aswhether
theyareandwill continueto be reliablyavailablein thequantitiesneededto meetdaily energyre-
quirements.Sincegasolineandkeroseneenginesarenot nearlyso commonas dieselenginesfor
pumpingwaterandaregenerallymoreexpensivefor mostsmall-scalewaterpumpingneeds,they
will notbe discussedfurtherhere,althoughthesamedesignandcostestimationapproachcouldbe
applied.

Fuel availability andcostsdependon manyfactors,including: I
• supplyat thenationallevel;

• reliability of nationalandregionaldistributionsystems—publicandprivate,formaland I
informal;

• priority allocationschemes—fuelmaybe allocatedordivertedto governmentprojects, I
importantindusties,orpolitically well-connectedregionsor individuals;

• local variationsin demand—anunexpectedlyhighperiodicdemandsometimesdepletes
local fuel supplies;and

I
Seeparticularly WaterLiftingDevices,Fraenkel,P.,1986.
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• othermarketdistortions,suchas fixed governmentpricesappliedin onearea,whenblack
marketingbrings much higherpricesin anotherarea.

Thesuitability ofelectricallyoperatedpumpsdependson their proximity to theelectricitygrid and
thereliability of service.Sincegrid poweris uncommonin manyruralareasofdevelopingcountries,
grid-electricpumpswill not be consideredfurtherhere.However,in mostcaseswherereliablegrid
poweris availableatasite,electricpumpsarethepreferredsystemfor technicalandcostreasons.
Electric motor/pumpsystemscanbeanalyzedusingthesameprinciplesgiven in the solarelectric
pumpsection.

Theappropriatenessof adiesel,electrical,or anyotherpumpingsystemis basedin parton pasten-
ergy availability, its likely availability in the future,andthedegreeof systemreliability that is re-
quired.Whenconsideringdieselor electricpumpingsystems,you shoulddeterminewhetherpast
problemswith energyavailability andfluctuationsin fuel costsaregreatenoughto warrantconsider-
ing othertypesof systems.

Dieselenginesareavailablein essentiallyany ratedpoweroutputbetween2.0kW and20 megawatts
(MW), sofindingequipmentwith therightcapacityis generallynot a problemexceptfor very small
outputs(lessthan2.0 kW). A full discussionoffactorsaffectingdieselfuel consumptionratesand
methodsfor calculatingconsumptionandpoweroutputaregiven in Chapter5.

3.2.3 Solar Radiation

The performanceof a solarpumpingsystemis proportionalto the solarenergyfalling on thePV ar-ray (thesetof solarmodulesthatproduceelectricity).Solarenergy(or irradiation)is measuredwith
a pyranometer,which givesreadingsiq,powerperunit ofhorizontalareain WattsorJoulesper

square meterpersecond(W/m2 orJ/mThec).Thesepowermeasurementsareinteg~atedovertime(usuallyaday) to giveenergyin kilowatthoursper squaremeterperday (kWh~(mday) or mega-
joulespersquaremeterperday (MJ/m2day).Theconversionratio is 1 kWh/rn day to 3.6 MJ/m2day.

As an example,agoodsolarradiationday in asemi-aridclimateatlessthan25 degreeslatitudeis
about6 kWh/m2day(or 21.6MJ/m2day).One peaksunlighthouris definedas 1 kWh/m2. Thelitera-

tare
of somePV pumpmanufacturersrefersto thenumberofpeaksunlighthoursasa wayof

quickly estimatinglocal solarradiationlevels.Rememberthat irradiationcanvaryconsiderablyover
aday,month,oryear,dependingon local weatherconditionsandlatitude.In addition,annualaver-
agescanvary significantly from oneyearto thenext.

Solar andwindpumpsizingis basedon theconceptofthedesignmonth,which wasmentionedin

Chapter 2. During thedesignmonth,the ratioofavailableenergy(monthly averagesolarirradiationor wind speed)to thehydraulicenergyrequirementis at its lowest(seeExample14 in Section
7.3.2).In general,solarpumpingsystemsarenotcost-effectiveunlessirradiationduringthedesign

month is greaterthanabout5 kWh/m2day.Again, this guidelineis somewhatflexible, dependingonsite-specificcostsandoperatingconstraints.World-widemapsof solarradiationdatado exist2,but
thosedataarenotpreciseenoughto beusedasthebasisfor a site-specificsystemdesign.

2
SeeSolarWaterPumpingHandbook,KennaandGillett, if Publications,1985.
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To assessPV pumpsuitability andperformancethe following informationis needed,ata minimum:

• theaveragedaily solarenergyavailableat thesiteduringeachmonthof theyear;and

• theaveragedaily temperaturefor eachmonth(becausePV arrayoutputdecreasesas the
operatingtemperatureincreases). I

Normally,wind or solardataarenot availablefor thepump site,but theymaybe availablefor some
othersitenearby.As is trueof wind speed,solarirradiationis partiallydependenton the terrainand
microclimate.However,solarirradiationis generallynot so variableas wind speed,noris the
amountof availablesolarenergyso sensitiveto theamountofirradiationas windenergyis to wind
speed.Hencetheeffectsofdifferencesbetweendesignsitedataanddatarecordedat nearbymeteoro-
logical sitesarenotaspronouncedfor solarasfor wind-energysystems.Thus,solarirradiationdata
from pyranometersitesthatareas far awayasseveralhundredkilometersmaybe acceptable.This is
fortunateastheworldwidenetworkof stationsmeasuringsolarirradiationis muchmorelimited than
that for wind measurements.Variationsin theamountofirradiationdependon how different themi-
croclimateat theproposedpumpinglocationis from that attherecordingsite.

Theelectricalenergyproducedby aPV arraydependsnot only on theoperatingtemperatureand in-
cidentsolarirradiation,butalsoon thesizeof thearrayandtheangleatwhich it is tilted up from the
ground.Themorenearlyperpendicularthearrayis relativeto thesun’srays,themoreelectricalen-
ergy will be produced.Detailson solarpump sizing,basedon theenergy-resourceinformationdis-
cussedhere,areprovidedin Chapter6.

3.2.4 Wind Regimes I
To evaluatethepotentialuseof wind as an energysource,measurementsor estimatesmustbe made
of localwind speedsoverthecourseofa year.Theenergyoutputof a wind pumpis directly propor- I
tional to poweravailablein thewind overtime. The water outputfor aparticularwindmill is propor-
tional to theenergyavailable,which dependson wind speedandrotordiameter,andinversely
proportionalto thetotal head. I
Thewind patternorregimecanbe characterizedapproximatelyby an averagespeed(measuredin
rn/secor miles perhour[mph]atagiven height)over agivenperiod,usuallyamonth.Generally,
windmills shouldnotbe consideredif asite’s averagewind speedduring themonthwith lowest
speedsis less than3.5 rn/secor the totalpumpingheadis over60 meters.However,acombination
of many siteandcostfactorsfinally determinesthe lowestaveragewind speedatwhich windmills
areapracticalalternative.

Mostpeoplewill not wantto measurethewind at theproposedsite for a yearbeforedeciding
whetherto purchaseasystem;however,windspeeddataareoccasionallyavailablefor nearbysites
as hourly averages,andmore oftenasdaily or monthlyaverages.To assessthelocation’ssuitability
for windmills andto estimateperformance,monthly averagewind speedsnearthesitearerequired
for aperiodofat leastoneyear.If available,recordeddatafor longerperiodsarevery usefulin as-
sessingwhetherthat yearof datais an accuraterepresentationoflong-termwind speedsat thesite.
Themoredetailedthewindspeeddatausedin systemdesign,the moreaccuratethepredictionof the
performanceofparticularwindmills.

I
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At a minimumthe following informationis neededaboutthewind regimeto assesswindmill per-
formance:

• monthlyaveragewind speedsoverthecourseof oneyear(usedto determinethemonths
with low wind speedsandto identify thedesignmonth);

• thelocationand heightof therecordinginstrumentsused,sincewind speedvarieswith

height;and

• adescriptionof the terrainwhere thewind speedswererecorded,andthetopography
betweenthat locationandtheproposedpumpsite (trees,hills, andotherfeaturescan
dramaticallyaffect wind speeds).

A discussionof thecalculationsandcorrectionsrequiredto chooseawindmill andpredictits per-
formanceis providedin Chapter7.

3.2.5 Energy Resource Data
It is importantthat informationon energyresourcesbe ascompleteaspossible.In mostcases,this
meansgatheringdatalocally. Sitevisits arehighly recommendedfor recordingimportantresource
parametersandassessingexposureandterrainconditionsrelevantto possiblewind orsolarenergy
use.In additionto datacollectionatthesite,othersourcesof informationon energyresourcesin-
c ude:

• thenationaldepartmentof meteorologicalservices;

• airportsanddepartmentsof civil aviation;

• universityorpolytechnicsciencedepartments;

• thecountry’sdepartmentofagriculture;and

• agenciesresponsiblefor energy,mines,and/ordams.

Additional sourcesof informationconcerningtheenergyresourcesdiscussedin this sectionare
briefly describedin theannotatedbibliography(AppendixA). Local estimatesof variability in wind
orsolarresourcesmayalsobe helpful,especiallyif little or no otherdataareavailable.Talkwith lo-
calpeopleabouttheir perceptionsof areaweatherconditions.Theirperceptionsmaybe particularly
usefulin assessingdaily variationsin resourcelevels,suchasperiodsofcalmorcloudcover.While
suchinformationmaynotalwaysbe accurate,rememberthatmostvillagershavebeenliving in the
sameplacefor a long time and,thus,maybe ableto verify datafrom distantweatherstations.

35



_ — — — — — — — — — — — — — — — — — — —



Chapter 4: Available Eguipment—Pumps and Drivers

Pumpsareselectedbasedon therequiredflow rateandhead.Theengineis thenchosento matchthe
pump’spowerrequirements.This chapterdiscussesthebasicoperatingcharacteristicsofpumps
(i.e., pumpcurves),thedifferentkinds of waterpumpsavailable,andselectingthepumpwith suit-
ableoperatingcharacteristicsto meeta particularneed.As you might expect,certaintypesof pumps
areappropriatefor certainapplications—specifichead,flow rate,andwaterquality conditions.The
advantagesanddisadvantagesof variouskindsof pumpsandtheir suitability for usewith different
typesof engines(referredto more generallyasdrivers orprimemovers)arealsocoveredin this
chapter.Thefinal sectionofthis chapterdescribestheadvantages,disadvantages,andmostappropri-
ateapplicationsfor thefour typesof pumpdriverscoveredin this manual—diesel,solar,wind, and
humanpower.

4.1 Pump Characteristics
Themostimportanttechnicalcharacteristicfor predictingpumpperformanceis thepumpcurve.

Pump curves(seeFigure5 for two examples)showapump’s operatingrangein termsof totalhead,flow rate,andefficiency.While eachpumpmodelhasauniquepumpcurve,different typesof
pumpshavecharacteristiccurves.Figure5a showstypical pumpcurvesfor a verticalturbinepump

andFigure5b for apositivedisplacementpumpoperatingata varietyof differentspeeds(notethattheaxesarereversedin thetwo figures).Thesepumpperformancecurvesalsoincludepowercon-
sumptionandefficiencycurves.In Figure5a, thecurvelabeled~~H(Q)uis the head/flowcurve, the
curvelabeled“i%” is efficiencyandthecurvelabeled“F’ is power.Efficiency curvescanbe used
to refine systemdesignby helpingyou to chooseapumpthatoperatesmostefficiently for yoursys-

tem’s

total head.The “operatingpoint” or “designpoint” is thepoint on thepumpcurvewhich
matchedthetotalpumpingheadfor yoursite.If efficiencycurvesarenotavailable,you cancalcu-
late themgiventhepumpinghead,flow rate,andpowerrequirement,using the energyrequirement
calculationpresentedin theprevioussection.Example5 explainshowto useapumpcurveto fmd

flowrate andefficiencywhenyou know totalpumpinghead.
Theefficiencyof thepumpingsystemandits componentscanhavea considerableeffect on recur-

rentcosts.A systemwith lowerefficiencyconsumesmoreenergypumpingagivenamountof waterthana similarsystemwith higherefficiency.However,thereareoften trade-offsbetweenhighereffi-
ciencyandlower capitalcosts.Overallefficiencydependson eachsystemcomponent(e.g.,pump,

engine, andtransmission)andhowwell the systemwasdesignedto matchthephysicalcharac-
teristicsof thewatersource.Often,moreefficientcomponentscostmore,justas longer-lasting
equipmentcostsmore(this is particularlytrueof dieselengines).Thesystemdesigner’staskis to
pick themostefficient anddurable,well-matchedcomponentsfor themostaffordablecost.

To determinetherequiredflow rateandhead,you mustknow thecharacteristicsof yourwater

source,
asdiscussedin Chapter2. Generally,it is recommendedthat theaverageflow rate,in cubic

metersperhour(m3/h)or liters per second(1/sec),shouldbe no morethanabout70 percentofthe
maximumsustainableyield of thewell or otherwatersource.This will help minimizethepossibility
of over-pumpingthesourceandwill reduceexcessivedrawdown,thusminimizing theheadanden-
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Figure 5. Pump Performance Curves
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Example 5: Pump Performance at a Given Head

What is the flow rate of the pump in Figure 5a when the total system head is 7
meters? What would it be if the head were increased to 9 meters? What is the
efficiency andpowerrequirementat eachpoint?

A. From Figure 5a, the operating point (Point A on the graph) of the BP-16pumpis 17
m3/h at a head of 7 meters.

B. Again from Figure 5a, if a ground tank added 2 meters to total system head
(making it 9 meters),thepump output would be reducedto about 10 m3/h (Point B on
the graph). When pumping head is increased (by pumping up to a tank, for example),
the volumeof wateroutputdecreases, since it takes more energy to pump to the
additional height of thestorage tank.

C. At 7 meters head the pump delivers 17 m3/h. To find efficiency, first locate the
operating point (C). Then move up or down to intersect the efficiency curve (here they
crossat thesamepoint). Readthevalueof theefficiencycurveat thatflow rateto get
about71 percent(readingoff theright sidescaleof thegraphto PointC). At 9 meters
headand 10 m3/h, from theoperatingpointat B movedownto intersecttheefficiency
curveat Point D. Thenmoveto the right axis to read60%.To find powerconsumption,
movedirectly downfrom the operatingpoints(C andB) to intersectthepowercurve,
then readthekW scalein the lower left cornerof thegraph.At 7m head,thepump
drawsabout0.5 kW (Point E). At 9 m headit drawsabout0.45 kW (Point F). In both
cases,powerconsumption(shownin the bottomcurve)is just below 0.5 kW.
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ergyrequirement.Below 70 percentof thewell’s yield, the flow rateis determinedby thewaterde-
mandin cubicmetersper day (m3/day)andnumberof hoursyou wantto operatethesystem.

Theflow ratefor dieselpumpsis essentiallyconstantbecauseof theengine’sconstantoperating
speed.In mostcases,you wouldsimply choosetheflow rate(below the70 percentsustainableyield
limit) neededto meetyourwaterrequirementif thepumpis run six to eighthoursperday. Flow
ratesfor handpumpsgenerallydo notapproachthe limit on yield of thewatersource,but aredepend-
enton thespeedat whichthepumpis operatedmanually.Becauseof thecubicrelationshipbetween
flow rateandwind speed(seeChapter7), pumpingratesfor windmills canbe very high during
gusts.As ageneralrule, do notdesigntheoutputofa wind systemto be morethanone-thirdof the
source’smaximumdaily sustainableyield. Forexample,if thesourceyield is 3 m3/h(or 24 x 3 = 72
m3/day),a windmill shouldbe sizedto pumproutinelyno morethan 1/3 of thedaily 72 m3 yield, or
24 m3/day.

For solarpumpingsystemswithoutbatteries,outputvariesover theday (seeFigure 15, Chapter6),
with the maximumgenerallyoccurringaroundnoonwhenthesunis highestin thesky. Theaverage
daily flow rate(averagedaily outputdividedby numberofhoursof operation--usuallyabout8-10
hours)shouldbe no morethanabout70 percentofthewatersource’smaximumsustainableyield
Forboth thesolarand wind cases,usingthesedesignlimits will helppreventover-pumpingof the
watersource(andconsequenflylargedrawdown)duringperiodswhentheenergyresourceis strong.

Onelectric-submersiblepumpsetsthepumpandits motorareintegratedinto oneunit. Pumpper-
formancegraphsfor thesepumpsoftenshowmultiple headandflow curvesandefficienciesfor dif-
ferentmotorvoltages(seethesolarpumpcurvesin Figure6), or for differentmotorswith regular
alternatingcurrent(AC) submersiblepumps.Forexample,atpointA in Figure6, thepumpwill de-
liver 0.95 1/secat 25 m headat anefficiencyof49 percent,whenoperatingat45 volts. For PV
pumps,an additionalparameterthatspecifiessystemperformanceis the level of solarradiationin
theplaneof thearmy. For aparticularradiationlevel, apoint on thecurveindicateshow muchwater
thepumpwill deliverfor agivenhead.An exam~leof thesecurvesis givenin Figure7. Forexam-
ple,at PointA, at aradiationlevel of 6.5 kWh/rn -day (a typical bright, sunnyday in Sudan),the
pumpwill deliver22 m3/dayat50 m head.

Varioustypesof pumpshaveperformancecurveswith verydifferentshapes.Figure8 showstypical
curvesfor centrifugalandreciprocatingpumps.Understandinghow thesecurvesapply to aparticu-
lar situationwill helpyou to choosean appropriatetypeof pump. Forexample,if a well hasawater
level thatis seasonallyvariable(i.e., it dependson rainwaterfor recharge),thereareadvantagesto
choosingareciprocatingpumpover acentrifugalpump.if thecentrifugalpumpoperatesat themid-
dle (mostefficient) pointof its performancecurveduring thewetseason,whenthewaterlevel drops
off in dry monthsthetotalpumpingheadwill increase,thus reducingefficiencyandoutput.How-
ever,outputfor areciprocatingpumpis nearlyindependentof thehead.if thewaterleveldrops,the
systemwill continueto pumpnearlythesameamount(aslong as thewaterdoesnotdrop belowthe
level of thepump),but ata higherpowerconsumptionthanif thewaterlevel wereconstant.
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4.2 Advantages and Disadvantages of Different Pumps
Of themanytypesofpumpsareavailable,sevenarecommonlyusedin diesel,solar,wind, andhand-
pumpingsystems.Table2 givesa briefdescriptionoftheir typicaluses,advantages,anddisadvan-
tages.illustrationsof commondesignsforthesepumptypesareshownin Figure9. I

Table 2

Pump use Advantag.s Disadvantages

Self-Priming
Centrifugal

Surface-mounted motor
and pump for hIgh-
volume, low-head
apphcations, commonly
used for irngabng from
a river

Ease of Inatallation and access, low
starting torque,wide range of capabIlIties

LimIted 5-meter suction head, relatively Inefficient
compared b centrlfugais that have flooded Inlets
(such as submersible and shaft-driven units);
output greatly affected by variations In head

Submersible
Centrifugal

Down-hole,
medium-volume,
high-head, integrated
motor/pump unit

Motor is directly coupled to impellers,
easily cooled because submersed,
multi-stage to accommodata a wide range
ofheads; etrsighthess of well not crittcaJ;
no noise; no pumphouse necessary

Potantial problems with submerged splIced elec-
thcal cables, sandy or highly eaJine water causes
rapid degradation (water quaJity affects replace-
ment Interval for pump and motor since these are
submersed), high capital cost expensive to repair
(pump set requires removing unit from well);
requires electricity (cannot use other dnvers),
needs voltage fluctuation protection

Shaft-Driven
centrifugal
vertical (or
Deap Well)
Turbine

Down-hole.
medium-volume,
medium-head pump
dnven by rotary shaft

Surface-inountad motor offers ease of
maintenance, self-pnming; wide range of
capacItiesavailable; good sandFsilt
tolerance

Shaft losses reduce efficiency compared to
submersibles, shaft and borehole alignment are
cntical to proper operation; instailation is difficult;
output affected by vanations in head, difficult to
maintain (pump must be pulled for service)

Jet
MedIum-head,
medIum-flow,
down-hole pump and
surface-mounted motor

Low equIpment and meintensnci costs;
can be used beyond suction limit; vary
reliable, easy access to motor and pump
for maintenance; low starting torque,
least expensive intermediaw-head pump,
adaptable to very sniail wells (50 mm)

Relatively Inefficient compared to other types of
pumps

Positive-
Displacement
Reciprocating-
Piston (Jack)

High-head, low-flow,
down-hole piston and
~itinder.driven by
sucker rod from
surface, most
commonly used with
windmitts

can pump low flows against very high
heads; output is fairly independent of
head; simple design, easyto repair,
efficiency little affected bychanges in
head

Maintenance requires peno~creplacement of
leathers and cylinder; requires correct alignment,
more expensive than centnfugals of same size,
relatively Inefficient as leathers degrade; pulsing
flow; in PV systems (see chapter6) requires
battanea or power-conditioning units (PCUs) for
high starting current

Positive-
Displacement
Rotary

Medium- to high-head.
medium-flow, Mono ~
Moyno pumps

Generallywry robust output fairly
Independent of head, simple consthictlon;
self-pnming; good efficiency over wide
range of heads except for under 20
meters, no back-flow valve required,
speed of operation can be ed~ustadto fit
conditions without significant loss of
efficiency

Sand or very hard water can cause premature
degradation of rubber stators; requires gearing;
can overload motors if downstream valves are
inadvertently closed; installation is difflcutt
Although newly-developed nithie stators have
lower starting torque, in PV or wind systems
standard units require battery or PCU to supply
high starting torque

Diaphragm

Flow produced by
flexing diaphragm that
is generally used for
low-head, low-flow
applications

Few moving parts; tow intemal friction;
tolerant of send or other particulales

Low capacity, not appropnate for deep wells;
constant flexing causes diaphragm wear, fairly
uncommon type of pump
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Figure 9.
Types of Commonly Used Pumps
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FIgure 9 (continued)
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Thecommentshereconcerncommonlyused,commerciallyavailable,small-scalepumps(i.e., less
than 10 kW). Thefirst threeareall centrifugalpumps—theyall havea low startingtorqueandtheir
outputandefficiencyarevery dependenton theoperatinghead.

4.3 Pump Selection Considerations
Thereareseveralotherfactorsaffectingpumpselectionwhich,althoughdifficult to quantify,need
carefulconsideration.Theseinclude:

• reliability (oftenadirectfunctionofthecomplexityof thedesign);

• frequencyandcomplexityofmaintenancerequirementsandtechnicalskill levels,or
additionaltrainingneededto performmaintenancetasks;

degreeof usein your area—ifapumpis commonlyused,local mechanicsareprobably
familiarwith its operation,andsparepartsarelikely to bereadily available;and

• potentialfor standardizationofequipment,with thegoalof minimizing spareparts

inventoriesandtechnicaltrainingrequirements.
Pumpsareapplication-specificto anextent.Forexample,handpumpsclearlyhaveavery limited ap-
plication for irrigation. However,varioustypesof hand-operatedpumps—forinstance,rower
pumps,standardreciprocating-pistonhandpumps(e.g.,Dempsteror IndiaMarkII), androtary
pumps(Mono)—havebeenusedin severalcountriesfor micro-irrigation. Generally,river-pumping
applicationsfor watersupplyor small-scaleirrigation systems, which normally requirehigh flows at
low heads,usecentrifugalpumpsbecauseoftheir highcapacity,reliability, andeaseof maintenance.
Forapplicationsrequiringa high capacitysystem,surface-mountedcentrifugalsareemployedfor
low heads,andverticalturbinecentrifugalsfor deeperwells—botharerelatively inexpensiveand
theirmotorsareeasilyserviced.To providedrinking waterfrom wells, submersiblesorpositivedis-
placementpumpsarea morelikely choice.Theyareusuallymoreefficient, but theircapacityis
lower.

Thesearejust someexamplesofpump applications.Table3 showspracticalheadandoutputlimits
with variouspowersourcesfor theseand severalotherpumps.This informationis showngraphi-
cally in Figure10. To a largeextent,thechoiceofapumpwill be dictatedby constraintsassociated
with thewatersource—requirementsfor theheadandflow rate,well casingdiameter(if pre-exist-
ing) andthevariability of thesource.In manycases,any oneof severaldifferentpumptypeswill
performadequately.Theimportantpointis to choosea systemthat will operateefficiently andreli-
ablyunderthedesignconditionsatyoursite.

Theprocessof choosingthe right pumpfor yourparticularapplicationis asfollows:

• Chooseapumptypethat is appropriatefor yourparticularapplication,basedon headand
flow ranges,andtheadvantagesanddisadvantagesgiven in theprevioussectionandTable
2.

e Basedon an informal surveyof the local availability ofvariousmakes(manufacturers)
andmodelsof thetypeofpumpyou havechosen,selectthreeor fourmodelswhich best
fit thesiteconditions(meaningthat the head/flowoperatingpointyou havedeterminedis
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Table 3
(adapted from Hofkes andVlsscher1986,p.61)

Typ. of Pump Pump ~catugory Praclic.l D.pth
Rang. (m)

Capacity Rang.
(rv?/hr)

Common Pow.r
Sourc.

C.ntrlfugal Pump.

- -

- - - -

Single Stag.
SuthcuMo~nt.d

15-20 VarIable
Diesel f~ract~drive)*
Diesel (eIectil~
Grid elacvic
Solarelectric

Mutt-stag. SubmersIble 50-600 Variable
Grid elucbic
Diesel (atoctic)
Solar electric

Stt-Drr#en 15-80 VarIable

Gndolec~rc
Diesel (droct-drive)
Soar.le~
Wind

J.t

Shallow Well up toT 1-6
Grid electric
Diesel (electric)
Solar electric

Deep Well 20-60 1-3
Grid electrIc
Diesel (electric)
Solar electric

R.c~oclfflng Piaton

Shallow Well (*~rCliofl) up to 7

~__________
w~

beep Well 15-100 2-6

Diasel (dlmtrl-drtva)
~manw~
5~I1r~

Rotary Poaltiv.
DIaplao.m.nt

30-150 1-100

L.1- ‘*~~~)
Human
Solar electric
WInd (experimental)
animals (experimental)

Olapliraam 50 13 Muma~,
Wind (experimental)
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• Power sources are Usted in the order 01 most-common to least-common
a a diesel engine driving a generator to produca electricIty to run a pumps mo~r

Figure 10. Pump Application Range
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approximatelyin themiddleof theirpumpcurves).Makesurethat you usethe right pump
curvefor pumpspeed1,operatingvoltage(for electricsubmersibles),etc.

• If possible,talk to severalpeoplewho haveusedthepumpsto gettheiropinionson
reliability, easeofinstallationandmaintenance,availability ofspareparts,andcostof
repair;

• Pick themodelwhich hasthebestcombinationof highefficiency,low cost,reputationfor
reliability andeaseofmaintenance(this maywell be acompromisesolution).

4.4 Advantages and Disadvantages of the Drivers Covered in This Manual
As shownin Table3, certaindrivers aresuitablefor certaintypesof pumps.This sectiondiscusses
qualitativedifferencesbetweendriversand,whereappropriate,thepumpstheyarebestsuitedfor.

4.4.1 DIesel Systems
Dieselenginesarethestandardprime moverin mostofthedevelopingworld(seeChapter5).They
canbe usedto drive nearlyany typeof pump,eitherdirectly or throughan electricgenerator.Diesel
enginesarenormallycharacterizedby:

• low capitalcosts,but relativelyhighrecurrentcostsfor O&M;

• local familiarity with O&M due to existinginfrastructuralsupportnetworks(varying
widely in quality)of trainedmechanicsandspare partssuppliers(this canvary widely
from country to country,andevenby specificareawithin acountry);

• fuel availability that canbe highly variableandaffectedby seasonallydependent
transportationnetworks;

• fuel coststhat oftenvary seasonallybut aregenerallyincreasingin ruralareas(despite
currentdecreasesor stability in worldoil prices);

• on-demandpumpingcapability,asopposedto wind or solarpumps,which aredependent
on theavailability of variablerenewableenergyresources;

• equipmentthat is commonlyavailablefor essentiallyunlimited capacityin termsof head
andflow rate,exceptfor small loads(lessthan2 kW);

• relativeportabilityof smallerunits,which aregenerallyhigh-speed(exceptfor theolder
Lister-typeengines,which arecastiron andquite heavy);and

• theneedfor anattendantduring operation.

In general, the slowertheoperating speedofthepump,thelower themaintenance required. High speedpumpsdeliver
more water, but theirbearingsandothermovingpartswearout muchfasterthan slow speed pumps.
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4.4.2 Solar PVSystems
Solarpumpingsystems typically consistof a PV array(i.e.,thepowersource), power-conditioning
equipment,an electric motor,andapump(seeChapter6). Theyareusuallycharacterizedby:

• relatively high capitalequipmentcostsandlow recurrentcostsfor operation(sincethereis
no fuel requirement),maintenance,andrepairs;

• limited capacityfor commerciallyavailableequipment—upto 2.2kW peakpowerinput,
which canprovide about40 m3/dayfrom 25 metersofhead(althoughthis canvary widely
from countryto countryandevenfrom oneareato anotherwithin acountry)2

• no on-demandpumpingcapability,thoughwaterstoragetanksorbatteriescanbe usedto I
minimize this limitation;

• low portability for mostinstallationsbecauseofthePV array—somesmallerunitsofless
thanabout500 wattspeakcanbemountedon trailersfor portability;

• electromechanicalcontrols,which allow for unattendedoperation; -

• susceptibilityto vandalism—stonescaneasilybreaktheglazingon PV modules;and

• very high reliability for thepowersupply (i.e.,thearray),but notalwaysfor theenergy
supply(thesun).

4.4.3 Wind Systems I
Mechanicalwind pumpstypically consistof awindmill (i.e., rotor) andtransmission(gearboxor
othertypes)mountedon atower. Most often,rodsconnectedto thetransmissiondrivea down-hole
pistonpump.Wind pumpsaretypically characterizedby: I

• high capitalequipmentcostsandrelativelylow recurrentcostsfor operation(because
thereis no fuel requirement),maintenance,andrepair I

• limited capacitygiven therotordiameteron commerciallyavailablemachines(up to 7.6
meters)andwind regimesthatarecommonlyencountered(lessthan5 rn/s underfairly
favorableconditions);

• no on-demandpumpingcapability, which necessitatesprovidingalargeamountof storage
capacityto increasewateravailability; I

• thepossibilityoflocalmanufacture;

• no portability; and I
• mechanicalcontrols,whichpermitunattendedoperation.

I
2 1

Although it is very unusual,it is possibleto install several stackedPV submersiblesin one well to increaseoutputfrom
asinglesource.However,this is usuallynot economicallyviable.
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4.4.4 Hand-Operated Systems
Hand-operatedpumpsarecommonlysimple leverarmsthatmovepiston,diaphragm,or rotary

down-holepumps.Theyarecharacterizedby

• very low capitalandrecurrentcosts;

• easeof installation,operation,andmaintenance;

• very limited capacityfor singleunits—lessthanabout6 m3/dayfor up to 40-50meter
heads,butmoreatlower heads;and

• thepossibility oflocalmanufacturefor somesimplermodels.

4.5 Other Types of Drivers
This manualdoesnotdealspecificallywith othersystemtypesbesidesthe fourdescribedabove.
Theapproximateheadandflow limits for thepumpdriversdiscussedherearegiven in Figure11.
Six otherkinds of pumpdriversandoneotherconfiguration(hybridsystems)might beof potential
useto somereaders.Thus, the following arebriefly describedhere(seeFraenkel1986 for coverage
ofan exceptionallywidevariety ofpumps):

• electricgeneratorsandgrid-connectedpumpsets;

• wind-electhcturbines;

Figure 11.
Approximate Output and Head for

Diesel, Solar, Wind, and Hand Pumps

4.ld I OilIy OutCut • 1000 ,pS.ruId.y

Pump Output In Cubic Meteri p.r Di’

100

80

60

01.1.1 pumpa

011.11 pumps

0
0 10 20 30 40 50 60 70 80

Total Pumping Head in Meters
90 100

Notes: 1. Solar andwind pump outputdependon ra~a~onandwind speed level.
2. At low head andlow flow, all equipment options are possible.
3. Unes indicate technical Ilitits of capacity for existing equipment under normal use conditions.
4. Based on 3.5 rn/sec wind speed, and 6 kWhIm2/day solar radiation.
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• animal-tractionpumps;

• biogasordual-fuelpumps;

• river currentturbines;

• hydraulicrams;and

• hybridsystems. I
4.5.1 Electrically-Driven Pump Sets

Whereelectricpoweris available,grid-connectedpump setsareusuallythemostcost-effectivesys- I
ternoptionforrural watersupply.Comparedto diesel-drivenpumps,electricsetsaregenerallyeas-
ier to install, requirelessmaintenance,andusecheaperfuel (electricityas opposedto dieselor
gasoline).However,for siteswithoutany grid electricpower,thehigh costof extendingan existing I
grid to moreremoteareasusuallymakesotherpumpingalternativesmorecost-effective.Onemajor
problemin somecountriesis anotoriouslyunreliableelectricpowersystem.CountriessuchasSu-
dan andSomaliaoftenexperiencerotatingbrown-outsor black-outswhichcanlastup to morethan
aweekin someareas.This situationclearly requiressomebackupmeansof obtainingwater.

In somecountries,diesel-drivengeneratorsareusedto powerelectricpumps.For siteswith other
noncompetitiveend-usesfor theelectricity(e.g.,villagelighting or grindinggrainat night), diesel-
poweredelectricgeneratorsfor waterpumpingmaybe cost-effective.In general,suchsystemsoffer
theflexibility of usingelectricpumpmotors,butareinefficient from an energyperspectivein that
theenergyis convertedfrom chemicalto mechanicalto electricalform andthenbackto mechanical.
Extensivecostdatathat wouldpermitcomparisonswith alternativesareunavailable.Thesesystems
alsorequirecomponentsthat aremorecomplexanddifficult to repairlocally (e.g.,electricgener- I
ators).Theyalsodemandadditionalskill to maintainandrepairand,hence,entailassociatedtraining
needs.This is afairly uncommonapplicationin many developingcountries,so it will notbe clis-
cussedfurther in this manual. I
Finally, local “mini-grids” havebeensuggestedasa wayof poweringelectricpumpsin rural areas
distantfrom anationalgrid. Mini-grids—relativelysmall units in termsofpowergeneration(about
500kW)—couldpoweravarietyofloadsin a localarea,suchas motorsandlighting for cottagein-
dustiy,villagelighting andcommunications,andpumpingfor theruralwatersupply. Again, this ap-
proachhassomemerit, but it is fairly rareatpresentandwill not be consideredhere. I

4.5.2 WInd-Electric Turbines
Wind-electricturbinesreceivedaconsiderableboostin popularityin theUnitedStatesandEurope I
duringthe late 1970sandearly 1980swhenover 15,000wereinstalledin California.Thesema-
chinesweresitedin areaswith averagewind speedsof morethan7 m/sec,aspeed thatis rareon a
regularbasisin mostareasnearwherepeoplelive. Wind-electricturbinesareusuallydesignedto op-
eratemostefficiently athigherwind speedsthanaremechanicalwind pumps.

Where high wind speedsprevail(i.e., greaterthan6 to 7 m/sec),wind-electricturbinescanbe the
mostcost-effectivechoicefor powergenerationatremotesites.However,suchhigh averagewind
speedsare notusuallyfoundin developingcountries.Directwater-pumpingapplicationsfor wind-
electricturbinesarestill in thedevelopmentstage,andthereis little long-termdataon recurrent I
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O&M costs.Forthesereasons,theywill not be discussedfurtherhere.However,wherewindspeecls
aresufficient, thepotentialof this newandinterestingapplicationof windpowerdeservesto be
monitoredas developmentsoccur.

4.5.3 Animal-Traction Pumps
Animal-drawnpumps(ADPs)havebeenusedto supplywaterfor drinkingandsmall-scaleirrigation
for thousandsof yearsin countriessuchas EgyptandIran. Recentresearchon ADPs3hasfocused
on increasingtheirefficiencyandreliability, loweringtheircapitalcosts,anddevelopingunits that
canbe manufacturedin developingcounthes.Work hasbeenundertakenin countrieslike Botswana4
to developan animal-drawntransmissionthat canbe usedin conjunctionwith astandardpump,such
astheMono. While manylow-flow, relativelylow-efficiencyanimal-tractionpumpsarebeingused
aroundtheworld, very little costdatais availableon improvedversionsthatmight be relevantto the
applicationscoveredin this manual.

4.5.4 Bio gas and Dual-Fuel Pumps

Biogas pumpsareslightly modifiedinternalcombustionengines(usuallydiesels)which bumbiogas,aproductof thedecompositionof abiomass.Themain combustiblecomponentof biogasis
methane,but it alsocontainsothergasessuchas carbonmonoxide.Biogaspumpshavebeenusedex-

perimentally in manycountries(e.g.,India andBotswana)buthavenot yetachievedwidespread
commercialacceptance.Dual-fuelenginesarealsousedto drivewaterpumps.Thetwo fuels areusu-‘ ally dieselfuel (to gettheenginestarted)andbiogasorproducergasfrom a biomassgasifier(to run
theengineafterit getswarmedup).Gasifierpumpshavebeenusedin thePhilippinesandThailand
for irrigationpumpingbut, again,haveachievedno significantshareofthepumpingmarket(nor,it

must be said,havewind or solarpumps).Theprimaryadvantageoftheseenginesis thattheyusere-newableenergyresourcesand,dependingon thecountrywheretheyareused,show somepotential
for taking theplaceof importedfossil fuels.Theirprimarydisadvantageis that theyhaveall theat-
tendantO&M limitationsof dieselpumpoperation,requiringfrequentandoftenextensivemainte-

nanceandrepair,dueto thetypical impurity of theirfuel.

4.5.5 River Current Turbines
Rivercurrentturbinesarebasicallymodifiedpaddlewheelswhich are installedin rivers or streams.

Thewatercurrentdrives thepumpbladesin acircularmotion,which is usuallymechanicallycon-

verted into a reciprocatingmotionto drive apistonpump.Thepumpsaretypically usedin low-head,low-flow applications.Thesepumpshavebeenusedexperimentallyin (amongothercountries)Mali
andSouthernSudanbut thus far haveachievedno significantcommercialsuccess.While theyhave

the distinctadvantageofbeinglocally manufacturablein manycountries,theyhavenotgainedareputationfor beingrobustenoughto attractmanypotentialcustomers.Researchon river current
pumpsis continuingin severaldevelopingcountries.

3
KennedyandRogers 1985.

4
SeeHodgkin, McGowan, andWhite 1988, Vol. V.

51



I
I

4.5.6Hydraulic Rams
In certainsituations,hydraulicrampumpsareanextremelyusefultechnologyfor pumpingwater. I
Relativelysimple in designandconstruction,locally manufacturablein manycountries(e.g.,Nepal
andIndonesia),andvery durable,theycan effectivelylift waterup to 150 meters,usingno external
powersupplyotherthantheenergyin failing water.Theyusethepotentialenergyof waterfalling a
certaindistanceto lift a smalleramountofwaterup a greaterdistance.Themajorconstraintis that
theirapplicationis strictly limited to sitesthathavethenecessaryaltitudedifferencebetweenthe
watersourceandthepump to drivethe ram.This situationoccursoftenenoughin somecounthes,
particularly in SouthandCentralAmericaandsomepartsofAsia, thatramsarean importantpump-
ing technology,if somewhatlimited in widespreadapplicability.

4.5.7Hybrid Systems
Onedisadvantageof nearlyeverytypeofpumpingdeviceis that it occasionallyrunsout of theen-
ergyresourceusedto drive it dieselfuel is sometimesunavailable,thewind stops,or thereare
severalcloudydaysin a row. To addressthisproblem,hybrid systemsthat usemore thanonepower
supply(e.g.,diesellwind,wind/PV, ordiesel/handpumpingsystems)havebeenemployedwherethe
demandfor wateris critical andoutagescannotbe tolerated.Hybridsystemsarealwaysmoreexpen-
sive thantraditionalsystemswith asingledriver.

An exampleof a hybridsystemis PV/diesel,wherePV powersan electricsubmersiblepumpwhen- I
eversolarradiationis sufficient. if thearray,which is themaindriver,producesinsufficientpower
becauseof severalcloudydaysin a row, thedieselengineis automaticallyengagedby theelectronic
controlleraridpumpswateruntil thePV unit canagainproducesufficientpower.Suchsystemsnor-
mally usea singlepumpwith two drivers.Sincethedieselunit consumesfuel only whenit is run-
ning, thereis no penalty(asidefrom theengine’sinitial capitalcost)for havingit alwaysavailablein
reserve.

While backupsystemsaresimilar to hybrids,theyusuallyusecompletelyredundantsystems.An ex-
ampleis avillage watersupplysystemthat hasseveraldifferentwatersources.A smalldieselengine
is installedto pumpfrom the bestsourceastheprimarypumpingunit.Whenwaterbecomesunavail-
ablefor whateverreason(e.g.,breakdownof thedieselengine,needto performmaintenance,orde-
pletionof thewatersource),handpumpsinstalledatanothersite(s)areusedasbackups.However,in
mostsituations,handpumpscannotsupplythesameamountofwaterasthedieselengine,soare-
ducedsupplymustsufficeuntil theprimarydieselsystemis againoperational.

An alternativeto purchasingandinstallinghybridorbackuppumpsis using largerstoragetanks.If
sufficientwatercanbe pumped duringnormaloperationso thatenoughwaterfor severaldaysis
availablein a storagetank,userswill havean adequatesupplyin theeventof systemfailure. I
Thenextfourchaptersdiscussdetailedproceduresfor designingdiesel,solar, wind, andhandpump-
ing systems.All arebasedon thefundamentalpumpcharacteristicsdiscussedin this chapter. 1

I
I
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Chapter 5: Diesel Pumps

As themostcommontypeofprimemoverin muchof thedevelopingworld, dieselenginesareused
to drive awide varietyofpumps.In manycountries,thereis abroadnationalnetwork(formal or in-
formal)of equipmentdistributors,local dealers,mechanics,andtransportationfacilitiesthat sup-
portsdieselenginesusedfor pumpingandotherpurposes.In mostcases,dieselpumpsetsarethe
standardagainstwhich all othertypesof pumpingsystemsmustbe compared.Besidesthetechnical
questionsof poweroutputandspeed,the two majorfactorsto considerin choosingan appropriate
dieselengineareits manufacturerandmodel.Look for amanufacturerwith agoodreputationfor
qualityproducts.It is importantto considerthelocal availability of equipment,experiencedtechni-
cians,engineconfigurations,anddealersupportofspareparts inventories.Thechoiceof modelde-
pendson thesiteconditions.

5.1 Engine Description
Dieselenginescanbe usedto drivealmostany typeofpumpthroughdrive shaftsor pulleys and
belts.Theycanalsodrive electricgeneratorsto run electricpumpsets,which is advantageouswhen
submersiblepumpsareappropriatebutgrid electricityis unavailable.However,this manualad-
dressesonly thedirectmechanicalapplicationofdieselenginesto waterpumping,which aremuch
morecommon.

Therangeofdieselengineoutputis essentiallyunlimited, with units availablefrom 2 kW to 200 kW‘ or more.This manualfocusesprimarily on the 2 to 50 kW range for small-scalewaterpumping.For
largersystems(forlargescaleirrigation, for example)amorecomplexdesignprocedureis required
thanthatgivenhere.Dieselpump setsareusuallycharacterizedby moderatecapitalcostsandcorn-

paratively highrecurrentcostsfor fuel, maintenance,andrepair.Theyarerelativelyportable,sinceenginesup to 10 kW normallyweighlessthan200kg. Two typical smallengines(under10 kW) and
onelargerengine(40kW) areshownin Photographs2-4.

Dieselenginesareinternal-combustionenginesthat usedieselfuel (alsocalledgasoil)asanenergysource.Theynormallyhavecompression-ignitionsystems,meaningthat the fuelis ignitedby the
high temperaturesin thecombustionchamberproducedduring theengine’scompressionstroke.
Sparkplugs arenot normallyusedin dieselengines,exceptin rareinstancesthat will not be consid-
eredhere.Dieselenginesaregenerallycategorizedin the following ways:

• high- or low-speed---operatingatgreateror lessthan about 2,000revolutions per minute
(rpm);

• single- ormulti-cylinder—bigger,morepowerfulengineshavea greaternumberoflarger
cylinders;

• air- or water-cooled;and

• two- orfour-stroke.
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Photo 3.
Llster diesel engine with
Mono pump for village
water supply in Botswana.

I
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Photo 2. 1
Lister diesel engine
with shaft turbine pump
for irrigation In Sudan. I
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Photo 4.
italian Lambardinl diesel
engine with centrifugal pump
for irrigation in Somalia. 1
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Traditionally,dieselenginesfor waterpumpinghavebeenslow-speed,relatively long-lastingen-
gines.Thosethatareclearlybuilt for longservicearegenerallyheavy;theyoftenrunatlower
speeds(lessthan2,000rpm) andtendto be moreexpensivein termsof theinitial cost. However,
theyareoften moredurableandeasierto work on whenmaintenanceor repairsarerequiredbecause
of their simpledesign.Thehigherspeed,lighterenginesthat arenow becomingavailabletendto be
less expensiveinitially but alsoto havea shorterservicelife. Somelighter, high-speedJapanesedie-
sels fall into this category.From thestandpointof life-cycle costs(seeChapter10), it is notalways
obviouswhich is thebestchoice.Decidingbetweenlow- andhigh-speedengineswill dependon
otherfactors,suchasfunds availablefor theequipmentpurchase,availability of spareparts,and
quality of service.

Single-cylinderenginestypically haveratedpoweroutputsbetween2 and10 kW. Multi-cylinder en-
ginesareavailablein a varietyofsizesstartingatabout8 kW. Theytendto runmoresmoothlythan
single-cylinderenginesbut arenormally moreexpensive.Whetheryou usea singleor multi-cylinder
enginedependsprimarily on powerrequirements.

Water-cooledenginestendto be largerandsomewhatquieter-running;theyoftendo notrequirea
coolingfan and/orfins as air-cooledunits do,but involve the(additional)maintenanceof coolant
level in theradiator.Largeair-cooledenginesneedacoolingfan (smallonessometimesrely only on
fins), whichcausesasmallpowerloss.Mostenginesunder10 kW areair-cooled.

Both two- andfour-strokedieselenginesareavailable.Two-strokeengineshavefewermovingparts,
tendto operateat higherspeedsandwearout faster,arelessefficient,andhaveahigherpower-to-
weightratio (i.e., theyproducemorepowerperkilogramofengineweight). Oil mustbe addedto
dieselfuel for theproperoperationof two-strokeengines.Otherwise,damageto theenginemayre-
sult. Formostwaterpumpingapplications,four-strokeenginesarepreferred.

Dieselenginesalsodiffer in thewaysthat they transmitpowerto thepump. Someareconnectedto

the pumpshaftthroughagearbox, andothersthroughbeltsandpulleys.Transmissionsinvolvepowerlossesthathaveto be accountedforin enginesizing (seeSection5.3 below).

5.2 SelectIng a Manufacturer
Dieselpumpingsystemsarewidely usedin mostdevelopingcountries,somany typesofenginesare

usually
available.Themostimportantquestionto askwhenchoosingamanufactureris whetheryou

havereadyaccessto adequatesparepartsandtrainedlocal mechanicswhocanrepairtheengine.
Give carefulconsiderationto themakeof theequipment,theproductsupportprovidedby themanu-
facturerandits local representatives,andoperatingandrepaircapabilitiesin thatparticulararea.

Be carefulif you areconsidering“offshore”1purchasesof mechanicalequipmentthroughotherthan

local suppliers,orwhenbuying any equipmentthat is notalreadysupportedlocally. Evenif somesparepartsareincludedwith theoriginal offshorepurchase,morewill eventuallybe needed.In addi-
tion, any specializedrepairtools that mayberequiredandarenot availablelocally wifi haveto be

1
Offshoreheremeansequipmentthat is notalreadyavailablethroughestablishedlocal distributors.It doesnot refer

merelyto any importedequipment.
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purchaseddirectly from themanufacturer,andlocalmechanicswill probablynot be familiar with the
equipmentandits idiosyncrasies.For all kinds of systems,long-term,trouble-freeoperationdepends I
largely on local capabilitiesto serviceandrepairtheequipmentwhennecessary.Thequalityof
equipmentandthe serviceinfrastructurevaryconsiderablyamongcountriesas well as within acoun-
try or region. I
It is wiseto carryoutan informal surveyoflocally availableequipmentbeforedecidingwhatto pur-
chase.Discussionswith dealersandlocalengineoverhaulshopscanhelpdeterminesparepartsavail-
ability andcanidentify particularmakesandmodelswith goodreputationsaswell asthoseproneto
problems.At this stage,you canlearnaboutspecificinstallationandoperationalfeaturesthatmay af-
fect your choice.Consultseveralsourcesto confirminformationandopinions,sinceindividualsusu-
ally havetheirownpreferences,justifiedor otherwise.While the initial costplays an obviousrole in
selectingaparticularmanufacturer’sequipment,lower initial costmaymeanlowerqualityequip-
ment that will be expensiveto maintainlateron. I
5.3 Choosing an Engine Model
After selectingtheappropriateflow rateanddeterminingthetotal head,thepowerrequirementcan
becalculatedasdescribedin Chapters2 and3. A particularmodelofdieselengineis thenchosenon
thebasisof this powerrequirement.Theperformanceof anydieselengineis usuallyspecifiedby
manufacturersin termsof:

• torque;

• power; and

• fuel consumption.

All varywith enginespeed,sotheyarequotedfor specific speedsorgiven for arangeof speedsin
graphform. Examplesof typicaldiesel-engineperformancecurvesfor torque,power,andfuelcon-
sumptionareshownin Figure12. Fuel consumption(gramsof fuel consumedperhourof operation)
increaseswith enginespeed.Specificfuel consumption(in gramsof fuel consumedperkilowatt
houroutput)canincreaseordecreasewith enginespeed.In Figure12, theKubotaER 1200 is de-
signedto operatemostefficiently (i.e., atthe lowestpoint on thefuel consumptioncurve)around I
1900rpm,while theListerSTI operatesmostefficiently at 1500rpm.

In theKubotadiagram,therearetwo poweroutputcurves.Theupperoneis for maximumrated
poweroutputandthelowerforcontinuousoutput.Systemsshouldbe sizedso enginesruncontinu-
ouslyat orbelowthecontinuousoutputcurve.This meansthecontinuouspowerratingof theengine
selectedshouldbe greaterthanorequalto thepowerrequirementof thepump. 1
Engineperformanceis alwaysgiven for specificconditionsof temperature,air pressure,andrelative
humidity, sincethesevariablesalsoaffect performance.Fuel consumptionis quotedfor a given
poweroutputatfull engineloading.Engineloadingis theratioofpowerrequiredby thepumpto the
maximumde-rated(seedefinition below) poweravailablefrom theengine(seeExample7). As dis-
cussedin thefollowing sections,both theconditionoftheengineandits loadingaffect fuelcon-
sumptionandmaintenancerequirements.

I
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Figure 12 (a,b,c)
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The“nameplate”powerratingof adieselengine,which is stampedon themanufacturer’snameplate,
is thepoweravailableundercontinuousfull-load conditions(i.e., whenthe loador pumpis drawing I
the full ratedpowerfrom the engine)at theenginespeedindicatedandunderspecifiedconditionsof
temperature,air pressure,andhumidity. Thepoweravailablefrom an operatingenginewill normally
be lessthanthemanufacturerstatesbecauseoperatingconditionsareunlikely to matchthoseof the
nameplaterating.Dieselengineoutputis “dc-rated” or reducedby acertainpercentageto account
for suchdifferencesin conditions.An engine’spoweroutputcanbe calculatedusingmanufacturer’s
specificationsand thendc-ratingtheenginefor thespecificsiteandoperatingconditions.De-rating
recommendationsvary by manufacturerandengine,butListergivesthesetypical dc-ratingfactors
for thefollowing conditions:

• for high engine-airinlet temperature,dc-ratethepoweroutputby 2 percentfor every5~50

above30°Centigrade;

• for lowerbarometricpressure(i.e., highersiteelevation),dc-rateby 3.5 percentforevery 1
300 metersof elevationbeyond150 metersabovesealevel;

• for high humidity, which is alsodependenton temperature,dc-rateup to 6 percent(the
precisevaluehasto be chosenfrom a tablesuppliedby themanufacturer);

• for power-absorbingequipment,commonde-ratingfactorsareup to 10 percentfor
motor-drivenradiatorfans,5 percentfor belt drives, and3 to 5 percentfor transmissions;
and

• poorly maintainedengines(e.g.,heavilycarbonized)mayalsorequireafurtherdc-rating 1
of5-10percent.

Thesede-ratingfactorsarecalculatedindividually andthenarided.The total dc-ratingpercentageis
subtractedfrom 100percentandthenmultiplied by the ratedpowerfor afull loadto determinethe
dc-ratedoutputfor therpm specified,asshownin Example6.

1
I
I
I
1
I
I
I

Example 6: De-Rated Power Output
A well-maintained Lister ST-i has a nameplate rating for continuous output of 6 kW at
2,000rpm (see Figures 1 2b and 1 2c). It will be operated at 1,500 rpm at a site 750 meters
above sea level where the temperature can be expected to reach 380 Centigrade in the
summer and where the humidity is negligible. A pulley-and-belt system will be used to drive
the pump. What is the actual power Output that can be expected under these conditions?

At 1,500 rpm, the Lister ST-i develops 4.5 kW under standard conditions, according to the
manufacturer’s data. The de-rating factor for altitude is:

((750m - 150m)/300) x 3.5 percent = 7 percent

The de-rating factor for temperature is:

((38°C- 30°C)/5.5°C)x 2 percent = 3 percent

Belt losses call for de-rating by 5 percent. Adding these factors together, the total de-rating
factor is 15 percent. Thus, the maximum de-rated power that can be delivered by an ST-i
operating under these conditions will be:

4.5kWx(1 -0.15)=3.83kW
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Eachmanufacturer’sliteratureshouldincludeinformationon standardconditionsandde-ratingcal-

culations. Thetotal dc-ratingfactorcaneasilybe 20 to 25 percent.In practice,this meansthepowerthat canbe expectedfrom anenginemaybe only 75 to 80 percentof theratedpowerindicatedin the
specificationsfor a chosenspeed.Selectinganenginebasedon nameplateoutputalonecanmean
purchasinga unit that will not be able to meetthepumppowerrequirements.

Oncethede-ratedoutputfor an enginehasbeencalculatedandmatchedto thepump’spowerrequire-

ment,
an enginemodelcan be chosen.In doing so,engineloadingshouldalsobe takeninto account.

Rememberthat loadingis a measureofthepowerrequiredof anenginerelativeto themaximumde-
ratedpowerit is capableofdelivering.Loadingdoesnotdependon the total volumeof water
pumped,but ratheron flow ratesandhead—itis dependenton power,notenergy.

Undermostconditions,art engineshouldbe overpoweredby 20 to 30 percent(i.e., runata loading

of
70 to 80 percent).Normally,dieselenginesaremostfuel-efficientat theselevels,andamarginof

poweris availableto meetunusuallyheavyoperatingconditions,suchas at start-up.Enginesoper-
atedatlow (30percentor less) loadingruncooler,decreasingfuel efficiencyandincreasingcarbon
buildup in thecylinder(s)andexhaustmanifold,which increasesmaintenancerequirementsand
costs.

Example 7: Engine Loading
The diesel engine in Example 6 is coupled with a pump that is 60 percent efficient
and delivers 36 m3/day from 75 meters of head, running at a constant rpm over a
6-hour period. What is the engine loading?

First, determine the power requirement for the load. From Formula #5 for hydraulic
energy (Eh) demand given in Section 3.1:

Eh=.00273x36m3/dayx 75 m

Eh = 7.4 kWh/day

Since power equals energy divided by time, the actual power (P) input to the pump is
then:

P = 7.4 kWh/6 hours/60 percent = 2.0 kW
Since the de-rated power output of this engine (from Example 6) is 3.83 kW, the
loading will be as follows:

loading = 2 kW/3.83 kW = 52 percent

This is somewhat lower than desirable (70-80%). Operating the engine at a slightly
lower speed (say, 1200 rpm) would improve the loading, because the de-rated
output would then be:

3.5kWx(1 -0.i5)=2.98kW

(still more than the required 2.0 kW)

and the loading would then be:

212.98 = 67%.

59



I
I

Under-loadedengines—runningatlessthan50 percentof full-load conditions—arecommonin de-
velopingcountries.Thereasonsincludeimproperdeterminationof headaswell aspoorengine
and/orpumpsizingandmatching.Also, for thevery low powerdemandsencounteredwith some
small-scaleapplications,it maynot be possibleto selectan enginewhich is small enoughandhasa
slow enoughspeedto permitproperloading(70 to 80 percent)dueto thelimited availability of
smalldieselenginesand/orlimited yield of thewatersource.The lower limit of dieselenginesthat
arccommonlyavailableis about2 kW. Therearesomeenginesassmall as 1 kW, but theyareun-
common.In suchcases,alternativesto dieselenginesshouldbeconsidered. 1
Thefuelandlubricantconsumptionof adieselengineaccountsfor asignificantportionof its operat-
ing costs.Lubricantuse(includingoil changes)shouldbe in therangeof 3 to 5 percentof fuelcon-
sumptionby volume.As shownin Figure12, fuel consumptionis dependenton theengine’sfull
ratedpower(as specifiedby the manufacturer)andloadingconditions.Full-loadfuel consumption
(FLFC) is oftengivenby manufacturersin gramsof fuel consumedperratedkWh (gfkWh) or some
similar measuresuchaspoundsoffuel consumedperbrakehorsepower-hour,asin theLister curve
in Figure12. For small-scaleapplications,you wouldnormallybe interestedin the fuel consumption
of aspecificenginein termsofliters peroperatinghour(lJhr). To convertto theseunits, thecalcula-

tionis:

I
1
I
I

As an approximation,actual fuel consumptioncanbe estimatedastheengine’sFLFC in I/hr multi-
plied by the loading,which will be reasonablyaccuratedownto a (very low) loadingof 20 percent3.
Below 20 percent,fuel consumptiondoesnotdecreasemuch.Note thatenginede-ratingdoesnotaf-

fect this calculation.

I
I

2 I
If your engine’s specificfuel consumptionis givenin termsofpoundsperbrakehorsepowerperhour(lb/bHp/h),

multiply by 609 to get g/kWh. Forexample,0.4 lb/bHp/hx 609 = 243 g/kWh.
3

Note that this is anapproximatecalculation,becausetheengine’sfuel consumptionis not a stnctly linearfunctionof

FLFC.However,inpractice,otherfactorssuchasengineconditionsandfuel spillagemakethis a goodpracticalestimate.

U
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FLFC = ~ x ~~°°1/s~x kW Formula #7

where FLFC = full-load fuel consumption in I/hr

g/kWh = fuel consumption2 in grams per kWh

SG = specific gravity of diesel fuel (usually 0.87)

kW = engine’s rated full-load power output for a specific rpm (not de-rated)
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Example 8: Fuel Consumption

Forgivenengine,pump, andsiteconditions,fuel consumptionpercubicmeterofwaterpumpedwill
dependon the loading.At a lower loading, theenginewill consumemorefuelperunitofwater
pumped.Usingthesameproceduregiven in Example8, you couldcalculatethedifferencethatload-
ing makesin fuel consumptionperunitof waterpumped(usinga moreprecisebutcomplexrelation-
shipbetweenfuel consumptionandloadingthanthatgiven above).For example,if you havea Lister
SI-i thatis usedto pump30 m3/dayfrom 90 metersof head,you can vary theflow rateand,hence,
the loadingby changingtheenginespeed.Assumingthat theheadremainsessentiallyconstant,an-
nual fuel consumptionfor the two differentloadingswould be 1,830liters at a loadingof 34 percent
and 1,430 at73 percent.This representsasavingsin fuel andlubricantcostsalone(per unit ofwater
pumped)of over 22 percent,not to mentionthereductionin maintenancecostsassociatedwith run-
ning theenginewarmerandtherebyreducingcarbonbuildup4.An alternativeapproachis to usea
smallerengineat ahigherloading.In thatcase,you wouldalsosavemoneyon capitalequipment
costs,in additionto lower operating,maintenance,and(eventually)enginereplacementcosts.This
showstheimportanceof properloadingin thedesignofdieselpumpingsystems.

5.4 Cost Considerations
Costconsiderationsincludeinitial equipmentandinstallationcostsas well asrecurrentcostsfor op-
erationandmaintenance.Theinitial installedcostofadieselpumpsetincludesmorethanjustthe

capital
costof theengineandpump.It alsoincludeslaborfor theinstallation,transportation,andthe

costof otherequipmentandmaterialsincluding cement, fencing,apumphouse,watermeters,non-
returnandgatevalves,andpiping,amongotheritems. Dieselenginecostsvaryconsiderablydepend-
ing on thesizeandprocurementsource.In 1990 typicalcostrangeswereasfollows:

• US$300to US$600perkW for units between2 and10 kW, with smallerenginesbeing
moreexpensiveperkW; and

• US$200to US$500perkW for units between10 and25 kW, with smallerenginesagain
beingmoreexpensiveperkW.

4
Note thatthis is an extremeexampleto demonstratethat loading cansignificantly improvefuel consumption.

Calculate the expected fuel consumption for the Lister ST-i engine from Example 7.

From Fig. lib, the full load fuel consumption (FLFC) for a Lister ST-i operating at
1500 rpm is about 0.39 lb/Hp-h. Using the conversion factor given in footnote 2,
this equals237 g/kWh. Then, from Formula 7, the FLFC in liters per hour is:

FLCF = 237 g/kWh x (.0011.87) x 4.5 kW = 1.23 I/h

At the loading of 52% calculated in Example 7, actual fuel consumption would then
be 1.23 x 52% = 0.64 I/h. This figure will depend to some extent on the condition of
the engine (it will be somewhat higher if the engine is in poor condition), but it is a
good estimate.
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Thesefiguresdo not includeancillaryequipment,suchastransmissions,gearboxes,andfuel storage
tanks.Thereare severalreasonsthesecostrangesareso broad.Thecostof adieselenginereflects
both its quality andsourceoforigin. Forexample,Lister (now Lister-Petter)enginesarethework-
horsesofmuch of Africa. Manufacturedlargely in theUnitedKingdom,theyaregenerallyrecog-
nizedto be very reliable, longlasting,androbust.Comparedto manyalternatives,theyarealso
expensive.As aresult,many(especiallyprivate) usershaveturnedto muchcheaper(andin many
cases,muchlowerquality)dieselenginesmadein countriessuchasIndiaor China.Forexample,in
SudananewLister 8 kW single cylinderenginecostsabout$2,200.A comparablysizedengine
manufacturedin India costsonly about$600.While theListermayhavehigheractualpoweroutput
andlastfour timesaslongas its competitor,peopleareincreasinglyunwilling to pay thepricediffer-
ential for higherquality. Theinevitabletrade-offis thatlower qualityenginesoftenhavelower ac-
tual poweroutput,needmoremaintenance,breakdownmoreoften,andhavemuchshorterlifetimes.
A lackof adequateaccessto creditfinancingoftenpreventspeoplefrom consideringusing the
higherquality machines(seeChapter10 on Life CycleCost). I
Recurrentoperatingcostsincludelaborfor a pumpoperator(if that individual is paid), fuel, lubri-
cants,and consumables.Thecostfor a pumpertypically falls atthe lower endofratesfor local
skilled labor.In somecases,apumper’sdutiescanbe combinedwith otherrelatedactivities (e.g.,
servingas acaretakeror guard),therebyreducingthecostof employingapumper.Dependingon lo-
cal laborrates,pumpercostscanbe oneof themostimportantrecurrentsystemcosts(seeChapter
10). Fuel andsparepartscostscanbe very high in areaswherefuel andpartsarescarce,andcan
amountto as muchas50 percentof systemcapitalcost(for cheapersystems)peryear.

5.5 Maintenance and Repair
Maintenancerequirementscanbe categorizedaspreventiveor corrective.Preventivemaintenance
includesservicingthat shouldbedoneon aroutinebasisto ensureefficientoperationof thesystem.
Correctivemaintenanceis requiredfor occasionalproblemsthat may leadto engineorpumpfail-
ure, but arenotpartof normalservicing.Correctivemaintenancecanalsobe in responseto a break-
down. Correctivemaintenanceis typically unscheduledservice.

Preventivemaintenanceis servicethat is carriedout on aroutinebasis,accordingto the numberof
hoursof engineuscor a regularschedule.In practice,servicingis oftennot performedregularly,so
correctivemaintenanceis requiredaftertheenginehasbrokendown.This hasobviousconsequences
for thereliability of thesystemandthelifetime of theequipment.Breakdownsoccurfor awide vari-
ety ofreasons,includingpoorinstallation,a lackofoperatorattention,failure to provideregularserv-
ice,orpoor-qualityservicing.Theunderlyingcausesoffrequentbreakdownmaybe complexand
mayincludeapoorunderstandingof thesystem,lackof incentivesforpumpersto performwell, or
fundingproblems.For “circuit rider” maintenanceandrepairteams,all necessarycorrectivemainte-
nanceshouldbe undertakenduringregularservicevisits to sitesto minimizeunanticipatedbreak-
downs.

A dieselenginerequiresan operator(orpumper),regularservicing,andperiodicrepair. Thepum-
per’sskill andthequality andamountof servicingandrepairsthatarerequiredarecompletelyinter-
dependent.An operatoris responsiblefor thy-to-dayoperationof thepumpingsystem,including
startingandstoppingtheengineandreplenishingthefuel. Thepumperis alsoresponsibleforpreven-
tive maintenance,suchas checkingtheoil (andchangingit whenrequired),tighteningloosenuts
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andbolts,andotherminor tasks.Correctivemaintenanceis usuallyperformedby a mechanic,whose
tasks includedecarbonizingtheengine,cleaninginjectornozzles,replacingworn belts,adjusting
valveclearances,andchangingtheoil, air, andfuel filters. Checkingthe fuel-injectionsystemand
cooling systemandreplacingotherworn componentsas necessaryarealsopartof periodicservice
requirements.

Themanufacturer’sliteratureprovidedwith theengineshouldindicateproperintervalsfor servicing

(see AppendixC for an exampleofadieselenginemaintenanceschedule).To give asenseof therangeof normalservicerequirements,oil changesaretypically requiredafterevery250 hoursof en-
gineoperationanddecarbonizationafterevery1,500hours.Theactualrequirementsfor aparticular

system may vary with theoperatingenvironment,application,andmechanic’sskill andtraining.Forexample,if theengineis operatingata low loading,thedecarbonizationintervalshouldbeshorter.
Very often,becauseenginesdo not receivepropermaintenance,therisk of breakdownsis increased,

the overhaulintervalis shortened(which increasescosts),andthelifetime oftheengineis shortened.Almostwithout exception,theroutinemaintenancefor dieselenginesis theweakestaspectof the
serviceinfrastructure.

Correctivemaintenance,which is requiredwhenunanticipatedproblemsoccur,includessuchactivi-
tiesasreplacingworn beltsorfuel-tankstraps,as well asdecarbonizationorengineoverhauls,if

these arenotperformedas partof scheduledpreventivemaintenance.Propercorrectiveservicingwill eliminatetheneedfor muchcurativemaintenance.

The rateof breakdownsandunscheduledserviceis heavilydependenton theoperator’sattentivenessandthenormalservicingwhich theenginereceives.Routinepreventivemaintenance,suchaschang-
ing theengineoil andreplacingfilters, is oneof themostimportantfactorsin minimizing repair

costs. However,atleastonebreakdownperyear(andpossiblymore)thatrequirescorrectivemainte-nanceis fairly typical, dependingon theengine’sageandconditionandthequalityof serviceit has
received.

Thecostof unscheduledservicingis highly variable.Estimatesof serviceandmaintenancecosts,
not including fuel andlabor,arein the rangeofUS$0.15to US$0.25percubicmeterof waterdeliv-

ered andmayvaryfurtherdependingon laborcosts,operatorskill, andequipmentquality. Thismeansthattypical annualO&M costs,excludingexpensesfor fuel andoperatorlabor,rangebe-tween25 and75 percentof theengine’sinitial cost.

5.6 Equipment Life

The servicelife ofany devicedependson theconditionsunderwhich it is used,which includesin-stallationandmaintenance.Underoptimumconditions,an engineshouldbe replacedwhenthecost
ofmaintainingit exceedstheamortizedcost(seeChapter10) ofpurchasinganewone.However,us-

ers’ perceptionsof enginelife alsoplayarole. If usersanticipategettingfive yearsof service,anewenginemaybe purchasedatfive yearseventhoughtheold oneis still functional.Light, high-speed
enginesarelikely to haveshorterlifetimesthanheavy,slow-speedmodels.Thebestway to estimate

values
for equipmentlifetimesin your situationis to askotherengineusers,local equipmentdealers,

andoperatorsofrepair shopsabouttheirexperienceswith themakesandmodelsyou areconsider-
ing.
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Usually, thelifetime of an engineis given informally in years.Thenormalrangeis from 3 to 4 years
(for lowerquality,heavily used,and/orpoorly maintainedengines)to 20 yearsor more(for higher
quality systemsthat arereasonablywell maintainedandoverhauledatregularintervals).Lifetime
hoursof operationvary from under5,000to over 50,000hours.About20,000hours is a reasonable
approximationfor planningandcostingpurposes.
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Chapter 6: Solar Photovoltaic Pumps

Solarphotovoliaic(PV) cellsareusedto convertsunlightdirectly into electricity.While PV power
canbe usedfor a varietyof end-useapplications(e.g.,telecommunications,lighting,andrefrigera-

tion athealthclinics), it is becomingincreasinglypopularfor waterpumpingin remoteareas. As ofmid-1992,it is estimatedthatbetween10,000and15,000solarpumpshavebeeninstalledaround
theworld. Successesin PV researchanddevelopmenthavesignificantlyreducedcostsandincreased

the reliability of this powersource,which hashistorically beenveryexpensive.Multiple PV cells(30to 50)aremountedon a singleunit (about0.3 by 1.2meters)calledamodule.Theindividual
modulesarewired togetherin groups(just like batteries)to form arrays.While thePV arraysthem-

selves
areexceptionallyreliableandlong-lastingpowersources,theprimary limitation on theuseof

solarpumpshasbeenandcontinuesto be thehigh initial capitalcostof asystem.Also, sincewater
outputis directly proportionalto the level ofsolarradiationfalling on themodules,relativelyhigh
anduniform solarradiationmustoccuratyoursite for solarpumpsto be acost-effectivechoice.

Solarpumpshavebeenusedin field applicationsfor about14 years(asof 1992).Someearly(mid-

1980s) modelswereplaguedby designandmanufacturingproblems.Considerablegainsin increas-ing systemefficiencyandreliability andreducingproductioncostshaveloweredthecostperunitof
waterdelivered.Still, solarpumpsremainfairly expensivecomparedto otherpumps,althoughthey

are cost-effectivepumpingoptions undercertaincircumstances.This sectiondescribestypical sys-temcomponentsaswell asthedesign,operation,maintenance,andrepairrequirementsofsolar
pumps.

6.1 System Description

As PV pumpscontinueto becomemorepopular,anincreasingvarietyof designsis becomingavail-ablethatdiffer in cost,application,capacity,andreliability. This sectiondescribesthemostcommon
kindsof solarpumpingsystemsandseveraltypesof optionalcomponents.Thefocusis on systems

that havebeenfield-testedin evaluationprogramsin countriessuchasBotswana1,Mali, Malaysia,andSudan2.

The mostbasicPV pumpingsystemconsistsofan electricalpowersource(thearray),a motor,andapump.Electricity from thearraygoesto themotor,which drivesthepump.Many variationsof this
simplesttypeof systemusedifferentoptionalcomponents.Morecomplexdesignsareintendedpri-

marily to increasetheefficiencyorreliability of thewatersupply,somorewatercanbe pumpedwith aPV arrayof thesamesize.Schematicdrawingsof severaltypicalsolarpumpingsystems(sub-

Field testedundertheUSAID-BotswanaRenewableEnergyTechnologyProject,implementedby ARD 1983-87.See
Small-ScaleWaterPumpingSystemsinBotswana,Vol. 4--SolarPumps,R McGowanandJ.Hodgkin,ARD, 1988.
2

Field testedunderthe SudanRenewableEnergyProject(PhaseII), implementedby ARD 1987-90.SeeMeetingRural
PumpingNeedsinSudan:AnAnalysisofPumpingSystemChoice(Diesel,Wind,or Solar),J. Hodgkin andR.
McGowan,ARD, 1991.
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mersibles,verticalturbines,floating suction,and surface-mountedsuctionpumps)areshownin
Figure13.

Figure 13. Typical Solar Pump Designs

I
Motor

Woter Outlet

Pump drive

shaft

I
Level of

water table I
Submerged I
pump

I
I
I
I
I
I
I
I

66

I

Submerged
pump

Motor

Submersible Unit Vertical Turbine
(shaft-driven centrifugal)

Priming chamber

Water outlet

Floating Suction Unit Centrifugal Suction Unit

from Kenna and Gillett 1985



6.1.1 The Power Source
PV modulesproduceacertaincurrentandvoltageunderspecifiedsunlightconditions.While several
typesof PV cellsarecommonlyused(e.g., singlecrystal,semicrystalline,andamorphous),nearly
any powermodulecanbe employedin apumpingsystem.Motors usedin solarpumpingsystems
havespecificelectricalcharacteristicschosento matchthoseof thearray.This increasestheoverall
systemefficiency, somorewateris deliveredperdollarinvestedin thesystem.Thematchingof mo-
tors andarraysno longerpresentssignificantproblemswith standardizationamongdifferentmanu-
facturers’equipment,sincemostcurrentlyavailablePV moduleshavesimilarelectricaloutput.

Arrayscanbe wired to produceawide rangeofelectricaloutput.Modulesareconnectedin series
(i.e., with the terminalsminusto plusandplus to minus)to increasevoltage(just asyou would in a
flashlight) and,hence,motorspeedat aconstantcurrent.Wiring modulesin parallel(with terminals
minus to minusandplus to plus) increasesthecurrentandmotor torqueata constantvoltage.Mo-
tors aredesignedto operatemostefficiently atacertaincurrentandvoltage,soamotor with particu-
lar electricalcharacteristicsis selectedto matchthearrayto get thebestsystemperformance.
Similarly, themotormustmatchthecharacteristicsof thepumpto usepowerefficiently. Equipment
buyersusuallyneednotmatchcomponentsthemselves,asthis is handledby PV moduleandpump
manufacturersandsystemdesigners.However,becauseof the importanceof correctlymatchedcom-
ponents,theproceduresnecessaryto do this areincludedin this manual.This will allow you to con-
firm specificationsgiven by suppliers.

Equipment distributorsspecifythe arraysizeandconfiguration(i.e., wiring arrangementfor aspe-cific currentandvoltagecombination)neededto pumpa certainquantityofwaterfrom agiven
head,basedon manufacturer’srecommendations.Array sizesaregiven in termof peakwatts(Wp~,

indicating thearray’s expectedpoweroutputunderpeakoperatingconditions(definedas 1 kW/msolarradiationon thearrayandan operatingtemperatureof 250Centigrade).Typicalpowermodules
areratedat 40 to 60 Wp3. Theoutputof PV modulesvariesdependingon theoperatingtemperature

and levelof solarradiation—i.e.,thesolarenergyperunitof areain wattsper squaremeter(W/m2).Thehigherthesolarradiationlevelon aPV cell, thehigherthepoweroutput.Thehighertheoperat-
ing temperature,which dependson theambientair temperature,the lower theoutput.

PV pumpdesignscanbe variedby addingoneormoreof thefollowing components:

• Controllers.Theirfunctionsincluderegulatingcurrentand/orvoltagefrom thearray and
to themotor,shuttingdownthe motorfor varioussafetyreasons,andcontrolling the
systemby meansof afloat switch that turns themotoroff whenthestoragetankis filled.

• Inverters.Theychangethearray’selectricaloutputfrom DC to AC.

• Power-pointtrackers.Theyconvertsunlightinto usableelectricitymoreefficiently.

• Batteries.Theyprovideaconstantvoltageto themotorandstoreenergy,sothesystem
canpump waterevenwhenthearrayis unableto deliverenoughpowerdirectly.

3
Forexample,undergood sunlight(definedlater),an arrayof 25 modulesof 50 Wp each would pumpabout30 m3/thy

at20 metershead.
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• Sun-tracking devices.Thesemove the arrayso it is directly perpendicularto thesun,
therebyinterceptingmoreradiationandincreasingthepoweroutput.

• Safetydevices.Theypreventdamageto equipmentif certainproblemsoccur.

Severaltypesofcontrollersareusedwith PV pumps,including inverters,power-pointtrackers,and
battery-chargecontrollers.ThePV arrayproducesDC electricity. Somesolarpumpmotorsoperate
directly on DC, othersrequireAC. An inverteris usedto convertDC powerfrom an arrayinto AC
powerfor thepump motor.An invertercan alsoactasacontrollerto shutdownthemotorbefore
overloadingor overheatingoccurs,andcanhelp themotorandarrayoperateefficiently in other
ways.

Solarcell operatingcharacteristicsdepictedascurrent-voltage(I/V) curvesareshownin Figure 14.
Theyshowacertaincurrentandvoltageoutputfor themoduleundervarious radiationlevels.There
is a particularpointon an array’soperatingcurve atwhich it producesmaximumpower—themaxi-
mumpowerpoint.A devicecalledamaximumpower-pointtracker(MPPT) operatesthearrayand
motoratornearthis point. For example,ata radiationlevelof 1,000W/m2 and an operatingtem-
peratureof 47°C(thedottedline on thegraphin Figure14), themoduleshownhasamaximum
powerpoint at 14 volts and3 amps.An MPPT doesnot makeaPV arrayphysicallytrackthesun
(seebelow). Usingart MPPT makesa systemmorecomplexandaddsto thecost,but undercertain
circumstances,it canbe acost-effectivemeansforproducingadditionalpowerfrom an array.
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Batteriesaresometimesusedwith PV systemsasstoragedevicesand/or simplecontrollers.Solarra-
diation is intermittentdueto variablecloudyconditionsandthesun’smovementacrossthe skydur-
ing theday. Batteriesstoreelectricalenergyfrom the array,which canthenbe usedby the motorto
run thepumpwhensolarradiationis inadequateto run thesystemdirectly. In addition,batteriescan
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Figure 14. PV Module Operating Characteristics
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serveascontrollersto provideconstantvoltageto themotor,50 it Operatesat aconstantspeedand
higheraverageefficiency.Thedisadvantagesof batteriesincludeadditionalcost,highermaintenance
requirements,andperiodicreplacementcosts.

Solarradiationis strongest~andPV outputgreatest)whenthe incomingsolarradiationis perpendicu-
lar to theplaneof thearray . Severalkinds of sun-trackingdevicescanbe usedto move an arrayso
thatit is perpendicularto thesun’sraysall day long. Thesevary considerablyin termsof complex-
ity, reliability, andcost.Undercertainconditions,arraytrackershavebeenshownto producein-
creasesin arrayoutputof up to 40 percentover thecourseofaday. This netgainmustbe weighed
againstthe increasedcomplexityandcostof thesedevicesin decidingwhetherto useatrackingar-
my.

Particularlyin areaswherewell yieldsare low anddrawdownshigh,or wherewatertablesvary con-
siderablydueto droughtor unusuallyheavyuse,safetydevices(suchas low-watercut-outswitches
andmotoroverheating/overloadingprotection)shouldbe includedin apumpingsystem.Somecom-
mercialPV pumpsarealreadyequippedwith thesesafetydevices,but you shouldrequestthat they
be includedin any quotationon thepriceof asystem.PV systemsshouldalsobe properlygrounded
to protectthemfrom lightning—thisinexpensivesafetymeasureshouldneverbe overlooked.

All of thecontrollingandstoragemechanismsbriefly describedherehaveadvantagesanddisadvan-
tagesin termsof their complexityof operationandrepair,their effectson systemefficiency,and
theircosts.Theemphasisin pumpdesignandcomponentselectionshouldbe on trying to achieve
long-termreliability insteadof thehighestpossiblesystemefficiency.Reliability hasoftenbeen
shownto bea strongfunctionofa system’sdesignsimplicity.

6.1.2 The Motors

Severaltypesof motorsareusedin solarpumpingsystems, includingDC motorswith orwithout re-
placeablebrushesandAC motorswith inverters.DC motorsnormallyusebrushesto conductcurrent

to theirrotors.Thesebrushesmustbereplacedoccasionallywhen theyareworndown.This posesno problemfor surface-mountedmotorsthatareeasilyaccessiblefor maintenance(if thereplace-
mentbrushes arelocally available).Forsubmersiblepumps,however,where themotorandpump

aremountedunderwateras anintegralunit, changingthebrushesrequiresthattheentirepumpsetanddroppipebepulledfrom theborehole,which canbe amajoroperation.Somemanufacturers
(e.g.,AY. MacDonaldin theUnitedStates)usebrushlessDC motorswith submersiblepumps.This

innovation reducesrecurrentcostsfor periodicmaintenanceof submersiblepumps,sincethebrusheswill not haveto be replacedon theseunits.

4

At weatherstations,solarradiationis usuallyonly measuredin a horizontalplane.However,if aPV arrayis mountedhorizontally,it will not interceptthe maximumamountof radiationavailable.In fact,arraysareusuallymountedatanangleto thehorizontalaboutequalto the latitudeof the site.To determinehow muchsolarradiationhits thetiltedarmy,
seethediscussionof tilt factorsin Appendix G.
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6.1.3 The Pumps
Themostcommontypesof pumpsusedin PV systemsarelisted below.Theiroperatingcharac-
teristics,typicalapplications,advantages,anddisadvantageswerediscussedin Chapter4. These
pumpsarelisted againherewith thenamesof all major supplierswho providepumpsfor PV sys-
tems:

• ~1f-ptimingcentrifugal—AEGandA.Y. MacDonald;

• submersiblecentrifugal—Grundfos,A.Y. MacDonald,AEG, Totale,andHydrosol;

• positive-displacement,reciprocating-piston(jack)—JADCOandLamb;

Lesscommontypesinclude:

• positive-displacement,rotary—Mono,andRobbinsMeyersfMoyrto;

• jet—A.Y. MacDonald;and

• verticalordeep-wellturbine—ApolloEnergyandPompesGuinard.

In general,PV systemsthatrequirehigh flows for low heads(e.g.,for micro-irrigation)usesurface-
mounted,self-primingcentrifugalpumpsbecauseof theirhigh capacity,reliability, andeaseof main-
tenance.Submersibleunits (which areby far themostcommon),positive-displacementpumps
(pistonandrotary)andverticalturbinesareusedfordeeperwellsand boreholes.Pistonpumpsare
typically high-head,low-flow units.Jetpumpsareusedfor moderateheadandflow applications,but
arenot common. I
6.2 Operating Characteristics
Theamountof wateroutputfor aPV pumpdependson theintensityof solarradiationfalling on the
PV array,thetotalpumpinghead,systemefficiency,andtheoperatingtemperatureof thearray.
Higherradiationlevelsproducegreaterelectricaloutputand,consequently,morewater.As is true
for all pumpingsystems,thegreaterthepumpinghead,the lower thewateroutputfor agivenpower
level. An array’s electricaloutputandapump’s wateroutputdropoff astheoperatingtemperaturein-
creases—thus,PV pumpsaremoreefficientin coolerclimates. I
Solarradiationvariesin severalways:

• daily—asthesunrisesandsetsandasshort-termweatherpatternscausecloudyor I
partiallycloudyconditions.Cloudinessreducessolarradiationon thearray, sometimesto
thepoint whereno watercanbe pumpedunlessthesystemhasabatterybankforelectrical
storage;

• seasonally—asvarying long-termweatherpatternsoccurover theyear(e.g.,monsoons5or
dry seasons)andastheangleofdeclinationchanges(i.e., the anglebetweenthesun’srays

5 1
In someplacessuchas IndiaandMalaysiamonsoonscanobscurenearlyall usablesolarradiationfor up to several

monthseachyear. I
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andahorizontalsurfaceon theearth),which is reflectedin thesun’slowerpositionin the
winter sky andhigherpositionin thesummer;

• annually—asweatherpatternsassociatedwith droughtconditions,clouds,air pollution,
andmonsoonsvary; and

• geographically—asafunctionof latitudeandmicrocliniaticweatherconditions(e.g.,local
groundfogandduststorms)atthe site.

A typicaloperatingday for a solarpumpis depictedgraphicallyin Figure15, which showsactual
measureddatafor asolarpumpon an averagesunnydayin Botswana.Thegraphindicatesthehy-
draulic or subsystemefficiency(alsosometimescalled“wire-to-water”efficiency). This is theratio
of hydraulicenergyoutof thesubsystem(thevolumeofwaterpumpedata certainhead)divided by
electricalenergyinto thesubsystem,the flow ratein 1/sec,andthesolarradiationintensity6in W/m2.
Thefigure showshow thepumpdoesnot turnon immediatelyin themorning,but only whenthecut-
in or thresholdradiationlevel is reached(in Figure 15, thecut-inradiationlevel is about300W/m2).
This is theminimumlevel ofradiationatwhich thearrayproducesenoughcurrentto overcomethe
startingtorqueofthepumpandmotor.It varieswith the systemandsite,but higherheadsalways
meanhigherstartingtorque.A similarsystemis shownin Photograph5.

6
All figuresgivenfor solarradiationin this chapterareradiationlevelsasmeasuredperpendicularto thearray. For

tilted arrays,the horizontalvaluemustbemultiplied by the “tilt factors discussedin AppendixG.

Figure 15

Solar Pump Operating Curves
(on a cloudless day In Bot8wana)
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Forpoorly designedsystems,thecut-inradiationlevel maybe sohigh that thepumprunsfor only a
shortperiodduringtheday or maynot turn on at all. By usingcertaintypesof controllers(e.g.,MP-
VFs), thesystem’scut-inradiationlevel canbe loweredso it operatesfor a longerperiodeachday.
Similarly, for dayswith low radiation(for example,avery cloudyday),evena well designedsystem
mayneverreachits cut-inradiationlevel and,hence,will notoperatethatday.

After thecut-inlevel is reached,thepump turns on andthe flow rateincreasesuntil aroundnoon
whenthesunis atits highestpoint in thesky. Thereafter,solarradiationand,consequently,pump
outputdecreaseuntil thecut-outradiationlevel is reachedin late afternoonandthepumpstops.As
you canseefrom Figure15, thesystem’shydraulicefficiencyincreasesearlyin thedayuntil theunit
is in its normaloperatingrange(about32-34percent),levelsoff, andthendropsoff againin the late
afternoon. I
Becauseofthevariability in solarradiationandtheconsequentvariability ofpump outputovera
givenperiod,solarpumps(like wind pumps)requiresometypeofstoragesystemso thatwateris al-
waysavailableto users.ForPV pumps,energycanbe storedeitherelectrically(usingbatteries)or
hydraulically(waterin astoragetank). Considerabledebatehastakenplaceon batteryversuswater
storage,aswell ason theamountofeachrequiredfor any giveninstallation.A generalrule ofthumb I
is that systemsshouldbe designedwith threedaysof storage.Thetypeof storagedependsuponsev-
eralfactors,primarily thelocal costandavailability of storagetanksandbatteries,and secondarily
thelikelihood that batterieswill beproperlymaintained.Storagetanksrequireconsiderablylessac-
tive maintenancethanbatteries,andsoarelesslikely to fall overthe longrun.Batteriesin PV pump-
ing systemsoftenare notservicedproperly,andthusmustbereplacedfrequentlyat considerable
expense. I
Oneofthebestfeaturesof solarpumpsis that theirnormaloperatingrequirementsareminimalcom-
paredto mostothertypesof systems.A solarpumpusuallyoperatescompletelyautomatically,so
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Photo 5.
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Grundfos submersible solar pump for village water supply In Botswana
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pumpoperatorsarenot strictly required(astheyarewith dieselengines,for example).Also, solar
pumpsdo notrequirefuel.

6.3 Choosing a Solar Pump
Sizingmethodsfor solarpumpingsystemsrangefrom verysimple to highly complex.This section
showsa simplermethodfirst, and thena morecomplexandaccurateone.

6.3.1 CalculatIng Power Requirements
Thesimplestsizingmethodcalculatesthepowerrequired,given theestimatedheadandflow rate.
Rememberthat subsystemefficiencyis theratioofenergyoutof asystem(i.e., waterflow for a
givenhead)divided by energyinto the system(electricalenergyoutputfrom thearray).Using atypi-
cal subsyst~rnefficiencyof 30 to 40 percent7,thenecessaryarraysizecanbe estimatedquickly.

Theactualpowerrequiredto pumpwateris definedas:

(9.81 xHxQ)Preq Fonnula #8
TI sub

where Preq = power required in watts

9.81 = gravitational constant

H = total pumping head in meters

Q = flow rate in liters per second

‘flsub = subsystem efficiency of 0.30 to 0.40

Example 9: Power Requirements

To pump one liter per second (1/sec) against 28 meters head for a system with a
subsystem efficiency of 30 percent, what is the electrical output needed from an
array?

Preq= (9.8x 28 x 1)/0.30= 915watts

7
Manufacturers’literatureusuallyquotesthis efficiencyasmeasuredunderideal conditions,ashigh as50 to 60 percent.

Our field measurementsof thesubsystemefficiency of manyinstalledsolarpumps,includingmotor,pump,and
controller,haveneverbeenhigherthan40 percent.
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Sinceenergyequalspowertimes time (in hours),if apumpsetranfor two hoursat thatrate,energy
consumptionwould be 915wattsmultiplied by two hours,which is 1,830watt-hoursor 1.83kWh.
This is thehydraulicenergydemanddiscussedin Chapter3. Thenextstepis to determinethesize of
arrayin Wp thatcouldsupply the915 wattsofpowerunderpeaksolarradiationconditions.

I
I
I
I
I

Thesolararrayin Examples9 and 10 only produces915 Wattswhenthesolarradiationlevel is 1
kW/m2. For manyplaces,this is the highestlevel reachedduring agoodsunnyday. Rememberthat
this is an instantaneouspowerlevel, andthatener~’yis powerperunit time. In weatherdata,solarra-
diation is usuallygiven in energyunitsofkWh/m -day. Thesolarenergylevel on a goodsunnyday
at low latitudescanreach6-7 kWh/m2-day. Thepowerlevel, however,variesover theday,starting
out low in themorning,peakingaroundmid-day,andthendroppingoff to zeroasnightfalls. A
quick estimateof solarpumpwateroutputover aday is to calculateits outputat 1 kW/m2 (solvefor
“Q” in Formula8), thenmultiply that instantaneousoutputby thenumberof “peaksunlighthours”
in an averageday (e.g.,6 if thesolarradiationlevel is 6 kWh/m2-day)to get:

6 hrs/day x 1 I/sec x 3,600 sec/hour = 21,600 I/day = 21.6 m3/day

This roughmethodofsystemsizingoversimplifiestherealsituationin severalways:

• Thelevelof solarradiationactuallyvariescontinuallyoverthecourseof aday—starting
at zero,radiationincreasesto its maximumaboutnoonandthendropsoff to zeroagain
aftersunset. I

• Systemefficiencyvarieswith radiationlevel and temperature—efficiencyimprovesas
radiationincreases(up to apoint; againseeFigure15) but dropsas thetemperaturerises
in theafternoon.

• It is assumedthatall of the6 kWh/m2daycanbe usedby thesystem—infact, for systems
withoutbatteries,radiationbelow thecut-in level is wastedbecausethepumpis not I
running.

I
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Example 10: Approximate Array Sizing
For the system in Example 9, assume that ARCO/Siemens Solar M-53 modules are
used in the array. Each typically produces about 2.2 amps of current at 15 volts when
driving a pump under 1,000 W/m2 of solar radiation (from the manufacturer’s
literature).The required motor voltage is 105 volts (for a Grundfos submersible pump).
How should the array be wired, and how many modules should be used?

Since wiring modules in a series increases voltage, the motor voltage of 105 is divided
by the module voltage of 15, so that 7 (7 x 15V = 105V) modules must be wired in
series to produce the required voltage. Together, those seven modules have an
output of 105 volts multiplied by 2.2 amps, or 231 watts. The modules connected in
series are called a “string.” Dividing the system’s overall power requirement (915
watts) by the output of each string (231 watts) shows that four strings of seven
modules are required, or a total of 28 modules.

I



However,sincethe methodcanbe usedto estimatea maximumflowrate,it is usedto calculatehead
loss in piping (seeExample12). This methodis, however,usefulfor calculatingmotorpowerre-
quirements,andthe wiring schemefor thearray.

6.3.2 More Accurate Array Sizing

A somewhatmoreaccurateway of estimatingthesizeofthesolararrayneededto pumpa given
amountof wateris to usethe following formula:

This formulabetterapproximatestheactualoperationof asolarpump,exceptthat it doesnot take‘ intoaccountthecut-inandcut-outradiationlevels,mentionedabove,belowwhich thepumpwill
notoperatein theearlymorningandlate afternoon.However,thesearerelativelysmallerrorswhich
tendto overestimatethedaily outputby 5 percentor ~ Virtually everyvariableexceptarray size

and
thegravitationalconstantchangeswith the timeof dayandthe season.The array/loadmatching

factoris ameasureof theelectricalimpedancemismatchbetweena PV arrayandthe subsystemload
(i.e., thesubsystemcontrollerorpumpmotor in adirect-coupledsystem).An exampleof howto use
this formulais given in Example11.

To simplify theprocessof sizing aPV system,Table4 showsthearraysizeneededto pumpagiven‘ amountof water(10to 30 m3/day)atagiven head(10 to 60 meters)for threedifferentradiationlev-
els.The arraysizeswerecomputedwith the Formula#9 abovefor moreaccuratearraysizing, using
valuesfor acentrifugalpumpin awarm climate.

In
fact, you canincorporatethis into thecalculationby usingan “averagedaily subsystemefficiency.” This canbe

approximatedby taking theefficiencyatnoon (about32-34percent)andmultiplying it by 0.95 to gettheaveragedaily
efficiency, which will takeinto accountenergylossesbeforereachingthe cut-in level, andafterreachingthecut-outlevel.

9.81 XHXQDArray Size in Wp = Formula #9
Htx3.6 X Fm X FTxTIsUb

where Wp = peak watts

9.81 = gravitational constant

H = total pumping head in meters

Qo = desired daily water output in m3/day

Ht = global solar radiation in the array plane (kWh/m2day)

3.6 = conversion factor (kWh to MJ)

Fm = array~oadmatching factor, 0.9 for centrifugal pumps, 0.8 for others

FT = de-rating factor for operating temperature of array output cells
(0.8 for warm climates and 0.9 for cool)

T~sub = subsystem efficiency

8
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6.3.3Summary of Solar Pumping System Design

To designacost-effectivesystemproperly,historicaldataon localsolarradiationconditionsshould
be used,whereavailable.Unfortunately,suchinformationis seldomcollectedin many areasof most
developingcountries.Thus,estimatesof monthly radiationlevelsover theyearmustbe used.Possi-
ble sourcesof localradiationdata(e.g.,meteorologicaldataandPV manufacturers’world orarea
maps)arediscussedin Chapter2. Theaveragedaily radiationlevel usedin arraysizing shouldbe
basedon thedesignmonth.Theconceptof designmonthfor solarpumpsis similar to thatfor wind-
mills—it is themonthin which it will be mostdifficult to meetthewaterrequirementatthesite
given theavailablesolarenergy.

Whendrawingup bid documentsfor solarpumps,specifythewaterrequirementasacertainaverage I
daily amountat anestimatedtotal pumpinghead(includingexpectedfriction losses),andsupply
whateverlocal radiationdataareavailable.Whenreviewingdealers’quotes,usetheexamplegiven
below to checkthatthesystemsbeingproposedarereasonablysizedto meetthewaterdemandat
thesite.Bidders’ estimatesof wateroutputshouldbe within 15 percentof yourcalculationsfrom the
methoddescribedhere.Otherwise,thesystembeingproposedwill probablybe improperlysizedto
meetyourrequirements.

I
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Example 11: More Accurate Array Sizing

Array Size in Wp

Use the more accurate formula given above to calculate the size of the array needed to
pump 20 m3/day from 28 meters of head, using the equipment described in Examples 9
and 10.

where

9.81 x28x20
6x3.6x0.9x0.8x0.30”177 Wp

gravitational constant = 9.81

H (pumping head)

water output

= 28 meters

solar radiation

=20 m3/day

=6 kWh/m2day)

Fm

conversion factor (kWh to MJ) = 3.6

Ft

= 0.9

Ilsub

= 0.8

= .30

A 28-module array (one module = 43 Wp) would be adequate here. Using the procedure
in Example 10, you could then calculate the number of modules connected in series
and parallel to give the required motor volts and amps.
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Table 4. Sample Solar Pump Sizing Table
Array Size (Watts Peak) to Pump Given Volume at Given Head

(Subsystem efficiency = 30%, and radiation of 4,5, and 6 kWhfm2day)

Watur D.mand (cubte mstsra p.r day)

10 20 30

Head (m) 4.0 5.0 6.0 4.0 5.0 6.0 4.0 5.0 6.0

10 315 252 210 631 505 421 946 757 631

20 631 505 421 1,262 1,009 841 1,892 1,514 1,262

30 946 727 631 1,892 1,514 1,262 2,839 2,271 1,892

40 1,262 1,009 841 2,523 2,019 1,682 3,785 3,028 2,523

50 1,577 1,262 1,051 3,154 2,523 2,103 4,731 3,785 3,154

60 1,982 1,514 1,262 3,785 3,028 2,523 5,677 4,542 3,785

Thefollowing exampleillustratesthecompleteprocedurefor sizinga solarpumpandits compo-
nents.

9

SeethesectiononPV watersystemdesignin Stand-AlonePhotovoltaicSystems,A HandbookofRecommended
DesignPractices,PhotovoltaicDesignAssistanceCenter,SandiaNationalLaboratories,Albuquerque,NewMexico.

Solar Radiation (kWh/rn 2day)

I
I
I

For example, to pump 20 cubic meters per day at 30 meters head given a 30 percent
subsystem efficiency, if your solar radiation level is 6.0 kWh/m2day, then you would need a
1,262 Watt peak array (rounded up to the nearest commonly available size).
If you decide that you want to use batteries with your system, either because of a low yield
borehole or to increase water availability, a more complex procedure is required.9
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Example 12: Detailed Solar Pump System Selection
A solar pump is being considered for use at a village site in rural Sudan, where an I
elevated tank (5 meters high) stores water pumped from a nearby borehole. The
distance from the borehole to the storage tank in the village is 250 meters. The
borehole currently has a 6-inch diameter casing. It has been test-pumped for 72 hours
by a local drilling contractor, and a yield of 5 m /h was measured. The depth from the
top of the borehole to the water surface during the test-pumping was 13 meters.
Radiation on a solar array during the design month is 6 kWh/m day (or 21.6
MJ/m2day). The village currently has 680 people, and the sheikh estimates that the
population increases by about 2 percent annually. Currently, people use about 30 liters
each per day. The availability of diesel fuel has been so irregular and its price has been
increasing so rapidly that the community is considering buying a solar pump with an
agricultural development bank loan. Size an appropriate system for this community.

First, determine water demand. The current population of 680 is growing at 2 percent
per year (FpG). The system should be sized to provide an adequate supply of water
over its entire useful life (N), which is expected to be 20 years (some components will
have to be replaced as not all of the equipment will last this long). From Formula 1 in
Section 2.1.3, the demand in year 20 will be:

future demand = (current demand) x (1 + FpG)~’~ I
= (680 people x 30 I/day) x (1 + .02)(2~1)

=30m3/day I
Second, determine total pumping head. Begin by calculating friction losses. The
average pumping rate can be estimated by assuming that the 30 m3/day output
requirement will be pumped over 6 “peak sun-hours” (6 kWh/m2day), so the peak flow
rate will be:

(30 m3/day)/(6 peak sun-hours/day) = 5 me/h = 1.4 I/sec I
You intend to use a submersible pump with a 50-millimeter galvanized iron drop pipe in
the borehole. The pump will be set 5 meters below the dynamic water level to keep the
pump wet and properly cooled. The total length of piping in meters will be: I

13 (borehole) + 250 (pipe run) + 5 (pump set) + 5 (tank) = 273 meters

From Figure 4 (in Chapter 2) and the tables in Appendix B, the friction loss under these I
conditions--273 meters of 50-mm galvanized steel pipe with negligible losses due to
bends and valves--is 3.6 meters. The total pumping head would then include the
dynamic head of 13 meters, the discharge head to the elevated unpressurized tank of 5
meters, and friction losses in the pipes of 3.6 meters for a total of 21.6 meters.

Note that the 3.6-meter friction loss is 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 energy required to pump your water). With 65-millimeter pipe,
the friction loss is 1 meter. The total head is then 18 + 1 = 19 meters. I

(continued next page)

I
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Example 12: Detailed Solar Pump System Selection (continued)

6.4 Cbst Considerations

I Solarpumpcostsdependprimarily on two components—thearraysizeandthepumpingunit. Solarmodulecostsusuallymakeup 60 to 85 percentofthetotal systemcost(a higherpercentagethesmallerthesystem, sincethebalanceofthesystemis afixedprice)andareusuallyquotedin terms

I of dollars perWp or US$/W~.In 1983, modulecosts wereaboutUS$l0/W~,shippedfrom thecoun-try of manufacture.In 1992, theywerebeingquotedaslow asUS$5/WV to US$6/Wp.Thelargerthe
system,thehighertheproportionof systemcostthat is representedby PV modules.Thesepricesusu-‘ ally do not includefreight andinsurancechargesto ship to developingcountries,whichcaneasily
add50 percentormoreto theprice. Forexample,in 1988moduleswith a U.S.price of$5/Wywere
quotedin Botswanafor $8fWp. Pumpsets(i.e., apumpandmotor)designedfor usewith PV systems

I rangein pricefrom US$500to US$2,000(FOB themanufacturer),with theunitsratedfor lowerpoweroutputcostinglessandoftenusedatlower heads(e.g.,surface-mountedcentrifugalandjet
pumps).Units with higherpoweroutputfor deeperwells runfrom US$2,000to US$3,000.Submers-‘ ible AC pumpsaregenerallythemostexpensivebecausein additionto thepumpandmotor,they
musthavean inverter to convertDC powerto AC. Often, thehighercost(US$2,750)of theseunits
is morethanoffsetby greaterreliability and, consequently,lower recurrentcosts.

Othercostsassociatedwith solarpumpingsystemsinclude thearraymountingstructure,wiring,
othertypesofcontrollers,watermeters,civil works (e.g.,aconcretepadfor thearrayandpiping),
andstoragetanks.Thesecostscanvary considerablydependingon whethertheequipmentand/or

Third, determine the array size needed. Follow exactly the same procedure as given in
Example 11. Use a subsystem efficiency of 32 percent, which is ty~Dicalof Grundfos
submersibles available in Khartoum, and a water demand of 30 m /day for 19 meters of
head. You can now compute the array size needed from Formula #9:

9.81 x 19 x 30
Array Size in Wp = 6 ~3.6 ~0.9 .~ 0.8 ~0.32 = 1,124 Wp

This figure is the minimum array size in Wp that can meet your water requirement.
However, other requirements must be taken into account. The Grundfos submersible you
are looking at runs at 105 volts. You are considering using Solarex modules, specifically
the MSX-53 version on which a dealer in Khartoum has given you a quote. These 56 Wp
modules have a typical operating voltage of 15 volts. This means you will have to wire
105/15 or seven modules in series to get the right voltage.

Finally, to find the total number of modules, divide 1,124 W~by 56 W~per module or
about 21 modules (rounding up to the nearest multiple of seven). Your array would 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). Since you are using
Grundfos units, your best choice is probably the SP8-4. Your system sizing is now
complete.
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materialsaremadelocally or imported.Checkwith local dealersfor estimatesof thesecosts.Typical
costsfor eachcomponentaregiven in Table7 in Chapter10. 1
6.5 Maintenance and Repair
While normaloperatingproceduresfor PV pumpsusually requireminimal usersupport,theydo
needsomeattendance.Dustshouldbe washedfrom thecollectorarrayasrequired(i.e., whenit is
obviouslycoatingthemodules),andfor surface-mountedmotors,belt tightnessandany overheating
ofthemotorortransmissionshouldbe noted.If float switchesareusedin thesystem’sstoragetank,
theyshouldbe checkedperiodicallyfor properoperation.Wateroutputshouldbe recordedby read-
ing theflow meteron adaily basis.This will permitamorerapiddiagnosisof any problemsoccur-
ring with thesystem.

Oneperson(preferablyfrom thecommunityservedby thepump)shouldbe assignedtheresponsibil-
ity ofmonitoringpumpoperation,recordingwater-usedata,anddeterminingthenatureandextent
of any breakdownsthatoccur.This individualcouldbe trainedto dealwith simplerepairs,suchas
looseor brokenwires.Heor sheshouldalsoknow exactlyhow to call for arepaircrew if repairsare
required.Becauseof thecomplexityofmostof thecomponentsin PV pumpingsystems,it is much
morelikely thatthefirst responseto breakdownswill be to replaceacomponentratherthanto make
an on-siterepair. I
In somecircumstances,particularlyat unattendedorremotesites,vandalsor animalsmaybreakthe
modulesorrip out thewires.Qualifiedpersonnelperformingperiodicmaintenanceshouldcheckfor
this, andshouldalsocheckfor naturaldegradationsuchascorrodedterminalsandworn insulation.
Theequipmentshoulddefinitelybe fencedin to protectit from childrenandanimalsandto protect
themfrom electricshock.Animalscaneasilyshutdownan unprotectedsystemby scratchingthem-
selveson the array’smountingsupportsandknockingthemover orby chewingthroughtheinsula-
tion on wiring andshort-circuitingthesystem.Representativesfrom usergroupsshouldbe chosen
andchargedwith notifying repaircrewspromptlyso thatany necessaryrepairscanbe accomplished
quickly to minimizedowntime.

PV pumpsrequirelittle maintenanceduring mostof theirusefullives. However,like any otherpiece
of equipment,theydo requiresomeperiodiccare.Thetypeof maintenancedependson thetypeof
system.DC motorsrequireperiodicbrushreplacementunlesstheyarebrushless.Pumpsealsfail and
mustbe replacedoccasionally.Belt-drivenpumpsmusthavethebeltstightenedandeventuallyre-
placed.Forpistonpumps,thecylindercup leathersmustbe replacedaboutevery 12 to 24 months.
Whenpumpingwaterwith fine sand(e.g.,in Sudanor Somalia),leathersmayhaveto be replacedas
oftenaseverysix months. I
Maintenanceproblemswill be worsewhensystemsareinstalledon low-yieldwells, in watersources
that havewidefluctuationsin waterlevel, or wherethewaterquality is marginal.if low-wateror
overheatingcut-offswitchesarenotused,down-holeequipment,includingpumpsandmotors,can
be destroyedwhenwaterlevelsdropbelow thedepthof thepumpinstallation.Undervery low-flow
conditionswherethepumpcontinuesto operate,an insufficientflow of waterpasta submersible
pumpmaynotprovidesufficientcooling andmaydamagethepump.

Forproperlydesignedsystems,monthlyor bimonthly maintenanceconsistsof visually inspecting
electricalconnections,tighteningnutsandbolts,cleaningthearray,checkingthe arrayelectrically I
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(onaquarterlybasis)to makesureit is workingproperly,andcheckingthebatterybank,if thereis
one.This shouldtakeno morethanoneto two hoursof amechanic’stime, not includingany re-
quiredtravel.

Mostproblemsin PV pumpingsystemsoccurwith componentsotherthanthearray.Unlesstheyare
vandalized,modulesvery seldomfail. If theyareseverelydamaged,theymayhaveto be replaced,
atgreatexpense(US$250to US$350each).It is muchmorecost-effectiveto educateusersaboutthe
importanceofteachingchildrenandothersnot to damagethewatersupplysystem.

Mostproblemsoccurwith thepump,motor, andcontroller.Generally,thedesignphilosophybehind
solarpumpshasbeento manufacturecomponentsthatwill be replacedratherthanrepaired,at least
for mostsituationsin developingcounthes.Dealerrepresentativesfor U.S. orEuropeanPV pump
manufacturersareusuallyassignedonly to developingcountrieswith largenumbersof solarpumps
or atregionalcenterssuchasNairobi in EastAfrica. Theyoftencarrysparepartsfor pumps(e.g.,im-
pellersandseals)or will replacetheunit if it is underwarranty.

Motorsaremoreproblematic.Dependingon the level oftechnicalskills in yourarea,electricmotors
canberewoundlocally. Local mechanicsor mechanically-inclineduserscaneasilyreplacethe
brushes,if themotoris easilyaccessible.Local mechanicscanalsoreplacepumpormotorseals,as-
sumingthatsimilar typesofequipmentareusedlocally (e.g.,grid-electricsubmersiblepumpsets).
WIth theexceptionof brushreplacement,mostproceduresshouldbecarriedout in acleanelectrical
shopin thenearestlargetown, ratherthanin thefield.

Of course,appropriatesparepartsmustbe available.if not,considerabletime andeffort maybe re-
quiredto find the necessarypartslocally or to havethemshippedfrom themanufacturer.Theimpor-
tanceof acompletesparepartsinventorycannotbeoveremphasized.Thebiggestproblemin system
maintenanceandrepair is the time it takesto addresstheproblemfrom abroad.Whenchoosinga
supplier,rememberthe importanceof local dealerswhomaintain suppliesof sparepartsandcanfix
or arewilling to replacefailed or defectiveequipment.

Thereis little, if any, local manufactureof PV pumpingequipmentin developingcountries10Bat-
tery-chargecontrollersaremadein somedevelopingcountries,andthenumberof SpireCorpora-

don’s turnkey PV cell andmoduleassemblyplants in the developingworld is slowly increasing.Given thehighly automatedand sophisticatedmanufacturingtechniquesthataretypically usedto
makePV equipment,all ofit will probablybe importedin mostdevelopingcountriesover thenear

term. In manycountries,thereare simplyno localdealers.In countriesthosewith local dealers,theirknowledgeoftheproductandpropersystemdesignproceduresmaybe minimal, sopotentialcus-
tomersmusteitherhaveaccessto designguidelines(suchas thismanual)or look elsewherefor

equipment.
If this is thecasein your area,you might reconsiderthepossibility of usingsystemsthat

arealreadyavailablelocally. In somecountries,knowledgeable,well-equippeddealershipscanpro-
videaccuratesystemdesign,promptprocurementfrom existinginventoriesorasaresultof goodre-‘ lations with manufacturers,andtrainedcrewsfor installationandusertraining.At present,this type
of situationis theexceptionratherthantherule.

10
However,modulesarenow manufacturedin countriessuchasIndiaandChina.
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6.6 EquIpment Life
SincePV pumpsarearelativelynewtechnology(comparedto dieselengines,windmills, andhand-
pumps),little is knownabouttheeconomiclifetime thatuserscanreasonablyexpectof mostsys-
temsandcomponents.While field testshavebeenconductedfor certaintypesofsystems,few PV
pumpshavebeenin actualusefor morethantenyears(asof 1992).Modulemanufacturersnow
commonlyguarantee theirproductsfor 10 yearsagainstsignificantlossofpoweroutput,and acceler-
atedtestshaveindicatedthatmoduleswill retainup to 90 percentoftheir originalpower-generating
capacityfor up to 20 yearsaftertheinitial installation.Theneedfor modulereplacementbecauseof
damageis ~ dependenton thesite11(seePhoto6).

Othercomponentsarenotso robust.Themotorwill probablyhaveto bereplacedeverythreeto
sevenyears,dependingon the levelof operatingpower(i.e.,thehigherthepower,thesoonerthemo-
tor will needreplacement),thequality of thewater(for submersibles,poorwaterquality tendsto cor-
rodecasingsandruin sealsmorequickly), andthequality ofthe installation.Electroniccomponents,
suchascontrollers,mayalsoneedreplacementeverythreeto five years,dependingon thequality of
theequipment.Array mountsshouldneverneedreplacement.

Photo 6.
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A newly Installed solar pump In the North Kordorfan region of Central
Sudan. If It does not suffer damage from vandalism, the array will probably
provide power to pump water for up to 20 years.

11
SeeHodgkin andMcGowan(1991)for informationon moduledamagefor systemsin Sudan.
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Chapter 7: Windpumps

Wind pumpingsystemsorwindmills converttheenergyin wind into mechanicalor electricalenergy
to driveapump.This sectioncoverswhatyou needto know to:

• gatherthenecessaryinformation to determinewhethera windmill will meetthedemand
for wateratyour site; and

• selectaproperlysizedwindmill andpumpif this typeof systemis appropriate.

Sincethevastmajorityof all windpumpsusedin developingcountriesaremechanicalwindmills
drivingpistonpumps,that typeofsystemis theprimaryfocusof this chapter.Othertypesof wind-
pumpswill be mentionedonly briefly.

7.1 System Description
Wind energysystemsaregenerallysubdividedin two ways:by rotoraxis (horizontal-orvertical-
axis machines)andby powertype(electhcalormechanical).While it is possibleto pumpwaterus-
ing theenergyproducedby any of thesefourpossibleconfigurations,themostcommontype is the
horizontal-axis,mechanicalsystem,which is usuallyreferredto asasteel-bladed,farm-typewind-
mill, orsimply a farm windmill. Dempster,Aeromotor,Fiasa,andSouthernCrosswindmills areex-
amplesof this systemdesign.Figure 16 showsa schematicdiagramof this typeof wind energy
system.

A typical farmwindmill hasfourmain parts:

• ahorizontal-axiswind wheel,whichconvertspowerin thewind into the rotaryshaft
powerof theaxis;

• awindmill “head,” whichchangestherotarymotion of theaxis to a verticalreciprocating
motion andmakesany necessarygearreductions;

• a tail attachedto thehead,which hastwo purposes—itallows thewindmill to track
changesin thewind directionand,along with a brake,permitsthewindmill to be furled
(i.e., takenoutof thewind andstopped)during high windsorwhenotherwisedesired;and

• atower(usuallysteel)on which thewindmill headis mounted.

This designis nearlyalwaysusedwith a reciprocating-pistonpump.Thetypicalmultibladeconfigu-
rationis designedto providethe requiredhigh torqueto startthepumpatlow windspeeds.At higher

windspeeds, theefficiencyofa systemis somewhatreduceddueto rotoraerodynamicsandloadcharacteristics.

For afixed windspeed,awindmill’s poweroutputis proportionalto thediameterof therotor. Com-mercialfarm windmills vary in diameterfrom 3.0 to 7.3 meters.Wateroutputdependson the
amountof energydeliveredto thepumpcylinder.Cylindersizesfor reciprocatingpumpsvary in

terms ofdiameterandlengthof stroke—thelargerthecylinder diameterandthelongerthe stroke,the morewaterpumpedper stroke.Commonlyavailablecylindersrun from 2.25 to 4.0 inchesin di-
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Figure 16. Typical Windmill Installation

BOTtOM

OF WELL

Dempster Manufacturing Literature

PUMP
POLE

Top

SCREEN

84



ameter,althoughlargersizescan be obtainedif desired.Thestrokelength is generallydeterminedby
thedesignof thewindmill headandis typically 12-24inches.Towerstypically comein heightsof 9,
12, and15 meters.Thehigherthe tower, the greatertheamountofenergythe windmill cancapture.

Recentefforts at improving thedesign,reducingtheweight, andsimplifying fabricationprocedures
haveresultedin a newgenerationof windmills. Thesediffer from traditionaldesignsin manyways,
including theeliminationof gearsandcastings,which permitssimplifiedfabricationtechniques,and
improvedrotorefficiencybasedon a betterunderstandingof aerodynamicdesign.Photographs7
and8 showtwo examplesofnew-generationmachines.

Anothertypeof windmill that hasbeentestedanddemonstratedon amuchsmallerscalethanthe
farmwindmill is theSavoniousvertical-axisdesign.Therotorconsistsof severalcurvedmetal
bladesmountedaroundacentral,verticalaxis ofrotation.Initially, this designshowedpromiseasa
simple, inexpensive,easilyconstructeddevicefor utilizing windenergy.However,for waterpump-
ing applications,it hasnotproveneffective. It is inefficient; problemshavearisenin controllingits
speedto protectit from high winds; towersthat arestrongandlargeenoughto get the rotorup into
thewind-streamarequite expensive;andcouplingtheverticalshaftto apumpthat will operateeffi-
ciently at the rotor’s low rotationalspeedshasprovendifficult.

‘ Othermechanicalwindmill designsarerelativelyuncommon,particularlyin developingcountries.
Thus, this sectionfocuseson thesteel-bladed,farm-typewindmill andrecentimprovementsin its tra-
ditionaldesign.

7.2 Operating Characteristics

Wateroutputfor a windpumpdependson avarietyoffactors,themostsignificantbeing:

• thewind regimeat thesite;

• thepumpinghead;

• thediameterofthewindmill rotor; and

• thesizeof thepumpcylinder.

Thesingle mostimportantfactoris thewindspeedatthesite.Thepoweravailablein wind variesas
thecubeofthe windspeed—ifthewindspeeddoubles,thepoweravailableincreasesby a factorof

eight. Becauseof variationsin wind regimes(e.g.,gustsarid variabledirections),windspeedscanonly be measuredandpredictedstatistically,andwateroutputcanonly be estimatedstatistically.
Thereis no guaranteethat aspecificamountof waterwill be deliveredperday,week,ormonth.This

limits windmill useto applicationswith flexible waterrequirements,largestoragecapacity,or somesortof backupsystem.Most applicationswill needa storagetankwhichcanholdenoughwaterfor
threeto fourdays.

As with any pumpset,theoutputof aspecificwindmill/pump combinationat agiven site is in-
verselyproportionalto thepumpinghead—astheheadincreases,theoutputdecreases.All otherfac-

tors
beingequal,thewateroutputincreasesasthesizeoftherotor increases(a largerrotor offersa

largerareafor wind capture)andtheheightof the towerincreases(windsarefasterfurtherfrom the
ground).
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Photo 8.
KIjito 20-foot used for village

water supply and stock water
in southern Botswana

Photo 7.
CWD-5000 WindmIll (6 m diameter)
for water and micro-IrrIgation
near Khartoum, Sudan

I
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Rotorsizing is afairly simple procedure(seeFormula10 below), butselectingapumpcylinder is

more complex.A smallcylinder will startpumpingat lowerwindspeeds,butdoesnotdeliverasmuchwaterper strokeasalargecylinder.Largercylindersrequiregreaterpowerto startpumping,
but oncestarted,theydeliver morewaterper stroke.Foreachcombinationofwindmill, pumping
head,andwind regime,thereis an optimumpointat which abalanceis reachedbetweenthelonger
pumpinghoursrequiredwith smallercylindersandthehigherpumpingratesfor largerones.At
loweraveragewindspeeds(lessthan4 m/sec),smallercylindersareusuallyselectedto maximizeto-
tal wateroutput.

Therelationshipbetweenwindspeed,head,andamountofwaterpumpedfor agiven sizeof wind-

mill is shownin Figure 17. (Photograph9 showsthewindmill on which Figure 17 is based.)Thetwo linesshowdaily wateroutputin cubicmetersfor aClimax 12-foot diametermachineand45 me-
tersof head,using2- and4-inchcylinders.Forexample,at anaveragedaily windspeedof 3 ni/sec,

.

the4-inchcylinder will pumponly about1.6 m3/day,but the2-inch will pumpabout2.8 m3/daybe-
causethewindmill startsthesmallercylindermoving in lower wincispeeds.However,in winds that
are4 rn/secand above,the largercylinderwill deliverconsiderablymorewater,pumping8 m3/day
versusonly 4.6 m3/dayfor thesmallercylinder.This differenceincreasesasthewindspeedgoesup.

7.3 Choosing a Windmill
In mostcountriesthereis notawide selectionof locally availablewindmills. It is notquite soimpor-
tantto havealocal dealerfor windmills asit is for dieselenginesbecausewindmills requireless

maintenance; nevertheless,a local sourcefor sparepartsis needed. Moreover, if areputablecom-panymanufactureswindmills locally in yourcountryor region(e.g.,theKijito in Kenyaor theSanit
in Thailand),thesemakesshouldbeconsideredfirst. Wmdmills areusuallyprocureddirectly from a

manufacturer orits agent.Themostcommonapproachis to purchasethewindmill and towerdi-rectly from themanufacturerandthepumpcylinder,rod,anddroppipe from local suppliers.Buying
theselatterthreecomponentslocally is preferablesincethisensuresthat if any partsareomittedor

incorrectly specified,theycanbereplacedlocally. It is alsoagoodindicatorthat sparepartsandknowledgeablemechanicswill be availablewhentheyareneeded.Finally, purchasinglocalproducts
for thepumprodandpipewill probablybe considerablycheaper.
To follow thedesignproceduresoutlinedin thissection,it is not essentialto understandall theas-

pectsof thetheorybehindwind energyuse.Thegeneralapproachin wind systemdesignis to:

• determinewindspeedsatthe site;

• determinethedesignwindspeed;

• calculatethenecessaryrotorsize to meetthewaterdemand;and

• choosethepropercylinder to maximizewateroutput.
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Photo 9.
Climax 12-foot In Botswana
used for village water supply
and small stock watering

Figure 17

Windmfll Output
Climax 12-foot Diameter Rotor*

Output (cubic m.tere/day)

•45-mster head

1 1.4 1.8 2.2 2.8 3 3.4 3.8 4.2 4.6
Wind Speed (rn/eec)

5

~At~

I
I
I
I
I
I
I
I
I
I
I
I
I
1
I
I
I
I
I

J ~

~- ~E~::f~

~ t~’f

88

I



Thepoweravailablein wind is given by the following formula:

Note that thepowerin thewind is proportionalto thecubeof thewindspeed.This meansthat
doublingthewindspeedincreasesthepoweravailableby afactorof eight. It alsomeansthatsmall
errorsin estimatingwindspeedcanresultin largeerrorsin estimatingavailablepowerin thewind.

7.3.1 Site Windspeeds

There aretwo waysto estimateaveragewindspeedsat yoursite.Thefirst assumesthatno wind datahavebeencollectedatthesitebut that long-termdatais availablefrom a meteorologicalstationrela-
tively nearby.Thesecondmethodassumesyou haverecordedseveralmonthsof wind dataat the

site, buthaveno long-termannualdataexceptforinformationfrom anearbymeteorologicalstation.In the first case(i.e.,no sitedata),certaincorrectionfactorscanbe appliedto estimatewindspeedsat
yoursite from meteorologicalinformation:

• a heightcorrection,if thewindmill will be ata differentheightthantherecording
instruments;

• acorrectionfor local terrainconditions;and

• acorrectionfactorif thedatahasbeenrecordedovera shortduration.

These correctionfactors(describedin detail below) shouldbe usedwith caution.Becausethepowerin thewind is proportionalto thecubeof thewindspeed,small errorsin estimatingwindspeedcan
leadto largeerrorsin estimatingwind-pump output.Wherepossible,you shouldalways try to gather

at
leastseveralmonthsof windspeeddataat yourproposedsiteat theactualplannedheightof the

windmill rotor. Theseshort-termdatacanthenbe correlatedwith longer-termdatafrom thenearest
meteorologicalstation. Site-specificdatawill helpyou moreaccuratelydeterminewhetherawind-
mill is a goodinvestmentor only amarginalone.

Wind dataarerecordedwith an instrumentcalledan anemometer,which is basicallyan electrical

switch
thatcountstherotationsof multiple cupsor apropellerrotatingata speedproportionalto the

surroundingwindspeed.Thenumberofrotationsarecounted,multiplied by aconversionfactor,and
thendividedby thetime elapsedto givean averagewindspeedin metersper second(m/sec)or miles
perhour(mph).

Anemometersaremountedon polesatafixed heightabovetheground,usually2 or 10 meters.Un-
dernormalconditions,windspeedsaregreaterathigherdistancesabovetheground.This is largely
becausetheeffectsof surfacefeaturesandturbulencediminish as theheightincreases.Windspeed

Pw=0.5xpaxAxVa3 Formula #10

where Pw = power available in the wind in Watts

pa = air density in kg/rn3
A = cross-sectional area of wind being intercepted (i.e., area covered

by windmill rotor in m2)

Va = windspeed in meters per second (m/sec)
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variability dependson thedistancefrom thegroundandtheroughnessof the terrain.Windspeeddata
shouldincludetheheightatwhich thedatawerecollected(i.e., theheightof theanemometer).If
you planto usea towerwith adifferentheightthantheanemometerusedto collectthe windspeed
data,you canusethe following formulato estimatethewindspeedatthedesiredheight: I

I
I

It is muchmoredifficult to predictaveragemonthly windspeedsif theanemometerheightat which
thedatawererecordedis lessthansix meters.If you canavoidit, datacollectedat heightsof less
thansix metersshouldnot be usedto selectawindmill orpredictperformancebecauseof theirinac-
curacy.

In relatively flat areaswith no treesorbuildingsin the immediatevicinity, siteselectionis not so
critical if you extrapolatewindspeeddatafrom anothersite.However,in mountainousareasor
placeswhereobstaclesmayblock the flow ofwind, differencesin surfaceroughnessandobstacles 1
betweentheanemometerandpumpsitemustbe takeninto accountwhenestimatingsite windspeeds.
As ageneralrule, a windmill towershouldbe tall enoughso that the lowestpartoftherotor is at
least9 metersoff thegroundor 5 metersaboveany obstructionwithin a radiusof 100 meters. I
A correctionfor local terrainmustbe usedto modify predictedwindspeedsif surfaceconditionsat
thereferenceandpumpingsitesaresignificantlydifferent. Forall practicalpurposes,terraincharac-
teristicscanbe dividedinto threegroups:

• smooth—emptycroplandandexposedairportlocations,

• moderatelyrough—areaswith smallbushesorcrops,and

• rough—woodlandorareaswith buildings.

Supposeyou havemeasuredwindspeeddatafrom ananemometerinstalledat an airport two kilome-
tersfrom theplannedwindmill site. In adjustingestimatedwindspeedbetweenany two of theseter-
rain categories,a25 percentcorrectionfactorshouldbe applied,decreasingthe windspeedas
surfaceroughnessincreases.Thus, if theplannedsireis openbrushland,reducewindspeedestimates
by 25 percent.if thesite is wooded,reduceestimatedwindspeedby 50 percent.Figure 18 showsthe
effectsof variousobstacleson windspeed,alongwith theestimatedreductionin poweratdifferent
points behindtheobstruction.Forexample,if abuildinghasaheightof H, at adistanceof 5Hdown-
windfrom thebuilding theturbulencecausedby thebuilding reducespowerby 43 percent.At adis-
tance1OHdownwind,thereductionin poweris only 17 percent. I
if thedatarecordingperiodis short, thereis achancethataveragewindspeedsbasedon thedatamay
not truly representlong-termaverages.If only oneyearof informationis available,averagespeeds
maybe in error by 10 percent.Averagesforlongerperiods(threeyearsormore)arelikely to be no
morethan3 percentin error. If thedurationofrecordeddatais only oneyear,it is suggestedthatav-
eragewindspeedsbe discountedby 10 percentasasafetyfactorto ensurethat thewindmill will not
be undersized.

90 I

V2 = Vi x(~)h/~~ Formula#11

where V2 = unknown windspeed at the windmill’s height (h2)

Vi = known windspeed at the anemometer’s height (hi)
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FIgure 18

UNDISTURBED UPSTREAM
WINDSPEED PROFILE

5H 1OH
Speed Decrease = 17% 6%

Turbulence Increase = 20% 5%
Wind Power Decrease = 43% 17%

18b. The effects of an undisturbed airflow encountering an obstruction.

Reference: V. Nelson and E. Gilmore,
Introduction to Wind Energy.
Afternative Energy Institute,
Sept. 1984, Canyon, Texas.
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if long-termdataareavailablefrom anearbymeteorologicalstationandyou haverecordedwind-
speedsfor severalmonthsormore atyour site (preferablyduring theexpecteddesignmonth--seebe-
low), thereis a anothersimplebutusefultechniquefor extrapolatingfrom meteorologicaldatato a
specificsite. Divide the monthlyaveragewindspeedsatthe siteby the long-termaveragesfor the
samemonthsmeasuredat themeteorologicalsite to obtainacorrelationfactor. Then,usethis factor
with themeteorologicaldatato estimatetheaveragemonthly windspeedsat thesite for monthswith
no site-specificdata(seeExample13).

I
1
I
1

7.3.2 The Design Month

During thecourseof anormalyear,thereareperiodsof high andlow winds.Overanumberof
years,thepatternoftheseperiodswill usuallybe fairly predictableandshouldbe apparentfrom an
examinationof averagemonthlywindspeedsfor theregion.Thedesignmonthis themonthwhenthe
ratio of theavailablewind energydivided by theaveragemonthlywaterdemandis the lowest.This
meansthat in thedesignmonththewindmill will havethegreatestdifficulty in meetingdemand.
Thesystemmustbe designedfor this “worstcase”condition. I
In additionto averagewindspeeds,thewater-demandprofile atthesitemustbe determined(see
Chapter2), sothedesignmonthcanbedetermined.If thedemandis constantthroughouttheyear,
thedesignmonthwill be simplythe monthwith the lowestaveragewindspeed.If demandfluctuates
from monthto month,thedesignmonthis determinedby dividing theaveragedaily demandin cu-
bic meters perdayfor eachmonthby theaveragewindspeedfor thatmonth,andthenselectingthe
monthwith thehighestratioasthedesignmonth.This will be themonthin which thewaterdemand
is thehighest,comparedto theavailablewind to meetthatdemand.Example14 below showshow
this is done. I

I
I
I
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Example 13: Wlndspeed Extrapolation from Another Site’s Data
You have installed an anemometer at your site to measure windspeeds for several
months. You recorded an average monthly windspeed of 5.0 rn/sec in April. A nearby
meteorological station (with an anemometer at the same height and similar terrain)
measured 4.0 rn/sec for the same month. Estimate the windspeed at your site for March,
in which the meteorological station measured 3.5 rn/sec.

The correlation factor is 5.0/4.0, or 1.25. You can then estimate that the average
windspeed at your site in March was about 3.5 x 1.25, or 4.4 rn/sec. The accuracy of
this sort of extrapolation depends on how closely seasonal variations in wind at the site
follow those at the weather station, but it generally gives a good estimate.

I



Example 14: FInding the Design Month
If monthly average windspeeds (in m/sec) and water demand (in cubic meters per day) are
as shown in the table below, what is the design month windspeed for these conditions?

Month Windspeed
(mlsec)

Demand
(m3lday)

Ratio
(D/W)

Jan 3.1 8 2.58
Feb 3.3 8 2.42
Mar 3.5 8 2.29
Apr 3.9 10 2.56
May 4.2 10 2.38
Jun 4.5 12 2.67
Jul 4.3 12 2.79
Aug 4.1 12 2.93
Sep 3.8 10 2.63
Oct 3.6 10 2.78
Nov 3.4 10 2.94
Dec 3.0 10 3.33

I
I

The month with the highest ratio of water demand to monthly windspeed is December
(3.33), as shown on the accompanying graph.Therefore the design month windspeed to
use for designing the system is 3.0 rn/sec.

J — Wat.rDumand(m3/d) ~ Avg Windapsed(mis) — Ratio o( 01W

Figure 19.
Determining the Design Month

(Variable Water l~emandand Wlndspeeds)
0

iiiiziij~jjij~iiI;iiiIiI[iIiiIhiiiiitiiii11iii1iIiiI~iiiiIiIii1iiIIIiiiiIiiIiiII[
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Maximum D/V/Ratio
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Month of the Year
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7.3.3 Required Rotor Diameter
Therotorsizeneededfor a specificsitedependson thepumpinghead,designwindspeed,waterde-
mand,andoverall systemefficiency.Windmill outputalsodependson thepump cylinderchosen.A
methodfor choosingthepropercylindersizeis given in Section7.3.4. At this stage,it will be as-
sumedthat an appropriatecylindersizeis available.Thecalculationfor selectingan appropriatero-
tor diameteris:

Systemefficiencydependsin parton averagewindspeed.Forconventionalwindmills, assumean ef-
ficiency of 4 percentfor windspeedsbetween2-3.5rn/sec.For 3.5-4.5m/sec,use6 percenteffi-
ciency.Above4.5 m/sec,efficiency dropsto around5 percent.This is becausewindmills are
designedto operatemostefficiently at4 rn/sec.Forimprovedwindmills, suchastheKenyanKijito,
anefficiency of 8 percentshouldbe usedif windspeedsare3.5 rn/secor higher,but this figure
shouldbe progressivelyreducedto 4 percentasthe averagewindspeeddeclinesto 2 rn/sec.

Air densityis closelyrelatedto airpressureand temperature.In mostcases,altitude(i.e., pressure)is
thelargestfactorin air-densitycalculations.Table4 belowgivescorrectionfactorsfor altitude (KA)
andtemperature(KT).To estimateair densityfor any altitude andtemperature,multiply thedensity
of standardair (1.22kg/rn3 at sealevel and20°Centigrade)by both factorsshownin Table5. You
couldalsoconsultlocalweatherservicesto getarepresentativeair densityfor yourproposedsite.

Table 5.
Air Density Correction Factors*

Altitude (m) 0 750 1,500 2,250 3,000
KA 1 0.91 0.84 0.76 0.69

Temperature (°C) -20 -10 0 10 20 30 40
KT 1.27 1.13 1.07 1.02 0.99 0.96 0.93

1
I

Adapted from: J. Leki et al., More Other Homes and Garbage
(Sierra Club Books, San Francisco, 1981). I

I
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=
(QDXK)

(p x7.9x Vd3xTl)

where Dr

Formula #12

= required windmill rotor diameter in meters

QD = water required in m3/day

H = total pumping head in meters

p = local air density in kg/rn3

Vd = average windspeed for design month in rn/sec

= assumed overall system efficiency (between 4-8%--see below)

7.9 = units conversion factor to get rotordiameter in meters

I
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Example 15: EstImating Air Density
Estimate the air density at 1,500 meters above sea level at 40°Centigrade. Under
these conditions, KA = 0.835 and KT = 0.925. Therefore,

air density = 1.22 kg/rn3 x 0.835 x 0.925 = 0.94 kg/rn3.

(This means that for a climate like that in Botswana, the power available in the wind is
only 77 percent of that at sea level and 10°Centigrade).

Example 16: Rotor Diameter
What is the required rotor diameter for a standard farm windmill if conditions during the
design month are Vd = 3.6 m/s, H = 35 meters, QD = 7 m3/day, with an air density of
1.0 kg/rn3?

Dr2 = (QD x H)/(p x 7.9 x Vd3 X ii)

Dr2 = (7 x 35)/i x 7.9 x 3.6~x 0.06)

Dr2 = 11.1 m2

Thus, D = 3.3 meters or 10.9 feet. To ensure you meet the demand, choose a windmill
with a 12-foot diameter, the next largest commonly available size.

7.3.4 SizIng the Pump Cylinder
To sizeapumpcylinderproperlyfor awindmill, you shouldunderstandtheconceptof systemde-

sign
ratio(Xd). This is theratioofthesystem’sdesignwindspeed(vd) to theaveragewindspeedat

thesite for thedesignmonth,andis usedto calculatethecorrectlysizedcylinder.Thesystem’sde-
sign windspeedis the instantaneousoperatingwindspeedatwhich systemefficiencyreachesamaxi-
mum. For steel-bladed,farm-typewindmills, thedesignwindspeedcanbe approximatedas:

1

Cylindersizeis almostalwaysgiven in inches rather thanmillimeters.

(SXHXDc2
Vd2 = .15 x

(Dr3XG))

where v~ = design windspeed in rn/sec

.15 = units conversion

Formula #13

S = stroke length in centimeters

H = total head in meters

D~ = diameter of the pump cylinder in inches1

Dr = rotor diameter in meters

G = windmill gear ratio
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Note that Dr andG aremachineparametersthat will dependon thewindmill selected,andH varies
with thesite. A pumpcylindermustbe chosenbasedon thelimited numberof sizesavailable.

A windpumpthat is well matchedto asiteshouldreachits optimumefficiencyaroundtheaverage
windspeedthere.This is thecasewhenXd is 1.0, which meansthatyourparticularwindmill’s de-
signwindspeedis thesameastheaveragewindspeedfor your siteduringthedesignmonth.In many
instances,this is indeedtrue.However,for valuesofXd slightly below 1.0, thewindmill will operate
for slightly longerperiods(becauseit runsin lighterwinds),but it will deliverlesswateroverall,af-
fecting thesizeof storagetankrequired. ForvaluesofXd above1.0,a windmill maydeliver slightly
morewateron theaverage,but lessduringlowerwind periods.In otherwords,using a lowerXD
value(0.7-0.9is recommended)will helpensurethatyou will havegreaterwateravailability during
low windspeedperiods.This meansthat userswill haveaccessto wateragreaterpercentageof the
time.

Thesizingmethodgivenhereis adequatefor choosingawindmill andpumpcylinder.However,it is
possibleto makemoreaccurateestimationsif morereliableanddetailedinformationon thewind re-
sourceis available.Computerprogramshavebeendevelopedthatpermit moreaccurateanddetailed
estimatesof windpumpoutput.Contacttheauthorsof this manualif you areinterestedin usingsuch
programs.

I
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Your choiceof XD will dependto someextenton theelasticityofdemandat thesite,but a reason-
ablecompromiseis to usea valuefor Xd of 0.8. Thepropercylinder sizecanthen be determinedus-
ing thefollowing formula:

((XdXVd)2XDr3XG) Formula#14
(.l5xSxH)

where Xd = system design ratio

and all other variables are as defined in Formula #13 above.

Example 17: Cylinder Size
A Dempster windmill is to be installed at the site in Example 15. If Xd is 0.8, what is the
proper cylinder size? Note that complete machine specifications should be given in the
manufacturer’s literature on the windmill. For a 12-foot (3.65 m) Dempster, they are a
stroke length of 18.4 centimeters, a design windspeed of 3.6 rn/sec, and gear ratio of
3:1. From Formula #14,

= ((Xd x VcJ)2 X Dr3 x G)/(.15 x S x H)

= ((0.8 x 3.6)2 x (3.65)~x 3.0)/(.15 x 18.4 x 35)

D~2= 12.5

D~= 3.53 inches

I
I
I
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7.4 Cost Considerations
This sectiongivesrepresentativecostsfor severaltypesof windmills andassociatedequipment,as
well as typicalrecurrentO&M sparepartscostsandrequirements.For modelsfrom thesamemanu-
facturer, thecapitalcostofawindmill increaseswith increasingrotordiameter.As ageneralesti-
mate,windmills costbetweenUS$200andUS$500(not including towers)persquaremeterof rotor
area,dependinglargely on thecountryof manufacture.Towercostsareproportionalto height.For
thesame-sizerotor, traditionaldesigns(e.g., SouthernCrossandFiasa)aresometimeslessexpen-
sive than“improved” models(Kijito or CWD-5000),but thepriceis highly dependenton the coun-
try of origin. Forexample,a16-foot Fiasaon a 40-foot towercostsaboutUS$13,600,shippedfrom
FiasaWindmills in theUnitedStates,anda 12-footmodelon thesametower costsUS$6,500.In
contrast,aKijito from KenyacostsaboutUS$11,000for a 24-footdiameterrotor on a40-foottower,
shippedfrom Mombasa,while a 12-footKijito costsUS$5,000.

Thepriceof apump cylinderdependson the manufacturer,the diameter,andthematerial.Cylinders
manufacturedin developingcountriesaregenerallylessexpensiveandcanbe of goodqualityde-
pendingon their source.Theyare typically availablein the 2- to 4-inchdiameterrangefor US$200
to US$800,with largersizescostingmore.Thecostofevenlargercylindersincreasesgreatly. Most
cylindersaremadeof brass.Stainless-steelcylinderscanbepurchasedfor siteswith very corrosive
water,but theyare oftenprohibitively expensive($1,500or more).

Thepricesgivenherefor windmills andcylindersarecurrentasof 1989,but mayvary with newde-

sign andmanufacturingdevelopments.Theyalsodependon thecountryof origin—for instance,Kiji-tos aremadein both KenyaandPakistanbutare soldfor differentprices.Thepricesquotedheredo
not includeshippingandinsuranceor local import tariffs andrestrictions.If possible,contacta local
distributorto getmoreaccuratepricesfor your area.

7.5 Maintenance and Repair
As is trueof all pumpingequipment,thequality of windmill operationandpreventiveandcorrective
maintenance(definedin Section5.5) will haveadefinite impacton thereliability of thesystem,the
magnitudeof recurrentcosts,andthelife oftheequipment.

Most wind systemsdo not needafull-time operator,unlike diesel pump sets.When thewind blows,
thewindmill pumpswater. All farmwindmills andmostof the improveddesignshavesafetymecha-
nismsto turn therotor Out of thewind to protectit duringperiodsof high wind. Despitetheseself-
regulatingdesignfeatures,apart-timeoperatororcaretakeris advisablefor anumberofreasons.His
or hertaskswould includethefollowing:

• periodicallycheckingthewindmill andstoragetank;

• performinglight maintenance;

• manuallyfurling thewindmill whenthestoragetankis full andunfurlingit whenmore
watercanbe added;and

• reportingany majorrepairneedsto repaircrews.
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Theissueofpayingapart-timeoperatororcaretakerwill varydependingon thepumpapplication
and communitystructure.It shouldbe notedthatthecostof this item can makea differencein deter-
mining theeconomicandfinancialfeasibilityof awindpump.

While normalpreventivemaintenancerequirementsfor windmills are minimal, theyareimportant. I
Theyincluderoutinetighteningof all nuts andbolts,changingthe lubricatingoil, greasingcertain
parts,andperiodically changingthepump-cylinderleathersasthey wearout. Ignoringany of these
small taskscandamagethemachineand,atbest,will decreaseits expectedservicelife. If thesetasks
canbe accomplishedby alocal caretakerinsteadof acircuit rider mechanic(onewho is responsible
for anumberof windmills throughoutthearea),operatingcostswill bereducedbecauselaborand
transportationcostswill be saved.In addition,thesystemis likely to be morereliableif responsibil-
ity for maintenancerestswith someonewho benefitsdirectlyfrom its properoperation.This is not
possiblewith somemoredifficult tasks,however,suchas changingpump-cylinderleathers,which
usuallyrequirestools for pipe lifting. I
Thefrequencyof routinemaintenancedependson conditionsatthesite. It is recommendedthat
windmills be checkedvisually atleastonceamonthandremainingmaintenancetasksbe carriedout
annually.Thelife ofcylindercupleathersdependsto somedegreeon waterquality (i.e., grit or sand
in thewater) andmayrangefrom six monthsto over two years.In the absenceof otherinformation,
an averagereplacementintervalofoneyearis areasonableestimatefor planningpurposes. I
Themostcommonminor maintenanceproblemstypically involve thewindmill’s manualfurling
mechanism.Brokenfurling cablesdo notdisablethewindmill and,in mostcases,theproblemcan
be rectifiedatthelocal level.However,if left unrepaired,a brokenfurling mechanismwill prevent
thewindmill from beingmanuallyturnedoutof high winds,which couldcauseirreparabledamage.

Outsideassistanceis usuallyneededto restorethewindmill to operationafterabreakdown.The I
mostcommoncausesof breakdownsarebrokenordisconnectedpumprods.How oftenthis problem
arises is highly dependenton thequality of theoriginal installation.Improperlyinstalledrodsor
crookedboreholecasingscancauseregularbreakageof suckerrods.The problemmayariseonly
every severalyearsorasoftenaseveryfew months. A typicalratefor areasonablywell installedsys-
tem is onceayear.

Fieldexperiencein severalAfrican countriesindicates thatan averagewindmill installationwill
havethree to four maintenanceproblemsannually.Thereliability andserviceablelife of thewind-
mill will be increasedandcostsdecreasedin proportionto theamountof maintenanceandrepair
work thatcanbe handledatthe local level, aswell as theresponsivenessandcapabilityof outside
technicalhelp whenit is required.

7.6 EquIpment Life
The long-termcost-effectivenessofwindmills dependson asystemhaving low recurrentcostsanda
longusefullife. Historically, thepopularity of steel-bladed,farm-typewindmills in manyareas was
dueto these attributes, with typical lifetimes often in excessof 20 yearsandoccasionallyaslong as
40 to 50.Windmills havenothadsucha favorablerecordin developingcountries.Often, the first or
secondbreakdownhas beenthe endof awindmill’s usefullife, becauselocal peoplewerenotoften
trained in properoperationandrepairprocedureswhen thesystemwasinstalled.This emphasizes
the importanceofidentifying acapablemaintenanceandrepairorganizationbeforeinstallingawind-
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pump, andestablishinga satisfactory,cooperative,andresponsiverelationshipbetweenthatorgani-
zationandthe usersof thesystemto ensurea long, useful life for thewindmill.
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Chapter 8: Handpumps

Considerableresearchanddevelopmenthavebeenundertakenover the last 10 yearsin an effort to
producemoreefficient, reliable,low costhandpumpsthat canbe manufacturedlocally. As partof
theUnitedNation’s InternationalDrinking WaterSupplyandSanitationDecade,theWorldBank has
funded comparativestudiesof handpumpsthathavefocusedon theconceptofvillage-levelopera-
tion andmanagementof maintenance(VLOM). VLOM pumpscaneasily be installed, operated, and
maintainedby village mechanics andtechnicians without expensive tools.

It is increasinglyapparentthat handpumps arethe least expensive, most reliable technologyfor

many applications, particularlyfor low-demand sites (about5 m3/day).However, anyonewho worksin the watersupplysectorin developingcountrieshas seenmany inoperative handpumps.Nonethe-
less,when properlymaintained,handpumps canbe very reliable, althoughcommunityinvolvement

in maintenanceandrepair is usuallyrequiredto ensuresuccessful long-termperformance. This in-volvement minimizestheneedfor O&M support from outside the local community,makinghand-
pumpsamoreattractive optionto developmentplannersand,moreimportantly, users.Handpumps

that can be maintainedlocally are likely to resultin muchhigherwater availability for thecommu-nity, compared to other systemswhere maintenanceorrepair dependon the interventionof region-
ally-based repaircrewswhichareoftenoverburdened.

This chapter discussesthe technicalcharacteristics, costs,andsupportrequirements of handpumps
fordomesticwater supply. Sizingis a muchlesscomplex designissuefor handpumpsthanfor the

other systemsdiscussedin thismanual,so the selection criteria presentedhere focusmoreon otherissuesrelated to maintenanceand repair. Thereis a wide variety of human-poweredpumpingsys-
tems that are used primarily for agricultural purposes, including foot-powered treadles, shadoofs,

and chain-and-washer pumps, but these will not be discussedfurther here. Kennedy and Rogers(1985)and Fraenkel (1986)offer in-depthdiscussions of theseother typesof human-powered
pumps.This chapter draws heavily on theexcellentreference CommunityWaterSupply--theHand-

pump Option1,andyou are encouraged to get a copy for reference, especially if you are planningany significant project useof handpumps.

8.1 Types of Handpumps
Over50 makesandmodelsof handpumpsareavailable worldwide. All dependon humanpower

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:

• suction pumps—upto 7 meters;

• low lift—up to 12 meters;

• intermediate lift—up to 25 meters; and

S. Arlosoroffetal.. World Bank,RuralWaterSupplyHandpumpProject,Washington, DC, 1987.
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• high lift—positive-displacement pumpscapableof pumpingfrom depthsof up to about50
metersor more.

Thesecategoriesincludehigh-lift reciprocating, diaphragm, progressive-cavity, direct-action, and
suction pumps. Illustrations of severalcommontypesof pumpsareshown in Figure 20. Twotypical
installations areshown in Photographs 10 and 11.

Deep-wellreciprocating-pistonpumpsarethebest-knowntypeofhigh-lift pumps.Theyusually I
havesubmergedpumpcylinders,andareoperatedwith lever-armpumphandles.Commondesigns
are the IndiaMark II andAfridev. Thesepumpscanlift waterfrom about50 meters,althoughsome
otherdesignsaremoresuitablefor lifts of lessthan25 meters.Typically,high-lift pistonpumpsare:

• moredifficult and expensiveto maintainat the village level thanlow-lift pumps;

• operatedata decreasedpumpingrateas head increases; and I
• generallylesssuitablefor local manufacture in developing countries.

A seconddesignsuitablefor high-lift pumpingis theprogressive-cavitypump.Similar to a screw I
pump in its operation, this design incorporates a rotor turning within a stator that progressively
forces water up the drop pipe.The Mono andMoyno brandsare examples of this design.

A third type of high-lift pump is thedeep-well diaphragmdesign. It uses a flexible membrane that is
repeatedlystretched and relaxed mechanicallyto providethepumpingaction.TheFrenchVergnetis
perhaps the best example of this type. These pumps are especially suitable for sandy or silty water. I
However, comparedto reciprocating-piston pumps, they are generally morecomplex and expensive,
and often requirespecializedpartsand tools for maintenance and repair.

Direct-action pumps, suchastheBlair andKangaroo pumps, aresuitableonly for lifts up to about
12 meters becausethepumperacts directly on the pump, without the advantage of a lever arm.Com-
paredto the designs mentioned above, these pumps tend to be:

• lowincost

• more suitable for village-level maintenance; and

• inappropriate for heavy use—they should probably not be considered for sites where the -
water demand is above 1.5 to 2 m3/day.

Suction pumps operate by creating apartial vacuum to pull water upward. Thus, they are useful only
for lifts of no more than 7 meters (a limit that decreases at higher altitudes). Suction pumps must
also be primed before use by pouring water into the space above the plunger. Still, these pumps are
very popularin areaswhere heads are low. This typeofpump tends to be:

• low in cost;

• easy to service and repair because all moving components are at ground level; and

• primarily suitedto meeting fairly limited water needs.

S. .e low- and intermediate-lift pumps are essentiallysimplified versions of high-liftpumps, only

high-lift and suction pumps will be discussed further in this chapter.

I
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Figure 20. Different Types of Handpumps
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Photo 11.
Mono Direct Drive Handpump in Botswana
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8.2 Operating Characteristics
Theoperatingcharacteristicsandrequirementsof handpumpsaresignificantly differentfrom those
ofdiesel,solar,andwind systems,andincludebothadvantagesanddisadvantages.Themostimpor-
tant advantagesof handpumpsaretheirsimplicity of operation,low cost, andpotentialfor local
maintenance.Thesignificantdisadvantagesof handpumpsarethat theircapacityis very limited and
theygenerallycannotbe usedwith pipeddistributionsystems.To someextent,thesedrawbackscan
be overcomeby usingmorethanonepump.Of course,this would usuallyrequireadditionalwater
sources2,which would entailhigh costsfor drilling ordigging morewellsat siteswheregroundwa-
ter is pumped.

Thecapacityof handpumpsvariesfrom about5 to 20 liters perminute,or0.3 to 1.2 m3 perhouron

a continuousbasis,dependingon thepumpingheadandpumptype.In practice,outputis oftenmoredependenton theusers’strength,stamina,andgroupbehaviorthanon the capacityof thepump.
Evenif peopleareorganized,lined up, andreadyto beginpumpingassoonas theprecedingperson

fmishes, it still takestime to removethe full containerunderthedischargepipeandreplaceit withan emptycontainer.Outputis alsoaffectedby thespeed(i.e.,effort) with which apumpis used
1a

factorthatvariesconsiderablyfrom userto user.Undertypical conditions(for instance,at45 m

head),asingle handpumpcandeliver 4 to 5 m
3/thy, enoughfor 200 to 250people.At 20 m head,you wouldgetabout8-10m3/day.This capacitylimits the useof handpumpsto villages andsettle-

mentswith smallpopulations,evenif multiplepumpsareinstalled.Dependingon particularsitecon-

straints, a systemoffouror five handpumpsmayprovide areliablewatersupplythatiscost-competitivewith otheroptions.This, of course,dependson thecostsof diggingthewells for
eachpump.

Usually handpumpsdeliver wateronly to theweithead,andcannoteasilybe adaptedto central-stand-
pipeoryard-tapdistributionsystems.This facthastwo implications.First, watersourcesshouldbe

within
aconvenientwalking distancefor users.Any economicanalysisof thenumberofwater

pointsto be includedin a systemshouldconsidertheopportunitycostoftime requiredto collect
water. Second,comparedto disthbutedwatersupplies,significantcapitalsavingsarerealizedbe-
causeastorageanddistributionsystemis notneeded.

8.3 MaIntenance and Repair
Maintenanceprogramsforpumpingsystemsareusuallyhandledby thecommunityoraregionally-
basedmaintenanceandrepairorganization.In the formercase(e.g.,VLOM), thecommunitytakes
directresponsibilityfor thepumpingsystemandonly contactsoutsidehelpfor repairsif necessary.
In regionally-basedprograms,responsibilityfor asystemrestswith an outsideagencycontactedby
thecommunitywheneverany servicingis requiredthat theycannotdo themselves.Studiesoverthe
lastseveralyearshaverepeatedlyshownthat communityinvolvementis animportantfactorin suc-
cessfullong-termoperationof handpumps.To thegreatestextentpossible,communityparticipation
in pumpingprojectsshouldbe encouragedfrom theearliestplanningstages.

Although in someareas,like Sudan,two handpumpsare installedon the samelargediameter(1-2 meter)openwell.
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As is true for more complex technologies, the proper design, procurement, and installation of hand-
pumps are necessary, though not sufficient, conditions for successful long-term use. Correct opera-
tion, maintenance, and repair procedures are equally important. The VLOM approach to handpump
design focuses on reducing users’ dependence on external support. This approach can save money I
and time and can also minimize other problems (e.g., communication, transportation, and improper
repairs) often associated with regionally supported maintenance and repair programs. Since hand-
pumps are relatively simple pumping systems, they are well suited to the VLOM approach. 1
VLOM programs provide an O&M structure that is more directly responsive to community needs
than regionally based programs. 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 repairs are required. VLOM programs usually include
training to identify and then develop the capability of a village caretaker to perform light mainte-
nance, prevent abuse of the pump through improper operation or vandalism, and quickly summon
outside help for maintenance and repairs as required. Caretaker effectiveness is the critical compo-
nent in successful handpump use. I
Regular preventive maintenance for handpumps—for instance, tightening nuts and bolts, checking
for cracks in the well apron, cleaning drainage lines, and keeping the area clean—should be per-
formed at the local level by the village caretaker. Most common handpumps are not truly VLOM de-
signs, so it is often impossible to handle all maintenance and repair at 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 repair crew with appropriate
tools from a central workshop. In such cases, a prompt response is necessary to ensure a steady sup-
ply of water. I
For convenience, maintenance and repair needs have been divided into nine potential problem areas:

• the pump handle;

• the fulcrum or bearings (which will wear over time, especially if pumping from higher
head);

• the rod hanger, where the sucker or pump rods attach to the bottom of the fulcrum;

• the pump rods (which can corrode orbecome disconnected from each other or the pump
element; I

• the rising main or drop pipe (which can clog or corrode);

• the piston seal, often referred to as the leathers (which wear under normal conditions and
need periodic replacement)

• the pumping element—for example, the piston in reciprocating pumps and the diaphragm
in diaphragm 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. I
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For piston pumps (including high-lift reciprocating, low-lift 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 probably will last five to
seven years, depending on the same factors. A typical maintenance and repair crew can replace the
leathers or cylinders in one day (not 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
needed to lift them from the borehole, depending on their length and weight.

The bearings on the pump handle are the second most common problem area in piston pumps. De-
pending 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 order to minimize this problem.

For Mono-type pumps, the bobbins holding the pump rods in place will have to be replaced peri-odically, in addition to the pump rods and drop pipes. In general, the pump itself is very long-lasting
and will probably require replacement only every seven to ten years under normal use. For dia-

phragm pumps, the part that is most likely to need periodic replacement is the diaphragm, everythree 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 typical range for frequency of repairs needed for community handpumps is between three times a
year and once every two years. The level that is acceptable will depend on the responsiveness of the

repair
infrastructure and the total amount of time the pump is out of service. If repairs can be done at

the local level, outages will be shorter and a higher breakdown frequency may be acceptable to us-
ers. If repairs must be done by a centralized maintenance unit, it may take several days or more be-
fore problems are addressed, and a greater frequency of repairs is not so likely to be tolerated.

The expected lifetime for handpumps is difficult to estimate as it depends on the conditions and

amount of use as well as care the equipment has received. However, typical ranges are anywherefrom 5 to 10 years. For example, at one CARE-assisted community on Sumbawa Island in Indone-
sia, the majority of the locally manufactured handpumps installed nearly ten years ago (and main-
tained by villagers) are still operating.

8.4 ChoosIng a Handpump System and Model
People are often reluctant to consider handpumps because of their obvious capacity limitations, de-
spite the equally obvious potential for cost savings. The following sections offer some basic recom-

mendations
on handpump use to help you determine 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 about 50 meters, due
to the physical difficulty of pumping water from greater depths. You should also take into account

whether the maximum anticipated head wifi be further increased by excessive drawdown in very
low-yield wells or seasonal fluctuations of the water source—both are likely with shallower sources
that are more dependent on seasonal recharge.
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While some deepwell hand pumps can be used for depths up to 80 meters, it is generally notadvis-
able to do so. For example, if counterweights are added on the end of the lever of an India Mark II,
or if an intermediate cylinder is used at a depth of 30 meters, a Mark II can be used at total heads of
70-80 meters. However, this increases the number of parts, puts much greater stress on downhole
piping, pump rods, and pump bushings, and therefore increases maintenance costs and decreases I
pump reliability. Therefore, handpumps should in general not be used for total heads of greater than
50 meters, both for reliability reasons and due to the increased difficulty of pumping water from
those depths. I
If the maximum anticipated pumping head is less than 50 meters, the next concern is the water re-
quirement. Given that a typical handpump can serve 200 to 250 people (i.e., provide 4 to 5 m3/day),
the number of handpumps and wells needed for larger sites can easily be calculated. In some circum-
stances (e.g., very remote sites where diesel fuel may be expensive or difficult to obtain and where
qualified technicians may not be available), four to five handpumps may be a more attractive option
than a single diesel pump with greater pumping capacity and the associated water storage and distri-
bution system (see Photo 12). The cost of developing additional wells, water storage and distribution
systems, and the maintenance associated with these components must be considered in deciding
which 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 siting. Convenient well
siting is not as important for pumping systems that can distribute water through central standpipes or
private connections. However, for handpumps to be a viable option, they should be located no more
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than a reasonable walking distance from users--400 to 500 meters if at all possible. At sites where
water sources are located well outside village boundaries (j)erhaps to reduce the risk of pollution),
handpumps are probably not suitable because of the distance and thus the time that would be re-
quired to collect water. The need to prevent well pollution is also important. Pollution may occur
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 to keep the area
around the well as clean and dry as possible.3

8.4.2 Selecting a Handpump Model
In terms of equipment, the design process for handpumps consists mainly of choosing the pump and,
in a few cases, an appropriate cylinder. Many handpumps come already equipped with a fixed-sized
cylinder. Pump selection depends on anticipated maximum lift, water demands, discharge rate, ease
of maintenance and reliability, and resistance to corrosion and abrasion. Additional concerns are the
local availability of the pump and, where appropriate, the potential for local manufacture. When se-
lecting a pump, consider these factors in the following order:

• operating conditions—head and water demand;

• ease of maintenance—which is dependent on the local O&M infrastructure;

• reliability—see the ratings discussed below;

• resistance to corrosive or abrasive water conditions; and

• potential for local manufacture of the entire pump or some of its components.

TI you determine that handpumps are the most appropriate technology, based on the water demand at
the site and other factors given above, the best single source of information on choosing a particular
pump manufacturer and model is Arlosoroffet al. 1987 (Chapters 5 and 6). The section titled “Hand-
pump Compendium” contains summary descriptions of over 100 makes, 86 of which were tested
during the World Bank’s handpump project. Each description includes an overall assessment and rat-
ings on discharge rate, ease of maintenance, reliability, corrosion resistance, abrasion resistance, and
manufacturing needs. After first determining which pumps can be procured locally, use this refer-
ence to choose between the available models. The book also contains a set of four pump selection ta-
bles organized according to head limits: 7, 12, 25, and 45 meters. Within these four categories,
pumps are rated on each of the six areas listed above. These summary selection tables are repro-
duced in Appendix D of this manual. An example of their use is given on page 111 below.

In many areas, handpumps can be purchased only through agents from abroad. In others, imported

handpumps can be ordered through a local dealer or distributcr. Occasionally, local suppliers stockimported pumps or even models manufactured locally. There is increasing interest in promoting the
local fabrication of handpumps in countries where the industrial capacity is sufficient to ensure high-
quality products. The advantages of in-country manufacturing include:

• cost savings resulting from lower labor and shipping costs;

3
See RehabilitationofRuralWaterSystemsby theauthorsof this manualfor amore detaileddiscussion.WASH

Technical Report Series, the WASH Project, 1992.
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• local technicians’ familiarity with the units, thereby ensuring better maintenance and
repair capabilities;

• increased availability of spare parts; and

• local income generation. I
In addition to a moderately developed industrial capability, a suitable local or regional market must
exist before local manufacturing of handpumps should be considered. At the project level, the deci-
sion to use handpumps should include an evaluation of the potential for future fabrication of the en-
tire pump or some components. If local manufacturing is seriously considered, various associated
needs must be studied. High-quality manufacturing of pumps and/or spare parts can be an expensive, I
time-consuming project. The implications and cost of such a program must be considered carefully
within the overall context of a country-wide water resources development strategy.

8.5 Cost Considerations
When comparing water costs using 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 ignored in such comparisons. For example, if you consider using multiple hand-
pumps to meet a demand for distributed water, you must include the cost of developing multiple
water sources. Similarly, if this is to be weighed against the cost of a distributed water supply pro-
vided by a diesel pump, remember to include costs for piped distribution, water storage, and associ-
ated maintenance and upkeep. If water users are going to be expected to pay (in part or in full) for
the additional cost of the convenience of distributed water, make sure that they are willing and able
to do so. This can represent a substantial increase in the basic system cost.

The installed capital cost of a handpump varies depending on the type of system and its location.
Prices given here are for 1992. Low-head pumps typically cost US$200, but may be as low as
US$100, particularly when they are manufactured locally. Pumps for higher heads, which are usu-
ally 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 meter4 and drop pipe about US$5 to US$7 per
meter. When installing a handpump on an existing open well, the cost for a well cap and concrete I
drain varies considerably depending on local labor and cement costs, but averages around US$50 to
US$100.

8.5.1 OperatIng Costs
Handpump operation is fairly straightforward. The only “fuel” cost is the pumper’s salary, if any.
Most often, people pump their own water at no charge. Even so, a proper economic analysis of hand-
pumps should consider the labor cost of pumping wat~.When considering different system options,
be sureto include all thecostsof supplying water. For example, some handpump sites may be lo-
cated outside the village. if you are comparing a handpump system (where water users must carry
water from the pump Site to their village) to a diesel or other system which pumps water to public,

4 1
Stainless steel rods, which should be used in corrosive water conditions, are much higher.
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Selecting a Handpump Model
(seetablesIn AppendixD)

Thisexample is typicalof an alluvial plain in Asia, with apermeable aquifer and a high
groundwater level. A maximum user group of 75 people per handpump is desired, with a demand
of 20 litersper personper day (i.e. each pump must supply 1.5 cubic meters of water a day). Very
little drawdown is expected during pumping, but nearby motorizedpumps may lower the water
table locallyin someareasto 10 metersbelowthesurface. The groundwater is notcorrosive, and
onlytrace amounts of sandmayenter the wells during pumping. Village-level maintenance is to
beintroduced,asis in-countrymanufactureofhandpumps,in a countrywith a mediumlevel
industrial base. Two pumps are already widely used in the country - The India Mark II (imported)
and the New No 6 (locally made).

The first step in selecting a short list of pumps for this application is to complete Form 5.1 with the
specific SelectionCriteria. The figure below includes a copy of the form completedaccordingto
the criteria identifiedby the Analyst. Note that there is no Pump Selection Table precisely
matching the operating condition of 10 meters maximum pumping lift, so the Analyst opts for
Table S.2 (12 meters), ensuring that the most severe conditions are met.

(continuednext page)

HANOPUMP SELEC11ON CRITERIA

NAME OF PROJECT Worked Example No.1

MAXIMUM PUMPING LIFT jQ meters
Selection Table tor this lift’ _S~2_

DAILY0LJTPUTPER PUMP j,.~ m’/d

MAINTENANCE SYSTEM TO BE USED (A, B, or C) A
Where A Village-level maintenance

B = Area-mechanic maintenance
C = Centralized maintenance

MINIMUM RATING NEEDED FOR CORROSION RESISTANCE
Where — Corrosion resistance is not required

o — Resistance to mildly corrosive water is required
00 = Resistance to aggressive water is required

MINIMUM RATING NEEDED FOR ABRASION RESISTANCE
Where — = Either there is nosand pumping anticipaled, or there is a

possibdity oftrace sand pumping and the daily output
will not be greater than I 5m’

o There isa poss~ilityof trace sand pumping and the daily
outputwdl be greater than 1 5m’

Do = There isa possibility of significant sand pumping

MANUFACTURING ENVIRONMENT(1,2, or 3)
Where 1 Thepumpislobemadeintliecountry.

and there isa low-level industnalbase
2 = The pump is lobemade in the country, and there is a

medium-level Industrial base
3 The pump may be imported or made in a country where

there is a high level industrial base

PUMPS ALREADY PERFORMING SATISFACTORILY IN THE New No.6’
COUNTRY (~IF ALSO MANUFACTURED IN THE COUNTRY) India Mark II
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celectinga HandpumpModel—continued I
From the criteria listed on Form 5.1, the Analyst determines that for a pumpto meet his minimum
requirements it must achieve ratings in Table S.2 as follows:

Column No. in Table S.2 Criterion Minimum
rating

3 Discharge rate o

4(A) Ease of maintenance at village level 0

5 (1 .5) Reliability for output of 1 .5m3/day o I
6 Corrosion resistance

7 Abrasion resistance
8 (2) Manufacturing needs in medium-level o

IndUstrial base

Each of the pumps in Table 5.2 isevaluated, to check whether it achieves these minimum ratings
Figure 6.2 shows the completed Table S.2, revealing that just 6 pumps met the minimum
requirements (the desire for village-level maintenance and local manufacture eliminates many on
the list). Neither of the pumps currently in use in the country make the Short List - the New No. 6 is
a suction pump and so cannot be considered for lifts of more than 7 meters, and the India Mark II
is not appropriate for village-level maintenance. The six short-listed pumps therefore are: the
Afridev, Blair, IDRC-UM, Nira AF85, Tare and Volanta.

This narrowing of the choice is a very important step in the selection process, as it produces a
manageable list for detailed analysis in the final selection stage. In this particular example, further
reduction of the short list will depend on the priority given to individual attributes, and on prices. For
example, the Blair has a lower rating (0) than the others (00) for discharge, the IDRC-UM and
Volanta lower ratings for ease of maintenance, and the Tare a lower rating for reliability. Five of
the pumps rank equally (00) for local manufacture, which in this case is an important criterion.
Consequently, potential manufactures in the country should be contacted to obtain assessments of
their capacities for manufacturing the six pumps under consideration, and the prices for doing so
with adequate quality control.

Adapted from:
Community Water Supply--the Handpump Option
S. Ariosoroff et al., World Bank, Rural Water Supply
Handpump Project, Washington, DC, 1987.

centrallylocatedstandpipes,the cost of any additionallabor for carryingwaterfrom thehandpump
site to thecentrallocation should be includedin theanalysis, althoughthis labor cost is typically
very small.

Handpumpsrequirea time andlabor commitment from users who could use that time in other ways
if another pumpingoption werechosen.This is notusuallya factor when considering diesel, solar,
or wind pumps.As mentionedabove,daily care of a handpump should be entrusted to a caretaker

I
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who has some skills and perhaps enough tools to permit him or her to fix minor problems. This per-
son may or may not be paid by the community or as an employee of some public agency.

8.5.2 Maintenance and Repair Costs
The overall cost of installing, operating,and maintaining handpumps (or any other type of pump)de-
pends very much on the specific circumstances of the individual site, what kind of equipment is
used, and what level of service (public tap at the welihead, public taps distributed throughout the
community, or taps in individual yards) is provided. Because of the great need in rural, pen-urban,
and even urban areas throughout the world for improved water supplies coupled with the limited fi-
nancial support available for rural infrastructure development, more widespread use of inexpensive
handpurnps holds considerable promise for addressing this problem.

An example of the comparative costs for handpumps and piped distribution systems using motorized
pumps is given in Table 5 below. You can see that for small communities (400 people using 8
m3/day) using either the low- or high-cost assumptions (from a range of typical situations in develop-
ing countries), using handpumps (low estimate of $0.058 per capita) is roughly 2/3 the cost of motor-
ized systems with public standpipes ($0.084), or 1/2 the cost of motorized systems with yard taps
($0. 116).

Besides the obvious technical and cost issues associated with using handpumps for community
water supplies, there is also the problem of social acceptance to confront. User groups may feel that
handpumpsare a technology of the past, and may not be willing accept the installation of a hand-
pump (rather than, for instance, a diesel) if they think they have a choice. They may feel that the
many failed handpump programs implemented in the recent pastgive furtherevidence of their inap-
propriateness. They may want what they perceive to be more modem technologies (usually diesel or
electric pumps) which can meet their ever-increasing needs for ample, convenient water supplies.

The problem often comes down to affordability. If communities can afford to install and maintain

these higher cost and more complex technologies themselves, they should be encouraged to do so, aslong as they fully understand the associated fmancial and organizational support requirements. How-
ever, for donor or government-subsidized water supplyprograms, if handpumps are a technically fea-

sible
option, it is recommended that communities only receive higher levels of service if they are

willing to pay for them themselves. To expect that government or donor agencies should both install
and maintain these higher cost technologies is neither realistic nor possible in most developing coun-
tries.
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Low High
Technology Handpumps Sthndpipos Yardtaps Handpumps Standpipes Yardtaps

CapitalCost(USS)
Wells1 4,000 2,000 2,500 10.000 5,000 6,000
Pumps (hand/motor) 1.300 4,000 4,500 2,500 8,000 9,000
Distribution2 none 4,500 16,000 none 10,000 30,000
Costpercaplta 13.3 26.3 57.5 31.2 57.5

Annual Cost (USS per year)
Annualized Capital3 700 1,500 3,200 1,400 3,000 6,000
Maintenance 200 600 1.000 400 1,200 2,000
Operation none 150 450 none 300 900
Haul Costs (labor)’ 1,400 1,100 none 3,000 2,200 none

TotalAnnualized Cost per capita
Cash only 2.3 5.6 11.6 4.5 11.8 22.3
Cash plus Labor 5.8 8.4 11.6 12.0 17.3 22.3

5
Adapted from ConvnunziyWaterSupplies,theHandpwnpOption, theUNDP/WorldBankRural waterSupply

HandpumpsProject,1987.
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Table 5. Community Water Supply Techno~pgyCosts
(for a community of 400 people)

I
I
I
I
I
I
I
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I
I

1 Pumping water level assumed to be 20 meters. Two wells assumed for handpump system (200 persons per
handpump).
2 Distribution system includes storage, piping, and taps with soakaway pits.
~Capital costs with replacement of mechanical equipment after 10 years annualized at a discount rate of 10%
over 20 years.
‘~ Labor costs for walking to the water point, queuing, filling the container, and carrying the water back to the
house. Time valued at US$ 0.125/hour.
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Chapter 9: Operation, Maintenance, and Repair

Technical 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 can do so, a reevaluation of the criteria, site, or project is necessary. As-
suming that you have narrowed the choice down to one or more system options that are technically
acceptable, you must now determine whether these pumping systems can be operated and main-
tained properly.

To do this, you must weigh a number of additional factors related to the physical equipment, pump

users, and infrastructurai 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 easy to quantify as the head, the flow rate, and the various

cost issues discussed in previous sections. As a decision-maker, you must determine what these fac-tors are and weigh their relative importance.‘ To insure that proper operation, maintenance, and repair support wifi be adequate and available so
the system will continue to supply water reliably over the long term requires an infrastructure that in-
cludes:

• spare parts and materials (including fuel) inventories;

• skilled operators and mechanics;

• transportation networks;

• communication; and

• organizational and financial management.

In the five categories of maintenancerequirements covered below, questions are posed to determine
whether the local or regional infrastructure will be able to support the specific type, make, and
model of equipment you are considering.

9.1 Spare Parts and Materials
The most important factor determining whether a pumping system can be operated and maintained

over the long run is the availability of spare parts, fuel (if required), and lubricants. All necessaryparts and materials required for the system you select must be available nearby, otherwise the
pump’s first failure may mean the end of its service life. Servicing guidelines for diesel engines‘ (often provided by manufacturers) usually divide spare parts into two groups—fast-moving spares
and other parts. Fast-moving parts include items needed for preventive procedures and common cor-
rective maintenance, such as gaskets, belts, and injector nozzles. These should be readily available

for
the engine make and model you choose. Other spare parts that are less commonly needed include

cylinder heads, crankshafts, and flywheels. 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 them.
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For handpumps and windmills, fast-moving spa parts include cup or cylinder leathers and wooden,
steel, or fiberglass sucker rods. Since these parts are few in number and relatively inexpensive, these I
systems are less vulnerable to outages caused by a lack of parts than diesel engines, which require
many fast-moving parts. Solar pumps typically do not require any fast-moving spare parts, although
all pumping systems will occasionally require unexpected repairs. The parts needed to complete
these repairs (e.g. a handpump head, windmill blade, or PV inverter) may only be needed every
three, five, or ten years. However, when breakdowns occur, these spare parts should be available in
local or nearby regional inventories, since it is highly unlikely that they can be fabricated locally un-
der most circumstances in developing countries. The more fast-moving the part, the more widely it
should be distrit ed. For example, diesel belts should be available at the local level, but pump cylin-
ders or PV modules need only be available at the district or perhaps national level.

In some cases, parts may only be available from a central or regional, rather than a local, warehouse,
so a longer period may elapse before repairs are completed. If so, the system designer and users I
must decide how they will meet water requirements until the system can be repaired. In some in-
stances, especially if the part is very expensive and the number of systems being supported is small,
it may be too expensive to maintain a regional inventory, so high-cost spare parts will have to be im-
ported on an as-needed basis. (Avoid getting into this situation if at all possible. If one system is not
supportable locally or regionally, use a different one that is.) if this is the case, it is essential that a
communication and distribution network, including import agents and distributors, is in place al-
ready and that project planners, managers, 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. I
For diesel, gasoline, and electric pumps, regular, high-quality supplies of fuel (diesel or electricity)
and lubricants are of obvious importance. Fuel can vary by quality, seasonal availability, and cost: I

• Diesel or gasoline may be of such poor quality or otherwise contaminated that it clogs
engines, and electricity voltage may fluctuate so much that it can either burn out or simply
be inadequate to run a motor.

• Fuel availability may vary due to lack of supply at the national level, regional shortages
caused by unfavorable allocation schemes, or seasonal variations caused by, for example, I
impassable roads which prohibit hauling fuel during therainy season.

• Costs may vary due to international price fluctuations, national or regional shortages, and
imposition or removal of subsidies. In cases where the government controls allocation and
price, users without access to reasonably priced fuel may have no choice but to procure
fuel (and parts) on the black market at prohibitively high marginal costs. I

Problems may also arise as a result of assigned responsibilities for provision of fuel. For example, in
Sudan the government water agency is in principle responsible for supplying fuel to rural wateiyards
at subsidized rates. In reality, in communities without good political connections, the agency is often
either unwilling or unable to provide fuel, and user groups are forced to buy fuel, parts, and the me-
chanics to use them on the local or regional black market. This requires them to pay twice for the
same materials: once to the government water fee collector when people collect water, and again

when the village water committee takes up its periodic collections to actually buy parts and fuel.

I
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This emphasizes the importance of good system design to minimize both fuel consumption and other
O&M requirements.

Available parts also can range greatly in quality. For example, in Indonesia there are three grades of
PVC pipe, which vary considerably in quality and price. Buying the lowest grade is common prac-
tice. However, if not properly buried, it photo-degrades much more quickly than the better grades,
and even when buried is much more susceptible to damage by trucks passing overhead than the
higher qualitypipe. This may result in the need for early and expensive replacement (digging under-
road ditches is not easy). Another example is diesel engine parts. To repair Lister diesel engines, me-
chanics can use either authentic Lister parts or parts made by the many manufacturers (e.g., in India
and China) who have essentially copied and locally produced the Lister design. These imitation parts
are often much cheaper, but typically do not last nearly as long as the originals. You can minimize
O&M by investing in higher quality system components and parts, and also by periodic inspections
to detect minor problems (such as pipe leaks or bearings needing replacement) before they become
major problems. This will help insure that things can be fixed before they deteriorate to the point
where costly replacement becomes necessary.

Finally, standardization of system design, equipment, and components will facilitate O&M and help
reduce costs. Standardization helps minimize the size of parts inventories, helps to insure that techni-
cians will be available who are familiar with systems, and since parts can be purchased in larger lots
from distributors, at least in principle makes individual parts cheaper to end users.

To get a clear picture of the possible difficulties in obtaining required spare parts and fuel for differ-
ent equipment options, the questions below should be addressed when choosing systems:

• Are all sparepartsavailablelocally at the pump site? List the nameof local shop(s)or
agent(s)and the typesof spareparts they carry.

• How far is the nearestlocation outsidethe village wherefast-moving spareparts for your
pumpset areavailable?List the nameof the village, the distancefrom the site, and the name
of the shop or agent.

• Where do you have to go to get uncommon spareparts (usually the samelocation where full
serviceandoverhauls areavailable)? List the namesof the agentsand the spareparts and
servicethey can provide.

• How long doesit take to get sparepartswhen they must be ordered or imported?

• What arrangementshavebeenmadeto dealwith water shortageswhile waiting for parts and
materials to arrive andthe systemto be repaired?

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

• starting and stopping the pumpset, as required;

• performing daily checks of fluid levels (where necessary) and equipment condition;

117



I
I

• handling limited preventive maintenance (e.g., tightening nuts and bolts), as the operator’s
training and authority and the available parts and tools allow; and

• contacting the proper authority to deal with specific problems, when needed.

Operators and caretakers are the most important human component in successful system operation. I
They form the first line of defense in the ongoing effort to keep a pumping system operational. Me-
chanics are necessary when the required maintenance or repair procedure is beyond the operator’s
authority or capability. Typically, mechanics must have:

• the ability to accurately diagnose problems in the system;

• the skills needed to make complicated repairs in the field; I
• access to necessary tools to complete minor and major repairs; and

• mobility to travel to the pump site. I
if individuals in the community possess repair skills, this will help assure that a broken-down system
is returned to service promptly. Handpumps and windmills are most suitable for local repairs. Since
the skills needed are fairly limited, people in the community can be trained to perform most mainte-
nance and repair tasks. The widespread use of diesel engines for pumping water and generating elec-
tricity in isolated areas means that there are usually some area mechanics who are at least somewhat I
skilled. If the level of local repair capabilities is lacking, skilled personnel from outside the commu-
nity are necessary to ensure that proper maintenance procedures are followed.

Solar pump repairs usually require specialized skills not normally found in rural areas. Individuals
with basic skills in electricity may be available, but the specialized nature of PV technology may
mean that suitable technicians will not be available even within the region. Although solar pumps
rarely need corrective maintenance, it is still important to consider who will perform such repairs. If
mechanics are available only regionally, you should also consider how far they may be willing to
travel. I
To determine the availability of qualified operators orcaretakers and trained technicians, as well as
their potential ability to handle maintenance and repair functions, you should answer the following
questions.

Operators I
• Do the peoplenearby that might serveaspotential operators or caretakershaveany

experienceor familiarity with theequipment you are considering?

• Are there indwiduals with sufficient educationandmechanicalaptitude who could be trained
to perform thesefunctions well? If so, who could provide this training, and how much would
it cost? I

• Are operators likely to have the tools neededto operatethe systemproperly andhandle minor
repairs?

• How much will operatorsneed to be paid, and wherewill the moneycomefrom?

• Who will take over the operator’s duties when the primary operator is not available?
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Mechanics
• Are skilled mechanicsand/or electricians available in the village who havegeneral

mechanical,engine-repair,and/orelectricalskills?

• How far must skilled mechanicstravel to assistwith maintenanceof the pumping system?
How will they get there?

• Are mechanicsfrom outsidethe community available year-round, or would transportation
problems or other responsibilities makethem unavailable at times?

• Canarrangementsbe made to provide training to mechanicsandtechniciansso that the
necessaryskills areavailablewhen needed?

• How much will their servicescost,how will they get paid, and wherewill this moneycome
from?

9.3 Transportation Networks
As long as spare parts, skilled labor, and/or fuel must be brought in from outside a village, the qual-
ity of the local and regional transportation network must be considered in equipment selection. Con-
sider distance, travel time, the quality of roads and whether they are passable year-round, and the
availability of vehicles or other means of transportation. For systems that have a high need for out-
side support, these are very important issues. That is why it is an advantage if skilled personnel and
spare part and materials inventories are available locally.
Since the transportation network is critical in moving technicians, parts, and materials to a pump site

quickly and efficiently, answer the following questions before choosing a system:

• Whatmeansof transportationare readily available for travel to nearby towns or villagesto
obtain spareparts,fuel, or technicalassistance—bus,official transportation, private vehicles,
other modes?

• What distancesmust be traveled to obtain spareparts, fuel, and to swnmonmechanics?

• How long do thesetrips typically take?

• Are light- andheavy-duty trucks(four-wheel drive, if necessary)available to transport
heavierequipment andspare partsto the site?If not, wherecan they be found?

• How much do thesedifferent meansof transportation costper kilometer or trip?

• Are fuel and parts for vehiclesreadily available on a year-round basis?

9.4 Communication
Ineffective communication is an often overlooked factor contributing to long periods of system

downtime. There are generally two types of communications problems—response time, and inaccu-rate or incomplete information, If it takes two days to summon assistance, every service requiringsuch communication requires at least two days plus the time needed for a response. In addition, be-
cause messages are often inc~ipleteor inaccurate, maintenance and repair crews might bring the
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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 crew may
have to make an additional trip to get additional parts needed to complete the repair. The need for
rapid, accurate communication of the nature of a problem to the proper person or agency is impor-
tant in assuring a timely, appropriate response. One suggestion is that all site operators be given writ-
ten forms (perhaps postcards) with the address and telephone number of the repair crew dispatcher,
along with several questions which need to be answered when reporting problems. The following
questions focus on important communication issues: I

• Are theproper stepsfor summoningmaintenanceand repair assistanceclear to the
operator/caretaker andusers?

• Doesthe operator/caretaker have the training andskills to diagnoseand report mostbasic
problems accurately to the maintenance/repaircrew?

• When outside assistanceis neededfor maintenanceand repair, how is assistancesummoned?
Are thesechannelsof communicationopen year-round? Do they depend on verbal, written,
telephone,or radio messages? I

• Is assistancerequestedfrom different sources,dependingon the nature of the problem? If so,
list the various typesof problems and the correspondingsourcesof assistance,andmakesure
that operatorsor committeesknow that information.

• When assistanceis summoned,how long is it likely to take to get a responsefrom eachsource
of help? I

9.5 Organizational and Financial Management
The ultimate authority and/or responsibility for a water supply system may rest with a local commu-
nity leader or organization (such as the village water committee) or a regional or central government
agency. When local persons or groups are responsible, they must have sufficient funds, organiza-
tional capability, and the capacity to mobilize resources to respond to problems, if they are to be suc-
cessful. Responsibility without authority is meaningless. If a regional or central organization is
responsible, it must be responsive to local needs for any maintenance and repair problems that can-
not be handled at the local level.

Regardless of where the formal authority lies, some degree of community responsibility is always
important in the successful operation of water supply systems. The choice of technology should take
into consideration both the capacity of a village to be responsible for a pumping system and the
availability of outside sources of periodic assistance. In general, less complex technologies such as
handpumps are more suitable for situations where local authorities have responsibility for a system.
More complex technologies that require higher levels of O&M support are more appropriate when
responsibility for a system is more centralized. I
For example, if care is taken in selecting a 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 a commitment to that technology.
This does not mean that solar pumps are necessarily a bad choice; just that there must be responsive
mechanisms for maintenance and repairs to ensure the long-term reliability of the system. Diesel sys-
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tems usually require the largest ongoing commitment of resources because of the high engine O&M
requirements relative to other technologies. Sometimes, a community will have a qualified mechanic
available to perform maintenance, assuming that spare parts are available. Since the quality of local
mechanics varies considerably, it is important to check thoroughly the experience of the person des-
ignated as a local mechanic. Sometimes, “repairs” can leave the system in worse shape than before.
For the mostp~windmills can be serviced locally, with the possible exception of changing the
pump leathers.

To clarify the lines of authority and responsibility for your system, answer the questions below:

• Whatpersonor organization hasultimate authority over thewater supply system?Is this
authority local or centralized?

• Doesthis personor agencycontrol the financialresourcesnecessaryfor successfulO&M? If
not, which organization does?Is obtaining funds a major problem for the community or user
group whenthe need arises?Doesanyother group, in the private or public, formal or
informal sectors,have thecapacity to respondwhen problems occur? Are existing
cost-recoveryschemes(e.g., userfees)adequatelyenforcedat the local level to ensure the
availability of O&M funds when required?

• What group or individual in the community or nearby areahasresponsibility for thewater
supply systemat the local level? Is the group or individual responsibleto a local or central
authority? Is the responsibleparty paid or a volunteer? Doesit haveother functions (e.g.,
village developmentor health) that may reinforce or get in the wayof its responsibilitiesfor
the water system?If an organization is responsible,is it likely to represent a faction of the
community or the whole village?

• Doesthis responsibleparty feel it caneffectively bring resourcesto bear on operational
problems when needed?If it mustcall on an outsideorganization for O&M assistance,will
this other organization respondin a timely fashion?

• If thereis a backup systemor secondarywater source, is it under the sameauthority asthe
primary system?

The level of community participation in and management of a water system has been shown to have
a large impact on O&M requirements and system sustainability. If people feel a sense of ownership

and an ability to control their water system, they will probably take a more active support role in itsfinancing, operation, maintenance, and repair.However, do not assume that people can do this with-
out proper training. Successful system management includes financial management. In addition to

keeping
track of spare parts, materials, and tools, community water committees often are responsible

for collecting and managing user fees, keeping account books on fee collection and expenses, and
settling potential conflicts between users, factions within communities, or between communities and

government
water agencies. Developing a financial management plan is an important part of system

planning. It should include discussion of and agreement on:

• How the system O&M is to be financed, which may include collecting user fees, soliciting
donations or government support, or a wide variety of community-level revenue
generation schemes.
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• How user fees (if they are to be collected) will be set, collected, managed, and revised as
the situation requires.

• How to deal with extraordinary expenses (such as a well collapse), the cost of which may
far exceed accumulated user fees. I

Record keeping is a critical component of community management. Plan to provide suitable training
to communities so that they are capable of keeping good records, and actively encourage them to do
so.

9.6 Points to Remember
Evaluating the capability of a maintenance and repair infrastructure is neither simple nor straightfor-
ward. It requires an assessment based on local conditions and the type of equipment being consid-
ered. In such an evaluation, there are several important points to keep in mind:

• Community participation in planning, installation (where appropriate), operation,
maintenance, and cost recovery is often (if not always) of critical importance in assuring
that proper O&Mwill take place.

• Local capability (e.g., for operation, maintenance, repair, and/or 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 easily understood increase the possibilities

for local repairs.

• The acceptable length of time for skilled technicians to get to your site with appropriate 1
tools and spare parts depends on water availability requirements and backup sources of
supply.

• if you are considering introducing new kinds of equipment into an area, maintenance
functions should be integrated into the existing infrastructure, either government-operated
or private, to the maximum extent possible. When possible, avoid trying to set up new
organizations to support new types of equipment without substantial and long-term
guaranteed fmancial support.

• Be sure to consider the need for and cost of ongoing training in O&M procedures and how
the cost will be paid.

The questions given in this chapter are meant to encourage you to consider the most important issues
related to operation and maintenance requirements for the equipment options under consideration. It
is not important whether a spare parts warehouse is 20 or 60 kilometers away. What is important is
whether the system designer, working with the beneficiary community and any other organizations
who will have responsibility for maintaining the system, has come to an understanding about how to
provide all the support necessary to keep the system up and running properly.

Overall, the questions given here are meant to give a sense of the complexity and potential difficulty
of providing the necessary O&Msupport for the different system options. All too often, the impor-
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tance of including consideration of proper O&Min the system design process has been overlooked.
Many failed water systems spread throughout developing countries are testimony to this.

While it is impossible to guarantee that an existing maintenance and repair infrastructure will be re-
sponsive in the future to the O&M needs of the equipment you choose, careful consideration of an-
swers to the questions listed in this section should give you a good indication of the likelihood for
successful long-term, reliable operation of the system. The final section of this manual addresses the
major remaining issue involved in pump selection—comparative costs.
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Chapter 10: Cost Analysis

The first step in choosing a pump is to select several options that will meet the technical require-
ments at your site. The next step is to find out which of these options can be adequately supported
by the O&M infrastructure in your area. This will probably reduce the number of suitable options. Fi-
nally, you need to analyze those options on the basis of Life Cycle Cost (LCC). Life Cycle Cost is
the basis for an economic comparison called 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 equip-
ment and installation (installed capital costs), and those for operation, maintenance, and repair (recur-
rent costs).

10.1 Present Worth Analysis

I While there are many kinds of comparative economic methods, present worth analysis is a conven-ient method for assessing the relative costs of different pumping systems. This method analyzes all
costs associated with installation and use of a pumping system by adding the present worth of all

I costs for the system over its useful lifetime and calculating its Life Cycle Cost Dividing the Life Cy-cle Costby the discounted total volume of water pumped gives a unit cost for water, referred to here
simply as unit cost. Calculating unit costs for two different pumping systems that are designed to de-

I liver about the same volume of water from the same head allows you to make direct financial and- economic comparisons between the two. This approach should be used to compare systems of ap-
proximately similar size. It does not address directly the question of benefits, so you cannot deter-

I mine whether the benefits of the pump installation (in terms of increased health benefits or numberof gardens irrigated, for example) will be worth the cost of the pumping system.

I This chapter describes present worth analysis by discussing typical cost components (capital costs,recurrent costs for operation, maintenance, and repair), discussing the analytical method, and thentaking you through examples showing how it is applied. The distinction between financial and eco-

I nomic costs is discussed, with an example that shows the difference between those two concepts. Ingeneral, a system’s financial cost is determined from the user’s viewpoint (how much the user actu-
ally has to pay to own and operate the system), while the economic cost is based on the perspective

I of the government or society as a whole (which may include such things as the real cost of subsi-dies). Since financial and economic unit costs can vary considerably, it is possible that selection of
the most cost-effective system may depend on which perspective you take.

10.2 Types of Costs

I Present worth analysis divides all system costs into two basic groups--installed capital costs and re-current costs. The LCC is equal to the installed capital cost plus the present worth of all recurrent
costs (see below). Installed capital costs are all assumed to occur at the start of a system’s lifetime

I (i.e., at the beginning of Year One of the system’s useful life). All later costs (e.g., for operation,maintenance, repair, and component replacement) are recurrent costs.
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Present worth analysis is done not only to determine which system is cheaper to own and operate,
but also to determine whether users will be able to afford it. To determine this, it is important to esti-
mate all costs as accurately as possible, and then examine the cash flows needed to meet future recur-
rent costs. Some systems (e.g., diesel pumpsets) 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.

Typically, pumping systems in developing countries are not purchased with commercial bank loans
which axe then paid down over several years. Rather, they are usually paid for with cash. If a system
is not going to be wholly dependent on outside funding (e.g., completely subsidized by the govern-
ment orpaid for by a donor organization), it is important to know what cost-recovery mechanism(s)
will be used. Who will pay the installed capital costs? Will recurrent costs be funded by water-user
fees? Are users willing and able 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, since an inadequately financed system will soon fall into clisre-
pair.

A system’s installed capital cost is the total of all equipment, materials, labor, and transportation I
costs incurred for complete installation of a system. Recurrent costs for operation, maintenance, and
repair generally include:

• an operator’s salary;

• wages for a mechanic to handle regular service and breakdowns;

• spare parts and replacement components;

• fuel, lubricants, and other consumable materials;

• transportation (including a driver); and

• overhauls, when necessary.

Recurrent costs can be subdivided into fixed annual, variable annual, and non-annual costs1 which
are discussed in more detail in the sections below. Each category can include costs for parts and ma-
terials, labor, and transportation. A matrix showing all the different types of system costs is as fol-
lows:

Installed
Capital_Costs

Recurrent Costs

Fixed Annual Variable Annual Non-Annual
Parts_&_Materials

Labor
Transportation

In general,fixedannual costs, such as the pump operator’s salaiy, are relatively constant costs which are independent
of wateroutput. Variable annual costs include items such as fuel and lubricants, which depend on how often the system is
used. Non-annual costs, such as engine overhauls, may or may not occur in any given year.
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When considering different types of system costs, it is simpler to consider only those costs which clif-
fer from one system option to the other. For example, if you were considering whether to use a die-
sel or a solar pump on a borehole, and both of the systems would use the same size borehole with
the same diameter casing, there would be no need to include the cost of the borehole into the com-
parative analysis, since it would be the same for each of the systems. However, if you were compar-
ing the costs of installing a small diesel engine versus several handpumps with the same total output,
the diesel would only require developing a single source (borehole or open well). If, on the other
hand, you needed to install four handpumps to meet the water demand, you might have to develop
two or more sources (if you put two handpumps on each source). In this case, you should include the
additional costs of source development in the analysis, since they would differ for the two system op-
tions. Depending on the particular systems under consideration, you may or may not need to include
costs for components such as:

• well construction or drilling;

• field surveys;

• design work, including engineering drawings; and

• water storage tanks, which may or may not be needed for different systems and will vary
in size depending on your type of system.

Where appropriate, these costs should be included in the matrix shown above. If the purpose of the
analysis is to calculate water tariffs and 100% cost recovery, then all system costs must be included
in the analysis. 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
Discount rates are based on the concept of the time value of money. People put a higher value on
money which is available now rather than in the future. Discount rates are a way of assigning a num-

ber to that higher value. For example, if a person is willing to forgo the use of $1 for one year to re-ceive an additional ten cents, the discount rate is 10%.

The present worth of recurrent costs depends on the actual costs when they are incurred, and on as-sumptions about discount rate, inflation, 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, the fu-

ture cost of replacing a windmill cylinder after five years of operation). It is based on what econo-mists consider the “opportunity cost,” or the buyer’s best alternative investment. If the best
alternative is investing money in a bank at 10 percent interest, the assumed discount rate is 10 per-

cent. This rate may vary for different investors, since deciding on the best alternative depends on per-sonal circumstances and their willingness to take risks.

The discount rate you choose for your analysis should take into account the “real” opportunity costof investing in a pumping system. This is the nominal discount rate (for example, 10% which you
could get by putting your money in a Bank) minus inflation. Where countries have high inflation, the

real
opportunity cost can be much different than the formal (bank) discount rate. The opportunity

cost for rural communities may have little connection with formal bank interest rates. For example,
in many African countries, the best investment many rural people can make is in stock animals. It
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has been estimated that for a situation in rural Sudan2, the nominal (not including the effect of infla-
tion) opportunity cost of money invested in cattle is 18%. 1
Discount rates differ according to the user. You have to estimate the return on the best alternative in-
vestment given local conditions and users’ perceptions. Individuals in the private sector may be re-
luctant to borrow money because of uncertainty about the future, in which case discount rates may
need to be as high as 20-50 percent (or more, where inflation is rampant). For economic analysis,
suitable rates are determined by government economists. The World Bank often uses economic dis-
count rates of 10 to 12 percent. The discount rate can have a large effect on the results of analysis,
particularly when competing alternatives differ markedly in their capital and recurrent costs. If there
is some uncertainty about what discount rate to use, try several values and see what impact they I
have on the analysis.

10.2.2 The Term of the Analysis I
Next, choose the term of the analysis. Usually, this is the same as the useful life of the major system
component that will last the longest. For example, with solar pumps, the longest lasting (and most
costly) component is the PV array, which has an estimated life of 20 years. Not all of the other com-
ponents will last that long. They will have to be replaced periodically as they fail. The cost of repair
or replacement for these components is included in the recurrent costs. 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 replaced. To compare different systems you have to use the same term of analysis for
all of them. For example, suppose you want to compare a solar pump and a diesel system. The term
of the analysis for a solar pump is 20 years, and diesel engines in your area are expected 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 its replacement as a recurrent cost. The term of analysis should be
the useful life of the longest lasting major component of the system.

10.2.3 Equipment and Material 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 wide because of differences in capacity and
in where the equipment is purchased and used. When possible, use cost information from local dis-
tributors in your area. The installed capital cost for a pumping system includes equipment costs for
the power source and pump, other needed parts and materials, civil works (e.g., pump house and con-
crete engine pad), and associated labor and transportation costs. The power source could be a diesel
engine, a solar array and controller, a windmill head with a tower, or a handpump head. Be sure to in-
clude the cost of all required accessories. Capital equipment costs can also include import taxes,
duty requirements, and freight charges from the country of origin, but these should be kept separate

for the economic analysis.

I
I

ConsultancyReportfor the SudanRenewableEnergyProjectWaterPumpingProgram,Ron White, ARD, Apnl, 1989.
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Diesel Systems
Costs for diesel engines are affected by the rated output, quality of the equipment, and location of
the manufacturer. They range from US$1003 to US$500 per rated kW. Other major items for diesel
systems include:

• the pump and transmission, if any;

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

• other components for water storage and distribution, such as tanks, piping, and valves;

• under some conditions, the need for a more reliable system may involve purchasing a
spare engine and/or pump; and

• a good water meter and pressure gauge should also be purchased for diagnostic purposes.

In addition to these more expensive components, lower cost items needed to install a system can add

up to a total that is a significant portion of the overall equipment and materials cost. They include en-

gine frames, foundation bolts, non-return valves, pipe unions, gate and pressure-relief valves, sparepulleys, belts or drive shafts, and some basic tools for operator servicing. Required materials also in-
clude cement, sand, gravel, reinforcing mesh, and/or “re-bar” to make a concrete foundation for the

engine
(or windmill tower, solar array’s mounting frame, or handpump base), as well as fencing.

These can often 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 6.

3
The lowest cost Indian-made copies of the popular Lister 8/1 diesel rated at 6 kW cost only US$600, or $ 100/kW as of

mid-1990. All costs in this chapter are as of 1991, unless otherwise stated.

Table 6
Typical Capital Costs for Small Diesel Pumping Systems

(in US $)
Diesel engine (2 to 10 kW)*~

Pump(complete)

*

Civil Works (pad, pump house)
Other (valves, fuel tanks)

$600-4,000 (small/I ndian—large/Lister)

Total System Cost (CIF***)

$500-3,000 (Mono—Jack pump)
$500-i,000

$1 ,000-3,000
$3,600-i1,000

~Costsfor diesels are based on typical 1990 costs in Southern and East Africa. In addition, water storage tanks range in

price from about $1,500 to $10,000, depending on their size (between 5 and 30 m3), construction (fiberglass, steel, or
lined steel), and whether they are &evated to pressurize the distribution system. Towers add considerable expense.

~••Cost’insurance/freight(delivered price)
“Smaller engines (2-4 kW) are much more expensive per rated kilowatt than larger ones.
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Solar-Powered Systems
For solar pumps, PV modules are the most expensive component. Other system components include
the pump, motor, array support structure, wiring, and controller and/or batteries. Array costs are
about $5.50 per Wp, from the point of manufacture (as of 1992). This cost can easily rise to
US$9/WV or more where distribution and shipping costs are high. In most cases, motors and pumps
for a solar system are purchased together because solar pump manufacturers design and match
pumps and motors to maximize subsystem efficiency. Controller costs vary considerably depending
on the type of control system chosen and the country of manufacture. Some manufacturers may spec-
ify controllers that are designed to operate with their systems. Array support structures cost from
US$100 to US$200 for racks that hold four to six modules. Wiringcosts are usually US$50 to
US$200. Unlike diesel pumps, neither PV nor wind systems normally require pump houses, but all
three require fencing.

Thus, for a standard commercial solar system with a 1.5 kWp array which can pump about 30
m3/day at 25-30 meters head, a submersible pumpset with controller/inverter, all other required parts
and materials, plus installation labor, the total system cost is around $13,000, or $8.60/Wp installed.
This does not include a tracking array, which would deliver more water (20-30% more, depending
on the site conditions) but would cost another $1,600.

I
I
1
I
I
I
I
I
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Table 7
Typical Costs for Solar Pumping Systems

(in US $) *

PV Array (0.6-i .5 kW~@ $6/Wp) $3,600-9,000
Civil Works (pad, fencing) $300-i ,000
Mounting Racks (stationary/tracking) $500-2,400
Other (wiring, rods, meters, pipe) $200-700

Plus one of the following two pumpset configurations:
Submersible Pumpset (including motor, pump,
and inverter/controller) $2,750-3,500

or (these custom systems are much less common):
Motor (0.5-2 kW) $200-800

Pump (only, no submersible motor) $200-700
Controller $200-i ,500

These costs were supplied by Tim Bail of Solar Engineering Services in Olympia. Washington, and are for
standard commercial systems (e.g., Grundfos or MacDonald submersible pumps with fixed or tracking arrays).
These costs are current as of Spring, 1992.

I
I
I
I
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Wind Systems
Windmill and tower costs are highly dependent on shipping charge as these machines tend to be
heavy. In general, units are supplied complete, with no additional or optional parts to be considered.
The cost for awindmill is higher for those with larger rotors. The range of costs is US$200 to
US$500 per square meter of rotor area. Simpler designs that are fabricated locally or regionally are
less expensive than imported American or European windmills of similar size, but depending on de-
sign and manufacturing quality, locally-made windmills may not have the same durability and per-
formance as imported ones. Tower costs are proportional to height and to the quality of construction;
they range from US$1,000 to US$3,000, depending on whether the tower is made locally or pur-
chased and imported with the windmill. Cylinder costs are often dependent on design and materials,
with high-quality, ball-valve cylinders being more expensive than those with flap or spooi valves,
and stainless steel much more expensive than standard brass. Other items include the drop pipe,
pump rod, pipe clamp at the wellhead, cement for the foundation, and fencing.

Handpumps
Handpump costs vary considerably depending on the country of origin. You might assume that lo-
cally fabricated units would be the least expensive, but this is not always the case because mass-pro-
duced units (such as the India Mark II) may be cheaper than small local production run units.
Handpump costs range from US$300 to US$1,000. The very promising Afridev VLOM pump is
manufactured in Kenya, Malawi, and several other developing countries, and sells for about $500.

Table 8
Typical Capital Costs for Wind Pumping Systems

(in US $)
Windmill head (2 m-6.4 mdiameter rotor) $1 ,000-8,000

Tower and associated hardware (5-i5 mheight) $1 ,500-4,000

Pump cylinder with spare leathers $250-800

Civil Works and Other (foundation, tank, piping) $i ,000-3,000

Total System Cost (CIF) $3,750-i5,800

Table 9
Typical Capital Costs for Handpump Systems

(in US $)

Haridpump head $300-i ,200

Pumpcylinder with spare leathers $i00-400

Pumprod (depends on depth and material) $30-500

Other (foundation, drain, piping) $1 00-400

Total System Cost (CIF) $530-2,500
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For all four types of systems given above, besides equipment and materials, capital cost also in-
cludes the labor and transportation associated with installation. Labor costs are often divided into
skilled (e.g., diesel mechanics or electricians), semiskilled (e.g., masons), and unskilled components
(common laborers). This is partly because the daily or hourly rates are different for these groups and
because the unskilled portion is often valued below the wage rate in the economic analysis (see Sec-
tion 10.4). You should get some idea of labor costs or daily rates for these three groups, including
any relevantper-diem or other allowances. Remember to include the preparation associated with col-
lecting tools and equipment in your estimates for installation time. I

Time Required for Installation
Assuming that 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,
drop pipe, and pump rods, installing the engine, and building a prefabricated metal pump house. So-
lar pumps often take a bit longer but should require no more than six to seven days, unless the crew
is very inexperienced. For the first few installations of any system, the need for on-the-job training
will increase installation time somewhat. Windmill installation can easily take up to 10-12 days in
typical developing country situations. Handpumps can typically be installed in two to three days, if
all goes well. These figures are only for pump installation, and do not include any time for well de-
velopment. They should be used only as general guidelines for estimating the actual time needed for
an installation at your site4. Your estimate will depend on the number 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 usually skilled laborers.

Transportation Costs
Transportation costs are affected not only by the distance to the site, but also by the type of vehicle I
used and the number of trips. It mayhe necessary to make more than one trip to the site to move all
the equipment, gear, and personnel needed to complete the installation. Thus, the total transportation
distance can easily be two to three times the round-thp distance from the installation center to the
site. The type of vehicle(s) affects transportation costs because light, two-wheel drive trucks are less
expensive to operate and maintain than heavier four-wheel drive vehicles and trucks, which may be
needed for some installations such as windmills. To get some idea of transportation costs, talk to ye-
hide rental agencies or truck users in the private sect~.Often it is possible to get a daily rental fig-
ure plus a mileage charge, which will probably not include fuel costs. Rental agencies usually have a
good estimate of typical fuel use per kilometer. I
Once these cost components for equipment, materials, labor, and transportation have been calculated
separately, they are added together to determine the installed capital cost. All other system costs asso-
ciated with operation, maintenance, and repair are recurrent costs.

I
While all of these estimates may seem much larger than strictly necessary, they are based on expenence with many

systems in several representative countries, and also include transportation and set-up time. Note that for all installations,
it is best to wait several (2-3) days for the concrete to cure properly (to maximize its strength) before installing any
hardware.

I
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10.2.4Recurrent Costs
As mentioned above, recurrent costs can be divided into fixed annual, variable annual, and non-an-
nual costs. This section discusses these cost components for all four system types.

Fixed Annual Costs
Fixed annual costs for a pumping system are annual recurrent costs that are not affected by the
amount of use a system receives. Fixed annual 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., interest on a loan used to buy the system), and labor costs for an operator (assuming a flat
monthly salary with no overtime), if any. For example, fuel is n~ja 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 a pumping sys-tem is managed and maintained. Overhead can include costs for things such as record-keeping or formaintaining a vehicle, office, warehouse, spare parts inventories, or headquarters staff. These costs

are often omitted from comparative analysis on the assumption that they will be similar regardless ofthe system chosen, but this is not necessarily the case. If a system was paid for with cash from busi-
ness operating funds, personal monies, or a grant, there will be no interest charges. Systems with
greater O&M requirements will require more management time and much greater bookkeeping.

The labor cost for an operator is usually a fixed cost that depends on the type of pump and daily av-
erage use of the system. It rarely changes with hourly usage of the pump each day. For example, die-
sel pumps are often run by a full-time salaried (i.e., not hourly) operator. In instances where the
operator may have additional 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 costed at the prevailing wage
rate for unskilled labor.

Variable Annual Costs

Variable annual costs include all materials (i.e., fuel, oil, and parts), labor (exceptfor theopera-tor), and transportation required for normal operation,servicing, and repair of the system.
These are all the items whose use depends on the amount of time the system is operated during the

year. Estimates for these costs can be made by modifying the information provided in Chapters 5through 8 to meet the specific conditions at your site. These requirements and their associated costs
are summarized here.

Annual labor costs are a function of the number and duration of trips made in response to normalservice requirements and breakdowns, as well as the crew size and skill levels. Of the four systems

considered here, diesel pumps probably will require the most maintenance and repair trips. For plan-ning purposes, count on at least four such trips per year up to as many as one per month, dependingon the situation. For solar, wind, and handpump systems, the number of maintenance/repair trips
will probably be many fewer (about one to three annually) if the installation is properly done. Fewer

trips may be needed if the pump operator can perform 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 repair, consider the specific skill mix required for
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your system. In the absence of other information, assume that a repair crew of three—one skilled
and two unskilled—plus a driver will be sufficient to deal with 70 percent of all necessary repairs.
Larger crews of as many as eight will be needed for jobs like pulling pipe, replacing engines, or re-
pairing breaks in the pipeline. Labor costs can then be estimated by calculating the total daily wage
rate for smaller and larger crews, and then multiplying 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 calculate labor costs here.

Annual transportation costs include trips made for service and repair, as described in the preceding
paragraphs. In addition, they should include trips to deliver fuel, lubricants, and other parts and mate-
rials 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 facilities and the pump site. It is advisable to combine trips (e.g.,
regular servicing and a delivery of diesel fuel) as much as possible to minimize costs. I
The type of vehicle used will depend on what is available, plus the requirements of the job and the
condition of the roads to the pump site. Ofcourse, lighter vehicles should be used when possible, I
but this may not always be practical given other constraints. Vehicle charges are often given as a
daily rate plus a mileage charge plus fuel. If the cost of vehicles is figured into the overhead, the vari-
able annual transportation costs should be reduced or eliminated. Typically transportation costs
range from US$0.25 to US$1.00 per kilometer.

Non-Annual Costs I
Non-annual costs are those that do not necessarily recur every year. These costs are treated differ-
ently because of their intermittent nature. They include such items as major or minor overhauls for
diesel systems, or the replacement or repair of any major system component. I
For diesel systems, non-annual costs include the overhaul or replacement of the engine, pump, and
down-hole components, as necessary. Non-annual costs for solar pumps include the overhaul or re-
placement of batteries, controllers, electric motors, pumps, and other down-hole equipment, as well
as the replacement of solar modules in case of vandalism or theft. For windmills, non-annual costs
will likely be limited to the replacement of the pump and down-hole components—the drop pipe, I
sucker rods, leathers (if these are not replaced annually), and pump cylinder. There may be a need to
repair or replace the rotor or windmill head, but this should not happen on well-designed, properly
installed systems. The only non-annual costs for handpumps will probably be the replacement of the
down-hole components and possibly the pump-head or bearings. For all systems, other non-annual
costs may include the repair or replacement of civil works, storage tanks, fences, pump houses, and
wells (particularly if hand-dug wells are used). I
Estimates of recurrent costs for the four types of systems considered in this manual are given in Ta-
bles 10 to 13. 1

I
I
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Fixed Annual
Intereston loan

Table 10
Recurrent Costs for Diesel Pumps

(In US $)

Pumpoperator

Variable Annual
Diesel fuel/lubricants

it applicable
varies considerably: $200-i ,500
(Sudan-Botswana)

Parts and materials:
Oil and filter changes (monthly)

Minor repairs (3-6 times annually)

Non-Annual

varies depending on use: $200-BOO

Mechanics for maintenance/repairs

Engine overhaul

1 day of labor + $5-15 each

1 day of labor each + $1 0-100

Replace/repair pump and/or pipes

$250-750 (not including overhauls)

every 2 to 5 years, $200-i ,000

every 5 to 10 years (see engine/pumpcost)

Notes:Fixed costs must be determined based on local practices and specific site conditions. Fuel costs can be calculated
using the method given in Chapter 5. The oil and filters 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 da/, the oil and filters should probably be
changed once a month. Repair costs are highly variable and will be affected by the quality of preventive maintenance and
repairs. Engine overhauls and repair or replacement Intervals for the pump and piping are also highly variable depending
on the type of engine, quality (and hencecost) of replacement parts, distance to the maintenance yard Of not performed
on-site), and who does the overhaul (pnvate or public sector mechanics). The values shown are indicative of average con•
ditions In developing countries.

Fixed Annual
interest on loan

Table 11
Recurrent Costs for Wind Pumps

(In US $)

pump caretaker, if any

Variable Annual
replace leathers and oil or grease

if applicable

repair 1 to 4 times annually

varies: $O-500

Non-Annual
replace cylinder and pipes

1 day of labor + $5-15
1 day of labor each + $0-100

every 5 to 10 years: $400-i ,000

Notes: Depending on water quality and the extent of pump use, leathers may need to be replaced more often than annu-
ally. 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, sucker rods, and piping will depend largely on water quality. If the
water has highly aggressive orabrasive characteristics, the cylinder and pipes will have to be replaced often, perhaps
even more often than Indicated in the range. Based on detailed studies in Botswana and Sudan, annual recurrent costs for
properly maintained windpumps range between $80 and $400
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Table 12
Recurrent Costs for Solar Pumps

(In US $)

if applicable
varies: $0-500

1 hr of labor per week

Fixed Annual
interest on loan

pump caretaker, if any

clean array, check wiring

Variable Annual
replace leathers (for piston pumps)

minor repair 1-2 times annually

Non-Annual
repair or replace motor/pump

repair or replace electronic parts
replace cylinder (if any) and pipes
Replace any broken PV modules

1 day of labor + $5-i 5
1 day of labor each + $0-300

every 3 to 10 years: $250-2,000
every3to 10 years: $100-1,500
every 5 to 10 years: $400-i 000
total varies greatly, but about $350/module

Notes: Predicting the long-term frequency of repairs and replacement for solar pump components is difficult because few
systems have been in operation for more than ten years. Many early units required the replacement of major components
every year or two, partIcularly for electrical components such as controllers, inverters, and motors. Newer units have over-
come those early problems, and much longer component lifetimes are common. Minor annual repairs consist primarily of
replacing poor electrical connections or vandalized modules, if necessary Vandalism vanes tremendously from country to
country, and even among communities In the same area. Solar pump annual recurrent costs are about $250 annually, as-
suming (based on fieid expenence) that one PV module needs replacement every other year due to vandalism.

Table 13
Recurrent Costs for Handpumps

(In US $)
Fixed Annual
interest on loan

pump caretaker, if any

Variable Annual
replace leathers
repair 1 to 4 times annually

Non-Annual
repair handle/replace bearings
replace cylinder, pipes, and rods
replace pump-head

minor, if applicable
varies

1 dayoflabor+$5-15
1 day of labor each + $0-100

every 1 to 4 years: $25 -$50

every 5 to 10 years: $200 - $800

every 5 to 10 years: $200 - $1,000

Notes:Generally, the maintenance and repair requirements for handpumps will be easier to meet, and costs will be lower if
the drop pipe does not have to be puiled to replace the leathers or fix the cylinder. Handpumps designed using the VLOM
concept will have fewer needs for more expensive repairs by personnel from outside the immediate area. High transporta-
tion costs due to centrally located maintenance units can drive recurrent costs quite high. Annual recurrent costs range be-
tween $24 and $300.
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1O.2~5The Cost Matrix
Thecostmatrix for capitalandrecurrentcostsshownatthebeginningofthis sectionshould becom-
pletedbasedon theinformationgivenabove.Two matriceswill be necessaryif a financialandan
economicanalysisarecarriedout. Differencesbetweenthe two arediscussedin Section 10.4 below.

Note that for thesakeof simplicity, inflation of specificcostsoverandabove the generalrateofin-
flation hasnot beendiscussedin this section.While it is true that anyor all of thecostsdiscussed
herecanchange(increaseordecrease)at aratedifferentfrom thegeneralrateof inflation, it is often
very difficult to predictthemagnitude(oroften, eventhedirection)of thosechanges.If you havein-
formationwhich convincesyou to believethat oneormoreof therecurrentcostsofyoursystemwill
changeovertheperiodof theanalysis,factorthat informationinto theanalysis.Betteryet, makesev-
eralcalculationsof the unit costusingdifferentassumptionsaboutthechangein oneormorevari-
ables.This “sensitivity analysis”will allow you to seewhateffect your assumptionshaveon the unit
cost.

10.3 Present Worth Analysis
This sectiondiscussestheanalyticalmethodfor presentworth analysis.It requiresthatall future

costs be discountedto theirpresentworth.This is accomplishedby groupingcostsso that simplefor-mulascanbe usedto calculatethepresentworth of eachgroup.A list of all relevantformulasusedinpresentworth analysisis providedin Appendix F. This methodis not as complicatedasit initiallymight seemin theexplanationsbelow. Look carefullyattheexamplesto seehow it is done.

Thepresentworthof aspecificcostdependson whenthatcostis incurred(paid).If acostis in-
curredin thefuture,it will be discounted(seebelow) to thepresentby calculatingits presentworth.
Themethodassumesthateverythingbeginsatthestartof YearOne,andeachyear’srecurrentcosts
arepaidat theendof eachyear.Sincetheanalysisbeginswhenthe systemis installed,the installed
capitalcost(incurredatthebeginningofYearOne)doesnot needto be discountedasdo future costs.

Example 18: Discounting a Single Future Payment
If the discount rate is 10%, what is the present worth of a pump cylinder costing $300
which will have to be purchased in Year Five?

P=F~1+o~”

To calculate the present worth of a single future cost, use the following formula:

where P = present worth of a future cost

F = future cost

d = discount rate, in percent

(Formula #15)

n = year of occurrence for the future cost

Therefore, the present worth of the cylinder is:

P = 300(1 ÷.10)~= 300 x 0.6209 = $186

(continuedon nextpage)
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Example 18 (cont.)

You canusethis formulato calculatethepresentworth of any non-annualcosts.For eachoccurrence
ofa non-annualcost,Formula15 shouldbe usedto calculateits presentvalue. It shouldalso beused
to calculatethepresentworth of individual total annualcosts if theyvary from yearto yearover the
term of the analysis(i.e., if pumpoperationvariesfrom yearto year).Fixed andvariableannual
costsfor materials,labor, andtransportationshouldbe combinedto getatotal for annualrecurrent
cost.This will be the samefor eachyearof theanalysis,if theequipmentis operatedfor thesame
amountof timeeveryyear.UseFormula16 to calculatethesecosts:

I
I

I
I
I

To simplify this calculation,referagainto theCompoundInterestFactorsTablegiven in AppendixF
to find thecorrectfactor(F2)to calculatethepresentworth ofa uniform seriesof futurepayments.
Justfind thevalueof F2 for thenumberof yearsandthediscountrateyou areusing,andmultiply it
by thevalueof thefixedannualcost.Example19 showshowthis is done. I

I
I
I

Example20 belowshowshowthesediscountingprocedurescanbe usedto find thepresentworth of
recurrentcostsfor apumpingsystem.Note that this exampledoesnotconsidertheamountof water
pumped,nor wasa unit costcalculated.This procedurewill be shownin theexamplein theSection
10.5. 1
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Note that the present worth of any future cost will always be less than the actual cost.

Alternatively, you could look up the Fl factor for calculating the present worth of a
single future payment (or cost) on the Compound Interest Factors Table in Appendix F.
First, move across to the double (Fl and F2) column for a 10% discount rate. Then
look down the Fl column until you find the factor Fl = .6209 corresponding to N = 5
years in the leftmost column. Then,

P = 300 x Fl = 300 x .6209 = $186.

I
I
I

Formu!a#16

dx(l ÷0~N

where P = present worth of a uniform series of future costs

A = annual cost or payment

d = discount rate, in percent

N = term of the analysis in years

Example 19: DIscounting a Series of Future Payments
What is the present worth of a series of equal payments of $1,000 each, which will be
paid for a pump operator’s salary over a 15 year period at a discount rate of 6%?

From the Compound Interest Factors Table in Appendix F, the F2 factor for 15 years at
6% is 9.7122. Therefore, the present worth of that series of payments is:

P=Ax F2=$1000x9.7122=$9,712
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Example 20: 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 pumping system you are
considering. Of the non-annual costs shown, the first (totaling $1,150) occurs in year 10.
The second ($625) occurs in years 5 and 15. What is the total present worth of these
recurrent costs?

Installed
Capital Costs

Recurrent Costs

Fixed Variable Non-Annual
Parts & Materials 3,000 750 1,000 500
Labor 500 1,000 100 100 75
Transportation 300 50 50 50
Total 3,800 1,000 900 1,150 625

The present worth of installed capital costs is $3,800. The present worth of fixed and
variable (here assumed to be constant) annual costs is given by Formula #16:

P=Ax~ ~~N_1

dx(l+d)
t~1

Substituting values from the cost matrix above:

(1 + .12)20 — 1
P= ($1,000 + $900) x = $1,900 x 7.47 = $14,192

.12x(l ÷.l2)20
Alternatively, look up the appropriate value of F2 in Appendix F: 7.4694. Multip~$1,900

(from above) by 7.4694 to get $14,192.

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

At year

Atyear

5:

10:
P = $625 x (1 + .l2)~
P=$1,150x(l ÷.l2)’°

= $355

=$370
At year 15: P =$625x(1 + .12)15 = $114

Alternatively, look up the appropriate Fl values for these three calculations in the
Compound Interest Factors Table in Appendix F. At 12%, for:

Year 5: Fl = 0.5674, so P1 = $625 x 0.5674 = $355

Year 10: Fl =0.3220, so P2=$l,150x0.3220 =$370

Year 15: Fl = 0.1827, so P3 =$625x0~l827 = $114.
Therefore the total present worth of all the costs of installing, operating, and maintaining

this system (in other words, its Life Cycle Cost) is:

$3,800 + $1 4,192 ÷$355 ÷$370 + $1l4= $1 8,831.
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10.4 Financial Versus Economic AnalysIs
Thebasicdifferencebetweenfinancialandeconomicanalysisis oneof perspective.Financialanaly-
sis relatesto privatecostsandbenefits,while economicanalysisis concernedwith socialcostsand
benefitsto a communityor nation.Usually, theprivatesectoris moreconcernedwith financialanaly-
sis.Analysisdoneto addresspublic sectorneedsis ofteneconomic.Whetheryou shouldperform
oneor both dependson whomthepumpingsystemwill serve,who is payingfor it, andthe purpose
oftheprojectbehindit. If you want to do adetailedeconomicanalysis,you may want to discuss
someof thedetailsof theanalysiswith a governmentorWorld Bankeconomist.

Themajordifferencein calculatingfinancialandeconomicpresentworth is makingallowancesfor

factorsthathavesocialimpact, suchas:

• foreignexchangecosts(where the localcurrencyis notopenlytradedatmarketrates);

• interestratesandloancharges(whereloansaretakenout to buy equipment,or whereuser
feesareinvestedin sinkingfunds to financefuture recurrentcosts);

• taxesandsubsidiesvaryingbetweenonekind of equipmentor fuel andanother; I
• regulatedpricesfor materials(suchas steelfor manufacturingwindmills orpumps)or

energy(dieselfuel, gasoline,orelectricity); I
• employmentgeneration(which is in thebestinterestofthegovernmentto encourage);and

• training costs(whichmayormaynotbe bornedirectly by recipientsor beneficiariesof the
training).

Theseallowancesarecommonlyreflectedby what arecalledshadowprices.For example,in most
developingcountries,theeconomiccostof laboris lessthanthe actualfinancialcost.This means
that whenthereis a laborsurplus(in mostdevelopingcountries,this pertainsonly to unskilledla-
bor), theeconomiccostto thecountryor societyasa whole is lessthanthemarketprice orcurrent
wagelevel. Shadowpricesareusedto reflect thedifferencebetweenthemarketpriceandthetrue
valueof goods,services,andotherproductionfactors.Theshadowpricefor unskilled laboris amul-
tiplier (usuallybetween0.4 arid 0.7) thatdecreasestheactualcostof unskilled laborin an economic
analysis.Its value is usuallydeterminedby governmenteconomistsandplanners,andreflects the
government’sinterestin increasingemployment,especiallyfor unskilledlabor.

In somecountries,foreignexchangecostsandrealinterestrates do not reflect trueeconomiccosts. I
This is evidentin the largedifferencesfrequentlyseenin official versusfreemarketexchangerates.
Interestratesusedin economicanalysismaybe dictatedby governmenteconomistsand, thus,may
notnecessarilyreflect thetruecostofborrowingcapital. In addition, the export earningsof some
counthesarebasedon thedepletionofresources(e.g.,mining). In thesecases,fundsmaybe avail-
ableforimport purchasesin the short run, but not over the longer term as foreign earningsdecline.
Circumstancessuchastheseleadto shadowpricing for foreigncurrencyrequirementsto betterre-
flect therealcostof foreignexchangeexpenditures.Suchshadowpricingtypically increasesthecost
ofimporteditemsby 5 to 15 percent(i.e.,a shadowpriceon foreignexchangeof 1.05-1.15).

From thestandpointof aprivateuseror businessperson,taxesarepartof thecostof doingbusiness,
and any governmentsubsidyis consideredabenefit.Thesecostsandbenefitsmaybe significant
enoughto influencesomeactivities in theprivatesector.However,from thegovernment’sperspec- I
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tive, theydo notrepresentcostsor benefitsatall, but merelyaninternal transferof moneyandcon-
trol overresources.Economicanalysisdoesnot includeeithertaxespaidascosts,or subsidiesas
benefits.Actually, taxesandsubsidiesareoftenusedas mechanismsto helpmanipulateprivatesec-
tor activity to bring it morein line with what thegovernmentbelievesis the greaternationalgood.
Interestpaidon domesticloansanddepreciationallowancesalsofall into this categoryof transfer
paymentsand,hence,areincludedin financialbut noteconomicanalysis.

When theeconomiccostfor laboris lessthanthefinancialcost,labor-intensivesystems—thosewith
proportionallyhigherlaborrequirements—becomemoreattractivethancapital-intensiveonesfrom
an economicperspective.Forinstance,this meansthat theunit costof adieselsystem,which hasa
higherproportionof laborcostsandlowerproportionof capitalcoststhanothersystems,is lowered
by theshadow-pricingof unskilled labor.Similarly, theunit costsof capital-intensivesystemssuch
aswind or solarareincreasedwhenforeignexchangeis shadow-pricedata valuegreaterthan 1.0.

Trainingcostsincurredby firms in the privatesectorareseenasfinancialcostsof doing business.
Privatebusinessestrain individualswith theexpectationof benefittingfrom their employees’in-

creased skills andability. However,sinceemployeesdo notalways remainwith the firm providingthe training,benefitsmaynot alwaysaccrueto thosefirms. This constitutesadisincentiveto thepri-
vatesectorto providetraining. In mostcountries,developmentof amore highly skilled work force

is
aclearlystatedgovernmentgoal.Trainingcostsmaynot beconsideredin an economicanalysis,if

thebenefitsof a moreskilled work forceareconsideredto be equalto or greaterthanthefinancial
cost.Privatesectortraining costsmaybe shadow-pricedto reflectpotentialeconomicbenefits.Ex-
ample21 showstheeffect of shadow-pricingon economicanalysis.

Installed
Capital Costs

Recurrent Costs

Fixed Variable Non-Annual
YearlO Years5,15

Parts & Materials 3,450 883 1,150 575
Labor 375 750 75 75 56
Transportation 345 58 58 58
Total 4,170 750 996 1,283 689

Example 21: Economic Life Cycle Cost
Using the information given in Example 19, calculate the economic LCC for that
system. The shadow price of unskilled labor is one-half of the financial price. Assume
that half of the labor cost is unskilled. All equipment and materials are imported. The
transportation cost is also shadow-priced, since trucks, fuel, tires, and all spare parts
must be imported. The shadow price on foreign exchange is 1.15. What is this system’s
life Cycle Cost?

First, determine the economic cost entries for the matrix given in Example 19.
Multiplying the financial values of various costs by appropriate shadow price multipliers
gives:

(continuedon nextpage)
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Example 21 (cont.)

I
_______ I

I
I
I
I
I
I

Thefinancialandeconomicpresentworth calculatedin Examples20 and21 do notdiffer apprecia-
bly, partly becausetheincreasedeconomiccostof the importedequipmentand materialswaslargely
offset by reducedeconomiccostof labor.Theeconomiccostis slightly less(US$689).In othercir-
cumstances,however,thesetwo costscanvary considerably.Whencomparingdifferentsystemop-
tions,onemaybe cheapereconomicallyandthe otherfinancially5. In that case,thechoiceofa
systemwoulddependon theperspectiveof thepotentialpurchaser.

10.5 Unit Cost of Water
Finally, theunit costneedsto be calculated,which dependson theamountof waterpumped.The
unit watercostis theLife CycleCostof installing,operating,maintaining,aridrepairingthesystem
dividedby thevolumeof waterit pumps(in cubicmeters)eachyearover its usefullifetime. Theeco-
nomic unit costis determinedby dividing thesystem’slife cycle costby the total discountedwater
outputoverthesystem’susefullife, asshownin Example22.

5 1
This is especiallytrue whereonesystemis relatively labor intensive(like diesels)andtheotheris relativelycapital

intensive(like wind or solarpumps).
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Again, the first non-annual 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 (here assumed to be constant) annual costs is
given by Formula #16 (or by using the appropriate F2 factor):

P=Ax~ ~~N_
1

dx(1 ~

Substituting values from the matrix gives:

(1 + .12)20 1
= $1,746 x 7.47 = $13,042P= ($750 + $996) x .12x(1 ÷.12)20

At year 5:

At year 10:

The present worth of each of the three non-annual costs must be calculated separately
using Formula #15 (or the appropriate Fl factor from Appendix F).

Pi =$689x(1 ÷.12)~

At year 15:

P2 = $1,283 x (1 + .12)b0

$391

P3=$689X(1 +.12)~’~

= $413

= $126

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

Therefore, the present economic worth of all costs (i.e., the system’s life-cycle cost) is:
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Example 22: Calculating Economic Unit Cost
Calculate the unit cost of water for the system described in Examples 19 and 20,
assuming that the daily water demand in Year One is 24 m3/day. Calculate the
discounted water value, where:

Discount IRate = 12.0%
Annual Demand Increase = 3.0%

Year Daily Demand
(ml

Yearly Demand
(m3)

Fl Factor
(see Appendix F)

Discounted Water
(m3)

1 24.0 8,760 0.8929 7,821
2 24.7 9023 0.7972 7,193
3 25.5 9,293 0.7118 6,615

4 26.2 9,572 0.6355 6,083
5 27.0 9,859 0.5674 5,595
6 27.8 10,155 0.5066 5,145
7 28.7 10,460 0.4523 4,732
8 29.5 10,774 0.4039 4,351
9 30.4 11,097 0.3606 4,002

10 31.3 11,430 0.3220 3,680
11 32.3 11,773 0.2875 3,384
12 33.2 12126 0.2567 3,112
13 34.2 12,490 0.2292 2,862
14 35 2 12,86.4 0.2046 2,632
15 36.3 13,250 0.1827 2,421
16 37.4 13,648 0.1631 2,226
17 38.5 14,057 0.1456 2,047
18 39.7 14,479 0.1300 1,883
19 40.9 14,913 0.1 161 1,732
20 42.1 15,361 0.1037 1,592

TOTAL DISCOUNTED WATER = 79.109

Then, since the LCC of the system was calculated to be $18,142, to get the Unit Cost,
divide by the Total Discounted Water as follows:

18,142
Unit Cost = 79,109 = $0.23 per cubic meter
This final value, the economic unit cost of water over the system’s useful lifetime, is the
figure you should use to compare this system with other options. If you are designing
systems for private users, you should use this same basic procedure, but calculate the
financial unit cost instead.

WhenevaluatingtheLCC andunit costsofdifferenttechnologyoptions,severalotherpoints should

be considered:

• Internationaldonorsaremorelikely to be ableto providefundsto coverhigh installed
capitalcostsystemsthanareprivateindividualsorhostgovernments.

• Hostgovernmentsaresometimesnot evenableto coverrecurrentcosts,evenif the
installedcapitalcostis coveredby adonor.
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• Governmentsmayormaynot be ableto justify highercapitalcosts to benefitfrom lower
life cycle costs,becauseof short-termmonetaryconstraints.

• In most places,private sectorpurchasesarevery sensitiveto initial capitalcosts,suchthat
low capitalcostsofteninfluencethechoiceoftechnologyregardlessof the potentialfor
life cycle costsavings.

It is importantto makeonefinal pointin this sectionon comparativecosts.If you areconsideringin-
troducinga typeof pumpingsystemthat is unfamiliarlocally becauseit hasthepotentialfor long-
termcostsavings,rememberthat simplecostparityis notenoughto convincepotentialbuyersto
adoptaneworunfamiliartypeof system.Therewouldprobablyhaveto be asignificantpricediffer-
enceto getpotentialusersevento considerthenewsystem.Justaswith any otherinvestment,peo-
ple mustbemotivatedby profit to takearisk.

Forexample,if you are consideringsolaror wind pumpsin an areathathashistorically usedonly I
handpumpsordieselsystems,buyersarenot likely to purchaseunfamiliarsystemssimply because
theyareequalorslightly cheaperin costthanconventionalsystems.Therewouldprobablyhaveto
be substantialsavingsassociatedwith using thenewsystemsto makeit worthwhile for usersto take
therisk of installingunfamiliarequipment.Thedefinition of substantialsavingsundoubtedlyvaries
dependingon theusergroup,its level of sophistication,education,financialposition,andwilling-
nessto takerisks.It maymeanthatnewsystemswouldhaveto be asmuch as 10 to 30 percent
cheaperin termsof unit coststo be appealing.Evenso, to many usersthepromiseof futuresavings
(evenin thenearfuture) is notenoughto offset theobviousappealof asystemlike adieselpumpset
thathasa low initial cost.

10.6 Financing Water Systems
Inadequatefinancinghasbeenamajorcontributingfactorto theuntimelyfailure ofmanywatersys-
temsin developingcountries.Besidesusing theLCC calculationsto evaluatepumpingsystemop-
tions, theycanalsobe usedto helpassessacommunity’sability to payfor theirwatersystem.The
successof waterprojectsoftendependsuponwho financesthem. Often,financingfor differentcost
components(capitalor recurrentcost)comesfrom differentsources.In manydevelopingcountries,
governmentsor donoragenciespay for atleasttheinstalledcapitalcostofa system.Dependingon
thewillingnessandability ofa communityto pay, governmentsordonoragenciesmayalsopaypart
orall of therecurrentcosts.Nonetheless,experiencehasshownthatwherebeneficiarycommunities I
provideatleastsomeof the financing,the likelihood ofsystemsustainabilityincreasesaccordingly.

As discussedthroughoutthis manual,differentsystemshavedifferentcapitalas well as differentre-
currentcosts.If communitiesareexpectedto pay someor all ofthesecosts,it is bestthat theyare
fully awareof themagnitudeof thecostswhendecidingon what typeof systemto install. During
thesystemdesignphase,thereshouldbe full costdisclosureto all responsibleparties(government
agencies,donors,NGOs,andcommunities)so thateveryoneis awareof thesize oftheresponsibility
theyareexpectedto bear.

TheLCC techniquepresentedin this chaptercanbe usedto determinethesizeof watertariffs for a
communitywatersystem.If you do this, however,all systemcostsmustbe includedin theanalysis
(including thecostof theboreholeor well development).Externalsubsidies(if theyareavailable)
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can be subtracted.Theremainderis whatshouldbechargedto waterconsumersif full costrecovery
is planned.Full costrecoveryshouldincludethecostof unforeseeneventssuchasacompletefail-
ure of a majorcomponent(e.g.,engine,well, or pipeline).Collectingwaterfeeswhich areanextra5-
10%abovewhatis strictly necessaryfor expectedO&M costsnormallyposesanegligibleadditional
burdenon communities.It does,however,allow a communitywatercommittee’ssavingsaccountto
grow largeenough(afterseveralyearsofregular,conscientious,andequitablecollection)to cover
what might otherwisebe financiallydisastroussituations(suchas thecatastrophicfailure ofa water
storagetank,or the failureof a boreholewhichrequiresdrilling a newone).

Whenusersaregivenrealisticestimatesoftheactualcostsof aproposedwatersystem,theyarealso

much morelikely to carefullyevaluatetheneedfor possiblyover-designed(andcostly) systems.Forexample,betterawarenessof realsystemcostwould help to addressinitial reluctanceto usehand-
pumps,versusan otherwisepreferred(butcostlier)dieselpumpwith distributedtaps.Also, if exter-

nal financialsupportis availableto coverthe installedcapitalcostbut notrecurrentcosts,usersmaybe morelikely to requesta systemwith high capitalcostandlow recurrentcosts(sayawindmill or a
solarpump), ratherthanthe otherway around(adiesel).

Onceasystemis chosenand installed,regularcollectionandpropermanagementof userfeeswill be
critical to systemsustainability.Most communitiesneedto be given training in financialmanage-

ment6. Communitywatercommitteesarea commonarrangementfor developingcommunity-basedmanagementcapability.Besidesorganizationaltraining, thesecommitteesshouldbe givenfinancial
managementtraining,focusingon simplebookkeepingprocedures.Carefulrecordsmustbe kepton

income (mainly wateruserfees)andall expenses(fuel,parts, labor)associatedwith thesystem.Notonly is this importantfinancially, butpsychologicallyas well. Willingnessto pay for wateris in part
basedon thecommunity’sperceptionthat their moneyis beingresponsiblymanagedto keepthe
watersystemoperatingproperly,andnotbeingdivertedfor unauthorizedpurposes.

Sothatpeoplecan be assuredthat theirmoneyis well spent,recordbooksneedto be clearandsim-

pie. Therearemanycases7wherefundshavebeendiverted(orevenwherepeoplemerelythoughttheywerebeingdiverted),causingpeopleto stoppayingfeesandin turn causingsystemsto fail fi-nancially.As partof thesystemturn-overuponcompletionofinstallation,providecommunitieswith

proper accountbooksandfeecollectioncards8(wherefeesarecollectedon amonthly basis,ratherthanby aflat feefor acertainsizedcontainer)andinstructthemin their use.Encouragecommuni-ties to collectfeeson somekind of regularbasis(e.g.,by thecontainerwhenwateris collected,on aflat monthly basis,oraftereachharvest)so that theyhavemoneyto pay for repairswhenit is

6
For furtherdiscussiononcommunity-levelfinancial management,seeRehabilitatingRural WaterSystems- Planning

andImplementation,WASH Technical Report Series.
7

We haveseeninstancesof this incertainniral watersupplyprojectson LombokandSumbawaIslandsin Indonesia,as

well asin SudanandYemen.In somecases,fundsweredivertedfor personaluse.Peoplefoundoutaboutit, andsubsequentlyrefusedto payanymorefees. In othercases,funds weredivertedto supportcommunityactivitiesotherthanthewatersystemwhichbenefittedonly certaingroupswithin thecommunity,andnotothers.Non-beneficiariesthen
refusedto paytheirwaterfees. In both cases,systemsfaileddueto lack of financial support.
8

Feecollectioncardsarelike savingsaccountpassbooks.They indicatewhenafamily haspaid their monthlyorannual
waterfee,andhow much it was.
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needed.While somecommunitiesor individuals mayprefer to wait until themoneyis absolutely
neededto pay their share,this is not recommended.Forexample,if amajor breakdownoccursjust
beforea harvest,a farmingcommunitymayhaveno disposableincometo coverthecost.It is much
betterpracticeto planfor suchan eventualityin advance.

10.7 Summary of Pump Selection Procedures
This manualhastakenyou throughtheessentialstepsinvolvedin properlyselectingapumpingsys-
ternfor a small-scale,rural water supply. Its underlyingassumptionis that theuseof equipment
which is alreadylocally available(ar so supportable)shouldbe the first strategyconsideredin
mostcases.It is mostlikely that the - stemscommonlyfoundin yourareacanbe servicedlocally
andthus meetthemostcritical requirementfor ensuringsuccessfullong-termoperation.

In summary,theapproachto pumpselectiondescribedhereis to:

• Calculatethe pumpingrequirement(waterdemandand head),includingexpecteddemand
growthoverthesystem’susefullifetime.

• Determinewhat kind of equipmentis availableto meettheserequirements.

• Reviewthelocal O&M infrastructureto seewhich typesof equipmentalreadycanbe
supported,andwhich would requireadditionaltrainingof supportpersonnel.

• Determinewhich kinds of availableandsupportableequipmentmeetyour site
requirementsandcanbe supportedover the long term.

• Calculatehowmuchtheremainingviableequipmentoptionswill costto use.

• Basedon life-cyclecostcalculationsanddecisionsaboutwho is willing andableto pay
particularcosts,discussthecostswith all responsiblegroups(governmentwateragencies,
donors,NGOs,and,mostimportantly,thecommunitiesthat will usethe systems).

• Selectthesystemoptionwhosecost,technical,andO&M characteristicsbestfit the needs
ofthecommunityor agencythat will be usingit.

While thetechnicalrequirementsfor a pumpingsystemmustobviouslybe met, rememberthat I
skilled labor, theavailability of fuel andspareparts,goodtransportationfacilities, andtheimpor-
tanceof planningfor futurecashoutlaysneededto keepthe systemoperatingproperlyarealsovery
importantfactorsin selectingasustainablepumpingsystem.

We hopethatthis manualhasclarifiedtheproceduresfor determiningtheserequirementsandfor
comparingcosts,thusassistingyou to makea well-informedchoiceof apumpingsystemandcom- I
ponents.However,themethodgiven in this manualhasnecessarilybeenoversimplifiedin some
ways.Thereareadditionaltools availableto assistyou in selectingapumpingsystem.Reviewing
theannotatedbibliography (AppendixA) will giveyou someinsightinto areasof furtherinterest.
Therearealsocomputerprogramsavailablethat arerelativelyeasyto useandcanfacilitatecertain
partsof themethodpresentedhere,especiallythefinancialandeconomicanalysis.Finally, remem-
ber thatadditionalassistancewith pump selectionandcomparativeanalysisis availablethroughac-
tivities fundedby internationaldonors,suchastheWASH Project,andavarietyofinstitutionsand
private firms.

146 1
I



Appendix A: Annotated Bibliography

Arlosoroff, S., etal. CommunityWaterSupply:TheHandpu~npOption. Washington,DC: UNDP
andWorld Bank, 1987.

Mostrecentcomprehensivework publishedby theWorld Bank handpumpdevelopment
program.An excellentreferencemanualfor policymakersandprofessionalson technical,social,
andeconomicaspectsof handpumpuse.

AsianDevelopmentBankandUnitedNationsDevelopmentProgramme.Womenand Water:
DomesticShallowWell WaterSupplies.TheFamily HandpumpScenario.Proceedingsof
RegionalSeminar:Manila,Philippines,29 August-l September1989.

Bhatia,R. EnergyAlternativesfor Irrigation Pumping:AnEconomicAnalysisfor NorthernIndia.
World EmploymentPlanResearch.Geneva,Switzerland:InternationalLaborOrganization,
December1984.

EconomicevaluationofPV, grid-electric,diesel,bio-gas,dual-fuel,and windmills asenergy
sourcesfor irrigation waterpumping.Good discussionof potentialrole ofrural electrificationin
remote-siteirrigation pumping.

CIDA, DGIS, GTZ, USAID, andFAO. HandbookforComparativeEvaluationofTechnicaland
EconomicPerformanceofWaterPumpingSystems.Ameersfoort,Netherlands:Consultancy
ServicesWind EnergyDevelopingCountries(CWD), March 1987. (Draft.)

Detailedmethodologyforpumptestingas well astechnical,institutional,and socioeconomic
evaluationof diesel,wind, solarPV, grid-electric,hand,andanimal-tractionpumps.

Driscoll, F. G., et al. Groundwaterand Wells.St. Paul,Minnesota:JohnsonWell Company,1986.

Excellenttechnicalreferenceon all importantaspectsof groundwaterdevelopment,including
aquifers;well hydraulics;designing,drilling, anddevelopingwells (boreholes);pumpselection
and maintenance;and waterquality andtreatment.

Fraenkel,P. Warer-L~ftingDevices.FAO Irrigation andDrainagePaper.Rome,Italy: Foodand
Agriculture Organizationof theUnitedNations,1986.

Verycomprehensivedescriptionsoftheentirerangeofpumpingand water-liftingdevicesused
aroundtheworld. Givesoperatingcharacteristicsandsystemdesigncriteriafor pumpsand
primemovers.Includesbriefdiscussionofequipmentselection.

Fraenkel,P. ThePowerGuide:A CatalogueofSmall-ScalePowerEquipment.Croton-on-Hudson,
New York: IntermediateTechnologyPublications,1979.

Excellentsummaryofpowerequipmentcosts,capacities,anddescriptions,includingsolar,
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wind, water,biomassand thermalenergy,internal andexternalcombustionengines,and
electricalgenerators,as well as instrumentation,monitoring,andcontrolequipment.Somewhat
datedon certain topics.

Hackleman,M. Watenvorks:An Owner/BuilderGuideto Rural WaterSystems.GardenCity, New
Jersey:Dolphin Books,DoubledayandCompany,1983.

Goodpracticalreferenceon domesticwatersystemdesignandconstruction,with usefulsections I
on optionsfor hardwareand systemconfigurations.

Helvig, 0.; Scott,V.; andScalmanini,J.ImprovingWellandPumpEfficiency.Denver,Colorado: I
AmericanWaterWorksAssociation,1984.

Stressesefficiencyconceptsin watersystemdesign.Containsdetailedpracticalstrategiesfor I
improving theefficiencyof wellsandwaterpumpingsystems.

Hodgkin, J.; McGowan,R.; andWhite, R. Small-ScaleWaterPumpingin Botswana.Burlington,
Vermont:Associatesin RuralDevelopment,Inc., (ARD) 1988.Five volumes--I:Comparisons,
II.~DieselSystems,III: Windmills,IV: Solar Pumps,andV: OtherPumpingTechnologies.

Summarizesresultsofcomparativepumptestingprogramin Botswanathat conducted
field-testingandevaluationof awide varietyof pumps.Detailedtechnical,socio-institutional,
andfinancial/economicanalysisof pumpingsystemalternatives. I

Hodgkin, J.; McGowan,R.; SiddiqAdamOmer;Ali AbdelrahmanHamza;Ali OmerEltayeb;and
NourellaYassinAhmed.MeetingRural PumpingNeedsin Sudan:AnAnalysisofPumping
SystemChoice(Diesel,Wind,or Solar). Burlington, Vermont:Associatesin Rural
Development,Inc. (ARD), April 1991.

Summarizesdetailedtechnicalissuesandrelatedfinancial/economicconcernssurroundingwind
pumpuse,basedon field testsconductedduring SudanRenewableProject(SREP).

Hoflces,E. H., andVisscher,J. T. RenewableEnergySourcesfor Rural WaterSupplies.Technical
Paper23. TheHague,Netherlands:InternationalReferenceCentrefor CommunityWaterSupply
andSanitation(IRC), 1986.

Very usefulgeneral-purposereferenceon basicsof waterpumpingusingsolar,wind,
hydropower,andbiomassenergydevices.

InternationalReferenceCenterfor CommunityWaterSupplyandSanitation(IRC). Maintenance
Systemsfor RuralWaterSupplies.OccasionalPaperNo. 8. TheHague,Netherlands:IRC, 1975.

InternationalReferenceCenterfor CommunityWaterSupplyandSanitation(IRC). Practical
Solutionsin Drinking WaterSupplyandWastesDisposalfor DevelopingCountries.Technical
PaperNo. 20. TheHague,Netherlands:IRC, February1977.

Brief summaryof low-cost,small-scalewatercollection,treatment,transportation,and
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distributiontechniquesaswell as wastewaterandsolidwastedisposalfor developingcountries.
Goodsectionson simple,but ettective,waterfiltration andchemicaltreatmentdevices,and their
construction.

InternationalReferenceCenterfor CommunityWaterSupplyand Sanitation(IRC). WhatPrice

Water?User Participation in Payingfor Community-BasedWaterSupply.OccasionalPaper
No. 10. TheHague,Netherlands:IRC, 1975.

Jordan,J. andWyatt, A. EstimatingOperationsandMaintenanceCostsfor WaterSupplySystems
in DevelopingCountries(WASHTechnicalReport#48).January1989.

Coversmethodsfor estimatingruralwatersupplyO&M costs,including thosefor labor,
materials,chemicals,utilities, transport,private contractors,andothers.

Kenna,J.,andGillett, B. Solar WaterPumping:A Handbook.London,England:Intermediate
TechnologyPublications,Ltd., 1985.

Goodreferenceon solarpumpoperationandsystemsizing.Givesmethodologyfor choosingPV
systemsbasedon technicalselectioncriteria.

Kennedy,W. K., andRogers,T. A. Human-andAnimal-PoweredWater-LiftingDevices:A
State-of-the-ArtSurvey.London,England:IntermediateTechnologyPublications,Ltd., 1985.

Discusses‘stateof theart” for human-(now slightly dated)andanimal-poweredpumps,
includingpastandongoingperformancestudiesin developingcountries.Suggestspotential
applicationsandareaswherefurtherresearchis warranted.

Lancashire,S.; Kenna,J.; andFraenkel,P. WindpumpingHandbook.London,England:Intermediate
TechnologyPublications,Ltd., 1987.

Goodpracticalreferenceon wind-pumpingtechnology,includingsizing for watersupplyand
irrigation, andinformationon procurement,installation,andmaintenance.

Lysen, E. H. Introduction to WindEnergy.2nded.Ameersfoort,Netherlands:SteeringCommittee
Wind Energy in DevelopingCounthes (SWD, now CWD), May 1983.

Verydetailedgeneralreferenceon designandtheoryofoperationfor electricalandmechanical
wind machines,with an emphasison water-pumpingapplications.

McGowan,R.; Hodgkin, J.; Kaplan,P.; andWaldstein,A. RehabilitatingRural WaterSystems:
PlanningandImplementation.Burlington, Vermont:Associatesin RuralDevelopment,Inc.
(ARD), January1992.

Summarizestechnicalandsocioeconomicissuesinvolved with rural watersystemrehabilitation
researchedundertheWaterandSanitationfor HealthProject.
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Oelert,G; Auer,F.; andPertz,K. EconomicIssuesofRenewableEnergySystems,A Guideto
ProjectPlanning(SecondCorrectedEdition).Eschborn,1988.

Discussestheenergyandeconomicsituationsin developingcountries,andanalyzesperformance
andcostsfor variousrenewableenergyapplications(including wind andsolarpumping)to
determinetheir viability comparedto conventionalenergysources.

Okun, D., andErnst, W. CommunityPipedWaterSupplySystemsin DevelopingCountries.World
Bank TechnicalPaperNo. 60.Washington,DC: World Bank, 1987.

Provideschecklistsforidentifying sitesandprojectsandplanninganddesigningcommunity
pipedwatersupplies.Usefulcoverageof systemdesignprocess,with generalfocuson most
relevanttechnicalissuesandgooddiscussionofinfrastructuralsupport/planningrequirements.

SandiaNationalLaboratory,StandAlonePhotovoltaicSystems,A HandbookofRecommended
DesignPractices.PhotovoltaicDesignAssistanceCenter,SNL, Albuquerque,November1988.

Summarizesdesignandlife cyclecostingproceduresfor avariety of PV applications,including
lighting, refrigeration,waterpumping,andothers.

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

Technicaltreatmentofoperatingprinciples,design,operation,maintenance,andrepairof many I
commontypesof pumps.Aimed athelping techniciansunderstandnuts-and-boltsoperating
principles. I

U.S. EnvironmentalProtectionAgency(EPA). ManualofIndividual WaterSupplySystems.
EPA-430/9-74-007.Washington,DC: EPAOffice of WaterPrograms,WaterSupply Division,
1975.

Dealswith groundwaterandwell development,surfacewatersources,watertreatment,
pumping,distribution,andstoragefor domesticwatersupplies.

WaterSystemsCouncil. WaterSystemsHandbook.8thed. Chicago,Illinois: WaterSystems
Council, 1983.

A practicalguide to watersystemdesignwith emphasison electhcalandmechanicalaspectsof
domesticwatersupplies,includingsectionson troubleshootingandrepairs.

World Bank. Village WaterSupply.Washington,DC: World Bank,March 1976.

Goodbriefsummaryof all aspectsof villagedrinking-watersupplyprojects.Coverstechnical
aspects,costs(in summaryfashion),financialaspects,organizationandmanagement,justifying
investments,policy issues,andprojectandprogramdesign.

World HealthOrganization.PreventiveMaintenanceofRural WaterSupplies.November1984.

Givesdetailedmaintenanceschedulesfor diesel,gravity,andhandpumpsystems.
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Appendix B: Friction Losses*

*Information in this Appendixwastakenfrom:

TheodoreBaumeister,EugueneA. Avallone,andTheodoreBaumeister,ifi (eds.),Marks’ Standard
Handbookfor MechanicalEngineers,8thed. (NewYork,: McGraw-Hill Book Company),pp. 12-
106 and12-109.

and

FlowofFluidsthroughValves,Fittings, andPipe.TechnicalPaperNo. 410M,TheCraneCompany,
NewYork, 1980.



Appendix Bi:
Valve Losses in Equivalent Feet and Meters of Pipe

for Screwed, Welded, Flanged, and Flared Connections

Globet 6O~Y 45’ V Angkt Gaict S~ing chcck* Lift check

Nominal pip~~r
tube size

Liastcs ~e For all ithes en fully opat position.
flhcie kiaca do not apply to vilvts with ncaJkpoint-typc sea’s.
tRegularand short pattern plt~cod wakes, when Fully open,have same loss as gatewake.
ILoases alto apply to the in-Los, ball-type chcck waive.
IFor Y pattern gloLc ift-check waive with - approximately equal to the nominalpipe diameter. use viluva o(60 Y wake for loss.

in mm ft m ft m ft m ft m ft m ft in

% 10 17 5.0 • 8 2.4 6 1.8 6 l.$ 0.6 0.2
•5

1.5
¼ 12 IS 5.5 9 2.7 7 2.1 7 2.I 0.7 0.2 6 1.8

20 22 6.7 II 3.4 9 2.7 9 2.7 0.9 0.3 8 2.4 Globeand
I 5 29 8.8 15 4.6 12 3.7 l2 3.7 1.0 0.3 10 3.0 vertical
1¼ 32 38 ll.6 20 6.1 1~ 4.6 15 4.6 1.5 0.5 4 4.3 lift
lYs 40 43 13.1 24 7.3 IS 5.5 l8 5.5 1.8 0.5 16 4.9 same as
2 50 55 16.8 30 9.1 24 7.1 24 7.3 2.3 0.7 20 6.1 globe
~h 60 69 21.0 35 30.7 29 8.8 29 8.8 2.8 0.9 25 7.6 tilvel
3 80 84 25.6 43 13.l 35 10.7 35 10.7 3.2 1.0 30 9.3
3’!, 90 100 30.5 50 15.2 41 32.5 41 12.5 4.0 1.2 35 10.7
4 300 120 36.6 5* 17.7 47 34.3 47 14.3 4.5 1.4 40 12.2
5 130 340 42.7 71 21.6 58 37.7 58 37.7 6 3.8 50 15.2
6 ISO 170 51.8 8* 26.8 70 23.3 70 23.3 7 2.1 60 38.3
8 200 220 67.1 115 35.1 85 25.9 *5 25.9 9 2.7 80 24.4

10 250 280 85.3 145 44.2 105 32.0 ION 32.0 12 3.7 100 30.5
12 300 320 97.5 165 50.3 130 39.6 130 39.6 II 4.0 120 36.6 Angle lift
14 350 360 109.7 18$ 56.4 155 47.2 15$ 47.2 15 4.6 13$ 41.1 samcas
16 400 410 125.0 210 64.0 iSO 54.9 ISO 54.9 17 5.0 150 45.7 angle
18 450 460 140.2 240 73.2 200 61.0 200 61.0 19 5.8 165 50.3 valvc
20 500 520 158.5 275 83.8 235 71.6 235 71.6 22 6.7 200 61.0
24 600 610 185.9 320 97.5 265 80.8 265 80.8 25 7.6 240 73.2

For wake lossesul short-pattern pls~caicki .lswc 6 in. check manufacturer.

_ — — — — — — — — — — — — — — — — — — —



— — — — — — — — — — — — — — — — — — —

Flow in Gallons per Minute

00)

I I

-.

000000) ~0)to0

I I’II ~Il(l

-. ~) C.) A Cli

0 ~ g gCli 0

I I‘I’I’I 1i1~~1’iIiiiii~tIititttI,~ ~11111
Ii

I.)§
ii i ii~lj

ue
b b ~o~ooo 0 0 0 00
0 0 0 0 00

(tlIIlItll~lttll(1ll91~IIIt)llllITI_TI

C.) Cs 0) -j
C.) A

0)100 (i~ 0 0 0
0) 0) ~
0 0 0

0) (C)
000 0

- fi) C.) ~ Ci) 0)
0. 0 0 0 0 0
0 0 0 0 0 0

Flow in Liters per Second

(Flow in Cubic Meters per Second ~ 1/s.c x 0.001)

Pipe Diameter In Inches

-.--

— —

m

I
A

N) N)C.) A Cli 0) -.1 0) 0 5) A 0) 0) 0 ~

1 I I ii Iii 111111 ilIllililillIll I I I
‘ I ‘ I ‘ I ~ I L I I I ‘ I I I I I I

CD (0 — N) C.) 0- (.5 0)0’ 0 CII 0 0 C) 0 0

C.) C.) A A Cli 0)0)•~J
0 0) ‘C) 0) A 0 0’ N)

ii l~i~ llIIi[’ill’11l
311l’[t]’ ~I I I

—.j CD (I)
0 0 0 0 -N) A0.0)jCD

000000000

Pipe Diameter in Centimeters

CD

Head Loss ki Feet of Water pr 1000 Feet
Head Loss In Mstsrs of Water per 1000 Meters

A C.) N) — ~000O0O
Cli 0(00) 0) Cli A C.) 5) -. -8 8 8 o Oooooo 0 0 0 0) 0(00)-J0)O A C.) N) 0~0)~0) Cli A

Ii ‘l’I’I’I 131 ~I)I~ I .‘I’ I • I ‘ It 1
I I I • ..~fi~ii’ Ill I I ~ I I • Iii..•..i.l II I I I I I
A C.) NJ — - 100) 4 0) U~ 0- C.)

8 8 ~ 800000 0 0 100) 0)0’ 5. C.) N) -0000 0 00(D0)0)U1A

0
C.)

‘ I
0
C.)

0 000000
I~) - 0) 0)0. A ~

~U~i
t(.1’tfr(. Ill I

0 0 0 00 0 0
N) —0) 0)th~

—
~.

C)

C
~

-$
0

-k—.’ fr .~... ~ . ~. - - -. ~ .-. ~. .- .- . ,

.~
m
Un

F
0

C’)
I

-I

C)

oN

~. o~

~o •0~

o ~ QJ

=u)
C’)
CD
0)

+

Head Loss in kilo Pascals per 100 Meters

Velocity in Feet per Second
-.

0 (0 0) ..J 0) 0) A C.) 0100)
I J~ ~ I I I

iiuiujuiiiiuuii~
I I Iiieiii i...~.j.i. I I I I I I i 1_

I+J-Ij-.iII,I

bc,i ~.

II I I

0

Co
0

It-~

0
N)
(-N

Velocity in Meters per Second



Flow in Gallons per Minute

=

-.F~ 0,:,
~

= .~ a.
CD
— 0

0

C)
C

-I

~‘
0

i
I I

-‘ — N) C.) 0- I.)’ 0)

- N) C.) 0- 0) Cli C) 0 0 0000000 0 Q 0 Q 0000
0) ~~°8 g 8 8 8 8 8 888~ 8 ~ 0 0 0 0 0000
0000

i i i I ~ii‘I i111111ji1~11iti,L,~1111ii~1I,,1i1iI1~
C.)

-. -. 5) C.) 0- CII 0) —1 ~ 10 -. - N) C.) 5. us 0)
0 00000 Ci) 0 0 0 0 0Cli 0) -~0)100 (7) 0 0 0 0 0 0 0 0 0 0

Flow in Liters per Second
(Flow In CubIc Meters per Second — L/sec x 0.001)

Pipe Diameter in Inches
— -~ N) Is) C.) C.) A 0-Ui

5) C.) A Cli 0) -1 0) 0 1.) 0- 0) ~ 0 0- 0 0) N) 0)5.00)5)

I i I~l liii’ I 1111 1 I 1 11111
I I I I ‘ ~ I I ‘I I I I I I I I I II 1111111111 111111 ‘‘‘I I I I I I I I lIlIilIII 111111 [1J1
0- 0) -~ CD (0 -~ N) C.) 0- 0) 0) —~ CD (00 Cli 0 0 0 0 0’ 0 0 0 0—N) C.)ACIIO)-)CD

0 00 000000

Pipe Diameter in Csntimsters

Head Loss Feet of Water per 1000 Feet
Head Los. In ters of Water per 1000 Meters

C.)

8
I
C.)

8

P.) - - -~0OO000 0 0 0

8 0 0)~0’UiA C.) N) — . . . - - o boo 00 0 0000 0 0 0 UI (00)40)0) 5. C.) i) 0(00)j0’ Cli A C.) 5) 0) ~ A o
I 11111111 iii I I I Ii’ jIi~~/~1131111 ~I j I ~lll~iIii ip~ 1111111 It I hh11I~ I’!’ 1’ I ~11~hhhhhhuII~1uih1~1(,1’ 1’ 1

N) - (0 -J0)th A. C.) N) -. (00) 0)0) 0- C.) 5) 000000 0 0 0 0 000 0
8 Cl OC) 000 0 00. 0 O(00)—.J0)O’A C) 5) —0) 0)ui0- C.)0 0

0
~

~iI—

0
‘-~

Head Loss in kilo Pascal per 100 Meters

Velocity in F. per Second
— 0 0

0 (0 CD -~ 0) Cli A C.l 0(0CD-l0)O1 A. C.) N) — 0 ~ 0)

I I I i I i I i 111111, I Ii I i~I ,I I~ 1i, I Ii I,
11111111 1111111 I I

C.) N) 5) N~ Is) 0 0 0 0 0 0 0
0 CD 0) 5. Is) 0 (0 0) ~ 0) (7) A. C.) 7) -. 0 ~ ~ 0) (ii A. C.) N)

Velocity in Meters per S’~p~d Ci)

Ut

3
3

03

3
3

U — — — — — — — — — — — — — — — — — — —



— — — — — — — — — — — — — — — — — — — .

‘I
U— —m0

1—.n•N—-sr-.i..-. ~ ~ OSrnO)QO’n0’ ~0)0~)001010.0N)0Co _~N~.IN..i7.m0)r1~I~s 0’NNNN7)NNN
E 00s0) sâ.1f’IO)d ‘~—0.t—r- o0r-NsO.~r’1—c0s0mO.d ~70 7)N 00)’0~N I’I0’~ NNNQsr-~—r-~0’
E ~ ~ NN~NNN10’01010’fl 0)0)0)~0)0)-r-N(010 00000)0)0)0)0)0)0)NN NNNN N.” 000’

>‘
C
CUa.
E
0
0
C
CU
I-

0

I-

U)
C
0

•0
C
0
0.
40.

C
0

C.)r.
0)

C~)

U)

C

1~
0)
I-

CD

C~)
0
U)
E
0

.5-

‘I

U

U
U)

E
E~ E
I-

0~so0s~.)~Q0)001N ~s00’Ii—O~00sflr4O sOOsr—00)00.,5N00 —O~OOU1NOnO Qs.l—O~O~’orlO.o0
CoN~~ ~i~t.~)1isON0)0)O—N~ ~—N~(0 0—N~sDI~-. ~N Nt~Or-0 ~)sQNOO

U
— C’ N

~ UEO 0’
N 0) .

•j~

— ~.~ .0
~

z —

.
N N m ~-

E
C i E
~0

.
0’ON’0 ~~iN NsDC)’~0) ~s—~.)r)~V) N,~t—0s0.0)—r--—mr-- NNN0)—0N.-. ON ~‘ON(00)N~0)~ flN~flN~fl
~ C’0’~0)N ~ ‘~‘~)N—O Orsâsâv~fl.~N ~NN~:~o~r-so —~o~cosâ~-i-i~O0’0)f-NsQV)~NO0)

N NN NNN N NN NNN — — m 7~) ) (*1 I1 ~l ) N N N N N ~ ~ I~I7) i~I7.) 7.) 7.) 7.) 7.) 7.) N

E

s00)O~fl ~O.~.00s 5100’N NsOOqO~ N~000~sC0s7.~. O.1O.~.s00sm—0c0 O.qO.~so0sm—Oc0O r~’~~-0~0)0
.NN —.NI’INN PMNNN7.) ~ NN7.)7.)~~V)V)lfII1)(0N I.)r.)~~71)UIU)v)’CN(0(0 mV)In.~)ION~00)0 1)V)sQN(0030

-~...

~ E
~E—

N ‘~) ,-l 0~ r-~ Ii -)

0 ~. N — ‘0 I.) CD
— — N N 7.)

8
Co
I-.

Ui
CD

.E

. I
—

C.

~
0z

S



U — — — — — — — — — — — — — — — — — — —



Appendix C: Typical Recommended Service for Diesel
Engines

Thefollowing summarizes the recommendedserviceintervalsfor Listerengines.Theenginemodel
is given in parentheses(e.g., ST,LT, 8/1). Whereno model is specified,theprocedureappliesto all.

Daily Check supply of diesel fuel and oil level
Check air filter (in dusty conditions)

125 hrs Check air filter (in moderately dustyconditions, renew if necessary)
Check for oil and fuel leaks
Check and tighten nuts and bolts as necessary
Clean engine and mounting

250 hrs Change engine oil
Clean the restnctor banjo union in the lubricating oil feed line
Renew oil filter if fitted (ST)
Clean injector nozzle if exhaust is dirty
Renew fuel filter if necessary
Check belt tension

500 hrs Decarbonize if necessary (LT)
Renew fuel filter element (SD
Adjust valve clearances (LT)
Change oil in oil bath air filters (8/1 so equipped)

1000 hrs Decarbonize (8/1) and if necessary (SD
Change filter elements (8/1)
Adjust valve clearances (LT)

1500 hrs Decarbonize (LT)
Examine and clean fan blades (LT)
Check governor linkage and adjustment (LT)
Drain and clean fuel tank (LT)
Renew fuel filter (LD
Clean and test the injector nozzle (LD
Check fuel pump timing (LD
Check oil pump and its valves (LT)
Renew the air filter element (LD

2000 hrs Decarbonize (SD
Clean inlet and exhaust system (SD
Examine and clean fan blades (SD
Check governor linkage and adjustment (SD
Drain and clean fuel tank (SD
Renew fuel filter (SD
Clean and test the injector nozzle (SD
Check fuel pump and its valves (SD
Renew the air filter element (SD
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Appendix D: Handpump Selection Tables*

* Arlosoroffet al. 1987,80-87



THE RATINGS

Ratings in the Pump Selection Tables are based on evaluation of pump
performance in the laboratory andfield trials Three ratings are used

00 = Good
o = Adequate

— Does not meet minimum requirements
A more detailed interpretation of the ratings for specific headings can be
found in the earlier part of this Chapter

Column 1 Pump Name

The pumps are listed alphabetically in four sections, according to the
maximum pumping lift recommended by the manufacturer. The reference
number which precedes each pump name indicates the order of the
pumps in the Handpump Compendium

Column 2 — Data Source

L = The pump has been tested in the laboratory
F = The pump has had a minimum of 2 years’ field tnals

(F) = The pump has hadlimited field tnals

Column 3 — Discharge Rate

The discharge rate deemed “adequate” for each pumping lift is noted at
the top of the appropriate table The rate reduces as depth increases,
for the reasons explained in Box 5 1 Some deepwell pumps thus
achieve lower ratings for low-lift applications, where users wili opt for
pumps giving greater discharges A special note is madiwhere a pump
is available with a range of cylinder sizes or adjUstable st?oke length, to
suit different depths

IColumn 4 — Ease of Maintenance
Ratings indicate the ease with which maintenance canbe camed out by:

A — Aviliagecaretaker
B — An area mechanic
C — A mobile maintenance team

Column 5 — Reliability

Reliability ratings are an indication of the proportion of the time that the
pump is likeiy to be functioning properly Separate ratings are given for
different daily outputs. The ratings combine judgments of the “mean time
before failure” (MTBF) and the probable “downtime” when the pump is

The notes relate to pumps with the same reference number — i.e Note
14 refers to Pump 14, the_Maldev. In the tables, ratings to which the note
refers are highlighted o j - -

Note 1. The oo corrosion rating for the Abi-ASM is based on current
models Earlier models did suffer from corrosion
Note 2. The o corrosion rating for the Afndev is based on the use of
stainless steel pumprods, offered as an option
Note 7. The Duba Tropic 7 is a high-discharge pump designed for two-
person operation.
Notes 9 and 10. The India Mark II uses a gravity return on the
plunger, and requires a minimum cylinder setting of 24 meters (one
manufacturer offers a fixed-link system for shallower settings)

80

waiting to be repaired They thus take account of the fact that
which are suitable for village maintenance and can be repaired quickly
may be more “reliable” than those which require more corn
maintenance, even if the latter breakdown less frequently

Column 6 — Corrosion Resistance

Ratings are based pnmanly on the materials of the downhole cc
nents Galvanized steel pumprods and rising mains are not corro
resistant in aggressive water and earn a — rating

Column 7 — Abrasion Resistance I
Ratings indicate the pump’s capability to pump sand-laden water
Performance in laboratory and field tnals is combined with assessm nt
of the seai and valve types For non-suction pumps, leather cups
are rated — , though the extent of abrasion damage will be relat
the daily output of the pump Analysts may therefore accept lower rated
pumps for light duty applications -

Column 8 — Manufacturing Needs I
Ratings indicate the ease With which a pump could be manufactured in a
developing country with the specified level ofindustrial development.

1 — Low industrial base, limited quality control
2 — Medium-level industry, no special processes
3 — Advanced industry, good quality control

Column 9 — Short List

The Analyst develops a short list by entenng a check
those pumps meeting his selection criteria

Column 10 — Capital Cost

I

Note 14. The Maldev is a pumphead only All ratings are based on
use of conventional downhole components -

No!e 16. Reliability ratings for the Monolift are based on pumps
metal gears. Plastic gears were less reliable
Note 21. The oo corrosion rating for the Vergnet is based on cur ,t
models. Earlier models did suffer from corrosion
Note 23. The 00 discharge rating for the Volanta takes account of
pump’s adjustable stroke length Present designs require a minimum
diameter 01110mm
Note 30. Downhole components of the Kangaroo are corrosion resis-
tant The o rating relates to the pedal return spnng
Note 40. The Rower is designed as an imgation pump, and has a
discharge It is widely used for domestic water supply in Bangladesh

I

GUIDE TO PUMP SELECTION TABLES

S —

I
I

mark against

I
Analysts should obtain current prices for short-listed pumps

Column 11 — Remarks

Special features of individual pumps are noted in this colu
Amplification of the notes is given below

Amplification of the ratings for individual pumps
can be found in the Handpump Compendium
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Table S.1 Maximum pumping lift — 7 meters
“Adequate” discharge rate — 19 liters/minute

Manufacturing
need~

1213
Data Discharge

Pump name source

HIGH LIFT PUMPS (0-45 meters)

1 2 3 4 5 67 8 9 10 11
Ease of

rate A 8 C

Reliability
JQLfrn

3/d) Corr Abr
L51 4 8 res~res

I - 2 Atndev3 AID Deny Dee~well
4 R~ictrih~U

L F 00

I 6 Draaon27 DubaTrooic7R flSW

Short Price
list (1J5$)

00

1 Abi-ASM L JE1~ — — ~g oo 00 0 — — 0 0 See Note 1
(F) 0 oo 00 00 00 00 0 o o 0 00 oo See Note 2

0O 00 0 —

Remarks

F 00 0 00

10 l”—~” ‘~—.-i’ ‘I (modified~
‘ 111 Jetmatic Deeowell

12 Kardia

L 0 ~QQ_ aQ g~. — ~QQ_
5 Climax L 00” .~_ .~=_ -~- -~ —=- -=- -=- —=

. L 0 -~_ .Q2~ .2~~~9_— -~- =—

00 00

00 0 —

L 0

I L 14~M~id~vi~ ~16 ~A,-,.-,,-,i,f4

L (F) 0” g~ no =. —
9 India Mark II (standard) L F o ... ~... .~g ..~.. .Q~QQ .~ — See Note 9

Jfl 0 — QQ.. 00 ...Q ~ See Note 10

— 00

00 00 00 00 0

- LJfl 0 22 ~. ~

13 Korat
-

- 00”
E 1 oo*

00_
o&.

0Q.
no

~Q_
29...

~QQ.
~ Q

.

..~
~Q
00

~QQ_
See Note 14

Fl on” on no no on o

See Note 7

I 19 Philippines Deepset20

0 00

(F) 0

— — — 00 00 0 — 00 — — 00 See Note 16
17 Moyno
18 Nira AF84

- LF
.

—

0

— — oo 00 00 0 — 00 — — 0

— 00 00 00 00 0 00 0 — 0 00

o no

F 00” 00 00 00 00 00 00 00

00 00 00 0 — 0 00 00

00 00

21 VerQnet L F — 0 00 oo 00 00 0 çç_ o — 0 a See Note 21
22 VEWA18 L 0 — 0 00 00 0 — 00 — — — 0

23 Volanta L F 00 0 00 00 00 00 00 00 00 0 0 00 See Note 23

INTERMEDIATE LIFT PUMPS (0-25 meters)

24 Consallen LD6 L F 00” — 00 00 00 00 0 00 0 — 0 00

25 DMR (Dempsterdenv) F 00” — 00 00 00 0 — — — — 00 00
26 NiraAF76 L F 00” — 00 00 00 0 — — 0 ‘ — 00 00

LOW LIFT PUMPS (0-12 meters)

27 Blair F 0 9Q. QQ Q~ 2~_ Q_ — ~. .Q_ QQ ~Q_
28 Ethiopia BP5O L 00 ~. ~ç g ~.. g~ 7m max. lift
29 IDRC-UM L 00 0 00 00 00 0 — 00 — 0 00 00

30 Kangaroo L F 00 — oo oo oo o = o oo — o oo See Note 30
31 Malawi Mark V F 00 0 oo oo 0 — = Q g oo oo 7m max. lift
32 NiraAF85 L F 00 00 00 00 00 00 00 00 0 0 00 00
33 Tara L F 00 00 00 00 00 0 — 0 — 0 00 00

SUCTION PUMPS (0-7 meters)
34 AID Suctipn F 00 0 oo 00 oo 0 — — o — oo 00
35 Bandung L 00 9g... .~o no ~QQ Q_ .Q — .~QQ
36 lnplsa$ijction F p ç~ p — — — — g~ ~q.
37 Jetmatic Suction (F) 00 p 00 00 00 0 — 0 0 — 00 00
38 Lucky F 00 0 00 00 0 — — — 0 — 00 00
39 New Np 6 L (F) 00 00 00 ~Q 00 = 00 -~

40 Rower L (F) oo ~p ~p pp .p~ ...p_ ~o oa .o~ See Note 40
41 SYB-1 00 F op .~Q_~QQ QQ .QQ. 9~.....Q.. QQ .2Q. ..Q2.
42 Wasp F 00 0 00 00 00 0 — — 0 — 00 00

ADDITIONAL PUMPS

Al
A2
A3
A4

* Indicates that dischargeratings are based on choice of the correct cylinder size from arange offered by the manufacturer.
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The notes relate to pumps with the same reference number — i.e. Note
14 refers to Pump 14, the Maldev In the tables, ratings to whIch the note
refersare highlighted 0 - - —

Note 1. The op corrosion rating for the Abi-ASM is based on current
models Earlier models did suffer from corrosion
Note 2. The o corrosion rating for the Afridev is based on the use of
stainless steel pumprods, offered as an option.
Note 7. The Duba Tropic 7 is a high-discharge pump designed for two-
person operation
Notes 9 and 10. The India Mark II uses a gravity return on the
plunger, and requires a minimum cylinder setting of 24 meters (one
manufacturer offers a fixed-link system for shallowersettings).

Note 14. The Maldev is a pumphead only All ratings are based on the
useof conventional downhoie components

- Note 16. lReiiability ratings for the Monolift are based on pumps w
metal gears Plastic gears were less reliable.
Note 21. The no corrosion rating for the Vergnet is based on curre
models. Earliermodels did suffer from corrosion
Note 23. The oo discharge rating for the Volanta takes account of
pump’s adjustable stroke length Present designs require a minimum w
diameter of 110mm
Note 30. Downhole components of the Kangaroo are corrosion resis-
tant. The orating relates to the pedal return spring

I

THE RATINGS

GUIDE TO PUMP SELECTION TABLES

I
I

Ratings in the Pump Selection Tables are based on evaluation of pump
performance in the laboratory and field tnals. Three ratings are used:

no = Good
o = Adequate

— = Does not meet minimum requirements
A more detailed interpretation of the ratings for specific headings can be
found in the earlier part of this Chapter

waiting to be repaired They thus take account of the fact that
which are suitable for village maintenance and can be repaired quickly
may be more “reliable” than those which require more compl
maintenance, even if the latter break down less frequently

Column 1 — Pump Name

Column 6 — Corrosion Resistance

The pumps are listed alphabetically in four sections, according to the
maximum pumping lift recommended by the manufacturer. The reference
number which precedes each pump name indicates the order of the
pumps in the Handpump Compendium

Ratings are based pnmanly on the materials of the downhole com
nents. Galvanized steel pumprods and rising mains are not corrosi
resistant in aggressive water and earn a — rating

Column 2 — Data Source

Column 7 — Abrasion Resistance

L = The pump has been tested in the laboratory
F = The pump has had a minimum of 2 years’ field trials

(F) = The pump has had limited field trials

I

Column 3 — Discharge Rate

Ratings indicate the pump’s capability to pump sand-laden water.
Performance in laboratory and field trials is combined with assessm
of the seal and valve types Leather cupseals are rated — though
extent of abrasion damage will be related to the daily output of the pu
Analysts may therefore accept lower rated pumps for light duty
applications

Column 8 — Manufacturing Needs

The discharge rate deemed “adequate’ for each pumping lift is noted at
the top of the appropriate table The rate reduces as depth increases,
for the reasons explained in Box 5.1 Some deepweil pumps thus
achieve lower ratings for low-lift applications, where users will opt for
pumps giving greater discharges A special note is made where a pump
is available with a range of cylinder sizes or adjustable stroke length, to
suitdifferent depths

I
Ratings indicate the ease with which a pump could be manufactured in a
developing country with the specified level of industrial development

1 — Lowindustnal base, limited qualitycontrol
2 — Medium-level industry, no special processes
3 — Advanced industry, good quality control

Column 4 — Ease of Maintenance

Column 9 — Short List

Ratings indicate the ease with which maintenance canbe carried out by.
A — A village caretaker
B — An area mechanic
C — A mobile maintenance team

The Analyst develops a short list by entering a check
those pumps meeting his selection criteria

Column 10 — Capital Cost

Column 5 — Reliability

I
mark against

I
IAnalysts should obtajn current prices for short-listed pumps.

Column 11 — Remarks

Reliability ratings are an indication of the proportion of the time that the
pump is likely to be functioning properly Separate ratings are given for
different daily outputs The ratings combine judgments of the “mean time
before failure” (MTBF) and the probable “downtime” when the pump is

Special features of individual pumps are noted in this colu
Amplificatjon of the notes is givenbelow

Amplification of the ratings for individual pumps
can be found in the Handpump Compendium
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Manufacturing
needs Short

1 2 3 I hst

Table S.2

Pump name
Data Discharge

soi.irceJ rate

HIGH LIFT PUMPS (0-45 meters)

1 2 3 4 5 67 8 9 10 11
Ease of

~u2e

Maximum pumping lift — 12 meters
“Adequate” discharge rate — 16 liters/minute

A

Reliability
fnr (m-

3/d

B
‘k~~ Corr

15 4
Abr

8 res. res
Price
(US$) Remarks

I L (F) 0 Qç .~P... 2 = 2Q. 0 SeeNote 1
- (F) ~_ 22 .92 22. 2P 2~.P ..a~..~ Q~ ~QQ. See Note 2

Deepwell L F 00 — 00 00 00 0 = — — — 00 00
0 — .QQ_ ~Q0 .Q~. ~.Q_ 00_

L 00” — 00 ~QQ -~ 2 . .... ~
.~... 2P .PQ i~ 2. = .. .... .~ ~c.L F 0

Tropic7 F oo 00 = — — oo See Note 7
L (F) 0

...

... 00~ 00 Q~9~,QQ Q~ — Q
II (standard) L F p ~Q.. .QQ ..QQ.. QQ — g See Note 9
II (modified) (F) 0 — 00 00 Q~ — p .g~ See Note 10

Deepwell L 0 — 00 oo oo oo 0 — — — 0 00

L (F) 0 — oo op 00 00 0 00 o — o oo
L F 00” ~. .~QQ_ QQ~ .22. Q_ ~.. . Q~
L F go” = .~ ..2c ~. — ~. 00 00 See Note 14

P3 L F 00” — oo ~ 00 00 0 — — — 0 oP
L (F) 0 — — 00 00 00 0 — 00 — — 00 See Note 16
L F — — — 00 00 00 0 — 00 — — 0

— ~g 00 00 00 0 2~ ._~ — .~L 0

Deepset (F) 0 — 00 00 00 0 — — — 0 00 00

F 00” — 00 00 oP 00 00 no 00 — 00 00

L F — 0 g~
-

..~ .~Q ~. ..~. .~ ..=.. ~..g See Note 21

L 0 — ~o 00 0 — 00 — — — 0

L F 00 0 00 00 00 00 00 00 00 0 0 00 See Note 23

LIFT PUMPS (0-25 meters)

LD6 L F 00” — 00 00 00 0 — 00 0 — 0 00

(Dempsterderiv) F oo” — oo oo oo 0 = — — — no oo
L F 00” — 00 00 00 0 — — o — 00 00

PUMPS (0-12 meters)

F p .~o. .~ 0 ,~ g~ ..~

SP5Q L
00 — 0

7m max. lift
L 00 0 00 00 00 0 — 00 00

L F 00 — oo oo oo 0 — o oo — o oo See Note 30
V F — — — 7m max. lift

L F 00 00 oo 00 00 00 0 00 0 0 00 00
L F 00 00 00 00 0 — — 0 — 0 00 00

PUMPS

— — — —

I

* Indicates that discharge ratings are based on choice of the correct cylinder size from a range offered by the manufacturer
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The notes relate to pumps with the same reference number — i.e Note
14 refers to Pump 14, the Maldev In the tables, ratings to which the note
refers arehighlighted 0 j -

Note 1. The no corrosion rating for the Abi-ASM is based on current
models Earlier models didsuffer from corrosion
Note 2. The o corrosion rating for the Al ridev is based on the use of
stainless steel pumprods, offered as an option
Note 7. The Duba Tropic 7 is a high-discharge pump designed for two-

I

I
mark against

____________________ I

person operation
Note 14. The Maldev is a pumphead only. All ratings are based on the
use of conventional downhole com~ponents - -

Note 16. Reliability ratings for the Monolift are based on pumps h
metal gears. Plastic gears were less reliable.
Note 21. The no corrosion rating for the Vergnet is based on current
models Earlier models did sufler from corrosion
Note 23. The no discharge rating for the Volanta takes account o e
pump’s adjustable stroke lerigth Present designs require a minimum II

diameter of 110mm

I
I

THE RATINGS
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. i~

I
I

Ratings in the Pump Selection Tables are based on evaluation of pump
performance in the laboratory and field trials Threeratings are used.

oo Good
o = Adequate

— = Does not meet minimum requirements
A more detailed interpretation of the ratings for specific headings can be
found in the earlier part ofthis Chapter

Column 1 — Pump Name

Column 6 — Corrosion Resistance

The pumps are listed alphabetically in four sections, according to the
maximumpumping lift recommended by the manufacturer The reference
number which precedes each pump name indicates the order of the
pumps in the Handpump Compendium.

waiting to be repaired They thus take account of the fact that
which are suitable for village maintenance and can be repaired quickly
may be more “reliable’ than those which require more corn x
maintenance, even if the latter break down less frequently

Ratings are based primarily on the matenals of the downhole cc -
nents. Galvanized steel pumprods and rising mains are not corro n
resistant in aggressivewater and earn a — rating

I
Ratings indicate the pump’s capability to pump sand-laden water
Performance in laboratory and field trials is combined with assess it

of the seal and valve types. Leather cupseals are rated — , thoug e
extent of abrasion damage will be related to the daily output of the p
Analysts may therefore accept lower rated pumps for light duty
applicationsColumn 2 — Data Source

Column 7 — Abrasion Resistance

L = The pump has been tested in the laboratory
F = The pump has had a minimum of 2 years’ field tnals

(F) = The pump has had limited field trials

Column 3 — Discharge Rate

Column 8 — Manufacturing Needs

The discharge rate deemed “adequate” for each pumping lift is noted at
the top of the appropriate table The rate reduces as depth increases,
for the reasons explained in Box 5.1. Some deepwell pumps thus
achieve lower ratings for low-lift applications, where users will opt for
pumps giving greater discharges A special note is made where a pump
is available with a range of cylinder sizes or adjustable stroke length, to
suit different depths

Ratings indicate the ease with which a pump could be manufactured in a
developing country with the specified level of industrial development

1 — Low industrial base, limited qualitycontrol
2 — Medium-level industry, no special processes
3 — Advanced industry, good quality control

Column 4 — Ease of Maintenance

Column 9 — Short List

Ratings indicate the ease with which maintenancecan be carried out by:
A — A village caretaker
B — An area mechanic
C — A mobile maintenance team

The Analyst develops a short list by entering a check
those pumps meeting his selection cntena

Column 10 — Capital Cost

Column 5 — Reliability

Analysts should obtain current prices for short-listed pumps

Column 11 — Remarks

Reliability ratings are an indication of the proportion of the time that the
pump is likely to be functioning properly Separate ratings are given for
different daily outputs The ratings combine judgments of the “mean time
before failure” (MTBF) and the probable “downtime” when the pump is

I
Special features of individual pumps are noted in this ccl
Amplification of the notes is given below.

Amplification of the ratings for individual pumps
can be found in the Handpump Compendium
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ITable S.3 Maximum pumping lift — 25 meters“Adequate” discharge rate — 10 liters/minute

1 2 3 4 5 67 8 9 10 11

rate

Ease of
E~”lt~fl~ce

Reliability
~II’~L Corr

res
Abr
res

Manufacturing
ne~d~

1 2 3A B C 4 8

— — —

— 0 0 SeeNotelI 1 Abi-ASM
(F)

—

~...

A
F ——

5 Climax L 00” — — ~Q — — — —

6 Dragon 2 L 0 — 0 00 — — — — — 00

7 Duba Tropic 7 F P0 — 0 00 0 — — — — — oo See Note 7
8 GSW L (F) oo~ 0 00 0

9 India Mark II (standard) L F go ~. ~_ ~_ ..~ ~.. Q~~QQ~
10 India Mark II (modified) (F) no — ~ç 00 00 0 — o — 0 .2Q
11 Jetmatic Deepwell L 0 — o oo — — — — — o oo
12 Kardia L (F) 00 — oo 00 0 — 00 0 — 0 00

13 Korat L F go” ... .~ ~. ~_ ..~... — ..o~..n~
14 Mpldev L F 00 ~_ Q_- ~Q .~ — ..~ See Note 14 -

15 Monarch P3” L F 00 — a ..~ =_ — .~ ...22 -_____

16 Monolift L (F) =_ .._ 00 ~_ — — see Note 16
17 Moyno L F 0 — — 00 00 0 — 00 — — 0

18 NiraAF84 L 0 — 0 00 00 0 00 0 — 0 00

19 Philippines Deepset (F) 00 — o 00 0 — — — 0 00 00 -~

20 SWNBO&8l F 00” — 0 00 0 — 00 00 — 00 00

21 Vergnet L F o 0 oo 00 00 0 oP 0 — 0 0 See Note 21
22 VEWA18 L o — — no o — no — — — o
23 Volanta L F 00 0 00 00 00 00 00 00 0 0 00 See Note 23

INTERMEDIATE UFT PUMPS (0-25 meters)

24 Consallen LD6 L F 00” — 00 00 — — no 0 — 0 00

25 DMR (Dempsterdenv) F no” — o oo — — — — — 00 00

26 NiraAF76 L F 00” — p no — — — o — 00 00

ADDITIONAL PUMPS

Al
~2
A3
A4

—
.

2 Afndev
3 AID Deny flp~r~w~ii

, L”~iiJL)~Ii

L

L
(F)

0

00

0

00

00

no
0

L 0

00

00

00

~-

0

00 0

00

0

0

0 0 00

— 00

~fl2.

00 See Note 2
00

~-_______

Pump name
Data Discharge

source
Short Price

list (US$) Remarks

Indicates that discharge ratings are based on choice of the correct cylinder size from a range offered by the manufacturer
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Ratings in the Pump Selection Tables are based on evaluation of pump
performance in the laboratory and field trials Three ratings are used

00 = Good
0 = Adequate

— = Does not meet minimum requirements
A more detailed interpretation of the ratings for specific headings can be
found in the earlier part of this Chapter

L = The pump has been tested in the laboratory
F = The pump has had a minimum of 2 years’ field trials

(F) = The pump has had limited field trials

Column 3 — Discharge Rate

The discharge rate deemed “adequate” for each pumping lift is noted at
the top of the appropriate table The rate reduces as depth increases,
for the reasons explained in Box 5 1 Some deepwell pumps thus
achieve lower ratings for low-lift applications, where users will opt for
pumps giving greater discharges A special note is made where a pump
is available with a range of cylinder sizes or adjustable stroke length, to
suit different depths

Ratings indicate the pump’s capability to pump sand-laden wate
Performance in laboratory and field trials is combined with asses’- er
of the seal and valve types. Leather cupseals are rated — , thou th
extent of abrasion damage will be related to the daily output of the
Analysts may therefore accept lower rated pumps for light dut
applications

Column 8 — Manufacturing Needs

Column 4 — Ease of Maintenance Column 10 — Capital Cost

Reliability ratings are an indication of the proportion of the time that the
pump is likely to be functioning properly. Separate ratings are given for
different daily outputs The ratings combine judgments of the “mean time
before failure” (MTBF) and the probable “downtime” when the pump is

The notes relate to pumps with the same reference number — i.e Note
14 refers to Pump 14, the Maldev In the tables, ratings to which the note
refers are highllghted I

Note 1. The 00 corrosion rating for the Abi-ASM is based on current
models Earlier models did suffer from corrosion.
Note 2. The o corrosion rating for the Afridev is based on the use of
stainless steel pumprods, offered as an option
Note 7. The Duba Tropic 7 is a high-discharge pump designed for two.
person operation -

Amplification of the ratings for individual pumps
can be found in the Handpump Compendium

Note 12. The manufacturer recommends a maximum depth 4
meters for the Kardia - -

— Note 14. The Maldev is a pumphead only All ratings are based th
use of conventional downhole components
Note 16. Reliability ratings for the Monolift are based on pump wi’
metal gears Plastic gears were less reliable A 2 1 gear ratio is supplii
for deepwell applications
Note 21. The no corrosion rating for the Vergnet is based on rer
models Earliermodels did suffer from corrosion
Note 23. The on discharge rating for the Volanta takes account of th
pump’s adjustable stroke length Present designs require a minimu we
diameter of 110mm.

I
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THE RATINGS •1

I
I

waiting to be repaired. They thus take account of the fact that
which are suitable for village maintenance and can be repaired quickl
may be more “reliable” than those which require more co le
maintenance, even if the latter break down less frequently

Column 6 — Corrosion Resistance

Column 1 — Pump Name Column 7 — Abrasion Resistance

The pumps are listed alphabetically in four sections, according to the
maximum pumping lift recommended by the manufacturer. The reference
number which precedes each pump name indicates the order of the
pumps in the Handpump Compendium

Ratings are based primarily on the materials of the downhole pc
nents Galvanized steel pumprods and nsing mains are not cor io
resistant in aggressive water and earn a — rating

Column 2 — Data Source

I

I
Ratings indicate the ease with which a pump could be manufactur in
developing countrywith the specified level of industnaJ development

1 — Low industrial base, limited quality control
2 — Medium-level industry, no special processes
3 — Advanced industry, good quality control

Column 9 — Short List

Ratings indicate the ease with which maintenancecan be camed out by:
A — A village caretaker
B — An area mechanic
C — A mobile maintenance team

The Analyst develops a short list by entenng a check
those pumps meeting his selection critena.

Column 5 — Reliability

I
mark a1ainr

IAnalysts should obtain curre~’onces for short-listed pumps

Column 11 — Remarks

Special features of individual pumps are noted in this c
Amplification of the notes is given below
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I Table S.4 Maximum pumping lift — 45 meters“Adequate” discharge rate — 7 liters/minute

1 2 3 4 5 67 8 9 10 11

rate A B C

HIGH LIFT PUMPS (0-45 meters)

1 Abi-ASM L (F) 0 — ~QQ 00 — ~Q_ 0 — 0 ..Q See Note 1
2 Afndev - ~Jf~ 00 on 00 o ..a ...~. 0 Note ~
3 AID Deny. Deepwell LF o — 0 00 — — — — 00 00

4 Bestobell - 0 =~ ...Q_ .Q04 o.. ~o
Climax 00” — — n — — — —-

— Dragon 2
- —

- ~_ 0 — 0 00 — — — — no
Duba Tropic 7 F 00* 0 nn — .~ — — .22 . ~e Note 7

— GSW L (F) no” — QQ~ -=— -.. .=-

India Mark II (standard) L F op — ~_ — — — —

10 India Mark II (modified) (F) no — 0 — o —

L 00 — o on — —11 Jetmatic Deepwell
12 Kardia L_j~ 00 — — 00 0 — 0 00 See Note 12
13 Korat 00” ...Q_ .QQ.. — .=_ =... .=

14 Maldev oo” —0--. .02.. .-_ — ..Q 02~ See Note 14
15 Monarch P3 ~F on” — 0 on — — — — o no
16 Monolift LJfl. 0 — — oo 0 — 00 — — no See Note 16
17 Moyno

-

LF 0 — — oo 0 — no — — 0
18 NiraAF84 ,.. - 0 — 0 no 0 00 — 0 .p~
19 Philippines Deepset (F) on — 0 no — — — 0 00 on
20 SWNSO&81 F no” — 0 no — 00 00 — 00 00

21 Vergnet L F n o 00 on 0 .~ç_ o — 0 o See Note 21
22 VEWA18 L 0 — — 00 — no — — — 0

23 Volanta

ADDmONALPUMPS

L F 00 0 on on 0

~

oo oo o o 00 See Note 23

Indicates that discharge ratings are based on choice of the correct cylinder size from a range offered by the manufacturer.

Pumpname
Data Discharge

source

Ease of
rr~ninton~ rn

Reliability
f~r(m3Id)

4

Manufacturing
Con- Abr. — —

res. res 1 2 3
Short Price

list (US$) Remarks
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Appendix E: Checklist for Materials, Labor, and
Transportation

This appendixcontainsa checklistof materials,labor,andtransportation.It canbe usedto ensure
that all items havebeenconsideredin the technicalandeconomicanalysis.

Diesel
pump
pump head
shafts
pipe engine
clutch
shaft
extension
pulley
belts
pressure relief
water meter
non-return (backflow) valve
hose tap
union
gate valve
pipe and fittings (elbows, nipples, couplings, etc.)
cement
sand
gravel
reinforcing mesh
engine
frame
foundation bolts
lock for pump house
fuel storage tank
labor: skilled supervisory and mechanic

semiskilled pipefitters, mechanic helpers
unskilled labor

labor per diem allowances
transportation



I
I

Delivery pipe network I
pipe
elbows, tees, and connections
gate valves
unions
labor: skilled supervisory

semiskilled tank installers, pipefitters I
unskilled labor

labor per diem allowances
transportation I

Distribution pipe network
pipe (more than one size?)
elbows, tees, and connections
distribution boxes and valve chambers
shut-oHs and gate valves
standpipes and taps
labor: skilled supervisory

semiskilled tank installers, pipefitters
unskilled labor

labor per diem allowances
transportation

Storage tank I
storage tank
tank stand
tank liner
water level indicator
inflow and outflow connections
overflow and drain connections
pipe from borehole to tank
labor: skilled supervisory

semiskilled tank installers, pipefitters
unskilled labor

labor per diem allowances
transportation

I
I
I
I
I



Solar pumps
modules
array support structures
wiring connections
foundation bolts
array foundation
grounding rod
controller
batteries
battery storage and protection
pump
pump motor
submersible pump cable
safety wire
borehole clamp
sand
gravel
cement
labor: supervisory, skilled electrician

semiskilled pipefitters, electrician helpers
unskilled labor

labor per diem allowances
transportation

Windmills
windmill head
tower
pump cylinder
piping
pumprod
sand
gravel
cement
clamp of forcehead
fence (gate, wire corner posts, regular posts, barbed wire?)
labor: skilled supervisory

semiskilled pipefitters, installers
unskilled labor

labor per diem allowances
transportation



I
I

Handpumps
pump head
pump
piping I
pump (sucker) rods
cement
rebar for well cap I
sand
gravel
labor: skilled supervisory

semiskilled or unskilled labor
labor per diem allowances
transportation I

Annual costs
financing charges for capital costs
pump operator
fuel and oil
consumables (cleaning materials, etc.)
spares: maintenance (filters, belts, etc.)
spares: repair (pumpset, pipelines, storage)
labor: skilled mechanic/electrician

semiskilled pipefitters
unskilled muscle

labor per diem allowances
transportation (no. of trips)

Non-annual costs
pump replacement
engine replacement
module replacement (damage or theft)
controller replacement
battery replacement
tank replacement
rebuild well/redrill borehole

I
I
I
I
I



Appendix F: Formulas Used in Present Worth Analysis

Compound Interest Rate Factors
(Based on Annual Compounding)

Fl = Factor Used to Calculate the Present Worth of a Single Future Payment

F2 = Factor Used to Calculate the Present Worth of a Uniform Series of Future Payments

Discount Rate (in %, compounded annually)
Nntr.of

Years (N)
6.00%
Fl F2

8.00%
Fl F2

10.00%
Fl F2

12.00%
Fl F2

15.00%
Fl F2

1
2

3

4
5
6
7
8
9

10
11

12
13
14
15
16
17
18
19
20

0.9434 0.9434 0.9259 0.9259 0.9091 0.9091 0.8929 0.8929 0.8696 0.8696
0.8900 1.8334 0.8573 1.7833 0.8264 1.7355 0.7972 1.6901 0.7561 1.6257
0.8396 2.6730 0.7938 2.5771 0.7513 2.4869 0.7118 2.4018 0.6575 2.2832
0.7921 3.4651 0.7350 3.3121 0.6830 3.1699 0.6355 3.0373 0.5718 2.8550
0 7473 4.21 24 0.6806 3.9927 0.6209 3.7908 0.5674 3.6048 0.4972 3.3522
0.7050 4.9173 0.6302 4.6229 0.5645 4.3553 0.5066 4.1114 0.4323 3.7845

0.6651 5.5824 0.5835 5.2064 0.5132 4.8684 0.4523 4.5638 0.3759 4.1604

0.6274 6.2098 0.5403 5.7466 0.4665 5.3349 0.4039 4.9676 0.3269 4.4873

0.5919 6.8017 0.5002 6.2469 0.4241 5.7590 0.3606 5.3282 0.2843 4.7716
0.5584 7.3601 0.4632 6.7101 0.3855 6.1446 0.3220 5.6502 0.2472 5.0188
0.5268 7.8869 0.4289 7.1390 0.3505 6.4951 0.2875 5.9377 0.2149 5.2337
0.4970 8.3838 0.3971 7.5361 0.3186 6.8137 0.2567 6.1944 0.1869 5.4206
0 4688 8.8527 0.3677 7.9038 0.2897 7.1034 0.2292 6.4235 0.1625 5.5831
0.4423 9.2950 0.3405 8.2442 0.2633 7.3667 0.2046 6.6282 0.1413 5.7245
0.4173 9.7122 0.3152 8.5595 0.2394 7.6061 0.1827 6.8109 0.1229 5.8474
0.3936 10.1059 0.2919 8.8514 0.2176 7.8237 0.1631 6.9740 0.1069 5.9542
0.3714 10.4773 0.2703 9.1216 0.1978 8.0216 0.1456 7.1196 0.0929 6.0472
0.3503 10.8276 0.2502 9.3719 0.1799 8.2014 0.1300 7.2497 0.0808 6.1280
0.3305 11.1581 0.2317 9.6036 0.1635 8.3649 0.1161 7.3658 0.0703 6.1982
0.3118 11.4699 0.2145 9.8181 0.1486 8.5136 0.1037 7.4694 0.0611 6.2593

Note: The use of the factors given in the table above is explained in detail in Chapter Ten.





Appendix G: Estimating Solar Radiation
on Tilted PV Arrays

Determiningthecorrectvaluefor theamountof solarradiationthat will fall upona PV arrayis an in-
exactscience.Solarradiationvariesnot only over theday, themonth,andthe year,but alsoon the
angleof thesurfaceuponwhich it is intercepted.Nonetheless,someestimateof radiationlevels
must be madefor solarpumpdesignpurposes.Thespreadsheetgivenon thefollowing pageshows
how this is done.

Solarradiationhastwo components,directbeam(directlyfrom the sun)anddiffuse (theportionof
incomingextraterrestrialradiationwhich is diffusedby watervaporandothergasesin theatmos-

phere,
andsolights up the sky). To calculatehow muchtotal radiationis interceptedby atilted array

on theground,you mustcalculateboth the amountofdirectbeamandtheamountof diffuseradia-
tion which falls uponthearray.Thespreadsheeton the following pageis basedon thePageCorrela-

don, which correlatesthepercentageof total horizontalsolarradiationwhich is diffuse (Fd) withwhatis calledthemonthly averageclearnessindex (Ki). Kt canbecalculatedby dividing the
monthly valuesfor totalsolarradiationon ahorizontalsurfaceon theground(H, which is oftenre-

corded atmeteorologicalstationsaroundtheworld) by the monthlyvaluesfor theaveragedaily ex-traterrestrialradiationon a horizontalsurface(Ho). H is measuredby weatherinstrumentsata
particularlocation,andis dependentupon local latitude andweather.H0 dependsuponseveralvan-

ablesincluding thedayoftheyearfor the averageday of aparticularmonth(n),thesunsethouran-gle
1,andthedeclinationof theEarth(delta),andthe latitude (phi).

H
0 for eachmonthofthe yearis calculatedin TableOneofthe spreadsheetfor latitudesbetween30degreesNorthand30 degreesSouthof theEquator

2.Next,knownmeasuredsolardata(H) for a par-
ticularsite in Sudanaregiven.Dividing H by H~givesthemonthly averageclearnessratio Kt. Then

using
thePageCorrelation,thepercentageofthe totalhorizontalsolarradiation(H) which is diffuse

(Fd) is then: -

Fd= 1-1.13 * Kt

Thepercentageof H which is directbeamradiation(Fb) is then:

Fb = 1 -Fd

To find thetotal radiationinterceptedby a tilted surfacesuchasaPV array,you haveto first calcu-

late theportionof H which is direct beamby multiplying H by Fb, andthencalculatetheportionof

H which is diffuse by multiplying H by Fd. Thetotal radiationon the tiltedarraycanthen be calcu-latedby multiplying thedirect beamcomponentby a Tilt Factor(givenin the accompanying

1 SiII(psifl6Using the formula:coso~=— =— tan p tanS
Cos (p cos8

2 . 24 X 3600G~~ 360n . irw
5Usingthe formula: H0 = (1+ 0.033 cos -~-)x ( cosip cos5 sin co~+ sin (p sin 5)



Tables3,and basedon latitudeandthe tilt angleofthe array),andaddingthediffusecomponentmul-
tiplied by asimilar geometricfactorrelatedonly to the tilt angleof thearmy,which is:

Diffuse Radiationon aTilted Surface= H * Fd~ (l+(cos f3)/2}

where ~ (beta)is thetilt angleof thearray.Theresultsofthesecalculationsareshownfor threedif-
ferenttilt anglesat thebottomof thespreadsheet.Sincetheamountof useablesolarradiationcan
usually be optimizedby tilting thearrayat anangleup from thehorizontalequalto the latitudeplus
5-10degrees,only Tilt Factortablesfor thoserangesaregiven here.This analysisassumesthat you
havesitedyour arrayso that it points within 5-10degreesof due South(North oftheEquator)or due
North(Southof the Equator).Readersinterestedin finding out moreaboutestimatingsolarradiation
levelsareencouragedto readthe referencepreviouslygiven.
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Calculating SolarRadiationon Tilted PV Arrays
Table 1: Calculating Daily Extraterrestrial Radiation on aHorizontal Surface

Jan Feb Mar Apr May Jun Jul

I
I

I

I
I
I
I
I
I
I
I
I
I

Aug Sep Oct Nov Dec
Phi Delta=

(Lat) n=
-30
-25
-20

-15
-10

-5

0
5

10
15

20

25
30

-20.9 .13.0 .2.4 9.4 18.8 23.1 21.2 13.5 2.2 .9.6 -18.9 -23.0

17 47 75 105 135 162 198 228 258 288 318 344
43.0 39.5 34.1 27.2 21.4 18.7 19.8 24.5 31.1 37.5 41.9 43.7
42.5 39.9 35.4 29.4 24.1 21.5 22.5 26.9 32.8 38.2 41.7 43.0
41.8 40.0 36.5 31.4 26.6 24.2 25.1 29.1 34.2 38.6 41.1 42.1
40.8 39.8 37.3 33.1 28.9 26.8 27.6 31.1 35.4 38.7 40.4 40.8

39.5 39.3 37.8 34.6 31.1 29.2 29.9 32.9 36.3 38.5 39.3 39.4
38.0 38.5 38.0 35.8 33.0 31.4 32.0 34.4 36.9 38.1 38.0 37.6
36.2 37.5 37.9 36.8 34.8 33.5 33.9 35.7 37.2 37.4 36.4 35.7
34.2 36.1 37.5 37.5 36.3 35.4 35.6 36.7 37.3 36.4 34.6 33.5
32.0 34.6 36.9 31.9 37.5 37.0 37.1 37.5 37.1 35.1 32.5 31.1
29.6 32.7 360 38.1 38.6 38.4 38.3 38.0 36.6 33.6 30.2 28.5
26.9 30.7 34.8 37.9 39.3 39.5 39.3 38.3 35.8 31.8 27.8 25.8

24.2 28.4 33.3 37.5 39.8 40.5 40.0 38.2 34.7 29.8 25.1 22.9
21.3 25.9 31.6 36.8 40.0 41.1 40.5 37.9 33.4 27.6 22.3 19.9

Fraction of Radiation which I. dltfua. Is 9d) = 1.1.131((t) by th. Page Correlation, whereK(t) = H/H(o).
For Dongola (Sud~i),monthly average horizontal solar radiation levels (MJ/square meter perday) are:

IH~~I2021 23.01 25.61 27.01 27.71 27.41 25.91 25.2 I 24.1 I 23.01 20.9 I

Now calculateK(t) HIH(o). Since th. solar radiation data are only for an. site (at 20 Degrees North
Latitude), K(t) only need be calculated for that particular Latitude. Us. H from the previous ~ne,and
H(o) from the table just above that, calculating K(t) = H/H(o) gives:

19.1 I

(Latitude) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
20 1 0.751 0.751 0.741 0.71 I 0.71 I 0.581 0.66 0.66 0.67 0.72 I 0.75 0.74

3From SolarEngineeringofThermalProcesses,2ndEdition,JohnDuffie andWilham Beckman, JohnWiley andSons,1991.
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(For Various Array Tilt Angles)
ITift Angle= 20 I (phi-beta = 20-20 =0)

Tilt Factor= 1.33 1.22 1.09 0.97 1.37

Dir. Beam 22.7 23.9 23.1 21.1 21.9
Diffuse 4.6 5.1 6.4 7.8 ______ _____ 4.6
Total Tilt I’1~9.029Tr~Tr” __________________________

__________________ (phi-beta 20-25 = -5)
1.09 0.94 1.44
23.1 20.4 23.0

6.3 7.7 4.5

~ 28.1 ir 27.5
27.4

0.74 1.49
15.8 23.8

_________________________________ 8.7 4.5
_______ -~-gi—• 28.3

26.7

Calculate the fraction which is diffuse F(d) from the monthly K(t) values above, where: F(d) = 1-1.13K(t)

0.15 0.15 0.17 0.201 0.20 0.221 0.25 0.26 0.241 0.18 0.15 0.161

Subtracting out the F(d) to get percentage of H(o) which Is direct beam, or F(b) = H(o)-F(d) gives:

I 0.85 I 0.85 0.83 0.80 I 0.80 I 0.78 0.75 0.74 I 0.76 0.82 0.85 I 0.841

To get Total Radiation on the Tilted Surface, add diffuse and beam. Calculate the diffuse and direct beam
components separately, then add them together. To calculate direct beam, use the appropriate Tilt Factor
given in the accompanying tables, where t. (phi) is the latitude of the site, and 13 (beta) is the tilt angle of
the PV array from the horizontal. To calculate the diffuse component, multiply the monthly H value given
above for Dongola by the monthly F(b) times (1+(cos 13)/2}:

Table 2: Total RadiatIon on a Tilted Surfaceat Latltude=20 Degrees North

ITilt Angle= 25]
1.25Tilt Factor= 1.39

Dir. Beam 23.7 24.4

Dtffuse
Total Tilt

4.5 5.1
1 28.2 I !~5i

0.88
19.4

8.3

0.84

18.0
8.8

0.86
16.6
9.7

0.93
17.4

9.5

1.04
19.1
8.4

1.17

22.1
6.1

1.30
23.1

4.6
~TTI 26.71 26.3J 26.9 II

lAnnual
27.6 ~

Average
28.2 ~

Monthly=
27.7 ~

0.84

18.6
8.2

0.80

17.1
8.7

0.98

19.0
9.6

0.90

16.9
9.4

1.03

18.9
8.3

1.20

22.6
6.1

1.35

24.0
4.6

~71 25.81 28.6J 26.3 ~
lAnnual

27.31
Average

28.7 I
Monthly=

28.5 [

ITilt Angle= 30 I
1.27

(phi-beta
1.09

= 20-30
0.91

= -10)
0.79Tilt Factor= 1.44

Dir. Beam 24.5 24.8 23.1 19.8 17.5
DIffuse
Total Tilt

4.5 5.1 6.3 7.7 8.2
L29.1 29.4 I 27.4 ~25~f

0.76 0.86 1.01 1.21 1.39

14.7 16.1 18.6 22.8 24.7
9.6 9.4 8.3 6.1 4.6

24.3 25.5 ~ 26.9 ~ 28.9 ~ 29.2

Annual Average Monthly=



I
I

Table D-7 Ø—$=0°

O Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov ~
0 I 00 1.00 1.00 1.00 1.00 1.00 1 00 1.00 I 00 1.00 1001.00
5 1.06 1.04 1.01 098 0.96 0.95 0.95 0.97 1.00 1.03 1.05 1.06

10 113 1.08 103 0.97 0.92 0.90 091 0.95 1.00 1.06 1.12 1.14
15 1.22 1.14 1.05 0.97 0.90 0.87 0.88 0.94 1.02 1.11 1.20 1.24
20 1.33 1.22 1.09 0.97 0.88 0.84 0.86 0.93 1.04 1.17 1.30 1.37
25 1.48 1.31 1.14 0.98 0.86 0.81 0.83 0.93 1.07 1.25 1.43 1.53

30 I 66 1.43 1.20 1.00 0.85 0.79 0.82 0.93 1.12 1.35 1.60 1.74

35 1.91 1.59 1.28 1.02 0.85 0.77 0.80 0.94 1.17 1.48 1.82 2.02

4.0 2.26 1.79 1.38 1.05 0.84 0.75 0.79 0.96 1.24 1.64 2 12 2.42
45 2.76 2.07 I 51 1.09 0.83 0.73 0.77 0.98 1.33 1.86 2.55 3.02

50 3.55 2.4.6 1.69 1.15 0.83 0.69 0.75 1.00 1 45 2.17 3.21 4.00
55 4.94 3.06 1.92 1.21 0.81 0.64 0.72 1.03 1.60 2.60 4.30 5.86
60 7.96 4.04 2.25 1.28 0.77 0.55 0.65 1.05 1.80 3.28 6.45 10.50

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

Table D-8 0 — /3 =

• Jan Feb MM Apr May Jun Jul Aug Sep Oct Nov 1~

0 1.05 1.03 1.00 0.97 0.95 0.94 0.94 0.96 0.99 1.02 1.04 1.05
5 1.11 1.06 1.01 0.96 0.91 0.89 .0.90 0.94 0.99 1.05 110 1.12

10 1.18 1.11 1.03 0.94 0.88 0.85 0.86 0.92 1.00 l.08 1.16 1 20

15 1.28 117 I 06 0.94 0.86 0.82 0.84 0.90 1 01 1.13 1.25 1.31
20 1.39 1.25 1 09 0.94 0.84 0.80 0.82 0.90 1.03 1.20 1.35 1.44
25 1.54 1.34 1.14 0.96 0.83 0.78 0.80 0.90 1.06 1.27 1.49 1.60
30 1.73 1.47 1.20 0.97 0.83 0.76 0.79 0.91 1.11 1.37 1.66 1.82
35 1.99 1.63 1.28 1.00 0.83 0.76 0.79 0.92 1.16 1.50 1.89 2.11
40 2.35 1.83 1.38 1.03 0.83 0.75 0.79 0.94 1.23 1.67 2.20 2.53 1
45 2 87 2.12 1.51 1.08 0.84 0.75 0.79 0.97 1.32 1.89 2.64 3.15
50 3.68 2.52 1.69 1.14 086 0.76 0.80 1.01 1.44 2,20 3.31 4.17
55 5 12 3.13 1.92 1.21 0.88 0.76 081 1.05 1.59 2.65 4.44 6.09
60 8.23 4.12 2.25 1.30 0.90 0.77 0.82 1.11 1.79 3.33 6.651089
• Jul Aug Sep Oct Nov t~ Jan Feb Mar Apr May Jun

Table D-9 0 — /3 —10° I
• Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov D~
0 1.09 1.05 1.00 0.94 0.89 0.87 0.88 0.92 0.97 1.03 1.08 1.10
5 115 1.08 1.01 0.92 0.86 0.83 0.84 0.89 0.97 1.06 1.13 L17

10 1.23 1.13 1 02 0.91 0.83 0.79 0.81 0.88 0.98 1.10 1.20 1.25
15 1.32 1.19 1.05 0.91 0.81 0.76 0.78 0.86 0.99 1.15 1.29 1.36

20 1.44 1.27 1.09 0.91 0.79 0.74 0.76 0.86 1.01 1.21 1.39 1.49

25 1.59 1.37 1.13 0.92 0.78 0.72 0.75 0.86 1.05 1.29 1.53 1.66

30 1.79 1.49 1.20 0.94 0.78 0.71 0.74 0.87 1.09 1.39 I 71 1.89
35 2.05 1.65 1.27 0.97 0.78 0.70 0.74 0.88 1.14 1.52 1.94 2.19
40 2.42 1.86 1.38 1.00 0.78 0.70 0.74 0.90 1.21 1.69 2.26 262
45 2.95 2.15 1.51 1.04 0.79 0.70 0.74 0.93 1.30 1.91 2.71 3.26
50 3.79 2.56 I 68 1.10 0.81 0.70 0.75 0.96 1.41 2.22 3.40 4.30
55 5.26 3.17 1.91 1.17 0.83 0.71 0.76 1.01 156 2.67 4.55 627
60 8.43 4.18 2.24 1.26 0.85 0.71 0.77 1.06 1.76 3.36 6.80 1119

Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun 1

I
I
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7 August 1992 TAS 223

Dear Colleague:

On behalfof the WASH Project, I am pleasedto provide you with a copy of WASH
Technical Report No. 61, Pump Selection: A Field Guide for Energy Efficient and Cost

I Effective Water Pumping Systemsfor Developing Countries. The manual waswritten by
RichardMcGowanandJonathonHodgkin. This manualis an updated version of an earlier
“Pump Selection” report dated January1989. The revisionsarebasedon field trials and
experiencescarriedout during theinterveningyears.

Many handbookshavebeenwritten on the subjectof rural water supply, irrigation, and

pumpselection. Until recently,most of thesefocusedprimarily on thetechnicalskills andspare parts, system reliability, ease of installation and/or operation, and related
considerationsthat are importantto userswere discussedonly briefly. This manualdeals

not only with theseissues,but alsowith all othermajorissueswhich areimportantwhenconsideringthelong-termsustainabiityof systems.

Thepurposeof this manual is to assistengineers,economists,managers,and designersin
developingcountriesto selectwater pumping systemsfor rural and small scalepen-urban

I
water users. It is intended to enable readersto better understandand evaluatethe
advantagesand disadvantagesof different typesof pumping systemsandtheir components
(e.g., pumps,engines,and controls), associatedcosts,and long-termO&M requirements.

I With this information, readerscan makeknowledgeable,cost-effectivechoicesof waterpumpingequipment,whichwill resultin waterdevelopmentprojectsthat aremoreeffective
andthat offer increasedwateravailability and minimize coststo users. While this manual

I focuseson pumps for potable water supplies, it canalso be usedto determinepumping
equipmentfor small to mediumscaleagriculturaluse. This manualaddressesfour kinds of
pumpedwatersystems: diesel,wind, solar,andhandpumps. However, the methodscan
be appliedeasilyto anykind of system(grid-electric,gasoline engines, etc.)

p Dresser & McKee International, Inc. International Science and Technology Institute, Inc. Training Resources Group
ssociates in Rural Development, Inc. Research Triangle Institute University of North Carolina at Chapel Hill
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I
If you haveany questionsor commentsaboutthefindings or recommendationscontained
in this report, we will be happy to discussthem. Pleasecontact Phil Roark at the WASH
OperationsCenter. Pleaselet us know if you would like additionalcopies.

Sincerely,I
I
I Craig afner

Acting ProjectDirector

Enclosure

CH:kf
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Camp Dresser & Mckee International Inca
Associates in Rural Development, Inc.

International Science and Technology Institut
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WASH Operations Center
1611 N. Kent St., Room 100

Arlington, VA 22209-211
Phone: (703) 243-8200

Fax: (703) 525-913 -

Telex. WUI 6455
Cable Address: WASHAI
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THE WASH PROJ EC
1

With the launching of the United Nations International Drinking Water Supply and Sanitation Decade in 1979, the Unued States Agenc
for International Development (A I D ) decided to augment and streamline its technical assistance capability in water and sanitation an

in 1980, funded the Water and Sanitation for Health Project (WASH). The funding mechanism was a multi-year, multi-million dolla
contract, secured through competitive bidding. The first WASH contract was awarded to a consortium of organizations headed by Camp
Dresser & McKee International Inc. (CDM) an international consulting firm specializing in environmental engineering services. Throug

two other bid proceedings since then, CDM has continued as the prime contracto

Working under the close direction of A.l.D.’s Bureau for Science and TeOhnology, Office of Health, the WASH Project provides technic
assistance to A l.D missions or bureaus, other U.S. agencies (such as the Peace Corps), host governments, and non-government

organizations to provide a wide rañ~eof technical assistance that includes the design, implementation, and evaluation of Water and sani
tation projects, to troubleshoot on-going projects, and to assist in disaster relief operations WASH technical assistance is multi-discipli-

nary, drawing on experts in public health, training, financing, epidemiology, anthropology, management, engineering; communit
organization, environmental protection, and other subspecialtie

The WASH Information Center serves as a clearinghouse in water and sanitation, providing networking on guinea worm disease
rainwater harvesting, and pen-urban issues as well as technical information backstopping for most WASH assi~nment~

The WASH Project issues about thirty or forty reports a year WASH Field Reports relate to specific assignments in specific countries~
they articulate the findings of the consultancy. The more widely applicable Technical Reports consist of guidelines or “how-to manual
on topics such as pump selection, detailed training workshop designs, and state-of-the-art information on finance, community organiza
tion, and many other topics of vital interest to the water and sanitation sector In addition, WASH occasionally publishes special report

to synthesize the lessons it has learned from its wide field ekperience.

For mOre information about the WASH Project or to request a WASH report, contact the WASH Operations Center at the above addres1
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