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PREFACE

The secondphaseof theSudanRenewableEnergyProject(SREP)wasa technicalassistance
projectfundedby USAID (contractnumber650-0041-C-00-8014).Technicalassistancewas
providedby Associatesin RuralDevelopmentInc. (ARD) from January1988 until thepro-
ject wasprematurelyterminatedin February1990dueto theoverthrowof theSudaneseGov-
ernmentby amilitary coup, andthesubsequentinvocationof sub-section513 of theUS
ForeignAssistanceAct. Theprojectwas implementedunderthe auspicesof the EnergyRe-
searchCouncil (ERC), adivision of theNationalCouncil for Research.Projectfield staff in-
cludedDr. Marrin Bush,Chiefof Party, andFredSwartzendruber,Small Business
DevelopmentAdvisoc.Thepumptestingandevaluationprogram,oneof the project’sfour
technicalcomponents,wasinitially designedin January1987by Rick McGowanandDr.
RusseilDelucia.Theprogramwas subsequentlyrevised,implemented,andmanagedby
JonathanHodgkin.TheERC PumpingTeamwasled by EngineerSiddigOmerAdamandin-
cludedAh AbdelrahmanHamza,NourellaYassinAhmedandAli OmerEltayeb.Technicalas-
sistancewasalsoprovidedby Dr. Philip Lebel andRon White. This reportcoversthework
of thepumpingteamduring thesecondphaseof theSREPproject.

The projectteamwishesto acknowledgethesupportandassistanceof Dr. El TayebIdris
Eisa,Directorof theERCandSREPCoordinatoruntil J~1y1989,andGaafarEl Faki Ah
whobecametheERCdirectorthereafter.We would also tike to mentionour appreciationof
assistanceprovidedby theGTZ-fundedSpecialEnergyProgram(SEP),andin particularthe
counselof Dr. EdgarKoepseil,aswell as thewindniill crewestablishedby theDutchgovern-
ment-fundedSudanWindEnergyProject.Thanksshouldalsobeextendedto USAID Project
OfficerTony Pryor, whoprovidedmuchofth~~initial inspirationfor SREP’swaterpumping
activitiesandofferedencouragement,supportandinsightthroughouttheproject. Theteam
would also like to thankthemanySudaneseworking in both thegovernmentandprivatesec-
tor who providedinformationandassistancein testing andevaluatingthepumps.Thesepeo-
plealsoperformedthesurveyworknecessaryto completethis report. Finally, theteam
wishesto thanktheorganizations,agencies,tI ~irstaffs,andvilagersandfarmerswho al-
lowedus to testpumpingequipmentfor which theywereresponsible.TheseinciudetheNa-
tionalCorporationfor RuralWaterResourcesDevelopment(NCRWRD),Universityof
Gezira,theHodiebaResearchStation, theSwedish-SudaneseFriendshipAssociation,World
UniversityServicesof Canadaproject (WUSC),SavetheChildrenFoundation(SCF), anda
numberof privatefarmersandrural vilagers.We hopetheyhavealsobenefittedfrom our
work.
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1.0 Executive Summary

In theearly 1980s, theRenewableEnergyResearchInstitute(RERI) wasestablishedas part
of theGovernmentof Sudan’sEnergyResearchCouncil (ERC). Its mandatewas to identify,
test,evaluateanddisserninaterenewableenergytechnologies(RETs).The SudanRenewable
EnergyProject(SREP),begunin 1982andfundedby IJSAID,wasdesignedto help
strengthenERC/RERI.Thesecondphaseof theprojectbeganin 1988 with technicalassis-
tanceprovidedby Associatesin RuralDevelopment.,Inc. (ARD) of Burlington,Vermont.
Among otherprojecttasks,this phaseundertooka testingandevaluationprogramfor diesel,
wind, andsolarwaterpumps.Renewableenergypumpingsystemsaddressmanyof theprob-
lemsassociatedwith conventionaldieselpumps,inciuding:

• variabledieselfuel costandavailability;

• sparepartsscarcityandprocurementdifficulty;

• lackof skilled technicians,especiallyin rural areas;

• lackof adequatetransportation;

• poorcommunication;and

• agingfacilities.

Theobjectiveof theERCISREPwaterpumpingprogramwas to developwithin RERI theca-
pability to assessthetechnical,non-technicalandeconomicissuesrelatedto meetingrural
waterpumpingneedsin Sudan.This capability enablestheERCto respondto government
andnongovernmentrequestsfor assistancein choosingappropriatewaterpumpingtechnolo-
gies.Thespecificgoalof thewaterpumpingprogramwasto field testanumberof operating
pumpingsystems(inciudingdiesel,solarandwindpumps)in orderto determinetheirper-
formance,comparativecostandsocio-institutionalfeasibiityundertypicaloperatingcondi-
tions in Sudan.Theseactivitieswereguidedby thereportWaterPumpTestingand
Evaluationin Sudan- ProjectDesign (Reference11). The testingandevaluationmethodol-
ogy was basedon theHandbookfor ComparativeEvaluationofTechnicalandEconomic
PeiformanceofWaterPumpingSystems(Reference19).Themethodologywas modifiedand
adaptedto theparticularresourceandtransportationconstraintsin Sudan.Thefour main
tasksoutlinedfor thepumpprogramwere:

• technicaldatacollectionfor operatingpumpingsystems;

• dataanalysisandpumpoutputmodeling;

• collectionof informationon operationandmaintenance(O&M) requirementsand
coststhroughsurveys;and

• financialandeconomicanalysisof pumpingsystemsusingthe technical,financial
andeconomicdatacollected.
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Performancetestswereconductedfor 15 dieselpumps,5 solarpumpsand3 wind pumps.
Datacollectionfor solarandwind pumpswasfacilitatedby theuseof OmnidataCopylog-
gers,from whichdatawastransferredto computersfor subsequentanalysis.Dieselpump
testingwasperformedon-siteduringshortvisits to pumpinstallations.Addressinginstitu-
tional, socialandeconomicissuesrequireddevelopinga baseof information on O&M andre-
pair costsfor diesel,wind andsolarpumps.A reviewof all currentlyavailableinformation,
datacollection at thetestsites,andselectedsurveysof village watersupplies,small farmers,
andlocal equipmentsuppliersgavetheinformationnecessaryto completethebasicanalysis.
Financialandecononiicanalysesusinglife cyclecostingyieldedcomparativeunitwater
costs(costin SudanesePoundspercubicmeterof waterpumpedatagivenhead,or S~/m3)
for eachsystem.Spreadsheetsdevelopedfor this analysispermit therapididentificationof
performanceandcostfactorswhich havethemostimpacton unitwatercosts.Given thecur-
rentlyhighly variableconditionof Sudan’seconomy,this approachprovidestheflexibiity 1
that analystsandplannersneedto reviewwaterpumpingsystemchoicesascostparameters
continueto change.

During thetestingandevaluationperiodfrom mid-1989to early1990, aseriesofdifficulties
rangingfrom floods to severefuel shortagesto amilitary coupmadea comprehensivecoun-
Iry-wide pumpingsystemevaluationimpossible.Nevertheless,aconsiderabledatabaseof
performanceandcostinformationwasassembledandanalyzed.Thefollowing majorconclu-
sions,groupedfirst by technologytypeandthenend-useapplication,arebasedon conditions
in Sudanasof early 1990.A setofrecommendedactionsconcludesthis chapter. 1
Diesel
Dieselsareby far themostcommontypeof pumpingsystemin Sudan.Enduringandgener-
ally worseningdifficulties in operatingandmaintainingreiabledieselwatersystemshave
generatedconsiderableinterestin developingalternatives.To determinethepotentialfor dis-
placingdieselsystems,first theirperformanceandcostsmustbequantified.Dieselsystem
operatingefficienciesvarywidely amongsystemstested.A weil-designedandproperlymain-
tainedsystemwill havean efficiencyof 17 percentor better.Higherefficiency meanslower
specific fuel consumption,reducedenginewear,andlowerO&M costs.Systemsmonitored
by theprojecthadefficienciesrangingbetweeri2-15percent.Systemsrecentlyinstalledby
theNCRWRDfor rural villagewatersuppliesin thewestarereasonablyweil-designed,and
efficienciesof 12-15percentweremeasuredatseveralwateryards.However,lackof proper
maintenanceandrepairprocedurestypically reducesoperatingefficiencyat manysitesover
time. Muchcanbe doneto improvedieselsystemdesignproceduresandsystemefficiency,
andtherebyreduceoperationandmaintenancecosts.

For smail-scaleirrigation,efficienciesof all privatelyowr~edpumpsetstestedwerevery low 1
(only around5 percent).This is in parttheresultof thelow poweroutputandhigh fuelcon-
sumptioncharacteristicsof thevery inexpensive“IndianLister” engines(enginesresembling
theubiquitousLister8/1, but nianufacturedin India) andcheapimportedpumpsused.

Whetherusedfor high quality Listersin village watersystemsortheircheapercounterparts

1
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in irrigation, thescarcityandincreasingcostofdieselsparepartsandfuel arebecomingin-
creasinglyproblematic,especiallyoverthe lastyear.

Solar
The solarradiationregimein Sudanis very good(averaging6.0 kWhJm2/dayannually),par-
ticularly north of Khartoum.Solarpumpsusedin Sudanhaveprovenin mostcasesto be
very reliablesystems.TheGrundfossolarpumpsinstalledin 1983at theUniversityof Gez-
iraandtheHodiebaResearchCenterhaveexperiencedno failuresafterover sevenyearsin
service.However,theKSB floating solarpumps,which at onesitemonitoredduring thepro-
jectrequiredreplacementtwice in the last two years,havenotprovenasreliable.Theper-
formanceofall solarpumpstestedwas 10-25percentlessthanpredictedby manufacturer’s
literature.Installationandmaintenance(minimal thoughit is) of solarpumpsarenot always
properlyperforrned.Solararraysarenot alwaystilted attheproperangleto takefull advan-
tageof availableradiation,arraysaresometimespartlyshaded,loosewiring andconnections
dissipateotherwiseusableenergy,andmodulesarenotoftenkeptclean.Properattention
paidto simpleinstallationandmaintenanceprocedurescoulddo muchto improvesolar
pumpperformanceat somesites. -

Thereare a numberof technicallysuitableapplicationsfor solarpumpsin low headandlow
waterdemandsitesin Sudan.In general,theproductofthedaily waterdemand(cubicmeters
per day) andthetotalpumpinghead(meters)shouldnot exceed750 m4 for areaswith good
solarradiation.For example,this is equivalentto 50 m3/dayat 15 metershead.Areasand ap-
plicationswhich meetthesecriteriaarelocatedmainly in theNorthernRegionneartheNile
andits tributaries,wherewatercanbe foundcloseto thesurfaceandthewaterdemandis
moderate.Scatteredareasnearseasonalstreamsandwadisarefoundin theotherareasof Su-
dan.Themarketpotentialfor solarpumpsis thereforefairly limited, sincesuchsitesrepre-
sentless thanabout5 percentof thetotal villagesin Sudan.

Wind
Windpumpsmonitoredduring theprogramdid not fareso well. Thethreewind systems
monitoredduring theprogram,all of whichwereCWD 5000windniills, hadconsiderable
maintenanceandrepairproblemswhich wereseriousenoughto bring intoquestionthelong
termreliability of theseparticularmachines.In addition, thewateroutputpredictionsmade
by themachine’sdesignersoverestimateoutput(whencomparedto testedperformance)by
as muchas30-45percent.Theobviousdesignweaknessesin this machinemustberectified
beforeany furtherdisseminationis worthconsideration.

Thewateroutputfrom awind pumpis dependentin parton thedaily averagewind speed
anddistribution.A preciseestimationof wind energypotentialis notpossiblefrom thelim-
iteddatanow availablein Sudan,so it is difficult to give apreciseestimationof themarket
potentialfor windmill pumping.To helpcorrectthis situation,wind speedmeasuringinstru-
mentationcurrentlyusedby theSudanMeteorologicalServicesshouldbereplacedwith
lowermaintenance,higherresolutioninstrumentation.‘Wind datacollectedaspartof this and

5
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otheron-goingprogramssuggestthat thewind resourcemaybebetterthanpreviouslyantici- 1
pated(basedon older, fairly limited data)atlocationsalongtheNile northof Khartoum.

Nevertheless,on the basisof availablewind speeddataandmonitoredwindmill perform-
ance,wind pumpsareaviablepumpingoptionat siteswherethedemand*headproductdoes
not exceedabout750 m4, for areaswith siteaveragewind speedsof 4 meterspersecond
(m/s) orgreater.Areasandapplicationswhich meetthesecriteriaaremostly thesameas
thoseappropriatefor solarpumpapplications,locatedin theNorthernRegionneartheNile
andits tributariesandin theEasternRegionin coastalareas,wherewatercanbe foundclose
to thesurfaceandthewaterdemandis low to moderate.Scatteredareasnearseasonal 1
streamsandwadisarefoundin theotherareasof northernSudan.Otherprovenwindmills,
suchastheKenyan-madeKijito, couldlikely beusedin Sudanwherehighersitewind
speedsmightjustify its highercost. 1
Village Water Supply vs. Smali-Scale Irrigatlon
Thecommonpracticesfor equipmentselection,installation,operation,andmaintenanceof
pumpingsystemsvarysomuch(depenclingon whetherthepumpis for village watersupply
or irrigation), thatcomparativesystemcostfor thetwo applicationsmustbe analyzedsepa-
rately.Financialandeconomicunitwatercostsaremuchhigherfor ruralvillage watersup-
plies thanfor small farmers.Muchof this differenceis dueto equipmentusedfor village
watersupplywhich is not necessaryfor irrigation systems,suchashigherquality (hence
moreexpensive)enginesandpumps,elevatedstoragetanks,distributionpipingandtaps.Be-
causeof thesegreatcostdifferences,it is highly unlikely thatsolarorwind pumpswill attain
any significantmarketsharein irrigationpumpingapplicationsin thenearfuture.

Given thecurrenteconomicsituationin Sudan,NationalCorporationfor RuralWaterRe-
sourcesDevelopment(NCRWRD) rural village watersuppliesarelargelydependenton do- 1
norsupportfor constructionandrehabilitation.Whendonorsarewilling to providecapital
equipment,therecurrentcostconsiderationsbecomeimportantfor theNCRWRDandsystem
beneficiaries,who paywaterfeesin orderto supporttheirsystems.On theotherhand,for
small irrigatedfarms,cashflow considerationsforcefarmersto weighup-front capitalcosta
muchmoreheavily thanany potentiallife cycle savingswhenit comesto makingdecisions
aboutwhatpumpto buy. Evenwith all oftheproblemsevidentin theuseof dieselpumpsets,
analysisshowsthat theyarestil muchmoreeconomicalthansolarandwind pumpsin nearly
all smail-scaleirrigation applicationswithin thecapacityrangefor solarandwind pumps.
For applicationsbeyondthevery limited capacityofcommerciallyavailablesolarandwind
pumps,dieselis theonly reasonableoption(unlessmainselectricpumpscouldbe used).

Recommendations
Energypolicy in Sudanis currentlyweightedtowardsthe useof dieselfuel asan energy
sourcefor pumping.1f it is truly in thenationalinterestto promoterenewableenergytechnol-
ogy (RET) usein generalandrenewableenergysourcesfor pumpingin particular(which we 1

6 1
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believeit is, butonly with a goodunderstandingof the significantlimitationsof RET

pumps),then thefollowing actionsshouldbe considered:

• seta morerealistic(i.e., lesssubsidized)pricefor dieselfuel;

• setwatertariffs to fully reflect the life cyclecostof developing,operatingand
maintainingvifiage watersystems,andusefeescollectedto directly support
wateryardO&M atthe local district level;

• equalizeincentivesfor usingrenewableenergytechnologiesby expandingexisting
credit programsto includethesetechnologies,andpricingall equipmentbasedon
an unregulatedforeignexchangerate;

• developviableinsdtutionalplansfor commercializingproven,reliablewind and
solarsystems,inciudingaprogramfor financingthedevelopmentof thenecessary
infrastructureto supportthesesystemsover the longterm; and

• reducegeneralinfiationarypressures,whichwill fosterlongertermresource
allocationdecisionsbasedon life cyclecosting,ratherthanthecapitalcost-driven
decisionsof today.

However,theseactionsalonearenot sufficient to takeadvantageof the limited potentialfor
usingsolarandwind pumpsto partiallydisplacediesels.Usersmustunderstandandappreci-
atetheadvantagesthesetechnologiesoffer, while beingfully awareof their inherentcapacity
limitations.

Increasingthecosteffectivenessof investmentsin thewatersectorrequiresa closerexamina-
tion of traditionaltechnologiesaswell. TheNCRWRDshoulddevelopandfollow improved
designprocedureswhich ensurethatdieselenginesandpumpsaremoreproperlymatchedto
the waterresourceandthe demandprofile. More carefuldesignandbettermaintenanceof
dieselsystemswill reducefuel consumption,lengthenenginelife, andreducerecurrent
O&M costs.Donorsmustbe responsiveto standardizedNCRWRDdesignswhenproviding
village watersupplyequipment.1f “tied-aid” is politically necessary,donorsshouldconsider
using local currencyreservesto supportwatersectordevelopmentefforts,andusing tied
hardcurrencyto buy equipmentin anothersectorwhich is not so dependentuponstand-
ardization.

Thereis potentialfor using solarpumpsin small village watersystems.Broaderlong termex-
perienceis neededto morefully evaluatetheappropriatenichefor solarpumpuse,andto
promotethedevelopmentof thenecessarytechnicalskills to supportsolarphotovoltaicappli-
cations,mcludingpumping,coldchainvaccinerefrigeration,andtelecommunications.Ackli-
tional solarpumpsitesshouldbe identifled,particularlyin theNorthemRegion.Equipment
for 5-10village sitesshouldbe procured(althoughsomeis alreadyavailablethroughGTZ,
as yet uninstalled).Installationandperformancemonitoringshouldincludetheactivepartici-
pationof village beneficiaries,ERC,andtheNCRWRD.

Although theuseof wind pumpsappearsattractivefrom afmancialandeconomicperspec-
tive, theCWD 5000 hasshownlittle promise.Therehasbeenno evaluationof otherwind
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machinesin Sudan.This shouldbe correctedby monitoringandevaluatingalreadyavailable
Kijito wind pumps.A moredetailedmarketstudy for wind pumpsshouldbeconductedbe-
fore committingfurtherresourcesto widerscaledisseminationof wind pumps.The areas
thatappearmostsuitablefor windpumpingwill be in thenorthor alongtheRedSeacoast--
butdo not anticipatequickacceptance.

Technicaltrainingorganizations,inclucling theSudanTechnicalIJniversity,thetechnical
traininginstitutes,andtheprofessionalmechanicaltrainingschools,shouldintroduceenergy
efficiencyinto thecurriculumfocusingon practicalapplicationsof ~ wind, anddiesel.It is
only throughtheseinitiatives thata trainedcadreof technicianswill be availablenotonly for
photovoltaicpumpingutiization but alsofor othercost-effectivephotovoltaicapplications,
suchascoldchainvaccinestorageandtelecommunications.

ERC’s PumpingTeamshouldcontinueits on-goingevaluationof smail-scalepumpingsys- 1
tems.Detailedmonitoringfor all solarandwindpumpsitesshouldcontinueuntil a full year
of datais collected.After that, sincelittle additionalcostwill be incurredbeyondlaborand
transportation,additionalwind andsolarsitesshouldbe soughtfor monitoring.TheERC
PumpingTeamshouldcontinueto updateinformationon RETpumpfeasibility, andprovide
consultingservicesto interestedgovernmentandnongovernmentalorganizations.TheSREP
Village WaterSurveyshouldbecontinuedto inciudetheremainingregionsof Sudanbeyond
theKhartoumCommissionerateandCentralRegion.TheSmall Farmers’Survey,begunwith
theassistanceof theNationalExtensionAdrninistration,shouldbecontinuedto includean
examinationof moreremotesmall irrigatedfarms.

1
1
1
1
1
1
1
1
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2.0 Introduction

In theearlypartof this decade,theRenewableEnergyResearchInstitute(RERI) wasestab-
lishedaspartof theEnergyResearchCouncil(ERC); its mandatewasto identify, test,evalu-
ate,anddisseminaterenewableenergytechnologies.TheInstitutebeganby collecting
renewableenergydataandestablishingan appliedresearchfadiity at Soba.Thework has
sinceexpandedto includeappliedresearchefforts, developmentof renewabletechnologies,
andpromotionof viablerenewableenergytechnologies.RERI hadbegunto work with wind
andsolarpumpingsystemsprior to theestablishmentof ERC.However,it is only within the
lastseveralyearsthat bilateraldonorsupporthasled to aseriesof relatedwaterpumpingpro-
jects.During theenergycrisis in the 1970s,concernsaboutenergycostaandavailability led
to thecreationof theUSAID-fundedSudanRenewableEnergyProject(SREP).Theproject
beganin 1982; thecurrentphasegot uiiderwayin 1988.This secondphase,completedwith
technicalassistancefrom Associatesin RuralDevelopment(ARD) of Burlington, Vermont,
exploredthepossibility of wind andsolarenergyfor waterpumping,an activity initiateddur-
ing theendof thefirst phase.

2.1 Pumping Activity Background
TheERCandRERI first establishedtheirwaterpumpingprogramin responseto serious
watersupplyproblems;theseproblemswerehighlightedattheWaterResourcesSupply
Seminarin 1982,andreiteratedat theNationalEconomicConferencein 1986.ERC/RERI’s
assumptionwasthat renewableenergypumpingsystemscouldprovidea costeffectivealter-
nativeto manyof theproblemsassociatedwith conventionaldieseldrivenwatersystems.
Theseproblemsinciuded:

• fuelshortagesandhighfuelcost,

• availabilityof sparepartsandprocurementdifficulties;

• lackof skilled techniciansto maintainpumpingsystems,especiallyin rural areas;

• lackof adequatetransportation;

• poorcommunication;and

• agingfacilities.

Similar concernswereexpressedin the irrigatedagriculturesector.Unfortunately,theneeds
of large,public sector,pumpedirrigation schemesalongtheNile cannotbe metwith cur-
rentlyavailablesmail-scalewind andsolarpumpingtechnologies.However,it maybe possi-
ble to meetthewaterresourceneedsof small privatefarmersperforminglow headirrigation
from theNile andshallowaquifers.

In theaftermathof thehighpricesof the 1970sandearly1980s,anxietyamongwesternna-
tions aboutthe internationalpriceof oil hassomewhatreceded.However,in Sudan,thecon-
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cernaboutlocal fuel prices,theireffecton the balanceof paymentsand,in manyareasof Su-
dan, theavailabilityof fuel for waterpumpingremains.The Sudanesegovernmentis con-
cernedaboutthe implicit costof fuel oil as measuredin termsof import dependence.
Thereforegovernmentagencies,privatefarmers,andvillagesareinterestedin theuseof
wind andsolarpumpingasameansof reducingenergydependence,andtheoperationand
maintenanceburdenincurredby theuseof oil.

2.2 Goals and Activitles of the Program
Theobjectiveofthe ERC/SREPwaterpumpingprogramis to develop,within RERI, theca-
pability to assessthe technical,social,institutional, andeconomicissuesrelatedto meeting
ruralwaterpumpingneedsin Sudan.This will enabletheERC to respondto governmentand
nongovernmentrequestsfor assistancein choosingtheappropriatewaterpumpingtechnol-
ogy.

Thespecificgoalof thewaterpumpingprogramwasto field testa numberof currentlyoper-
atingpumpingtechnologies(includingdiesel,solarandwind pumps)to determinetheirtech-
nical feasibility andcomparativecostundertypicaloperatingconditions.Although
handpumpsareusedextensivelyin someareasin Sudan,theywerenot inciudedin thecur-
rentstudy; thedecisionwasbasedlargely on time andresourceconstraints.Thisworkequips
theERCPumpingTeamwith thecapabilityto designdiesel,solarandwind systemsand
makeappropriaterecommendationsfor their use.It alsofurnishesdataon factorswhich ef-
fectwaterpumpingcostandsustainableoperation.Thesefactorsinciudereliability, technical
capacity,costa,andthe institutionalarrangementsnecessaryto provideserviceeconomically.

Theactivitiesof thepumpingcomponentof theERC/SREPprojecthavebeenguidedby the 1
reportWaterPumpTestingandEvaluationin Sudan- ProjectDesignby RichardMcGowan
andRussellDeLucia(Reference11). Thetestingandevaluationmethodologywasbasedon
theHandbookfor ComparativeEvaluationofTechnicalandEconomicPetformanceof
WaterPumpingSystems(Reference19).This methodologywasmodifiedandadaptedto the
consiraintsof resourcesandtransportationin Sudan. 1
TheERC/SREPPhaseOneactivitiesinciudedan initial outlineof thenecessaryprogram
steps,a seriesof preparatorystudiesto assembleageographicaldatabase,an explanationof
thepetroleumandelectricitydistributionsystems,andadescriptionof therenewableenergy
andgroundwaterresourcesin Sudan.In early 1988PhaseTwo setthefollowing tasks:

• technicaJdatacollectionfor pumpingsystems; 1
• dataanalysisandpumpoutputmodeling;

• collectionofinformationon operationandmaintenancerequirementsandCosta; 1
• inventoryofpumpingequipmentavailablein Sudanandits costa;and

• financialandeconomicanalysesof pumpingsystemsusing thetechnical,financial 1
andeconomicdatacollected.

1
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The primarypurposeof thetechnicaldatacollectionwasto assemblepumpperformancedata
asafunctionof theenergyresource.Fordieselpumps,this meansfuel consumptionand
waterdeliveryasfunctionsof enginesize,pumpinghead,andoperatingconditions.For wind
andsolarpumps,waterdelivery is afunctionof wind speedandsolarradiationlevels.Data
collectionfor wind andsolarpumpsbenefitedfrom theuseof microprocessorbaseddatalog-
gers.Dieselpumptestingwasperformedduringshortvisits to pumpingsites.The SREPpro-
ject hasnotpurchasedany newwaterpumpingequipment.Thefocusof theprogramhas
beenin evaluatingexistingsystemsandtheanalysisof systemchoice.

Dataanalysisincludedplottingpumpperformanceandcheckingmeasuredperformance
againstmanufacturers’specifications.Theoreticalmodelsfor pumpperformancewereven-
fied ordeveloped,andusedto predictpumpperformanceunderotherconditionsof head,av-
eragewind speedor solarradiationlevels.Theresultswerethenusedto designpumping
systemsorto identify pumpingsystemswhich wereoperatingproperly.Theeffort to address
thesocial,institutionalandeconomicissuesrequireda baseof informationon maintenance
andrepaircostsfor diesel,wind andsolarpumps.This work includedareviewofcurrently
availableinformation,datacollectionat thetestsites,andselectedsurveysof vifiages,farm-
ers,andpumpingequipmentdealers.Theinformationis critical to theestimationof long-
termO&M requirements.

Thefinancialandeconomicanalysescalculatepresentvalueunitwatercostderivedfrom life
cycleanalysistechniques.Theuseof computermodelsfor theseanalysesallows for therapid
identificationoffinancialandeconomicfactorswhichhavethemostimpacton watercost.
Giventhecurrentrateof changeof manyfinancialandeconomicparameters,this approach
providestheflexibility that analystsandplannersneedin exploringwaterpumpingchoices.
TheinformationcollectedandtheanalysesperformedshouldguidegovernmentandNGOs
in thechoiceof pumpingequipment,theenergyefficiencyof varlousequipmenttested,cost
issues,andlargernationalenergyandeconomicplanning issues.

2.3 Related Renewable Energy Pumping Activitles
Within bothgovernmentagenciesand thedonorcommunitytherehasbeenconsiderablein-
terestand activity in renewableenergypumping.During the lastseveralyearsanumberof
differentwind andsolarpumpingsystemshavebeeninstalledin theSudan.Sofar thesesys-
temshavebeenprovidedto thegovernmentof theSudanasgifts andgrantsfrom interna-
tional multi-lateralandbilateraldonorsto helpdemonstratethepotentialfor alternative
technologies.To date,neitherwind norsolarpumpshavebeenpurchasedat full costby the
governmentor theprivatesector.

2.3.1 WindEnergy Utilization
Perhapsthemostwell-known effort in wind energyutilization in Sudantookplacein the
early 1950swith the installationof morethan150 SouthernCrosswindmills in theGezira
area.As demandoutgrewtheabiity of windmills to providetheneededwaterandasprob-
lemsbeganto occur,mostof thewindmilis wereabandonedorreplacedby dieselengines.
All of theseunits werereplacedby dieselpumpsin the1960swhenenergywasreadilyavail-
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ableandrelatively inexpensive.Othermakesof windmills includingDempsterandBlake
havebeeninstalledin scatteredlocationsfrom Zelengiin thewest,AtbaraandWad Halfa in 1
thenorthandalsoin theeast.Althoughafew of thesewindniills continueto operate,thelack
of adequatemaintenanceandsparcpartshaslimited their usefulnessandacceptance.

Thepotentialfinancialandeconomicbenefitsof local fabricationalongwith thebenefitsof
available,locallymadesparesandservicecapabilityledto theSudanWindEnergyProject,a
bilateralDutch-fundedproject,begunin 1985.Thegoalof this projectwasto establish,
within a local firm, thecapacityto build andservicetheCWD 5000windmill (seeFigure1);
its primaryapplicationwasto befor smail-scaleirrigation. Tenmachineswereimportedin
1986 andseveralmachinèswereconiiuissioiiedfor localmanufacture;oneofthesewassub-
sequentlybuilt andinstalled.Thetenimportedmachinesarecurrentlyinstalledin andaround
Khartoum.Although thereis currentlyno long-termDutchstaffin Sudan,norhastherebeen
anyrecenttechnicalassistance,theprojectis stil active.Technicaltraining in installationand
maintenancewasprovidedto ERCtechniciansandtheycontinueto maintainandrepaira
numberofthewindmills. Records
arebeingkeptof cropsproduced
andareasirrigatedfor ademonstra-
tion farm at theSobaResearchSta-
tion. Theprogramis now readyto
beginasecondphasewith the local
privatesectorfabricationof several
windmills for saleto privatepur-
chasers.Theplanincludestechni-
calassistanceto oneormore
privatesectormanufacturingfirms.
Programmaticdelayshaveham-
peredtheinitiation ofthis phase.

TheSpecialEnergyProject(SEP),
fundedby Geseilschaftflir Tech-
nischeZusamnienarbeit(GTZ—the
TechnicalAssistanceAgencyof the
FederalRepublicof Germany),is a
sisterprojectto SREP.Thisproject
(begunin 1984)inciudesawater
pumpingdemonstrationcompo-
nentTheSEPinitiated its wind
energyactivitieswith therepair
of tbreeSouthernCrosswindmills.
Onewasinstalledat Sobaandtwo
in WadiHalfa.Theoneat Sobawas
takendownin orderto deepenthe
well andhasnotyet beenre-in-
stalled.Thetwo in WadiHalfahave
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t-u ,....a 2.1. i..~wu wind pump (wfth anemometer
tower) at ERG’s Soba Research Station.
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notbeenvisited for morethana yearasaresalt,atleastin part,of thetransportationclifficul-
ties.Theprojectalsoimportedtwo Kijito wind pumps(8- and 12-footdiameters).Thesema-
chineswereintendedfor demonstrationprior to arranginglicensingagreementswith a local
manufacturingfirm. To datethe two Kijitos havenot beeninstalledbecauseanumberof
partswerelost in transit. In addition,disagreementshavearisenbetweentheprojectandthe
intendedlicensee,andotherproject activitieshaveusurpedtime andenergyfrom theseef-
forts.

ThreeKijito wind pumps(two 20-footandone 16-foot)haverecentlybeeninstalled(mid-
1989)at Kelli, a smallvillage on thewestsideof theNile andnorthof Shendi.This project
is partof theforestrycomponentof theNorthernRegionAgricultural Productionproject
fundedby theBritish OverseasDevelopmentAdministration(ODA). All areinstalledon shal-
low wells with pumpingheadsof under20 meters.Plansarein placeto monitorthesepumps
independentlyusingDulasmonitoringequipment.It now appears,however,that theKijitos
over-pumptheexistingweils causingexcessivepumpwearandraising thepossibilityof
longertermdamageto thewind pumps.Possiblesolutionsto this situationarenow under-
way.

TheAdventistDevelopmentReliefAgency(ADRA) hasconsideredtheuseof windmills in a
projectin theKarimaareaof NorthernRegion.Both theKijito andtheSouthernCrosswere
studiedfor possibleusein anareawith averageannualwind speedsin the5.5 m/s range.No
final decisionshavebeenmadeyet.

2.3.2 Solar Energy
TheERChasbeeninvolved in efforts to utilize Sudan’ssignificantsolarresourcefor pump-
ing water.Two Sofretessolarthermalpumpswereinstalledin 1977at ERC’s SobaResearch
StationandHillat-Hamedi.Thesedid notproveto be reliableandwereabandonedin 1979.
In 1978, Sudanparticipatedin earlyfleld testsof solarphotovoltaic(PV) pumpingtechnol-
ogy throughaUNDP internationalevaluationprogram.Two PV pumpswereinstalledat
Butri 30 km southof Khartoumin 1981.Oneof thesepumpswaseventuallyremovedandre-
installedat ERC’sSobatestsite.Theresultsof this seriesof testsandthedemonstrationsof
thesesmall irrigation pumpsindicatedapromisingfuturefor somePV pumpingsystemde-
signsin Sudan.

Grundfosdonatedtwo solarpumpsto theERCwhich in 1983wereinstalledat theUniver-
sity of Gezira(nearWadMedani)andtheHodiebaResearchStation(nearEd Damer).Both
pumpshaveoperatedwithoutmajordifficulties andbothhavebeenevaluatedaspartof the
ERC/SREPpumpingprogram.Thepumpat theUniversity ofGezirahasbeenthesubjectof
severalperformancetestsby thestudentsandfaculty; thesetestresuitscanbe foundin Chap-
ter5.

In additionto thewind energyactivitiesmentionedabove,theSEPis activelyinvolvedin in-
stallinganddemonstratingPV pumpingsystems.Ten low head,floating, KSB Aquasol
pumpswerepurchasedin 1987.Oneof thesewaslocatedat Shambatin KhartoumNorth and
is providingwaterfor a small irrigatedplot (seeFigure2.2).Theremainderof thesepumps
havenotbeeninstalledyet.More recently,threeGrundfossolarpumpswerepurchased.One
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of thesewasoniginally operatingattheSobasite. Thepumpwasdamagedby particulatemat-
tenin the water.Thewell hasnow beenrehabilitatedanddeepened;anewpumphasbeenin-
stalled.The ERCpumpingteamrecently(February1990)installedmonitoringequipmentat
this site to measurethepump’sperformance.Othersolarpumpsarescheduledfor installaton
atlocationsaroundKhartourn.At leastone of thesewill be partof acollaborationwith 1
ADRA to providewaterfor displacedpeople.ADRA is alsoplanningto inciudeseveralsolar
pumpsaspartof an agriculturalprojectlocatedmid-waybetweenKhartoumandKarima.

As partof theWesternSavannahDevelopmentProject(WSDP),theOverseasDevelopment
Agency(ODA) is funding a watersupplyrehabilitationprojectin collaborationwith the
NCRWRD.A featureof this projectis the installationandmonitoringof PV pumpsto aug- 1
mentwatersuppliesin thewateryardsof SouthernDarfur Province.Eight systemsincluding
Grundfospumps,Mono pumpswith electroniccontrollers,andjackpumpshavebeen
planned.Thetwo Grundfossystemshavebeenplacedon deepboreholes(greaterthan80 me-
ters) identifiedby theNCRWRDoffice in Nyala. Localsentimentconcerningthepumps,
whichdeliver lessthantenpercentof thenecessarywater,is thattheyshouldbe removed
andreplacedwith dieselunits.A re-assessmentof theprojecthasjust beencompletedwith
plansto usesomeinnovativetechniquesto increasethesolarpumpoutput.Theseinciudethe
useof two pumpson oneboreholeandincreasedarraysizesfor severalothersystems.Pro-
jectplannershopethat this will increasepumpoutputto 20 to 25 percentof thewaterrequire-
mentandsatisfylocal solarpumpdetractors.TheERCis planningto becomeinvolvedin the
monitoningandevaluationof thesepumps.Also attheODA NorthernAgricultural Project
site atKelli, aBP Solar/Grundfossolarpumphasbeeninstalledfor irnigatingshelterbelts
(seeFigure3).

TheSwedish-SudaneseFniendshipAssociation,asmall NGO,haspurchasedfourGrundfos 1
solarpumps.Twoof theseareinstalledin villagesnortheastofBara with two moreplanned
for installationassoonasweilsandstoragetanksarein place.Thepumpsareto be usedfor
village gardeningandto supporttheestablishmentof shelterbelts.A fifth solarpumpis
plarined.TheERCPumpingTeamhasbeenactivein monitoningtheperformanceof two of
thesepumps(seeChapter5) andhasprovidedvaluableinformationto projectpersonnelon
theusepatternsfor thesepumps.

Otherrecentdemonstrationswith PV pumpsinciudeda4,000peakwattinvertedAC pump
donatedby the Japaneseandinstalledat NCRWRDheadquartersjust southof Khartoum.
This system,designedto provide100cubicmetersperdaythrougha 100 meterhead,over-
pumpsthewell (becausethe total headis in reality only 40 meters)andis not in continuous
operation.ThreePV pumpsweregivenby theFrenchEmbassythroughTotal EnergieDevel-
opment;two were installedin theGeziraandone nearKarimain NorthernRegion.These
weredesignedfor low headapplication,buthavebeenoutof operatonfor extendedperiods
asaresultofproblemswith thecontrolsystems.A BP/Grundfospumpwaspurchasedandin-
stalled,alongwith the threeKijitos aspartof theNorthemRegionAgriculturalProduction
projectmentionedabove.Thepumpwaslocatedon ashallow,handdug well whichrecently
collapsed.Thepump wasnot operatingatthetime; asyetit hasnot beenremoved,cleaned,
andinspectedfor damage. 1
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Planningis underwayfor a seriesof areadevelopmentschemes,managedandfunded
througha flve-yearUNDP program.Theseprojectsareplannedfor five areas(twoin Darfur
andoneeachin Kordofan,NorthernandEasternRegions).Theprogramwill be initiated in
theEl ObeidArea Council.Activitieswill be focusedin two areasof communitymanagedde-
velopment:incomegeneratingandenvironmentalmanagement.As wateris a majorlimiting
factorto developmentin thearea,thedemonstrationandiniroductionof PVpumpsis sug-
gestedasoneof the 11 sub-projects.Thecurrentbudgetallows for thepurchaseof 15 to 20
pumps.

Theseandotheractivitiesmakeit dearthatthereis considerableinterestin findingworkable
solutionsto smali—scalewaterpumpingproblems.
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3.0 Water Pumping Sector
Organization and Institutions

This chapterbriefly reviewsthe organizationof thesmail-scalewaterpumpingsector.Theca-
pacity liniits of wind andsolarpumpsprecludetheirconsiderationfor large-scalewater
pumpingsuchasurbanwatersuppliesormajorirrigation schemes.Althoughsomeof thefol-
lowing discussionmayapply to largerpumpingsystems,theywill notbe formally consid-
ered.ThissectionexarninesthecurrentNCRWRDstructure,private sectorpumpand
equipmentsuppliers,andthesmall farm irrigationpumpuser.

3.1 National Corporatlon for Rural Water Resources Development
In colonial times (prior to 1956),responsibilityfor rural watersupplieswasdivided amonga
numberof agenciesinciuding theDepartmentof Agriculture,theSoil ConservationCommit-
tee,RuralWater SupplyandSoil ConservationBoard,theRuralDistrict Councils,theHydro-
logical Sectionof theDepartmentof Irrigation, andfinally theLandUseandRuralWater
SupplyDepartment.This organizationaldevelopmentproceeded,partly in responseto con-
cernsaboutsoil erosionanddegradationof theenvironment.This Departmentsupportedcon-
structionof waterpointsandalsoprovidedsupervision,with operationandmaintenance
budgetsallocatedby thelocalgovernment.During this period,thefirst wateryardswerees-
tablished,mostlyin theDarfurandKordofanregions.A wateryardtypically consistsof one
or moreboreholesequippedwith dieselpumpsetssupplyingastoragetankanda distribution
systemto taps,all enciosedin afencedyard (seeFigure3.1).A clerkcollectsfeesandmoni-
tors wateruseby humansandanimals.An operatorrunstheengineandprovidesminormain-
tenance.Sometimesa guardis employedaswell. Theterm “wateryard”hascometo mean
any centrallyoperatedwaterpointutilizing dieselor electricpumps.

Political changescausedtheorganizationalevolutionofresponsibilityfor rural watersup-
plies to move from theLandUseandRuralWaterSupplyDepartmentto theRuralWaterDe-
velopmentCorporationandfinally to theRuralWaterCorporation(RWC) within the
Ministry of RuralDevelopmentovertheyearsprior to 1976.At this time, RWC tookoverthe
operationandmaintenanceofrural watersuppliesexceptfor guardsandoperatorswho were
stili paidby localgovernments.During thedecentralizationeffortsof theearly 1980s,all re-
sponsibilitywas handedoverto regionalgovernments.However,with theestablishmentof
theNationalCorporationfor RuralWaterResourcesDevelopment(NCRWRD) in 1985,op-
erationswereagaincentralized;construction,operationandmaintenancebecametherespon-
sibiity of the NCRWRD.Fundsarecollectedfrom village waterusersandremittedto the
Ministry of FinanceandEconomicPlanning(MFEP).Operationalbudgetsareagreedto and
approvedby MFEP.

Until themid-1960s,themajorgeographicalareaofformal governmentactivity in rural
watersupplieswastheinstallationof about450 wateryardsin thewesternregions.Thedec-
adefollowing theinitiation of theAnti-Thirst Carnpaignin 1967sawheavyinvestmentin the
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ruralwatersector.By 1977 therewereabout2,400ruralwateryards.Investmentin thesector 1
hasbeenmuchslowerin recentyears.Therearenow approxiniately3,600rural wateryards.
Otherwatersystemsinstalledby theNCRWRDin areaswheresurfacewateris availablein-
cludeapproximately170 slow sandfilters andabout1,100hafirs.Hafirs areman-made,pro-
tectedcatchmentswith pumpingsystemsfor waterdistribution.Recently,with theassistance
of UNICEF, theNCRWRDhasembarkedon aprogramto utiuizehandpumps.Therearenow
about5,000IndiaMarkII handpumpsinstalledin 3 main projectareas:BahrEl Ghazal,
SouthKordofan,andRedSeaprovinces.

TheKhartoumheadquartersof theNCRWRDis responsiblefor policy planninganddesign. 1
It is organizedinto 5 departments:ResearchandWaterResources;Supply;Workshopand
Manufacturing;OperationandMaintenance;andFinanceandAdministration.TheResearch
andWaterResourcesdepartmentis responsiblefor groundwaterandsurfacewaterinvestiga-
tions,drilling, anddesignandconstruction.Major activitiesaresupportedby Italian, Yugo-
slavian,WestGerman,British andDutchbilateralaid, andArabFund,WorldBankand
UNICEF multi-lateralcontributions.A wide rangeof smallerNGOrehabilitationandcon-
structionprogramsarealsoworkingin collaborationwith NCRWRDheadquartersandre-
gional offices. 1
The9 NCRWRDregionalofficesaredirectly linked to headquarters;theirresponsibilitiesin-
cludeplanninganddesign.Theregionalandprovincialoffices (19)carryoutwateryardcon-
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Figure 3.1. Typical village system with Andoria diesel and Grundfos vertical turbine pump
at El Sundudab.
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structionactivities andareresponsiblefor operationandmaintenancesupport.Mostconstruc-
tion is managedat this level with planninganddesignapprovalfrom Khartoumheadquarters.
Thereis little or no NCRWRDactivity in the3 southernregionsasaresultof thepresentse-
curity situationin theseareas.In additionto theregionalandprovincialoffices,therearedis-
trict offices,manyof whichalso maintainworkshops.Constructionandimprovementof
theseworkshopshavebeensupportedby theYugoslavianprogram.Theworkshopswere
originally equippedwith machinerysuchaslathes,drill pressesetc.,andsomespareparts for
pumpsandengines.Adequatespares,technicalstaffing, transportation,andfundingarema-
jor problemsat this level. It appearsthatin manycasestheseworkshopsarenot ableto offer
adequateoperationsandmaintenancesupportto village wateryards.

At thevillage level, theNCRWRDmaintainsapresencewith operators,clerksandguards.
This arrangementis not universal.Somevillagesdo not haveagu~rdor, wherefeesarenot
collected,aclerk. Theequipmentusedin thewateryardsvariesby wateryardtype,pumping
requirement,andgeographicalregion.In thewesternregions(KordofanandDarfur), theen-
gineandpumpof choiceappearto be ListerenginesandEdecojackpumps.TheYugoslavian
TorpedoengineandShoellerjackpumparealso widelyused.Largerengines,mainly An-
doriaandBukh, drive verticalturbinepumps(Grundfos,Cato,Rotos andothers)in there-
gionsalongthe Nile. In facttherearemorethan10 makesof enginesandpumpsin use.
Manyof thesepumpsetsareold, datingto wateryardconstructionin thesixties.In addition
to applyinglocalpressureto constructnewwateryards,NCRWRDis currentlycollaborating
with a numberof bilateraldonorsandNGOs to rehabilitatetheold wateryards.Severalof
theseprojectshaveexpressedinterestin solarpumps.

In thewesternregionsof KordofanandDarfur,wateryardsarefor themostpartconfigured
asdescribedabove.Wateryardclerks collectuserfeesof about5 piastersperjerrican(18 li-
ters),25 piasterspercamel,10 piastersfor small stock. Thefee level andtheuseofthecol-
lectedfeeshavebeena sourceof muchcontroversyin recentyears.In areaswherevilagers
payNCRWRDclerks,acircuit rider systemfor collectingthesefeesandforwardingthemto
theMFEP is in place.NCRWRDdependsentirelyon MFEPfor capitalandoperatingfundal-
locations.Vifiagerscontendthatthefeestheypayshouldbe usedfor theoperationandmain-
tenanceof theirwateryard,andbelievethatthemoneygoesto pay salariesandoverheadsat
regionalandcentrallevels.Thereis sometruth to this argument;as approvedbudgetsat the
nationallevel arenotadequateto coverall of NCRWRDcosts,activity at the local levelssuf-
fers.

In CentralRegionandKhartoumCommissionerate,villagersoftenhaveprivateconnections
andcommunitystandpipes.Many villageswith government-ordonor-financedsystemsdo
not pay feesto theNCRWRDbecause,astheNCRWRDexplains,if watercostsmoney,then
peoplewill usewaterfrom irrigation ditchesandtheNile. In NorthernRegion,manyof the
systemswerefinancedlargelyby villagers,andthis providesthevillage with considerably
moreleverageto operatethewater systemsastheychoose.In theseareas,fees to coverop-
erationandmaintenancecostsareoftenassessedperhouseholdandpaidto a watercomrnit-
tee.A senseof village ownershipandlocal operations’managementaremuchmoreevident
in thesevilages.In all regions,NCRWRDdistrict workshopsareavailableto assistin re-
pairs.
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3.2 Village Participation In Water Suppiles
As mentionedabove,NCRWRDasanorganizaüonhasformal responsibilityfor theopera-
tion andmaintenanceof rural watersystems.In recentyearsbudgetaryconstraints,transpor-
tation problems,andlackof skilled laborandspareshaveseverelyresirictedNCRWRD’s 1
ability to fulfill this obligation.In manycases,vilagers,in theirneedto obtainwater,have
beencontributingdirectJyto theoperationof villagewatersupplies.Villagersparticipatein
severalways;their levelandtypeofparticipationvaryregionally.Theareaexhibitingthe 1
greatestvillage participationis theNorthemRegionalongtheNile. Villagersin this areaare
relatively wealthy,havea historyof cooperation,havebroadfaniiliarity with technology,and
havefamily connectionsin Khartoumandabroad.NCRWRDreportsthatin a numberof
casesvillageshaveraisedandcontributedamajorshareof theinstallationcostof theirwater
systems.This placestheNCRWRD undersomepressureto be responsiveto thevillagers’ de-
sires.It appearsthatvillagerscontinueto feelan ownershipof thesystemsandmanagethem
througha local watercommittee,collectingtheir own feesandarrangingtheirownmainte-
nanceandrepair.TheNCRWRDworkshopsareusedasafirst responsewhenproblemsoc-
cur, but oftenvillagerswill resortto theprivatesectorfor maintenanceandrepairwhenthe
NCRWRDis unableto providetheseservices.

In KordofanandDarfur,theNCRWRD maintainsmuchtightercontrolof thewateiyards. 1
Theybelievethatvifiagerscannotorwill not maintainequipmentproperlyandthat this will
resultin an increasedburdenon theorganizationwheneventuallythevifiagerscometo them
for assistance.TheNCRWRDpointsto earliertimeswhenvillagershadmorecontrolof their
watersuppliesandmanyfeli into disrepairanddisuse.Ownershipof watersupply systems
hasalwaysresidedwith governmentagenciesandassuch,vilagersseemto believethat the
governmentshouldbe responsiveto theirneeds.TheNCRWRDarguesthatit hastheman-
dateandnecessaryskills to maintainandrepairenginesandpumpsin theseareas.However,
theylack theresourcesto performthejob. In response,villagers,sometimeswith theap-
provalandassistanceof donorsbut oftenon their own,haveorganizedto assistin theopera-
tionandmaintenanceof theenginesandpumpsin theirvillages.

In KordofanandDarfur,it hasbecomequitecommonfor villagersto assessa surchargeon
thewaterfeespaidto theNCRWRD; thevillagersusethesemoniesto fundfuel andspares
for wateryardoperation.Fuelis particularlyaproblemastheNCRWRDdoesnot geta suffi-
cientallocationto meetwateryardpumpingneedsandis forbiddento purchasefuel on the
blackmarket.This leavesthevillagersresponsiblefor obtainingfuel in orderto keeptheir
systemsoperational.Village committeesalsoarrangefor thepurchaseof sparesfor repairof
equipment.NCRWRDarguesthatany maintenanceandrepairdoneby privatemechanics
voids NCRWRDresponsibiityfor thesystem,sovilagesoftencometo NCRWRDto geta
mechanicto completetherepairs.Oftenthe villagearrangestransportationto andfrom the
wateryardfor themechanic.In spiteof NCRWRDstatementsaboutresponsibiities,somevil-

lagesfind it moreexpedientto workdirectly with theprivatesector. 1
1
1
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3.3 Private farmers
In additionto thelargergovernmentandcooperativegravityandpumpedirrigationsystems
in Sudan,manyprivatefarmersusedieselpumps,particularlyalongtheBlue andWhite
Niles andsectionsof theAtbarariver. Thesesystemspumpdirectlyfrom theriverorfrom
largediameterwells nearby(seeFigure3.2).Therearealsoanumberof areasawayfrom the
Nile wheresmail-scaleirrigatedagricultureis practiced.Thereareroughly 60,000privately
ownedsmall farmsin Sudan.This doesnot inciudesmall plotsin governmentirrigation
schemesorfarms thatareleasedor sharecroppedby thefarmer.Manyotherprivatelyowned
small farmsarefoundin areasnearEl Obeid, Dilling, En Nahud,Kassala,Doka,Nyala, El
Fasher,andothertownswherethewatertableis 10 metersor lessandareadymarketfor
high valuecropsexists.About 3,000of thesefarms areunder5 feddans(1 feddan= 1.03
acres)with an estimated1,000under3 feddans.

Incomesreportedperirrigatedfeddanrangefrom Sf.1,000to S~7,000dependingon cropand
marketlocation.Smail-scaledieselpumpingfrom theNile in theareasaroundKhartoumbe-
ganduringthemid-1940s.Enginesgraduallyreplacedtraditionalanimallifting methodsun-
til the 1950swhentheuseofdieselenginesorelectricpumpswasalmostuniversal.Now,
mostsmall farmerswithoutreadyaccessto eleciricityareutilizing 2- to 4-inchsurfacecen-
trifugal pumps.Theenginepumpunits areplacedon skidssotheycanbe movedastheriver
risesandfails. Whenthewatersourceis adugwell, thepumpis oftenplacedin thewell and
drivenby beits with an engineon thesurface.Occasionallytheentirepumpsetis placedin
thewell. Almost all farmersareusingIndian-madeListerengines(i.e., Indian—builtcopiesof

Figure 3.2. Field maintenance of a typical small-scale irrigation pumpset
along the Nile.
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theslow running,water-cooled,singlecylinder 6/1 or 8/1 Listerdesignoriginally built in the
IJ.K.). It is estimatedthat thereare 600,000small enginepumpsof this type in Sudan. 1
TheAgriculturalBankof Sudan(ABS) providesloans to small farmersto purchasediesel
pumpson 3-yearinstailmentloanscurrentlyat 19 percentinterest.The ABS importsdiesel 1
pumpsetsthroughdonorhardcurrencygrantsandprovidestheequipmentto farmersat a
pricebasedon theofficial exchangerate.This policy resuitsin apumpsetpricewell below
themarketvalueof theequipment.Similarpurchasearrangementsarenotcurrentlyavailable 1
for eitherPV or wind drivenpumpingequipment.However,theavailabiityof theseABS
loansis limited andmanyfarmershavepurchasedtheirequipmentoutright. Fuelallocations
areavailablefor farmerswith dieselpumps.Whenfuel is available,farmerstakeadvantage
of thecontrolledpriceoftheallocation.Otherwise,theypurchasefuel on theopenmarket.
Maintenanceandrepairof small enginesareusuallyperformedby local mechanics.TheIn-
dianListerengineis forgiving andrelativelyeasyto keepoperating.Partsareusuallyavail-
ablein themarketpiace.

3.4 Private Sector Support
Both farmersandvifiagesrely heavily on theprivatesectorfor sparepartsandfuel. There
are 10 to 12 majorlicensedimportersfor enginesandpumps;theyrepresentmajorEuropean
andAsianmakesof enginesandpumps.Theseagentshaveoffices in Khartoumand3 have
branchesin othertownsin Sudan.Equipmentandsparesareoftensoldto traderswho then
taketheseto othertownsandvifiagesfor resale.Currentrestrictionson imports(asaresult
of foreignexchangeconcernsandthedifficulty of obtainingimport licenses)severelylimit
theircapacityto providebothnewequipmentandspares.Also governmentmandatedpricing
policiesreducetheincentivefor somesuppliersto partwith theirstock.However,particu-
larly for theIndianListers,thereis an activesecondarymarketin reconditionedequipment
andpossiblyin smuggledspares.Profit mark-upsof 25 to 30 percentareconsideredaccept-
able.Recentchangesin the import licensingprocedurehavevirtually stoppedall legal impor-
tation of engines,pumpsandspareparts.This meansthatvirtually all of theequipment
acquiredby farmerscomesthroughtheAgricultural DevelopmentBank.Underthis arrange- 1
ment, theABS requeststendersfrom local firms for thesupplyof pumpsetsandspareparts.
TheABS, with foreigncurrencysuppliedby adonor,arrangesfor theoff-shorepurchaseof
equipnientthroughthesuccessfulfirm. Thelocal firm merelyarrangesthetransactionfor a
feepaidin localcurrency.

Fueldistribution,previouslycontrolledby a governmentparastatal(GeneralPetroleumCor-
poration),is atpresentcontrolledby themilitary atfixed subsidizedprices.Although formal
allocationsaremandatedfor NCRWRDfor vehiclerequirementsandwateryardoperation
andfor farmersfor irrigation pumps,oftenthesesuppliesarenot available.However,fuel is 1
almostalwaysavailableon theopenmarket,oftenatconsiderablyabovetheofficial price.
TheNCRWRDconcernaboutfuel availability reflects theavailability of allocationsto them
andnot necessarilyavailability on theopenmarket(in which theyareforbiddento partici- 1
pate).

1
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The privatesectoris alsoactivein the renewableenergyarea.Thereis currentlyarepre-
sentativefor BPSolar,andfor Arco SolarandGrundfosin Khartoum.Thereis alsoaKSB
dealerin Sudan.Thesecovertherangeof testedequipmentandall of thecurrentlyinstalled
andoperatingsolarpumps.Thesedealersalsohavetheexpertiseto assistin equipment
choice, installation,andrepair.However,thereis no supplyof sparepartsin thecountryasa
resultof thedifficulty in obtainingimport licensesandthelimited demandfor items that may
be inventoriedfor sometime. Also thereareseveralmanufacturersconsideringthe local pro-
ductionof wind pumps,eithertheCWD 5000 ortheKijito. Theseflrms havelimitedrawma-
terials andarenot likely to produceanysignificantnumberof windmills unlessthesituation
changesradically.

In thesenow uncertaineconomictimes,concernaboutthecontinuedavailabiityof spare
partsat reasonablecostandtheavailability of fuel for conventionalpumps,particularlyin
morerural areas,is justified. Theseconcernsleaddirectly to interestin alternativetechnolo-
gieswhich hold thepromiseof reducedmaintenance,fewer spareparts,andfreedomfrom
conventionalfuel sources.
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Water and Energy Resources4.0

4.1 Water Resources
The mostprominentfeatureof Sud.an’sgeography(seemapsin AppendixB) is theNile river
system(includingtheWhite andBlue Niles) which bisectsthecountrynorth to south. In
northernSudanawayfrom theNile systemandits fewtributaries,the land is dry semi-desert
to desert.Thepopulationdensityis highestalongtheNile andits tributaries.Thesurface
waterof thesenversis utilized for vifiage watersuppliesandirrigation. Neartherivers, the
watertablelevel normallyremainshighwith largediameterhanddug weils in usebothfor
watersupplyandirrigation.

GroundwatersourcesinciudethevastNubianandlJm Rwaabaaquifers,theGeziraforma-
tion, severalsignificantareasof basementcomplex,andnumeroussmallersuperficialdepos-
its. Thesedimentarydepositsof the Nubianaquiferunderlie28 percentof Sudan’sarea,
largely in thenorthandwest,northwestofKhartoum.This aquiferis dividedinto six major
basinswhich covermuchof theareaof northernSudanfrom theRedSeahiis westandfrom
theniiddle of CentralRegionnorth (exceptfor thebasementcomplexareasof centralKordo-
fan andtheJebelMarraplateau).Thegroundwaterwaterlevelsrangefrom 5 to 120meters;
thelevelsevenflow to thesurfaceattheoasesEl NatrunandNukheilain thenorthwestern
partof Sudan.In theseaquifers,well yieldstendto be good,oftenin therangeof25 m3/hour
or more.

TheUm Rwaabasedimentaryformationunderliesa largeareain Kordofan,eastof Bara to-
wardsUm Rwaabaandsouthinto theSuddregionasfar asJuba,thenwestandnorth to Wau
andNyala.This areais generallyto thesouthof theNubianaquifer. Water tabledepths
rangefrom 10 to 70 meters.This aquiferlies underabout20 percentof thecountry.Well
yields tendto be goodbutwaterquality (salinity andsulfates)is aproblemin isolatedareas.

Thereareseveralmajorareaswheregroundwateravailability is complicatedby basement
complexes.Theseincludethelateritic ironstonesof southwestSudanin Bharal-Gazaland
WestEquatoria,theAeoleanGozsandsof centralKordofanfrom KadugaliandDilling north
throughEl Obeidandthento thenorthwest,andtheRedSeahills, JebelMarraplateauand
theIngasanahills eastofWhite Nile southof Ed DueimandKosti. Roughly45 percentof Su-
danis underlainby basementcomplexes.In theselocations,thegroundwaterresourceis gen-
erally liniited but existsin deeplyweatheredandfracturedareaswhererechargeis from ram
andrun-off. Productiveweils arepossiblein someareasbutdeepboreholesareoftenre-
quired.Low yieldsandgreaterdrawdownsarecharacteristicsof manyof thesewelis.

Therearelow yield handdug welis of 20 to 40 metersin someareasof NorthKordofan.
Weils of 30 to 50 metersexistin BahrEl GazalandWestEquatoria.UNICEFhasbeenor is
activein theseareasaswell astheRedSeahuis in supportofhandpumpinstallation.

Alluvial basinsandseasonalstreams,thetraditionalsourcesof water,havebeenof special
importancein manyplaces;theyprovideshallowwaterfrom 5 to 20 meters.Drainagefrom
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hill areasgeneratesseasonalstreamsandwadiswhich in turncreatefarmingopportunities.
Wateris oftenavailablefrom temporaryorpermanenthanddugwelis of 5 to 10 meters.Tra- 1
ditional travelroutesandoldervilagesdependedon thesesourcesuntil modernwell drilling
equipmentallowedthetappingofwaterin otherareas.

Wind andsolarpumpsareeconomicallymostviablein areaswherethewatertablesarehigh.
Theseareasincludemostof thelandalongtheNile andanumberof scatteredlocations
aroundSudanwherewatercanbe pumpedfrom shallowboreholesandhanddugweils in the
rangeof 30 to 40 metersor Iess.

4.2 Energy Resources
Theenergysourcesof interestaredieselfuel, solarradiation,andwind. Theseenergyre-
sourcesandthecharacteristicsof theirusearediscussedin thefollowing sections. 1
4.2.1 Diesel
Dieselfuel hasaconstantenergycontent(about38 MJ/liter). Dieselenginesrunningatfixed 1
speedsdeliverwaterat fixed flow rates.This makesthedesignofdieselpumpingsystems
relativelystraightforward.Theenergydensityof dieselfuel is high and,exceptfor transporta-
tion, it is easyto storeanduse.In Sudan,however,petrochemicalfuels inciuding dieselare
sometimeshardto obtain.Although theofficial priceis controlled(and subsiclized),in prac-
tice fuel is notalwaysreadilyavailableat theofficial price,andablackmarketdevelops.
During theseperiods,fuel pricesvaryconsiderably,oftendoublingtheofficial price.These
uncertaintiesmakedieselfuel a lessthanfully reliableenergysourcein much of thecountry.

TheGovernmentof Sudan’sGeneralPetroleumCorporation(GPC)controlsdistribution,al- 1
location,andpricingof oil products.At present,themilitary alsohasa handin distribution
andallocation.With theBankof Sudan,GPCdeterminestheamountof crudeoil andpetro-
leumproductsto be imported.Crudeoil is refinedundercontractto theGPCby thePort Su-
danRefmery.Therefineryis operatedto maximizetheproductionof middiedistillatefuels,
includingkeroseneandgasoil(commondieselfuels). However,Sudanstill mustimport two
thirds of its dieselfuel needswhich in themostrecentyearfor whichrecordsareavailable
amountedto 809,513metric tons (536,992MT importedand271,521MT refmedatPortSu-
dan). Overthe lastdecadethedieselfuel shareof total petrochemicalconsumptionhasbeen
roughly 50 percent,with the transportationsectoraccountingfor 60 percentof consumption.
Watersectordieselfuel useis inciudedaspartof agriculturaluse,andseparatedataarenot
available.For severalyearsnow,petroleumproductshavebeenrationed,therebycreatinga
scarcity.TheGPC usesan allocationsystemto providefuel for essentialpublicandprivate
sectoruse.A percentageof this fuel finds its way into privatehandsandis availableon the
blackmarketat higherthanGPCofficial prices. 1
Official GPCdieselfuel pricesin late 1989rangedfrom S~3.34pergallon (Imp.) at PortSu-
danto S~4.07at Nyala.The Khartoumpriceis Sf3.52/gallon.Thedifferencesin pricesarein
partareflectionof thecostto deliver thefuel to theselocations.Retailersarepermittedto
chargeslightly more(12 to 18 percentdependingon location)thanthis rateto covertheir
costs.TheGovernmentprefersto subsidizepricesfor mostpetrochemicalproductsrather 1
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thanto allow marketpriceincreases.GasolineandJetA-1 fuels aresoldat higherthantheir
refinedcostsin orderto offsetsomeof this subsidy.1f crudeandrefinedproductsarepur-
chasedat theofficial 4.5 exchangerate,the subsidyto dieselfuel is about12 percent.At a
12.2 exchangerate,thesubsidyamountsto nearly150 percent.

A substantialblackmarkettradein dieselfuel (as well as otherpetroleumproducts)hasde- -

velopedas aresultof thecurrentallocationsystemandfuel scarcity.Theblackmarketprice
of fuel reflects thecurrentavailabiityof fuel throughofficial sources.This dependson the
abiity of theGPCto provideadequatefuel andto transportit to allocationdepotsaroundthe
country.Sometimesblackmarketfuel pricesareapproximatelythesameastheofficial price;
moreoftenpricesaremuchhigher, frequentlyreaching3 to 5 times theofficial price,andoc-
casionallymuchhigher.Especiallyin someof themoreremoteareas,thereareperiodswhen
fuel is not availableat any price.This maybe theresultofinadequateallocationsoran inabil-
ity to transportfuel becauseofrainsorflooding orotheroccurrencessuchasthebreakdown
of ferry services.However,it appearsthatin mostcasesandin mostplacesdieselfuel canbe
obtainedif one is willing andableto pay theprevailingprice.

An importantfactorfor theNCRWRDis that, asapublic agency,it is prohibitedfrom pur-
chasingfuel on theopenmarket.Theagencymustrely solelyon thefuel resourcesprovided
by theGPC.As theallocationsareofteninadequate,this severelylimits theability of the
NCRWRDto fulfil its obligationsin constructionprogramsandin theoperationandmainte-
nanceof wateryards.Concernsaboutfuel availability havepromptedNCRWRDinterestin
useof renewableenergy.

4.2.2 Solar Radiation
Thereare 16 meteorologicalstationsthroughoutthecountrywhichcollectsolarradiation
data.Thefirst of thesebegancollectingdatain 1967.TheSudanMeteorologicalDepartment
(SMD) is usingEppleypyranometersandSpeedomaxrecordersto calculatehourly solarra-
diation totals.Thesedataareusedto determinethemonthly averagetotal radiation.

Thesedata(Table 4.1)show thatSudanenjoyshigh solarradiationlevelsin all areasnorth of
12 degreeslatitudeexcepttheeasternpartof EasternRegionwhich reportsannualaveragera-
diation levelsabove5.6 kWhr/m2/dayon ahorizontalsurface.Areasof theworld with solar
radiationlevelsashigh as6 kWh/m2/dayarerare.Half of the 16 stationsreportannualaver-
agefiguresabove6.1kWh/m2/day.

Themonthly datashowthatthe lowestsolarradiationlevelsoccurin mostlocationsduring
Decemberwhentheday length is shortest,andhighestvaluesoccurduring the spring(April
to June).Hoursof brightsunshinedata(recordedby Campbell-Stokesinstruments)inclicate
lower levelsof sunshineduringthelate springandsummermonths.This is causedby cloud
coverandlargeramountsof dustandparticulatematterin theair during theseperiods.In
southernregions(which might normally be expectedto havehighersolarradiationlevelsbe-
causeof theirproximity to theequator)andalongtheRedSeacoast,thelevelsareactually
lower thanin thenorth.This is aresultof amuchgreatercloudcoverin theseareas,espe-
cially during therainyseason(May to September).Morenortherlyareasexperiencemuch
lessrainfall andmuchlowercloudcover,causinghigheraveragesolarradiationlevels.These
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datainclicatethatnorthernSudanis amorefavorablelocationfor theuseof solarenergythan
thesouth oreast.

4.2.3 Wind Speed
TheSMD hascollectedandreportedwind datafor manyyears.Sixty-six stationsaroundthe
countryreportwind speedandwind directioninformation.Twenty-threestationsrecordthese
datausingDinespressureplateanemometers(locatedataheightof 15.2meters).Theremain-
ing stationsreportBeaufortscaleestimatesseveraltimeseachday.Reductionof eventhe
bestof theSMD’s wind speeddatais fraughtwith uncertainty.TheSMD reportsthatmany
of theanemometersarenot well siled,particularlyin Kosti, Kassala,WauandJuba(Ref8).
In additionto siting difficulties, theaccuracyof the instrumentsandthereductionofdataare
difficult. TheDinesinstrumentsmustbe carefullyandregularlyadjusted,andcalibratedby
SMD technicians.Also thereductionof thedatais time consumingasthedataarerecorded
0fl daily chartsandwind speedresolutionis lacking on thesecharts.This meansthat thedata
cannotbe consideredafuily accuratereflectionof thewind speedsateachlocation.

1
1

Table 4.1. Solar Radiatlon at Selected Sltes in Sudan (kWhr/m2/day)

Jan Feb MaF Apr May Jun Jul Aug Sep Oct Nov Dec AVG

Abu Na’ama: 5.7 6.3 6.7 6.8 6.7 6.2 5.8 6.2 6.5 5.3 6.1 5.4 6.1

Aroma: 5.4 5.7 6.2 6.2 6.2 6.1 6.2 6.9 6.6 5.9 5.2 4.7 5.9

Babanousa: 5.7 6.3 6.7 6.8 6.6 6.3 5.7 5.8 6.0 5.7 5.5 5.4 6.0

Dongola: 5.6 6.4 7.1 7.5 7.7 7.6 7.2 7.0 6.7 6.4 5.8 5.3 6.7

EI Fasher: 5.4 6.4 6.9 7.0 7.0 6.6 6.3 6.3 6.2 6.3 5.7 5.4 6.3

Showak: 5.6 6.5 7.1 7.3 7.1 7.5 6.2 6.2 6.4 6.1 5.8 5.4 6.4

G.Gawazat: 5.7 6.2 6.5 6.6 6.3 6.0 5.7 5.7 6.0 6.0 5.9 5.7 6.0
Hodieba: 5.4 6.0 6.8 7.1 6.8 6.4 6.3 6.5 6.3 6.0 5.6 53 6.2

Juba: 5.4 5.4 5.4 5.8 5.7 5.4 5.0 4.9 5.9 5.6 5.4 5.3 5.4
Kadugali: 6.0 6.4 6.6 6.7 6.4 5.8 5.2 5.1 5.2 2.8 6.0 5.9 5.7

Malakal: 5.6 6.0 6.2 6.2 5.6 5.0 5.0 5.4 5.3 5.4 5.6 5.5 5.6

Port Sudan: 4.2 5.2 6.3 4.2 7.1 6.6 6.3 6.3 6.2 5.7 4.6 4.0 5.6

Shambat: 5.6 6.3 6.8 7.1 6.8 6.5 6.3 6.3 6.3 6.0 5.7 5.4 6.3
Wad Medani: 5.8 6.4 6.9 7.0 6.8 6.6 6.2 6.2 6.5 6.2 5.9 5.6 6.3

Tokar: 4.7 3.8 4.7 6.0 6.1 5.4 4.8 4.7 4.9 4.6 6.0 4.6 5.0

Zalengi: 6.1 6.6 7.1 7.1 7.0 5.8 5.8 5.9 6.0 6.3 6.3 6.0 6.2

Source: Climatologlcal Normals 1951-1980, Sudan Meteoro/ogical Department
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SMD publications,which includewind speeddata,areWindEnergyfor Windmilisin Sudan
byY.P.R.Bhalotra,SudanMeteorologicalService(ref 8) andClimatologicalNormals1951-
1980 (ref 9). Evenconsideringthedifferencesin theperiodsof record,thesedataarenot
fully consistentwith somestationsreportingwell overtenpercentdifferencesin annualaver-
agewind speed.

However,thedatado indicatethat wind speedsaregenerallylower in thesouth(Jubaand
Wau)andincreaseto thenorth(from Khartoumto Wad Halfa).Higherwind speedsarealso
reportedalong theRedSeacoast(Port Sudan).A wind powerdensitymapis shownin Ap-
pendixB for illustrativepurposes.Theinformationgivenshouldonly be usedasageneralin-
dicationof wind energyavailability.

In additionto theSMD datareportedabove,thereareseveraladditionalsourcesfor wind en-
ergydataatisolatedlocations.Thesedatawereeitherbasedon analysisof selectedSMD
datanotreportedin thecliniatologicalsummariesor collectedby projectsinterestedin the
wind energypotentialatparticularlocations.

ConsultingServicesWindEnergyDevelopingCountries(CWD) analyzeddatafor Khar-
toum. ThesedatainciudedselectedSMD recordsnot analyzedorreportedelsewhere.These
dataindicatean averageannualwind speedof about12 percentlessthanreportedby the

Tabie 4.2. Average Daily Wind Speeds at Selected Sites (mis)

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

Atbara: 4.5 4.6 4.6 3.4 3.0 2.9 4.0 3.5 2.9 3.0 4.2 4.7 3.8

EI Fasher: 2.2 2.8 3.0 2.5 2.6 2.3 2.3 1.6 1.3 1.9 2.1 1.9 2.2

ElGeneina: 3.3 3.9 3.4 3.5 2.6 2.5 2.8 2.1 1.7 2.5 3.8 3.9 3.0

EI Obeid: 4.1 4.2 4.5 3.2 3.1 3.9 4.6 3.5 2.5 2.9 3.5 3.9 3.7

Juba: 1.5 1.3 1.6 1.7 1.5 1.3 1.1 1.1 1.3 1.3 1.3 1.3 1.3

Karima: 3.5 4.2 4.4 3.9 3.6 3.5 3.4 2.7 3.3 3.5 3.8 3.7 3.6
Kassala: 2.3 2.2 2.5 1.9 1.9 3.0 3.2 2.6 2.4 1.7 1.8 2.0 2.3

Khartoum: 4.2 5.0 5.1 4.0 4.2 4.2 5.3 4.8 4.0 3.1 3.7 4.0 4.3

Kosti: 3.1 3.5 3.8 3.0 3.1 3.9 4.0 3.1 2.5 2.3 3.3 3.8 3.3

Malakal: 3.9 4.0 3.4 2.8 2.5 2.5 2.5 2.0 1.7 1.8 2.6 4.0 2.8

Port Sudan: 5.0 5.1 4.7 3.7 3.2 3.4 3.8 3.2 2.6 3.0 4.2 4.8 3.9

Wadi Halfa: 4.1 4.6 4.6 3.8 4.6 4.2 4.1 3.7 3.6 4.3 4.5 4.3 4.2
Wau: 1.7 2.0 2.0 2.1 1.6 1.4 1.5 1.3 1.4 1.4 1.9 2.3 1.7

Source: Wind Energy for Windmilis In Sudan by YP.R. Bhalotra Sudan MeteorologicalService; Mem-
oire No. 7, March 1964.
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SMD records.However,in mostcasesrecentlycollecteddataindicatehigherwind speeds 1
thanreportedby theSMD.

TheSEPhascollectedone yearofdataatKarimain theNorthernRegionusingawind total- 1
izer.Theironeyearof dataindicatesanaverageannualwind speedof 5.1 m/s (at 10 meters),
whereastheSMD reported3.6 m/s (more thana40 percentdifference). 1
Also at Shendi,theNorthernRegionIrrigation Rehabilitationproject,usingadatalogger,
hasreportedan averagemonthlywind speedfor selectedmonthsatKelli justnorthof
Shendi.This figure is 85 percenthigherthantheSMD wind readingsfrom acrosstheriver at
Shendi(2.7m/smeasuredas wind forceon theBeaufortscaleseveraltimes aday).The
SMD agreesthat theseBeaufortscalewind speedfiguresarenot accurate.Howeverif one as-
sumesthattheaverageannualwind speedat Kelli is betweenthevaluesfor AtbaraandKhar-
toum(sinceKelli lies betweenthesetwo towns),thedatacolleciedatKelli is stil! 14 percent
higherthanone wouldexpectbasedon SMD datafor themonthsof record. 1
Datacollectedby theSREPprojectin andaroundKhartoum(only partialyear’sdatacol-
lectedso far) indicatethatthedatareportedby theSMD for Khartoummaybe higherthanac-
tual values.This would tend to confirmtheresuitsof theanalysisconductedby CWD at the
cornmencementof theirwind pumpproject.

It is now generallyacceptedthatSudan,particularlyin thenorthandalongthecoast,has 1
goodwind energypotential.However,without accuratewind speeddata,it is impossibleto
calculatetheenergythatcouldbe generatedor theamountofwaterthatcouldbepumped.
Wind energyavailabiityis a functionof thecubeof thewind speed,andthewaterdelivery
from windmills is greatlyeffectedby relativelysmallchangesin wind speed.It is dearthata
betterunderstandingof thepreva.ilingwind regimesis necessaryto accuratelypredicttheper-
formanceof wind energydevices.Continueddatacollectionby theERCwill assistin this

process.Thegreatestimprovementwould be achievedif theSMD upgradedits equipment.

1
1
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Table 4.3. Average Dally Wind Speeds at Windmili Sites (mis)

Khartoum(1): 4.2 4.2 4.1 4.0 3.0 4.0 4.0 4.0 3.5 3.0 3.8 4.0 3.8

Khartoum(2)~ 3.7 4.5 3.9 3.3 4.2

Karima (3): 5.3 4.8 5.7 5.4 6.7 4.5 4.1 4.7 5.0 5.0 4.5 5.6 5.1

CWDKelli (4): 5.2 4.8 5.9 4.6 3.6 6.5 3.7 5.1

Sources: 1- Consulting Services Wind EnergyDeveloping Countries (CWD)
2- SREP
3- see Reference 49
4- Unpublished data, Barbara Sexon, ODA Project
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5.0 Pump Field Tests

Background
In orderto evaluatereasonablythetechnicalperformanceof wind andphotovoltaic(PV)
pumpingtechnologies,it is necessaryto understandsystemperformanceasafunction of so-
lar radiationlevelsandwind regimesin Sudan.In addition, to evaluatethesolarandwind
pumpsin relationto dieselpumps,thefield performanceof dieselsystemsmustbe known.
Sixteendieselpumps,5 solarpumpsand3 wind pumpswereincludedin thetestprogram.
Thefollowing chaptersummarizestheresuitsof fleld testsconductedby SREP.

Thedieselstestedincludedthemostcommonengineandpumpconfigurationsusedin Su-
dan.Thesearethedieseldrivenjackpumps(includingAdier, Shoeller,andEdeco),surface
centrifugalpumps(largelyIndianmadeandusedin smail-scaleirrigation), andverticaltur-
binepumpsfrom avarietyof manufacturers.AlthoughdieseldrivenMonopumpsystemsare
notcommon,severalof thesewerealso tested.

Severalconfigurationsof PV pumpshavebeenusedin Sudan.By far themostcommonis
theGrundfospumpwith Arco-Solar,Siemens,orBP modules.Thereareat leasteightnow in- -

stalledwith severalmoreplanned.Fourof thesepumpswereincludedin thetestprogram.A
KSB floatingpump wasalsotested.SEPhasimportedtenmoreof thesepumpsfor inciusion
in theirpumpingprogram.

Windmill evaluationswerelimited to theCWD 5000,asit wastheonly typeof windrnill in
operationduringthetestperiod.Thereis considerableinterestin theKenyanKijito. Fiveof
thesehavebeenimported.ThreeKijitos haverecentlybeeninstallednearShendion thewest
bankof theNile. ODA is supportingan independentevaluationof thesemachines.Theother
two, which havebeenprovidedby G1’Z, havenotyet beensited.

5.1 Approach and Test Methodology
Theoverallgoalsfor thetechnicalmonitoringof diesel,solarandwind pumpswere:

• to characterizetheday to dayperformanceof solarandwind pumpsasafunction
ofenergyresourcelevels;

• to determinepumpingratesasa functionofpowerinput; and

• to monitorthemaintenanceandrepairrequirements,for which little dataexistsin
Sudan.

Thetestingmethodologywasbasedon the [landbookfor ComparativeTechnicalandEco-
nomicPerformanceofWaterPumpingSystems(Reference19)andadaptedto conditionsin
Sudan.Solarandwind pumpsweretestedon botha short-term(10minutereportintervals)
andlongerterm(one-hourreportintervals).Thelongertermdatawere alsocompiledto pro-
vide daily performancefigures for themachines.Dieselpumpsweretestedovershorterinter-
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vals sincetheiroutputis constantatconstantenginespeed.Detailedtestmethodologiesare
includedin AppendixC.

52 Diesel Pumpsets 1
Fourdifferentconfigurationsofdieselenginepumpsetsweretested;theywerethesurface
centrifugal,Mono, Edeco,andverticalturbinepumps.Theresultsof testingthesepumpsets
appearin thefollowing 4 sections.

5.2.1 SurfaceCentrifugal Pumps
By far the mostcommonconfigurationof pumpandenginein usefor small-scaleirrigation
is the IndianListerenginebelt-coupledto asurfacecentrifugalpump.Threeexamplesof this
configurationweretested.TheIndianLister is a copyof thewater-cooled,slow-speed6/1 de-
signfirst introducedby Listerin 1962.Lister-Petterhasnow discontinuedthemodel.The6/1
engineis anominal6 HP (4.5k\V) unit at650 RPM. The8/1 is fully ratedat 8 HP (6 kW) at
850 RPM. In Sudanthereareatleastadozenmakesof theseIndianListerengines.Several
makesof surface-mountedcentrifugalpumpsareusedasirrigation pumps.Mostof these
havesuchsiniilar outputcharacteristicsthat theyarecommonlyreferredto as2-, 3-, or4-
inch pumps(thesizeof theirdischargepipein inches).Testswereconductedat threesites.
Thesewerein Bara,WadMedaniandEdDamer.Briefdescriptionsof theseandothertest
sitesaregiven in AppendixD. Table5.1 belowsummarizesfield testresultsof surface-
mountedcentrifugalpumps. 1

1
1
1
1

Therelativelyhigh fuel consumptionperunit of waterpumpedandthelow systemefficien- 1
ciesfor thesepumpsetsreflectpoormatchingof equipmentto pumpingfunctionandthepoor
conditionof theequipment.Theengineat Barais runningwell below therecommended
speed(600RPM)andthepumpsetat WadMedaniwasin particularlypoorconditionwith en- 1
ginevibrationandoil leaks.Therangeof overallefficienciesfor theseenginesarelow by the
standardsof ahigh quality, well designedpumpingsystems(which canapproach20per-
cent).However,the lower quality materialsandlessrigid tolerancesof theIndianListeren-
ginesreducepoweroutputandincreasefuel consumptionascomparedwith thegenuine
Listerengine.TheBaraandEd Damertestresultsareconsistentwith enginepoweroutputre-
ducedby tenpercentandfuel consumptionsincreasedby 25 percentwhich indicatethe price
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Table 5.1. Diesel Performance: Surface Pumps

Name Pumping Pumplng Fuel - System Englne/Pump
of Site Head Rate Consump. Efficiency Speed

(m) (m3/hr) (Ilterslhr) (%) (RPM)

Bara 11 7.6 .53 4.1 361/-

Wad Medani 5 54.6 1.66 4.3 573/1110

Ed Damer 9 26.2 .86 7.1 537/1080

1



paidfor usingequipmentin poorcondition.As expected,lower pumpingratesweremeas-
uredat Barawherea 2-inchpumpis beingusecLThree-inchpumpsarebeingusedat the

- othertwo sites.Fuel consumptionperhouratWadMedaniis higherthanatEd Damerbe-
causethepumpingrateis greaterandthepumpsetis in poorcondition.Theaveragesystem
efficiencyfor the threesitestestedis five percent.Estimatesof themaximumsystemefficien-
cieswhichcouldbe expectedfor thesepumpsetsis in therangeof 10 to 12 percent.

5.2.2 Edeco Jack Pumps
The Lister-Edecopumpsetis themostcommonconfigurationfor deep-welipumpingby the
NCRWRDin thewesternregionsof DarfurandKordofan.Thispumpsetusedto be common
evenin CentralRegionandKhartoumCommissionerate,butmosthavenowbeenreplaced
with enginesdriving verticalturbinepumps.Historically, theListerengineis thesameslow-
speed,water-cooledmodelusedby smali-scalefarmers,althoughnormally theNCRWRD
doesnot install theIndianbuilt Listercopies.SinceListerdiscontinuedthis enginemodel,
theLister PHW-1 hasbeenused..TheEdecois a long-strokepistonorjackpumputilizing a
3.75 to 4.25 inchcylinderandan 18- or24-inchstroke.Adier andSchoellerpumpsarealso
in use.At onetime thesepumpswererelativelyinexpensive,andNCRWRD techniciansand
pumpoperatorslearnedhow to keepthemoperating,oftenwithoutproperspares.In recent
years,thesemodelshavebecomeobsoleteandareno longerbeingmanufacturedexcepton
specialorder(andsoarequite expensive).Sevensystemswere testedin NorthKordofan
Province.WadSabeel,ObeidMahdi,Malaga,Abu Auwa, andAbuHamraarevillageswith
neworrecentlyrehabilitatedpumpingsystems.Um KharainandSheraimEl Karamshaare
siteswith olderequipmentin poorercondition.Theresuitsof testingaresummarizedin Ta-
ble 5.2.

Table 5.2. Diesel Performance: Jack Pumps

Name Pumping Pumping Fuel - System Engine/Pump
of Site Head Rate Consump. Efficlency Speed

(m) (m3’lir) (ifters/hr) (%) (RPM)

Wad Sabeel1 95 4.0 .57 17 530/23

Obeid Mahdi 92 4.0 .63 15 512/22
Malaga 81 4.0 .61 14 535/22

Abu Auwa 95 3.6 .68 13 519/20

Abu Hamra 72 3.6 .80 8 510/20

Um Kharain 96 5.1 1.13 11 631/26

Sh. ElKaramsha 17 3.5 .72 2.2 550/20

1resuItsare ques~oriedfor ttis site
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Theefflcienciesfor Lister-Edecopumpswerehigherthanexpected,partlybecausemanyof
thesystemshaveonly recentlybeeninstalled.As is to be expected,thetestsof older installa-
tions reflectthepoorconditionof thesepumpsets.Thelowestefficiency,measuredat
SheraimEl Karamsha,is theresultof averypoorchoiceof theEdecoon ashallowwell. The
pistonpumpis muchbettersuitedto deepwell applications.Overallefficiency atAbu
Hamra,the otherpumpsetoperatingat lessthan75 meters,is alsounder10 percent.Note
thattheefficiencyof theolder siteat Um Kharainis above10 percent.Thepumpingrateof
26 strokesaminuteis higherthanat othersitesandtheuseof a largercylinder increases
pumpingrateandhencethebadori theengine.However,analysisshowsthat muchof theen-
gine’s poweris usedin overcominglossesin averypoorly maintainedandunbalancedpump.
A 20 percentfuel savingscouldprobablybeachievedif theengirieandpumpwerein good
condition.Analysisalsoshowsthat thetestresuitsat Wad-Sabeelarenot consistentwith
otherneworrehabilitatedinstallations.It is unclearwhy theseresultswereobtained,buta de-
fectivewatermetermaybethereason.For deepwell applications,theLister-Edecois suit-
ablefrom a technicalstandpoint.Overall, theseefficienciesarequite goodespeciallywhen
comparedto theverticalturbineandsurfacecentrifugalpumpsetefficiencies. 1
5.2.3 Vertical Turbine Pumps
A varietyof enginesandverticalturbinepumpsare in usein CentralandNorthernRegions
andKhartoumCommissionerate.ThesehavegraduallyreplacedtheolderLister-Edeco
pumpers.Theverticalturbinepumpis more suitablefor themoderatepumpingheadsof
theseareas.CommonconfigurationsincludeBukh engineswith Grundfospumps,andAn-
doriaorYanmarengineswith Katopumps.Thepumpsareusuallybelt driven.Singlecylin-
derenginesin therangeof 10 to 20kW are thenorm.Pumpingrates(normally 20 to-30
m3/hr)vary dependingon pumpcharacteristics,enginepoweroutput,andtransmissiontype.

Discussionswith NCRWRDofficials indicatearatherhaphazarddesignprocedurefor pump-
sets.This situationarisesbecausethestockof equipmentis liniited anddonorsprovideequip- 1
mentbeforesitedesignsareformalized.Thedesignprocessis reducedto identifying an
availableengineandpumpwhich will be capableof pum~ingwaterat thewateryard.Rules
of thumb,suchasonepumpstagecandeliver 18 to 27 m /hr from a20 meterdeepwell, are
used.Accuratetechnicalspecificationsareapparentlyunavailablebocallyfor manyof the
pumps,andno effort is madeto optimize systemdesignby theproperselectionof pump
speedorengineoperatingconditions.Only two verticalturbinepumpsitesweretestedby
projectstaff. Shortagesof fuel curtailedfurtherverticalturbinepumptesting.The sitestested
wereat El MugdabandEl Sundudab(seeFigure5.1); bothareneartheNile andsouthof

Khartoum.Testresultsfor thetwo sitesaregivenin Table5.3 below.

1
1
1
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Table 5.3. Diesel Performance: Vertical Turbines

Thecalculatedefficienciesgivenin theabovetabledependon thepumpinghead.Because
thepumpsareinstalledsothatthewell headis completelycoveredby thepump head,it was
impossibleto measurethepumpingwaterlevel. Staticwaterlevel informationwasavailable
for thesesitesandthepressureheadwasmeasured.Thewell drawdownwasassumedto be
threemeters.This figure is themaximumvaluetypically foundin wells on thewestsideof
theNile nearJebelAulia. Any increasesin headwill increasesystemefficiencies.However,
at El Mugdab,thedrawdownwouldhaveto reach12 metersandat El Sundudab25 meters
(bothveryunlikely) beforesystemefficienciesreachedtenpercent.Given thedesignproce-
duresusedfor thesesites,efficienciesof well undertenpercentshouldbe expected.Proper
selectionof enginesandpumpsshouldenablepumpsetefficienciesof morethantenpercent.

Name Pumping Pumping Fuel - System Engine/Pump
of Site Head Rate Consump. Efficlency Speed

(m) (m3lhr) (llterslhr) (%) (RPM)

El Mugdab 211 11.7 1.25 5~ 1740/2225

ElSundudab 191 21.9 1.52 71 1145/2210
1 estimated only

Figure 5.1. Preparations for diesel pump testing: EI Mugdab
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5.2.4 Mono Pumps 1
Thepositivedisplacement,progressivecavity Mono pumpis designedwith deepwell appli-
cationsin mmd. Pumpefficienciesaregoodatpumpingheadsin excessof 30 metersandthe
pumpscanbe usedefficiently to 100 meters.Pumpingratesdependon thepump andthe 1
pumpspeed;theycaneasilyexceedthe3 to 4 m3/hrof theEdecopumps.In SudanMono
pumpsareusedin scatteredlocations.They havebeeninstalledon thelivestockroute
throughKordofanandDarfur. Thefoursites testedin NorthernDarfurProvincearepartof a
wateryardrehabiitationprojectsponsoredbyWorld UniversityServicesof Canada(WUSC).

All thesitesarenearEl FasheranduseLister-Petterwater-cooledenginesandbelt-driven
Mono pumps.This configurationis beingsuggestedto NCRWRDby WUSCasareplace-
mentfor thejackpumps.A summaryof testresultsis givenin Table5.4.

1
1
1
1

Thesetestresuitsof theMono pumpsystemscomparefavorablywith theoreticalvalues
basedon thepoweroutputof theengineatits measuredoperatingspeed,thepublishedeffi-
cienciesof theMonopumpsundertheiroperatingconditions,andthefull badfuel consump- 1
tion of theengines(seeDieselPumpFieldTestsin NorthemDarfur,SREP).The average
efficiencyof 13 percentfor thesesites is quiteacceptable.

It is interestingto comparetheresuitsof thedeepwell MonopumpandEdecopump.Al-
thoughbothcanbedesignedto operateat above10 percentefficiency,theMono pumpsys-
temsarepumpingatroughly twice therateof theEdeco.This meansthat thewaterneedata
specificsitecan be metin halfthepumpinghoursif a Monopumpis used.Although this
doesnot cut thefuel savingsin half, considerablefuel canbe saved.Higherpumpingrates
shouldresultin considerablyreducedmaintenancecostsastheefiginesandpumpoperatefar
fewerhours.In addition,theMono pumpis nota specialorderitem, sparescanbe obtained,
andit is cheaperthantheEdeco.

1
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Table 5.4. Diesel Performance: Mono Pumps

Name Pumplng Pumping Fuel - System Engine/Pump
of Site Head Rate Consump. Efficlency Speed

(m) (m3/hr) (llters/hr) (%) (RPM)

Sharafa (#1) 77 7.4 1.02 14 1440/1000
Shangeltobai 66 6.2 0.79 13 1240/860

Musco 60 7.1 0.86 13 1350/950

Tabit 52 7.1 0.81 12 1380/960

1



5.3 Solar Pump Sites
ThesolarpumpstestedincludedGrundfossubmersiblepumpingsystemsandKSB floating
pumpingsystems.Thetestresuitsaresummarizedin Table5.5 at theendof this section.

5.3.1 Grundfos Pumps
TheGrundfosis themostcommonPV solarpumpin Sudan.Thesystemconsistsof an array
of modules,aDC-AC inverterandasubmersiblemotor/pump.TheDCpoweroutputof the
arrayis invertedto 3-phasevariablevoltageandfrequencyAC power.TheSA 1000inverter
in useon all systemstestedlimits thearraysizethatcanbeemployedwith thepumpto 1000
watts of continuousoutput.A recentlyintroducedSA 1500 invertercanbe utilizedwith ar-
raysof up to 1500wattscontinuous.Pumptestingtookplaceat Gezira,Hodieba,Fojaand
SheraimEl Karamsha.Sitedescriptionscanbe foundin AppendixD. At all locationstest
equipmentincludedsensorsto measurewaterdelivery,solarradiationlevels,waterdelivery
pressure,ambienttemperature,andarrayvoltage(seeFigure5.2).Thepumpswerecontinu-
ously monitoredwith hourly valuesof all paranletersmeasured.Short-termtestswerealso
conductedon severaloccasions.Theresuitsof thesetestsaresummarizedbebow.

University of Gezira
Duringthetestperiodfor this pump(April to November1989),solarradiationrangedfrom
3.5 to 6.4kilowatt-hourspersquaremeterperday (kW/m2/day)in theplaneof thesolarar-
ray. Waterdeliveryb

3y theGrundfospumpdrivenby a 1,120Wp (wattspeak)arrayranged
from21.1 to 36.0 m /daythroughapumpingheadof21 meters.Figure5.3 showstherela-

Figure 5.2. SREP pumping team member downloading Datalogger on PV pump.
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tionshipof daily pumpperformanceto solarracliationlevel during this summerperiod.The
averagesolarradiationoverthetestperiodwas 5.4kW/m2/day; theaveragewaterdelivery
was31.8 m3/day.Short-termtestresuitsshownin Figures5.4 and5.5 indicatewaterdelivery
ratesandsub-systemefficienciesasafunctionofradiationlevels.Thepeakpumpingrate 1

& _____ _____ 1
1
1
1

was82 liters perminuteat 820 W/m2. Figure5.6 gives thepumpingrateasafunctionofDC
powerfrom thePV array.Theradiationlevel atwhich thepumpstarts(thecut-in radiation)is
160W/m2.

Themanufacturer’spumpcurveis given in AppendixE. A comparisonof this pumpcurve
with testresuitsindicatesthatthepumpperformsasexpectedorbetterthanexpectedon
somedaysbuton averagedoesnotpumpasmuchaspredicted.Differencesin averageday
lengthandambienttemperaturesthroughoutthetestperioddo not fully accountfor thediffer-
encesbetweenthe testresuitsandtheGrundfospumpcurve.Theaveragedaily waterdeliv-
ery is about10 percentlessthanpredictedby themanufacturer.This is within anticipated
mutsfor thepump,giventhatit hasbeenin placeandoperatingfor morethansix years.
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As of early 1990,thepumpwasstil operating,andhadexperiencedno breakdowns.There
also hasbeenno modalebreakage.Early in 1989,theon-offswitchwasreplaced(US$80)
but thepumpcouldhavecontinuedto operatewithoutthis replacement.Thereseemsto be
no effort to keepthearraycleanalthoughit wouldmaximizepumpperformance.Thepump
continuesto be monitoredby theERCin collaborationwith facultyandstudentsat theUni-
versity.

Hodieba Research Center
The840 Wp GrundfospumpattheForestryDepartment’sHodiebaResearchStationwas
monitoredfrom Juneto November1989.Duringthis periodthesolarradiationlevel ranged
from 3.2 to 6.5 kWh/m2/dayin theplaneofthe array.Daily pumpoutputrangedfrom 20.1 to
43.6 m3/day,theaveragedaily solarradiationwas5.7 kWhlm2iday,andtheaveragedaily
pumpdeliverywas38.6 m3. Figure5.7 showsthedaily pumpoutputasafunction of solarra-
diation levelover this time span.Short-termtestresultsareshownin Figure5.8 wherewater
deliveryrate is givenasafunctionof radiationlevel. Peakflow ratesof 94 Vmin. wereob-
servedata 885 Wim2. Throughouttheshort-termtesting,arrayshadingwasobserveduntil
8:30 to 9:00A.M. during thewinter months.Theshaclingis causedby astandofEucalyptus
treesthathavegrownup to theeastof thepump,resultingin reducedwateroutput.As ex-
pected,thepumpdoesnot deliverasmuchwaterastheGrundfospumpcurvesgivenin the
appendixsuggestit should.

This pumphasnot experiencedanybreakdownduringthemorethansix yearssinceit wasin-
stalled.Nomoduleshavebeenbroken.Thepumpis currentlyoperating,althoughas atother
sites,theredoesnot seemto be any effort to maximizeperformanceby keepingthearray
clean.As a resultof thecostandlogistical difficulty in visiting this site,theERCmaydiscon-
tinue intensivemonitoring.

Foja
Monitoring of thenew903 Wp Grundfospumpat Fojabeganin August1989.Two waterme-
terswereusedbecausethepumpdeliverswaterto two bocations.Thetotalpumpingheadis
24metersto a communitygardenand33 metersto theshelterbeltstoragetank. Lesswateris
pumpedatthegreaterheadbecauseof thegreaterenergyrequirement.Sinceata givensolar
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radiationlevel, theenergyto thepumpis constant,lesswatercanbe pumpedthroughthe
greaterhead.Thegraphof pumpoutputasafunctionof solarradiationlevel (shownin Fig-
ure5.9) reflectsthis. Thescatterin theresuitsarisesfrom thefactthat thepumpuserspump
tô thegardenfor partof theday afid to the shelterbeltforpartofthe day. Thepumpingpat-
ternsarenot consistentinstead,theydependon thewaterneedateachlocation.For this rea-
son,it is impossibleto provideadaily pumpperformancecurvefor eachcondition.From
Augustto November1989,thedaily totalsolarradiationrangedfrom 2.9 to 6.4
kWb/m2/day.Waterdeliveryvariedfrom 7.5 to 33.1 m3/day, with waterdeliveredto both the
gardenandtheshelterbeltduringpartsof eachday.Theaveragesolarradiationlevel was5.6
kWh/m2/daywith anaveragewaterdeliveryof 21.0m3/day.

Theshort-termtestresultsshowfl in Figure5.10 provideamoremeaningfulmeasureof the
pumpwhenoperatingunderthetwo pumpingheadconditions.Theuppercurve, indicatinga
maximumpumpingrateof75 1/min., reflectswaterpumpedto thelower tankatthegarden

site.Thelowercurve,indicatingamaximum
pumpingrateof 40 1/min.,showswaterdelivery
to theshelterbeltat theelevatedsite.Figure5.11
showsthat thesubsystemefficiency(measured
astheratioof DC powerdeliveredto pumping
rate)is relatively independentof thepumping
head.

Thepumpis currentlyoperatingandbeingmain-
tainedby villagersandtheSwedish-Sudanese
FriendshipAssociation.Therehasbeenno mod-
ule breakage,andthearrayappearsto be
cleanedregularly.Monitoring is continuingat
thesite.
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Sheraim EI Karamsha
Thesolarpumpinstalledat SheraimEl Karamshahasthesarneconfigurationastheone at
Foja.Thesolarpumpis currentlyoperational.Pumpmonitoringinstrumentationwas in-
stalledat thesite in August 1989.Unfortunatelythevillagersdo not usethepumpcontinu-
ously, andit hasbeenswitchedoff for longperiodsof time. Thereasonfor this is unknown,
but thereis a dieselpumpin thevillage (see5.2.2)andthevillagersmayseelittle needto use
thesolarpump.Also the ireeswereplantedatleastoneseasonbeforethoseat Foja; they
havegrownandthewateringintervalhasbeenincreased.

Thearrayis cleanedandcaredfor althoughrecentlytheglasssurfacewasslightly scratched
duringthecleaningprocess.Two moduleshavebeenbrokenduring thethreeyearssincethis
pumpwasinstalled.Thefactthatthepumpis not usedon acontinuousbasishaslimited the
amountof usefuldataavaibablefrom thesite. An averageof under5 m3/daywaspumped
over thethree-monthperiodfrom Septemberto November.Sincethesitecharacteristicsare
similar to thoseat Foja, intensivetestingwill likely be discontinued.However,thesitewill
continueto bevisitedwhentrips to Fojaaremade.

Thetestresuitsfrom thesefour sites,aswell as testingconductedin othercountries,indicate
that theGrundfossolarpumpis reliablefor low to moderatepumpingheads(upto 50 me-
ters).Thesystemsat two of thesites--Universityof GeziraandHodieba--havebeenoperat-
ing for morethansix yearsnow. Applicationof theGrundfossolarpumpsto deeperwells are
notcommonandhavenot beenadequatelytested.PlannedtestingnearNyalaat sitesof 70 to
100 meterswill provideinformationon highheadapplications.Therecentintroductionof
the largercapacitySA 1500 inverterallows theuseoflargerarraysandhencewill increase
thewateroutputofthepumpingsystem.

5.3.2 KSB Pump
TheKSB Aquasolsolarpumpis amongthemostcommonlow headfloatingpumps.Thesys-
temconsistsof an arrayof modulesdirectlycoupledto a brushlessDC motorandpump.The
pumpis designedfor usein openwelbs, lakes,andrivers.ThemodelSOM is suitablefor
headsup to 11.5 meters,andthe 100Mfor lower headsto 5 meters.Maximumpumpingrates
are5 and 12 liters persecond(respectively)with a 450 peakwatt array(12BMC Solartech-
nik modules).Testswereconductedat Shambatwheretheonly KSB in Sudanis currentlyop-
erating(seeFigure5.12).The testedcon.figurationwasan Aquasolmodel 5OM. Technical
specificationsfor this pumpareprovidedin AppendixE.

The pumpwastestedfrom June1989 to January1990. However,thefa.rmerwho was to use
thepump did so sporadicallyandrarelyfor awhole day.During thetestperiodthe daily total
solarradiationrangedfrom 2.6 to 7.8 kWh/m2iday.No meaningfulmeasureof thepotential
long-termwaterdeliverywasrecordedasthepumpwasseldomused.Daily performance
datawerecollectedin DecemberandJanuarywhenthefarmeroperatedthepumpmore
often. Figure5.13 showsthedaily pump outputasafunctionof solarradiationlevel for se-
lecteddayswhenthepumpwas utilizedduringall availabledaylighthours.Within this pe-
riod thesolarradiationlevelsrangedfrom 2.6 to 7.8 kWh/m2/daywith waterdelivery
rangingfrom 6.3 to 45.9 m3/day. Short-termtestresuitsareshownin Figures5.14,5.15,and
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5.16.Thesegraphsshowwaterdeliveryasafunctionof solararraypowerandwaterflow
rateandsub-systemefficiencyasafunctionofradiationleveLs. 1
It is difficult to determinetheexpectedperformanceof thepumpwith the informationgiven
by KSB. However,it appearsthatwaterdeliveryis about10 percentlessthanpredictedfor
the solarradiation,ambienttemperature,andpumpingheadat theShambatsite.This low out-
put is partlytheresultof voltagebossesin thevery longpowercableusedfrom thearrayup
on theriver bankdownto thefloatingpump. 1
ThesystematShambathashariseveralsignificantproblems.Dirt anddebrishavegradually
fïJled thebottomof theflexiblepumpfoot (seediagramin theAppendixE). Occasionally, 1
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Figure5.12.Aquasolsolarpumpshowing pump foot removed.Note discoloration
from silt accumulation.
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theheavypumpfoot becamedetachedfrom thepump,allowing thepumpto restdirectly on
the bottomof theriver. Debrisenteredthepumpandcloggedit causingthemotorto overheat
andbecomedamaged.Thepump wasreplacedin May 1989.In January1990 thepump
stoppedoperating.Pumpelectroniccomponentsdrovethevoltageto between5 and 15 voits
andthepeakcurrentto 8 amps.Thepumpwould notoperateat thispower.Themostlikely
causefor this behavioris a malfunctionin theswitchingcircuit usedin startingthepump.
This maybe causedby heavycycling in periodsof lower insolationearlyandlate in theday
andalsoduringcloudyorrainy periods.Apparently,thesameproblemhassurfacedelse-
whereasKSB nowrecommendsturningthepumpon andoff eachday. A newpumpwith an
on-off switchis now installedandthepumpis currently operating.Although theproperuse
andcareof thepump hasbeenexplainedto thefarmer,thearraydoesnot appearto bekept
clean.Now that thefarmeris beginningto work morediligently on thefarm andis depend-
ing moreheavily on thepump,his careof theequipmentmayimprove.Thepumpcontinues
to bemonitoredby theERC.

Thetestresuitsat onesitearenotsufficientto drawtoo manyconciusionsaboutthis pump.
Therehavebeenseveraldesignproblemsrelatedto thesiting of thepumpin theNile, with
its flow velocityandsedimentcontent.Thetotal waterdelivery is limited by thesmall maxi-
mumarraysizethatcanbe used.This reducesthecostof thesystembutalsoreducesthe
waterthatcan bepumped.

A brief summaryof solarpumptestingis givenin Table5.5.

5.4 Wind Pump Sites CWD 5000 Wind Pump
The CWD 5000wasfirst designedin 1982-83by Consu.ltingServicesWind EnergyDevelop-
ing Countries(CWD). Early versionsof themachinewereinstalledin MauritaniaandCape
Verde. Thedesignwasmodifiedafterfield experiencesat thesesites.As partof theSudan
WindEnergyProject,a bilateralprojectfundedby theDutch,TenCWD 5000wind pumps
wereimportedfor demonstrationandtestby theERC.Anothertwo machineswerecommis-
sionedfor fabricationby localmachineshops.The CWDdesignphilosophywasto produce
awind pumpfor low headpumpingapplicationswhichcouldbe buibt in developingcoun-

SHAMBAT KSB AQUASOL 50M

360 Wp 7 METER HEAD

10

5.

SHAMBAT KSB AQUASOL SOM

360Wp 7METER HEAD

50

80

40
.-

20

1 —4--- 1 — 4.44

035

03

} 0.15

0.1

0.05

0 0.1 02 0.3 0.4 0.5 0.6 0.7 05 0.5
Solo, Aid0~Jon(kW/m~

Figure 5.15

•

0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9
Solo, Radadon (W/ft11~

Figure 5.16

43



1
1
1
1
1
1
1

tries.A low solidity, eight-bladedrotor is directcoupledto a speciallydesignedpistonpump.
This pumpis fabricatedwith a small leak-holeto fadiitatestartingandacontinuouslyreplen-
ishedair chamber(by a small air pumpdrivenby the windmill). This air chamberdesignis
necessaryto dampentheshockloadingsinherentin thehighspeedreciprocatingpumpcylin-
derusedin thedesign.Detailedspecificationsappearin AppenclixF. ThetenCWD 5000
wind pumpswereinstalledin andaroundKhartoumprior to 1987.Oneof thelocallymade
machineswas alsoinstalled.Oneofthese11 machineshassincebeendismantled.Mostof
thewindpumpsarepumpingfrom about20 metersheadandutilize themodel 108-Dpump 1
(4.25-inchdiameter)with an 8-inchstroke.Severalpumpson shallowerwells arefitted with
adifferentpump,but noneofthesewassuitableasatestsite.Threesiteswere chosenby
ERC/SREPfor testingandmonitoring--Soba,Shambat,andJebelAulia, sincetheywerecon- 1
sideredthe mostreliablewindmills in operationwhentesting wasinitiated. Sitedescriptions
canbe foundin AppendixD. The testresultsandadiscussionof theseresuitsfollow in the
nextparagraphs. .

5.4.1 Wind Pump af Soba
During thetestperiod(from April to November1989),daily averagewind speedsranged 1
from 1.6 to 5.5 meters/second(ni/s) at ERC’s SobaResearchCenter,the locationof thema-
chine.Daily waterdeliveryduring this periodrangedfrom 1 to 57 m3/daypumpedthrougha
19 meterhead.Figures5.17 and5.18 showtherelationshipof daily pumpperformanceand
daily overallefficiency to averagedaily wind speedsduringtheperiod.Note thatatan aver-
agewind speedof 4.3 mis, thepumpdeliversabout40 m3/day;in October,with an average
monthly wind speedof 3.1 mis, thepumpdeliveredabout17 m3/day.Thescatterseenin Fig-
ure 5.18 is theresultof thedifferingwind speedpattemsthroughouteachday.Thecurve
showsthatpeakefficiencieson adaily basisarein therangeof 12 to 13 percentat abouta
daily wind speedof 4 mis.Theshort-termtestresults(10minutedata)shownin Figure5.19
indicatewaterflow ratesasafunctionof wind speed.Note theconsistencyandpredictabiity
of windpumpperformanceateachwind speed. 1
Thesetestresuitsareatconsiderablevariancewith thosepredictedby CSVD. Thetestdata
showthat this machine’sperformanceis only 40 to 50 percentof thatpredictedby CWD S
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Site Name

Table 5.5 Summary of Solar Pump Tests

University of Gezira

Array
(Wp)

Head
(meters)

Hodieba Research Ctr.

1200

Foja

Avg. Solar Rad.
(kWh/m2/day)

21

840 11

Sheraim EI Karamsha

5.4

903

Shambat

Av~.Output
(m /day)

38/24

5.7

903

31.8

38/24

360

5.6

38.6

1 Insufficlent data avallable at this time.
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21.0

6.2 35.7
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(Reference14). Differencesof this magnitudearenotexplainedeasilyby themorecommon
problemsassociatedwith worn pumpleathersor inadequatecare.The pumpleatherswere

lessthan6 monthsold andthewindmill hasbeenniaintainedby thewindmill pumpteamof
ERCwho weretrainedby CWD aspartof theproject.Correspondencewith CWD suggested
severalpossiblecasesfor low performancesuchaslow pumpefficiencyor high start-up
wind speed.Low cylinderefficiencyappearsto be theproblem.At Sobathepumpvolumet-
ric efficiencyis 75 percentat5.5 mis andfalls off to 40 percentandlessat 4.8 mis andbe-
low. Thevolumetricefficienciesshouldremainat 90 percentorhigheroverthefull rangeof
wind pumpoperation.CWD advisedthattheseefficienciesshouldbe checkedandthevalves
andseatstreatedon a lathe,if necessary.This work hasnot yetbeencompleted.

9c 0.16

( 0
7 1

Theinstallationandmaintenancehistoryof theCWD wind pumpsindicatesinitial difficul-
ties in appropriatewind pumpsiting,well yield, andlogisticswhich werebeyondthecontrol
of CWD andERC. Laterproblemsappearto be relatedto thedesignof theprototypema-
chine.Difficulties with thepistonpump andthefurling cable,which seemedto plagueall of
themachines,weresortedOut beforethebeginningof 1988.During the two-yearperiodof
theSREPproject,this machineatSobahasnotoperated;on severaloccasionsit hasoperated
in damagedcondition.In March 1988,with the machineunfurledandoperating,thehead
framewasdiscoveredto be broken.It tookamonthfor thetechniciansto makethenecessary
repairs.Analysis of thefirst severalmonthsof testdatashowedthattheperformancewas
well belowCWD predictions.Whenthecausesforpoorperformancewereinvestigated,the
rotorshaftbearingwasfoundto havedlisintegrated.Thedatareportedaboveweretakensub-
sequentto this lastrepair.Thewindmill hasreportedlybeengreasedregularly,four times a
year.After earlyproblemswith thepump, theleathershavebeenreplacedaboutoncea year.
At thetime of theshort-termtests,theleathershadbeenin placefor sevenmonths.Poorper-
formancein spiteofregularmaintenanceandregularrepairsuggeststhatthe wind pumpre-
quiressomestrengtheningandredesign.
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5.4.2 Wind Pump af Shambat
Thepumpmonitoringinstrumentationwasinstalledat theShambatwind pumpsite in Au-
gust 1989.Thepumphasbeencontinuouslymonitoredsincethattime with hourlyvaluesof
all parametersmeasured.Unfortunately,very limited usefullong- termpumpperformance
datawere collectedasthelandwasnot cultivateddu.ring thepastgrowing seasonin spiteof
thefarmer’spromiseto usethewind pump.Short-termtestshavebeenconductedin orderto
characterizeshort-termpumpperformance.Theseresuits,shownin Figure5.20, indicate
pumpingratesasa functionof wind speed.Thefigures canbecomparedto theshort-term
testresuitsattheSobasitesincethewind pumpconfigurationis thesameandthepumping
headdiffers by only 5 percent.Thesemeasuredresultsatthe Shambatsiteindicateperform-
ancesimilar to theSobasite,with wind pumpstart-upatabout3 m/s anda pumpingrateof
about50 1/min. at 5 mis.At this sitevolumeiricefficiencywas81 percentat 6.5mis, and
droppedto only 67 percentat 3 mis, whichsupportstheconclusionthatthewind pumpis not
performingasit should.

This windmill did notexperienceanybreakdownsduring thetestperiod.Theearlypiston
problemsreportedattheSobasitewere alsoexperiencedhereandin early1987 thepiston
waschangedto thenewairpumpdesign.

5.4.3 Wind Pump af Jebel Aulla
ThepumpmonitoringinstrumentationwasinstalledatJebelAulia in August1989.Thepump
hasbeencontinuouslymonitoredsincethat time. Dueto a sensorproblemincorrectwind
speedswererecordedduring theearlypartof thetestperiod.Oncethis wascorrected,the
windmill tail vanebroke(althoughthewindmill continuedto run)andthedatacollecteddur-
ing this perioddid notrepresentthetruepotentialperformanceof thewindrnull. After thetail
wasrepairedandseveralmonthsof long-termdatawerecollectedandanalyzed,questions
againaroseconcerningthewindmili’s performance.An inspectionshowedthatthebrakewas
draggingandreducingoutput.

Short-termdatawerecollectedfor severaldaysbeforeandafterthebrakefailure. Thesetest
resuits,shownin Figure5.21,showpumpingrateasafunctionofwind speed.Note thescat-
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terin thedataespeciallyabove5 m/s.Thesedataweretakenbeforeandafterthebrakebegan
to drag.Theuppercurverepresentsperformanceof the machinebeforethis failure. The
lower curverepresentsthedegradationin performanceasa rvesultof this failure. Sincetheto-
tal pumpingheadis similar (21 m) andthewindmill andpumpdesignarethesameasat
Soba,theshort-termpumpingcurvescanbe compared.Notethat thecut-inwind speedis
greaterthan3 mis andthat thepumpdeliversabout35 1/min. at5 m/swind speeds.This mdi-
cateslower performancethanateitherShambatorSoba.Theseresultscanlargely be ex-
plainedby thevery low pumpvolumetricefficiencyat this site.The measuredpump
volumetricefficiency wasunder40 percentat5.3 m/s.

This sitehasbeenplaguedwith difficulties. As with manyof theCWD windmills, thepump
hasbeenreplaced(on two occasions)andthefurling mechanismneededrepair.Thewindmill
wasout of servicefor nineweeksin early 1987with a daniagedcrankanda brokenhead
frameassembly.In late 1988, theweldon theendof thecrankarmbroke.This hashappened
atleastat one othersite. In late 1989,the tail assemblywasdamagedandthewindmill was
outof orderfor tbreeweekswhile it wasbeingrepaired.This repairhistory supportsthecon-
clusionthat theCWD windpump needsredesign.

The CWD windmills havebeenin placein Sudanfor aboutthreeyears.Therewereinitial
problemswith theair chambersandthepumpsusedto supply themwhich causedexcessive
pistonwear.A designproblemwith thefurling mechanismwasalsodiscoveredandcor-
rected.In addition,theweldat theendof thecrankarmhadbrokenat two sitesandthehead
frameassemblyhasbeendamagedatthreesites.In thesecases,repairshavetakenup to two
months.More importantly,thefactthattheseproblemshaveoccurredatseveralsitesmdi-
catesthattherecontinuesto be designdeficiencieswith themachine.Evenwheninstalledby
theCWD Irainedwind pumptechnicians,theCWD 5000doesnotmeetthe outputpreclic-
tionsof theCWD. 1f a latheis requiredto improveperformance,thenthemachinecannoteas-
ily be maintainedby farmers.Considerableeffort remainsbeforetheCWD 5000 couldbe
consideredacommerciallyviable machine.
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6.0 Pumping Practices and Survey Resuits

An understandingof currentdesign,operation,andmaintenance(0 & M) practicesandcosts
for dieseldrivenpumpsusedfor village watersupplyandsmail-scaleirrigation is important
to theanalysisof waterpumping.This informationhasbeenassembiedfrom surveys,inter-
views,andliteratureresearch.Sincesolarandwind systemshavenotbeenusedextensively
in Sudanto date,theirlonger-term0 & M characteristicsmustbeprojectedfrom availablein-
formationfrom this program.Thefollowing sectionsdiscussoperationandmaintenanceas-
pectsof diesel,solarandwindpumpingsystemsbasedon aseriesof surveysconductedby
ERC,ARD, andlocal consultantson:

• village water supply;

• small farm irrigation; and

• local pumpandenginesuppliers.

6.1 Village Water Supply
Informationconcerningtheoperationandmaintenanceof village watersupplieswascol-
lectedfrom severalsources.Theeffortwasinitiated by commissioningareporton the over-
all activities andpracticesof theNCRWRD(Reference5) A seriesof morefocusedsurveys
in selectedvilagesin eachregionwasplanned,butprojectandlogistical constraintspre-
ventedtheseriesfrom beingcompleted.Howeverover50 villagesin two regionsweresur-
veyedin detail (inciudingsitevisits andinterviewswith vilagersandpumpoperators).

In additionto thesesurveys,ERCstaffmetwith NCRWRDofficials, privatevoluntaryor-
gamzations,anddonorprojectmanagersandstaff. TheERCstaffalsoconductedseveralin-
formal village visits to roundout their understandingofvillage watersupplies.All available
documentationon village watersupply practiceandcost(seeBibliography) wasalsostudied.

6.1.1 Equipment and Installatlon
Theinstallationof mostvifiage watersuppliesis thework of theNCRWRD. Wateryardswith
dieselenginesarecategorizedby type.TypeA wateryardsaredesignedfor nomadicpopula-
tions with largeanimalwateringspacesandtankson 12-footstands.TypeB wateryardsare
for semi-nomadicpopulations.Thesewateryardshavesmalleranimalwateringareas,better
waterprovisionsfor humans,and24-foot stands.In areaswith no nomadicpopulation,type
C wateryardsarebuilt. Thesearesmallerthantheothertwo with no animalwateringtroughs,
andtankson 33-foot stands(if possible)to allow for standpipesand/orprivateconnections
awayfrom the wateryard.NCRWRDconsidersthatthecostfor thesediffering typesof water-
yardsarenearlythesame.Thedecreasein animalwateringcapabiityoffsetstheincreasein
thetankheight.

Thechoiceof enginesandpumpsusedfor thesewateryardsdependson thelocation,the
pumpinghead,andtheequipmentsupplier.As donorsarecurrentlyfundingmostnewcon-
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struction, theyoftendictatetheequipmentused.Thereareeightto tenmakesof enginesin
useatthis point.The engineof choicefor thehigh headcasesfoundin wes’ternSudanis the
6 to 8 kW Lister,preferablywatercoöled.TherearealsomanyTorpedo(Yugoslav),Deutz
(German)andothermakesin use.Eighteento 20 horsepowerAndoria (Polish),Bukh (Dan-
ish), Petter(British), andYanmar(Japanese)aretheleadingenginesusedin Centraland 1
NorthernRegionsalongwith a smatteringof Kubotas(Japanese),Lombardinis(Italian) and
others.Therearetwo majortypesofpumpsin use.Thejackpump(suchastheEdeco,Adier,
andShoeller)is themostcommonpumpin Eastem,Kordofan,andDarfur regionsandis 1
drivenby thesmaller6 to 8 kW engines.Vertical turbines(suchastheGrundfos,Rotos,Ne-
mitsas,andKato) drivenby biggerenginesarecommonin CentralandNorthernRegions.
TherearesomeMono pumpsin usein CentralRegionandmorerecentlyin theWesternRe-
gion aswell. TheLister-Edeco,theTorpedo-Shoeller,andtheBukh-Grundfosarecommon
pumpsetcombinations.Costsfor thesepumpsetsdependon thesource(localpurchaseoroff-
shorepurchaseby donors),makeandmodelofengineandpump,andthedepthsettingof the
pump.Currentlocalpricesrangefrom 120,000to 200,000Sudanesepounds(S~).Elevated
storagetanks,usually11,000Imp. gallons(50cubic meters)areusedfor mostvillagewater
supplies.Theseareroundorrectangularsteeltanks.Locally manufacturedtanks(either
madein NCRWRD shopsorby theprivatesector)costaboutS~100,000.Importedsectional
steeltanksareroughly twice thecost.

Thepipes,fittings, andconstructionmaterials(cement,steelre-enforcingbar, fencing,pump-
house,etc.) areoftenboughtlocally. Thecostafor theseitems ~articularly whenimported)
haveincreasedconsiderablyoverthe lastyear.As of theendof 1989,theestimatedcostfor
theseitemswasin therangeof S~65,000to Sf140,000.

Laborfor installationis providedby a crewof 20 (whenfully staffed).Installationtakes 1
aboutamonthto a monthandahalfpersite.This doesnot includethedrilling, development,
andtestingof theborehole.It doesinciudetheinstallationof theengine,pumpandall piping
within thewateryard;erectionof thewaterstoragetank; building taps,animalwatering
troughsandsoak-awaysasappropriate;building thepump-houseandothersiructuresfor the
wateryardclerkandpumpoperator;andfencingthewateryard.Any waterclistribution out-
sideof thewateryardperimeteris not included.The laborcostbreakdownfor aone monthin-
stallationis roughly S~7,000skilled laborandS~4,000unskilled.

Transportationrequirementsfor installationarecalculatedfrom thenearestinstallationcen- 1
ter. Thereare12 suchcenterslocatedin theNorthemSudanat theprovincial level. Transpor-
tation needsincludetheuseof: a big truck (15 to 18 tons) to carry thetank andmajor
materials(3 trips at roughlySf20perkilometer),a seven-to eight-tontruck (six to eight
trips at aboutSf12perkilometer) to bring theremainingsupplies,work crew, andasmaller
landcruiser-typevehicle(threetrips equivalentat SE6perkilometer).Thesefigureshave
beenconfirmedby NCRWRDoffices in four provinces.

6.1.2 Operation, Maintenance, and Repair
Theoperationof village watersuppliesdependson anumberof factors,includinglocation
andconfiguration.Village watersuppliesareoperatedin severalways.Mostcommonly(par-
ticularly in thewesternareas)an operatoris paidby theNCRWRD. In thepast,operators 5
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werehired, trained,andassignedto a village without muchconcernaboutthe operator’s
homevillage or region.

Currently,potentialoperatorsareidentifiedfrom within thevillage population,sentto Khar-
toumfor training, andretumedto their villagesto work. Operatorsarepaidin therangeof
SE1000permonth(includingroughly SE300of allowances).In locationswheretheNCR-
WRD collectsfees,a clerkis alsohiredat thesamesalarylevel as theoperator.In somevil-
lagesguardsarealsohiredattherateof Sf800permonth(inciudingSf300of allowances).
In theNorthernRegionandin sonieareasin KhartoumCommissionarateandCentralRegion
only an operatorandperhapsa guardarehired.Salariesarepaidby NCRWRD. Feesarecol-
lected,oftenper household,by thetreasurerfor thewatercommitteeor a hiredfeecollector.

Wateryardoperationrequiresthat theoperatorrun theengineandperformnormalmainte-
nance(changingoil, etc.).Normally,morecomplexmaintenanceandrepairaresupposedto
be performedby mechanicsfrom oneof the35 rural maintenanceworkshops.Thesework-
shopsaresupposedto beequippedwith facilities to performengineandpumpoverhaul,and
to sendmechanicalcrewsfor on siteengineandpumpservicing.In fact, theseworkshopsare
notcapableof fulfilling theirrole. Theylackadequatevehicles;havefew spares;andwithout
thenecessaryspares,muchof themajor workshopequipmentdoesnot functionproperly. In
practicetheworkshopsprovide skilled mechanicswith an arrayof handtools.

At thevillage level, very littie maintenanceis performed.Whenbreakdownsoccur(three
timesperyear on averageasdefinedby thevillagers), assista.ncemaybe requestedfrom the
rural workshop.However,villagersrecognizethattheymustoftenarrangetransportationand
obtaintheneededsparepartson their own. In orderto do this, manyvilageshaveorganized
themselvesandcollectasurchargeabovetheamountcollectedby theclerk.This providesa
fundfor purchasingitems notavailablefrom theNCRWRD.

Whena breakdownoccurs,thenormalsequenceofeventsis for the vilagersto go to the
workshopandaskfor assistance,whereuponamechanicgoesto assessthesituationandteil
the villagerswhatpartsareneeded.Thesewill be obtainedin the local marketor aregional
town, if possible,andthemechanicwill returnto maketherepair.Thisprocesstakesan aver-
ageof eightdays,but occasionallymay takeweeksormonthsdependingon theavailability
of therequiredspares.TheNCRWRDsurveyresultsindicateafairly high percentageof
equipmentoperating(80 to 90 percent)given this maintenanceandrepairprocess.However,
a visit to arural workshoprevealedthat40 percentof thepumpsetswereout of orderat the
time. About halfof theseneededwhatwastermedminor work; theremainderhadbeenaban-
doned,needednewpumps,or neededmajorenginework that couldnot be accomplishedfor
lackof specializedsparesor tools. It appearsthat thoseOut of orderfor longerperiodsarenot
consideredby NCRWRDin thedeterminationof operatingwateryardpercentages.

Engineslast10 to 12 yearswhich is somewhatlongerthanexpectedgivenoperatingcondi-
tions.Manyarecertainlyold andbeyondwhatwould normallybe consideredtheirworking
life, but theseenginesremainin usebecausethereareno replacements.Oneof thearguments
usedto defendtheEdecopumpsis that theywill last20 years.This maybe so, butobserva-
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tion of operatingpumpsrevealsthat long beforethis manywerebadiy in needof majorover-
haulandreplacement. 1
Obtainingandpayingfor dieselfuel andlubricantsareparticularproblemsin theoperation
of village watersystems.The “average”village (pumping50 m3/day)uses1,500to 2,000li-
ters of fuel annually. !Jnderideal circumstances,theNCRWRDregionalorprovincialoffices
wouldprovidefuel as partof theservicerenderedfor thefeespaidby villagers.However,
fuel allocationsareoften lateandareinsufficientfor theoverheadandconstructionactivities
of theregionaloffices.Villagers arealmostalwaysleft on theirown to obtain fuel. Thesur-
chargefundscollectedby theclerk or thevilagersthemselvesareusedto pay for fuel andlu-
bricants.It appearsthatfuel is almostalwaysavailable,butsometimesdifficult to find, and
thecostmaybe asmuchastentimes theofficial price.

Duringlate 1989andearly 1990,aperiodof extremedieselshortagein Sudan(SREPhadno
fuel for its field activitiesduring this time), reportsfrom rural areasshowedthatmostwater-
yardscontinuedto operatealbeitwith graveconcernaboutwherethenextfuel would come
from. During this period,lubricantsappearedto be a greaterproblem,andscheduledoil
changesweredelayedor cancelled.

Although theNCRWRDdoesprocuresparepartslocally andabroadto meettheneedsof the
wateryards,it is unableto purchaseanddistributeenoughto meetdemand.This leavesmany
villageswith theresponsibilityof purchasingtheirown spareparts in themarketpiace.Fast
movingspares(evenpistonsandcylindersaresoconsidered)for enginesandpumpscorn-
mon to theareaareusuallyavailable.Occasionallyspareswill be fabricated;frequentlymore
complexarrangementsarenecessaryto obtainsparesfrom Khartoumorevenoverseas.This,
at leastpartly,accountsfor longdelaysin repairs.Thesparessituationis not likely to mi-

provein thenearfutureasthegovernmentcontinuesto resirictimports.Thereare reports
thatsomesparesarebeingsmuggiedin largerquantitiesfrom acrosstheRedSea.Theannual
costof spareparts is afunction of theengineandpumpmakeandmodel aswell as theageof
thepumpset.Olderpumpsetsare likely to havemorebreakdownsandhigherspareparts
costs.TheNCRWRDestimateof S~10,000annuallyfor wateryardsparesis consideredarea-
sonableestimatefor awateryardof averageage.Skffled mechanicsareavailablefrom NCR- 1
WRD workshops.In mostcases,villagerswill solicit assistancefrom themaftertheyhave
madean attemptto remedytheproblemthemselves.However,in someareastheworkshops
arefar from thevillagesandlocalmechanicsarepressedinto service.The NCRWRDsays
thatonceall otheravenuesareexhaustedandtheproblemoftenexacerbatedby local at-
temptsatrepair,thevillagers arriveandexpectservicefrom NCRWRDmechanics.This is
undoubtedlytrue in somecases,but it mayalsobe NCRWRD’sbelief thatvillagersdo not
understandenginesandpumpsandonly makethesituationworsewith theirmeddling.

TheNCRWRDhasseverelylimited transportationcapability. Typically, arural workshop 1
will havethreeorfour vehicles,only oneof which is workingat any one timeandthat oneis
notreliableenoughto sendcross-countryto serviceawateryard.This leavesvillagers to ar-
rangetransportationto andfrom thevillage,andto theworkshopandmarket(to getspares
orfuel).
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Transportationcostavary considerablydependingon thedistanceandmodeof transport.In
somecases,a vilager with avehicleis willing to providetransportationatlittie or no costin
the interestof helpingthevillage. In othercases,abusorevenaprivatelyhiredcaris neces-
sary.Costsvaryfrom Sf25 to Sf.1500per trip (averageaboutSf300),typically with threeto
five trips necessaryto effectonerepair.

Total maintenancecostaincludespares,transportation,andlabor.Theannualsparescosthas
beenvariouslyestimatedfrom SE6,000to S~10,000.Transportationcostaarevariable.A rea-
sonableaverageannualtransportationcostis aboutS~3,600.Laborcosta,assumingthat
NCRWRDmechanicsareused,arein therangeof S~3,000to Sf5,000annuallyassuming
that two trips arerequiredfor eachrepair.Includingoverhaulcostaof Sk1,700annually
(which arenot apartof theaboveflgures),theannualmaintenancecostaperpumpsetis in
therangeof S~14,300to S~20,300,(roughly tenpercentof theoriginal pumpsetcost).This
is not an unexpectedfigure giventheageandconditionof mostwateryardequipment.

6.2 Smail-Scale Irrigation by Private Farmers
Informationon theoperationandmaintenanceof dieselpumpsusedby farmersfor irrigating
small plotswasassembiedfrom a numberof sources.Theeffortwasbegunby commission-
ing areporton theactivities andpracticesof smail-farmerirrigation andtheir geographical
locations(Reference17).This reportidentifiedareaswherefoilow-up surveysof individual
farmerswereto be conducted.

More than 100farmersin severalareasweresurveyedin greaterdetail to determinehowthey
operatedtheir enginesto providetheirrigationwatertheyrequired.In additionto thesesur-
veys,ERCstaffmetwith Ministry of Agriculture staff, privateprovidersofequipmentand
maintenance,donorprojectmanagersandstaff; ERCstaffalsoconductedseveralinformal
visits to farmsto confirmcertainpoints.In addition,all availabledocumentationaboutsmall-
scaleirrigation in Sudanwas studied.Thesedocumentsarereferencedin thebibliography.

6.2.1 Equipment and Installatlon
Mostsmall dieselirrigation systemsarepurchasedby thefarmerandinstalledwith thehelp
of a moreskilledmechanic.Small petrolpumpsetsarenot in commonusealthoughtheyare
available.Theengine,pump,andseverallengthsofdistributionpipeareoftenpurchasedasa
package.The farmersrefer to theirpumpsetsby thesizeof thedischargepipe,henceirriga-
tion pumpsare2-, 3-,4-inch, andlarger.Manyof thesepumpsareusedalongtheNile (both
White andBlue).Theyareboltedto metalor woodenskidsalongwith thesurfacecentrifugal
pumptheydrive (with shortbelts); this allows themto bemovedwith the seasonalrise and
fall of the river. Theintake to thepumpis oftena lengthofflexible hosewith a largestrainer
on theendwhich is placedin ahollowedout locationin the river bank.The waterconvey-
ancesystemis usuallya seriesof openchannelswith openingsleadingto fields orsmall
plots.Wateris pumpedthroughseverallengthsof pipefrom thepumplocationto themain
channel.Thenumberof sectionsvaryasthepumpis movedwith the level of theriver. In
someareaswith higherbanks,theengineis morepermanentlyplaced,sometimeswith a
solidpipearrangementon thesuctionsideof thepump.
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In areasslightly awayfrom theriver andin othermorescatteredareas,wateris pumpedfrom
openwells to irrigatesmallplots. In thesecasesthepumpandenginearelikely to be sepa-
rated,with theenginelocatedon thesurfacenearthetop ofthe well andthepumpat thebot-
tom.Thepump is thendrivenby aseriesof long belts(seeFigures6.1 and6.2).
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Figures 6.1 & 2. Diesel pump on shallow open well monitoring site near WadMedani
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Occasionally,both thepumpandengineareplacedatthebottomof a largediameterwell.
Waterdistributionis siniilar to thatdescribedabove.

Enginesandpumpsusedfor smail-scaleirrigation arealmostuniversallytheIndianLister
type. Theseenginesarecopiesof theslow-speed,water-cooledBritish Lister engine.They
areeither6 or 8 horsepowerrunning at500-800RPM andmanufacturedby Mercury,
Lovson, Alfa, Kumar, Ameerandothers.Theremustbe morethanadozenmakesof theseen-
ginesin use.Somearebetterthanotherswith higherquality bearingsandclosertolerances.
Theseenginesarewidely availableon theopenmarketfor S~10,000to S~12,000ascorn-
paredto S~45,000for theLister-PetterPHW-1.A few otherenginesmakes,includingaChi-
nesemodel, arein useaswell. About40 percentof theenginesusedfor small-scaleirrigation
arebeingsuppliedthroughAgricultural Bankof Sudanprogramsandotherbilateraland
multi-lateralruraldevelopmentprojects.

The surfacecentrifugalpumpsin commonuseoriginatein Italy,Cyprus,andmanyother
countries.It hasbeenreportedthatafew of thesepumpsarealsomadein Sudan.Thesesur-
facecentrifugalpumpsareinexpensiveatS~1,500to S~2,00Oeach.Waterstoragetanksare
not commonlyusedaspartof theseirrigation systems.

Thepipesandfittings costfrom Sf~2,000to S~10,000dependingon thecomplexityand
length of thepiping systems.Morecomplexirrigation distributionsystemswith extensive
branchedpipenetworksareevenmoreexpensive.Noefforthasbeenmadein this study to
quantifythecostof channelconstruction.Installationis usuallycompletedby a mechanic
working directlyfor thefarmerandassistedby thefarmerhimself. Theinstallationusually
takesseveraldays.Thelaborcostsquotedin thefarmers’ surveyfor installationaveraged
S~1,800.Thequotedcostavariedwidelydependingon thecomplexityof thepiping systems
andthelaborcontributionof thefarmer.

Transportationrequirementsfor asmall pumpsetarerninimal.A light duty pickuptruckis
oftenusedif theroadsareadequate.Shippingfrom alargertown is likely to bearrangedby
suqlorry andcostsanywherefrom S~0.50to S~2.00/kilometer/kg.Thepumpsetweighs
about200 kg sotheycanbe transportedin asmallerpickuptruck if thetruckcanreachthe
site.

6.2.2 Operation, Maintenance, and Repair
Farmersusuallyoperatetheirpumpsetsthemselveswithout a pumpoperator.Thepumpis
not usedregularly.Duringthegrowingperiod,wateris pumpedeverysecondor third day;
theengineis usedfrom four to six hourseachtime dependingon thewaterrequirementsand
theareaunderirrigation.

Thefarmerusuallyperformswhatevernormalmaintenance(e.g.,changingoil) is done.From
theobservedconditionof mostof thesepumpsets,farmersdo very little maintenanceand
havelittie or no trainingin properoperation.Typically boththeexhaustandtheair filters are
removed.Cooling is accomplishedwith astraight-throughsystem(ratherthanwith arecircu-
latingcoolant)which causeshigh temperaturegradientsin theengine,leadingto shortcorn-
ponentlife. Evenpistonsandcylinder blocks areconsideredfastmovingspares.This

55



providessomeunderstandingofthetreatmenttheseenginesget.Farmersalsoperformwhat
minorrepairstheyareableto, oftenusing bits ofrag,wire, or stringto holdcomponentsin
placeandkeeptheengineandpump operating.

Whenmoreseriousproblemsoccur,thefarmerwill seekamechanic(Figure6.3).Minor
overhaulsareoftenperformedin thefleldwith pistons,valves,or cylinderheadsbeingre-
placedby themechanicwith a setof toolswhich includesahammer,severalscrewdrivers
andacoupleof wrenches.Theingenuityof thesemechanicsandtheirability to getan engine
runningagaincannotbe questioned.Howevertheirformal training is often inadequateto the
taskof makingproperrepairsto theengine.Sparepartsfor theIndianListerappearto be
readily available.Specializedsparepartsdealersin largetownsareusuallywell stockedand
smallmerchantsin rural areasstocksomeof themostcommonlyneededparts.Evenin the
far reachesof theNile in theNorthernRegion,theavailability of sparesfor theseListercop-
ies wasnotcitedby farrnersasaproblem.However,theydid complainaboutprice.The
chargesof SC40for an injectornozzle,SE80for apiston(includingrings),andSf385for a
cylinderblockarestil 20 percentof thecostof equivalentgenuineListerparts.

Accordingto surveyresuits,thebreakdownratefor purnpsetaaverages1.5peryearwith a
standarddeviationof 1.5. The averageoutageperiodwasquotedat eightdays.Theseresults
indicatethatfarmersprobablydo notconsiderminorbreakdownsthatcanbe fixed on the
spotor within aday to bebreakdowns.ThesurveyindicatesthatfarmersspendS~l,050an-
nually on spares(inciuding“overhauls”donein thefield). Thefigureis roughlytwice this in
areasoutsidemajorsettledareas.Annuallaborcostafor maintenanceandrepairweregiven
as Sf400,andtransportationcostaweregiven asSf125.Thetotal maintenancecostreported
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Figure 6.3. Diesel pump mechanic making repairs on lndian-made diesel engine
at Um Dum.
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is thenabout14 percentannuallyof thecostof thepumpset.Given thecaretheenginesre-
ceive,this is not asurprisingfinding.

As with enginesusedfor village water supplies,theseengineslastabout10 to 12 years,
somewhatlongerthanexpectedgivenoperatingconditions.Manyarecertainlyold andbe-
yondwhatwould normally be consideredtheirworking life, but lackof replacementengines
requirestheircontinueduse.

6.3 Suppliers’ Surveys
Thepurposeof thesupplier’ssurveywasto determinewhatpumpingequipment(including
engines,pumps,spares,andrelatedpipingandfittings) wereavailable;howpumpusersob-
tainedtheseitems;andwhat theseitemscost.This wasaccomplishedby visiting suppliers,
requestingcurrentprices,andaskingaboutcurrentavailabiityof equiprnentandspares.
Othersourcesof informationwereseveralNGOs working in thewatersectorthatcouldpro-
viderecentquotes,andNCRWRD officials who areinvolved in budgetingandequipment
purchase.A supplier’ssurveyreport,WaterPumpingEquipmentSuppliersSurvey(Refer-
ence45), is available.

Therearelessthantenactiveimporting agentaforpumpsandsmall dieselenginesin Sudan.
Currently,themostactiveareDal EngineeringCo. Ltd. (Lister-Petter),IbrahimAbuHussain
Co. Ltd. (IndianLister),HussainAbu MusaCo. Ltd. (Andoria), andKurdi EngineeringLtd.
(IndianLister).Thesefouragentaaretheonly oneswith sub-agentsin the largertownsout-
sideKhartoum(in theKordofan,NorthernandCentralRegions).Foreigncurrencyrestric-
tions continueto be apressingproblemfor mostagents.Thosewho handleIndianandsome
Europeanbrandsappearto copemoreeasilywith thesituation.This seemsto be theresultof
demandfrom theprivatesectorandAgricultural Bank of Sudan(ABS) activity. Donorfunds
supporttheoffshorepurchaseof pumpingsetsandspares.This supportinciudesconcessions
to thelocal agentsfor themakesandmodelsof equipmentpurchasedby theABS. A number
of agentsarecurrentlyinactive(Lombardini,Yanmar,Kubota,andseveralothers)asthey
haveno ability to obtainthehardcurrencyrequiredto importequipmentor spareparts.Even
theactiveagents(excepttheIndianListerdealers)do notreporta largestockof spares.

Enginespareparts,particularlyfor theIndianListers,areavailableoutaideKhartoum.Mer-
chantsin townsandvillageswill carrysometheseitems(purchasedfrom an agentorsub-
agent)if theybelievethat therewill be ademand.Pricesareconsiderablyhigherthanin
Khartoum.For example,prices in Atbarafor pistons,cylinderblocks,andinjectorsfor In-
dianListerswere 50 to 60 percentmorethanin Khartoum.Theavailability of enginesand
pumpsdependson theability of agentsto import theseitems.During 1988, theagentssur-
veyedreportedsalesof singlecylinderenginesat9,500units. Thecurrentinventoryfor these
agentsis lessthan600 unitsor lessthanone month’sdemandat 1988 levels.Thecurrentesti-
mateddelivery timeis threemonthsif import permits andhardcurrencyare available.This
indicatesa significantreductionin capabilityto meetdemand.As to be expected,pricesare
increasingquite rapidly.
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Two factorscomplicatedefforts to deterniinepricesofequipment.Thesewere therecent
rapidescalationofinflation ratesandthelackofcurrentinventory.Consequentlyagentspro-
vide only roughpriceestimates,whichvary accordingto whenthenextconsignmentof
equipmentamvesandwhatthecostturnsOut to be, includingduties,taxes,andhandling
charges.Firm quotescan be obtained,butwill oftenbe higherasaresultof thebusiness-
man’sneedto protecthimselffinancially.

Thereareanumberof agentshandlingtheIndianListermakesin Khartoumandelsewhere.
Theseenginesandthepumpstheydrive arereadilyavailablein themarketplace.Thereis a
readymarketfor them,and theyarepopularwith farmerswhoareoftenableto paycashto
thesupplier.Farrnersarealso moreconfidentthanwith othermakesthatsparepartswill con-
tinue to be availableatcheapprices.

Thecurrenteconomicandbusinessclimatein Sudanresultain very variableengineand
pumppricing,andpumpavailability. TheABS now appearsto be themain suppliersof these
enginesasthesupplyof equipmentin theprivatesectoris liniited. Thepumpsetsavailable
throughtheABS arealsovery inexpensive;theyarepricedin localcurrencyat theofficial ex-
changerate.This amountato asubsidyto thebuyerof thedifferencebetweentheofficial and
marketexchangerates.Estimatesarethat 90 percentof theequipmentcurrentlybeingsup-
plied to small farmerscomesthroughtheABS. Themajorequipmentsuppliershavepro-
videdequipment(inciudingspares)to thegovernment(inciudingtheNCRWRD) throughthe
local tenderprocess.However,thecurrentmajorsourceis donorprojectswhichprocure
equipmentoverseas,oftenwith sourcerequirements(i.e., “tied-aid”) whichcauselongerterm
problemsfor thegovernmentasaresultof incompatibilitywith existingequipment,spares
unavailability, andadditionaltrainingneed.s. 1
6.4 Wind Pumps
No firm figuresfor themanufacturingof the CWD 5000or its operationandmaintenance
costaexist.No largerscalemanufacturingefforthasbeeninitiatedsothepurchasepriceof a
Sudanese-builtmachineis unknown.To date,all tenmachinesinitially installedin Sudan
havebeenmaintainedby theERCPumpingTeam.Although thesewindmills havebeenin 1
placefor more thanthreeyearsandmaintenancerecordsarein goodorder,not enoughinfor-
mationis availableto estimatethelongerterm,steadystatemaintenancecostof areliable
wind pump. Thefollowing sectionscliscussof windmili manufacturingandmaintenance 1
costa.

6.4.1 Manufacture and installatlon 1
TheERChasbeeninvolvedwith theDutchprogramforpromotingthelocalmanufactureof
theCWD 5000 sinceits inceptionin 1986.As theinitial goal for theprogramwaslocal
manufactureof thewindmill, theERC/CWDprogramdevelopedproductionandcostesti-
matesof themanufacturedproduct.In 1986,theSudanWind EnergyProjectestimatedthat
themanufactureof thewindmill would require223 hours,with themanufactureof thepump
taking roughly20 hours.At currentrates,the laborcomponentof windmill manufacture
would be aboutS~6,000.
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In 1986,thematerials’costfor the fabricationof thewindrnill was roughlyUS$2,500.At an
estimatedten percentinfiation in the internationalpriceof steel,the late 1989off-shoreprice
would be IJS$3,500.At theofficial exchangerate,thelocalmaterials’pricewould be
S~15,750.At thecommercialexchangerateof SE12.2= IJS$1.00, thecostwould be over
S~42,000.Allowing for privatesectoroverheadsandprofit (currentlyabout30 percent)and
dependingon theexchangeratesusedandimport duties,thetotal priceof thewindmill and
pumpwill be Sf35,000to S~80,000.Note that thelaborcomponentof thesellingpriceof the
wind pumpis well under20 percentregardlessof how the materials’costsarecalculated.

Installationcostscanbe reasonablyestimatedfrom theinstallationof theCWD 5000sin late
1986andearly 1987. Duringtheoriginal installationacrewof 11 wasusedandinstallation
took longerthanaweekper site.This level ofeffortwastheresultof thetrainingaspectof
theexercise.Pumpingteammembersestimatethatareasonablytrainedcrewof five could
erecta windmill in threeto fourdays,not including tenperson-daysfor fabricatingthe foun-
dation. This doesnot inciudebuilding thetankorany additionalpiping or fittings on thetank
discharge.Theestimatedcostfor windxnill installationis S~13,000to &El5,000.

6.4.2 Windmili and Pump Maintenance
TherearetenCWD 5000 windmills currentlyinstalledin andaroundKhartoum.Of thesesys-
tems,two havebeenOut of servicefor along time becauseof well problems.By theendof
1989,thetotaloperatingexperiencewith thewind pumpswas34 months.Overthisperiod
thepumpingteamcompletedfour scheduledmaintenanceirips peryearpermachine.Several
trips wererequiredto addressadditionalniaintenancerequirements,retrofittingparts,and
makingrepairs.After initial problemsrequiringtheinstallationof redesignedpumpsandad-
justmentof thefurling mechanismto newspecifications,roughly 1.2 trips peryearpersite
wererequired,in additionto thepreventativemaintenancetrips. Assumingthatonly oneday
trips arerequiredon average(for wind pumpslocatednearurbancenters)andthat threelech-
niciansandmechanicsparticipatein eachtrip, the laborcostannuallyfor eachwind pumpis
in therangeof Sk800.Transportationcostis dependenton whatvehicleis usedandthedis-
tancethat mustbe travelled.Thesitesin andaroundKhartoumarenot typical in this regard,
beingcloseto therepaircenter.Assumingtheuseof a light vehicleanda 100 km roundtrip,
annualtransportationcostawill be in therangeof Sf650.Note thatboth installationand
transportationcostawill beless for farmersdueto theuseof local labor(often thefarmer
himself)andmoreefficient useof transportation.

In mostcases,thematerials’costfor eachrepairtrip hasbeenniinimal. However,themajor
repairsneededat severalsitesrequirednewbearings,andrepairsto theheadframe.Given
that severalof thesiteshavesufferedmajorbreakdownsof theconnectionbetweentherod
andcrankandtheheadframeassembly,thereis considerableconcernaboutthe long-termreli-
ability of thesewindmills. Therecentdiscoveryat Sobathatthebearingsweredeteriorating
addsconcernaboutwhatotherweaknessesmayemergeover thenextmonthsoryears.The
useof thewindmills in andaroundKhartoumto testtheirlongertermreliability is aworth-
while activity in orderto galm informationfor designmodifications.However,in its current
design,thewind pumpis clearlynot readyfor commercialproduction.

59



1
1

6.5 Solar Pumps
As with wind pumps,experiencewith theoperationandmaintenanceof solarpumpsin Su-
danis fairly limited. However,theERCparticipatedin the installationof the two oldestoper-
ating solarpumpsin Sudanwhichwereinstalledin 1983 at theUniversityof Geziraandat
theHodiebaAgriculturalResearchStation.Completerecordsof therequiredoperationand
maintenancefor thesesiteshavebeenkeptby ERC. In addition,personnelat thesetwo sites
havebeeninterviewed.ERChasworkedin collaborationwith theSwedishSudaneseFriend-
ship Associationwhich instailedthetwo solarpumpstestednorthof Bara.Themorerecent
installationat Shambatis completelythework of theERC.The summaryexperienceswith
theseinstallationsprovidethebasisfor adiscussionoftheoperationandmaintenancere- 1
quirementsof thesesystems.

Thecurrentcapitalcostsfor solarpumpsarereadilyavailablefrom theEuropeanandAmen-
canmanufacturers.Shipping,customsduties,taxes,portclearance,andhandlingcharges
mustalso be includedin pniceestimates.Theinstallationcostrequirementswereestimated
basedon therecentinstallationof aGrundfospumpattheSobasiteby theGTZ-fundedSEP
project.

6.5.1 Procurement and Installatlon
Severalearlysolarpumpingsystemswereprovidedto thegovernmentof Sudanby thepump
manufacturer.Thesesystemsarethetwo that arecurrentlyinstailedattheUniversity of Gez-
ira andtheHodiebaResearchStation.All othersolarpumpingsystemshavebeenprovided 1
by donorgovernmcntsorprojectsfundedthroughdonors.Procurementof thesesystemshas
takenplaceoffshorewith thedonorpayingthehardcurrencycostadirectly to thepumpsup-
plier andthenarrangingfor deliveryto theSudan.TheGrundfosagentin Khartoum(United
EngineeringLtd.) hasat leastonetechniciantrainedin PV pumprepairandmaintenanceof
theunit. This agenthasnot madeadirect saleto date,anddoesnotstocksolarpumpspare
partsasthecostof maintainingthis slow movinginventoryis high. 1
Late 1989pricequotesfor thecompleteGrundfospumpingsystemsusedasolarmodulecost
of IJS$5.00perpeakwatt (Wp), not includingshippingandhandlingcosta.Estimateddeliv- 1
eredin-countrymodulecostis US$5.50/W~.TheGrundfospumpcostaroughlyUS$5,000
with anestimatedUS$250addedfor shippingandhandling,customsclearance,andother
charges.TheKSB unit costtotalsUS$2,000includingall ofthesecharges.Additional Costa
for arraystructures,wiring, andrelatedhardwareaddsan additionaltenpercentof thetotal
arraycost. Additional installationmaterialsincludingcementandaggregatefor thefounda-
tion andrisingpipes,andfittings for thepumpandpiping systemscostaboutSf50,000.All
othercostsdependon thespecificapplication,waterstorageanddistributionneeds.

Theinstallationof solarpumpsis quite easyandstraightfonward.A typical example,thein-
stallationof thesolarpumpat thenewsiteatSheraimEl Karamsha,is shownin Figure6.4.
A foundationmustbe built to holdthearrayandarraystructure;thecomponentsarethen
boltedtogether.For boreholepumps,thesubmersiblepumpsetis screwedonto thedrop pipe
andloweredinto theboreholealongwith thepowercable.Onepersonskilled in this process
candirectateamof four andinstail apumpin threeto fourdays.In thecaseat Soba,an ERC
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teamof four installedthepumpin threedays.Thelaborcostof this processwhenperformed
by theNCRWRDwill costcloserto Sf2000.Forvillage applications,this doesnot include
thecostof installingany otherwateryardcomponentasuchastanks,distnibutionlines,and
tapswhich will increasecostato neardieselinstallationlevels.Thetransportationrequire-
mentfor installationwill inciudea mediumtruck to carry thecementandaggregateaswell
asthepumpandsolararray.An installationrequiringtwo roundtrips to a site50 km from
theservicecenterwouldcostaboutS~1,500.As for wind pumps,solarpumpinstallationwill
costmorewhenperformedby theNCRWRD.

6.5.2 Opera tion and Maintenance
Oneof theprimaryargumentsmadein favor of solarpumpshasbeenthattheyarenearlyor
completelymaintenancefree.Theargumentsternsfrom the lackof rnoving componentsin
thesolararrayandthepossibility for ahighdegreeofreliabiity in solidstateelectroniccon-
trol circuitty. Withoutquesüon,thesolarmodulesthemselvesprovidetrouble-freeoperation.
However,for maximumperformance,thearraymustbe cleanedperiodically.This is particu-
larly true in thedusty environmentof mostof Sudan.Theothermajorarraymaintenance
problemis thedamageof modulesby vandalism.In someplacesthis hasbeenamajorprob-
lem. However,in Sudan,overtheperiodof installationof the five solarpumpsundertest
(358monthsof module exposure)only two moduleshavebeenbroken.This meansthatone
moduleperarraymustbe replacedeverysevenyearsor so, atapresentvaluecostofroughly
S±825(attheregulatedcommercialexchangerate)annually.

Figure 6.4. Newly instatled solar pump at Sharaim EI Karamsha with ARCO M-75
modules and Grundfos pump.
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Histonically, theweakestcomponentofmostsolarpumpshasbeenthepumpcontroilerand
any powerconditioningrequired.Theexpeniencewith thesecomponentsfor thetestpumps 5
wasexceptional.FortheGrundfossystems,oneUS$80switchwas replacedover 17 yearsof
pumpoperationfor the4 units.An estimatedspareparts’costof Sf500peryearhasbeenas-
sumed.The lifetime of thepumpcomponentof thesolarpumpsystemsis not likely to ex-
ceedthenormallifetime of asubmersiblepump.Theselifetimes areestimatedto be in the
rangeof five to tenyears,dependenton suchfactorsasthequalityof thewater.

Two of thetestsitesarealreadywithin this agerangeandcontinueto operatewithoutdiffi-
culties.It appearsthat thereis somedeteniorationofpump performanceoverthis time,but
thereasonsfor this maynot be theresultofpumpwearbutotherfactorssuchas increased 1
pipefiction asaresultof theageof thenising pipes.For thepurposesof thepresentanalysis,
a ten-yearpumplife is assumed.

6.6 Summary and Conciusions
Thetotal installedcostfor atypical village systemis morethan40 times thatof acompara- 1
bly-sizedsmall irrigation system.Muchof this differenceis additionalwateryardequipment
inciudingstoragetanks,waterdistnibutionfadiities,fencing,pumphouse,andrelateditems.
Thesearenotneededfor small irnigationsystems,andfarmersseldombuild them.However,
thereis alsoa significantdifferencein thecostof thepumpingequipmentused.Villages need
areliablesystemcapableof long hoursof operationpumpingfrom boreholesascontrastedto
afarmer’sneedto pumpwateron a lessregularbasisfrom shallowwells oraniver. Thesedif-
ferencesdictatedifferentenginesandpumps.

Currenteconomicconstraintsfor pumpingequipment,fuel, andsparepartscausebothmdi- 1
vidual andgovernmentwater systemsto be lessthanreliable.Very little, if any, preventative
maintenanceis performedon eithergovernmentorpnivate sectorpumpsorengines.Much of
theequipmentis old andreadyfor replacement,butconditionsdictatethattheequipment
mustcontinueto be patchedandused.This resultsin high maintenanceandrepaircostaand
morefrequentbreakdowns.

The maintenanceandrepairmechanisms,particularlyfor villagesystems,arelargely reactive
andadaptableto prevailingconditions.As long asthemaintenanceandrepairneedsaremod-
erate,theycanbeaddressed;in manycasesminorproblemsandshortoutagesarenoteven
consideredbreakdowns.As soonastheproblemsbecometechnicallycomplexor expensive,
thesituationbecomesoverwhelming.Whentheseconditionsarisein a village setting,thevil-
lagersarelikely to petitiontheNCRWRDfor moreactiveinvolvement.

Althoughmuchhasbeenmadeof thechronicshortagesof fuel, all indicationsarethat fuel is
usuallylocated.However,this mayrequireconsiderablecostandeffort on thepartof thevil- 5
lagers.

Solarpumpsoffer thepromiseofrespitefrom fuel requirements.TheGr~dfossolarpump- 1
ing systems,operatingatthemoderatepumpingheadsmeasuredatthetiefdtestsites,have
provento be very reliable.This finding is in line with theresultsof othertestingprograms.
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Somemodulebreakageandtheneedto organizetheregularcleaningof the arrayarethe
mostpressingmaintenanceandrepairissues.However,for a village watersystemtheoff-
shorecostaof thesesolarpumpsaremorethantwice thecostof a dieselpumpdesignedto
matchthepumps’output.

TheKSB floating pumptestedpenformedreasonablywhenoperating,buthadseveralvery
expensivebreakdowns.Limited expeniencewith thenewerdesign(with theon-offswitch) re-
strictaconclusivestatements.However,thedesignappearsto beunsuitablefor village water
supplyuseandmustcompetewith theinexpensiveIndianListerpumpsets.This is likely to
be difficult within agroupof userswho aresensitiveto initial cost.

Expeniencewith theCWD 5000windmull is sufficient to drawseveralconclusions.There-
pairsrequiredto keepthesewindpumpsoperatingarebeyondwhatshouldbe expectedofa
commerciallyviablemachine.Thedesignclearlyneedsreworkingandrefinementbeforeit is
suitablefor Sudaneseconditions.Currently thereis no activeprogramto build themachine
in Sudanasoniginally planned,sotheadvantagesof localmanufactureandlocal skills’ devel-
opmentcannotbe realized.Thereis little questionthat theeventualsalepniceof aredesigned
andcommerciallyavailablewind pumpwill be considerablyhigherthanthecostof theIn-
dianListeragainstwhich it mustcompetefor ashareof themarket.

TherearethreeKijito wind pumpsnow installednearShendiandin theearlyphasesof evalu-
ation. This design,provenin applicationsin othercountries,is worthacloserlook in Sudan.
However,the salepriceofthe20-footdiameterKijito is likely to be in therangeof
US$12,000oroverS~140,000(atthe 12.2exchangerate).Evenif manufacturedin Sudan,it
will be moreexpensivethantheS~50,000estiniatedfor theCWD 5000asaresultof in-
creasedmaterialin themachine.

Thefollowing chapterexaminesthefinancialandeconomicimplicationsof diesel,wind and
solarpumpingsystemsin detail.
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7.0 Financial and Economic Analysis

In this chapter,theresultsof thetestingprogramandthethreesurveyson pumpingpractices
andcostaareanalyzedfrom both economicandfinancialperspectives.As mentionedin pre-
vious chapters,therearedeartechnicallirnita to theuseof solarandwind pumps.Above cer-
tam headandwaterdemandlevels(discussedin thepreviouschapter),neitherwind norsolar
pumpsareableto meetthepumpingrequirementa,anddieselis theonly optionfor rural vil-
lagewatersupplyorsmail-scaleirrigation sites.Thereis littie pointin analyzingthosehigh-
demandor high-headcasesfurther.Rather,thefollowing sectionslook carefullyat those
limited situationswherewind andsolarpumpscanmeetwaterdemand,demandwhich is cur-
rentiybeingmet usingdieselpumpsalmostexclusively.In the low-moderateheadandde-
mandsituafionswhereall threesystemsaretechnicallyfeasible,costabecometheprimary
(butnot theonly) selectioncriteria.Themethodologyfor calculatingcomparativecostais de-
scribedin Section7.1. Datasourcesaredescribedin Section7.2.

To do thecomparaüveanalysis,“basecases”orrepresentativesitesaredefinedfor eachof
two typeof systems- onevillage watersupplyandonesmall-scaleirrigation system.Major
characteristicsof eachbasecasesystem(primarily pumpperformanceandenergyresource
charactenistics)aredescribedin Section7.3 below.Detailedcapitalandrecurrentcostbreak-
downsfor thebasecasesaregiven in AppendixH. Theresultsof thefinancialandeconomic
analysisaredescribedin Section7.4 (for villagewatersupply)and7.5 (for small-scaleirniga-
tion). Sensitivityanalysisis doneto identify critical variablesin theanalysis,andto deter-
mmetheeffectof changesin thosevariablesasassumptionsaboutpumpperformanceand
costavary.

7.1 Methodology
Thefinancialandeconomicevaluationsof pumpingsystemsarebasedon presentvalue
analysisasoutlinedin TheHandbookfor theComparativeEconomicand TechnicalPeiform-
anceof Water Pumping Systems(Reference19). The objectiveof this analysisis to provide
comparativelife cyclecosta(LCC) for diesel,solarandwind pumpsin variousapplications.
Thesecostacanthenbe usedto helpchoosean appropriatepumpingsystem,andto develop
relevantsystemsupportprograms.This discussiondoesnot includeacompletecostbenefit
andinternalrateofreturnanalysis,but suchcalculationsareimportantfor broaderprogram-
maticandpolicy decisionsinvolving othersectorsof theeconomy.Determinationof the
benefitsstreamfor rural watersupplyandsmall-scaleirrigatedagricultureis beyondthe
scopeof thepresentwork.

In presentvalueanalysis,all costauniqueto eachtechnologyaredetermined.In addition,ex-
penses(suchaswell orboreholecost)incurredregardlessof thetechnologychoicearein-
cludedfor acompletesite-specificcostpicture.Life cycle costanalysisseparatesinitial
capitalcosts(i.e., thecompletecostof purchasingandinstallingsystem)from recurrent
costa.Initial capitalcostaaredividedinto fourcategonies:matenials(inciudingequipment),
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labor(skilledandunskilled), transportation,andwell developmentcosta.Recurrentcostaare
divided into annualrecurrentcosta(suchasspareparts,skilled andunskilled labor, transpor- 5
tation, andfuel) andnon-annualcosta(suchaspeniodicengineoverhaulsorpumpreplace-
ment).Thestreamof recurrentcostais discountedto its presentvalue.Thetotal life cycle
costis thenthesumof the initial installedcapitalcostplus thepresentvalueof all recurrent 1
costa.A 20-yeartermof analysisis used,with varioussystemcomponentsrequiringreplace-
ment from time to time. Thewaterdeliveredby eachsystemis also discounted,in accord-
ancewith Reference19. This makesno significantdifferencein theanalysis,sincewereit 1
notcliscounted,therelativeorderof systemcostawould still remainthesame.

To be properlycompared,differentpumpingsystemsmustoperateundersimilarconditions, 1
which meansthey mustpumproughly thesamequantityof waterthroughthesamepumping
head.Thisallows thecomputationof a normalized“unit cost” of water(costpercubic meter
of waterpumpedat agivenhead,in SE/m3)for eachtechnology. 1
Financialanalysisdealswith actualpaymentsmadeby pumpusersover the lifetirneof their
system.It incorporatesvariousdistortionsin theoveralleconomy,suchasovervaluedforeign
exchangeratesandfuel subsidies.Economicanalysisrecognizesfactorswhich areofinterest
to thenationaleconomy,butwhich maynotbe reflectedin thefinancialcost.Thesefactors
includeapremiumon impontedgoods(astheycosttheeconomyin termsof foreigncur- 1
rency)andunskilledlabor(oftenunder-utilizedandpnicedin accordwith theeconomiccost
to society).Taxes,dutiesandotherinternalmonetarytransfersinciudedin thefmancialanaly-
sis areexcludedfrom theeconomicanalysis.Although theyareappropniateto thefinancial S
analysissincetheyarepaidby systempurchasers,theyarenotacostto thecountry’secon-
omy. A spreadsheetmodel wasdevelopedto facilitatethefinancialandeconomicanalysis.
Themodelpermits sensitivityanalysisof changesin technical,financialoreconomicfactors. 5
Theanalysisfocusesseparatelyon village watersupplyandsrnall-scaleirnigation.From an
economicperspective,thetwo mustbe treatedseparatelybecausevillage watersupply is nor- 5
mally apublic sectoractivity, whereassmall-scaleirrigation occursin thepnivatesector.Dif-
ferencesbetweenfinancialandeconomicanalysisarereflectedin differingassumptions
aboutdiscountandexchangerates.Basedon informationfrom thesurveysandfield tests,the
basecasesfor watersupplyandirrigation also makedifferentassumptionsaboutpumping
head,waterdemand,pumpingrate,typesof enginesandpumpsused,anddifferentwaysin
which pumpingequipmentis purchased,operated,andmaintained.Therearealsovariations
in costandO&M practicesin differentregionsof thecountry,aswell as varyingdistancesto
equipmentrepaircentersandfuel depots.Valuesof thesevariableswill be addressedfurther
in thesensitivityanalysisin Sections7.4and7.5.

7.2 Information Sources 1
Severalmethodswereusedto obtain reliableinformationon capitalandrecurrentcosta,and
economicparameters.Theseinciudeda seriesof surveys(describedin ChapterSix), a litera-
turesearch,interviewswith governmentofficials, privatesectorbusinessrnenanddonor

agencyrepresentatives,andthecommissioningof severallocal consultancies.
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Theseriesof surveysprovidedinformationon pumpingpracticesandcapitalandrecurrent
costafor dieselsystems.Twosurveys,oneon village watersupplyandone on small farm irri-
gation,focusedon currentoperation/maintenancepracticesandrecurrentcosta.Thevillage
watersurveywasassistedby NCRWRDpersonnel,andinciuded28 vilagesin theKhartoum
Commissioneraleand23 villagesin CentralRegion.TheMinistry of AgnicultureExtension
Serviceassistedwith thesmall farrnersurveys.Theysurveyed50 farmersin theKhartoum
area,25 nearWadMedaniand25 nearKosti. In addition, theNCRWRDofficers in Northern
andCentralRegions,andin theareaaroundKordofanwereaskedaseriesof questionsto es-
tablishcostafor dieselsystemsandthepotentialfor renewableenergyapplicationsin theirre-
gions.Samplesurveyquestionnaires(in English)areincludedin Appendix0. The
equipmentdealerssurveyidentifiedcurrentcostafor variouskinds of engineandpump
makesandmodelsavailablein Khartoumandelsewherein thecountry.

Overthe lastseveralyears,therehavebeenanumberof donorsupportedwaterprojectsin
Sudan.Someof thesehaveissuedreportswith estimatesof installedcapitalcostaandrecur-
rentcosta.Foremostamongthemarea seriesof paperspresentedat theConferenceon Sus-
tainableOperationandMaintenanceof RuralWaterSuppliesheldin Khartoumin May,
1989.Reportsprovidedby theWADS projectandtheWéstemSavannahDevelopmentpro-
jectalsoprovidedvaluableinformation.Whenmorespecificquestionsaroseortherewerein-
consistenciesamongfiguresprovidedby differentsources,specific individualswere
consulted,includingNCRWRDandotherpublic officials, donorprojectmanagers,andre-
pair shoppersonnel.Theintervieweesofferedinformationon pumpingpracticesandoften
couldexplain why costawereastheywere.Theyalsoconfirmedtherangeof capitalandre-
currentcostareportedby othersources.

In severalcases,specificconsultancieswere commissionedto assistin definingimportantpa-
rameters.Alreadynotedis theassistanceprovidedby theMinistry of AgnicultureExtension
Service.Consultancieswere alsousedto researchrelevantdiscountrates,shadowpnicing fac-
tors, andthetaxstructureasit relatesto importingpumpingequipment.

7.3 Base Case System Descrlptions
It is importantto selectbasecaseassumptionsthatrepresentactualpumpingconditionsin Su-
dan,andat thesametimearefocusedon thosesituationswherethepotentialexists for using
solarandwind pumpsto displacestandarddiesels.Themostimportanttechnicalparameters
definingthebasecaseare:

• averagedaily waterdemand(in m3/day);

• total pumpinghead(in meters);

• specificequipmentused;

• energyresourcelevels,including averagedesignmonthsolarradiationlevels(for
solarpumps,in kWhJm2/day)anddesignmonthsitewind speed(for windpumps,
in mis);
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• location(asan indicatorof transportationdistancefor installationandservicing,in
km); and 5

• O&M requirementsandtheirassociatedcosta,asdeterminedby thefield testing
andsurveyprograms. 1

In orderto comparesystemsof equaldesignquality, operatingefficiencieswerechosento
representweil-designedandmaintainedsystems.Although this is certainlynot thecommon
stateof affairswith manydieselsystems,it wasnotedelsewherein this reportthatthemost
cost-effectiveactionwhich couldbe takento reducepumpingcostain Sudanis to paymore
attentionto theproperdesignof existingdieselsystems.It also makeslittJe senseto skewthe
analysisby comparingnew,properlydesignedwind andsolarpumpsto dieselsin verypoor
condition.
In additionto thetechnicalparametersdefiningthebasecases,importantfinancialandeco- 5
nomic parametersinciuded:

• discountrates(whichvarieddependingon whetherthepurchaseror userwasin the 5
privateorpublic sector);

• foreignexchangerates(multi-tieredin Sudan);and

• equipmentandmaterial(inciuding fuel) costa,ta.xes,anddealermarkups,which
werebasedon theCostaof existingsystems,aswell as on currentsupplierquotes
anduserinterviews. 1

Loaninterestrateswerenotasimportant,sincemostprivatesectorpurchasesofdieselsare
typicaily madewith cash,or throughconcessionaryloansmadeavailablethroughtheABS.
Loaninterestchargesaretypically low (comparedto inflation rates),andof evengreater
benefitto ABS equipmentbuyersis thatimportedequipmentis pricedatthevery overvalued
official exchangerateof S1~4.5 to theUS dollar. Theimpactoftheseloansis examinedfur-
ther in thesensitivityanalysis.

Sincethevillage watersupplycaseandthesmail-scalefarmercasearesodifferent, thetwo
basecasesituationsaredescribedseparatelyin thefollowing two sections.

7.3.1 Rural Village Water Supply
Thereareabout3,600dieselwateryardsin Sudan.Accordingto theNCRWRD,averagede-
mandatthesewateryardsis about50 m3/day.Waterheadrangesfrom alow of 20-40meters
in manyvillagesalongtheNile (andat afewotherlocations)to ahigh of 80-100metersin
many locationsinWesternSudan.From theresultareportedin Chapter5, commercialsolar
andwind pumpsclearlycannotmeetthesewaterrequirements.However,therearea number
of smallervillages,particularlyin areasneartheNile, wheretheheadis 35 metersor lessand 5
thewaterdemandof about20 m3/daycanbe metby a solarorwind pump. To givesomeesti-
mateof thesizeof thepotentialmarkethere,extrapolatingfrom theresultsof theNCRWRD
surveysshowsthat thereareanestimated100-150vilages(3-4percentofthetotal) which
meetthetwo criteriaof head35 metersor less,anddemand20 m3/dayor less.
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Thebasecasesystemsusedin theanalysisall pump22 m3/dayat a35 meterhead.A demand
of 22 m3/dayratherthan20 m3/daywaschosenbecausethe basecase1484Wp solarsystem
will pumpthatmuchduring the low-radiationDecemberdesignmonth.UsingtheWorld
HealthOrganization’srecommendedminimumdaily waterconsumptionof 30 liters person
per day,this is enoughwaterfor over 700 people.Ofcourse,thenumberof peopleservedby
thesesystemswould increasein inverseproportionto decreasinghead(e.g.,at only 15 me-
ters head,the systemswould serveover 1700people).Thethreebasecasesystemscanbe
briefly describedas foliows (detailedsystemandcomponentCostaaregiven in Appendix H):

• diese~:ListerPHW-1 enginewith aGrundfosvertical turbinepump,pumphouse,
50 m elevatedstoragetank,systemefficiencyof 15 percent;

• wind: CWD 5000windpump(5 m rotor diameter),100 m3 elevatedstoragetank,
systemefficiencyof 12.5 percent,designmonthwind speedof 4.1 mis;

• solar:Grundfossolarsubrnersiblepumpset,DC-AC inverter/controller,1484 Wp
array,50 m3 elevatedstoragetank, subsystem(pump/motor/controller)efficiency
of 34 percent,designmonthsolarradiatiorilevelof 5.9 kWh/m2/dayori thearray
tilt.

In orderto do arealisticcomparisonof diesel,wind andsolarpumpingcosta,all necessary
wateryardequipment,inciuding drulledandcasedwell, storagetanks,andlocalareadistribu-
tion systemis includedin thecostanalysis.

A fewcommentswill help to explainsomeof thepointa in thebasecasesystemdescriptions.
Althoughmanydieselwateryards(particularly in KordofanandDarfur) areequippedwith
Lister-Edecoorequivalentpumpseta,in theirnewsystemdesignsNCRWRDnowusesverti-
cal turbinepumpsin locationswith 35 meterpumpingheads. For solarpumps,although
othermakesareavailable,theGrundfosis theonly appropriatesolarpumptestedin thepre-
sentstudy (thelow-headKSB solarpumpis not designedto pumpthrough35 meterheads).
SincetheCWD 5000was theonly wind pumptested,its performanceandcostis usedin this
analysis.However,an importantcaveatis thatthis machineis not yetacommerciallyviable
design.It is assumedthat suitabledesignmodificationswill be madeto adequatelydealwith
thesignificantperformancedefectamentionedin ChapterFive. Also, the localmanufactured
cost(asopposedto importedcost)asestimatedby CWD is usedasita capitalcost. Since
thesemachineshavenotbeenproducedin Sudanon acommercialbasis,this estimatedcost
is somewhatspeculative.An altemativewindniill suchasthe weil-tested(in othercountries)
Kijito is alsoa suitablechoice,but it is bothsubstantiallymoreexpensive,andwasnot tested
duringthis program.

The solarradiationlevel assumedhereis typicalof muchof thecountryapartfrom the
South.TheaverageannualsolarradiationatthefourreportingstationsalongtheNile is 6.4
kWh/m2/dayon thehorizontalsurface.Themonthwith the lowestsolarradiationlevel
(knownasthedesignmonth)is December,whentheaveragedaily levelsare5.4
kWh/m2/dayon thehorizontal.By suitably tilting thearray,theusableDecemberradiation
canbe increasedto about5.9 kWhJm2/day.
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As discussedin ChapterFour, averagewind speedsarenotwell definedfor mostlocationsin
Sudan.At somestations,theaverageannualwind speedcouldbeas high as5 mis,particu-
larly alongthe Nile north of Khartoum.The averagewind speedunderdesignconditions
(i.e., the lowestaveragewind speedmonth) is estimatedto beabout4.5 mis. So,the4.1 mis
wind speedassumedin thebasecaseanalysisis a conservativeestimateof availablewinden-
ergyresources.TheCWD 5000at4.1 m/s will just meetthe22 m3/daypumpingdemand.

Othercostasuchascivil works,skilledandunskilledlabor,localpartsandmaterials,and
transportationneedsreflectdatacollectedduringtheprogram.Apart from partsandfuel,a
substantialcomponentof recurrentO&M costais transportationoffuel, partsandserviceper-
sonnel.Costdependson distancetravelled.A transportationdistanceof 50 km (oneway)
from thesite to theservice/fuelcenterwasused,sinceareaswheresolarandwind pumpsare
technicallyattractive(low head)areprimarily alongtheNile, with installationandservicing
facilities relatively nearby. 5
In recentyearsthediscountrateusedby theSudaneseGovernmentto evaluateprojectshas
rangedfrom 10-15percent.Recentanalysisusesa 15 percentdiscountrate(Reference50).
Sudanhasamulti-tieredexchangerate.Official donorassistanceis pricedatS~4.5 = IJS$ 1,
andtheregulatedcommercialexchangerateis US$ 1 = S~C12.2.Theregulatedcommercial
exchangeratewasusedfor the(public sector)village watersupplybasecase,andthesome-
whatvariablefreemarketexchangerateofS~18 = US$ 1 wasusedfor the (privatesector)
small farmerirrigation basecase.Given Sudan’shigh infiation ratesoverthe lastfew years,
its currencyis severelyovervalued.Theneteffectof theovervaluedexchangeraleis that it 1
makesimportedgoodsartificially cheapin termsof their trueresourcecost,which is the
amountof goodsandserviceswhich Sudanneedsto exportto fully coverthecostof these
imports (Reference27). In general,overvaluedexchangeratesfavor more capitalintensive 5
importedsystemssuchaswind andsolarpumps.

7.3.2 Small-Scale Irrigation 5
The localconsultantreporton small irrigatedperimeters(Reference17) suggestathat by far
thelargestnumberof areasin Sudanwhererenewableenergytechnologiesaretechnicallyat-
tractivearealongtheNile, wherethebulk of the low head,small irrigatedperimetersexista.
Installationandservicingfaciitiesfor dieselsareusuallyfoundwithin 50 km (oneway)
from farms.

Averagepumpingheadsfor smali-scalefarmerslifting waterfrom theNile aremuch less
thanfor rural vifiages,oftenlessthan5 meters.Slightly higherheadsarefoundin areasaway
from theNile, wherelargediameter(2-5 m) dugwells areusedaswatersources.At the5 m
headusedin thesmail-scaleirrigationbasecase,atypical solarpump(again,a Grundfosis
used)will pumpabout150 m3/day,sothis is usedas thebasecasedemand.Thesystemde-
scriptionsarethen:

• diesel: theconsiderablyless expensiveIndian-madeListercopy(US$ 600 CIF)
with a CypriotorIndiansurface-mountedcentrifugalpump(US$ 100 dE), no 5
storagetank,systemefficiencyof 5 percent.
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• wind: CWD 5000wind pump(5 meterrotordiameter),150 m3 (onefull day
demand)groundstoragetank;

• solar:Grundfossolarsubmersiblepumpset(thesmallerKSB pumpis not adequate
for meetingthis sizedemand),DC-AC inverter/controller,1484Wp array,no
storagetank.

For irrigation, by far themostcommondieselsystemusesthemuchlessexpensiveIndian-
madeversionsof theLister 8/1, andSO thatengine(andits considerablylowerefficiency)is
usedin theanalysis.Wind speed,solarradiationandsystemefficienciesfor thewind andso-
lar pumpsareidenticalto thevillagewatersupplybasecase.No tanksareneededfor diesel
andsolarpumpsbecauseof theirrelativelyhigh flow rates,which areadequatefor ditch or
flood irrigation. Becauseof themuchless uniform daily wind speed,thewind systemneces-
sarily inciudesonedayof waterstorage.Otherequipmentandmaterialscostaareminor
(otherthanapipeinto theriver andoneortwo dischargepipesorhoses,wateris conveyed
by dug channel).

Theprevailingprivate sectordiscountrateis considerablyhigherthanfor thegovernment.
For thepurchaseofpumpseta,theAgricultural Bankof Sudanoffersshort-termloansat an in-
terestrateof 19 percent.Thediscountrateappliedby commercialinvestorsto projectanaly-
sis in theprivatesectoris 25 percent.Thebasecaserateusedin this analysisis 25 percent,
althoughtheimplicit discountrateappliedby individualfarmersto investmentpurchases
maybemuchhigher.However,sincefarmersnormallypurchaseequipmenton theopenmar-
ket, taxesof 30 percentandagentfeesof 30 percentareincluded,andbanratesdo not have
a significantimpacton this analysis.Thetaxratereflectscurrenttaxesanddutiesimposedon
importeditems.Theagentfee(markup)usedis basedon researchandsurveyresults.In most
cases,thepriceof equipmentpurchasedprivately is basedon thefreemarketexchangerate
for theSudanesepound.TheGovernmentestimateof thetruefreemarketexchangeratefor
theSudanesepoundis SE 18 = US$ 1, andsothis ratewasusedfor thefinancialanalysisof
theprivatesectorirrigation system.

7.4 Resuits for Rural Village Water Supplles
The costanalysisfor eachof thebasecasesarepresentedseparatelyin this andthefollowing
section.Theresultaof theanalysisclearlyshowthat thesesituationsareindeedquite differ-
ent,andleadto verydifferent setsofrecommendations.

Themain criterionfor comparisonis theeconomicunitwatercost,in Sudanesepoundsper
cubicmeter(S~/m3)of waterpumpedatthespecifiedhead.Othersecondarycriteria (e.g.,
capitalintensity) whichwill havean impacton systemchoicearealsodiscussed.

7.4.1 Base Case Results
Thebasecasevillagewatersupplysystempumpsatleast22 m3/daythrougha 35 meterhead
during thedesi~nmonth,theaveragedelivery for a 1484W~solarpump.Waterdeliveredin
excessof 22 m /dayduringotherperiodsof theyear(suchashigh solarradiationmonths)is
notvalued(byconvention,seeReference19).For thewind pumpto becomparableto the
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dieselandsolarpumpsundertheseconditions,thesite averagewind speedduring thedesign
(calmest)monthmustbe4.1 mis. Abovethis speed,awind pumpwill meetthedemand.A
dieselsystemcaneasilymeetdemandrunninglessthantwo hoursper day.

Table7.1 bebowgivesboth thefinancialandeconomicunit watercostafor diesel,solar,and
wind pumpingsystems.Sincevillage watersuppliesoperateprimarily in thepublic sector,
theeconomicresultsareof mostinterest.

1
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Themostimportantconciusionfrom theresuitsshownin Table7.1 is thatfor all systems,
unit watercostacalculatedfrom the fleld testsandsurveysareessentiallyidenticalfor the
basecase.Differencesareinsignificant,andarewell within themarginof errorof theavail-
abledataandcalculations.Theunit costashownincludeall costafor NCRWRDinstallations,
includingpump,engineandassociatedequipment,well development,pump house,fencing,
waterstoragetank(50 m3), distributionpipingandvalvesin thewateryard,andall recurrent 1
costa.In thecaseof solarpumps,onestoragetank(thesameasthedieselsystem)is likely to
be sufficientto ensurean adequatewatersupplyduringnormallybrief overcastperiods.All
systemsinciudepumpoperators,asthis is theNCRWRDconvention(this hasnegligibleim-
pacton theoverall analysis).

Thepresentvalueof themajorcostcomponeritaof eachofthewatersystems(materialsand
equipment,spareparts,labor, transportation,fuel,andwell development)aresummarizedby
installedsystemcostandrecurrentcostain Table7.2, andshowngraphicallyin moredetail
in Figure7.1. First, themostimportantconclusionhereis thelife cycbecosta(LCd, in both 1
economicandfinancialterms)for all threesystemsarevery nearlythesame.Theslight (per-
cent)differencein LCC betweenthevarioussystemsis not significant,sinceit is well within
themeasurementerrorof theanalysis.Second,thetableshowsthatthe installedsystemcost 5
is by far thedominantcostfactorfor all systemstested,representing79 percentof thediesel
LCC, and94 percentof boththesolarandwind LCd.

Third, the initial costof buyingandinstallingadieselpumpis considerablycheaperthan
eitherof theRETpumps.Theeconomicinstalledcostfor thesolarandwindpumps(includ-
ing well developmentcosta)areroughly 20 percentgreater(aboutS~116,000)thanthedie- 5
sel pump.Themanreasonsfor this arethehigherCostafor thePV arrayandpumpset,and
thecostof theadditionalstoragetank (which CostaaboutSC 100,000)for thewindpump.
Also, thedieselandsolarpumpsdo not requireasextensivecivil works (thetowerfounda- 1
tion) asthewind pump.
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Table 7.1: Unit Water Cost~(S~Jm3)
FinancialTemis EconomlcTerms

Diesel Pump 10.1 13.9

SolarPump 10.2 14.1

Wind Pump 10.4 14.2
1 Conditions:35 metershead, 22 cublc meters per day
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Thefourth conciusionis thatthepresentvalueof all recurrentcostafor both thesolarand
windpumpsis only 30 percentofthat of thedieselpump.This hasalwaysbeenthefactor
whichhasgeneratedthegreatestinterestin usingRET pumps.Lower recurrentcostagener-
ally increasesystemsustainability,sinceusersareoftenresporisiblefor coveringrecurrent
butnot installedcosts.Thehigherrecurrentcostfor thedieselis theresultof notonly fuel, lu-
bricantandsparcpartscosta,butalso thegreaterflumberof trips andlaborrequiredfor main-
tenanceandrepair.In contrast,majorrecurrentcostitemsfor the solarpump aremodule
replacements(oneevery 7 yearsasaresultof breakage)andperiodicpumpsetreplacement
(onceevery 10 years).Windpumprecurrentcostamainly involve occasionalcheckups,mi-
norrepairssuchasreplacementof thepistonleathers(everyyear),andreplacementof the
pistonitself (everyLive years).Thefigures usedfor thewind pumpanalysisreflectreason-

Table 7.2: Life Cycle Cost of Systems (St)
Diesel Solar Wind

EconomicCost

lnstalled System Cost1 552,792 668,968 669,560

Present Value of RecurrentCosts 145,706 41 .179 41,544

Total Life Cycle Cost 698,498 71 0,147 711,104

FinancialCost

Installed System Cost1 403,757 477,208 490,269

Present Value of Recurrent Costs 102,652 30,165 31,410

Total Life Cyc!e Cost 506,409 507,373 521,679

1 InciLiding well developmentcosts

Figure 7.1 PresentValue of SystemCosts
Economic Analysis-VlIIage Water Supply
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ablemaintenancecostafor a market-readywindrnill design.Currentoperation/maintenance
costafor theCWD 5000arehigherthanthelevelsassumedfor theanalysis. 5
Figure7.1 breaksout thecostcomponentsin asomewhatdifferentway thanTable7.2. The
majorcostcomponentcategories(life cyclecost,materialandequipment,sparcparts,skilled
andunskilledlabor,Iransportation,fuel, andwell development)inciudeall costawithin each
of thosecategories,whetherthosecostaarepartof systeminstallation,oroperation,mainte-
nance,andrepair.Note thatfuel is a verysmall componentof thediesel’slife cycle cost,re-
flecting therelatively bow capacityfactorfor thedieselsystem(it is only runabut2 hoursper
day).This figure showsthatwhile therecurrentcostsof operatingadieselengineareconsid-
erablygreaterthanthoseof operatinga RETpump,recurrentcosta(at least,for thebasecase
consideredhere)arenot nearlyassignificantasupfront costain comparingrelativesystem
costa.

To betterunderstandtheeffectsof certainassumptionson theresultsof theanalysis,it is use-
ful to determinewhichcostorperformanceassumptionshavethegreatestimpactuponCosts,
andto performsensitivityanalysison thoseassumptions.A widerangeof sensitivityanaly-
seswereperformed,a summaryof which is givenin Table7.3. Thetwo majorcategoriesof
parametersvariedarephysical(affectingpumpperformance)andeconomic(includingfman-
cial parameters,whichdirectly affectcost). 5
7.4.2 Sensitivity Analysis of Changes in Physlcal Parameters
Theunitwatercostfor pumpingwith diesel,solarandwind pumpswill vary asimportant
physicalparameters(e.g.,head,waterdemand,equipmentoperatingefficiencies)change.For
example,unit costaareinverselyproportionalto thevolumeof waterpumped.For diesel
pumps,theinitial capitalandoperatingcostavary only slightly for moderateincreasesin
wateroutput.For moderatewaterdemandvariations,theonly costchangeswifi be to parame-
tersdependenton engineoperatinghours(e.g.,fuel, periodicmaintenance).Changesin
pumpingrateandengineloadingaresecondaryeffectawhichhelpreduceoperatingcostaas
pumpingrateincreases.On theotherhand,thecostof solar(largerarrays)andwind pumps
(largerrotors)canincreasegreatlyaswaterdemandincreases.Any increasein waterdemand
beyondthat specifiedin the basecasewill exceedthetechnicalcapacityof commercialsolar 5
pumps(sincesolarradiationlevelsdonotvary appreciably).Wmdpumpscouldhandle
largerdemand11 sitewind speedweregreat~.Table7.3 showsvariouspossiblechangesin
physicalandecoriomicparameters,andtheirsubsequenteffecton economicunit cost.Next
to thecalculatedunit costaaregiventhepositive(+) ornegative(-) percentagechangesfrom
thebasecaseunit cost.

Reduceddemandwill increaseunitwatercost.Fordiesel,wind andsolar,economicunit
costawill roughlydoublewhendemandis cutin half. Thegreatestpercentageincreasein
unit watercostwill be for thedieselsystem,sinceit cannotbe easilydownsizedlike thesolar 5
pump.At the lowerdemand,thewindmill will requirelessstorage(reducedtankcost) to
meetdaily demand,andso it’s unit costwill increasetheleast.Alternatively, with thebase
casetwo tanks, thewindmill couldbe usedin areaswith wind speedsaslow as3.2 m/s. 5

S
1
1



Doubling theheadmakesthespecifieddemandbeyondthecapacityof thesolarandwind
systems,unlessthesitewind speedis asmuchas5.2 m/s (in which casethe unit Costis only
Sf 16.6).Reducingthedieselpumpefficiencyfrom 15 percentto 8 percentincreasesunit
costonly slightly, sincefuel costis arelatively small componentof diesellife cycle cost.
However,keepin mmdthatevensmall savingsin dieseloperationcanmeanlargesavings
for Sudanbecauseof thevery largenumberof systemsinstalled.Also, runningadieselat
higherefficiencynot only reducesspecific fuel consumption(fuel consumedperunit of
waterpumped),but also reducesperiodicmaintenancerequirementsandthefrequencyof ma-
jor overhauls,sincetheenginerunswarmerandhassubsequentlylesscarbonbuildup.

Doubling thetransportationdistancefrom 50 to 100 km eachway increasesunit Costa4-9
percent,with the largestimpacton thedieselbecauseof its highermaintenanceandfuel
transportationrequirements.An interestingexampleof suchacaseis atypical wateryardin

Table 7.3: Resuits of Sensitivity Analysis
Unit Water Cost In Economic Terms (S~Jm3)

Village Water Supply Base Case
Diesel

A. Changesin Physlcal Parameters
~—>i1 m3/day Water Demand

13.9
Solar

35—>70 meter Pumping Head1

14.1

Wind

15—>8% Diesel Pumpset Efficiency

14.2

27.4(+97%) 24.9(÷77%)

Transport Distances 50—>100 km

1 7.0(÷22%)

B. Changesin EconomicParameters

22.9(÷61%)

14.2(+2~/e) same

Local Purchase of All Equipment

1 5.2(+9%)

same

1 4.8(÷5%)

20% Cost Reduction of lmported Solar
Wind, and Diesel Components

1 4.5(÷4%)

1 5.3(#8%)

Diesel Fuel from SE 15—>50/gallon
PV Module Oost Reduction from:

13.4(-4%)

15.6(÷11%) 14.7(÷4%)

1 3.2(-6%)

US$ 5.50—>5.OOiW~

14.7(÷6%) same

US$ 5.50—>4.OO/W~

13.9(-2%)

same

same

US$ S.SO~>3.OO/WF~

Exchange Rate Changes from:2

same

13.9 (-1%)

same

same

13.3(-6%)

SE12.2—>4.5 per US$

sarne
1 2.8(-9%)

SE12.2—>18 per US$
Discount Rate from 15 —> 20%

same

9.4 (-32%) 8.2 (-42%)

18.2(+28%) 17.3(#24%) 18.7(÷33%)

8.8(-38%)

1 7.0(#22%) 18.0 (+28%) 18.0(÷27%)

2 correspondlng change In shadow price of fordige exchange.

1 At 70 meters head, neidier the solar for the wind pump could meet the base case demand of 22 m3/day, unless

site wind speedis grea~r.
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Kordofanor Darfur.There,total pumpingheadis about100 metersandthewaterdemandis
about50 m3/day. Increasingtransportationdistancesto 100km to reflect thegreaterdis- 1
tancesto servicecenters,andincluding thecostandperformanceof theLister-Edecopumps
usedin theseareas(ratherthanthebasecaseverticalturbinepump),theunit watercostfor
dieselis S~9.5/m3.This is lower thanthebasecasedieselurtit costbecausemorewateris
pumped.Sinceneithersolarorwind (exceptat muchhigherwind speed)pumpscouldmeet
thatdemand(e.g.,a 9,000Wp solararraywould be required,muchlargerthancommoncom-
merciallyavailablesizes),comparativeanalysisfor suchcasesis meaningless. 5
7.4.3 Sensitivity Analysis of Changes in Economic Parameters
Sensitivityanalysiswasusedto calculatechangesin unit Costadueto modifiedassumptions 5
about:

• who paysfor systemcomponenta,whichaffectspaymentof taxesanddealer 1
markups;

• basecostaof va.riousequipmentcomponents;

• fuel costvariations,wbich arepartlydependentupon governmentpolicy andpartly
uponvariablescarcity;

• the impactof themulti-tieredexchangeratesystem;and

• discountrates.

This basecaseassumesthatmajorsystemcomponenta(exceptstoragetanks)arepurchased
by donorsandimportedfor donor-supportedprojecta.Thereis no markupon matei-ialspro-
cureddirectly by donors.Locally-procureditems inciudetanks,pipes,fittings, andgeneral
constructionmaterials.WhenNCRWRDwantsto expandita procurementbeyondwhatdo-
norsprovide,it maypurchasesomeequipmentlocally througha tenderprocess.In thatcase,
equipmentbecomesmoreexpensive,sincea25-30percentmarkupfor handlingandprofit is
chargedby localdealers.Importdutiesarewaived,becausetheequipmentis suppliedto the
government.In suchacase,economicunit Costawill increaseby 4 percent,11 percentand4
percentrespectivelyfor diesel,solarandwind pumps.ThegreaterinCreasefor solaris be- 1
causeit is a morecapitalintensivesystem(i.e., theequipmentCostaareahigherpercentage
of LCC thanfor theothertwo systems).

By buying in largerlots, it is possibleto getmorecompetitivebids for equipment.if, for ex-
ample,NCRWRDwereableto bid largeenoughtendersto reduceimportedequipmentand
materials(exceptfor thewell) Costaby asmuchas20 percent,a consequentreductionin the 5
economicunitwatercostfor diesel,solarandwind would be 4 percent,6 percentand2 per-
centrespectively.For thesolarpumps,suchapricereductionmayalsocomefrom highervol-
umeproductionandincreasedproductcompetitionasinternationalmarketsfor thesesystems 1
continueto expand.This is unlikely to apply to locally manufacturedwind pumps.

Dependinguponthe application,fuel costcanbeamajorrecurrentcostcomponentfor diesel
systems.However,for thebasecasesystem(asseenin Figure26), fuel consumptionis nota
majorcostcomponent.Forthis Case,theaveragefuel pricewouldneedto reachSE25 per
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gallon over the long termbeforetheeconomiccostof solarpumpingwould be less thandie-
sel for thebasecase.This pricedoesnot includeexpectedincreasesin transportationcosta
which will alsoresuit.

A questionfrequentlyaskedwith respectto solarpumpsis whatmustthecostof modulesbe
(in EJS$perpeakWatt, or US$/Wp)in orderfor solarto be competitivewith diesel.Forthe
basecase,theansweris ÏJS$5.00/Wp.only slightly lessthan thecurrentprice.Table7.3 also
showsunit costacalculatedon thebasisof US$ 4.00 andUS$ 3.00fWpmodules.

Economicvariablessuchasforeignexchangerates,discountrates,andthe termof analysis
canhavemajorimpacton unit costcalculations.Thetermof analysisherewaschosento be
theestimatedlifetime of thelongestlived componentof anyof thesystems,in this casethe
20 yearlifetime of thewindmili andthesolarmodules.All othersystempartswere replaced
on an as-neededbasisover thesystemlifetimes,sochangesin thetermof analysiswill have
no effect on theresulta.

Foreignexchangeratesareanotherimportantissue.Thebasecaseanalysiswas doneassum-
ing an exchangerateequalto theregulatedcommercialrateof 5E 12.2perU.S. dollar.The
Ministry of FinanceandEconomicPlanning(MFEP) arguesthatanalysisofpublic sector
projectsshouldreflecttheofficial exchangerateof SE4.5 pertJ.S.dollar.Table7.3 shows
theresuitsof thatcalculation.Not unexpectedly,thesolarsystemhasthelowestunit cost,
sincethetrueworthof thecapital intensivesolarsystemis undervaluedwhenusing suchan
overvaluedexchangerate.Thewind system,which is morecapitalintensivethandieselbut
less sothansolar,alsohasalower unit costthandiesel.Changingtheforeignexchangerate
to thefreemarketrateofS~18 to theIJ.S.dollar reflectsa truerpictureofrelativesystem
cost,with dieselcheapest,thenwind, thensolar,althoughagainthedifferencesarenot sig-
nificant.

Raisingthediscountratefrom 15 percentto 20 percentwill increasetheLCC of all systems.
However,it will favor the leastcapitalintensivesystem(thediesel),sinceits higherrecurrent
costawill be devaluedmore thanthoseof therelativelycapitalintensiveRETsystems.1f the
discountratedeclines,theoppositeis true,andRETsystemswill be favored.This is unlikely
to happenhowever,sinceoverthepastseveralyears(1987-88)infiation hasbeenrunningat
50 percentormore,andinfiation ratesfor 1989/90areexpectedto be evenhigher.

In summary,LCC for all threesystemsarenearly thesame,but theRETsystems,especially
thesolarpump,arevery capital intensive.High initial costamaywell haveagreaterimpact
on systemchoicethanlife cyclecost(seeChapterEight). Reducedpumpingrequirementsfa-
vorsolarandwind systems.Largerdemandorhigherheadfavorsdiesel,andbeyondfairly
modestincreases,solarandwind systemssimply cannotmeetdemand.Solarandwind sys-
temsarecost-competitivein certainlow-head,low-demandsituations.However,thenumber
of vilageswith suchpumpingrequirementsis not lilcely to belarge(perhaps150 villages—
lessthanfive percentof thetotalnumber)in Sudan.A discussionof otherfactorswhich
shouldbe consideredwhenmakingpumpingdecisionswill be foundin Chapter8.
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7.5 Resuits for Small Farm Irrigatlon
Thebasecasepumpingconditionsassumedfor thesmall irrigatedfarm is an average150 1
m3/daythrougha5 meterhead.This correspondswith thepumpoutputfrom aGrundfosso-
larpumpat a typical headfor small farm irrigation.Dependingon thecropandotherfarm
variables,this shouldbeenoughwaterto irrigate2 to 5 acres.Forpurposesof analysis,it is
assumedthatan averageof 150 cubicmetersis deliveredeachday,evenif thefarmer’s irriga-
tion rotationdoesnotrequireit. It is assumedthatthe farmerwill appropriatelymanagecrop-
pingpatterns,operatehis ownpump,andmaximizehis useofthewateravailable.Unlilce the
village watersupplysituation,no operatorcostis assumed.For thewind pumpto haveout-
put comparableto thedieselandsolarpumps,theaveragesitewind speedduring thedesign
monthmustbe atleast4.1 mis. Solarradiationlevelsarethe sameasthevillage watersupply
case.

7.5.1 Base Case Resuits 1
For smallprivatesectorfarmers,fmancialunit Costaaremorerelevantthaneconomicunit
costa.Althougheconomiccostaarean importantfactorin settingpolicy, farmers’decisions 1
arebasedon thefinancesof pumpingchoices.Table7.4 givesboth thefinancial andeco-
nomic unit costa(S~/m3)for diesel,solar,andwind pumpingsystemsfor this basecase.

Thesevaluesinciudeall sitecostafor installationscompletedby thesmall privatesector
farmer.Dugwell costaareinciuded,aswell aslimited pipingcostato deliverwaterto earth
irrigation channels.Sincethewindpump’s flow rateis not normallysufficientnorconstant

enoughto allow easychannelirrigation,a tankis requiredto storewaterfor periodicrelease

1
1
1
1

into themainditch. A 150 m3 groundtankstorageis assumedin orderto allow waterrelease
eachday to adifferentpartof thefarmer’sirrigatedfields. In thedieselandsolarpumping 1
cases,no tank is requiredsincethewaterflow rate is sufflcient to ensureadequatechannel
flow.

Themostimportantconclusionfrom theresultsshownin Table7.4 is thattheunit costofdie-
selpumpsis far lower thaneitherof thetwo altematives.Thefinancialunit costof thediesel
systemis only 12 percentthat ofthesolarsystem,andabout25 percentthatof thewind sys-
tem. Noticethateconomicunit costaarelessthanflnancialunit costa.This is aresultof the
inclusionof taxes,duties,andcustomschargeswhich aresimple iransfersandarenot in-
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Table 7.4: Unit Water Cost1 (S~Im3)

FinancialTemis EconomieTerms
Diesel Pump 0.25 0.21

Solar Pump 2.03 1.57

Wind Pump 1.04 0.85

1 5 meters head, 150 m3/day
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cludedin theeconomicanalysis,andwhichoutweightheeffectof theshadowforeignex-
changerate.Theseunit costaaresignificantly lessthanthosefor therural watersupplycase,
mainlybecauseof significantly decreasedmaterialandequipmentcosta(cheaperpumpseta
andsimplerphysicalinstallations).Also, theLCC is amortizedout overamuchlargerquan-
tity of waterpumped(150versus22 m3/day).

Thepresentvaluesof the majorcostcomponentafor thethreeirrigation systems(materials
andequipment,sparcparts,labor, transportation,fuel, andwell developnient)aresumma-
rizedby installedsystemcostandrecurrentcostin Table7.5, andshowngraphicallyin more
detailin Figure7.2. Theclearlydominantcostfactoris theinstalledsystemcost.A small-
scalefarmercanpurchaseandinstall an Indianversionof theListerpumpsetfor roughlySf
35,000including pump,piping,andinstallation.Theinstalledcostfor asolarpumpingsys-
tem to meetthe samerequirementais about5f 422,000.Thewind pumpinstalledcapital
costis about5f 224,000.Thesolarsystemis so muchmoreexpensivethanthewind system
becauseof thegreatereffectof taxes,duties,andagentmark-upson themostly imported,
considerablymorecapitalintensivesystem.

Table 7.5: Life Cycle Cost of Systems (52)
Diesel Solar Wind

FinancialCosts
Installed System Cost1 34,846 421,561 224,282

Present Value of Recurrent Costa 20,134 28,397 6,815

Total Life Cycle Oost (LOO) 54,980 449,958 231,096

1 Inciuding well develorent costs

Figure 7.2 PresentValueof SystemCosts
Financial Analysis:Small Irrigation
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Thedieselengineandpumpnot only havevery low capital cost, but thedieselsystem’sre-
currentcostis alsolower thanthatof thesolarpump,andonly aboutthreetimes thatof the
locally-manufacturedwind pump. Recurrentcostsfor thediesellargelyrepresentparts,labor,
andfuel andlubricantcosts.Repaircostsfor theIndian-madeengineareconsiderablyless
thanfor atheWestem-madeequipmentusedin thevillage watersupply system.Lowereffi- 1
ciencies(andconsequentlyhigherfuel costs)aremore thancompensatedfor by much
cheapersparepartscosts.Thereducedsystemreliabiity of thecheaperequipment(andsub-
sequentlymore frequentoutages)is notquantifiedin this analysis,but it is clearlyacceptable 1
to farmersbecauseof theclistinct costadvantage.

Themajorrecurrentcostsfor thesolarpumparereplacementsfor expectedbrokenmodules
(roughlyoneeverysevenyears,basedon experiencethus far) andfor thepumpsetandcon-
troller (at 10-yearintervals).Taxes,duties,andagentfeeson pumpsetreplacementsincrease
thepresentvalueof therecurrentcostfor solarpumpingsignificantly.For a20-yearsolar
pumplife, andnomodulebreakage,thepresentvalueof therecurrentcostsdropsto only
aboutSE 3,558.

Themajorwind pumprecurrentcostsarefor laborandpartsfor occasionalmaintenanceand
repair.As in thevillage watersupplycase,thefigures usedforthe CWD 5000wind pump
performanceanalysisreflectcurrentfieldexperience,andassumethatmajordesignflaws
havebeenworkedOut beforeany furtherattemptsat commercialization.if that is thecase,
mostsimplerepairscouldbe doneby thefarmerhimself.

7.5.2 Sensitivily Analysis of Changes In Physlcal Parameters
A tabularsummaryfor sensitivityanalysesof changesin both physicalandeconomicparame-
ters for thesmail-scaleirrigation analysisbasecaseis given in Table7.6. Numbersin paren- 1
thesesindicatethepercentagechangefrom thebasecaseunit cost.

As in thevillage watersupplycase,reductionin waterdemandincreasesunit watercost
acrosstheboard,but at differentratesfor eachsystem.Whendemandis reducedby half, the
unit costsfor diesel,wind andsolarpumpsincreasesconsiderably,especiallyfor diesel.The
unit costfor wind pumpingapproachesthatof diesel,butunit costfor solarpumpingis still 1
morethantwice thatof diesel.

Althoughnot shownin Table7.6,anothersolaralternativeis theKSB floating pump,also
testedby theproject.The KSB (with a lessexpensivearrayandpump thantheGrundfos)
will pumpjust under50 m3/daythrougha 5 meterheadin a solarregimeof 5.9kWh/m2/day.
To matchtheserequirements,a smalldieselpumpwill needto operatefor only 2 hoursaday
pumping25 m3/hour.Thefinancialunit watercostsfor this situationfor diesel,solar,and
wind pumpingare0.69,2.53,and3.21 respectively.Evenif dieselfuel costsincreaseto SE
25 per gallon, thedieselunit costonly risesto 0.77,which is stil! very competitivewith re-
spectto thealternatives.

Whenheadis halvedto 2.5 meters,thesolarpumpingratecan be maintainedwith asmaller
array.Theunit costdecreasesby 4 percentfor dieseland28 percentfor solar.Thelarge
changein solarcostis attributableto thereductionin solararraycosts,themajorexpenseof

1
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thesystem.Forthis low-headconditionthewindrnill costessentiallystaysthesame,andit
becomesan option to usein areaswith adesignmonthwind speedof only 3.2 m/s.However,
dieselis still by far theleastcostpumpingoption.

SinceO&M requirementsaregreaterwith diesels,increasingthedistanceto servicecenters
favorstheuseof solarandwind pumps.Wheninstallationandservicingdistancesarein-
creasedfrom 50 km to 200 km, unitwatercostaincreaseby 24 percent,2 percent,and5 per-
centfor diesel,solar,andwind respectively.However,fmancialunit costafor wind andsolar
arestil threeto six timesgreaterthanfor dieselsystems.

7.5.3 Sensitivity Analysis on Changes in Economic Costs
Thebasecaseanalysishasassumedthat themajorpumpingcomponentsarepurchased
throughthelocalprivate sector(excepttankswhich, whennecessary,arebuilt on-site).Taxes

Table 7.6: Resuits of Sensitivity AnaIysi~
Unit Water Cost In Financial Terms (S2/m )

Diesel
0.25

Solar
2.03

Wind

1.04

0.47(÷88’/o)

0.24(-4~’o)

0.31 (÷24%)

2.95(+45%)

1 .47(28%)
2.07(+2’/o)

1 .34(÷2~/~)

1 .07(+3%)

1 .09(+~/o)

same same 0.70(3~/o)

Smail-ScaleIrrigatlon BaseCase

A. Changesin PhyslcalParameters

1 50—>75 m3/day Water Demand

5—>2.5 meter Pumping Head
Transport Distances 50—>200 km
1f Wind System did not Require
Storage Tank as Specified
B. Changes In EconomicParameters

ABS Supply of All Pumpsets

50% Oost Reduction of Imported
Solar and Wind Pump Components

Diesel Fuel Oost lncrease

S~5—>50 per gallon

S~5->120 per gallon
PV Module Oost Reduction from:

US$ 5.50->5.00/Wp

US$ 5.50—>4.OOiW~,
US$ 5.50—>3.OO/W~

Exchange Rate S~18—>12.2 per US$
DiscountRate Increased 25—>35%
Eliminate Import Tax on Imported

Pumping Equipment (Rate 30—>0%)

0.14(44%) 0.50(-75%) 039(6~/~)

same 1.O8(~47’%) 0.54(-4~/~)

0.56(+224%)
1 .04(÷416%)

same
same

same
same

same
same
same
0.21 (-16%)

0.31 (+24%)

1 .93(-5%)

1 .72(-15%)

1.51 (-26%)

1 .39(-32%)

2.76 (÷36%)

same

same

same

0.77(26%)

1 .43(÷38%)

0.22(-12%) 1 .57(-33%) 0.85(-18%)
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andcustomsdutiesareinciudedin equipmentcosta,andagentstakea markupon all items.
However,an increasingpercentageofpumpsarenow beingsuppliedthroughtheAgricul- 1
turalDevelopmentBankof Sudan(ABS), sincerecentgovernmentpolicies(especiallythose
regardingforeigncurrencytransactionsandimport licenserestrictions)havecausedareduc-
tion in equipmentavailablethroughprivatesectorsources.As describedearlier,theABS ar-
rangesfor thepurchaseofequipmentwith hardcurrencysuppliedby donors,andthenmakes
theequipmentavailableto farmersatpriceswhichrefiecttheofficial foreignexchangerate
ofS~4.5 to theU.S. dollar.Loansaremadeto farmersat theequivalentof 18 percentinter-
estannually,if thefarmercanprovidea 30 percentdownpaymenton theequipment.Under
theseconditions,financialunit costsdropby 44percent,75 percent,and62 percentfor die-
sel, solar,andwind respectively.Morethan80 percentof this reductionin unit costis there-
sultof exchangerateassumptions.Eventhoughunit costaaredecreasedsignificantly,diesel
pumpingremainsthecheapest.Notehowever,thattheABS currentlydoesnotmakeloans
for solaror wind pumpingsystems.

Sinceequipmentandmaterialcostis themajorcomponentin thelife cycle costs,asubstan-
tial reductionin theseexpenseswill reducetheeconomicunitwatercost.Assumingfor pur-
posesof argumentan almostimpossiblereductionof 50 percentin the installedcapitalcosta
for solarandwind pumps(exceptfor thewell costa),theunit watercostfor solarandwind is
reducedby only 47 percentand49 percentto 1.08 and0.54,respectively.This is stil! not a
sufficientreductionto favorsolarorwind pumps;thefmancialunit costaarestil morethan
twice thecostof dieselpumping.

Fuelcostis oftenamajorconsiderationin operatingdieselirrigationpumps.However,diesel
fuel costawould haveto reachS~120 perliter beforewindpumpswereattractivefrom afi-
nancialpointof view. This doesnot inciudechangesin transportationcostwhich wil result
from increasedfuel cost.

Again, sincePV modulecosthasalwaysbeensuchan importantindicatorof solarpump 1
cost, threedifferentmoduleCostaareusedto calculateunit costa.Evendownto US$
3.00/Wp,thesolarpumpis not evencloseto beingcompetitivewith thecheapdiesel.Simi-
larly, even1f it is possibleto successfullyirrigatewith a windmill withoutusinga waterstor-
agetank,thewind pumpis stil notcompetitivewith thecheapdiesel.

Thebasecaseanalysisassumedanexchangerateequalto afreemarketexchangerateof Sf
18 to theU.S. dollar. However,if currencywereavailableto agentsto importpumpingequip-
mentat theregulatedcommercialrateof S~12.2to theU.S. dollar, thefinancialcostafor all
technologieswoulddecrease.Whenthis analysisis done,theeconomicunit costswill not 1
change;thefreemarketcurrencycostaarenotaffectedby thefmancialexchangerateused.
However,thefinancialcostafor all systemsaresignificantly reducedto 0.21, 1.39,and0.77
for diesel,solar,andwind, areductionof 16 percent,46 percent,and35 percentrespectively.
Undertheseconditionsdieselpumpingremainsthe leastcostalternative.

Revisingthediscountrateupwardto 35 percent(from 25 percent)will tendto favor thetech- 1
nologywith low capitalcostandhigh recurrentcost(diesel)overthosewith low recurrent
costaandhigh initial cost(dieselandwind). if thediscountratedecines(asmentioned
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above,this is highly unlikely), theoppositeis true. Increasingthediscountratefrom 25 to 35
percentincreasesfmancialunit watercosta29 percent(diesel),29 percent(solar),and38 per-
cent(wind).

1f theGovernmentof Sudanwereto eliminateta.x on all importedwaterpumpingequipment
andmaterials,droppingthe taxrateto zeroreducestheunit costaof diesel,solarandwind by
14 percent,29 percent,and22percent,but dieselis still themostcost-competitive.

Theresuitsof the irrigation basecaseanalysisindicatethatdieselpumpsremainthemost
costeffectivepumpingsystemchoicefor all reasonablechangesin performanceandeco-
nomic pararneters.Changesin pumpingconditionscanalterthefinancialcostof thedifferent
technologies,but do notchangetherelativecost-.effectivenessofdiesel,wind, andsolar
pumps.Reducedpumpingrequirementa,resultingin significantreductionsin solarandwind
pumpingcostaandlimited reductionsin dieselpumpingcosta,will favor solarandwind.
However,theseconditionsareinsufficient to makesolarorwind pumpingfinancially aLlvan-
tageousfor smail-scaleirrigation.

Currently,thereappearsto be linie opportunityfor thecost-effectiveuseof solarand wind
pumpsfor small-scaleirrigation.A discussionofotherfactorswhichshould beconsidered
whenmakingpumpingdecisionswill be foundin Chapter8.

7.6 Summary and Conciuslons
Given thedifferencesin practicesandcostabetweenprivatesectorsmali-scaleirrigation and
NCRWRD public sectorwateryardconstructionandoperation,thesetwo situationsmustbe
analyzedas separatefinancialandeconomiccases.

Unit watercostsfor village watersuppliedby dieselpumpsetsaremuchmoreexpensivethan
smail-scaleirrigationfrom both thefinancialandeconomicperspective.Thevillagewater-
yardhasadistribution systemwhich inciudeselevatedwaterstoragetanks,tapsandtroughs
for animalsandvillagers.fencing.andDumo-houses.Noneof theseis reuuiredfor small-
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scaleirrigation. Othersignificantdifferencesinciudetheuseof muchcheaperIndiandiesel
enginesandlackof theneedfor apaidoperatorby private farmers. 1
Solarandwind pumpscanbe costeffectivefor village watersuppliesundercertaincircum-
stances.Thesecasesarelimited to small wateryardsin areaswherethetotal pumpinghead
andthewaterdemandarerelativelylow. Figure7.3 indicatesthattherelativecostsof diesel,
wind, andsolarpumpingis afunctionof theproductof thepumpinghead(meters)andthe
daily waterdelivery (cubic meters).This productis a measureof theenergyrequiredfor
pumpingeachday.Above thehead*demandlevel (about750 m3*m) shownon thegraph,die-
sel becomesthe systemof choice,exceptwherewind speedis high enough(about4.5 m/s)
sothatwindmilis canmeettherequireddemand.Noticethatfor thebasecase,solarandwind 1
pumpingarebothcost-effectiveovertherangeindicated.In Sudan,a realisticlimit for solar
pumpapplicationsis alsoabout750 m3*m, equivalentto 22 m3/daypumpedthrougha 35
meterhead,or50 m3/dayata 15 meterhead.For suchsites,thechoicebetweensolarand 1
wind is amatterof wind speed.1f thesitewind speedhasbeenwell documentedto exceed
4.1 nijs in thedesignmonth,thewind pumpwill be morecost-effective.1f not,the solar
pumpwill be.Solarandwind pumpingbecomemoreatiractiveasthedaily demandandhead
decrease.In practice,thesecasesarefairly limited, becausetherearefewwateryardswhich
correspondto theseconditions.Themostlikely areasexistarealongtheNile to thenorthof
Khartoum,andcertainareasin Kordofan(suchas Bara)andotherprovinceswherewaterta-
bles arenearthesurface.

For vilageswhich havelargerwaterdemandorarepumpingfrom greaterheads,theopportu- 1
nities for cost-effectiveuseofeither solarorwind arevery limited underthepresentfinan-
cial andeconomicconditionsin Sudan.Currenteconomicpolicieswhichfavor dieseldriven
pumpingincludeheavily subsidizeddieselfuel, regulated(andovervalued)foreignexchange
rates,lackof accessto foreigncapital,andheavyinflationarypressures.However,evenal-
lowing for thesedistortionsin the localeconomy,dieselpumpingwill remainthedominant
technologyfor providingvillage waterfor sometime to come. 1
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Figure 7.4 Unit WaterCost
FinancialAnalysis:Small Irrigation
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Within theprivatesectorwheresmali-scalefarmersaremajorusersof dieselpumps,there
arefew opportunitiesfor thecost-effectiveuseof solarorwind. In this sector,theextremely
low capitalcostafor commondieselpumpingequipmentmakeit difficult to competewith
dieselpumpsetson thebasisofeithercapitalcostor life cycle cost. Farmers,who tradition-
ally makeinvestmentdecisionsbasedon capitalcostconsiderations,areunlikely to investin
a moreexpensivetechnology,evenif it is morecost-effectivein the long run.

As with thevillage watersupplycase,currenteconomicpoliciesfavor dieseldrivenpumps.
However,evenallowing for distortionsin the localeconomy,dieselpumpingwill remainthe
dominanttechnologyfor smail-scaleirrigation.Figure7.4 (previouspage)showsthatthe
costfor solaror wind pumpingfor irrigation remainshigherthanfor dieselfor all low head,
low demandsituations.This continuesto bethecaseabovethebasecasehead/demand
range.However, thereareimportantnon-technicalstrategicandpracticalfactorswhich affect
pumpingtechnologychoice.Considerationof thesefactorsin the following chapter shows
thatthereis a small segmentof boththe irrigatedsub-sectorandthepublic watersupplysec-
tor where solar andwind pumping arereasonableoptions.
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8.0 Constraints and Incentives

Therearetechnicalandnon-technicalissueswhichfavor theuseof onewaterpumpingtech-
nologyover another.Theseissuesmay,in fact,be decidingfactorsin pumpsetdecisionsand
mayover-ridefmancialandeconomicconsiderations.A numberof factorswhichplay arole
in pumpingchoicesin Sudanareoutlinedin this chapter.

8.1 Pumping Characteristlcs
Dieselpumpsetsarefiexible andpowerful. Dieselenginesareavailablein awide varietyof
makesandmodels.Largerwaterdemandsandtotalpumpingheadscanbe accommodated
with only amoderateincreasein capitalcost.In manycases,increasesin waterrequirement
can be addressedquite easilyby an increasein total pumpinghours.

In low head,Iiniited demandpumpingconditions,dieselpumpsetsarelessappropriate.In Su-
dan,thesmallestcommonlyuseddieselenginehasade-ratedoutputin therangeof 3 kW.
Severalmakesof smallerenginesareavailable,acouplewith outputsof 2kW. In mostsmall-
scalepumpingapplications,theenginestypically in useareconsiderablyoversized.This
causesthemto be under-loadedandinefficient, which in turn increasesmaintenanceandre-
paircostaandreducesusefulenginelife.

Reliably testedcommercialsolarpumpsarecurrentlyavailablein configurationsof up to 1.5
kW peakoutput.Larger,speciallyconfiguredsolarpumpingunits canbe specifiedto meet
largerenergyrequirements.However,ashasbeenshown,thefinancialandeconomicviabil-
ity of largersystemsis significantly compromisedby thegreaterinvestmentrequiredfor the
solararray.

The solarradiationregimeis afactorwhich oftenlimits solarpumping.However,solarradia-
tion levelsarehigh in Sudan.Racliationlevelsarebigherasonemovesnorth.Averagesolar
radiationlevelsin theseplacesarebothveryhigh andveryconsistent.In southernregions
andalongtheRedSeacoast,variationsin solarradiationas aresultofcloudcoverandthe
rainy seasonmakethedaily waterdelivery from asolarpumpmorevariableand,on average,
not as high asin otherareas.

Theaverageperformanceof asolarpumpingsystemis fixed by thearraysizeandothertech-
nical parameters.Theoutputofthepumpcannotbeincreasedto meettemporarydemands,
suchastheneedsof thenomadicpopulation.Increasingaveragedaily waterdelivery (as may
be requiredby an increasedvillage population)by addingmoremodulesis expensive.

Predictionof solarpumpperformance(seeFigure8.1) is subjectto thestatisticalvariationin
solarradiationlevelsona daily, seasonal,andyearlybasis.Solarradiationvariations,aswell
asgrowth in waterdemand,requirethatexcesscapacitybebuilt into thesystemdesign.Un-
fortunatelyexcesscapacityrequiresa greaterinvestmentin solarmodulesandincreasestotal
systemcost.
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Commerciallyavailablewindpumpsluit potentialapplicationsfor windenergysincethe
pumpoutputis afunctionof wind speedandrotor area.Thelargestdiameterwind pump
availableis the7.6 meter(25 feet)SouthernCross.TheKenyanKijito (severalhavebeenim- 1
portedinto Sudan)is availablein sizesup to adiameterof 7.3 meters(24feet).TheCWD
5000 is a 5-meterdiametermachine.

A givenwind pump’sperformanceat aparticularlocationis fixed anddependenton site
wind speedsandpumpinghead.This mearisthewind pumpoutputcannotbe increasedto
meetincreasesin waterdemand.A carefulassessmentofpresentandfuture waterrequire-
mentsmustbe madebeforecommittingto this pumpingtechnology.

Thewind energyresourcein Sudanis relativelyfavorablesincetheaverageannualwind
speedin muchofthecountryappearsto be higherthan3 mis. However,accuratewind pump
performancepredictionsaredlifficult to make.This is anunfortunatecorollaryto thelackof
accurateinformationon Sudanesewind regimes.This difficulty is magnifiedby thefactthat
wind pumpperformanceis particularlysensitiveto small differencesin wind speed.Overly
conservativeestimatesofpumpperformancemustbe usedto ensurethat thewind pump
modelandsizeareadequateto meetpumpingneeds. 1
Waterstorageis an importantfactorwhenconsideringwind pumpuse.Day to day variations
in wind speedmeanthatdaily waterdeliverywill varyconsiderably.Waterstorageis usually
necessaryto offsetperiodsof low wind speedandcalm.Whenwind pumpsareto be usedfor
irrigation,awaterstoragetankis requiredto ensurethatthewaterflow ratein the irrigation
channelsis sufficientfor effectiveuseof thewat&.
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Figure 8.1. SREP pumping team members working on pump performance
data analysis.
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8.2 Fuel and Spare Parts Avallability
Theavailabiityof themeansto operateandmaintainpumpingsystemsis a majorconsidera-
tion in Sudan.At this time,fuel andlubricantsarein particularlyshortsupply, while th~avail-
ability of spareparts is andhasbeenaperennialproblem.Dieselpumpingrelieson fueland
lubricantsnot only for operationbutalsofor transportof fuel, spares,andmaintenanceteams
to thepumpsite. During thepastseveralyears,therehasbeenincreasingconcernaboutthe
availabilityandcostof petroleumproductsin Sudan.Theseconcernshavealwaysexistedfor
themoreremoteareas.In someareasroadsareoftenimpassable.Recentlyfuel andlubricant
shortageshavethreatenedwaterpumpingandotheroil intensiveactivities evenin moreac-
cessibleareas.Dieselfuel, gasoline,andengineoil arenow hardto obtainanywherein the
countryandlong queuesareseenon a daily basiseverywhere.Waterdeliveryis considered
an essentialservice,andit appearsthatfuel for waterpumpingis usuallyavailableevendur-
ing thecurrentperiodof shortage.However,thetime andenergyspentto ensurefuel avail-
ability for waterpumpingandthecashpricefor it, oftenpurchasedon theblackmarket,is a
majordisincentivefor continueduseof petroleumbasedtechnologies.

Sparepartsfor manymakesandmodelsof dieselenginearein shoPsupply oraresimply un-
available.With an averageof threeto fourdieselpumpbreakdownsannually,thereis acon-
stantneedfor sparcparts.TheNCRWRDis usingmorethanLive makesof engines.Several
of theseweresuppliedby donorswith no arrangementsforprocurementof sparcpartsover
the long-term.This hascausedthestrippingof someenginesfor sparesin orderto keepoth-
ersoperating.Manyoftheseengineshavevery shortusefullives becausesparcpartsareun-
available.Lackof sparescaninterruptwatersuppliesfor long periods.The availability of
sparepartsfor theIndianListermodelshasbeengreaterin thatmerchantsarewilling to
stockfastmovingparts.However,complaintsabouttheircostarecommon.

Solarpumpsarefreeof fuel andlubricantneedsfor normaloperation.Although theremaybe
a secondaryfuel requirementto covertransportation,eventhis requirementis less thanfor
dieselpumpingsystems.

To date,theneedfor sparcpartshasbeenminimal.The testedsolarpumpshavesufferedfew
majorbreakdownssoevenmaintenancerequirementshavenot beensignificant(seeFigure
8.2).However,if sparcpartsdo becomenecessary,they areurilikely to be availablein Sudan.
Grundfoshasan agentin KhartoumandKSB is represented,soatleastthereareavenuesthat
canbe exploredwhenandif it becomesnecessary.Any solarpumpbreakdownis lilcely to
causeaprolongedoutage,andrepairis likely to beexpensive.Procurementof specific items
from overseasrnanufacturerswill be acostlyandtime consumingprocessunderexistingcur-
rencyandimport resirictions.However,sincetheoldestinstalledsolarsystemsin Sudan
havebeenin placefor morethansix yearsandhavehadfew majormaintenancerequire-
ments,currentconcernsaboutsparesareminimal.

Thewind pumpstestedin Sudando notrequirefuel for theirnormaloperation.Nonerequire
oil changessincenoneutilize a gearingsystemin an oil bath.However,somemakessuchas
SouthernCrossorFiasado requireanannualoil change.As with solarpumps,theremaybe
a secondaryneedfor fuelandlubricantato meetthe transportationneedsof supportingwind
pumpmaintenanceandrepair.
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The sparepartsrequirementshould be minimal for aweil-engineeredandproperlyinstalled
wind pump.Exceptfor pumpcup leathers,thereshouldbe no needfor so-calledfastmoving
spares.Somesizesof cup leathersarereadily availablein Sudansinceleathersarerequired
for theEdecoandotherjackpumps.Largersizes,lilcely to be neededfor low headpumping
situations,canbemadelocally. However,onemustrememberthatlackof spareswasafactor
in theabandonmentof Gezirawindmills. Localwind pumpmanufactureasplannedfor the
CWD 5000 andsuggestedfor theKijito, will helpensuretheavailability of spares.

8.3 Market Size and Availability
Marketsizeandequipmentavailability arefactorsin determiningthepotentialfor thelonger
termsuccessof wind andsolarpumping.Several~orphan”systemsarenot likely to be suc-
cessfulin thelong run.Largermarketsandtheexistenceof supplierswilling to providetech-
nical supportto thesetechnologiesincreasethelikelihoodfor sustainability.

Dieselenginesandvarioustypesof pumpshavebeenavailablethroughdonorprogramsand
theprivatesector.Thereareat least10 activeengineandpump agentsin Sudanhandlinga
similar numberofengineandpumpmakes.At present,mostof theseagentsarenot ableto
importnewequipmentasaresultof thecurrentimport restrictions.However,donorscon-
tinue to provideequipmentandfundsto helpsupplyboth thepubicandprivatesectors.

Thereis alargemarketfor dieselpumpsets.Thereareabout3,600wateryardsin Sudan.1f
eachhasonly onepumpsetwhich hasaten-yearusefullife, thenthereplacementrequire-
mentsare360 units.This is dwarfedby theprivatesectormarket.Ministry of Agriculture
andprivateenginesuppliersestimatethat thcreareabout60,000small dieselpumpsetsin

Figure 8.2. Grundfos solar pump with Arco modules which has run for seven years.
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usein Sudan.1f thesehavea 12-yearusefullife, the replacementrequirementsare5,000
units annually,which is consistentwith recentsalesfigures.Thesecalculationsdo not in-
cludethe largenumberof largerpumpsetsusedin thebig cooperativeandgovernmentirriga-
don schemes.

Distributorsfor solarpumpingequipmentexist in Khartoum.To date,solarpumpshavebeen
suppliedthroughdonorinitiative andfunds.Distributorsfor BP Solarand Grundfosexist,
theyareinterestedandto somedegreeactivein supplyingmodulesandcompletesolarsys-
tems,not only for waterpumpingbut for refrigerationandlighting.

Thecurrenttechnicalandeconomicprognosisis thattheshoP-termmarketfor solarpumps
is very limited. Thereareless than25 solarpumpsnow installedin Sudan.Moreareplanned
for installationunderseveraldonorsupportedprojects.However,therehavebeenno direct,
full pricesalesof solarpumpsto governmentagenciesorprivatefarmers.It is estimatedthat
thereareless than100 siteswheresolarpumpingis currentlytechnicallyandeconomically
feasible.A numberof othersitesmay be appropriatefor solarpumpingfor non-economicrea-
sons.

The only agentfor awindmill manufacturer(SouthernCrossis representedby UnitedEngi-
neering)is currentlyinactivein thewindmill market.Severalengineeringfabricationflrms
haveshowninterestin wind pumpfabrication.Severalfirms haveheldtaikswith German
andDutchdonorsconcerningsupportfor local fabricationoftheKijito andCWD 5000wind
pumpsrespectively.Theseinitiativeshaveproducedlittle actionin the last2 yearsasa result
of thecurrencyrestrictionsandconcernsaboutthemarketreadinessof theCWD 5000de-
sign.

Givencurrenteconomicconditions,thescopefor cost-effectiveuseof wind pumpsis lim-
ited.Therearenow tenCWD 5000andthreeKijito windpumpsinstalledin Sudan.Noneof
theseappearsto be operatingat maximumcapabiity.A few traditionalAmericanfarm type
wind pumpsmaybe in usein scatteredlocations.Theremaybe possibleapplicationfor wind
pumpsin regionsalongtheNile northof Khartoum,but thepotentialmarketcannotbe con-
sideredlarge.

8.4 Int rastructure and Training
The existenceof areasonablydevelopedinfrastructurecapableof beingresponsiveto de-
sign, installation,andservicingneedsis an importantconsiderationfor theuseof any tech-
nology. Adequatetrainingin theseaspectsof technologyutilization is anessentialpartofthe
long-termplanningfor dieselaswell asfor solarandwind pumps.

A weli-developed(albeitvery inefficient) infrastructurealreadyexiststo supportdieselpump-
ing technology.Dieselpumpshavebeenin constantusein Sudanfor morethan50 years.
During this time, boththeNCRWRD andtheprivatesector(both formalandinformal) have
learnedhow to keepthesepumpsoperating.TheNCRWRDargues,with somejustification,
thatthe introductionof newpumpingtechnology,inciudingMono pumpsanddeep-wellver-
tical turbinepumps,placesadditional burdenson theservicingcapabilityof theorganization.
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Privatefarmersunderstandhow theirpumpsetswork and knowwhom to turn to whenre-
pairsarenecessary.

Although thereareforma! dieselmechanictrainingprograms,manymechanicshavere-
ceivedlittle formal instructionin dieselmaintenanceandrepair.DieselEngineMechanicsis 1
partof higherdiplomaandcertificateprogramsin mechanicalengineeringatthepolytechnic,
industrialandprofessionaltrainingschools.Training is alsoavailableto NCRWRDmechan-
ics at theWadMaboulTraining Center.However,manymechanicsreceivelittle formal train-
ing. Although theymaybe ableto getapumpsetrunning,this is oftenat theexpenseof the
long-termwell beingof theengineandpump.

Thereis no broadinfrastructurefor thesupportof photovoltaicsalthoughmechanismsexist
to supporta smallnumberof solarpumps.Solarpumpsareessentiallyelectricalanddec-
tronicdevices.Most haveseparatecontrollers,orcontrolcircuits built into thepumps.Skills
for thetroubleshootingandrepairof thesecomponentsrequiretrainingbeyondthatfoundin
rural areas.NCRWRDtechniciansaregenerallyunfantiliarwith solarpumptechnology.
However,agentsfor the equipment,someUniversity students,andtechniciansandengineers
at theERCarecapableof fault findingandcomponentreplacement.

Thereareonly limited photovoltaictrainingopportunitiesatpresent.However,local skills ex-
ist to initiate suchcourses.Engineeringcoursesat theUniversityof Khartoumandtechnical
trainingcoursesat thePolytechnicintroducephotovoltaicprinciples.Periodicspecialized
seminarsin photovoltaicapplicationssuchasrefrigerationandcommunicationstakeplace.
SREPandARD staffhaveconductedcourseson pumpselectionfor rural watersupplies,in-
cludingdiscussionof diesel,solarandwind pumpsfor NCRWRDandPVO personnel.There
areno broadcertificateprogramsto trainacadreof techniciansto instali andservicephoto-
voltaic equipment.1f wider useof photovoltaicsin generalandsolarpumpsin particularde-
velops,amorefocusedandcomprehensivetrainingprogramcouldbe developedby
Sudaneseexperts.

Wind pumpsin principleshouldbe repairableata local levelwith Iittle needfor majorinfra-
structuralsupport.Unlike solarpumpswhich requireknowledgeof electricalprinciples,
wind pumpsarelargely mechanicaldevices.Competentmechanicsshouldbe ableto diag-
noseandsolvemostproblems.However,whenspecificsparepartsarerequiredormajor
breakdownsoccur,assistancefrom moreskilled mechanicswith accessto theneededequip-
mentmaybe necessary.Local wind pumpmanufacture,if this developsin thefuture,should
assuretheavailability of sparcparts.

FortheCWD design,a well trainedmaintenancecrewcapableof major aswell as niinor
servicingandrepairworkswith theERC. TheDutch-fundedWind EnergyProgramrecog-
nizedthe needfor trainedwind pumptechniciansandincludedtechnicaltraining from the
outsetof theirprogram.Thetrainedcrewhasbeenworkingwith theCWD designfor three
years;theyarecapableof undertakingall necessaryrepairsto this design.Thecrewdo not
currentlyhavethecapacityto supportandmaintainmanymorethanthe 11 wind pumpsal-
readyinstalledandlogisticalconstraintsliniit thework theycouldperformin moreremotear-
eas. 1
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8.5 Transportation Requirements
In Sudan,the largestcountryin Africa, transportationcomplicationsareoftenamajorobsta-
cle to smoothoperationof technicalequipment.Thesedifficulties arisein both urbanandru-
rai settings.Currentfuel shortagesmagnifytheseproblems.Poorroadsandlargedistances
arealsofactorsin malcingtransportationaproblem.

Dieselpumpsetaareparticularlyvulnerableto transportationlimitations.Theconstantmainte-
nanceandrepairmaketransportationacritical constraintto thesuccessfuloperationof diesel
pumpsets.In rural areas,this meansthatwhenbreakdownsoccurtheycannotbe repaired
promptly. Sparcpartswill be moreexpensivesincetransportationchargesmustbe included,
andanyshortagesarelikely to causeadditionalpriceincreases.The needto be continually
transportingfuel is a majorburdenon the transportationnetwork,particularlyasonemoves
awayfrom therail andpipeline.

With fewbreakdownssofar andno fuel requirements,solarpumpsdo not dependheavilyon
the transportationnetwork(seeFigure8.3).However,whenbreakdownsdo occur,a trip or
irips to Khartoumarelikely to be required.In manypartsof thecountry,this meansthatre-
pairscannotbe madepromptly.

Wind pumpsoperaterelatively freeof transportationrequirements.Wind pumpservicingand
manywindpumprepairscanbeperformedby local mechanicsandtechnicians.Exceptfor
occasionalprocurementof sparcpartsandmaterials,difficulties requiringtransportationare

Figure 8.3. ERG pumping team technician traveHing to pump monitoring site with
1fl St rument ation
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not likely to occur. This was not thecaseduringthe ERCtestingprogrambecausetheCWD
5000windpump is not yetareliabledesign.However,otherreiabledesignsdo existandthe
CWD couldbe improvedto increaseits reliability.

8.6 Financing Arrangements
Financingfor capitalandrecurrentcosts,andrecoveryof capitalinvestmentcoststhrough
feesor in kind paymentareissueswhich mayhavea bearingon thechoiceof technology.
As hasbeenshown,for bothrural vifiage watersupplyandprivatesectorfarmers,the unit
watercostwill be affectedby thefinancingarrangements.Donoragencycontributionsof
equipmentandmaterialcomprisea largepartof thecapitalcostof arural wateryard.Govern-
mentcontributionscanalsobe significantwhendonorsdo notcomeforwardto assist.Recur-
rentcostaareborneby villagersandgovernmentagencies.Concernthatlocal resourcesare
notadequateto meettherecurrentcostofoperationandmaintenancehasbeenonefactorin
thegrowinginterestin solarandwind. Donorshaveshownsomewillingnessto explorethe
potentialfor solarpumping,in spiteof thehigh capitalcost,if theassociatedrecurrentcosts
showpromiseof beinglow enoughto ensure morereiablewaterdelivery systemsover the
long-term.

Agricultural Bankof Sudanbanprogramsfor small dieselpumpingsystemsareamajor 1
benefitto farmers.Not only do theseprogramsreducetheimmediatecapitalinvestmentthat
a farmermustmake,but theyalsomakeinexpensivepumpingsystemsavailableasa result
of theABS policy of convertingthevalueoftheenginefrom theofficial S~4.5to theU.S.
dollarrate.This programis madepossibleby multi-lateral andbilateraldonorassistanceto
theABS. Similarprogramsarenotavailablefor thepurchaseof solarorwind pumpingequip-
ment.

TheNCRWRDchargesfees for waterin someregionsandnot in others.Thesefeesostensi-
bly pay for theservicesof theNCRWRD.Thecurrenttariff structureshould,if managed
properly,coverall operafionandmaintenancecosts.However,in villageswheretheNCR-
WRD doescollectfees,this doesnotappearto be thecaseandadditionalfundsmustbe col-
lectedby thevillagers in orderto keeptheirwatersystemoperating.TheNCRWRDdoes
providereplacementenginesandpumpsoccasionally,dependingon equipmentavailabiity
andtheeffectivenessof village petitioning.However,longdelaysarecommon.Innovativefi-
nancingfor replacementis oftennecessary.Sometimesawealthyvillager ormerchantwill
provideequipmentandwait for long periodsfor reimbursemeritfrom governmentagencies.
Perhapsmoreoften,replacementsarenot madeandvillagersmuststruggle. 1
Costrecoveryfor waterusedin irrigation is in manywaysmorestraightforwardthanfor ru-
rai village watersupplies.Farmersown andrepairtheirpumpingequipment.Theymusthar-
vestsufficientcropsto pay theoperatingcostaof the farm (inciudingwaterpumping).Gross
incomesin therangeof S~10,000perfeddan,limit thepumpingoptionsof asmall farmer.
The lowercapitalcostof theIndianListerdieselpumpsetascomparedto wind orsolar
pumpsis likely to dictatesystemchoice.
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8.7 Environmental Consideratlons
Environmentalconcernshavebeenafactorin thewatersectorin Sudanin thepast.Theseis-
suesariseperiodicallyin both thedonorcommunityandamongconcernedSudanese.Large,
highcapacitywateryardshaveledto localizedovergrazingaroundwaterpoints,particularly
in KordofanandDarfur Regions.Theseproblemscanbe mitigatedif morebut smallercapac-
ity systemswereused.Wind andsolarsystems,with theirlimited pumpingcapacity,cannot
provideenoughwaterfor largeanimalherdsandarethereforemoreenvironmentailybenign.
However,this very factor,limited pumpingcapacity,is seenasamajorlimitation to villagers
with small stockto waterandnomadswith herdsof camels.This limits userwillingnessto
acceptthesetechnologies.

In areaswith lirnitedwaterresourcesandlow recharge,apotentialexiststo exhausttheaqui-
fer by over-pumpinganddepletingthewaterresource.In the largeareasof Sudanunderlain
by theNubianandUum Rwaabaaquifers,this is not likely to be a problem.However,diesel
pumps,dueto therelatively high pumpingrateat which theyaremostefficient, arenot well
suitedto waterlifting in smaller,limited rechargeaquiferssuchasaresometimesfoundin
otherareasof thecountiy. Solarandwind pumps,with theirlimited pumpingrates,canbe
moresuitabletechnologies.Thepumpingrateortotal pumpinghoursof thesetechnologies
cannotbe changed;thereforetheydo not abusealimited waterresource.

Dieselenginespollute.Theiremissionspollute theair, theiroperationcontributesto noise
pollution, spillageof fuel anddisposalof lubricantspollute thesoil andquite oftenthewater
aswell. Solarandwind pumpsdo notpollute in any of thesewaysandtheiruseis environ-
mentaily benign.Although theseissuesareof lessimportanceto Sudan,theydo concernthe
donorswho areoftenconcernedabouttheeffectsof pollution at home,andthereforeretain
thatconcernwhenplanningprojectsoverseas.

Recentconcernaboutthedeteriorationof theozonelayerhasagainfocusedinternationalat-
tentionon global warmingandthegreenhouseeffectDieselwaterpumpingin Sudancontrib-
mesanegligiblepercentageto this problem.In fact,within Sudan,waterpumpingplays
muchlessof a role thanthetransportationsector.

Noisepollution, an aggravationto some,is likely to be a minorconcernwhenwateravailabil-
ity is at stake.In fact, in manyareasthesoundof thedieselpumpoperatingis areassuring
ratherthanan unpleasantsound.

Otherthantheveryrealpossibility that spilled fuel andoil maycontaminatethe water
source,thesesourcesof pollution areunlikely to be consideredasmajorproblemsat thevii-
lagelevel. Indeed,giventheshortageandcostof bothfuel andlubricants,particularcarewill
be takento minimize theselosses.

Although theseenvironmentalaspectsmaybe consideredminorconcernsby many,wind and
solarpumpingrepresentstepsin a positivedirectionthatshouldnot be discounted.
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9.0 Conciusions

Theobjectiveof theSREPpumptestingandevaluationprogramwasto determinethe poten-
tial role of renewableenergypumpingsystems,specificallywind andsolarpumps,in village
watersupplyandsmail-scaleirrigationapplicationsin Sudan.To do this, it wasfirst neces-
saryto developa broadunderstandingof theperformance,cost, andsocio-institutionalchar-
acteristicsof dieselpumpingsystems.As theprogramprogressed,it becamedearthat
considerableopportunityexists to improveuponthedesignandoperationof theexisting
stockof dieselpumps,andmuchof that informationis containedin therelevantsectionsof
this report.It alsobecamedearthatwhile thereareopportunitiesto displacesomediesel
pumpswith wind or solarpumps,therangeof theseopportunitiesis fairly limited. This is
duein part to thehigh headandmoderateto high volumewaterdemandsoftenencountered
in muchof thecountry,andin partto very low costdieselenginesandpumpscommonly
usedfor smali-scaleirrigation. Thischaptersummarizestheconciusionsreachedduringthe
programregardingtheimprovementof dieselpumpoperationsin Sudan,as well as thetech-
nical andeconomicfeasibiityof displacingdieselswith wind andsolarpumps.ChapterTen
gives specificrecommendationson how to achievethesegoals.

9.1 General Conciusions
The Sudanis a largeandvariedcountrywith abroadrangeof waterpumpingrequirements.
During theSREPpumptestingandevaluationperiodfrom mid-1989to early 1990,difficul-
tiesrangingfrom floods to severeshortagesof fuel madeacomprehensivecountry-wideas-
sessmentimpossible.Politically andeconomically,Sudanis in flux. Consequently,it is
difficult to makedefinitive statementsaboutall possibleapplicationsor detailedassessments
of marketpotentialfor wind andsolarpumps.However,technicalperformanceresuitsob-
tainedduring this programwill remainvalid for usein futurefeasibility studiesusing then-
currentcostandeconomicvariables.Theanalyticalapproachusedherecan be easily
modified to reflectchangingeconomicandpolicy circumstances.Theconclusionspresented
herearisefrom condlidonsastheyexistedin early1990.

Given thecostandlogistics of operatingandmaintainingdieselpumpingsystemsin Sudan,
it is not surprisingthat thereis interestin renewableenergytechnologies.Furtherawayfrom
themajorurbancenters,wherefuel and sparepartsaremoreavailableandtransportation
problemsareeasierto resolve,themyriaddifficulties of usingdieselpumpsbecomemoreob-
vious.There,therelativelylow operationandmaintenanceneedsof wind andsolarpumps
becomethatmuch moreappealingto both donorsandsystemusers.However,theirhigh in-
itial costs,coupledwith a currentlackof asuitablesupportinfrastructurefor propersystem
design,installation,maintenanceandrepair,aremajorobstaclesin theirwidespreaddissemi-
nation.

Supportersof renewableenergytechnologiesemphasizetheneedto comparethelife cycle
costsof diesel,wind andsolarpumps.In Sudan,this is nota irivial task.Theeconomyis in
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crisis dueto dueto a varietyof narural,political andfiscal phenomena.Therearesignificant
economicdistortionswhich makethecornparativeanalysisof pumpingsystemsdifficult,
suchasdieselfuelpricesubsidies,multi-tieredexchangerates,subsidizedABS banpro-
gramsfor certaintypesof pumpsbut notothers,andinadequatecostrecoverymechanisms
for village watersystems.Thesedistortionshavebeenengenderedin partby high levelpoi-
icy decisionswhich haveiniplications in areasfar morewide-rangingthansimpledecisions
aboutpumpapplications. 1
At theacademicresearchlevel, diesel,wind, andsolarpumpingarenow fairly well under-
stood.TheERChasthecapabilityto analyzetechnical,economic,socialandinstitutionalis-
suesrelatedto differentpumpingapplications.At this point however,long termfield
experiencewith wind andsolarpumpsin Sudanis limited. Researchefforts fundedlocally
andby donoragencieshavefocusedmainly on RET pumps,but theapplicationsandaccep-
tanceof thesetechnologiesin village andsmall farm settingshavenot beenfully analyzed,
sincefew RET systemshaveyet beeninstalledandregularlymonitoredoverthe long term.
While manyskilled techniciansexistin Sudan,especiallyin townsandurbancenters,few
haveyetreceivedtheadditional specializedtrainingneededto supportwind andsolarpump-
ing systems.Aside from thecostandperformanceissuessummarizedbelow, thedevelop-ET
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mentof a suitablelocal infrastructure(e.g..trainedtechnicians.eguipmentandspareparts
distributionnetworks~to supportthesesystemswill be acritical (andcostlv) componentof
any widespreaddisseminationprogramfor RET pumps.

9.2 Technical Conciusions
Theprogram’stechnicalconciusionsaresummarizedin separatesectionsbelowfor diesel,
solarandwind pumps.Conclusionsregardingcomparativesystemcostsaregivenin Section

9.2.1Diesel Pumps 1
Dieselpumpoperatingefficienciesandthe conditionof systemsvariedwidely. Well-de-
signedandproperlymaintainedsystemswill havean efficiencyof 15 percentorbetter.The 1
village watersupply systemsmonitoredduring theprojecthadefficienciesrangingbetween
2-17percent.In general,thehigherthe efficiency,the lower thespecificfuel consumption
(per unit of waterpumped),thebetterthesystemoperates,andthelower themaintenance
andrepairneeds.Dieselsystems(usingjackor Mono pumps)recentlvinstalledby theNCR-ET
1 w
309 224 m
526 224 l
S
BT

WRD for rural village watersuppliesin WesternSudanarereasonablywell-designed,with in-
itial systemefficienciesof 12-15percentin manycasesmonitoredby thisprogram.
However,thecontinuedlackof propermaintenanceand repairprocedurescananddo signifi-ET
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cantlv reducethis efficiencyovertime (to aslittle as2percentin onesite tested).At another
site, fuel consumptionincreasedby 12 percentas aresultof thepoorconditionofthewater-
yardequipment.Thesituationis somewhatdifferent in areaswhereverticalturbinepumps
areused.Thedesignof thesesystemsis moresensitiveto head,pumpingrate,andthespe-
cific modelof pumpchosen.Efficienciesof well under10 percentatnearlyhalfof thetest
sitesandtheNCRWRDdesignmethodusedindicatethatmuchcanbedoneto improvede-ET
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sign procedures.systemefficiency. andfuel consumptionrates. 1
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Testresultsvary considerablyacrossdifferenttypesof dieselpumps.Edeco(jack-type)
pumpsarebestsuitedfor high headapplications.Whenusedon low headboreholes,operat-
ing efficienciesarepoor.TheEdecosystemstestedhadawide rangeof operatingefficien-
cies,from goodto verypoor. Pumpleathershaveto bereplacedfairby frequently.1f theyare
not, volumetricefficienciesdropaswearaccelerates.Sincetheyarepurchasedby specialor-
deronly, theyarealsoquiteexpensive.Manyobservedatothersitesarein poorcondition,
operatingwithoutproperspares.Shaft-drivenverticalturbinepumpscanoperateat high effi-
ciency,but theiroperatingefficiencydependsheavily uponpicking theright model for thede-
siredheadandpumpingrate.NCRWRD’s limited accessto differentmodelshasresultedin
systemswhich areoftenpoorly matchedto thewaterresource.Both verticalturbinesites
monitoredby this projecthadpooroperatingefficienciesbecausetheywerepoorly matched
to their boreholes.Mono pumpsaredesignedto operatemostefficiently atheadsgreaterthan
30 meters.Above thatlower limit, their operatingefficienciesaretypically quite good,andin-
dependentof headsothatdesignconsiderationsarenot socrucial.Theyhaveahighercapac-
ity rangethanthatof theEdecomodelscommonlyused(whoseoutputis constrainedby the
size ofpumpcylinderwhichcanfit in theboreholecasing).TheMono sites testedhaduni-
formly acceptableoperatingefficiencies,andMonosgenerallyhavethereputationofbeing
low-maintenance,reliablepumps.

For smail-scaleirrigation applications.the efficienciesof all privatelv ownedpumpsetstested
wereverv low (around5 percent).This is partlytheresultof thepoorpoweroutputandfuel
consumptioncharacteristicsof thevery inexpensiveIndian-madeversionsof theListeren-
gine,usuallycoupledwith cheap,low efficiencypumps.Theheadandflow ratecharac-
teristicsfor thesesystemsarelow for these6 and8 horsepower(nominal)engines.These
enginesaregenerallymuchlargerthannecessaryfor thework theyperform(i.e.,low-loaded,
henceinefficient). Technically,it shouldbe possibleto doubletheefficiencyof theseconfigu-
rations(henceroughlyhalving thespecific fuel consumption).In practice,this couldbe done
by usingeitherlargerpumpsorsmallerenginesfor a givenpumpingsituation.

Theincreasingscarcitvof sparepartsanddieselfuel hasbeenexacerbatedby eventsoverthe
lastvear (1989-90).Currentimportresirictions(onnearlyall equipment,notjustthatfor
watersupply)andshortagesof fuel maketheoperationof dieselpumpsetsincreasinglyex-
pensiveandproblematic.Poorly maintainedvehiclesanduncertainaccessto fuel make
propermaintenanceandrepairof dieselsystemsmuchmoredifficult. Skilled workers,50

necessaryto maintain thesupportinfrastructure,continueto seekemploymentelsewhere.
Stocksof sparepartscontinueto dwindle,bringinginto questiontheir futureavailabiity,and
virtually insuringincreasesin costover thenearto mediumterm.

9.2.2 Solar
Solarpumpperformancedependsdirectlyon availablesolarradiationat thesite. Solarradia-ET
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tion levelsin Sudanareboth high andseasonallyfairlv uniform.particularlvin thenorth.Ten
of the 16 meteorologicalstationsrecordingsolarradiationlevelsreportannualaveragesof at
least6.0 kWh/m2/dayon thehorizontalsurface;analysisof datafrom othersourcessuggests
that this averageis accurate.Theavailability of solarradiationis lessin southernSudanbe-
causeof therainy seasonduring thesummer. LIBRARY
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Sometypesof solarpumpshaveprovenvervdependabletheGrundfospumpslocatedat the
Universityof Geziraandatthe HodiebaResearchCenterareexamples.Installedin 1983,at
thesetwo sitesneithersvstemhasexperiencedanv failuresaftersevenvears’operation.More
recentGrundfosinstallationsin villageshavealsoprovenreliablethus far. On theotherhand,
theKSB Aquasolfloatingpumpat Sharnbathasbeenreplacedin eachof the last2 years.
While asinglesitesampleis not necessarilyan indicatorof long-termperformance,this cer-
tainly doesnot bodewell. Recently,amodifiedversionof this pumpwasinstalledattheslie,
andperformancetestingwill continue.

In general,theperformanceof thesolarpumpsdoesnot meetmanufacturers’advertised
specifications.Grundfosprovidesaneasy-to-usesizingguidefor estimatingwateroutputfor
its pumps.However,thoroughpumptestingduring this programindicatesthatthis guidecon-
sistentlyoverestimatespumpperformancein Sudanby about15-25percent.Therearesev-
eralpossibleexplanationsfor this observation.For older installations,inverterandpump
performancemayhavedecreasedsomewhatafter6 years’operation.Also, solarpumpper-
formanceis afunctionof moduletemperature(thecoolerthetemperature,thehighertheelec-
trical output)andambientsolarradiationlevels(thehigherthe radiation,thehigherthepump
output).Grundfosprovidesperformanceestimatesbasedon a ambienttemperatureof 30°C
(equivalentto about45°Cceil operatingtemperature).Evenafteradjustingfor amorerealis-
dc cell operatingtemperatureof 60°C,theGrundfosperformancechartsoverestimatebothin-
stantaneousanddaily pumpoutputby aconsiderablemargin.Theperformancegraphs
providedby KSB accountfor temperaturevariations,butaremoredifficult to use; theyalso
overestimatedaily performanceby roughly 10 percent.

Installationandmaintenanceof solarpumpsis notalwavsdoneproperl~.Reductionsin
poweroutputmayoccurfor thefollowing reasons:theopûmumarraytilt is notused,arrays
arepartly shaded,improperwiring andlooseconnectionsunnecessarilydissipateusefulen-
ergy, andmodulesarenotkeptclean.Sudanspanslatitudesfrom4°North to 22°North.Opti-
mumtilt anglesvaryconsiderablyacrossthis area.In areasfrom WadMedaniandnorth,
optimumanglesarefrom 10°to 25°dependingon theexactsite location.For mostof thecur-
rent installations,theangleusedis greaterthanit shouldbe for maximumperformanceof the
pump.At bothShambatandHodieba,treesshadethearraysearlyin themorningduringcer-
tam timesof theyear. In at leastonenotablecase(Shambat),small powercablediameterand
longlengthcausedotherwiseavoidableenergylosses.Pumpuserstypically do notregularly 1
cleanarraysurfacesto removedustwhich blocksincomingsolarradiation.All ofthesefac-
tors reducesolarpumpperformance,andmaypartlyexplainlessthanoptimal testresults.
However,theydo reflectfairly typical operationalcircumstances,afactorwhich systemde-
signersshouldbearwell in mmd. In ordergetmaximumvaluefrom a solarpurnp(i.e., to
minimize its unit watercost),it should be operatedwheneverthesolarradiationis sufficient
to drive thepump. At Shambat,thefarmerchoseto turn thepumpoff ratherthanexpandhis
limited cultivatedarea.At SheraimEl Kararnsha,whenwateris availablefrom thelocal wa-
teryard,thesolarpumpis not alwaysused(for political ratherthantechnicalreasons).At
Foja, thepumpis turnedoff occasionallywhenthestoragetanksarefull, ratherthanfinding
alternativeusesfor theextrawater. With time, andincreasedfamiliarity with andconfidence
in the technology,userswill learnto morefully utilize thepotentialof solarpumps.
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Therearetechnicallysuitableapplicationsfor solarpumps,mainl3y for low to moderatehead
(up to about50 meters)andlow waterdemand(up to about50 m /day) situations.A mle of
thumbfor estimatingthe capacitylimit for commerciallvavailablesolarpumpsis thatthe
productof the waterdemand(~ncubicmetersperdav~andthetotal pumpinghead(ir~me-ET
1 w
66 646 m
501 646 l
S
BT

ters’ shouldnot exceed750 m for areaswith good solarradiationlevels(6.0kWhlm /dav~
in the designmonth.Siteswhichmeetthesecriteriain Sudanaremainly locatedin theNorth-
em RegionneartheNile andits tributaries,wherewatercanbe foundcloseto thesurface
andthewaterdemandis oftenmoderate.ThroughoutSudanthereareotherareasnearsea-
sonalstreamsandwadis,orwheregroundwatertablesarefairly high (e.g.,Umm Rawaba,
Bara)which would be suitablesolarpumpsites.

9.2.3 Wind
Windmills aremostappropriateatsiteswith goodwind regimes(averagedesignmonthwind-ET
1 w
66 521 m
518 521 l
S
BT

speedsof morethan4 m/s) andlow to moderateheads(nomorethanabout50 meters~.In Su-
dan,windrnills aremostappropriatefor usein therelatively windy areasalong theRedSea
coast,andat sitesnorthof KhartoumneartheNile. Unfortunately,a goodestimateof wind
energypotential is impossiblegiventhegenerallypoorquality andlimited scopeof existing
wind data.Recordsfor anumberof yearsareavailable,but thecontinueduseof Dinespres-
sureplateanemometers(whichareboth very sensitiveto correctcalibration,anddo notpro-
vide goodwind speedresolution)limit theusefulnessof this data.However,severalrecent
wind speeddatacollectionefforts suggestthat wind resourcesmaybe betterthananticipated
at sitesalongtheNile northof Khartoum.Windmill outputis very dependenton thedaily av-
eragewind speedanddistribution.Local wind speedsvary asaresultof site-specificfeatures
andlocal topography.This makesan accurateestimateof wind speedsat a particularsitedif-
ficult to preclict. In Sudan,it is moredifficult to predictwindmill outputthansolarpumpout-
put becauseof greaterlocal variationin thewind energyresource.In addition,thegreater
daily variabiity of wind pumpoutputimplies greaterwaterstoragerequirementsto maintain
supplyduring anticipatedandunanticipatedcalm periods.

Makinggeneralconclusionsaboutwindmili usein Sudanareliinited by havingonly tested
onetypeof machine,theCWD 5000.Othermachineswereeithertoo distant(e.g.,theSouth-
emCrossatWadi Halfa), or notyet installedbeforethemajorpartof thetestingprogramhad
beenconciuded(e.g.,Kenyan-madeKijitos providedby theSEPprogram,or thoseinstalled
with ODA assistanceat Keffi). It hasbeenjust overthreeyearssincethefirst CWD 5000ma-
chinewasinstalled,and,duein partto extensivedesignproblemswhichcausedfrequentma-
chinefailures,longertermfield experiencewith thesemachinesis stili fairly limited. Ih~
CWD 5000hasnotprovedto be areliable.commerciallvsuitabledesign.After earlyprob-
lems with thefurling mechanismandthepumpitself wereovercome,aseriesof moreseri-
ous difficulties arosewhich calledintoquestionthelong-termsuitability of thecurrentCWD
5000design.Failuresof theheadframeassemblyandthecrankarmon morethanonema-
chineindicatethat designweaknessescertainlvneedto berectifiedbeforefurtherdissemina-ET
1 w
159 143 m
514 143 l
S
BT

tion is considered.In addition, thedesigner’sperformancepredictionsfor theCWD 5000
considerablvoverestimateoutputwhencomparedto testedperformance.falhing shortofpre-ET
1 w
494 116 m
513 116 l
S
BT

dictedvaluesby 30-45percentbetweendaily averagewind speedsof 3-5 m/s.At lower wind
speeds,thepredictionsareevenpoorer.Performanceis not asgood asexpected,due in part
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to poorvolumetricefficienciesandhigher-than-expectedstart-upwind speeds.Higherwind
speedperformanceis impairedby rapidwearof cup leatherswhich reducesystemoperating
efficiency.Whatcanbe doneto remedythis is not yetdear,but further testingcontinues.
However,eventaking thesefactorsinto account,computersimulationsbasedon field testre-
suitsshowthat theperformancepredictedby CWDdesignersis overly optimistic.

Nonetheless.therearetechnicallyappropriateapplicationsin Sudanfor well-designed.reli-ET
1 w
74 608 m
515 608 l
S
BT

ablewindmilis. Windmili outputdecreaseswith increasingheadanddecreasingwind speed. 1
TheCWD 5000is designedfor low head(20metersor less)applications.Otherdesignssuch
as theKijito aresuitablefor pumpingheadsup to 50 meters,andsowouldhavea broader
rangeof applicationsin Sudan.The Kijito hasbeenfleld-testedin KenyaandBotswana,and
foundto be aweil-designedandreliable(albeitfairly expensive)machine.Given themoni-
toredperformanceof theCWD design,arule of thumbfor suitablesitesfor this windmill is
that the productof thewaterdemand(in cubicmetersperdav~andthetotal pumpinghead
(in meters)shouldnotexcee~75ftm4for areaswnh averagewind speedsof 4.1 mis. This
could be increasectto 850 m by selectionof windmihiswith largerrotors,suchasthe6-me-
terKijito, orby improvementsto thecurrentCWD 5000design.Suitablewindrnill sitesin
Sudanaremainly in theNorthernRegionneartheNile andits tributaries,andin EasternRe-
gion coastalareas.Sitesin theseareasareappropriatewhereverthe wateris closeto thesur-
faceandthewaterdemandis low to moderate.Thereareotherscatteredlocationsnear
seasonalsireamsandwadiswherethewateris closeto thesurfaceandwind pumpscouldbe
used.Therewill be considerableoverlapwith potendalsolarpumpsites,sinceboth technolo-
giesaremostapphicablewheretheenergyneededto pumpwateris low to moderate.The
technicaldecisionwill thenbebasedon theparticularsite’s wind andsolarenergyresources.

9.3 Economic Conciuslons
Thefinancialandeconomicprofilesaresodifferentfor pumpingsystemsfor themural water
supplyandthesmall-scaleirrigatedsectorsthatthetwo caseswereanalyzedseparately.In
general,thefinancialandeconomicunit watercostaaremuchhigherfor rural village water
suppliesthanfor smail-scaleirrigation.Mostof this differenceis dueto theuseof moreex- 1
pensivewateryardcomponents(elevatedtanks,meters,valves,fencing,distributionpipes,
andtaps),which arenot necessaryfor smali-scaleirrigation apphications.In addition,farmers
typically usemuchlessexpensive(andlessreliable)brandsof pumpsandenginesthanare 1
normailyusedfor village watersupplies.Thecurrenteconomicsituationin Sudanforcesthe
NCRWRDandtherural vilagesto be heavilydependenton donorsupportfor theconstruc-
tion andrehabilitationof theirwatersupplies.Whendonorsarewilling to provideequip-
ment, therecurrentcostabecomeimportant.

On theother hand,small farm cashflow constraintsdictatethatfarmersmustconsidercapital 1
costato be much moreimportantthanlife cyclecostwhenit comesto making investmentde-ET
1 w
331 149 m
525 149 l
S
BT

cisionsaboutpun-iping equipment.Becauseof this, low costdieselsystems(with enginesand
pumpsfrom India,China,om Cyprus)areandwill likely remainthesystemof choicefor 1
smail-scaleirrigation pumping.Only wherewind speedsaremuchhigherthanaverage,and
wherean alternativeto dieselis beingconsideredfor otherthancostreasons,mighta wind-
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niihl be an alternativeto dieselfor irrigation. Evenif systemlife cycle costawereequivalent
(andtheyarenot evencloseto beingso), thehigh initial costaof capitalintensivesolarand
wind pumpsaresimply beyondthe meansof mostsmall farmers,who would be unableto
servicethatlevel of debtevenif theyhadaccessto sufficientcredit to buy the systems.flj~
unlikely that solaror wind pumpswill attainanvsignificantmarketsharein irrigation appli-ET
1 w
67 634 m
511 634 l
S
BT

cationsin thenearfuture.

Evengivenall of their wehi-documentedproblems,dieselpumpsetsarecost-competitivewith
solarandwind in manyof thevillage watersupply applicationsfor which solarandwind are
technicallvsuited.exceptin fairly low head.low demandsituations.For applicationswhere
demandexceedsthelimited capacityofcommerciallyavailablesolar andwind pumps,diesel
is theonly reasonableoption(unlessgrid-connectedelectricpumpscouldbe used).

Wind andsolarsystemsbecomemorecost-competitivewith dieselas demandandheadde-
crease,andasfuelpricesandtransportdistancesincrease.Thebasecasefinancial andeco-
nomic analysesshowthatusingwind or solarpumpsfor village watersupply is
cost-effectivein instanceswheret1~edemand*headproduct(metersof headtimescubic me

-

Iersof demand~is lessthan750m Ld~.This representslessthan 5 percentof thevillage
sitesin thecountry.In thesesituations,windniills arethepreferredchoiceat siteswherede-
sign monthwind.speedsexceed4.5 m/s.However,the lackof accuratewind speeddatawith
which to makesystemdesigndecisions,andthetechnicalproblemswith theparticularwind
pumpstestedin this program,mustbe weighedagainstthepotentiallong-termeconomic
benefits.Particularlyin ruralvillageswherewatersupplyreliability is particularlyimportant,
seriousconsiderationof windpumpsshouldbe postponeduntil moredependablewindrnills
have(suchastheKijito) beenevaluatedfor usein Sudan.

9.4 Summary
Although fuel andsparepartsavailability andcostaswell as transportationdifficulties wil
continueto be majorconcernsin Sudan,in thedurrenteconomicsituation,capitalcostis the
mostimportantconsiderationin choosingpumpingequipment.While life cycle costanalysis
and subsequentidentificationof potentiallong termsavingsfrom usingRETpumpsmay
havemeaningfullong-termpohicy implications,all indicationsare that this is nothow equip-
mentbuyingdecisionsarecurrentlybeingmadeatthefield level.

For rural village watersupply, thesizeof thewaterdemandandpumpingheadseverelylim-
its theuseof wind andsolarpumps.Nonetheless,therearestill opportunitiesfor solarpump-
ing which arenotbasedsimply on cost-competitivenesswith dieselpumps,but rather0fl

otherconsiderationssuchasindependencefrom fuel costandsupplyvariations,minimiza-
tion of maintenanceneeds,andlong termreliableoperation.Theseattributesareimportantto
systemsustainability,andshouldbe consideredin watersystemdesigndecisions.Wheresite
wind speedsareadequate,windmills also havea roleto play, assumingthatreliable,field-
provenmodelsarebothavailableandlocally supportable,andsitewind speeddatahasbeen
shownto be reliable.
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For small farm irrigation, theIndian-madeLister-typeenginewill remainthesystemof
choicein spiteof its numerousshortcomings.Shouldthesmail-scalefarmerwant an alterna-
dveto diesel,windmilis areamorelikely choiceover solarpumps,assumingtheircapacity
is adequateto meetdemand.However,withoutareliablewind pump commerciallyavailable
in Sudan,farmerswill continueto usedieselpumpsexclusively.Experiencewith awider va-
rietyof wind pumpsandabetterunderstandingof Sudan’swind regimearenecessarybefore
accuratelydeterminingthemarketpotentialof windpumpsin Sudan.

Finahly, themostcost-effectiveshorttermstrategyfor improvingsystems.reducingpumping
costa.andincreasingreliabiity of both village watersupplyandpumpedirrigation in Sudan
is to paymoreattentionto properdieselpumpdesignandmaintenance.Bettermatchingof
pumpsandenginesto both thewaterresourceandthedemandprofile will resultin betteren-
gine loading,higheroperatingefficiency,lowerspecificfuel consumption,reducedengine
wear,lessfrequentoverhauls,andconsequentlyloweroperationandmaintenancecostaover
the lifetime of thesystem.

1
1
1
1
1
1
1
1
1
1
1
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10. Recommendations

Thereareseveralcategoriesof recommendationsgiven in this concludingchapter:broaden-
ergyandwaterpohicyrecommendationsfor diesel,wind, andsolarpumpingin Sudan; rec-
ornmendationsfor futureERCactivities in pumptestingandevaluation; and
recommendationsfor theothergovernmentalandnon-governmentalagenciesin thesector.

10.1 Energy and Water Pumping Policy
Energyandfiscal pohicyin Sudancurrentlyfavorsdieselfuel asanenergysource.Given the
potentialbenefitsof expandeduseofrenewableenergyandmoreefficientuseof dieselfuel
in Sudan,a seriesof actionsis recommendedwhich will promotetheuseof renewableen-
ergy in generalandtheuseofrenewableenergyfor pumpingin particular.Theseactionsin-
clude:

• Settingamorerealisticpricefor dieselfuel. Reducingthegovernmentsubsidy
for dieselwill fosteragreaterawarenessof theeconomicbenefitsof using
renewableenergytechnologiesfor avarietyofenduses,includingpumping.

• Setting watertariffs at thefull life cyclecostrecoveryrate,sotheytruly reflect
thecostofdeveloping,operating,maintainingandrepairingrural watersupplies.

• Expandinglong-termcreditprogramsfor waterpumpinginvestmentto cover
renewableenergypumpingtechnologies,while at thesametimepricing
equipmenton thebasisof unregulatedforeignexchangerates.

• Developingaviable institutionalplanfor conimercializationof technically
reliablewind andsolarsystems.This planwould includea programfor
fmancingthedevelopmentof thenecessaryinfrastructureto supportthese
technologiesoverthe long term.

• Reducinggeneralinflationarypressures.This will encouragelongerterm
resourceallocationdecisionsin placeof the capitalcost-drivendecisionsof
today.It will alsopromotemorecapitalintensivetechnologieswhich in the
long-termmaybe morecost-effective.

Theseactionswill promotea morebalancedevaluationof waterpumpingtechnologiesby p0-
tential users,andincreaseinterestin anduseof solarandwind pumptechnologieswhere
theyare technicallyviable options.

Currentdieselsystemsneedupgrading;carefuldesignandbettermaintenanceofdieselsys-
temswill reducefuel consumptionandO&M costa.TheNCRWRDshoulddevelopand fol-
low designproceduresto ensurethat enginesandpumpsarebettermatchedto thewater
resourceandsitedemandprofile. Donorsshouldalsobe responsiveto thedesignprocedures
whenprovidingequipmentfor rural village watersupplies.Equipmentstandardization
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shouldbe encouragedwheneverpossible.Trainingprogramsin systemdesignandequip-
mentselectionwould alsoenhanceNCRWRD’s ability to upgradecurrentsystems.TheNCR- 1
WRD shouldalso ensurethatpumpsetsaremaintainedproperly.Thismayrequirethat
vullagerstakealargerrole in operationandminor servicingof equipment,while theNCR-
WRD usesits resourcesto providemajorserviceandrepair.Involving villagers in system
planning,design,constructionandoperationwill greatlyhelp to insuretheirsenseofdirect
responsibiityfor properlysupportingthesystem,andhenceincreaseits sustainabilitylong
afterexternalfundingsourcesareexhausted.

An examinationof wateryardconstructioncostashouldbe undertaken.Thesecostsappearto
be higherthannecessary.Forexample,waterstorageis expensive,especiallyfor elevated 1
storage.A carefulevaluationof waterstorageneeds,typesanddesignsof tanksused,anda
comparisonof costafor importation andlocal fabricationoftankscouldleadto significantre-
ductionsin wateryardcosta.This evaluationmight includesmallertanks,groundtanks,or
tanks thatcanbe built on sitewith materialssuchasconcreteorferro-cement.Therealso
maybe opportunitiesfor savingsin transportationcosta.A studyof transportationrequire-
mentsandcostacouldleadto moreeffectivepatternsfor utilization of vehicles,andsub-
sequentlyreducedtransportationcosta.

Small farm dieselpumpsareparticularlyinefficient. Informationshouldbe providedto the 1
NationalExtensionAdministrationto helptheirstaffadvisefarmerson moreeffectiveuseof
dieselsystems.The staffshouldexplainthecostsavingsinherentin using largerpumps(to
increaseengineloadingandreduceenginehoursof operation).Theyalso shouldemphasize
thepotentialcostsavingswhenenginesandpumpsareproperlymaintained.

Therearea numberof technicallysuitableapplicationswheresolarpumpsarecost-competi- 1
tive with diesels.Thesearelow headandlow waterdemandsiteswherethedemand*head
productis lessthan750m4. Thesesitesexistin northernSudanwherethesolarradiation1ev-
els arehigh. Thesolarpumpingalternativewill becomemoreattractiveif solarequipment 1
costadecrease,ordieselfuel Costaincrease,orfuel andspareparts for dieselenginesbecome
moreexpensiveandharderto obtain. Broaderlong-termexperiencewith solarpumpsis
neededto developthenecessarytechnicalskills, morefully evaluateacceptanceandperform-
ance,andenablepromotionanddisseminationof thetechnology.Additional sitessuitablefor
the limited capacityof solarpumpsshouldbe sought,particularlyin theNorthernRegion.
Equipmentfor five to tensiteshasalreadybeenprocuredby GTZ andotherdonors.Installa-
tion andperformancemonitoringshouldincludevilagersandtheERCaswell astheNCR-
WRD. As NGO groupscontinueto install solarpumpsaroundthecountry, theperformance
of thesesitesshould be monitoredas well. Continuedmonitoringof theseandthecurrentpro-
ject monitoringsiteswill signiflcantly broadenthedatabaseof long-termperformanceand
costafor solarpumpingin Sudan,andtherebygenerateabetterunderstandingof its long
termrecurrentcoststructure.

Therearealsotechnicallysuitableapplicationsfor wind pumps.Theproductof the
demand*headshouldnot exceedabout750 m4 (thehigh sidefor largerwindmilis) for sites
with averagedesignmonthwind speedsof4.5 mis. Areasandapplicationswhich meetthese
criteriaarelocatedin theNorthernRegionneartheNile andits tributariesandon theEastern
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Regioncoast;herethereareareaswherewatercanbe foundcloseto the surface,andwater
demandis typically moderate.Suitablelocationsnearseasonalstreamsandwadiscanbe
foundin otherareasof northernSudan.

ThecurrentCWD 5000designshouldnot beconsideredfor futuredissemination.Further
considerationof this designshouldoccuronly afterathoroughreviewof thecausesfor the
moreseriousfailuresof thepastseveralyears.Therehasbeenno evaluationof otherwind-
mills during this project,andthis shortcomingshouldbe corrected.Monitoringandevaluat-
ing thenow-availableKijito windpumpsshouldbe initiated.This machinehasprovedto be
robustandreliablein fleld testsundertakenin othercountries.Financialanalysisdoesnot fa-
vor theuseof wind pumpsby small-scalefarmersunlesstheyseekanalternativeto diesel
pumps.Localmanufactureofwind pumpscontributeslittie to economicviability becauseof
thecomparativelysmall laborcomponentof theirlife cycle cost.A focusedstudyof themar-
ket for wind pumpsshouldbeconductedbeforefurtherdisseminationof any designis seri-
ously considered.

10.2 Short- and Medium-Term Activitles for the ERC
TheERC/SREPwaterpumpingprogramhasbeencollectingdatafor nearly two years;pump
monitoringhasbeentaking placefor lessthanoneyear.During theproject, a seriesof unfore-
seeneventsandlogisticaldifficulties limited thescopeof activities.Programsupportand
technicalassistanceprovidedby theSREPprojectendedprematurelyin February1990.
However,theresultsof theevaluationsconductedto datehaveraisedadditionalquestions.
TheERCPumpingTeamshouldcontinueevaluatingsmail-scalepumpingsystemsto build
on theconsiderableworkaccomplishedthus far (seeFigure10.1).Thefollowing sectionout-
linesERC’s short-andmedium-termplansin this fleld.

Detailedpumpmonitoringwill continuefor severalof thesolarandwind pumpsuntil a full
yearof datahasbeencollected.Datacollectionwill continueat theIJniversityof Gezira,
Hodieba,Shambat,andFoja solarsites.Short-termdataandat leastseveralmonths’ long-
termdatashouldbe collectedat thesolarpumpsiteat SheraimEl Karamsha,but sinceits de-
sign andpumpingconditionsaresimilar to thoseatFoja, resourcescanbestbe used
monitoringothersites.

Windpumpmonitoringwill continueatSoba.1f thewind pumpsat othersitesarenot in use,
monitoringshouldbe stopped.Additionalwind andsolarsitesshould be monitored.Likely
candidatesinclude: thesolarpumprecentlyinstalledatSoba,thesolarpumpsto be installed
by theWSDP nearNyala,pumpsto be installedby SEPnearWadiKutum, andKSB pumps
to beinstalledby theSEPin areasnearKhartoum.Oneor (preferably)two Kijito sites
shouldbe monitored.

Focusedtechnicalstudiesto broadenthedatabaseof long termsolarandwindpump field
performanceshouldbe undertaken.Among theseis amoredetailedstudyof theperformance
of thesolarpumpat theUniversityof Gezira,to determineif indeedits poorperformance
canbe attributedto theageof the installationorothercause.Also afeasibility study for the
Swedish-SudaneseAssociationshouldbe completed,givingpumpperformancedetailsfor
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wateringthe shelterbeltandgardenatFoja.Necessaryrepairsshouldbe madeto thewind
pumpatSoba,andtestsconductedto determineif predictedpumpingratescanbe achieved. 1
Furthertestsof theIndian-madeLister-typedieselpumpsetsshouldbe conducted,andare-
portpreparedof theresuits.

ThedetailedRuralVifiage Surveyreachedonly theKhartoumCommissionerateandtheCen-
tral Region.Thesurveysshouldbecontinuedto includetheremainingregionsof Sudan.
This will provideinformationon regionalvariationsin operation/maintenancepracticesand
costa.

Figure 10.1. Newly installed Grundfos solar pump with ARCO M53 modules at Soba
Research Station with pumping team technician.

TheSmall Farmers’Survey,begunwith theassistanceof theNationalExtensionAdministra-
tion, shouldbe continuedandincludesurveysof moreremotesmall irrigatedfarms.Focus
shouldbe directedtowardstheNorthernRegionalongtheNile andareasin thewestwith
pumpingheadsof under20 meters.Theresultsshouldincludeacost-benefitanalysisof die-
selaswell assolarandwindpumping.

With thechangingeconomicconditionsin Sudan,it is importantto updatefinancialandeco-
nomic costa. In periodicupdateson thefmancialandeconomicfeasibiityof solarandwind
pumping,theresuitsof thecompletedsurveysshouldbe inciuded.
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It is importantthattheERC PumpingTeamcontinueto provideinformationandconsulting
servicesto interestedgovernmentandnon-governmentalorganizations.Theseservices
shouldincludepracticalinformationon technicalcapacities;recommeridationsonpumping
systemdesigns;andcostestimatesfor solar,wind, anddieselpumps.

10.3 Other Organizatlons
Thereareseveralspecificrecommendationsfor othergovernment,non-government,anddo-
nororganizations.TheSudanMeteorologicalDepartmentshouldcontinueto collectsolarra-
diationdataatthe 16 sitesnow in operation.Pyranometers(andotherinstrumentation)
shouldbecalibratedon aregularbasis,andannualsummariesmadeavailableto theERC
andotherinterestedorganizations.TheDepartmentshouldreplacetheDinespressureplate
anemometerswith modernequipmentwhich requireslessmaintenanceandprovidesbetter
wind speedresolution.New insirumentashouldbe locatedtenmetersfrom thegroundsur-
facein unobstructedwind fiows to givethemostusefuldatafor windmill design.

Technicaltraininginstitutes,including theSudanTechnicalUniversity, technicaltrainingin-
stitutes,andprofessionalmechanicaltraining schoolsshouldintroducephotovoltaicsinto the
curriculum.Althoughphotovoltaicprinciplesaretaughtat theUniversityof Khartoumand
arebeingintroducedat theTechnicalljniversity, amorecomprehensivecurriculumshould
be developedto train techniciansin practicalaspectsof photovoltaicinstallation,mainte-
nance,andrepair.Only with theseinitiativeswill a trainedcadreof techniciansbe available
not only for solarpumpingsupport,but alsofor othercost-effectivephotovoltaicapplications
suchasvaccinerefrigerationandtelecommunications.

Donorsandnon-govemmentalorganizationsshouldcontinueto fundappropriatesolarand
wind pumpingprograms,with a dearunderstandingof the limitations andapplicationsof
both. Currentconditionsmakesolarpumpingmorefavorablethanwind for rural village ap-
plications,partlybecauseof thelackof commerciallyavailablereliablewindmills in Sudan,
andpartlybecauseof thelackof reliable,site-specificwind data.Eventually,morewide-
spreaddisseminationof thesetechnologies,if it occurs,wil dependon abroaderunder-
standingof thepotentialapplicationsandlimitationsof thesetechnologies.AlthoughSudan
cannotnow afford to purchasetheequipmentitself, theNCRWRDneedsexperienceif these
technologiesareto beusedin thefuture. Sucha programshouldbecommittedbothto train-
ing NCRWRDstaff, andfamiliarizingthepublic with thetechnologies.It shouldalso in-
cludetheparticipationoflocal pumpagentsto ensurethelong-termsupportnecessaryfor
thesetechnologies.Suchaprogramshouldbe coordinatedthroughtheERC, sinceit hasthe
formalgovernmentmandateto researchandpromoterenewableenergyusein Sudan,and
ERCstaffalsonow havethecapacityto assistwith technical,economic,andrelatedrenew-
ableenergyanalysis.
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Appendix A. Test Sites
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Appendix B. Maps
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Distributlon of Total and Diffuse Solar Radiation—Sudan

Source: Solar Radiation Climate of the Sudan. Dr. M.O. Sid-Ahmad, RERI, 1985.
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Appendix C. Test Procedures

Diesel Pump Test Procedure

Purpose
Theperformanceof adieselpumpingsystemdependson properequipmentselection,quality
of installation,quality of operation,and maintenance.Exceptto theextentthat thewater
level variesduringpumpingandthelong-termperformanceis degradedby maintenanceprac-
dce andequipmentage,theperformanceof a dieselpumpis not variableovertime. This
meansthatshort-termmeasuresof waterdeliveryasafunctionof fuel usedaresufficient to
characterizepumpperformanceandpredictwaterdelivery rates.Therefore,dieselpumptest-
ing waslirnited to short-termtests.Otherimportantinformationregardingsystemage,over-
haul intervals,andmaintenancepracticeswerealso collectedbutarenotconsideredhereas
partof thetestprocedure.

Approach
Thedieseltestsconsistedof aseriesof shortconsecutivetestsof from 10 to 20 minutes’dura-
don. Duringeachperiod, theamountof waterpumpedis recorded,andat theendofeachpe-
riod, thepumpandengineRPMarecheckedandthefuel requiredduring theinterval is
recorded.To measurethefuel consumptionaccurately,the normalfuel tankwas by-passed
andaplasticcontainerwith a fl11 line was substituted.At theconciusionof eachtime inter-
val, thefuel level wasrestoredto the fl11 line from a graduatedcylinder.Theamountof fuel
usedduring theintervalwasdeterniinedfrom thegraduatedcylinder readings.

Equipment Used
Theequipmentusedto completethedieselpumptestinciudedmechanicsandpipe-fitters
tools to moclify theengine,pumpanddeliverysystemto allow measurementsto takeplace
andseveralmorespecializedtoolsandpiecesofequipment.Theseinciuded:

• Stopwatch

• Powerselectronicwell sounder

• Photo-digitaltachometer

• Pressuregage

• Threeliter dearplasticcontainerandtubeto connectto theenginesfuel line

• Graduatedcylinder (250ml)

• Watermeter

Set-up and Test
Thetestrequiredat leasttwo people.Theset-upprocedurerequiredseveralsteps.Thefirst
wasto clisconnectthefuel tank,substitutethethreeliterplasticcontainer,andfl11 it with die-
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sel fuel. Theendof thebattery-operatedwell sounderwas droppedin theboreholenext to
therising main in orderto measurethewaterlevel. In severalcasesthis was notpossiblebe-
causethe well headwassealed.Thepressuregageandwatermeterwereinstalledin line in
thewaterdeliverypipe.Theenginewasthenstartedandallowedto warmup andestablisha
constantpumpingrate.Thewarm-upperiodwastypically 10-15minutes.At this time, the
pumpandengineRPM, thewell sounderreading,andthepressuregagemeasurementwere
recordedasthe fuel levelwasreturnedto apredeterminedlevelmarkedon theplastictank.
Simultaneouslythestopwatchwasstarted.Thetestintervalwasdeterminedasthetestpro-
gresses.The intervalwasselectedso thatlessthan250 ml offuel is consumedduring thein-
terval.Oncetheintervalwasselected,thegraduatedcylinderwasfilled to the250 ml level
andfuel pouredinto thethreeliter fuel tank,almostto themarkedfull line in preparationfor
theendof thetestinterval.

At theendof thetime interval,dieselfuel wasaddedto bring the level just to the fl11 line
markedon theplasticfuel tank.Thewatermeterwasreadsirnultaneouslyby asecondper-
son.ThentheengineRPM,thewaterlevel,andthewaterpressurein thedeliverypipewere
measuredandrecorded.Speedandaccuracywereimportantatthis time, particularlywhen
filling thefuel tankandnotingthewatermeterreading.

Thefuel consumptionduringtheintervalcouldthenbe determined.Thelevel ofremaining
fuel in thegraduatedcylinderwassubtractedfrom theoriginal250 ml to give thefuel con-
sumedduring thetestinterval.Fuelwas thenaddedto thecylinderto restorethe250 ml in
preparationfor theendif thenexttestinterval. 1
Data Analysis
At theendof eachintervalcalculationsweremadeofthefuel consumptionperhour,fuel
consumptionpercubicmeterof waterpumped,thepumpingrateandtheoverallefficiency
of thesystemfrom dieseldeliveredwater(assuming3 8,000MJ/liter as theenergycontentof
the diesel).Theresuitsof thesetestsarepresentedin Chapter5.

Solar Pump Test Procedure

Purpose
Thepurposeof solarpump testingis to characterizetheperformanceof thepump asa func- 1
tion of solarradiation.This is accomplishedby conductingbothshortandlong-termtests.
Short-termtestswerecompletedto characterizetheperformanceof thepumpover thecourse
of aday.Theseresultswereusedto determinetheefficiencyof thesolarsystematvariousso-
lar radiationlevelsandthesolarradiationrequiredto startthesystempumpingin themorn-
ing. In addition, theseshort-termresuitswereusedto ascertainthatthepumpwasoperating
properly.

Long-termtestswereconductedto measurethedaily outputof the pumpasafunctionof to-
tal daily solarradiation.Theseresuitswerecomparedto manufacturer’soutputprojections
for thepump. In addition,the long-termdatawere usedto developprojectionsfor theaver-
agemonthly andannualperformancefor thesystem.
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Approach
Unlike dieselpumpperformance,a solarpump’sperformancedependson the solarradiation
level. This is variableover theday. Thereforedatamustbe collectedover anentireday to al-
low thedevelopmentof apumpcurveshowinghow waterdelivery varieswith radiation
level. In order to capturethis informationadataloggingsystemwasemployed.This system
utilizeda seriesof electronicsensorstp measureimportantparameters,a dataloggerto sam-
ple andpre-processthedatacollected,andErasableProgrammableReadOnly Memory
(EPROM)datastoragepacks(DSPs)to storethedataon site.Thedatastoredon theDSPs
weredownloadedto acomputerwhenbroughtfrom thefield to theoffice. This methodwas
usedto collectdataat tenminuteandhourly intervals.Thedatacollectedat hourly intervals
were usedto calculatedaily averagesof all pertinentvariables.

Equipment Used
Theequipmentusedfalls into severalcategories:sensors,dataloggingequipment,handtools
usedin thefield to calibratesensorsandsetup thedataloggers,datatransferequipment,and
dataanalysishardwareandsoftware.Thesensorsusedfor solarpumptestingincluded:

• DruckswaterlevelsensorPDCR830 (pressuretype)

• DruckswaterpressuresensorPDCR810

• Li-Cor voltageoutputpyranometer

• Omnidatavoltagedivider

• Omnidatacurrentshunt

• Westernwatermeterflow transducerwith pulseoutput

• OmnidataES-060 temperatureprobe

Thedataloggersusedwere OmnidataEZ loggers.Thesecouldbe programmedto sample
dataat oneminuteintervalsandthenaverageandrecordthesesampleddataatintervalsrang-
ing from oneminuteto oneday.32 kilobyte EPROMdatastoragepackswereused.Theseen-
ableddatacollectionandstoragefor severalmonthswhendatawerecollectedat hourly
intervals.

A varietyof handtools wereusedto installandcheckthecalibrationof thesensors.Impor-
tant tools usedin calibrationincluded:

• Kipp ZonenPyranometerCM-11 (calibratedstandard)

• Powerselectricwell sounder

• Wika dial pressuregage

• 4.5 cligit FlukeMulti-meter(model8060A)

• Clamp-onammeter

• Thermometer
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Dataweretransferredby bringingthe EPROMpacksto theofficeanddownloadingthedata
usingan OnmidatadatareaLler.Thedataweredownloadedto a Zenithportablecomputerand
analyzedusingLotus 123.

Set-up and Test
Equipmentinstallationfollowedapreliminarysitevisit. Theinitial sitevisit tasksincludeda
sitedescriptionandadetailedplanfor locatingthedataloggersandtestsensors,including
any specialequipmentandmaterialswhich maybe needed.Equipmentinstallationusually
tookplaceoveraseveraldayperiod.Theinstallationphasesincludedlocatingandmounting
of thedataloggerandsensors,connectionof sensors,programmingthedataloggerfor short
tests,andcalibrationof sensorsusinghandheld instruments.Duringthefirst testperiod,last-
ing for at leastonefull day,datawererecordedat tenminuteintervals.Thedatathusre-
cordedconsistedof theaverageofsamplestakeneveryminuteover thetenminuteperiod.At
theendof this initial test,thedatastoragepack (EPROM)wasreplacedwith anotherone so
thatthe initial day’sdatacouldbe broughtto theoffice for analysis.At this time the long-
termtestingwith thecollectionof hourlyaveragesof oneminutesamplesbeingrecordedon
theDSP.

At intervals,dependingon thepumplocationandtransportationconstraints,eachsitewas
visited. During thesevisits, thepumpwascheckedto besurethatit wasoperatingproperly
andeachofthe sensorswerecheckedfor correctcalibration.In addition, thedataloggerwas
re-programmedto collectanadditionaldayof short-termdata(tenminuteaveragesof one
minutesamples).After this dayof short-termtests,thedataloggerwas againsetto collect
long-termdata.

Data Transfer and Analysis
Datawerebroughtin from thefield on EPROMdatastoragepacks.Theseweredownloaded
to acomputerin theoffice usingavailablesoftware(Crosstalk).This resultedin an ASCII 1
text file which wasthenimportedinto Lotus 123. Initial analysisincludedcalculatingaver-
ages,maximums,andminimumsfor eachparametermeasuredandidentifying any values
which fali outof theexpectedrang~s(i.e., no waterbeingpumpedwhenthesolarradiationis 1
high, temperaturesin accessof 130 , etc.).Timeswhenthepumpor dataloggingequipment
werenotoperatingproperlywererecordedin a sitelog file. The datawere thenconverted
andprocessedto generatewaterflow rates,averagepoweroutput,overall solarradiation1ev-
eis,efficienciesanddaily averagevaluesin appropriateunitsof measurement.Theseresults
werethenplotted andexamined.

Wind Pump Test Procedure

Purpose 1
Thepurposeof wind pumptesting wasto characterizetheperformanceof thepumpasa
functionof theprevailingwind speed.As with solarpumps,this is accomplishedby conduct- 1
ing both short-andlong-termtests.Short-termtestswerecompletedto characterizethepump
curveasafunctionof wind speed.This allows themeasuredshort-termenergyefficienciesof
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thesystemto be comparedto predictedvalues,helping to determineif thewind pumpis oper-
ating properly.Long-termtestswereconductedto measurethedaiiy outputof thepumpas a
functionof thedaily averagewind speed.This informationwas used,alongwith Meteoro-
logical Departmentdata,to developprojectionsof themonthly andannualwaterdeliveryof
the windmill.

Approach
A wind pump’sperformanceis variabieovertheday.However,uniikesolarpumpoutput,
wind pumpoutputcanincreaseordecreaseat anytime of thedayor night,dependingonly
on increasesanddecreasesin wind velocity.Thereforeshort-termdatamustbe collectedover
periodlong enoughto allow thedevelopmentof apumpcurveshowinghow waterdelivery
varieswithin therangeof wind speedsanticipatedat thesite.As with solarpumptesting,a
dataloggingsystemwasemployed.This systemwasthesanieasthat usedto collectdatafor
the solarpumptestsexceptthatdifferent sensorswereused.Thedataloggerwasusedto col-
lectdataat tenminuteandhourly intervals.Thedatacollectedathourly intervalswereused
to calculatedaily averagesof all pertinentvariables.

Equipment Used
As with solarpumptesting, theequipmentusedfails into severalcategories:sensors,datalog-
gingequipment,handtools usedin thefield to calibratesensorsandsetup thedataloggers,
datatransferequipment,anddataanalysishardwareandsoftware.Thedataloggingequip-
ment,datatransferandanalysishardwareandsoftware,severalof thesensors,andmanyof
thehandtools werethesameas usedfor thesolarpumptests.The sensorsusedin wind
pumptestingincluded:

• Drucks waterlevel sensorPDCR830 (pressuretype)

• DruckswaterpressuresensorPDCR810

• Met-Oneanemometer

• Westernwatermeterflow transducerwith pulseoutput

A varietyof handtools wereusedto instail andcheckthecalibrationof thesensors.Impor-
tant toolsusedin calibrationincluded:

• NRG calibratedwind speedstandard

• Powerselectricwell sounder

• Wika dial pressuregage

As with solarpumptesting,datawere transferredby bringingtheEPROMpacksto theoffice
anddownloadingthedatausing an Omnidatadatareader.Thedataweredownloadedto aZe-
nithportablecomputerandanalyzedusingLotus 123.

Set-up and Test
Equipmentset-upandtestproceduresfollowed a similarpatternasdescribedfor solarpump
testing. However,sinceall of thewind testsiteswerewithin severalhoursdrive of
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ERC/RERIoffices,visits couldbe mademorefrequently.Equipmentinstaliationusually
took piaceoverseveraldays.Oncethe iriitial installationandsensorcalibrationwascorn- 1
plete, short-termtesting began.During this testperiod,usuallylastingfor severaldays,data
wererecordedatten minuteintervals.1f, afterseveraldays,it wasbelievedthat thewind
speedhadvariedfrom calm to sevenmeterspersecond,short-termtestsweresuspendedand
long-termtestingbegan.Oncethedataweredownloadedandanalyzed,theminimumand
maximumwind speedsobservedduring thetestperiodcouldbe determined.Additional short-
termtestingcouldbe scheduledif therewerenotsufficientdata.As with solarpumptesting,
long-termtestingmeantsamplingeachsensorat oneminuteintervalsandrecordingaverages
eachhour.Theseonehouraverageswerethenprocessedto yield onedayaveragesof wind
velocity andwind pumpoutput.Thewind pumptestsiteswerevisitedmoreoftenthanmost
of thesolarpumpsites.Duringeachof thesevisits, checksweremadeto determineif the
wind pumpanddataloggingsystemwereoperatingproperly. 1
Data Trans for and Analysis
As with solarpumptesting,datawerebroughtin from thefield on EPROMdatastorage
packs.Theseweredownloadedto a computerin theoffice usingavailablesoftware(Cros-
stalk).This resultedin anASCII text file whichwas theniniportedinto Lotus 123. Initial
analysisincludedcalculatingaverages,maximums,andminimumsfor eachparametermeas-
uredandidentifyingany valueswhichfall Out ofthe expectedranges(i.e., no waterbeing
pumpedwhenthewind speedwasabovefour meters/second,etc.).Times whenthepumpor
dataloggingequipmentwasnot operatingproperlywererecordedin asite log file. Thedata 1
werethenconvertedandprocessedto generatewaterflow rates,averagewind speed,overall
efficiencies,anddaily averagevaluesin appropriateunitsof measurement.Theseresuits
werethenplottedandexamined. 1

1
1
1
1
1
1
1
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Appendîx D. Site Descriptions

DIESEL PUMP TEST SITES

Surface Centrifugal Pumps

Wad Medani
This small farmof 8 feddansis locatedabout20 kilometerseastofWadMedanion theRa-
hadriver.Theriver is only seasonalat this location.Wateris pumpedfrom theriver when
possibleandpumpedfrom adrilled well whenthereis no waterin theriver. Thepump-set
consistsof an IndianListerdriving a 3” centrifugalpump; both aremountedtogetherori a
skid. Thepump-setis movedasnecessary,andthepumpingheadchangesfrom seasonto sea-
son.Thefarmergrowsvegetablesyear-roundfor sale in WadMedanimarkets.Thereis no
waterstorageatthesite.Wateris pumpeddirectlyinto earthchannelsfor distribution
throughoutthefarm.

Bara
TheBarapolicefarm is iocateclin the townof Bara,northeastof El Obeidin NorthKordofan
Province.Thepumpingset-upincludesan IndianLister locatedat thegroundsurfacewith a
centrifugalpumpiocatedat the bottomof ashallowhanddug well. Theengineis located
nearthetop of thewell. A seriesof flat belts transmitspowerfrom theengineto thepump.
Thewaterdistributionsystemconsistsof20 metersof 2” pipefor distributionof waterfor hu-
manandanimal consumptionjustoutsidethe policefarm. A seriesof pipes,in poorcondi-
tion, with manyieaks,supplieswaterto thefarm’s irrigatedarea.At thetime of the test,the
landwas not undercultivation.Thetotal irrigatedareais lessthan2 feddans.Vegetablecrops
aregrownlargelyfor consumptionatthepolicepostandoccasionallyfor salein the local
market.

Ed Damer
This farm is about4 km from thevillage of El Musiyab,nearHodiebain the NorthernRe-
gion. Thetotal farm areais about10 feddanswith an irrigatedareaof 5 feddans.Thewell
hasbeendugto 8 metersandthendrilled an adclitional6 meters.Theengineandbelt-driven
3” centrifugalpumparelocatedat thebottomof thedug well. Thepumpintakedescendsinto
thedrilled portionof thewell. At the time of testing,thetotal pumpingheadwas9 meters.
Thefarmeris growingsomevegetablesandwateringdatetreesscatteredon the farm. He is
planning to plantandwatermesquitetreesasaperimeterfence.
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Edeco Jack Pumps

Wad-Sabeel Wateryard
Wad-Sabeelis about16 miles northeastof Um-Ruwaba.Thewaterlevel in thedrilled well is
290 feet.Thetotal populationincluding nearbyvillagers usingwaterfrom this wateryardis
about7,000.Thewateryardat this sitewasrehabilitatedin March 1989.Theengineis a
Lister6/1 watercooledmodeloverhauledby SCF.Thepump is of theEdeco-MKIIIM type
which wasprovidedby SCF.The pumpstrokeis 18 incheswith 3.75-inchworkingcylinder.
Thepumpwassetat 322 feetbelowgroundlevel. Four-inchmain drop-pipesareused.Water
is pumped26 feetto a British madeelevatedtank (10,000Imp. gallon)througha2-inch di-
ametersteelpipe 127 feetlong.

Obied-Mahadi Water/ard
Obied-Mahacliis about31 miles southeastof Um-Ruwaba.Water level at thesiteis 280 feet.
Thepopulationis about2,850.The wateryardwaslast rehabilitatedin December1988by
SCF.Thenewengineis a Lister (seriesnumber37002608/1 001)watercooledmodel.The
pumpis an Edeco-MKIHM type drivenby using5 V type beitsanddutchpulley transmis-
sion system.Thepump-setis 334feetbelow thegroundlevel. Wateris pumpedthrough66
feetof 2-inchdiametersteelpipeto a 10,000gallonswatertank(elevated26 feet). 1
Abu-Auwa water/ard
Abu-Auwa is about38 miles northeastof Um-Ruwaba.It hasapopulationof about5,000.
Thewaterlevel is 290feet.Equipmentat this wateryardwasinstalledin January1989by
SCF.Theengineis aLister (S/N 37002508/1 001) watercooledmodel. It wasrepairedin
July 1989 (thepistonwasreplaced).The pumpis an EdecoMK-IIIM drivenby 5V belts 1
with adutchpulley transmissionsystem.Thepumpwasset322 feetbelow thegroundlevel
with a4-inchdrop-pipe.Thepumppistonleatherswerereplacedin October1989. Water is
pumpedto an elevated(26 feet) 10,000gallon watertankthroughabout716 feetof 2-inchdi-
ametersteelpipe.

Malaga Water/ard
Malagais about13 miles southeastof Um-Ruwaba.The totalpopulationis around3,400.
The waterlevel is 250 feet.A Listerengine(SJN37002108/1 001)watercooledmodeland
an EdecoMK ifiM unit havebeeninstalledatthis siteby SCF. Theworkingcylinder is 3.75
inchesin diameter.A dutchpulley transmissionsystemwith 5V beltswas usedto connect
thepumpandengines.Thepump wassetat 324 feetbelow thegroundlevel and4-inchdrop-
pipeswere used.Wateris pumpedthrough66 feetof 2-inchdiametersteelpipeto a6,000
gallon elevated(20feet)tank. Thewateryardoperates12 hoursduring thesummerseason,8
hoursduringthewinter season,andabout2 hoursduringtherainy season. 1
Abu-Hamra Water/ard
Abu-Hamrais about15 miles southeastof Um-Ruwaba.Thepopulatioriis about2,000.
Waterlevel is 220 feetbelowgroundlevel. Theengineat this wateryardis aLister 6/1 type

which hasbeenoverhauledby SCF.Thepumpinstalledby SCFis an EdecoMK III typec
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with an 18-inch strokeand3.75-inchworkingcylinderdiameter.The pumpis setat 322 feet
below thegroundlevel by using4-inchdrop-pipes.The wateris pumpedthrough450 feetof
2-inchdiametersteelpipe to an elevated(20 feet)British 10,000-gallonwatertank.

Um-Kharain Water/ard
Thereis no SCFequipmentinstalledat this site.The siteis about8 miles eastof Um-Ruw-
aba.Thepopulationof this village is about 1,500.Thewaterlevel is at 253 feet.Theengine
is aLister 6/1 watercooledtype, lastoverhauled2 yearsago. An Edeco-MKIII typec pump
in badconditionis operatingat this site.Only oneV-belt is usedfor thetransmissionsystem.
Pumpstrokeis set to 18 inchesandaccordingto wateryardrecordstheworkingcylinderis
4.25 inchesin diameter.Thepumpwasset336 feetbelow the groundlevel anda3-inchdrop-
pipe is used.Wateris pumpedthrough33 feetof 2-inchdiametersteelpipeto an Indian
made11,851 gallon watertankat 26 feetelevation.

Sheraim EI Karamsha Water/ard
ShearimEl Karamshais about15 kilometersnortheastof Barain NorthKordofanProvince.
Theboreholeis equippedwith aLister8/1 enginedriving an Edecopump. Thewateryard
was buik in 1982andtheenginewas lastoverhauledin January1987at NCRWRDwork-
shops.Wateris pumpedthroughatotaldynamicheadof 17 meters.Theengineoperates5 to
8 hoursperdaydependingon theseason,with longerpumpinghours in thesummer.Water is
pumpedto a45 m3 tankanddistributedto 3 workingtapswithin thewateryardcompound.
ThewateryardwasOut of service3 times in the lastyearwith breakdownslasting2 to 3
days.In additionto the feescollectedby thewateryardclerk, thevillage committeecollects
S~2.50per monthin additionaltariff.

Vertical Turbine Pumps

EI Mugdab
This village, southof KhartoumneartheJebalAulia dam,is on thewestsideof theWhite
Nile. Thepopulationis about1,000. A numberof peopleandanimalsfrom surroundingareas
utilize the waterfrom this wateryard.Thepumpingequipmentdonsistsof an 11.5 HPYanmar
enginedriving a Kato verticalturbinepump installedin 1986.Theengineoperatesabout7
hoursperday.Themostrecentengineoverhaultookplacein July 1988.TheenginewasOut
of serviceon 2 occasionsduring the lastyearwith repairstaking 2 to 3 days0fl eachocca-
sion. Theequipmentis now in reasonableconditionwith thecooling systemmodified to a
flow-throughinsteadof arecirculatingsystem.Wateris pumpedto a45 m3 elevatedtank
andreacheshouseholdsthrougha distributionsystem.Thereis an overheadtapat thewater-
yardfor fihling donkeycarts(Si0.75per44 Imp. ga!. drum).Thewateryardis managedby a
village committee.Theoperatoris a committeemember.Feesareassessedperhouseholdon
amonthly basisdependingon whetherthehousehasaprivatetap.Thecommitteecontrib-
utesfor fuel, luricants,maintenance,andrepair,butdoesnotappearto fundthe full cost.
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EI Sundudab
This villageis nearEl Mugdabon thewestsideof theWhite Nile. The estimatedvillage 1
populationis 1,000. Thevillage is moredispersedthanatEl Mugdab.Wateris pumpedwith
an Andoriaengine(13.3HP) driving a Grundfospumpwith belts.An elevated25 m3tank
feedsto distributionsysteminto thevillage. As atEl Mugdab,thereis an overheadtap for
filling donkeycarts.Thereis alsoapublic tapfor filling jerricans.Thewateryardis managed
in the samefashionasat El Mugdab.

Mono Pumps

Sharafa (1) Water/ard
TheSharafa(1) wateryardhasjustrecentlybeencompleted.It is about25 km westof El
Fasher.Measuredwaterlevel at this site is 70metersbelowgroundleve!.A 30 m3 elevated
watertankwasconstructed,andthereare3 watertroughsfor animal drinkingand several
taps.Populationdoesnotexceed500; mostof themcomefrom nearbyvillages.Theoriginal
cooling system(radiator)wasreplacedby a 44 gallon barrel.A village watercommitteehas
beenformedto managetheoperadonJmaintenanceof thewateryardsin cooperationwith the
NCRWRD. It is tooearlyto tel! how well this arrangementwill function. 1
Tabit Water/ard
Tabit is about60 km from thecity of El Fasheron theEl Fasher-Nyalaroad. It is slightly big-
gerthanSharafa,with apopulationof around800including thosefrom nearbyvillages.The
waterlevel atthis siteasmeasuredduring testingis 46 metersbelowgroundlevel. This was
an old NCRWRDwateryardwhich wasbeingrehabi!itatedby WUSC.Theold Lister-Edeco
systemwas replacedby anewPetter/Lister-Monopumpunit. A newimported30 m3 ele-
vatedwatertankis installedbesidetheold NCRWRDelevatedtank.A village watercommit-
teehasbeenformedto sharein managingwateryardoperation/maintenance. 1
Shangel Tobai Water/ard
ShangelTobai is oneof biggestvillagesbetweenEl FasherandNyala. It is about75 km from 1
El Fasher.Thepopulationis around1,000, includingnearbyvillagers.An old NCRWRD-
equippedwateryardis stil! operating.Thenewboreho!edrilled by WUSCis about225 me-
tersawayfrom theold one.Thenew30 m3 elevatedtank is erectedbesidetheold one.Water
is pumped218metersto thenewwatertank,andthen to thedistributionsystem.Thereare
trough facilities for animalwatering,andtapswhich villagersuseto fl11 their girbasandjerri-
kansThemeasuredwaterleve! is 57 metersbe!owthesurface.A village watercommitteehas
formedhereaswell.

Musco Water/ard
Muscois about20 km from ShanelTobai.Thewateryardwasconstructedby WUSCanda
village watercommitteeformed.Thewateryardis in an isolatedarealike Sharafa;people
comefrom nearbyvillagesfor water.Themeasuredwaterlevel is 53 meters.Thetestsfor
this systemweredoneby theWUSCteam(EngineerAbdul Ah, EngineerAbdul ElazaimAh-
med,andtheircrew).After assistingwith the testingof the first 3 systemsattheothersites, 1
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theWUSCcrew hadenoughexperienceto conductfield testson their own. This will help
themdeterminethe typical operatingperformanceof thenewsystemstheyaregoing to in-
stall in theTabitarea.

SOLAR PUMP TEST SITES

Grundfos Pumps

University of Gezira
In early 1983,aGrundfosSP4-8utilizing 28 Arco SolarM-5 1 modules wasinstalledon the
Universityof Geziraresearchfarrn. Thesite is at thesouthwestedgeof thecampusaboutone
kilometerwestof the Blue Nile north of WadMedani.Thepumpis instahledin acasedbore-
holewith a staticwaterleve!of 19 metersanda total pumpingheadof 21 meters.Thewell
experiencesveryhitde drawdown(lessthanonemeterduring the pumpingday). Pumppro-
duction is usedto watera smal!researchplot of rough!yonefeddan.Garhicis presentlybe-
ing grownthere.Thereis no storagetankat thesitesothewateris beingdelivereddirectly
into irrigation channelsata peakrateof about1.5 liters per second.

This pumpwasthe focusof an evaluationperformedby the studentsof thePhysicsfaculty at
theuniversity in 1985.Unfortunate!yadequatetestingequipmentwasunavai!ableto measure
thesolarradiationleve!s,sotheperformanceof thepumpcouldnot be measuredasafunc-
tionof radiationlevels.Thepumpmonitoringinsirumentation(inciuding sensorsto measure
waterdelivery,solarradiationlevels,waterdeliverypressure,ambierittemperature,andarray
voltage)wasinstal!edin Apri! 1989.Thepumphasbeencontinuouslymonitoredsincethat
time with hourly va!uesof all technicalparametersmeasured.Short-termtestshavealso
beenconductedon severaloccasions.Thepump is current!yoperatingandcontinuesto be
monitoredby theERC,ahhoughno effoi-t is madeto keepthe arraycleanto maximizeper-
formance.

Hodieba Research Center
A GrundfosSP4-8utilizing 21 Arco SolarM-5 1 moduleswasinstalledat theHodiebaAgri-
cu!turalResearchStationFarmsouthof EdDamerin 1983.The siteis justeastof therail
line about2 kilometerseastof theNile. Thepumpis installedin a casedboreholewith a
staticwaterlevel of 9.5 metersandatotal pumpingheadofjustover 10 meters.As at other
sites,thewe!! experiencesvery hittie drawdown(well underonemeterdunngthepumping
day). Pumpproductionis usedto waterasmall treenursery;unfortunatelythetreesshadethe
arrayduringthefirst hourofsunshineduringwinter months.Severalfamihieswho live
nearbyregularlygetwaterfrom thepump. At the site thereis asmall splashbox wherethe
waterenterstheirrigationchanne!sbut fl0 storagetank. Water is delivereddirectly into irriga-
donchannelsat a peakrateof about1.5 liters per second.Thepumpmonitoringinsu-umenta-
don (iricluding sensorsto measurewaterdehivery,solarradiatiofi levels,waterdehivery
pressure,ambienttemperature,andarray vo!tage)wasinstalledin June1989.Thepumpwas
monitoredfrom thattimeunti! Novemberwhenoperatorerrordamagedthedata-logging
unit. Transportation!imitations havepreventedrep!acementof theunit. Hourly valuesof al!
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technicalparametersmeasuredweretakenduring the5-monthmonitoringperiod.Short-term
testshavealsobeenconductedon 2 occasions.Thepumpis currently operating,althoughas
at othersites,theredoesnot seemto be any effort to keepthearraycleanto maximizeper-
formance.Thepumpwill continueto be monitoredby theERC.

Foja
In early 1988,theSwedish-SudaneseFriendshipAssociation(a smallnon-governmentalor-
ganization)installedaGrundfosSP4-8solarpumputilizing 21 ArcoSolarM-53 modulesin
thevillage of Foja,northeastof Barain North KordofanProvince.Thepumpis within thevil-
lage,installedin a4-meterdiameteropenwell. The staticwaterleve! remainsat 20.5 meters.
Thewe!! experiencesvery hittie drawdown(we!! underonemeterduringthepumpingday).
Thepump productionis usedto wateracommunitygardenandashelterbelt.Therearetwo
20 cubicmeterstoragetanksat differentlocationsanda valvesystemto direct thewaterto
the2 tanks.Thesearesituatedatthewel! head(pumpinghead24meters)andsomedistance
awayin the shelterbe!t(pumpingheadof 38 meters).Wateris providedindividua!!y to the
treesusingdonkeys. 1
Thepumpmonitoringinstrumentation(includingsensorsto measurewaterdehivery,so!arra-
diation levels,waterde!iverypressure,ambienttemperature,andarrayvoltage)wasinstal!ed
in August 1989. Thewatermetersfor the2 Kordofansiteswerebothinstalledhere(flecessi-
tating thede!ayin full insirumentationat theSheraimEl Karamshasitediscussedbelow).As
waseventual!ydoneattheothersite,onewatermeterwasinsta!!edto measurethe total
waterdeliveryandoneto measurewaterdelivery to theshelterbelt.Thepumphasbeencon-
tinuouslycollectinghourlydatasinceearlyAugust.A first seriesof short-termtestswascon-
ductedat thetime ofthe initial installationand againin mid-November.Thepump is
currentlyoperatingandbeingcaredfor by vil!agersinvolvedwith theproject.Thearrayap-
pearsto be caredfor andcleaned.Monitoring is continuingat thesite.

Sheralm ei Karamsha
In 1987, theSwedish-SudaneseFriendshipAssociationinstalledthe first solarpumpin the
village of SheraimE! Karamsha,eastof Barain NorthKordofanProvince.Thesystemcon-
sistedof 21 Arco SolarM53 modulesoperatingaGrundfosSP4-8pump.Theoriginal site
waswithin thevillage ata treenurserywherethe waterwasusednoton!y for thenursery,but
alsofor wateringa shelierbe!t.At this time thepumpwas installedin acasedborehole(along
with a Mono geardrivenhandpump)with a staticwaterleve!of 20 meters.However,in early
1989, thepumpwasmovedto a newsiteandinstalledin a 4-meterdiameteropenwell. It is
at this site that monitoringbeganin August1989. Thestaticwaterlevel remainsat 20 meters.
Thereis very hittie drawdownduringpumping.Whenthepumpis in use,thewateris deliv-
eredto a communitygardenand theshelterbe!tasbefore.Therearetwo 20 cubicmeterstor-
agetanksat different!ocationsandavalvesystemto direct thewaterto thedifferenttanks.
Onetank is justat the we!! headgiving atotal pumpingheadof 22 meters,andtheotheris
not yet in use.As at Foja,wateris providedindividual!y to thetreesusing donkeys. 1
Thepump monitoringinstrumentation(indiuding sensorsto measuresolarradiationlevels,
waterdeliverypressure,ambienttemperature,andarrayvo!tage)wasinstal!edin August
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1989.However,watermeterswerenot installedatthis siteuntil Septemberwhen2 meters
wereinsta!!ed,one to measurethetotal waterdehiveryandone to measurewaterdelivery to
theshelterbelt.Thepumphasbeenmonitoredsincethattime with hourlyvaluesof all techni-
cal parametersmeasured.A first seriesof short-termtestswasconductedin September.

Unfortunatelythevillagersdonot usethepumpcontinuous!yandthe pumphasbeen
switchedoff for long periodsof time.Thereasonfor this is not known,but thereis adiesel
pumpin thevillage (seeEdecotestresults)andthevi!!agersmayseelittle needto usetheso-
lar pump. A!so thetreeswerep!antedbeforethetreesatFoja; theyhavegrownandthewater-
ing intervalhasbeenincreased.Thepumpis currentlyoperatingandbeingcaredfor by
vil!agersinvolved with theproject.The arrayappearscleanedandcaredfor althoughrecently
theglasssurfaceof thearraywasshightly scratchedduring thec!eaningprocess.Sincethe
site characteristicsaresimilar to Foja, it is likely thatintensivetestingwill be discontinued.
Thesitewill continueto be visited whentrips aremadeto Foja.

KSB Pump

Shambat
TheGTZ-fundedSpecialEnergyProgram(SEP)in co!!aborationwith theERC, purchaseda
numberof KSB mode!SOM floatingpumpsto demonstratetheir technica!capacityfor how
headirrigationof small farm p!ots. Oneof thesepumpswasiristalled at asmall farmat Sham-
bat in KhartoumNorth in early 1988.Theinsta!lationutilizes twelve30 wpBMC Solartech-
nik modu!esconnectedto thepumpwhichfloats in the Nile by a long(30- meter)power
cable.Wateris dehiveredto thegardenthrougha2-inchflexible hose.Thepumpis floating
in theNile andheld in p!aceby acab!eto thebank.Thepumpingheadchangeswith fluctua-
tions in thewaterleve!of the river. Thewater!evel during the testperiodwas between4.5
and5.5 meters.Thetotal pumpingheadis 7 to 8 meters,dependingon wherethefarmerdi-
rectsthe water.Pumpproductionhasbeenusedto wateravegetablegarden.Therewasvery
!itt!e farmingactivity at thesiteduring thespringandsummersothepumpwasnot usedex-
tensive!y.Thereis no storagetankat thesite.Thewateris dehivereddirectly to shallowplots
by moving the fiexible hosefrom onelocationto another.Thepeakwaterdelivery rateis
about1.4 liters per second.

Thepumpmonitoringinstrumentation(inc!udingsensorsto measurewaterdehivery,solarra-
cliation leve!s,waterdeliverypressure,arnbienttemperature,andarrayvoltage)was installed
in June1989.Thepump hasbeencontinuouslymonitoredsincethat time with hourly values
of ah! technicalparametersmeasured.

Unfortunate!y,the inactivity of thefarmerhashimitedtheco!lectionof usefulperformance
data.Short-termtestshavebeenconductedon severa!occasions.
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WIND PUMP TEST SITES

CWD 5000

Soba
A CWD 5000wind pumpwith a 108-Dpump(4.25-inchcylinder)wasinstalledat the ERC
researchstationat Soba,justsouthof Khartoumin July 1986. Thewind pumpis installed
overa casedboreho!e.The staticwaterleve! in theboreholeis 19 meterswith an additional
meterof headrequiredto reachthe60 cubicmeterwaterstoragetank.Thewell experiences
very linie drawdown(well underonemeterevenduring windy penodsof heavypumping).
Thepumpproductionis beingusedto watera smal!demonstrationfarm of about4 feddans
at theSobasite. CWD, theDutchcontractors,hasdesignedan optimum croppingrotationfor
thedemonstrationfarm andis monitoringvegetab!eandcropproductionaspartof thepro-
ject. Thewind speedat this sitehasbeenmonitoredfor severalyearsusingwind run totaliz-
ers.However,CWD hadno firm plansto instail instrumentationto measureactua!pump
performance. 1
Shambat
Thereare3 CWD windpumpsinstalledatShambat.Themachinechosenfor themonitoring 1
program(#6) wasinstalledin December1986at thefarm of Mr. Abde!Aziz Bedran.He is re-
tired from thepostalserviceandhasafarm of near!y8 feddansin Shambat(Khartoum
North),justeastof therail line about3 kilometersfrom theNile. Thewind.rnill is installed 1
over a boreho!ewith a staticwaterleve! of 18 meters.Thereis awaterstoragetankof
roughly 20 cubicmetersnext to the windniill. Whi!e pumpingat higherwind speeds,the
we!! experiencesvery hittle drawdown. 1
Thepumpcylinder is thesame108-Dasthatat theSobatestsite.Thefarm hasbeenplanted
in foddercropsandbeansduringpastseasons.Now thewindmill owneris offering the farm 1
for sharecroppingbut atthis time thereis no farmerworking atthesite. Thewindmill stands
furled agoodportionof thetime sincethe wateris notbeingused.This haslimited theoper-
atingexperienceandtheamountof usefuldatacollectedon thepotentialperformanceof the 1
windmj!l. Thesite waschosenbecausethewindmili hadbeenin useduringtheyearprior to
thebeginningof thetestprogram.Thewindmi!1 operatesundervery similarconditionsto the
machineat Soba. 1
Jebel Auiia
As wasthecasefor the windmills at SobaandShambat,thewindmili atJebelAulia is oneof
the importedCWD 5000machinesusedfordemonstrationby theDutchprojectmentioned
above.This machinewasalsoinstalledin November1986at the5O-feddanfarm of Mr. Mo-
hammedNageeb,adealerin agro-chemica!sin Khartoum.His farm, southof Khartoumon
theeastbankof theWhiteNi!e, wascultivatedfor thelast3 yearsusingadieselpump.There
hasneverbeenany intentionof trying to irrigatetheentirearea,norof trying to recoverthe
windmili investmentthroughits waterproduction.In fact, thewateris usedfor drinking and
to waterasmal!she!terbelt.P!anshavealsobeenmadeto usesomeof thewaterfor a small
treenursery.At thetime of insta!lation,thewaterreservoirhad not beencompleted.As of 1
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early 1990shortagesof materialsandotherfactorscontinuedto preventthecompletionof
the reservoir.Thewindrnill is insta!ledovera boreholewith a staticwaterlevel of 16.5 me-
ters.Thetotal headinciudingdeliveryheadis 17 meters.As with theothers,very little draw-
downis experiencedat this testsiteduringpumping.A 108-Dpumpis installed.
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Appendix E. Solar Pump Technical Information

GrundfosSolar Pumps
KSB Solar Pumps
Arco Solar M51 Solar Modules
An~oSolar M53 Solar Modules
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Solar
Pumping System 1
Type SP 4-8

1

1
The system performance curves are based on

— An 11 hour standard solar day.
— An average ambient temperature of 30°C

SYSTEM PERFORMANCE Metres head

Wp 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0

Irradiatjon on a tilted surface. kWh/m
2 day

GRUNDFOS ~



Jnstanlaneous Output Dimensional Sketch
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SP 4-8 627 258 369 95 95 2” 4” (104 mm)

System Performance Motor
An irradiation value and the required head in me- The GRUNDFOS submersible motor, type MS 401,
tres are given for a certain solar pumping system. Is a 2-pole asynchronous squirrel cage motor of the
Note: Use the irradiation value on a tilted surface canned type with slide bearings.

from the tilt factor curves The motor is made entirely of stainless steel to AISI
304.

By connecting the point for the power output in Wp
of a given solar array with the irradiation value and The thrust bearing is hydrodynamically and gyro-
the required head, the quantity of water in m3/day scopically suspended The radial bearings are
delivered by the solar pumping system can be made of ceramic/tungsten carbide. The shaft is
found from the curves made of stainless steel to AISI 431

By connecting the point for the required quant,ty of The stator is hermetically sealed in stainiess steel
water in m3fday with the required head and the Ir- to AISI 304 or AISI 904L and encapsulated in syri-
radiation value, the necessary power output in Wp - thetic resin
of the solar array can be found. The anti-freeze and anti-corrosive motor liquid lu-

bricates the bearings and carries the heat awayInstantaneous Output
The motor is t rost-protected down to —20°C

From the above curves, the maximum quantity of
water in m3/h for a given array size in Wp and head Electrical Data
in metres can be found. -

Start on the DC power axis. Maximum DC power MS 401. 3 x 60 V, 50 Hz
= 0.8 x Wp under normal conditions Nomirial Power 550 W, 0.75 HP.

Nominal Current. 8 8 A
Pump Cos ~ 0 87

Winding Resistance 0 8 0.
The pump is a multistage centrifugal pump with
radial impellers direct coupled with a GRUNDFOS
submersible motor The pump part is made entirely
of stainless steel and has water lubricated rubber
bearings The discharge chamber is internally
threaded and is designed with a non-return valve. Sub~ectto alterations

GRUNOFOS

GRUNDFOS International als . DK-8850 BJERRINGBRO
DENMARK PHONE + 456681400 . TELEX 60731 gfos dk GRt~JI’l 0 FOS5 ~
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Applications
GRUNDFOS solar pumping systems are specially
designed for water supply and irrigation in remote
areas where no reliable electricity supply is avail-
able. Features like extremely long life and mini-
mum maintenance are key factors with these
pumping systems.
The only moving part of the system is GRUNDFOS’
weIl-kriown submersible pump/motor unit made
entirely of stainless steel. There are several unique
advantages of using photovoltaic power in con-
nection with water pumping.
Primarily, there is a natural relation between the

Solar 1
Pumping Systems 1
General Data and -

Survey Capacity Diagram 1
The curve shows the capacity of a 1500 Wp system
The shaded area applies to lower Wp values.
The curve is based 0fl.

— Irradiation on a tilted surface HT = 6 kWh/m2
day

— lrradiation on a horizontal surface HH = 5.5
kWh/m~day (473 cal/cm2 day)

— An average ambient temperature of 30°C
— 20°northern latitude
— A tilt angle of 20°

availability of solar power and the water require-
ment The water requirement grows during periods
of hot weather when the sun shines most brightly
and the output of the solar array is af a maximum
Conversely, the water requirement will decrease
when the weather is coo~and the sunlight is less
intense.
The water can be pumped during the day and
stored. Water is then available at flight and during
cloudy periods
The possibility of storing the pumped water elimi-
nates the need lor batteries in the system

1
1
1
1
1
1
1

GRUNDFOS~%’~1

Metres head

1
1
1

l.~,J-

System Performance Range
SP 1-28: 80-120 m head/750-1500 Wp
SP 2-18: 30- 80 m head/500-1500 Wp
SP 4-8: 5- 40 m head/250-1500 Wp
SP 8-4: 8- 20 m head/500-1500 Wp
SP 16-2: 5- 11 m head/500-1500 Wp
SP 27-1: 5- 8 m head/750-1500 Wp
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Submersibte Pump/Motor Unit:

I uality, high efficiency, reliability, and minimum
perating costs are typical characteristicS when

describing GRUNDFOS products.
These characteristics have also been the key fac-
ors in the development of GRUNDFOS solar-pow-
red irrigation and water supply systems or simply

GRUNDFOS solar pumping systems. The system

Ionsists of a few simple units only, which are con-
ected to form a complete system.

The Elements:

1 Solar Array with a variable number ofmodules built together to form a self-containing
DC power generating system

I• DC-AC Inverter• Submersible Pump/Motor Unit
• Batteries

~ olar Array:

he highly efficient solar modules are connected in
series and in parallel to form a complete solar ar-

Iray with a nominal output voltage of approx.105 Voc The output current varies with the irradi-
ation on the array.

UThe DC output from the array is transmitted to theinverter through a main switch in the inverter.
DC-AC Inverter:

IThe GRUNDFOS nverter converts the DC powerfrom the solar array into three-phase AC power
which is transmitted to the submersible motor.

IThe AC output voltage and frequency vary continu-ously as a function of the irradiation.
The construction and mode of operation of the

IGRUNDFOS inverter are unique, i e the systemutilizes the power output of the solar DC generatingsystem to an absolute maximum.

The submersible motor is direct CouDied under-
neath the pump so that the moror ana the pump
form a comptete unit All vital parts of both motor
and pump are manufactured from stainless steel
The motor is a high-efficiency GRUNDFOS MS 401
motor, and the same motor is used for all systems
As the AC power input to the motor changes ac-
cording to the irradiation on the solar array, the
water output will vary with the irradiation as well
The submersible pump unit is installed in the bore
hole, connected to the riser mairi and after elec-
trical connectiori to the main switch box and con-
nection of the solar array, the pump will deliver
water through the riser pipe

Batte r ies:

Batteries for storage of the electrtcal energy from
the array are very expensive and have a relatively
short life.
Instead of storing the energy in batteries t is much
cheaper and more reliable to store the energy by
storing the water in a water storage tank or reser-
voi r.

GRUNDFOS solar pumping systems require no
batteries, but the inverter can operate with bat-
teries, in connection with a charge regulator.

,0.,NDFOS

Block Diagram

~ PUMPj

Description of System

ISubject to alterations. _______

GRUNDFOS International a/s . DK-8850 BJERRINGBRO G RU N0 F0 S
DENMARK PHONE + 456681400 . TELEX 60731 gfos dk- in ~C (VI, n~PA 1



Aquasol pumps are used in regions with an abundance of
solar energy to pump water from welis, lakes, rivers and re-
servoirs, for clarification of sludge Iuquor in settling tanks,
irrigation of cultivated areas, watersupply for road construc-
tion and housebuilding, to keep the groundwater level 10w, for
drainage, soil desalinizatlon, delivery of saltlseawater, to dr-
culate the water in flsh farms, to handle the water requlred at
archaeological sites, for flushing water for soil examinatlons
and to fl11 water towers and towers for flre-flghting purposes.

Operating Data
depending on the daily irradiation value

Design
Buoyant, close-coupled submerslble motor pump, floodable,
with brushless DC motor, 10 m connecting cable and CEE U

plug for the connection of the solar generators.

Driver

Aquasol

Special brushless DC motor with built-in temperature and dry
running protection, IP 68.
Max. perm. voltage: 100 V during no-bad operatiori

68 V during operation
Max. perm. peak curr~nt:8.4 A (= max. short circuit current
of solar generator).

1
1
1
1
1
1

Bearings
Deep groove bali bearingswith return stop and lifetime grease
lubrication.

Shaft
Impeller side. mechanical seal
Motor sude~ radial shaft seal ring, wlth sealing liquid

chamber.

1
1

Pumps
Valves 1

KSB
1

Pump catalogue booklet

Fields of Application Materials
Pump casing
Shaft
lmpeller
Mechanical seal
Fboat
Cable

Polypropylene talcum stabilised
Chrome nickel steel
Polyphenylene oxide
Carbon / ceramics
Polyethylene
NSS Hôu-03x2.5

Aquasol 50 M
0 upto5b/s

18 m~/h
H uptoll.5m
t upto35°C
P 450W

Aquasol 100 L
up to 12 b/s

43.2 m3/h
up to 5 m
up to 35°C
450 W

1
1
1
1

1
1



1 0 Aquasol

1 £0900
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Fig. 3 Note: The beams represent a PV-arry with output P = 530 Wp (Peakwatt) — approx 350 W motor input at an ambienttemperature of 40 °C.The upper and lower boundaries of each beam correspond to ambient temperatures of 25 and 40 °Crespectively Intermediate temperafures are to be interpolated.

The foilowing example will give a rough estlmate for the iayout of pump and equipment
Layout
From the Standard Solar Day irradiatlon curves we have

Centrai India 13 °N in January 6 kWh/m2 day (fig. 1)
in July 5 kWh/m2 day (fig. 2)

— Total head H H~0+ H~8
(add a flow loss of 05 m in 10 m long discharge hose pipe
H~0i8i— 4 + 0.5 4.5 m)

—‘- Water requirement
200 inhabitants

20 oxen
20 buffaloes

100 goats . .

0 8 ha rice fleid
water requirement approx 88i m3/day

Ambient air temperature in January 25 °C

Average temperature beginning
2 h after sunrise, right through midday
and up to 2 h before sunset

Amblent air temperature in Juiy 40 °C

— Pumping capacity = 98 m
3/day

lFig. 3, beam C, upper boundary)

-~ Pumping capacity = 77 m3/day
(Fig 3, beam B, iower boundary)

Aquasol 50 M connected to
a PV-array with 350Wpoutput
The limlting values of solar
irradiation in the months of
January and Juiy are sufticient
for the determination of min
and max pumplng capacities

A precise calculation will be worked out for you at our computer centre in Frankenthal

Per head
Human beings (adult) 0 03
Cattle/Horses 0.04
Camel/Donkey 0 02
Sheep/Goat 0005

Fig 4 Table of water requirements

Quantity in m3/day Per hectare of cultivated area

Examples
i2

10

H
m

0
0 50 m3lday
O 10000 U.S.gidoy 20900

loo
30900

150 200 250 260

1 50000 1 1 60000

Example
Data required from customer
Site iocation

Static head Hgeo = 4 m

ME

Quantity Q. comprising of
6.0 me/day
0.8 m3/day
0.8 m3/day
0.5 m3/day

800 m3/day

see tabie fig. 4

Quantity in m3/day
Rice crops 100
Sugar cane 66
Cotton 55
Vegetables 50
Corn/Wheat/Grain crops 45

3



Sealing liquid
the contact surfaces in
oase of water shortage

Double shaft seal
reliably separates motor
and water

Not harmful to the environment
starts up automaticaily at sunrise
no operating personnel
no fuel and electricity buIs
no switchboard or measuring lnstruments
maintenance-free
robust design

1Aquasol

_____ 1
1

____ 1

10 m connecting cable
and CEE plug for
direct connection of
sobar generators -

Double jacked cooling
allows continuOusly
operation, even when
pump is not immerged

motor bearings,
maintenance-free during
the whole service life

Corrosion-resistant materials,
also suitable for salt water
and seawater

Flexible pump foot,
can be easily dismounted
for cleaning purposes

‘)KSB Aktiengeseilschaft
Industriai and Process

Pumps Division

KSB

Pumpset Accessories

Pump sizes Aquasol 50 M Aquasol 100 L
Identno. 29117822 29117823
Weight approx. kg 16 16
Dim~nslonsin mm
Discharge nozzie
Diameter
Height

50
360
455

100
360
455

ftem Part designation Ident no Wight
approx. kç

P1 Discharge hose, PVC DN 50
spiral-reinforced,
lOm long DN 100
mcl. hose clamp

00100825

00114550

9,0

23,0

E 1 Cabie extension, 30 m
with plug in connection

18040032 7,6

Float makes sure the.
pump does not take
in mud

DC motor with
temperature and
dry-running protection

High pump efficiency,
therefore only small solar
generators are required

1
1
1
1

1
1
j

1
1

Johann-Klein-Stral3e 9
Postfach 1725
D-6710 Frankenthal

Telephone: (06233) 86-0
Fax. (06233) 863311
Telex’ 1762333

1



1
M51
40 Wall Solar ModuleHigh EfficiencyCe!!s

I The M51 is a 35 ceil photovo~taicsolarmodule producing a nominai 40 watts at17 3 voits of peak power deal fora variety

I ~ applications. large andModule efficiency is more than 10 percentand significant power is delivereci ~nlightconditions as 0w as 5 percent of full sun

Each of the 35 series connectedcëlls gen-
• erates more than 2 amps at 0 5 volts

These 4 inch diameter ceils are made from

I stngle-crystal silicon grown by theCzochralski method. Twin redundant con-nections are provided on both front andback of each cell

I To protect the celis from moisture and
impact. the M51 employs a weather-proöf
glass laminate construction wuib calls
sandwiched between tempereo glass and

I metal The front glass is tempered to wth-stand haul. ram, snow and blowing sand,The back surface consists ofâtöu~h
plastic coated metal foul that blocks out

I moisture A special laminaung processassures a strong bond between the glass,celis and back surface by fusing themtogether with layers of polymeric

I encapsulantThe M51 ‘s lightweight, alummnum frame
interlocks at all four corners for outstand-

I ing mechanical support and easyinstalla-tuon Frames are sealed by a rubbercompound that prevents moisture perie-tration A grounding terminal is provided

I on the frame for improved safety in highvoltage applications Total module weightisonly 12 5lbs

Power output terminals are soider-plated

I brass posts with captive screws Twoout-
put terminals are provided per polarity,
located inside a weatherproof lunction
box

Modu!e Characteristics (typical)
- 100 percent electrically matched solar

I celis mean the module is not effected bysustained operation at the sc or V0cpoints --All modules have leakage current of less

I than 50 A at 3000V, even above 60°C- Grounctcontinuity of less than 1 Ohm forall metallic surfaces (including metalback plane which has quadruple redun-

I dant connections to the integral frame)Module capacitance of 0 0022 microfarads

-Area of 81 29 square cm
Voltage coefficiént of —0 00225 volts 0~ 1

-Current coefficient of +00002977 amps
°C—

1
- Shunt conductance of 0 0~5MHO
-Series resistance of 0 014 OHM
~JOlof 2 36x 10—12
.J

02 of 760 x 10~
- N of 2 47~_~

Physical Characteristics
Interchangeablestandard dimensions
Length 48” (121 9cm) Width 12” (30 5cm)
Depth 1 5” (3 8cm)

- Weight of 12 5 pounds (5 7Kg)
- Forty-four total contacts on each cell for
enhanced relmability

- Metal foil back plane for hermeticity
-Standardcell operating temperature
(SOCT) of 36°C - -

- Operating conditions of —40°Cto
+90°C,0 to 100 percent humidity

- Self-cleaning tempered water-whute
glass front.
Desiccated polymeric encapsulation

- High emissivity back side
- Specular reflection by inside of front
glass
Efficient conversion of both direct and
diffuse light

- Five layer coating behind cells
- Fault tolerant cells and interconnects
-Single crystal silicon ceils

Testing
The ARCO Solar M51 meets the demand-
ing requirements of the U.S Department
of Energy as proven by the Jet Propulsion
Laboratory Block IV Test Requurements
Additiohally the modules must pass
numerous tougher tests inciuding a 5 day
exposure to 95 percent humiduty at 95°C
The ARCO Solar test sequence is shown
below

- Thermal Soak
- Thermal Cyclung
Thermal/Freezing and High Humidity-
Cycling
Mechanicai Wind, and Twist Loading
Hail Impact

- Salt Fog
- Hot Spot
Thermal/Humidity Soak

- Field Exposure

ARCO Solar, Inc. *

.. ~- - fl

- — — .~ .- .~

Cel! Characteristics (typical) Power Specifications
1 OOmW/cm

2,
AM 1 5 spectrum
and 25°(±05°C)
cell temperature

Open Circuit Voltage
Short Circuit Current
Vo/tage, Test
Current, Test(±1O%

)

Module Efficiency
Power(Watts @Test)

21 Ovolts
2 6 amps
17 3volts
231 amps
10 76%
40 0 watts



ARCO Solar, Inc. ~
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Performance Characteristics
The power response profiles at the right
give an indication of the amount of power
that can be expectedwhen an M51
module is used in various types of environ-
ments—from hot sunny deserts of Saudi
Arabia in summer to a nearly sunless
Norway in the middie of winter

The l-V curve (current vs voltage) below
demonstrates typical M51 power response
to varmous light levels at 25°Ccel)
temperature

30 OC

The exceptional low light level perfor-
mance of the M51 can be predicted from
this Dark l-V curve for a cell

The power output on ARCO Solar M51
modules is warranted for a period of five
years During that time, ARCO Solar will
repair or replace modules to make up for
any power loss greater than 10 percent of
the originally specified minimum power
output af the time of mnstallation if the loss
is due to defective materials or
workmanship

Because of differing regulations world-
wide, there may be differences between
warranties in various countries Each
ARCO Solar affiliate will be glad to provide
a specific warranty statement for the
country of installation

ARCO Solar, Inc. •
Subsidiary ol AtlaniiciRichfieidCompany

21011 warner Cenier Lane
P0 Box 4400
Woodiand H4is Ck91365
Tel (213) 700 7393
Telex 674838
TWX 910.494.2791

J~,84219J~
Bangkok Rivacirt Saudi Bergen Norway
Thatiand Arabia (Co/dest time
(Average day (HOitesi i,me 0/ year)
Hol and Humid) 01 yearm

ILos Angeles Caliorna USA (Based ~n averege sunhight al
equnox Actual outpui wil normaily be higher in nummer and
hower in winter) 1

jijj hifi 1
Rtyadh Bergen

1
1
1
1
1
1
1

2525
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Bangkok Riyadh Bergen

© 1982 ARCO SOLAR INC (0722) Printed in USA
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Warranty

Bangkok Riyadh

1



u1~OSolar® - ... -. -

Each of the M53’s 36 series-connected so/ar cel/s produces over 2.4 amps* Over-
al/module efficiency is greater than 11 5% due to the denserpacking allowed by
the square cel/s. Multiple redundant connections on the front and back of each
cel/help assure module circuit reliability, and by using single-crysta/silicon cel/s,
the module can producepower in as /ittle as 5% of noon sun Two by-pass diodes
are wired into eachmodu/e to reduce potentia/ power loss from part/al shading of
a single modu/e within an array. —

Specialized Construction
The M53 uti/izes our highest standard of glass laminate construction This enables
it to withstand some of the harshest environments and continue to perform effi-
ciently. This same standardof construction has allowed other ARCO Solar
modules to meet the design, performance and durabi/ity requirements of the US
Department of Energy and pass additional, more stringent, ARCO So/ar tests
So/ar cel/s are permanently laminated between special anti-reflective tempered
glass and EVA, backed by mu/tiple /ayers ofpo/ymeric protection This weather-
proofpackage is then sea/ed by a neoprene edge-gasket and supported by a
rugged lightweight aluminum frame

There are two environmentally sea/edjunction boxes on each modu/e, one for
positive and one fornegative termination Eachjunctionbox contains dualter-
minations, a wired-in by-pass diodeand two additional non-active termination
posts Designed for easy wiring access, the junction boxes accept standard ¾”
flexib/econduit or our Standard Interconnect Wire (S/W) and grommets Junction -

boxes are secure/y attached to the module frame with screws and to the module
backingwith adhesive -

1M53
Photovoltaîc

1 Module

A Length 48 in/121 9cm C. Oepth 1 5in/3 8cm
B Width 12 n/30 5cm 2 4 in16 1 cm unciuding

Junction Box

B
1’

L±J H

I ~‘ ‘

__ -
~ : _________

New High Efficiency Square Celis
TheARCO So/ar M53 is a nomina/ 43 watt photovo/taic (solar electric) module, itis

c the first ARCO So/ar modu/e to utilize ourhigh efficiencysing/e-crystalsi/icon
— square cel/s. The M53 continues to maintain the quality and features that have es-
- tab/ished ARCO So/ar modu/es as an industry standard, and also incorporates mar

j new features. These innovations make it an even more efficient, re/iab/e and durabi
- - so/ar module, well suited for a wide variety of applications—large and small

The M53 is avai/ab/e either with regu/araluminum frame and white backing, or
with black anodized aluminum frame and black backing The M53 is physically
and e/ectrica//y compatib/e with existing ARCO So/ar systems

-j

- Performance Characteristics

The IV curve (current Vs vohiage) beiow demonstraies typrcai
M53 power response to varous light ievels ai 25’C ceii tern-
peraturo and al the NOCT lNom,nal Ceii Operating
Teelporaturei 47C
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1000 w/mf
AM 1.5 spectrum
and 25°C(±0.5°C)
cel! temperature

Open Circuit Vo/tage/Typical 21.7 Voits

Short Circuit Current/Typica! 2.7 Amps

Voltage/Typica/ at Load 173 Volts

Current/Typicalat Load 2.49 Amps

Module Efficiency/Typical 11.5%

Average Power/Typical Watts

@ Test, ±10% 43 Watts/P Max.

Electrica!ly matched single-crystal silicon so/ar cel/s.

Fault tolerant, multipleredundant contacts on each cel/for circuit rellabilitYl

Nominal operating ce!! temperature (NOCT) 47°C/50°C(black version).

Service Temperatureconditions of —40°Cto + 90°C,0 to 100 percent
humidity.

Computer designed ce!! grid pattern for high conductivity.

Cel/s chemically textured foranti-reflection enhancement.

Two by-pass diodes. Each by-passes 24 cel/s, with 12 ce!! overlap. 1
Tempered anti-reflective g/ass front.

Specu/ar ref/ection by inside of front g!ass.

Efficient conversion of both direct and diffuse light.

Po!ymeric encapsulant.

Mu!tip/e-/ayerprotective coating behind cel/s.

/nter!ocking a/uminum side rails—(blackanodized optiona/).

Externa!grounding screw.

Module surface promotes se!f-c!eaning bynatura! processes
(ram, wind, etc.)

Junction boxes designed foreasy wiring access.

Modu!e leakage current of !ess than 50p.A at 3000 VDC.

Groundcontinuity of !ess than 1 ohm for al! meta!lic surfaces.

21011 Warner Center Lane consult your deaier for full and complete
P0 Box 4400 details regarding the insta/lation and use of
Woodiand Hilis, CA 91365 ARCO Solar M53 photovoitaic modules
Tel 213 — 700-7390
Telex. 674838 Specif/cations sub/ect to change without notic
TWX~910-494-2791 Copyright © 1983 Printediri u 5 A 09
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ARCO Solar® ~ - .. ~h°~v~cModuIe - -.

1M55
High Efficiency

1 Solar Electric
Module

53 Watts * i~st~ 10 Vr. Limited Warranty~on Power Output

The M55 is ARCO Solar’s most powerful

I standard module Effictency and qualityconstruction are combined in a highlydependable solar electric generator

I Utilizing 36 specially processed single-crystal solar cells, the M55 is capableof producing 53 watts at over 3 ampsCharging voltage is achieved in as little

I as 5% of full sunlight resulting in powerbeing producedfrom early to late in
the day

Employing ARCO Solar’s highest
standard of glass front, meta] side
railconstruction, the M55 is able to
withstand the harshest environments
and continue to perform efficiently. Cells
are protected from dirt, moisture and
impact by a special low-iron, anti-
reflective tempered glass front The solar
circuit is laminated between the glass
front and a durable, multi-layered
polymer backsheet using EVA for
superior mo~stureresistance. Dual

junction covers, one for positive and one
for negative termination each contain a
built-in bypass diode. These reduce the
potential power loss from module
shading within an array

The M55 carries a 10-year limited
warranty on power output and is Listed
by Underwriters Laboratories (UL), an
independent, not for profit organization
testing for public safety
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ARCO Solar,Inc. *
Subsidiary oi AuianticRichiieidCompany

P0 Box 2105, Chatsworth, cA91313
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Compiete warranty and nsialtation y,io,nraboe a rV2udedw rooduic
cackage 01 is avaaSe lom ARCO Schar oP your oexer pro, to pirdsase
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Available From:

Power Specificatlons’ Performance Characteristlcs
0 25’C INOCP

iosewln,’. 07.CyiOCTi
Model M55

Power (typfcal ±10%) 53.0 Watta

Current (typucat af bad) 3.05 Amps

voitage (typical at bad) 17 4 Voits

Short CircuitCurrent (iyptcai) 3.27 Amps
Open Circuit Voltage (typical) 21 8 Voits

Physlcal Characteristlcs
Length 509 un/1293mm

Wudih l3un/330mm

Depth 1 4un/36mm

Weight 1261b157kg

1 Ii
10~WA&e47’C(NOCT)

ri ~- — ~.= —
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Power speciftcations are St standard test conduiuons of
1000 W/M2, 250C ceib iemperaiure and spectrum of
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The IVcurve (current ve voitage) above demonstrates
typicai power response to varlous irght ieveis at 25°Ccei
temperaturu. and al the NOCT (Norrnal Cehi Operating
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ARCÜS0Iar® ~

ARCO Sobar single crystai modubes recresent
the optimum in soiar electric generators They
combune the time proven reltability of modules
from the world’s leading manufacturer wuth
innovations and advances that continue the
ARCO Soiar tradition of industry ieadership.

Through the use of larger soiar celis ana
special processing, ARCO Solar Modules now
~eaturenigher current (amperage) ouputs and
ncreased area effuciencies This means more
useable power every day lmproved junction
covers with self lockung lrds provide for easy
array wiring and environmental protection.

ARCO Solar tests modules to meet or exceed
government standards, as well as even more
rigorus ARCO Solar quaiity and performance
requurements. The module’s test performance
and our years of experience providung
dependable power in iocations througnout the
world assure you that ARCO Solar mociules
can meet your solar power needs today.

Module Features:

Module Characterrstics: 1
E ectrlcat)v-matched sing~e-crystalsubicon soiar cetis for erfic~entconversion of cotri direct - -

ano diffuse iught

Celis chemucaily textured and coated for anti-reflection enhancment
Fauit tolerant, multiple redundant contacts on eacn ceil for grealer circuit reliabiliiv

Circuit lamunated between iavers of ethyiene vinyl acetate (EVA) for moisture resistance
UV stability, and eiectrucal usolation

Tough, muiti.layered polymer backsheet for resistance to abrasion, tears and ounctures

lnreriocktng, rugged, lughtweight black metai frame

Two luncton covers wuth self-lockung ltds for safety and environméntai protection - -

Junction covers are desugned for easy fueld wuring Wired-in bypass diodes reduce potentral
loss of power from partial array shadung

Module ~akagecurrent of less than 40.uA at 3000 VOC electrrcal voltage rsolation

External groundung screw for electrucal safety -

Normal operatung cell temperature (NOCT) 47°C -

Laboratory tested for wide range of operatung condutions (—40°Cto÷9000, 0 to 100% humiditj

Ground contunuuty of fess than 1 ohm for all metalluc suffa~es
Ten-year Itmited warranty on power output

ULLusted

High et1~ciencysingle crystal sober celis Each
speciafy processed cel isanti•reflective coated
All celis wuthun a modube ere eiectrically matched

Tempered glass front provides strength
and supenor light transmissbon through an
anti-reflectuve coating

Multupte redundant contacts on the front & backof
each ceil provide a high degree of fault tolerance
and drcuit reliabibity.

IRugged side rails are designed for exceptionaJ
structural strength. The lightweight, black raibs
have muftipbe mounting holes strategicaJly
bocated for easy moduie installation

ARCO Solar modules may be combined
in series and/or parallel to meet neariy
any power requirement

Multi-iayered pobymeruc backing Is used for
envuronmentai protection and enhanced heat
dissipaiJng properties.

Circuit is baminated between iayers of eihylerie vinyl
acetate (EVA) for mousture resistance, UV stability
and etectricai isolation

Large area single crystal sibicon calls provide
the highest light to energy conversion ~?icency
available trom ARCO Solar.

Junction covers wuth self-bocking lids are
engineered for easy wiring access

1



Appendix F. Wind Pump Technical Information

CWD 5000
Kijito
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CWD 5000 LW

PURPOSE : water lifting; designed for usa in lowand moderate wind regimes (yearlyaveragee below 6 m/s)ROTOR : honzontal axis; upwind position bymeans of a tail vane; rotor diameter

5 m, 8 bladee of gatvanized steelWeet; fixed pitchTRANSMISSION. direct drive crank mechaniam wrthadjustable stroke and overhead

swing arm; strokee: 80-200 mm

CONTROL : over speed control by yawing.SYSTEMS activated by side vane and hinged wilvane system; with manually acti-
vated furling devica

PIJMP SYSTEM : single actlng piston pump with pres-

~e air chamber and startlng nozzle;galvanized steel pump; nominalpump diameter of 150 mm.
TOWER : lattice steel tower; height 12 m

laltemative 9 ml

FOUNDATION : requires about 1 m
2 reinforced con-crete per leg.CAPACITY : 50 m3!day at 20 m statlc head and

4.5 m/s wind speed.
OPERAT1NG :~cut-in :4m/s

~ND SPEEDS ~rated :9 mis-cut-out: 12 mis (automatic furlingbetween 8 and 12 m/s)
-sursival: 50 m/s

AERODYNAMIC :4 (designl: 2

PROPERTIES -Cp (max): 0.35-solidity: 0.34-typical design
wind speed: 4.5 m/s

WEIGHTS : -rotor, head snd transniisslon: ±350
• kg;

-tower:
450kg (9 ml resp. 650kg

(12 ml
-pump inciuding 25 m piping below
ground level 280 kq
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Appendix G. Example Surveys

NRC Questlonnaire
Rural Village Questlonnaire
Private Farmer Questionnaire

Note: These surveys were translated to Arabic for use by the survey teams.

G-1





VILLAGE QUESTIONNAIRE

A) Wateryard Inspection Date:

Village: _________________

Province: _____________________

Rural Council: __________________

Wateryard nanie or designation: ______________________

No of equipped boreholes: ____
A B C

For each:

Engine Make:

Engine model:

Pump make:

Punip model:

Tank size:
Elevated (Y/N)

Number of taps total

Number of taps working



8) NRWC Clerk/Operator

Name of clerk: __________________________
Name of operator: _____________________________

(Note engines and pumps are to be designated A,B, and C as above)

In Summer:

How many hours per day do you operate the engines
A _____ B _____ C _____

How much fuel does each engine use

A _____ B _____ C _____

How much water does each engine pump

A _____ B _____ C _____

How much water is puinped in total for the village each day 1
In Winter:

How many hours per day do you operate the engines 1
A ______ ______ C ______

How much fuel does each engine use

A _____ B _____ C 1
How much water does each engine pump

A ______ B ______ C ______

How much water is pumped in total for the village each day ______

Have any of the boreholes been out of service for more than one
year? 1f yes what is the problem?

the engine
the pump
the borehole



For each engine:

(answer each question for each erigine and breakdown)

1. When did each engine break down last year?

How long did it stay without repair?

What was the problem? __________

Who performed the repair? __________

What was the cost for spare parts?

What was the cost for labor? __________

What was the cost for transportation? ___________

The reasons for each trip and the destination?

2. When did each engine break down last year?

How long did it stay without repair?

What was the problem?

Who performed the repair? __________

What was the cost for spare parts?

What was the cost for labor? __________

What was the cost for transportation? ___________

The reasons for each trip and the destination?

When did each engine break down last year?

How long did it stay without repair?

What was the problem? __________

Who performed the repair? __________

What was the cost for spare parts?

What was the cost for labor? __________

What was the cost for transportation? __________

The reasons for each trip and the destination?



3. When did each engine break down last year?

How long did it stay without repair?

What was the problem?

Who perfornied the repair? __________

What was the cost for spare parts?

What was the cost for labor? __________

What was the cost for transportation? ___________

The reasons for each trip and the destination?

4. When did each erigine break down last year?

How long did it stay without repair?

What was the problem? __________

Who performed the repair? __________

What was the cost for spare parts?

What was the cost for labor? ___________

What was the cost for transportation? ___________

The reasons for each trip and the destination?

5. When did each engine break down last year?

How long did it stay without repair?

What was the problem? __________

Who performed the repair? __________

What was the cost for spare parts?

What was the cost for labor? __________

What was the cost for transportation? ___________

The reasons for each trip and the destination?

1
1



For each engine:

When was it first installed

A _____ B _____ C

When was It last replaced

A _____ B _____ C

When was it last overhauled

A ______ B ______ C ______

Was overhaul in the workshop or at the wateryard

A _____ B _____ C

What was the cost of the overhaul

A B C

C) Village elder or inember of the village cornmittee on water

Village: _________________________

Person interviewed: __________________________

Position in the village: __________________________

Does the Village have a water committee or self—help group for

water? _______________

1f so when was it established: ______________________

Why was the group formed: ________________________________

Does the group keep records relating to water inatters

What are the activities of the committee:



How are these activities financed?

water fees _________

local tax ________

sale of coinmodities _______

collection when funds are needed _______

What are the fees for water?

per jerikan ______

per goat _______

per camel _______

How many tlmes was the village w-ithout water from the wateryard

last year ________

For each time how long was the village without water ____________

Does the village contribute to maintenance and repair of the
wateryard (Y/N) _____

For fuel and lubricants ____ how much last year _____

For repairs ____ how much last year _____

Where do people go to get water when the wateryard is not

operating ____________ How far away is this source _________

what kind of source (dug well, another wateryard, canal, etc)

- 1
Do you agree with the information provided by the clerk or

operator (Y/N) ______

1f not, what errors do you see ________________________________



~IRWC puestionnaire

Location: __________________________ Date: _________________

Name of the Regional Director General:_______________________

Nuniber of Wateryards in the Region:__________

Total nuinber of equipped boreholes:____________

Total number of single cylinder engines installed:_____________

Total number of equipped boreholes out of service:__________
(based on monthly reports from regional councils)

Total number of wateryards where no NRWCboreholes are
operating: ____________

(based on monthly reports from regional councils)

Reasons for out of service boreholes (not wateryards) and number
falling in each category:

Borehole dry: ____________

Engine out of service ____________

Pump out of service ____________

Other (explain)im ___________

Total number of dug weils supported by NRWCin the region: _______

Rural councils with a high nuinber of NRWCsupported dug welis

Location of workshops in the Region:



Total number of operating vehicles in the Region 1
Trucks: ________

Land cruiser type:_________

Other (specify):__________

Range in amount of water pumped per wateryard:

_____ gal/day (10w) to _____ gal per day (high)

Name of villages with low volume (less than 5,000 gal/day)

1
____________ 1

1
Name of village with high volume of water pumped (more than
50,000 gal/day)

1
_____________ 1

Typical wateryard layout in the Region (include two if two are
coinmon): 1
Engine (make and model): _____________ ____________

Pump type: ____________ ___________

Tank size: ______________ _____________

Is tank elevated (Y/N) _____________ ____________



Wateryard construction costs for above configurations:

Engine _____________ __________

Pump:

Tank:

Piping(incl. valves etc)

Fencing:

Civil works(concrete, shed)

Installation Labor (typical)

Erecting engine and pump

Erecting tank and pipes

days for a crew of persons

______ days for a crew of persons

Persons in a typical installation crew for erecting the erigine

Vehicle trips required:

Heavy trucks (7-lOton):

Light trucks: (3-5 ton)

Land Cruiser type:

trips per installation

trips per installation

trips per installation

Title Base
Sal ary

~ inciude full time,

additions to base salary

Allowances1 Const. perdiem overtime
allowance

living, transportation, and any other



Private farmer’s questionnaire (only diesel irrigated schemes)

Name:_____________

Village: ________

Location: _________

Farm size: _____

Irrigated areas:

crops grown season

Feddans

Feddans

area

1
1

Water source : well___________ (x as appropriate)

river__________

borehole______

others _______

Is the water from the source available all the time (Y\N)

1f answer is (NO) determine the part of the year of 10w water
capacity

Part of the year when the source completely dry out

When river is a limitted capacity source determine the distance

the engine moved to get close to the water (meters)

Engine owner:

“ brand name: _________________________________

model and kW rating): ____________________________

Where purchased: _______________________________________

When purchased__________

Cost new _____________ inciuding purnp and piping

How mush was paid for installation:

How was the purchase financed:

1
1



cash
terms of purchase

ADB_______ ________________

sheil



Do you sell the water or share the engine:

Under what conditions:
When neighboring farmers need it: ______

On a regular basis: _______

How are you paid for use of your engine:______

User pays fuel ____

tJser pays per hour of use, 1f so how much ______

User pays per irrigation application, if so how much

Pump type : surface centrifugal________ brand

submers ibl e

other

Size 2”
3t1 4” other________

Estimate (or measure if possible) total head________

Water storage tank size (1f applicable) ______________

(1f not please note there is no tank)
IRRIGATION PRACTICE:

Who much area irrigated each day___________________

How many days of working per week__________________

Working hours per day__________________________

Water conveyance system

Earth canal_____________

Lined canal____________

Pipe lines____________

Other _________________

Irrigation frequency ____________ (days per week)

1
1

1
1

____ 1
1j et



Operation: How many hrs/day do you operate your engine

How much fuel do you use _______day week__________________

How often do you change oil __________________________

How much (in gallons) is your fuel allocation _________

What is the cost per gallon of your allocation _________

1f your allocation is available, is it sufficient (Y\N) _______

1f no what is current price for additional fuel______________

Is your allocation always available (Y/N) _________

How many times last year was the allocation not available ______

What times of the year was fuel unavailable, and can you give a

reason why it was not available: ____________________________

Do you employ operator or a guard for your engine

How much is he paid ___________ -

What duties does have (inciuding operating the engine)

Maintenance:

How many breakdowns of your engine and pump last year___________

How long pumpset out of service last year because of breakdowns

Did crops fail as a result, 1f so what crops



1
1

Who maintains your engine and pump 1
Who makes repairs when it is broken

__________self
___________local mechanic
_________other

1f not self, how much is he paid _________ (per job, day, or hour)

How is he contacted when you need him _______________________

1f travel is required how does he get to your pump ______________

How much did you spent on engine service and repairs last year

How much for spare parts_________________

labour ______________________

transportation ______________

What are your most coinmon problems

(1) _______________________what does this cost____________

(2) ft

When was the last time the engine was overhauled_________________

How much did this cost______________________________

Did it inciude new piston piston rings________ ____

Was the work done at the farin_________________

in the workshop_________________

When do you expect to have new engine___________________________

cranksha ft_____



Appendix H. Base Case Assumptions

Base conclitioncost assumptionsaredividedinto the two broad catagories of analysis: vil-
lage water supply andprivatesector smail-scale irrigation.Theassumptionsmadefor capital
cost, installation,andoperationandmaintenance aredifferentfor each of the pumping tech-
nologiesconsidered.Thefollowing paragraphsoutline cost assumptions for these six cases.
CostsaregivenSudanesePoundsasof late 1989unlessotherwise indicated.

Cost item Cost (Financial) Source or Justitication

Rural Village Water Supply
DIESEL
Capital Costs

Equipment survey (inciuding port fees, handling

& transport)

Same as above

Estimate for pulleys, beits, etc.

NCRWRDestimate

NCRWRDsurvey average

NCRWRD estimate for a locally built tank
(20% is labor)
NCRWRD survey average (major component
is fencing)

NCRWRDsurvey average
NCRWRDsurvey average

NCRWRDsurvey average to establish trips,

commercial vehicle cost per km used

Assumes an operator and guard
Calculated based on efficiency and hours
of operation, 20% added for oil and lubrication

NCRWRD estimate divided by 3 to account
for low operating hours, “field overhauls” mcl.

Estimate based on 3 breakdowns annually

Same as above
Estimate based on village survey

Engine US$2,200

Pump

Other offsore costs

Pipes and fittings

Construction Materials

Water sto rage tank

US$3,000

US$500

35,000

40,000
100,000

Other Misc. items 20,000

Skilled Labor

Unskilled Labor

Transportation

O&M Costs (annually)

7,000

4,000

20,000

Operator 2,000

Fuel —

Spareparts 5,100

Skilled Labor

Unskilled Labor

Transportation

1,000

600
3,600

H-1



Cost item Cnst Snur~eor Justification

1
1

SOLAR
Capital Costs

O&M Costs (annually)

Operator 1,000

Fuel

Spare parts

Module replacement

Skilled Labor 300

Quote (Siemens) SEP project (US$5.5/W~

Quote (Siemens) SEP project

Quote (Siemens) SEP project (includes wiring
& connections)
Assume similar costs as diesel

Assume 1/2 of diesel since no engine frame,
foundation orpumphouse

Assume that for a small village storage equal
to diesel system is adequate

Assume similar to diesel

Assume costs slightly less than diesel due
to easy installation
As above, less concrete required
Assume less than diesel, less to haul

One person (assumed guard & operator
combined)

No fuel required

Estimate based on experience

Cost based on breakage rate in Sudan,
dollar cost, discount rate, and exchange rate

Estimate based on inspection and occasional
maintenence

As above

As above

*Approximately one module replaced every seven years based on experience thus far

H-2

1
1
1
1
1
1
T

Solar Array
Pump/Motor/Controller

Other array costs

US$8,1 62
US$5,000

US$742

Pipes and fittings

Construction materials

30,000

20,000

Water storage tank 100,000

Other Miscellaneous items
Skilled Labor

20,000

6,000

Unskilled Labor
Transportation

3,000

15,000

1
1
1
1
1
1
1
1
1
1
1

0

500
*

Unskilled Labor

Transportation

120

900



Cost item Cost Source or Justification

O&M Costs (annual)

Estimate of current material cost, quantities

from CWD

As above

As above

Estimate rods, couplings, etc.

CWD time estimate, current labor rates

Similar requirements as solar

Assume 1/2 of diesel since no eng me frame,
foundation, or pumphouse
Twice diesel and solar to allow sufficient
sto rage during calm periods
Same as Diesel

Same as Diesel
Same as Diesel

Similar to solar

No fuel required

Best estimate of a redesigned CWD, given
freld experience to date

As above

As above

As above, more than solar due to equipment
needs, primarily leather replacement

WINDMILL

Capital Costs

Wndmill US$2,750

Windmill tower

Pump
Other Offshore costs
Fabrication Labor

Pipes and fittings
Construction materials

US$1,1 00

US$ 200

US$ 500

6,000
30,000

40,000

Water storage tank 200,000

Skilled Labor

Unskilled Labor
Transportation

7,000

4,000

20,000

1,000

0

500

500

280
2,400

Operator

Fuel

Spare parts

Skilled Labor
Unskilled Labor

Transportation

H-3



DIESEL
Capital Costs

SOLAR
Capitaf Costs

Equipment survey (inctuding port fees, handling

& transport)
Same as above

Small farmer survey

Included in above

None required

Estimate - pulleys, belts, frame

Small farmer survey

Farmer provides unskilled labor
Small farmer survey

Farmer operates engine

Calculated based on efficiency and hours
of operation, 20% added for oil and lubrication

Farmer survey

Estimate based on 4 breakdowns annually

Farmer provides labor, occaisional extra labor

Farmers survey weighted for basecase
distance

1
1
1
1

1

Quote (Siemens) SEP project

Quote (Siemens) SEP project
Siemens quote, less array frame (includes
wiring & connections)
Assume similar costs as diesel
Includes cement for array base and array frame

Assume flow rate is sufficient to irrigate directly

Assume costs the same as diesel, less 1
complex but fewer capable technicians

Help with concrete work
Same as diesel 1

1
1

Cost item Cnst

Small-S cale Irriaation

Sourceor Justilication

Engine US 600

Pump
Pipes and fittings

Construction material

Water storage tank

Other local costs
Skilled Labor

Unskilled Labor

Transportation

O&M Costs (annually)

Operator 0

Fuel —

Spare parts

Skilled Labor

Unskilled Labor
Transportation

1
1
1
1

US 100

7,300

0

0

1,000

2,000

0

1,500

1,500

400

150
600

US$8,1 62

US$5,000
US$240

7,300

1,000
0

2,000

100

1,200

1
1
1
1Solar Array

Pump
Other array costs

Pipes and fittings

Construction materials

Water storage tank

Skilled Labor

Unskilled Labor

Transportation

H-4
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r~s~trn,i Cost Source or Justificatioru

O&M Costs (annually)

Operator

Fuel
Spare paris

Module replacement*

Skilled Labor

Unskilled Labor
Transportation

0

0

500

100

0

300

Farmer operates system

No fuel required

Same as village base case
Cost based on breakage rate in Sudan, US$
cost, discount and exchange rate, taxes and fees
Estimate based on inspection and occasional
maintenence
As above

As above
*One module replaced every seven years

Estimate of current material cost, quantities

from CWD

As above

As above

Rods and couplings—local purchase, included
with pipes and fittings
CWD time estimate, current labor rates
Similar requirements as solar and diesel

Large foundation required
Storage required to ensure flow rates needed
for channel irrigation

Estimate based on ERC experience
As above

As above, estimate greater than diesel/solar
due to materials requirements

Windmi II
Capital Costs

Windmili US$2,750

Windmill tower

Pump

Other Offshore costs

Fabrication Labor
Pipes and fittings

Construchon materials
Water sto rage tank

Skilled Labor

Unskilled Labor

Transportation

O&M Costs

US$1 ,100
US$200

0

6,000

7,300

6,000
75,000

2,500

120

2,000

Operator 0 Farmer operates system

Fuel 0 No fuel required

Spare paris 500 Best estimate of a redesigned CWD given
field experience to date

Skilled Labor 200 As above, farmer performs some maintenance

Unskilled Labor 0 As above

Transportation 300 As above
*Brick and masonry tank built on-site at ground level

H-5



— — — — — — — — — — — — — — — — — —



Appendix 1.
Base Case Financial and Economic Analysis

Village Water Supply
SmalI-scale Irrigation
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TECHNICAL AND COSTANALYSIS SPREADSHEETFORPUMPTESTINGAND EVALUATION PROGRAM

DieselPump
25 PumptngRate(m3lhour)
5% OverallSystemEfficiency

6.0 Hoursperdayoperation

1 5.9 SolarRadiation(onarraytilt,
1 34% SubsystemEfficiency (Pump/Motor/Controller)
t 1453 AnayDesignSize(Wp)
1 1484 ActualArray Size(basedonvoltagereq’d)

T DieselSystem (Pinancisl)

I I Capital Costa (US5)1 engme $600
1 pump $100
1 fittings etc $240

I I constr matenala $01 storagetank $01 localcomponent1 otherlocalcosts

1 installationskilledJaborunskslledlabor
transport

1 Total InstalledCost
1 (not mcl. ban,1f any)

SmallFarmirrigation

* 150 Cubic Meters/DayDemand
* 5 MetersTotal Head
*
* Diesel Solar
~ FINANCIAL UNIT COST(Sf/m3, mcl. well)
* Unit Con 0.25 2.03
*
* InstalledCoat 34,845 421,560 224,282
* PV ofRecur.Costa 20,134 28,397 6,815
* Life CycleCoat 54,978 449,957 231,096
* ____ _____ ______

* ECONOMIC UNIT COST(Sf/m3, mci. well)
* Unit Cost 0.21 1.57 085
*

30% Agentamarkup
2158 AnnualModuleReplacementCoat (St)

30% Down Payment

LOAN INFORMATION
(financialonly)
DIESEL

0 Loansmount
0% Loanint. rate
3 Tennofloan

SOLAR
0 Loan amount

0% Loan mt. rate
3 Tennofloan

WND

1 DieselSystem (Economic) 1
CapitalCosta (St) 1 RecurrentCoats

1 Annual
1 operator(s)
Ifoel
1 parts/materials
1 skilled labor
1 unskilledlabor
1 transportation

SUM=

0 Loan amount
0% Loan int. rate
3 Termofban

I - SudanDiesel,Solar,and Wind PumpComparisons
1 150 Demand(cubicm~en/day) Demsnd(&3)’Head (m)Product
1 5 TotalHead(meters) 750

Wind

1.04

PUMPOUTPUT(m3/day)

150.0 Diesel
153.2 Solar
153.5 Windmill

* InstalledCoat
* PVof Recur.Costs
* Life CycleCost
*

1 4 1 AverageSiteWind Speed(in/s)

I I 5 RotorDiameter(meters)1 125%OverallSystemEfficiency
1 MAJOR ASSUMPTIONS SecondatyTechnicalAasumptions

I I Enganeoperates365daysatheadandoutput 10 Life ofEnginein yen1 20yeartermof analysis 10 Life ofEnginc Pumpin yrs1 No salvagevalue for any componasta 10 Life ofSolar Pump(only)mnyra1 Solararraywill last20yen 20 Life ofWindanill in yrs

1 PV calculatedondeliveiyfor eachpomp 5 Life ofWindmiII Pompin ~os

I I Installedcostamcludetaxes,1f any 60 Cell temp. (degC)1 Water is discountedat therategivenbelow 1.03 kg/m3 air density7 DepthofWell (meters)
250 Well Coat(Sf~1neter)

27,900
17,690
45,590

325,516
2 1,935

347,451

181,840
5,425

187,265

1 0.25
1

II ‘
1 30%
1 18
1 5.00
1 55.50
1 0

DiscountRate
ShadowPrice--unakilledlabor
ShadowForeignExchange
TaxesOnEquipment
Exchangerate(S~= 1US$)
Fueb Pnce(Sf/InspenalGallon)
SolarModuleaPnce($/PeakWatt)
Loan Rate(%) 3 Year Term

(S~) RecurrentCosta (5f)

18252
3042
7301

0
0

Annual
t operator(s)

fuel
paxtahnateriala
akilledlabor
unakifiedbabor
transportation

SUM=

0
1000

2000
0

1500
33095

1864
1500
400
150
600

45,4

1 engine
0 Ipump

I pipesandfittings
1 constr.matenals
1 atoragetank
t localcomponent
t otherlocalcosta
1 installation

sk.labor
unslclabor
transport

1 TotalInstalledCost

14040
2340
5616

0
0
0

1000

2000 1
0I

1154 1
261501 Non-annual

1 repiaceengine 18252
repiacepunip 3042 1 _____ — ______

(5f)

0
1864
1154
400
150
462

4029

140401
2340 1

1 Non-annual
1 enginereplacement
1 pompreplaceinent



TECHNICAL AND COSTANALYSIS SPREADSHEETFORPUMPTESTING AND EVALUATION PROGRAM

1
1

t SmallFarmIriigation
t SolarSystem (Financaal)
1 CapitalCosta

t aoiararray
1 pomp
1 other array costa
1 fittings etc
1 constr. matenala
1 localcomponent
t storagetank
1 localcanponent
1 mstallation

akalledlabor
unakilledlabor
transport

1 TotalInstalledCoat
t (not usci. ban,ifany)

t Wind System (Fmanciab)
t CapitalCosta

t windmill
1 tower
t pomp
t other offshore
t fabncation labor
t fittmgsetc
t constr.matenals
1 localcomponent
1 atorage tank
t localcomponent
t matallation

akilled labor
unskslled labor
transport

t Total InatalledCost
t (not mcl. ban,if any)

248288
152100

7301
7300

$50 1521

$0 0

0

2000
100

1200
419810

83655 1
33462 1
6084 t

01
60001
6997 1
6084 t

01

45630 1
30000 1

25001
120 1

2000
222532

SolarSystem (Economic)
(5f) Capital Costa

1 aolararray
0 pomp

1 otherarraycoets
t pipesandfittings
1 constr.matenala
1 localcomponent
1 storagetank
1 localcranponent
1 mstallation

ak.labor
smslclabor
transport

152 100 Total IisstalledCost

1 Wind System(Economic)
(5f) t Capital Costa

1 windmill
0 Itower
0 Iptanp

1 otheroffshore
1 fabiicationlabor
t fittingsetc
1 constr.materials
1 local component
1 storagetank
t bocalcomponent
t installation

sk.labor
ssnslclabor

t transport
1 TotalInstalledCoat

1
(Sf) Renarrent Costa (Sf)

Aimual
operator
fisel
parts/materiala
modulereplacenaent
akilled labor
unskilledIabor
tranaportation

SUM=

Non-annual
pomp replacament 117 t

=1
(Sf) RecairrentCosta

1 Annual
1 operator
Ifueb
t parta/matenals
1 skilledlabor
t unskilledlabor
t tranaportation

SUM=

(Sf) RecurrentCosta

58,162
55,000

$240

t Annual
t operator
1 fuel
1 partahnateriala
t moduberepl.(l.cost)
1 skilledlabor
1 unakillediahor
t transportaticn

SUM=

1 Non-annual
1 replacepomponby
t (not array)

0
500

2158
100

0

300
3058

190991 1
117000 t

5616 1
5615 1
1521 t

0I
0I
01

2000
bOOt
923 t

323766 1

381
16601

b

23
2375 1

1= .. ______ ______ = = = == =

(Sf)

52,750
$1, 100

$200

$230

$200

$ 1,500

RecurrentCosta

Annual
operator
fuel
pastshnateriala
skilledIabor
unskilledlabor
transportation

SUM=

Ncxs-annusl
t replacewindmtll
t replacepomp

500
200

0
300

1000

88455

6084

64350
25740
4680

0
6000
5382
4680

0
35100 t
30000 t

25001
120 t

1538 1
180090 1

2311
815 t

68041
4680 t

= = . = =

Non-annual
mill replacement
pumpreplacement

1
1
1
1
1
1
1
1



— a a a a — S a s s S a s a

i DIESEL - SMALL FARM IRRIGATION Dit..! Picincal An.iyu.
1 Recun..cCci!. yciz1 yeix2 y.n3 ycn4 ye.rS ynr6 yen? yen8 yen9 yescl0 yeiell ycnl2 yncl3 )w14 yen 15 yenl6 yenl7 yenl8 yenl9 yen2O
1 (ii.! 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864
Iepe..Wt(z) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 pmrtL’mn.eial. 150) 1500 1500 1503 1500 1500 15(3) 1500 1500 1500 1503 1500 1500 1500 1550 1500 1500 1500 1500 1500 1550
lee3unrcplsceennc 18252 0 0 0 0 0 0 0 0 018252 0 0 0 0 0 0 0 0 0 0
IpimprepI.c.m.nt 3042 0 0 0 0 0 0 0 0 03042 0 0 0 0 0 0 0 0 0 0
1 .kiIl.dI.boe 400 400 400 400 403 400 400 400 400 400 400 400 400 448) 450 400 400 400 400 400 400
1 uznkillcdl.bor 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150
1 usmpflnn 600 600 64)0 600 600 500 650 600 600 600 650 603 600 603 60) 600 600 600 600 6410 60)
llaniep.yunnc 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 51354 4514 4514 4514 4514 4514 4514 4514 4514 4514 25850 4514 4514 4514 4514 4514 4514 4514 4514 4514 4514

pim 1500 1500 1500 15(0 1500 1550 15(0 1500 1500 22794 15183 1500 15(0 1500 1500 1500 1500 1500 1500 15(0
1.kr 550 550 550 550 550 550 550 550 550 550 550 550 550 550 550 550 550 550 550 550

t &ct.3gsic —
t RecieecaCon. yen! yen2 yen3 yen4 )e.eS yen6 yen? yen8 yen9 ~cnl0 yenll yenl2 yenl3 yenl4 y.nlS yenl6 yen17 ycirlB ycnl9 ycn2O
1 bel 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864 1864
tepernz(.) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 1154 1154 1154 1154 1154 1154 1154 1154 1154 1154 1154 1154 1154 1154 1154 1154 1154 1154 1154 1154 1154
Iexigarepl.ce~ 14040 0 0 0 0 0 0 0 0 014040 0 0 0 0 0 0 0 0 0 0
Ip.c~)it

24scoient 2340 0 0 0 0 0 0 0 0 0 2340 0 0 0 0 0 0 0 0 0 0
t .kOIedl,bcr 448) 400 400 400 400 400 400 400 400 400 450 400 400 400 400 400 400 400 400 400 400
t wkilI.dlibor 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150
t 462 462 462 462 462 462 462 462 462 462 462 462 462 462 462 462 462 462 462 462 462
t 51154 4029 4029 4029 4029 4029 4029 4029 4029 4029 20409 4029 4029 4029 4029 4029 4029 4029 4029 4029 4029

1 ~ ~ fl5555 s4.*.~ 5S*s*s 5*n.s fl.055 *5ss.s .nn. sons. inn. 05555’ .5555* *50*.5 sein. .,nn nien inn. som, unie 0554.55 .555.5 55.5*5

SOLAR - SMALL FARM IRRIGATION SelwFzcaialASyc.
t Rccn~Coo4. ye~1 yen2 y.n3 yen

4 yen5 yen6 ,cnl yen! ynr9 y.nIO yen)! yenl2 y.n13 yenl4 yenl5 yenI6 yenl7 ~cn18 y.n19 y.n20
t Int 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Iep.eaecc(s) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
t ça*e~ah 550 500 500 503 550 500 541) 500 500 500 5(0 500 500 500 500 500 860 500 500 500 500
t en~kiepln~nC 2158 2158 2158 2158 2158 2158 2158 2158 2158 2158 2158 2)58 2158 2158 2158 2158 2158 2158 2158 2158 0
1piaç.epl’~ct 152100 0 0 0 0 0 0 0 0 0152100 0 0 0 0 0 0 0 0 0 0
1 adl.boe 100 100 100 164) 100 100 1(8) 100 100 100 10) 100 100 100 103 100 100 100 100 100 100
IenkOI.dIib.c 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 ctispaSi~ 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300
ttesneeptynrec 0 0 0 0 0 0 0 0 0 0 0 0 0 o 0 0 0 0 0 0 0
t SOM 3058 3058 3058 3058 3058 3058 3058 3058 3058 155158 3058 3058 3058 3058 3058 3058 3058 3058 3058 900

piet 2658 2658 2658 2058 2658 2658 2658 2658 2658 154758 2658 2658 3058 3058 2658 2658 2658 2658 2658 564)
It 100 100 1(8) 150 100 100 1(0 100 100 100 1(0 100 100 100 100 100 100 100 100 100

1 Ececemn Antyn.

1 Receciees Ccie.. yen1 ye.r 2
Ib.1 0 0 0

1 op.e.Ioe(.) 0 0 0
t p.mttenl 385 385 335
1 moèilezepbcenieex 1660 1660 1660
t pisnip.epl.cnnrt 11700) (8 0

1 .leiIlcdI.boe 100 100 100
1 eecskifledl.boe 0 0 0
1 leenipesistin. 231 23) 231
t SUM ms 2375

yen3 yen4 ~car5 yenO y.n7 yen8 yese9 ynrIO >wll yenl2 yenl3 ye.r14 yeselS yenl6 yevIl yenll yenl9 ycn2o

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

3*5 385 385 385 385 385 385 385 385 385 385 385 385 385 385 385 335 385
1660 1660 1660 1660 1660 1660 1660 1660 1660 1660 1660 1664) 1660 1660 1660 1660 1660 0

0 0 0 0 0 0 01170(0 0 0 0 0 0 0 0 0 0 0
103 100 100 100 100 100 100 1(0 100 100 100 100 100 100 100 100 100 100

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
231 231 231 231 23) 231 231 231 231 231 231 231 231 231 231 231 23! 231

2375 2375 2375 2375 2175 2375 2375 119375 2375 2375 2375 2375 2375 2375 2375 2375 2375 715



t 5*5550* 55*55*5 5**~*~ 55*5*5 *~5*5* *****~ 5555*5 5****S *4555* •*~n~*55*55 *0*55* 0*5*55 0*5*55 55*55* fl5555 *0*55* *5*555 5*5555 *5*5*5 55fl*• *5*5*5

i WIND- SMALLFARMIRRIGATION WmdPmnnnl Aialys.
t Recnee.tCo.t. yenl ye.e2 yen3 yen4 year5 yesr6 yen? yen! ~r9 yenlO yeul) ye.e12 yen!3 yen!4 yenl5 yen)6 yen)? yenll yenl9 yen2ø

lInt 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
topeesece(s) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
t psnijin.nenl. 500 500 500 550 50) 500 5(3) 50) 500 500 500 500 500 50) 50) 500 500 5(0 500 500 500
t wSn_3Ieept.ccnnec88455 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
tpacç,eplseemem 6084 0 0 0 060)4 0 0 0 09384 0 0 0 06(84 0 0 0 0 0
t skitledt.bne 200 3)0 3)0 200 2(0 200 200 20) 300 300 200 2(0 300 203 200 300 200 200 300 3)0 2(0
tnkilkdlaboe 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 t~csi*.t**i 30) 300 300 30) 30) 300 30) 300 300 300 303 303 300 303 3(0 300 300 3)8) 300 300 30)
t1~iepsym.ne 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
t SUM 10)0 1000 !0(0 100) 7504 1000 tO(0 10)0 3000 7084 100) 1000 100) 1003 7504 1500 1003 1500 1000 1050
t piet 500 500 500 500 6584 503 500 500 500 6584 50) 500 550 50) 6584 500 500 500 500 500
t Eceme ASyn. It 2(0 200 250 20) 300 200 203 300 200 2(0 20) 300 203 200 200 3)0 200 3)0 300 200

t Rccnze.gCc.e. yen) yen2 yen3 yen4 yen5 yenO yen? yen! yen9 yen)0 yenll yen)
2 ycnl) yenl4 yenl5 yenl6 ye.el? yenll yenl9 ycn2o

het 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
topanne(i) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
t p.et*~kea1 385 385 385 385 385 385 385 385 385 385 385 385 385 385 385 385 385 385 385 385 385

wnidoilleept.ceenne68O42 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
tpsnç,ept.cenxn 4680 0 0 0 04680 0 0 0 04680 0 0 0 04500 0 0 0 0 0
t ~d Isbn 200 300 300 200 20) 200 20) 250 200 260 2(0 20) 300 20) 200 200 380 200 3)0 300 20)
l~kitI.41sboe 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
t 231 231 23! 23) 23! 231 23! 231 231 211 231 231 231 231 231 231 23) 23! 23) 231 231
t SUM 8)5 815 815 115 5495 815 815 815 !tS 5495 115 815 8)5 815 5495 815 815 8)5 815 815

YEAR
Dc.et
Eng-.

pa’,—
Sdn
Pl—
WinbeOl
TM’lI’ep
W,n&nOI
Pineprep

7 8 9
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0
1 1 1
0 0 0

10 1! 12 t) 14 15
1 1 t 1 1 1
1 0 0 0 0 0
1 1 1 1 1 1
1 0 0 0 0 0
t 1 1 t 1 1
1 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
2 2 2 2 2 3
1 0 0 0 0 1

16 17 18 19 33
1 1 1 1 2
0 0 0 0 1
1 t t 1 2
0 0 0 0 0
1 1 1 t 2
0 0 0 0 0
0 0 0 0 t
0 0 0 0 0
3 3 3 3 4
0 0 0 0 0

S S S — S S S S S S S S S — — S — S S a

1 2 3 4 5 6
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 t 1
0 0 0 0 1 0



4.1 m/s Averagewind speed

5 Rotardiameterin meters12 5% Overallefficiency(averagedaily)

I ~pi~C~
ngine $2,200

pump $3,000
dier offshore $500
ittings etc $2,200 34892
onat matenals $l,250 19825
localcomponent 20000
torage tank $5,000 79300
localcnmponent 20000
dier $ 1,250 19825 1

installation
skilledlabor 7000 1

I unskilledlahor 4000
transport 20000

Tot lnst.Coat(w/owell) 294382
******** ******** ******** ********

1

m3/dayOIJTPUT
22.0 Diesel
21.9 Solar
21.9 Windnilli

1 Annual
1 operator(s)
1 fuel/lubricanta
1 parta/mateaiah
1 skilled labor
lonakillediabor
1 transportation

SlIM
* other
* installation
* slclabor
* unsk.labor

26840 * transport
36600 * TotalInstalledCoat

*
*

WIND *
____ *

S

10.1 10.1 10.4 *

0.18 0.18 0.19 *

$3,300
$4,500

$750
52338
29738
20000

118950
20000 1
29738 t

7000 1
4000

30000
416073

*

0 Laanamount
0% Laanint rate
3 Term ofban

0 Laanamount
0% Laanint rate
3 Term ofban

0 Laanamoont
0% Laanint rate
3 Term ofloan

~Sudan - Diesel,Solar,Wind RuralVillage WaterSupply

22 CubicMeters/daywaterdeilvesy - 22 Cubrc Meten/DayDemand

I 35 meterstotaldelivery head 770 demand(m3)
5head(m) 35 MetersTotalHeadDieselPomp * Typeof Systenv DIESEL SOLAR10 Pumpangrate(M3/Hr) * ____

15% Overallefficiency * FINANCIAL UN1T COSTÇincL well)
2.2 Hraperdayoperation * perm3

ISolarPomp59 kW/m2/day solar radiation onarraytilt
0.34 Daily subaystemefficiency(pornp/motor/controlier)

I Wp= 1492 Design1484 =WpActualWindPomp

* perjerrican
*

* InatalledCoat 403,757 474,158

* PVof Recur.Coat 102,652 30,165
* Life CycleCoat 506,409 504,323
* _____________________________________________
* ECONOMICUNIT COST(incL well)
* perm3 13.9 14.1

490269 *

31,410 *

521,679 •
S

*

14.2 *

*

669,560 *

41,544 *

711,104 *

552,792
145,706
698,498

664,393
41,179

705,572

* InatalledCoat
* PV of Recur.Coat

* Life CycleCoat

ssuanptiona SecondaryTechmcalAsasunpcions LOANINFORMATION
Engineoperates365daya athead andoutput 10 Life of Enginein yen (financialonly)
20yeartermofanalysis 10 Life of EnginePompin yrs DIESEL

I Noaalvagevaluefor anycoinponents 10 Life ofSolarPomp(only)inyrsSolararraywilllast20yeara 20 LifeofWindmillinyrsPV calculatedon deliveryfor eachpomp 5 Life of WindmiII Pompin yrs
Inatalledcostashouldincludetaxea,if any 60 Cell temp. (deg C) SOLAR

IWateris discnuntedattherategivenbelow 1.03 kaJm3air denaity
44 De$hof Well (meten)

0.15 DiscountRate 2500 BoreholeCoat in Sf/m

1 ShadowPrice--unskalledIabor 50% ofwell coatis importedmatenal WIND

1.5 ShadowFnreignExchangeRate0%TaxesOn Eqwpment 30% agentsfee(incL handlingand ahip)
12.2 Exchangerate(SL = 1USD)

1500 SLfuelcoat/Impgalion 3,422 ModuleCost(5lWp)
$530 perPeakWattfor anlar modules 823 annualspicoat

0 LaanIntera.Rate 3 YearTerm 30% Down Payment

DieselSystem(Financial) - ind. agentfees,no in * DieselSystem (Economic)- incL ahadowpnces,removesin
(US$) (St) ReconentCosta (Sf) RecurrentCosta

2000
1914
5100
1000

* Capital Costa

* engrne USD
* p~p USD
* otheroffshoreore USD
* pipesandfittrngs
* conatr.matesiala

600 * local consponent
3600 * storagetank

142 14 * local component

1 Annual
t operator(s)
1 fuel
t parta/materials
t akilledlabor
t unakilledlabor
1 transportatson

1 Non-annual
1 replaceengine
t replacepomp
******** ******** *** ******** **** ********

2000
2870
7650
1000
600

5400

40260
54900

******** ********

1 Non-annual
1 engmereplacement
1 pomp replacement

** ********* ******** ********* *********



RuralVdlageWaterSupply
SolarSysrem (Financial)

Capital Coata (US3) (St) RecurrentCosta

* SobarSystem (Economsc)

sobararray
pomp
otheroffshore
fittingsetc
constmateriala
localcomponent

atoragetank
localcomponent

other
snstallataon

38,162
35,000

$742
31,900

$750

$5.000

31,250

(St) * CapitabCosta RecurrentCosta

t Annual
operator

t fuel
tparts/matenala
tnsodolerepL(Lcost)
t skilled lahor
t unakilledIsbor
t transportatron
t SUM

30134
11895
10000
79300
20000
19825

1000
0

500
823
300
120
900

3643

* solararsay USD
* pomp USD
* otheroffshoreore USD
* pipeaand fsttings
* conatr.materiala
* localcamponessi
* storsgetank
* local component
* other
* installaticsi

1
1

—t
1
1

(St)

1000
0

750
1234
300
180

1350
4814

skilled labor 6000 t
onskslledlabor 3000 t Non-annoal
transport 15000 1 replacepomponly

Tot.InatCoat(w/owell) 364783 t (notansy)
******** ******** ******** ******** ******** ******** ***

WindSyatem (Fsnancsal)
Capital Coata (US3) (5f) RecurrentCosta

312,243 t Annoal
$7.500 t operator
31,113 tfssel
45201 t parta/matesiala
17843 1 modolereplacement
10000 t skilled labor

118950 t unskilledlabor
20000 t transportatron
29738 1 SUM

6000 t
3000 t Non-annoal

22500 t pomp replacement
527674 1

* ak.lsbor
* onsk.labor

30000 * tranaport
* TotabbnatalledCost

******** **** ******** ** ********* ******** ********* ********* ******** ********

* WindSyatem (Easnomic)
(St) * Capital Costa

45000 1

windmili $2.750 t Annual
tower $1,100 t operator
pomp $200 t foel
other offshore $500 t partshnatesiala
fabncationlabor 6000 t skalledbahor
frttingaetc $1.900 30134 t onakilledlabor
const.materials $1.250 19825 t tranaportation
localconiponent 20000 t SUM

storagetank $10.000 158600 t
localcomponent 40000 t

other $1.250 19825
installatson

1000
0

500
500
280

2400
4680

USD
USD
USD

USD

* wmdmill
* tawer
* pomp
* otheroffshoreore

* fahricationlabor
* fsttinga etc

* corsat.matesiala
* localcamponent
* atoragetank
* localcomponent

RecorrentCosta

4125 t Assnoab
1650 t operator
300 tfoel
750 t parts/materials

6000 t skslledlabor
45201 t unskslledlabor
29738 t transportatron
20000 t SlIM

237900 t
40000 t
29738

aksiledbahor 7000 t
unskalledlabor 4000 t Non-annosl
transport 20000 trepbacewindmili

Tot InstCoat(w/owell) 380894 t repbacepomp
******** ******** ******** ******** ******** ******** ***

t
* installation
* siclabor 7000 t
* onak.labor 4000 t Noo-annoal

33550 * trsnaport 30000 t min replacement
2440 Total InatalledCost 532841 t pomprepbacement

******** SaS ******** ** ********* ******** ********* *********

(5�)

1000
0

750
500
280

3600
6130

1
50325
3660

******** ********

1
1
1
1
1
1
1
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i DIESEL - Village Water Supply DieselPireW Ânalysis
1 RecuiiveeCe.is ynrl yesr2 year3 yeae4 yese5 )ar6 yeszl ye.r8 ycc9 yearl0 ycsell ycsrl2 yetrl

3 yearI4 yeirlS y..r16 yesrll yenl8 ye.r19 ye.r20
1 t..! 1,595 1,595 1,595 1,595 1,595 1,595 1.595 1,595 1,595 1,595 1,595 1,595 1,595 1,595 1,595 1,595 1,595 1,595 1,595 1,595 1,595
t .penix(s) 2,00) 2,38)0 2,003 2,000 2,000 2,000 2,000 2,000 2,0)0 2,000 2,000 2,000 2,0)0 2,003 2,000 2,000 2,00) 2,000 2,000 2,03) 2,000
1 pseb~zsknsla 5,100 5,100 5,100 5,100 5,100 5,100 5,100 5,100 5,100 5,100 5,100 5,100 5,100 5,100 5,100 5,100 5,100 5,100 5,10) 5,100 5,10)
lenginezeplice 26,840 0 0 0 0 0 0 0 0 0 26,840 0 0 0 0 0 0 0 0 0 0
Ipizznprephamene 36,60) 0 0 0 0 0 0 0 0 0 36,600 0 0 0 0 0 0 0 0 0 0
IskilIedI.bcr 1,00) 1,000 1,403 1,030 1,40) 1,003 1,030 1,00) 1,000 1,00) 1,030 1,403 1,000 1,003 1~0 1,000 1,003 1,000 1,003 1,000 1,003
1 ninkilkd lalxr 60) 000 603 600 603 600 600 6)0 8)0 60) 600 60) 8)0 600 600 6W) 600 600 603 8)0 603
1 esmp.emtan 3,6(8) 3,600 3,603 3,6(10 3,603 3,60) 3,6)0 3,60) 3,600 3,60) 3,8)0 3,600 3,600 3,60) 3,600 3,600 3,60) 3,8)0 3,600 3,000 3,60!
Iloaieepsynrrt 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 SUM 13,895 13,695 13,895 13,895 13,895 13,895 13,895 13,895 13,895 fl,335 13,895 13,895 13,895 13,895 13,895 13,895 13,895 13,895 13,895 13,895

5,100 5,303 5,100 5,103 5,1(8) 5,100 5,100 5,100 5,100 68.540 5,100 5,100 5,100 5,100 5,100 5,100 5,100 5,18)3 5,100 5,100
3,600 3,603 3,8)0 3,603 3,60) 3,600 3,600 3,600 3,60) 3,600 3,600 3,680 3,60! 3,600 3,8)0 3,6(1) 3,600 3,603 3,000 3,60)

iEc~e ASysa
1 00(1530.
1 R.cwencCc.ts ~nnr1 ye&2 yeax3 ~w4 ye..5 yeir6 yesr7 ~ie.zB yen9 yeaclO yncll y..r12 yewl) ye.c14 yen5 yesrI6 yearl7 yeaxlt ye.e19 year2O
1 04.1 2,670 2,870 2,870 2,870 2,870 2,870 2,870 2,310 2,870 2,870 2,870 2,870 2,870 2,670 2,870 2,870 2,870 2,870 2,870 2,870 2,870
1 op.rsx(s) 2,000 2,000 2,003 2,000 2,000 2,003 2,000 2,00) 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,0)0 2,003 2,000 2,00) 2,030 2,0(0
1 paflienil 7,650 7,650 7,650 7,650 7,650 7,650 7,650 7,650 7.650 7,650 7,650 7,650 7,650 7,650 7,650 7,650 7,650 7,650 7,650 7,650 7,650
I.ngse..eplsc. 40,260 0 0 0 0 0 0 0 0 0 40,260 0 0 0 0 0 0 0 0 0 0
!pseup.eptac.mes 54,903 0 0 0 0 0 0 0 0 0 54,900 0 0 0 0 0 0 0 0 0 0

1 .kill.dlabce 1,003 1,000 1,003 1,000 1,000 1,000 1,000 1,000 1,030 1,00) 1,000 1,003 1,0)0 1,000 1,000 1,000 1,00) 1,000 1,001 1,010 1,000
1 uigkilkd ).bce 60) 600 603 600 600 600 600 600 600 600 600 603 600 603 8)0 600 600 603 603 8)0 60)
1 eszspaaaen 5,403 5,400 5,40) 5,400 5,40) 5,400 5,400 5,403 5,400 5,400 5,400 5,403 5,400 5.400 5,400 5,400 5,400 5,400 5,403 5,400 5,400
1 SLIM 19,520 19,53) 19,520 19,520 19,531 19,520 19,520 19,520 19,520 114,8)0 19,520 19,520 19,53) 19,520 19,520 19,531 19,520 19,53) 19,520 19,520

pet 7,650 7,650 7,650 7,650 7,650 7,650 7,650 7,650 7,650 102,810 7,650 7,650 7,650 7,650 7,650 7,650 1,650 7,650 7,650 7,650
hbo. 3,600 3,603 3,600 3,600 3,600 3,8)0 3,600 3,600 3,600 3,600 3,603 3,600 3,600 3,600 3,600 3,603 3,600 3,60) 3,600 3,603

~ ~ •s..es~e•flflfl~ na.... ...esn. fln+.. *....fl. •n*.fle M...*.* *-e~~~~s*....*... .....n. .*..ö.. .n.**.. ..sn.~. ....n.. ........ n.nSSC ..e.s*.* ..n.*.. .....nø .ons.e.

SOLAR- Village Water Supply
1 R.cwiacet )csrI y.n2 )en3 yen4 yen5
1044 0 0 0 0 0 0
1 opecen(s) 1,40) 1,030 1,00! 1,000 1,400 1,400
1 pn.~sen.)s 50) 500 50) 500 500 500
1 m.dsl.r

94sc. 823 823 823 823 823 823
1 pwsprqtc.utne 30,000 0 0 0 0 0
lskillcdlsbcr 300 300 300 300 300 300
IusklIkdI.bcr 13) 120 120 120 120 120
1 iesespo.taesi 900 90) 90) 900 900 900
)locrqayutit 0 0 0 0 0 0
1 SLIM 3,643 3,643 3,643 3,643 3,643

pels 1,323 1,323 1,323 1,323 1,323
hbo. 1,420 1420 1420 143) 1420

EccnncASysse
1 SOLAR

R.cw.niCais peso! 5.5.2 pet.3 ycs4 pesoS yes.

8 ye59 yesrlO y.srII y..r12 pc..13 yesrI4 ~eso15 yesrl6 yesrIl yc.r18 yesrl9 y.sr2O
Ifijel 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
lop.rsl.s(s) 1,003 1,0)0 1,40) 1,000 1,003 1.000 1,030 1,000 1,000 1,003 1,030 1403 1,000 1,000 1,0(1) 1,000 1,003 1,000 1,00)
)psat~iensI 750 750 750 750 750 750 750 750 750 750 750 750 750 750 750 750 750 750 750
1 modul.r.ptsce 1,234 1,234 1,234 1,234 1,234 1,234 1,234 1,234 1,234 1,234 1,234 1,234 1,234 1,234 1,234 1,234 1,234 1,234 0
)picnpreplsc.mi 45,00) 0 0 0 0 0 0 045,000 0 0 0 0 0 0 0 0 0 0
1 .klIIedI.bo. 300 300 300 300 30) 300 300 30) 300 300 300 30) 300 30) 300 30) 300 300 300
I..sklI).d)sbce 180 180 180 130 180 180 180 180 180 180 180 180 180 180 180 180 180 130 180
1 osespoasison 1,350 1,350 1,350 1,350 1,350 1,350 1,350 1,350 1,350 1,350 1,350 1,350 1,350 1,350 1,350 1,350 1,350 1,350 1,350
1 SLIM 4,8)4 4,814 4,814 4,814 4,814 4,814 4,814 49,814 4,814 4,814 4,814 4,814 4,8)4 4,814 4.814 4,814 4,814 3,580

port’ 1,084 1,984 1,984 1,984 1,984 1,984 1,984 46,984 1,984 1,984 1,984 1,984 1,984 1,984 1,984 1,984 1,984 750
1.boe 1,480 1,480 1,480 1.480 1,480 1,480 1,480 1,480 1,480 1,480 1,480 1,480 1,480 1,480 1,480 1,480 1,480 1,480

~a.6 yen7
O 0

1,03) 1,003
500 500
823 823

0 0
30) 300
120 120
903 900

0 0
3,643 3,643
1,323 1,323
1,420 143)

pesoB y.n9 y.nlO
O 0 0

1,000 1,000 1,000
500 50) 500
823 823 823

0 0 30,000
300 300 300
120 120 120
900 903 900

0 0 0
3,643 3,643 33,643
1,323 1,323 31,323
1,420 1,420 1,420

ye.rl) y.n)2 y.n13 y..r14 y.nIS y.srl6 yenl7 ~‘esr)8 ycse19 y..20
0 0 0 0 0 0 0 0 0 0

1,0)3 1,0)0 1,003 1,030 1,000 1,003 1,000 1,00) 1,010 1400
500 500 500 500 500 500 503 50) 500 500
823 823 823 823 823 823 823 823 823 0

O 0 0 0 0 0 0 0 0 0
300 300 303 300 300 300 30) 30) 300 300
13) 120 13) 120 13) 120 13) 13) 120 13)
9(0 900 90) 900 90) 900 900 900 900 903

O 0 0 t) 0 0 0 0 0 0

3,643 3,643 3,643 3,643 3,643 3,643 3,643 3,643 3,643 2,820
1,323 1,323 1,323 1,323 1,323 1,323 1,323 1,323 1,323 500
1420 1,420 1,43) 1,420 1,420 1,43) 1,420 1420 1,420 1420

305.6 pesri
O 0

1,000 1,003
750 750

1,234 1334
O 0

300 300
180 180

1,350 1,350
4,814 4,814
1,984 1,984
1,430 1,480



.**nns •s,*.***m sfl****. .***fl*~ **!*S’**P 5*5*5*5* *5*55*55 *55*5*5* *55*5*5* *~*5*5*! *5*5*55* 5*555*5* *5*5*55* *55*5*5* *5*5*5*5 *5*55*5* ******** *55*55*5 *55*5*5* 5*5*5*5* ********

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
o o 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 2
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 t
0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 2
O 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
o o 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 2
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
o o 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 1 1 1 1 1 2 2 2 2 2 3 3 3 3 3 4
0 0 0 0 t 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0

i WIND - Vifiage Water Supply Wmdflr~.iMs1~
I RecurreneCoslo yen! year2 year3 year4 yen5 year6 yearl peer8 year9 yesrl0 yearll yesrl2 yearI3 yesrl4 yearl5 yearl6 yearl7 yearl8 yearI9 yesr2fl
Iftiel 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
I operator(s) 1,000 1,000 1,000 1,000 1.000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1.000 1,000 1,000 1,000 1,000 1,000
Iparto4usteris]o 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500
Iwindmoilreplace 33,550 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
lptsnpreplscemeis 2,440 0 0 0 0 2,440 0 0 0 0 2,440 0 0 0 0 2,440 0 0 0 0 0
lskilledlsbor 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500
luxsoki)ledlsbor 280 280 280 280 280 280 280 280 280 280 280 280 280 280 280 280 281) 280 280 280 280
1 Irsnopontion 2,400 2,400 2,400 2,400 2,400 2,400 2,400 2,400 2,400 2,400 2,400 2,400 2,400 2,400 2,400 2,400 2,400 2,400 2,400 2400 2400

Iloanrepsyment 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
I SLIM 4,680 4,680 4,680 4,680 7,120 4,680 4,680 4,680 4,680 7,120 4,680 4,680 4,680 4,680 7,120 4,680 4,680 4,680 4,680 4,680
i 500 500 500 500 2,940 500 500 500 500 2,940 500 500 500 500 2,940 500 500 500 500 500
I EconopucAnslysis 1,780 1,780 1,780 1,780 1,780 1,780 1,780 1,780 1,780 1,780 1,780 1,780 1.780 1,780 1,780 1,780 1,780 1,780 1,780 1,780

1 WIND
t Recunez~Costs yen! yearl yesr3 year4 yesr5 year6 yearl peer8 yesr9 pest10 peer 11 peer 12 peer13 pest14 peer15 yesrl6 peer17 yesrl8 pest19 yes.r20
tfisel 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 operator(s) 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000 1,000
1 pntofroslenal 750 750 750 750 750 750 750 750 750 750 750 750 750 750 750 750 750 750 750 750 750
Iwindrosillreplace 50,325 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Ipwopreplacement 3,660 0 0 0 0 3,660 0 0 0 0 3,660 0 0 0 0 3,660 0 0 0 0 0
I skofledlsbor 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500
1 uoiskolledlsbor 280 280 280 280 280 280 280 280 280 280 280 2813 280 280 280 280 280 280 280 280 280
1 tranoportanon 3,600 3,600 3,600 3,600 3,600 3,600 3,600 3,600 3,600 3,600 3,600 3,600 3,600 3,600 3,600 3,600 3,600 3,600 3,600 3,600 3,600
1 SUM 6,130 6,130 6,130 6,130 9,790 6,130 6,130 6,130 6,130 9,790 6,130 6,130 6,130 6,130 9,790 6,130 6,130 6,130 6,1)0 6,1)0

part’ 750 750 750 750 4410 750 750 750 750 4410 750 750 750 750 4410 750 750 750 750 750
taboe 1780 1780 1780 1780 1780 1780 1780 1780 1780 1780 1780 1780 1780 1780 1780 1780 1780 1780 1780 1780

YEAR
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Eng iepL
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Pumprepl
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Pwnprepl
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Milirep
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Pomprep
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