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ABSTRACT

This report is an economic and technicel assessment of photovoltaics
(FV), handpumps and diesels for wvater supplies in rural areas of
doveloping countries. The requires.nts and problems associated with
rural wvater supply (RWS) sysctems are¢ e¢xamined within the context of
regional resource conditions, water needs, and cost and performancs
of the technology. Thic study found that PV RWS systems can supply
vater more eccncmically than harndpumps or diesels fur villages of
moderate size where the water table depihs are 20 to 40 m. On the
average, the cosc-effective village size ranges from abcut 300 to
2000 persons per village for PV RWS systems. Contrary to popular
belief, in many caser, on a per capita basis even the initial cost
of PV systems i3 equal to and even less than that of comparable
handpump RWS systems. Numerous sensitivity analyses were conducted
and are provided to aid water supply planners dec!de whether PV

. systems would be appropriate for their specific neede. Preliminary
specifications and market estimates were also compiled to aid PV
< manufacturers develop technology appropriate for the rura! water

supply market. MA SIER
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A COMPARATIYE ASSESSMENT OF
PHOTOVOLTAICS, HANDPUMPS, AND DIESELS FOR
RURAL WATER SUPPLY

EXECUTIVE SUMMARY

Iatroduction

Safa, reliable, end eccessible water supplies are critical to rural development and
economic progress in developing countries. The United Nations, in cooperation with the
World Bank and other international developmesnt institutions, established the Internaticaal
Drinking Weter Supply and Sanitation Decede (1581-1990) in 1930, based on the goal of
providing safe drinking water and canitstion to all persons in developing countries. Al-
though the Decede has elready made gains in expanding water supply eccess, nearly 1 billion
people in the developing world still lack access to safe water supplies. The institutions
involved in the Decsde have reviewed the progress achieved to date and have concluded that
the remairing problems ere many and verisd. They span the technical psrformancs end
reliability of rural water gupply (RWS) systems, inadequate infrastructure and support
systems, and ultimately systam ccsts.

Iz an e¢ffort to promote the developmant of relisble, low-maintanance, and low-cost
water tupply technologies, the United Nations, World Bank, other multi- and bilaterai-donor
orgsnizations and U.S. Government sgencies have investigated handpumps, photovoltaics, and
diessl weter pumping tocheologiss. Prior studies ¢ither evelusted ¢ach technology indepen-
dantly or conducted comparstive assszsments of two technologies.

This investigation examines the role for photovoltaics (PV) with respect to hend-
pumpe and diesals for supplying weter t0 rursl communities. The study explicitly considers
ell componeuts of the water supply systom; namely, water supply/demand relationships and
other village characteristics, and he cost end performance of the well, the pumping system,
ths storage, and the water distnibution petwork. The focus of this study is addressed at
communities without 2ccess o grid electricity oz safe surface weter sources.

The study provides informeation vssful to rural water supply plaansrs who salect
water supply techaoiogies to suit the needs of rurel communities. The study results will
also bs useful to equipment manufacturers who davelop products to meet the requirem<ats of
rural communities around the world.

Study Obigctives

The purpose of this study is to determine under what circumstances PV pumping sys-
tems can compete techaically and ecopomicsily with handpumps and diesel pumps for eupply-
ing water to rural communitisy. The specific objectives are a3 follows:

1. Determins economically compntitive ranges for PV relstive t¢ handpumps ang diesels
for supplying weter to rursl communities es & function of water source depth, village
ize, lavel and quality of service, solar resousce, end cost and performance charsct-

2. Determine how the initial cost of & PV water supply system compares with that of a
v reral water supply (RWS) system using low-cost technology such gs handpumps.
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PUMPING SYSTEM CONFIGURATIONS
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3. Eatimats the potentia! market for PV-powered RWS svetess,

4. ldentify the functicnal specifiretious of PV -powered RWS systems so that PV systems
masufecturers cor Z.ign products to better meet woer teeds.

Iechaology Coiflzurations Fyaleated

The three water supply technowgies cunsidered in the comparative analysis, hand-

pumps, PV pumjs, and diesel pumps, ar? configured a2 follows:

e
b

1. Hzndpumps. Each haadpump iastelled oa s well serves 2 pumber of persoes. The
sBumber of persons served deperds oa \he quantity of weater demanded per person, the
sumber of hours & pump is used deily, and the amount of timis & person is willing to
speed gathering water. Handpumps are typically used when water demand is up to
about 40 liters/capita/day. If the village hos more peopis thian can be supporied by
oad handpump, then two or more handpumps are used. The principsl hancpump system
components are the handpump and the well.

2. PY Pumping Systems. Each PV pumping system provides water t0 one cr more stand-
pipes (public feucets) -hrough 2 piped distribution eetwork. The sumber of persons
ssrved at a foucet is determined 28 in the hasdpump cuss. If the village has more
people than can be supported dy one standpipe, then two or more standpipes are used.
Oas well with a PV pump mstally sepplies water o ell standpipes. If well yiold is
limitsd, two or more weils are used and water is pumped at & lower rate. Alternately,
battaries are employed to sllow the pump o operite et & lower pumping rate over s
longer time perind. The principsl PV pumping systen components are the PV arrey,
which direc*ly coaverts sunlight into elsctricity; the motor and water pump; optionsl
coatrols, battery, end power coanditioning equipment; the well, water storags tank;
distribution piping; and standpipes. Representative water pumnping techaologies used in
the analysis ere as follows: shallow well (lezs than 10 m deep water table) - surfece-
mouated contrifugal pump; intermediste-to-desp water table (20 m 0 40 m) - jack
pemps with surfece-mounted motors for low flows (lers than 30 m®/day); end submerged
moior/multi-stage ceatrifugal pump whea flow retes are higber.

3. Diesel Pumping Sysiems. The diess! pumping system is identical to the PV pumping
system except thet the disse! pump repiaces the PY pump. The eagine is directly
coupled to the pump for shallow and intermadiate water tadle depth spplications. In
the case of submerged motor/multi-stage centrifugal pumps, 8 disss] engine/generstor
ot (gen-set) is wsed to gensrate sleciricity ¢ operate the pump. The principal diesel
pemping system components are the diesel engine or gen-set, fuel tank, pump, motor
(if electrical), well, water storage tank, distribution piping, and standpipes.

The thres systems are illustrated in Exhibit I. The principal purpose of this study is
to deter.une the competitiveness of PV relstive to handpumps and diesel pumps. Therefo:e,
the enslysis did not consider yard taps (house connections) a3 handpumps are not commonly
used to provide water to individual houses in developing countries. The gnalysis aiso ss-
sumes that in the case of diesel enginss, fuel is readily sveilabls throughout the yeer.
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Techrology Camparisns Bacls snd Apnrench

Alcyfumdmmnhhmtmmloﬂummwodvm they are pro-
vidiag the gama lavel nod aunlity of servies. Service level sod quality in defined as follows:

1. ‘The emount of wolor Tupplisd por persoa per day s the vame scroes all three water
supply systemn beiag evaluated. Therefore health sed other besefits eccruing to an
individual due to the aveilabdility of water me the same ecross all technologies. For
ezampls, 8'l three tachaologies supply 20 liters per capita per day (Ipcd) to the vilisge
population.

2. The cost in terms of time speat by villagers gathering the water js made equal across *
all theee water supply systems. o the aoelyeis, time opeat collecting water is mede
the same across all three tschooiogies by sdjusting the sumbaer of persons served per
water delivery poiat per techoology. Thesefore, more people can be served at water
poiats where the water delivery rate is highse.

3. The wcheologies provide wuter st the same level of relisbility so that water gvail-
ability throughout the year Is the same ecvoes ali three techeologies. The same aveils-
bility levols are attzined by wing operaticn and maintensuce precticss consistent with
relizble equipment performance and using sdequate wuter ptorege »a the cesse of the PV
and diesel systems.

Since the lavel and quality of service ere the same across all three technologics, the
mnnmmrmmnmwmummmmmum W

mmwmmmmm Since tho monnt of water eon-
sumoed per person and the water uumml-nm ero madse eqnal acroes all threo techrologies,
the cost of water gathering-time i@ But coasidered in the analysis.

The priacipal asalysls steps ere outlined ia Exhidit I1. The eralysls procedure has
boes programmed wsing Lotus 1-2-3 Release 2 ecftwere. The emalysss are bised os current
costs of equipment. Numerous cesarics were evaluated during the snalysis by varying
inscladon, weter demand, and well charecteristice (Exhibit ITI). The scemerios eliowed
amening the lmpect ou PV competitivensss of the divensity of coaditions foved in locations
ground the world. Somsitivity spaiyses were aleo coeducted o nssets the impact oa PV
competitivessas of data uacertaintiss. A towml of 56 analyses were conducied for weter
demanads of 29 ead 40 lpcd.

Laalvals Resnita

For 20 ipcd water coasumption, PV s the preferred tacheology whea village populs-
tioa is about 1,500 persons. Exhibit IV shows the life-cycle cost competitiveness ranges for
ths threo techeologies 23 & feaction of village populatios size, insolation, and weli charac-
teristics when water demand is 20 lpcd. When a well costs $2,300 and the water table is 20
m desp, PV is the competitive tacheology ut an insolation level of 5 kWh/m?/day for a
village sf 1,000-2,000 persoms. Whea insolstion is 4 kWh/m?/day, the competitive range for
PV aarrows to 1,200-1,500 persoas/village. At insolstion lovels of 6 kWh/m3/day, the
competitive village size renge for PV iecrasses %0 800-2,200 persoas.

As well costs and water table depths ipcrease, PV becomes competitive at smaller
village sizes. Also, the ~ompetitiveness of PV gystems encompasses 8 larger range of villege
sires &3 incoletion incresses. Thesefore, is some West Afcican countries, where wells cost




Exivibit 1)
SCENARIOS EVALUVATED AND SENSITIVITY ANALYSES CONDUCTED

A. For 20 end 40 lpcd water demend, plane-of -array worst-month insolation levels of 4, 3,
and 6 kWh/m?/day and the following well characteristicx:

- $500 cost und & 5 m depth (e.g., Bangladesh)

- $1,500 cost and 2 20 m depth (e.g.. partz of India and East Africa)
- $2,500 cost and a 20 m depth (average conditions)

- $5,000 cost and 8 20 m depth (e.g., West Africa)

- $5,000 coet and & 40 m depth (e.g.. West Africa)

This consists of a total of 30 scennrios.

B. Sensitivity analyses were conducted for water demands of 20 and 40 Ipcd by varying the
following paremeters from the Base Case:

1. Diesel fuel cost equals $1/liter. This reflects situstions where fuel delivery is dif-
ficult and costly.

2. QOae day of water storage for the PV sysiem instead of three days. Three days of
water storage ensures that 99% of the time the designated water demand (e.g., 20 or
40 lpcd) is aveilable. When one day of storege is used, availability is about 97% or
demand may not be fu'.y satisfied for about 11 days of the year.

3. PV array cost of 50% to 200% of the base-case assumptions weas used to assess the
impeci of PV array cost veriations.

4. Reduction in handpump life from 10 to 5 years was used to evaluate the impsct on
PV competitiveness of shorter handpump life.

5. A reduction in saslysis lifetime from 20 o 10 years.

6. Use of at least two wells per village for PV and diesel systems (0 ensure very high
water supply reliability.

7. A reduction ia well yield o 2 m®/hour to account for situations where pumping rate
aust be limited so that excessively high drawdown does pot occur during continuous
pumping.

8. A reduction in water delivery rates of handpumps end standpipes to reflect water
collection inefficiencies.

9. Halving the number of persons served per standpipe to assess the impact of making
the aumber of persons served ut 8 standpipe epproximately equal 10 the number
gerved at 8 handpump.

“The Base-Case sessumptions Insolation - 5 kWh/m?/dsy: well cost - $2,500; water table
depth - 20 m; diegel fuel cost - $0.50/liter; 3 days water storage for PV system; 6 hours per
éay use of water poist; 20-year analysis time frame; one well per village for PV and diesel
systemas; and adequate well yield.
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$5.000 to $10,000 each, and insolation is 6-7 kWh/m32/day, PV would be the preferred tech-
pology for villsges with populations a3 small as 200 persoas.

At 8 40-Ipcd consumption level, PV is the lsast cost techaology for even smaller
villages. Village sizes where PV is competitive range {rom 0 to €00, depending cn insciation
and well charecteristics (20¢ Exhibit V). The sverage village size where PV is competitive
is about 400 persons. As in the previous case, PV competitiveness occurs at increasingly
smaller village sizes as well cost and water table depth incresse.

Exhidit VI shows competitive water costs, per capita initial capitsl costs, and cor-
responding village sizes under average (Base Case) conditions. When water consumption is
20 Ipcd, averuge cost of water from & PV pumping system is about $0.44/m®, or about
$3.20/person per year. At a 40 Ipcd consumption rate, average water cost is about $0.93/m?®,
or sbout $13.60/person per yeer.

Bxbibit VI
Least Water Cost Techaologles for Various Village Slaes
Under Average Well Co-dmong'

Insolation: § kWh/m?/day

Least Village Size Per Capita
Water Cost Range Water Cost Capital Cost

. Y (no./village) __ (S/cubicmeter) ($/person)
< 20 liters/person/day water consumption >
Handpump 0 - 1,000 0.50 20
Photovoltaics 1,000 - 2,000 0.3 - 0.50 19 - 24
Diesel » 2,000 0.20 - 0.38 6-10
<= 40 liters/porson/day watsr consumption >
Hendpump 4 0-80 1.35 105
Photovoltaics £0 - 800 6.50 - 1.35 S0 - 128
Diesel > 800 0.35 - 0.50 20 - 25

© Average well conditions: 20m water table depth and $2,500 well cost.

Exhibits VII and VIII show the sensitivity of PV competitiveness to 8 number of vari-
sbles when water demand is 20 and 40 Ipcd, respectively. Anslyses are conducted under
average coaditions (i.e., insolation at § kWh/m’/dny and 20-m water depth and a well cost
of $2,500). The principal observation is that the village size at which water from PV
becomes chupor than that of handpumps does not vary significantly, even with major
changes to important variables. The two exceptions for the cases occur when well yield is
bmunsmdwhenammmmc twowellsnmed Annm:ummmmn&mnm_mm




Exhibit Vil
SENSITIVITY ANALYSIS,

Lide-Cycie and Per Capita Initisl Cost Competitiveness

BGCENARIO
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Exhibit Vil (Cont'd)
SENSITIVITY ANALYSIS
Lite-Cycle and Per Capita Initisl Cost Competitivenesn
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Exhibit Vil
SENSITIVITY ANALYSIS

Lite-Cycle and Per Copita Initial Cost Competitiveness

SCENARIQ
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Exhibit Vill (Cont'd)
SENSITIVITY ANALYSIS
Life-Cycie and Per Capita Initial Cost Competitiveness

SCENARID

Water Consumption Leved - 40 LPCD
inesistion Lovel - 8 BWh/8?/Day
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Exhibit 1X

REGIONAL PUMPING SYSTEMS POTENTIAL DEMAND DISTRIBUTION
Tota! Potential Demand - 264 MWp
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A very large population can be served cost effectively by F'/ water supply systems.
Exzhibit IX presents s preliminary estimate of regional markets for PV water pumping sys-
tems. The market is of the order of 250 MWp, ‘which is several times current woridwide PV
production cepacity. Additionally, rural populations are continuing to grow at a rate of 30
io 3¢ million persons per year. If PV retains its market shere, the snaual demand for PV
for this new population is nearly 10 MWp per year. These assessments are based on gurrent
costs of PV.

Exhibit X shows the uumber of individuals in rural areas expected to be served by
handpumps, PV, and diesel water supply systems. Handpumps will continue to serve the
largest group. The handpumps will serve mainly the shaliow well market.} It should be
noted that the merket estimate for diesels is based on the reliability of fuel supplies and
maiatenznce services in rursl ereas. Ino many perts of the world, particularly in Africa,
diesels have a poor operating record. If diesels are infeasible, then PV pumping systems
could likely replace them.?

Exkibits XI and X11 show the sensitivity of water costs to changes in installed PV
array cost for 20- and 40-lpcd demand, respectively, under base case assumptions. The
impact of PV array costs on the market for PV is shown in Exhibit XIII. As the exhibit
shows, if array costs decrease to $4/Wp installed, the market for PV increases by about 42%
to 376 MWp. Conversely if installed array cost is $12/Wp, the market declines by 57% to
113 MWp.

Conclusions

Thres important conclusions emerge from the analyses:

1.  Under aversge insolation snd well conditions, at & 20-lpcd water use, PY supplies the
i I for vill ing in size f 1.000 t0 2,000 % If

80 to 800 persons. As well costs inczease, PV becomes competitive st even smaller
village sizs. The potential market for PV RWS systems that can serve villages in the
coat-competitive size range is immense, many times the curreat worldwide PV manufac-
turing capacity.

2. Contrary to conventional wisdom thst claims PV is a capital-intensive technology, the
analysis shows the per caoira initial capital cost of PV svitems to be similar to, and
technology.

3. EY water supoly systems can provide water at n cost scceptable to rural families. In
the competitive range when water demand is 20 Ipcd, cost of water from PV systems is
equivalent to less than 2% of the annuel income for 2 persoa in a poor developing

! The handpump market segment includes popuiations to be served by surface water
sources. Date were not svailable for dissggregating this market segment any further. It is
conceivable that PV or diesels could be the power source for pumping water from aon-
gravity-fed surfsce water sources.

Note that t.e present analysis did not consider other pumping power sources such as

wind power which, in suitable aress, might pump water more econonically than PV or dies-
els. A wind technology competitiveness analysis was beyond the scope of this study.
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Exhidit Xi
WATER COST VARIATION WITH PV ARRAY COST
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country.? Seusders end Warford of the World Bank moto that s frequently wsed rule-
of -thembd® is thet 8 rurel, oser-subeistence family “should pever have 0 pey more thap
about 3% of their iacome for water.®®

These lnferences bave two far-reaching implicetions for both rurel water supply sys-
tems pleasers aad for PV pump’ag system mesufacturers

They cap be implemented
R me POMEATRERIE D BRI DL = KN e SR AL FERA A LI A ' o I.
edditioa t0 providing water at lower cost bapndpumps, the weter supply project
will also produce other benefits such @2 8 Mmore convenient water source that cap be
ezpaaded iscrementally as the village grows, without drilling sdditional wells.

. i 4

| B LAy g VAN EL LfN 7y AR XA AR R CYURE 2 K3 . " MOl ril e N jrale, Y A8 RS 1
yery hacee. Therefore, iavesting ia the development of PV pumping products specifi-
cally tailoced to puit the epplicatioa requirements will have a high payoff. The poten-
tial enarket is of be order of 2350 MWp for typical PV pumping systems of sbout 1-3
kWp each, for supplying 12-40 m®/day of water from intermediste and deep water
tabies. Theso systems would ssrve villages with 300 to 2,000 persons.

PV provides 8 techaically feasible sed economic means for supplying water to saoder-
ate-tized villages. Previously, the oaly eltermatives were dissels or handpumps where grid-
electric-powered or gravity feed water sepply systems wore infeasible. The PV pumpiag
systema, with their low recurrent costs, Bow perovide the rural water supply planser 8 cost-
effective nltermative technology to haadpumps cad diescls. Planners should iavestigeto the
suitability of PV for their specific nseds. Whore ascessary, sseistance could be sought from
international ead bileteral doaor orgaaizations for esseming the feesidility of PV systems (or
specific epplicatioas and ¢ procuriag the systems.

A sumber of important iastituiloaal aed organizetional concerns must be addressed
and resolved ia the project design o ersure that a PY-based RWS system can bo operated
successfully in 8 rural setting. These coecerms 8re oleo pertinent for handpump- sad disse!-
besed RWS systoms. These issues include the followiag

¢ The demaed for water must be sccurstely dotormised.
© Usore must be educeisd oa respoasible water wse.

o Exzwet and type of community iavolvement is specifying roquiremonts, installation,
eperetion, ead mintesance of the system mue: bo established.

© A respoasive end reliable meistnesce system must be established. I particuler, the
relative roles of the community and the public sector authority must be delinsated.
Appropriate training must be provided s community personnel on operation and
maiatenaace of the system.

SW/eter cost whes well costs are $2,500 and issolstioa is § kWh/m®/day is $0 40/m?
ipcd. Amumiag @ per capita ansual income of $200, seaval water expenses are 1.5% of per
capita income (excludes water heuling cost).

‘Sewaders, R.J. and J.J. Warford, *Village Water Supply: Economics and Policy in the
Developiag World® The johas Hopkins University Press, 1976, pp. 187-188.
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1.0 INTRODUCTION

1.1 Bsckground

Water supply is regardod by the ‘nterastions] community es 2 “dasic human right”
and an integral component of any primary health care program simed et eliminating water-
borne diseases and morbidity. In 1980, the United Nations launched the International Drink-
ing Water Supply and Senitation Decade (1981 - 1990) with the goal of providing safe drink-
iog watsr end sanitation to all rurel and urban populations. While the Decede has succeeded
thus far in expanding water coverage, nwearly pne billion people living in the rural ereas of
developing countries remain without access tc a safe and reliable supply of water.! In-
volved development agencies bave re-examined the progress achieved to date and concluded
that the problems are many and varied. They encompass the techaical performence and
relisbility of rural water supply pumping systems, the t=ck of adaquate infrastructure to
fupport sysiems, end the shortuge of funds to pay fou these systems.

A ssfe, reliable, and convenient water supp 'y is critical to rural development and
economic progress in develoning countries. Grousdwater sources, rather than limited, tradi-
tional surface sources, are preferred for rural water supply for sanitary ressons. Ground-
water resources require the use of & pumping technology. In an effort to promote the
development of reliabls, low-maintenance, and low-cost pumping technologies, the United
Natioas, World Baalk, and sssocieted internationsl egencies have lavestigated water supply
systems based on handpumps, photovoitaics, and diesel pumping technologies.

The handpump is preseatly the most commonly weed technology for rural water supply
despite problems associsted with the handpump including high failure rates, limited water
withdrawal rates, snd unsconomical use of expensive wells. The United Nations Development
Prograreme (UNDP) and World Bank are attempting to solve some of the problems essociated
wita hmdpumpn by designing pumps which can be operated and maintained at the village
level.? While diesel-based systems tend to have a low initial cost, they also tend to have g
very high recurrent cost. Diesel systems also require skilled meintenance and operating
staff 22 well s 8 reliable supply of fusl. Recent improvements in the cost and performance
ofry’ppmpmmhvogmdyimwdtbcirmntidformnlnmnpply(k“)

Previous scudies carrisd out by the UN, World Bank, and government agoncies have
sought to defins the techaical, infrastructural, and economic fectors of handpump, PV, and
dicss! technologies. "Small-Scale Solar-Powered Pumping Systems: The Techsology, Its
Economics and Advancement” by Sir William Halcrow and Purtners, oxamined PV water
pamping techoology through @ laboratory test program. The “Evalustion of laternational PV
Projects® coaducted by Meridian Corporation in 1986 was o systematic cost and performance
analysis of PV-pov ered systerns 23 an energy techeology for use in rexmote areas of the
deveoloping world. While the Msridian stedy concleded that PV is cost competitive with

IUsited Nations Gensral Assembly, Economic and Social Council, “Progress a the
Arnzinmgnt of the Goals of the Isternations] Drinking Water Supply and Sanitation Decade,”
March 6, 1985.

SAriosoroff, S.; G. Tschannerk: D. Grey; W. Journey; A. Karp; O. LangenefTer; snd R.
Roche, "“Community Weter Supply: The Handpump Option,” A joint contribution by the United
Nations Developeent J rogramme and the World Bank to the Internstiona! Drinking Water
Supply and Samitation 1lecede, Washington and New York, May 1987,
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diesel for selected ranges of water supply application, the focus was on pumping technology
rather than on comparative performance within the total rural water supply system.

This investigatios examines the conditions under which PV can compete with hand-
pumps snd diesels for supplying water to rural communities pased on 8 consistent set of
assumptions. The analysis takes into consideration all components of 8 RWS system, includ-
ing the water supply/demand function and other characteristics of the village, and the cost
and performance of the well, the pumping technology, the storsge, and distribution network.
This study was undertaken to ascertsin conditions under which handpumps, PV, and diesels
would be the cost-effective technology for RWS systems.

1.2 Study Objectives

The purpose of this study is to determine under what circumstances PV pumping 2ys-
tems can compete technically and economically with handpumps snd diese! pumps for supply-
ing water to rural communities. The specific objectives are a3 follows:

1. Determine economically competitive ranges for PV relative to handpumps and diesels
for supplying water to rurel communities, &8 & function of water source depth, village
size, water demand, solar resource, and cost and performance characteristics.

2. Determine how the initial cost of @ PV water supply system compares with that of a
rural water supply (RWS) system using low-cost technology such 88 handpumps.

3.  Estimate the potentisl market for FV-powered RWS systems.

4. ldentify the functions! specifications of PV-powered RWS systems so that PV systems
manufacturers can design products to better meet user needs.

The focus of this investigation is oa rural communities with o access to grid elec-
tricity or safe surface water sources.

1.3 Audience for the Study

This study provides information useful to rural weter upply planners who select
water supply technologies to suit the needs of rural communities. It will also aid planners
in determining a niche for PV, diesel, sod handpump weter supply systems based on water
depth, village size, level of demand, insolstion levels, and cost and performsnce of the
respective technologies.

The study results will also be useful to equipment manufacturers who develop prod-
ucts t0 meet the requirements of rural communities around the world. A preliminary es-
timate of the market for PV and preliminary PV system specifications have been developed
to guide PV manufacturers in development of appropriste techaology for the rural water
supply market.

1.4 Organization of the Report

Chapter 2 of this study examines the water supply needs in rural communities in
developing nstions. It charecterizes the extent of the need, discusses the water resource

1-2



coanditions found in many regions of the world and examines the major problems in meeting
the rurzl water supply needs in developing countries.

Chapter 3 presents representative handpump, PV, and diesel RWS system configura-
tions used in the aulysis. These characterizations are not meant to preclude other pumping
techoologies which ray be equally, or even more suitable for specific water supply condi-
tions. Detsiled performance and cost data on the rcpresentative technologies are reported
in Appeandix A.

‘The analysis procedure is described in Chapter 4. Detailed descriptions of the model
including all the mathematical relationships are given in Appendix B. A sample ensalysis is
shown in Appendix C.

The detniled analysis results and its implications are presented in Chapter 5. Graph-

ical output for the various scenarios investigated are provided in Appendix D. Finally, in
Chapter 6, the study conclusions are discussed.
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Exhibit 2-1
HUMBER OF PERSONS WITHOUT ACCESS TO SAPE WATER (1983)

Africa
-Urban GiiZll) (60 misiion, 455%) °
-fure (TR (252 mison, T1%)

Asia snd the Pactiic (excluding China)
(A IVIYILY |

- Urban (162 mision, 33%
= Rural i T

(888 miltion, 64%)
Latin America & the Caribbsan
-Urban  EZ20 (38 muwon, 18%)
-Ruiat G (a5 mitiion, 51%)

Westemn s.5l8
-Urben G (1.8 mittion, §%)
-Ruret BB (12 mittion, 50%)

* in parentheses: 1) the total number of peopls Dy saclor without 800088 0 8810 wBler SUpplies; end
2) the parcant of thot sector's f0tal population without oefe water suppiies.

Source: United Nationg Genoral Assembly, Economic end Socie! Councll, “Progreea in the ARainment
of tho Geels ¢! the international Drinking Weter Supply end Seniation Decede,” March €, 1688,
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20 RURAL WATER SUPPLY REQUIREMENTS

The United Nations estimates that over one billion people in the world curreatly lack
access to an adequate supply of clean water (see Exhibit 2-1). Over 75% of these people
live in rural areas of developing countries where populstions are growing fastest and where
basic services are the poorest. Contaminated water is 8 major source of disease and death
in those parts of the world. Consequently, providing clean water to thess areas has b:come
e major health priority for both multilateral development institutions end individual govera-
ments.

Southeast Asia, Eastern South Americs, Eastern Mediterranean, and Africa are the
regions with the largest unserved populations. Rural ponulations sre growing st 8 rapid
pace, and development organizations and governmaents have rot beet able (o install sefe
water supply systems at @ rate fast enough to even maintain historic levels of coverage. As
a result, the problem has been worsening with time.

The safest suryiy of water is maturel springs or wells that tsp groundwater. Access-
ing safe groundwe’er supplies involves installing wells and various pumping equipment. In
the absence of a safe water supply, most rursl people have to rely on surface water from
rivers, streams, ponds, or lakes to meet their peeds. Thess surface water supplias are
geoerally contaminated with various pollutants, commonly coatnining trec ¥ of humas asd
animal wastes.

A high correlation exists betwees commuaities that have to rely os surface water
and various crippling and fatal diszases that are borne by buman and eaimal waste. Conse-
Queatly, the World Health Orgapization (WHO) has determined that the “provision of @ safe
and conveaient water supp) is the single most important ectivity that could be uadertaken
to improve the bealth of people living in rural aress.*®

In response to the growing health crisis, the United Nations Development Programme
(UNDP) Isunched the 10-year program, “The International Drinking Water Supply ead Sanita-
tioa Decade” (IDWSSD) in 1980. The goals of this program ere to bring safa water to all
rural people by the year 2000. An integral part of this program involves installing rursl
wiiter pumping systems in villages. The United Nations Development Programme resident
representatives have besn designated to coordinate the United Nations Programme with
external support for this initiative ia each country.

2.1 Watar Demand

The wemand for water varies by regioa and depends oa the climate, convenience,
usage patteras, customs, and the degree of mansgement t0 minimize waste. The regional
variation in per capita water consumption i illustrated in Exhibit 2-2.

The major fector in determining water demand is conveniencs. The World Bank has
determined that “if there is 8 supply in the houss or courtyard, coasumption may be five or
more times greater than if water has to be fetched from a pudlic water point.®® Converse-

SUnited Natioas General Assembly, Economic and Social Council, “Progress in the
Attsinment of the Goals of the Internstional Drinking Water Supply and Sasitstion Decade,”
March 6, 1985.

“The World Bank, “Village Water Supply,® 1984, p. 32.
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EXHIBIT 2-2
Range of Water Consumption Dy Regloa

LITERS PER CAPITA PER DAY
(lpcd.)
REGION Minimum_______ Maximum

Africs

Southeast Asia

Westera Pacific

Eastera Moditenanean

Evrope (including Algeria, Morocco,
asd Terkey)

Latin America and the Caribbean 70 190

S8
&

World Average 35 90

Source: World Bank, “Villuge Water Supply” 1984, p. 32.

EXHIBIT 2-3
Averege Rogloaal Water Table Depths

AVERAGE DEPTH OF

WATER TABLE
LOCATION {meters)
South America 10-20
Central America i0-20
North Africa & Middls East 20 - 50
West Africa 15-3
East Africa i15-3
Southeast Asia & Pacific 5-20

Source Discussions with Dr. Robert Roche, World Bank, March 1987 ead IT Power, Inc.
water supply databases.




ly, if water has to be carried more than & mile, consumption may be as low as 3 liters/
capita/day, which is close to the minimum peeded to sustain life.

Convenience is also 8 criticel fector in determining whether people will use & clean
water source. [f a pewly installed well is not sufficiently convenient to use because of its
location and the time spent waiting at the ;aucet, people often revert to using their old,
often polluted surface water sources.

2.2. Water Resources

The availability of surface water in rivers, streams, lakes, and ponds has been suf-
ficient to maintsin rural communities, but ot & mejor cost to their health and iavestment in
time. The major source of clean safe water is yroundwater. The criticel factor that hes a
major impact on the cost and esse with which clean water can be provided to rursl com-
muanities is the depth of the water table, the cost of drilling wells, and the cost of sus-
taining the pumping techoolog,.

The depth of the watar tabis can vary coasiderably by area. As 8 result of various
metsorologicel and geological factors, some gensralizations can be mede about the depth of
the water table on different continents. As shows in Exhibit 2-3, the average depth of the
water table is greater in Africa (ranging between 15 t0 25 meters) than in Southsast Asis
(ranging botwesn 5 and 15 meters). It is estimated that globally about 45% of the wells in
rurs] sreas have pumping lifts less than 10 meters. About 75% of the wells have lifts less
than 20 meters, and §5% have lifts 25 meters aad less.®

The cost of drilling wells also varies fairly dramsticelly from ons region to the next,
even though basic well-drilling techaiques and equipment may be similar. For instuncs, in
East Africe the cost of drilling a 15+ to 20-meter well may be about $2,500; while the cost
of drilling the same well in West Africa may be as high as 35,000 to $10,000. Thsse large
variations in well drilling costs are generally attributed to ths lack of dusiness competition
ia e region and the price structure for equipment and labor.

23 Masjor Problems in Mesting Water Supply Needs in Rural Aress of Developing
Countries

The major challenges in developing safe weter supplics in the rural areas of davelop-
ing countries are financing, techaical training, suitable techeolrgy development, and imstitu-
tios building to manage installstion and ¢asure the reliability of rural water pumping sys-
tems. These rural water supply problems sesd t0 be eddressed in a coordinated way in
order to achieve any lssting success.

The Internstional Drinking Water Supply and Sasitation Decsde has helped alleviate
the shortage of fimancing for water supply development, even though the need for funds
excseds what this program cen provide. Despite the sew imput of funds, providing for rural
water supply has sometimes been hampered. The major problem, after financing, has been
mainteining system reliability in the field. Ia certain par's of the world, installation of
pew pumping systems hes led to dissppointing results -- the sumber of pumping systems that
is breaking down are cutpacing the sumber of new gystems being installed. The solution to
this problem lies in three basic strategis.

SArlosovofT, op, git. p. 27.
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First, the pumping technology must bé appropriate for village-level operation and
maintenance. Overly sophisticated technologies chat require specialized parts and expertise
tc =aintain have most often led to failure. Ir. vesponse, the World Bank has established
criteria for handpump design that require village-level operation and msintensnce (VLOM).
The technology must be simple and reliable enough that it can be entirely maintained by a
village technician, end spare parts should bs simple, cheap, and stockpiled at the village
level.

Sscond, local institutions should be encouraged and developed to ensure the neces-
sary management to install and maintzin pumping systems. As the World Bank has con-
cluded, “The highest potential for sustainability is schieved when the community is involved
in all pheses of the project, starting from the planning stage. If the scheme is to continue
to operate satisfactorily, people in tha villages have to recognize the nesd for improved
service, be able and willing to pay for thas maintenance cost (and eventually the construc-
tion cost), and be willing to manage its maiatensnce.™®

Third, financing for rurel watsr supply systems generally requires somw lovel of
development organization and/or government funding, ewecislly at the beginning. There is
2 continaing debate about the extent to which rural communities can be expsected to pay for
water pumping systems. There are two major factors that generslly lead to the conclusion
that some form of outside assistance is neseded for financing capital equipment and installa-
tion: (1) the political coordination needed to collect paymanes from community members for
@ msjor capital investment is usually burdensome to the point that nothing procesds; and (2)
there is o stroag tendency for rurel people to return to their old contaminuted water sour-
ces &s $000 &3 major delays, distances, or costs are encountersd at 8 clean water source.
Conversely, the cost of mainteining & pumping system can be and generally is essumed by
the rural community.

24 Current Status of Rural Water Supply Technologies

Ia rural, sonelectrified areas, the most common means for drawing waier from wells
sre human- and animal-powered pumps and dissels. Handpumps are by far the most common
mechanical water pumping techeology despite the problems relating to reliability and main-
tainability of the pumps. Recognizing thess difficultics, the World Baak and UNDP with
support from & number of multilateral and dilateral sid agencies embarked on a program to
develop workable handpumps and sanitation technologies for the developing vurid. The
program has spent over $30 million to date. The program has resulted in the development
of the "Afridev’’ krndpump which mests the reliadility and mainteinability criteria.

Dissel-powered pumps are & femiliar technology in many developing countries. If the
infrastructure ir in placs for supplying fuel end for mainteining the engines, diessls are a
cost-effective power source particularly for supplying water to larger rural communities.

Relative to handpumps sed disssls, PV-powered pumps sre 8 pumping technology of
more recent origin. Over 2,000 PV pumps have been installed worldwide. A number of
companizs in the US. and in other countries manufacture PV pumps. Research and develop-
ment sctivities simed at improving PV pump performance and reducing costs are ongoing.

®Arlosoroff, gp, cit., p.3.

TEast African Team of the UNDP/World Bank Handpump Project, “The Afridev Pump:
Designed for Communitv Management,” Executive Printing Works, Nairobi, Kenya, February 1987.
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More deteils on thess pumping technologies can be found in Appendix A.



Exhibit 3-1

PUMPING SYSTEM CONFIGURATIONS
V- or Disecl-Dased Rurel Water Supply Byetom with Sterage and Standpipe Distribution
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30 SELECTED RWS CONFIGURATIONS AND PERFORMANCE DATA

3.1 Techaology Coafigurations Evaluated

The choice of technology will depend on & number of parameters including village
size, per capita water demand, well charecteristics, and cost apd techaicel performencs of
the equipment. The following three systems are teing compared:

1. Handpumps. Each handpump instailed on a well serves 2 certain numbder of persons.
The aumber of persoas served depends on the per capite wster demand, the number of
bours 8 pump is used daily, and the amount of time & person is willing to spend gath-
ering water. Handoumps are typically used for water demands up to about 40 liters/
capita/day (lpcd). If the village has more people than can de supportsd by ons hand-
pump, then two or more headpumps are vsed. The principal handpump system com-
ponents gre the handpump sad the well,

2. PY ppmping systems. Each PV pumping system provides water to one or more stand-
pipes (public faucets). The sumber of persons served at 8 faucet is determined as in
ths hendpump case. If the village has more people than can be supported by one
standpipe, then two or more standpipes are used. One well with a PV pump is used o
supply water to all standpipes, unless well-yield limitations preveat an sdsquate amount
of watar t0 bs withdrewn from the well. In such cases, two or more wells are needad,
or batteries are ussd 0 operate the pump over g loager period at @ lower pumping
rate. The principal PV pumping system components are “he PV array which directly
cosverts sunlight into elsctricity; motor and pump; optional controls, battery, aad
power conditioning equipment; well; watsr storage mnk; distridution network; and
standpipes.

3. Dissel pumoing svitems. The diesel pumping system is ideatical to the PV pumping
systsz except that the diessl pump repleces the PV pump. Thoe principal diesel pump-
ing system compounents are the diess! engins or generaior set, fuel tank, pump, motor
(if elsctrical), water storage tank, water distribution petwork, we!l asd stzndpipes.

The anslysis will not consider yard taps (house coanections) as the principe! purpose
of this analysis is to determine the niche bstwesn handpumps and diessl pumps where PV
pumping is competitive, and handpumps sre not commonly used to provide water to iadivi-
dual boussholds ia developing countries. The same analysis method, with minor modifica-
tions to account for the increased water distribution costs sssocintsd with yardteps, can be
esed 0 assess the competitivensss of PV with dissels for yardiaps. The enalysis also ss-
sumaes that in the case of diesel engines, fuel is readily available throughout the year.

Exhibits 3-] and 3-2 show typical coafigurations of PV, diesel and handpump RWS
systems. As Exkibit 3-1 shows, the differencs bstwsen & PV and e diesel systenm is the
power source. In the case of handpumps (Exhibit 3-2), one pump is used by 8 group of
boussholds in 8 village. For example, if the villagse has 100 households, five handpumps may
be provided.

Weter pumping systems have been configured for tl vee genersl application ranges
(1) shallow water table; (2) low-flow, intermediate and doep water table applications; sad (3)
high-flov’ intermediate- and deep-water table spplications. For each configuration the
equipmest capital costs, system life, performir.ce, and operation and maintenance (O&M)
costs were estimasted for handpump, PV, and diesel-based water suppl; systems. These dats
ssrve as input for ths competitive assessment of the pumping technologies. This section
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ts 8 block disgrem of the coafigured systems ned provides key isput deta for each

este & ¥ L OO JTITRE 9w ek A o

system. More detailed laformation is provided in Appendiz A.

The selected equipment coafligurations are based oo the recommended aepplicatioe ranges
of commercially available motor/pump sets. Thess limits are a fusctios of water table depth
end daily weter demsad. For onample, surface-mouated centrifuga! pumps are limited t0
epplications wher» the weatse table depth dore a0t encesd 7 meters at ses lovel. Beyoad 7
meters, & centrifegel pumyp will lues suction (1.e., the abill v to draw water from the well),
For iatermediate and deep-well applicatioas, the choice is  jackpump or submevsible motor/
pump set. The determisant in theso cesss is required dail, flow. At s water depth of 20
maters, jechpumps are & good choics for weter if demand is balow 30 cubic meters per day.
For demand mocre thas 30 cubic meters per day, 6 submersible motor/pump set b preferred.®
The represeatative pumping coafiguretioas should be viewed s examples caly. Dependiag on
specific circumsinaces, cthor pumpiag techaclogics may be better suited.

32 Shaliow Water Tabis Depsh Applicatioas (< 7 Meoters Water Table Denth)

The major compoasets of baadpump, PV, and diesel RWS systems are showa in
Exzhibit 3-3.

The haadpump systom cozsists of & well and suctica hasdpump. A Tera section
bandpump has besn weed s 2 representative techaology. The Tars is 8 “row geserstios
bhaadpump,® typical of curveat shallow-well pump techaology, aad coasidered suitable for
water supply ot dopths of wp o 19 meters. The Tese is @ simple direct-acting handpomp
which is regasrded es relatively essy 0 mesufecture, maintain, and repais.

The photovoltic pumping sysiem coasiats of 8 well with o surfece-mouated single-
stage costrifugal pump powered by & DC motor. Power is supplied to the pump throagh 8
coatrol systema. Coatrols help improve the pump/motor effk ioncy by matchiag the curreat/
voltage charecteristico of the esvey o that of the motor/pump sot.

The preferved dicse! pump ocoafiguratioa for shallow pumpieg applications with 6
pumpiag bead ia the 3- ¢ 10-mster reage b o dicss) engins directly coupled ¢ a surflece-
mouatsd contrifugs! pump. The dicsel cagine commoaly wsed i thesy types of rural pumping
applicatioas in developiag countries is & two-cycle engies with o largs flywbesl. The typical
pemp is o centrifugel pump that s mousted va, end opereten eatirely, from the surface.

33 [laowrmediate/Desp Weier Todle Depth Applications (20-40 Meters Water Table Depth)
331 Low Flow (< 30 m%/day)

Block disgrems of the beadpump, PV, eed dissel systems coafigured for an imter-
medints/deep water table depth, low-flow epplication are shows in Figure 3-4,

Handpump cystem dete such 28 cepital costs, O&M reguirements, and life for this
epplicatica were bessd oo dute for two commercinly available headpumps, the Mark I, the
vmm";“mwumnuhmwwmmmmwm

®Keoaca, J. and B. Gillst., “Solar Watsr Pumpiag A Handbook,® Interraediate Techanlogy
Publiceticas, Loadoa, UK. 1985.




Exhibit 3-4
INTERMEDIATE/DEEP WATER TABLE SYSTEM CONFIGURATIONS (<30M/DAY)
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The photovoltaic system selected is 8 PV array directly connected 1 g surface-
mountsd DC motor which drives 8 jeckpump. The system includes power conditioning equip-
@maeat t0 match the cyclic power demand charecteristics of a jeckpump to the more coa-
tinwous PV power supply.

The preferred diese] pump coafiguration for intermediste well depths of about 20 to
40 meters in v diesel engive directly driving @ jeckpump. The diesel engine commonly used
in this ccafigurstion is a four-cycie engine. The pump commoniy used in this application is
& positive displacoment pump using 8 derrick arm design and a submerged pump cylinder.

332 High Flow (» 30 m%/day)

Plank dlonorme aff Leoadercaan B and Llosel cemtmons a8 ousend l"“. o A-.—-‘:“-.
figurstioa is the same as in the low-flow case.

The photovoltaic system coasists of & well, PV erray, coatrols and inverter, and oc
m@motor/pemp et B the case of an 8¢ system. A dc mortor/pump st 0 weed for motors less
than & | EW roting. Costrols ere wsed with de systom. The system uses @ multi-stage
ceatrifugal pump with 8 submersible motor. For power demands grester thea 1000 W, e ac
system powering 8 submersible ac motor which operates o mslti-stage ceetrifugal pump is
essemed. The ac motoe/pump sst is similar 0 o sumber of systems powered by grid elect-
ricity that bave besn used for many year ie dovelopiag coustriss. Controls and aa iaverter
ere nseded for the oc system.

Ths dissel pump confligurstion i e diese! eagine driving an electric generator which
is ture drives an electric motor and pump. The dissel engins commonly used in this con-
figuratioa is 8 four-cyclo engine with an ec generator. The pump is 6 centrifugal submer-
sidls pump with an electric motor. Becsuss the submerged pump requires electric conductors
caly betwesa the dicssl gen-est asd the bottom of the well, installing the pump is easier

3.4 Ues of Batieries in PV Weter Pumplag System

Batteries are soevetimes used in PV water pumpiag syztems sad vrve 8 aumber of
parpote

o If water storage costs ere high, batierv storags may be the prefermed altermstive.

o Bocouss the betieriens 6ot 60 8 coastant voltege ssurce they caa bs wesd to operate
the pump undsy optimal coaditions. The gain in pump efficisncy results in 8 reduced
PV mstay sise sad may compensate for both battery energy losses end the cost of
the batwry.

o I the well yield is Emited, such e in erves of West Africa where well yield is 1-2
m®/bour.? a battery is sseded o sllow ths pump to operate over 8 ‘onger period of
time st o reduced pumping vete. I a battery wes mot wsed, the pumpisg rate wwould
be proportiosal 10 sualight iatsasity end et srouad mooatime, the pumping rem could
excoed well yisld There have bess casss in which pomps heve beea damaged due to

®Ariosoroff, gp, cit.. p. 53.
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Jxivibit 3-8

INTERMEDIATE/DEEP WATER TABLE SYSTEM CONFIGURATIONS (>30M"/DAY)
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excessive drawdown caured by (0o high 8 pumping rats. The alternstive to batteries
would be to drill extra wells and reduce the amount of water withdrawa from each
well.

The esalysis will consider the effect of wing batteries oa . V system visbilicy.

35 Key Input Deta Assumptions

Exhibdit 3-6 iz a :mbulation of data used in the analysis. Detailed datz are shown in
Appesdiz A. The anslysis is conductsd for three “worst moath® plane-of-array insolation
lavels of 4, 3, and 6 kWh/m?/dsy. As Exhidit 3-7 shows, these plane-of-array insolation
renges are represcatative of the values occurriag in most of the developing world. These
datm are used to perform comparative analyses of basdpump, PV, and disssl pumping tech-
sologies for various applicatioa scenarios.




Exhiblt 3-8

INPUT DATA ASSUMPTIONS
PARAMETERR WATER TAGLE ODEPTH
Bheliow intermodisto Doep
1. LIR?® (Meters, Buction/Dischargs) 8/1¢ 20/10 20/10
2. PV Motor/Pump Efciency® 25% 8% 8% ¢
PV tlotor/Pump Efiicioncy (with battery) a5% 48% a8%
PV Arvey Eftcioncy 10% 10% 10% b
PV Balance of Syotem Eficioncy 0% 0% 0% P
3. Blsoel Fuel/Weler Bfficioncy® 6% % &%
4. Weter Barage (cquiveiant dayo of everoge
- pyvd Caly conmmnpiien) L] ] 2
- Diseai® 2] | ) |
8. Watsr Corsumpiion (ierd por copiia por 0,490 20,48 25,40
dey-L.PCD)
0. Woret Mioath tnaclation On Plaro of Arrey 4,8,0 4,68 48,6
RWi/av/dey )9
7. Opavation & Maintenance
(% of Capital Cost/yv)
- ton-t8echenical Equipment P % 1% 1%
- Hendpaump! 16% 16% 16%
- PV Arveyd % % 1%
- Migter/Pummp Bet} 1% 0% (< 38 w*/dsy)
8% (> 3¢ w*/day)
- Digoe! Enging Sod’ 16% 18% 15%
8. Equipmaent Lite (yoare) .
« Hondpump® 10 10 10
- PV Arvey! ] 20 %0
- Sctor Pumgf® 0 (29 - &0, Head, < 30 a*/d = 18 yvs)
(20 - 49 , Heed, > 20 w*/d = 7.8 pve)
- Bisss) Bnglae® 10 10 10 :
- Botiory ] 8 8
6 Rendpump Capital Couws? $ 200 8880 + 8 ° Walss Tebio Depih (m)
10, Butiemarged Contritugel Pump? § 276 + 28°ticad + 78" (hourly flow rate (")
11. Dlesel Englea® $ 3080 + 200°uW, for sver 3 kW
12 Disss) Gen-Bot’ ¢ 6000 + 240°uV", for over 3 kW
13. Water Storage Costn® $ 1060° (Volume In cublc meters) 93 _
4. Baltery Sterage $ 200/BVh . 4




Exhibit 3-8

INPUT DATA ASSUMPTIONS

24, Village Cherestoristicsd
Persem) reome Spent ea Welsr

Wego Gormming Werk Hewrefumily
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WATER TABLE DEPTW

intormediste

8 4/day
8 &/doy
8 &/day
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1680
> 1600

210

10 iped
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NOTES FOR EXHIBIT 3-6:

2. Memingl dopth to welsr tzida, A docherge kead ¢f 10 maters Is sdasd to PV and dicoe! cyslana for
siorage end dalribution related koad regulremeonta.

& Bfficlancy of PV-powered molor/cump ool s efficiency (Based on reauits of
*@mell-Gcale Bolar Powered Opm‘:"h. y mm‘m Advencament.”
tMain Report UNDP Project GLO/60/003 enecuted by the Benk).

e Diezs) systom everell eporating cfficioney, J. ilenne, “Ced end Porformanco Dato on Dlsss! Engine
Qenoraiore end Pumpe,” BANDETY-7160 (Albunuergue: Banfla bationa! Lobsrolsrics, Moy 1087).

et pesfermed by IV Power, Ltd

é. reguirewania toe PV eover lnssiction veriancs end peeh demand. Tho lovel of sterege
wmn verigneo protection repressating 09% svallability (Gandle
Leke, 1068).

Weter clorege tor diesel epstem Based on recommendsd proctice (Acssclstss in Rurdl Development
‘(MD)-M“deM-W'I&MMMWNL

L Water consumption conaliivily snelycls veluse,
& troslstion cornilivily eralydle veluse

. Cparaten end walnrireoncs essls tor nen-mrachenics) equiprent bessd en UNDP/Werld Barlt
Hexd pump Projoct cobemalien.

L Hendpump, motor/prm eat ond disse! enging eot are bseod on schaduled and unaschoduled
azintonanco requirementa.

b © & & values fer PV arvey ere beoed en Wyplicel valuce used by (Rdustsy.

& Bouipment o for handpumps based on UNDP/Werid Bank sdopted velues for hendpumpo used
appregimately @ houre per doy.

L PV asvey e besed en DOR eccoicralsd toating programs end related Gold axperiance.

. PV malor/ ost o wor challow wells Sased on epproximale everago ef motor and contritupal

o, For ntprwmaniisto arnd woll eppilcationa, wo Mo lser/punp et liveo are usect: (or
dema «o loco than 20 w/day, o jeckpump oyatom ls Jeslgnated with o il of «ppronimataly

16 yeare (Chronar Tvifoler Corporaion extirmatiss 20-yeer pump Bls with moder roplacement 28 10 yoare);
fov demands greater then 38 m’/day o cubmernible melcr/pump ool is vesd with (0o ¢f 7.8 yoare (Lite
esiirrates tor cubmareibios rerged trom § yease by AY. UeDorsld end ARD to 7 - 12 yeare by Qrundics).

@ Blzeal engine Gle (Keuna, ep cil)

o. Ceat tunctien lor vonveniionel AC aubmersible scosunting lor eiiciency diffsrences. Alss
inverisr coet of § 6.76/Wp added ts PV arvay cost.

P Eathantas frem UNDPNierid Bonk YHandpump Prejoct. :

@ Ulersiclion Corpereiien, Egypt Rensweble Baergy Options ldontification Reparts, 1088,

t. 2eridien Cerporation, op. &b

& Estimetes for laber rate by UNDP/World Bark Hendpump Prejoct.

t. PV oystom coel en 8 $/Wp besls used. Besed in pert en IV Power dota pressnted In “Solsr Powered

Pumping Bystemy Thals Coot and 8
.::numm Economics,” July 1088 and PV industry quotes.
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4.0 METHODOLOGY
4.1 Technology Comparison Basis

A key feature of the analysis is that technologies are compared when they are

providing the same level and auality of service. Service quality and level are defined as
followx:

1.  The emount of water supplied daily per person is the same across all three water
supply systems being evaiuated. Therefore, the benefit accruing tn an individual, based
on availability of water, is the same across all technologies. For example, all three
technologies would supply 20 liters per capita per day to a given village populstion.

2. The time spent by villagers gathering water is the same scross gll three water supply
systams. Therefore, the gost of collecting water is the same scross all three tech-
nologies. Water collection time is composed of time spent walking to and from the
water point, queuing time at the water point, and water collection time. Water collec-
tion time in the case of a handpump is the time spent pumping the water. In the case
of PV or diesel pumping systems, water collection time is the amount of time spent by
a villager at the standpipe waiting for the water container to fill.}?

3. The technologies provide water at the same level of reliability so that water availabil-
ity throughout the year is the same across gl three technologies. The same availabil-
ity levels are attained by using operation and maintenance practices consistent with
reliable equipment performance and using adequate water storage in the cuse of the PV
and diesel systems. For example, handpump usage has been limited to 6 hours s day,
and pumps are assumed to be maintsined reguiarly. 4andpump maintenance is estimated
based on the concept of “Village Levei Operation and Maintenance (VLOM)" promoted
by the UNDP/World Bank.}! Diesel engines are maintained at manufacturer recomm-
ended intervals using sppropristely skilled (and paid) iabor. Ia the case of PV, ade-
quats storage is provided to sccount for cloudy days when the solar energy output is
below average. Also, in the casc of PV, appropriately skilled and paid labor is used
for maintenance.

Since the level and quality of service are the same scross all three technologies, the
Uenefits derived from the water provided will be equal across all three technologies. There-
fore, ool the relative costs need to be compared using cost effectiveness analvsis. this is

an important sdvantage of the procedure wsed in the evaluation.!? Since the water gather-

¥The analysis does not take into sccount the greater effort needed to pump the water
using the haadpump.

Nworld Bank and United Nations Development Programme, “Global/Inter-regional
Project for the Testing and Technalogy Development of Handpumps for Rural Water Supply
and Urban Fringe Areas® (the "Handpump Project”). The handpump project has deveioped
preliminary designs for VLOM pumps for lifts up to 25 meters. Development of VLOM
pumps with greater lifts will be undertaken in the future.

12Cost effectiveness analysis based on the “constant effects® method was used in the
anslysis. This method selects the slternative with the lowest present worth cost that meets
the stated level of benefits, including intangible benefits. See: Gittinger, J.P., “Compounding
and Discounting Tables for Project Analysis,” EDI Series in Economic Development, Second
Edition, The Johns Hopkins University Press, Baltimore and London, 1984, p. 189.
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ing cost ("haul cost®) is the same across all three technologies for a specific village and
water demand level, haul costs are not included in the cost analysis.

4.2 Aunslysis Procedure

This procedure draws on and extends some of the uulyucd coacepts used by the
World Bank in its water pumping technology evaluations.}? The principel analysis steps are
outlined in Exhibit 4-1 and briefly described below:

Select inout data assumptions. Data needed for the analysis fall into three general categor-
iex

1. Village Characteristics. These include population density, percent of income spent
08 water, minimum water requirements, household size, productive woerk hours per
family, maximum water load carried, walking speed, and other factors needed to
estimate the amount of time a villager is willing to spend gathering water. Some
of the sbove informetion together with techrology performance dats is used to
calculate the number ¢ persons served at each wster supply point.

2. Technology Performance Specifications. These include water delivery raves from
handpumps and standpipes, pumping technology efficiencies, water storage re-
Quirements, solar ingolation lavels, well depth end yield, and equipment life. This
information is needed to compute component sizes and system configurations.

3. Cost Data. These include unit installed costs of equipment (e.g., PV array cost in
$/VWp), operation and maintenance coets, fuel costs, and labor costs. This in-
formastion is nesded to calculate the initial capital and life-cycle costs of the
thres water supply systems.

Select per capita water consumption lavel. Per capita water consumption is 8 key decision
varisble. The analysis is conducted &t two watsr consumption lovels, sithough other values
could easily be ussed. The two levels are 20 and 40 liters per capita per day (iped). In
African countries, 20 Ipcd Is the aversge quantity of water used for domestic consumption in
rural arcas. Twenty lped is used to represest the csse of minimal water ues. Forty lped is
the World Health Organization-recommended level of water consumption. It also represents
higher coasurption lsvels observed in Asia and Latin Americe.

Estimate of time o pareon is willing to spand gathering water, A water demand
curve ds veloped by the UNDP/World Bank Handpump Project is used to calculate the time &
pereon is willing to spsad gathering water. The curve shows the relationship betwesn per
capits water demand (liters/capita/day) and water-gathering time (hours/m®). Therefore,
when per capiia water demand is kaown, time spent gathering water can be calculated.

[RRE2S A X}

L 2Icniate e hering time and nonulstinn DEr Snte 018 Water collection time
has componentx time spent walking to aed from the water point, gueuning time, and
watsr collectioa time. Bots walking snd queuing time depend on the aumber of persons
served per water poin. en¢ sther factors. For example, for 8 given household dsasity
(bouses/bectare), as the x-.zber of persoas served per water point increasses, each person,
oa the average, will havs io walk further to reach the water point. Also, as the numbor of

¥The World Bank, “Rural Water Supply and Sanitation: Time for Change,” Unpublished
typescript, June 1986.




persons per water point increases, each person will have to wait longer to gain access to

the water point, i.e., the queuing time increases. Queuing time is modeled using commonly
wsed waiting line models.!d The water collection time is a Tunction of the water delivery
rate of the standpipe and handpump. Population served per water point is estimated by
determzining the population et which weater-gathering time equals the time a person is willing
to spend (from the demand curve calculation). This procedurs is illustrated in Exhibit 4-1,

Select village population sizes for analvsis. Village population sizes are set at multiples of

the number of persouns served per water point. For example, if one water point se: ves 200
persons, 2 weter points will be required for 8 village of 400, and 10 water points are needed
for g village of 2,000. In the case of & handpump system, cach water point consists of one
well asd & handpump. For PV and diesel systems, 8 aumber of water points will require one
or more wells, 1® distribution piping, and s storage tank. Each well has 8 pump and an
associated power generator.

Calculate svstem compopsnt sizes. Standard engineering analyses are used to calculate
system componant sizes. In the case of the handpump system, sizing only involves selecting
a3 sppropriste pump that matches the water teble depth. In & PV system, the number of
wells, the PV array size, pumpina rats, and battery capacity (if used), storage tank size, and
piping leagth are computed. The components in g diess] system are similar to the PV ‘
system; the only varistions sere that the PV power source is replaeced by 8 diesel, no battery
s seeded, end a differeat pump is used.

For each watsr supply system, corresponding to the previously
defined village sizes. the {aliowing costs are computed:

initial cepital costs

ennuslized capit.l cocts

annusl operation and maintenance ¢osts
weater costs ($/cubic meter)

snauval per capita costs ($/person/year)
per capita initial costs ($/person).

Graphical outout. The model generstss graphical output showing the variation in water cost
and per capita initial capitel cost with village population gize for each of the thres tech-
sologies. These graphs are useful in saswering questions such es: "What is the techaology
that can supply water at the least cost for @ village of 1,000 persons if each person is to
receive 20 lped?” or “Which tochnology has 8 lower initial cost per persoa served if the
village has 400 people and each persoa aesds 40 Ipcd? Sampie output is showa in Exhibit
4-1 end other examples can bo found throughoet the following ssctions of this report.

Sensitivity analyees. The model can perform a large number of "what if® saslyses. This
capability is en important feature of the model. It ensbles the mode! to be used for site-
spacific enslyses or to assess the sensitivity of the technology choice to key uncertain dats.

WwWagner, H. M., "Principles of Operations Research,” Prentice Hall Second Edition,
1973, Chapter 20. The handpump is represented as 8 single-server model with Foisson input
end expoassntial service. Since each standpipe hes two taps, the standpipe is depicted as a
two-ssrver model with Poissoa input and exponestial service.

YMore than one well is needed if the well yield is limited, or if very high reliability
provided by the availability of two or more wells is required.
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Uscertainties could include diesel fuel cost, PV srray cost, solar insolation, pump efficien-
cies, life of handpump and cither equipment, labor costs, etc.

The snslysis procedure has been progiammed using Lotus 1-2-3 Ralease 2.0 soft-
ware ' The program iacludes ssveral mecros to help conduct the analyses, print reports,
end generste the graphs. A detniled description of the model is g.iven in Appendix B.
Sampie model output is shown in Appendiz L.

1%L otus Development Corporstion, “Lotus 1-2-3,° Release 2.0, Cambridge, Mass.
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50 COMPETITIVE ASSESSMENT AND SENSITIVITY ANALYSES
s.1 Scensrios Asalyssd

The objective of the analysis is ¢0 determine where PV water pumping systems would
be ecomomically vieble for supplying water o reral communitiss when compared to hand-
r.=os and diessl pumps. The analyes were (oaducted for per capita water consumption
tevels f 20 aed 40 liters/dasy. Numerous ssesitivity analyses were alzo conducted to essess
bow the «. ~-lusicas are affected by key datn wacertainties. The ecenarics dencribed in
Ezhibit -1 ase . ~elyzed for the 20 and 40 liters per capita/day water consumption levels
(lpcd). A sotal of 36 . ~ess was aaalyzed.

Exhi>% 8-1
SCENARIOS EVALUATED AND BENSITIVITY ANALYSES CONDUCTED
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Euxhibit -2 WELL COST: $2,500
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Exhibdits $-2 end 5-3 show sample graphical output from the asalysis for the base
caze. Exhitit -2 shows the variation i water costs as @ function of village populstion size
for handpump, PV, ead diess! pumping systems. Water costs for the PV systems are shown
foe insolatioa levels of 4, $, and 6 kWh/m®%/dey. The 3raph shows that at an insolation of §
kWh/m3/day, weater from 2 PV system becoms: cheaper thap water from hasdpumps et &
village size of about 1,000 penn ws. At village sizes greater than 2,000, least cost water is
obtained from a diesel system. As insolation increases from S to 6 kWh/m3/dsy, the range
of village sizes for which PV is competitive increases to betweea 800 and 1,200 persons.

Ezhibit 5-3 shows bow the per capits initial capital cost changes with increasing
village populsation size. Diesel systems have the lowest per capita capital costs after @
village sizs of sbout 800 persons. However, the very high recurrent costs of diesels must
be noted as well. Per cepita cepital costs of PV become cheaper than those of handpumps
at 1,200, 1,800, and 2,600 persoas peor village et imsolution levels of 6, S, end 4 kKWh/m?/day,
respactively.

Similar graphs for the other cases mentioaed is Exhibit 5-1 are shown in Append’t
D. The graphicsl results are rummarized and analyzed in the following sectioas.




Exhibit 5-4

Lile-Cyclies Cost Competitivencss
VARIATION WITH VILLAGE POPULATION SIZE AND WELL CHARACTERISTICS |
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52 PV Life-Cycle Cost Competitiveness at 20 LPCD Consumption

Exhibit $-4 shows the life-cycle cost compstitivensss ranges for the thres tech-
pol-gies @s @ function of village population size, insolstios, and well characteristics.

For 20 lped water consumption, PV is the preferred teckanlogy for a village of about
1,500 persons. When & well coats $2,500 and the water table 18 20m deep, PV is the com-
petitive technology &t sn insolation level of $ kWh/m?/day for a village of 1,000-2,000
persons. Wher insolation is 4 kWh/m3/4ay, the competitive range narrows to 1,200-1,900
persoas/village. Correspondingly, as insolation increases, PV is the competitive technology
for a large range of village sizes (800 to 2,200 persons per village at 6 kWh/m?/day inscla-
tion). As well ¢ost and water table depth increases, PV become: competitive at smaller
village sizes.

In some West African countries, where wells cost betwe: = $5,000 and $10,000 each
gad insolation is 6-7 EWh/m?/day, PV would be the preferred t=chnology for villages with
populstions as few as 200 persons, if water table depths are arcund 20 meters. At nigher
water table depths, for example, 40 meters, PV would provide lower-cost water oven for
villages with very small populations in West Africa.




Exiibit 5-8

Lile-Cycile Cost Competitiveness
VARIATION WITH VILLAGE POPULATION SIZE AMND WELL CHARACTERISTICS
(40 LPCD)
CATER weLs. VILLAGE POPULATION BIZE
SErPTH (-:11) 0 500 1000 1500 2000
1 1
g €550

b }1620

b $2820

] 02860

w@a 02850

Leceno
Lite-Oyeie Cost Compatitivonsas Ranga
I
| | PvPump

4 & 9 insolation Level (kWivmd/day)

E—=——o0 Owodl Pumyp

5-6




53 PV Life-Cycle Cost Competitiveness at 40 LPCD Consumption

Exhibit $-5 provides the same tvpe of informstion as Exhibit 5-4 for a higher water
coasumption levels.

At 40 Ipcd of water consumption, PV can provide lowest cost water than the al-
ternatives for even smaller villages whes compsared to consumption levels of 20 Ipcd. Vil-
lage size where PV is competitive ranges from 0 to about 900, depending on insolation and
well characteristics. The average village size for which PV is competitive is about 500
persons. As in the previous cass, PY competitiveness occurs in smaller villages as wel!
costs increase.




EXHIBIT 8-6
Least Water Cest Techueologies for Varicus Village Slzes

Usder Average Weoll Coadliions®
Insolatien: 4 EWh/m?/day
Least Village Size Per Capita
Water Cost Raoge Watsr Cost Capital Cost
Tschnoloay {no./village) ___ (S/cubicmeter) _____ ($/person)
<= 20 liters/poreon/day weter coasumption ->
Hesdpump 0 - 1,200 0.5 20
Photovoltaics 1,200 - 1,500 0.46 - 0.50 22 - 24
Diessl » 1,500 020 - 0.46 6-11
< 40 liters/person/day water consumption amep
Handpump 0-9n §.35 108
Photovoliaics 80 - 360 0.60 - 1.35 50 - 105
Diesel > 560 0.35 - 6.60 20 - 28

© Aversge well coaditions: 20m water tabls depth and $2,500 well cost.

Lesst Water Cest Techeelogies for Various Viliage Sizes

Undse Average Well Coadidons®
Inselation: § EWh/m¥/day
Least Village Size Per Capita
Weater Cost Range Weter Cost Capital Cost
Tachnoloay (eo.tvillage) . (%/cubic maeter) ___ (8/person)
< 20 litera/pevson/day water comsumptioa »
Hasdprap 0 - 1,600 0.50 20
Photovoltaics 1,000 - 2,000 0.38 - 0.30 19-24
Dissel » 2,000 0.20 - 0.38 6-10
<= 40 liters/person/day water coasumption >
Handpump 60-80 1.35 108
Photovoltaics 80 - 800 0.50 - 1.3 50 - 125
Diesel » 800 035 -05 20 - 25

® Average weoll conditioas 20m water table depth and $2,500 well cost.



4 Water and Capital Cost of Cost-Competitive Water Supply Technologies

Exhibit 5-6 shows the compatitive water costs, per capita initial capital costs, and
corresponding village sizes for the least cost water supply technologies. Results at insola-
tion levels of 4, S, and 6 kWh/m?/day are shown in the exhibit.

Under average conditioas (insolation equal to 5 kWh/m3/day) when water consumption
is 20 Ipcd, the average cost of water from a PV system is abou’ $0.44/m® or about $3.20/
person/year. At & 40 lpcd consumption level, average water cost is $0.93/m?®, or about
£13.60/person/year.

‘The exhibits also show that the initial capital cost of PV on 8 per capita basis is
comparabla to, and even less than handpump systems supplying the same service. The
principal resson is that due to the limited pumping rate, only 8 few geople can be served
from 8 handpump. In contrast, & large number of people can bs served from a PV pumping
system. If well costs are high, PV pumps ere particularly more cost-effective then hand-
pumps.

From a RWS system
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EXHIBIT 8-6 (Cout'd)
Least Water Cost Techuologles for Various Village Sizse
Uader Average Well Conditlons®

Insolation: 6§ kWh/m?/day

Least Village Size Per Capita
Water Cost Renge Water Cost Capital Cost
Jechnology {no.fyillege) _ ____ _(S/cubic meter) ____ ($/person)
< 20 liters/person/day water consumption -- >
Handpump 0 - 800 0.50 20
Photovoltaics 800 - 2,200 0.35 - 0.50 17 - 24
Digsel » 2,200 0.19 - 0.3 6-9
< 40 liters/psseon/day water consumption »
Handpump 0-175 1.3§ 105
Photovoltaics 75 -~ 800 0.50 - 1.35 40 - 105
Diessl » 800 0.35 - 0.50 20 - 25

® Average well conditions: 20m watsr table depth and $2,500 well cost.
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Exhibit 8-7
CAPITAL COST COMPARISON OF A HANDPUMP AND PV RW8 PROJECT

Ugends Luswero Triangie Hendpump RWS Project
UNICEF/Ugends Minlstry of Water & Mineral Resources,
Watsr Development Deperiment
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For example, Exhibit 5-7 compares the initial capital cost of handpump and FV RWS systems
in a 2,000 person viilage in the Luwero Triangle ares in Uganda. The hnndpump system

sonm ahasaatasietise numhes Af nasenne ansuad nes wetornaint (hendmnmnl
“ll. Water rasousce IGO0 VWU MLV, MUINUVES Ve Wlwu- UL VAL PP WGIVE PVIL \JGAU Uil

gnd water demand ere based on UNICEF experiences in tho project area.l” The PV system
costs are based on insolation of § kWh/m3/day in the worst month,® 20-meter water table
depth, $2.500 well, same number of persons served per waterpoint a3 in the handpump case,
and other cost and performance data as reported in Appendix A. The comparison clearly
shows how & PV RWS system could have an initial capital cost similar to that of a hand-
pump syvstem, The initial capital cost of the hendpump system is $16/person which UNICEF

PPEemgr =y — e Twww W= b1t ) Fe] Pl A A S 2 =11

reports is among the lowut in Africa. The eomp:nble PV system cost is $16.50/person, or
only 3% higher than the handpump system cost.}®

‘The exhibit alzo shows the system component coat breakdown, As indicated, the PV
array cost is less than the cost of storage and distribution. If the community can be
organized to volunteer their labor to sssist in coastructing the storage tank and laying the
pipe distribution network, the PY RWS gystem cost could be less than the comparable hand-
pump system cost.

Ywolfe, P., “Signs of Self Sustaining Development A Successful Water Supply Program-
me in Ugands,” Develooment Business, No. 222, May 15, 1987.

Bphotovoitaic Design Assistance Center, “Water Pumping: The Solar Alternative,”
SANDS87-0804, April 1987, p. A-8, Figure A-7: Insolation Availability (Latitude Tilt, Summer).

“Ammbhmwmofm/mmupomdby David Kinley for a8 PV water
supply system serving 2,000 persons 12 Baie de Henne, Haiti. (Kinley, D., “Sustainable Water
Sumlm in Developing Countries,” Wn_mmmmmnm

Masy 4-6, 1987, p. V-52.
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SENEITIVITY ANALYSIS
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55 Sensitivity Analyses for 20 LPCD Coasumption

Exhibit 5-§ shows the sensitivity of PV competitiveness to & number of variables
when water demand is 20 Ipcd. The analyses are conducted under sverage conditions (i.e.,
insolation at S kWh/m?/day and 20-m water depth and a well cost of $2,500).

The principal observation is that the village size st which water from PV becomes
cheaper than that of handpumps does not vary ugmfmny even though major chnnges are
made to unporunt varigbles. The two exceptions occur in cases in which well yield is
limiting and 2 minimum of two wells is used. In these two instances, water from a PV
system costs less than from 2 handpump when village size is about 1,600,

The cost-compstitiveness point between PV and diesel is highly sensitive to the input
sssumptions. The reason for the sensitivity is that the water costs from PV and diesel sys-
tems are similar for larger village population sizes (see Appendix A). Ascordingly. a slight
dﬂmmmmmmnlummuanummmmnw

v . In
such instances when PV and diesel costs are similar, PV may be preferred due to its greater

reliability, unless there is 8 cepital shortage. Therefore, when determining the relative
competitiveness of PV to diesel, it is critical to gather accurate and representative data.

The exhibit also shows that in many cases, even on & per capita initial capital cost
basis, PV is competitive with handpumps. For examp!s, in the base case, PV initial capital
cost is less thaa that of a handpump system when village population exceeds 1,500 persons.

Exhibit $-8 (Cont'd)
SENSITIVITY ANALYSIS

Life-Cycie and Per Capita Initial Cost Competitiveness
VILLAGE POPULATION 812¢
0 1000 2000 3000 4000




Exhibit 5-9
SENSITIVITY ANALYSIS

Lide-Cyecle and Per Capita Initial Cost Competitiveness
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56 Sesnsitivity Asalyses for 40 LPCD Coasumptioa
Exhibit 5-9 shows seesitivity amalysis results when water demand is 40 Ipcd.

Ths priacipal cbservatioa s that the village size ranges for which PV Is compatitive
with handpumps end diessls very oaly slightly between scenarios. Typically, water supplied
froms & PV sys*sm is less costly tham water {rom ¢ hasdpump at & village size of 56-100
parsons. The correspoading PV /dissel cost-competitiveness point is 800-1,200 persons. Also,
even 08 @ por capita capital cost basis, PV is the less costly option whea the village popu-
iation exceads about 100 pervoas.

Exhibit 8-9 (Cont'd)

SENSITIVITY ANALYSIS
Lite-Cycie and Per Capita Initial Cost Con.petitiveness
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Exribit 6-10
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8.7 Mearket Estimeote for PV RWS Systems

A very large popu.ation can be cost-effectively served by PV water supply systems.
Exhibdit 5-10 preseats o preliminary estimste of regional markets for P'Y waler pumping sys-
tems and the number of persons served. The market is of the order of 250 MWp, which is
several times the current worldwide PV production capacity. Additionlly, rural populstions
are continuing to grow st & rate of 30 to 35 million persons per year. PV retzing the
market share estimated in Exhibit 5-10, the annual demand for PV for this new population is
pearly 10 MWp per year.

Exhibit 5-11 shows that the largest demand for PV is likely to be in Asis and the
Pacific region, followed by Africa. Demand is expected to be relatively small in Latin
Awmerica and ths Caribbean. Exhibit 5-12 shows the breskdown of population served by
handpumps, PV, and diesel. Hasdpumps are expscted to mainly serve the shallow-well
market. The handpump market segment includes rural populations served by surfece water
sources. A fioer disaggregation of the shallow water table market segment could ot be
meade due to lack of data. It is quite possible that PV or diesels could supply cost-com-
petitive power for pumping from surfece weater sources, if gravity feed is infeasible.

The market estimate for diesels is based on the availability of reliable fuel supplies
end waintenance services in rural areas. In many parts of the world, particularly in Africa,
diesels have 8 poor operating record. If diesels are infeasible, PV pumping systems could
likely replacs them.®

Other anslyses®? report that considerable opportunities exist for PY RWS systems at
20-40 m water table depths. Zimbabwe is sn exsmiple, where a typical village requires 12-25
m%/day of water.’ Water table depths in Zimbsbwe range from 15-50 m. In a World Bank-
funded project in Niger, {4,000 boreholes will be drilled and equipped with handpumps for
supplying villages from 8 20-40 m deep water table. These villages could be served econom-
ically and reliably with PV at a cheaper per ¢ pita cost, es well drilling costs are very high
in Niger.®® Water demand in Niger is sbout 20-30 Ipcd. Also, handpumps in Niger have had
& dismal relisbility record; over 50 percent of the handpumps previously installed are in-
opsrative. lodia wili sooa be implementing a five year $1.62 bdillion rural water supply

%Note that the present snalysis did a0t coasider other pumping power sources such es
wind power, which in suitable aress, could pump water more ecosomicully than PV or dies-
els. A wind techaology competitiveness analysis was beyond the scope of this study.

B eguerse, J.R. and "ascand. "As Asalytical Approach to 8 PV Water bumping Sys-
tem,” ead Vespierian B., “The Application of PV to Water Pumping and Irrigation in Africs.”
Proceedings, 3rd Evropess Economic Community Photovoltaics Coaference, D. Reidel, Boston,
1980.

Bward, P.R.B., ¢t al. “Solar Powered Ground Water Pumping for Medium Heads, Chal-
Isnges in African Hydrology and Water Resources.” Proceedings of th: Harare Svmposium.
IAHS Publicstion No. 144, 1984,

BMeridian Corporation sad IT Power, Inc. “Photovoltaics Project identificution Initia-
tive,” Interim Report to Sandia Nationsl Laborstories, October 1986,
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Exhibit 5-11

REGIONAL PV PUMPING SYSTEMS POTENTIAL DEMAND DISTRIBUTION

PORRATION @S2.LI0NE)

Tolal Potontial Demand - 264 PAWpD

M AFRICA 8 MIDOLE EAST (30 0%)

Exhibit §-12

POTENTIAL POPULATION SERVED BY HANDPUMPS, PV & DIESEL
Votal Rural Populstion Without Access to Safe Water - 928 MIll. (1983 Est.)
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project that sims to provide water t0 270,000 villsges.? The average per capita cost is
expected t0 be $20-30, which is within the cost-competitive range for PV as showa earlisr.

In summary, tho saalysss clearly show that PV-based rural weter supply systems are
curreatly ecosomical 8ot oaly oa a lifé-cycle cost basis, but aiso on ap initial capital cost
basis. The poteatial exarket for PV water supply systems thae can serve villages in the 500
to 1,000 size range is immense, many times the current worldwide PV s.. afecturing cap-
Beity.

MZevaln, A., Water 2ad Urbaa Development Department, the World Bank, April 1987,
personal communication.
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Exhlbit 3-13
PRELIMINARY ESTIMATE OF PV PUMPING SYSTEM SPECIFICATIONS

02-§

A A B C D E
ASSUMED AVERACE AVERAGE —  TOTAL™
WATER AVERAGE PV POWER WATER NO. OF
INSOLATION DEMAND VILLAGE SIZE SYSTEM DEMAND MYYDAY VILLAGES
REGION KWH/MYDAY (LPCD) (& OF PERSONS) SIZE (Wp) PER VILLAGE &
Andean Countrizs s 40 s 121 b, | ] BODD
Central America & Caribbean 4 4 300 908 12 13
Equatoriat Africa 5 20 1300 1574 26 18462
East Africa S 20 §500 ig1? 30 6657
Far East and Paciflic ) 40 560 121 20 64000
Indian Subcontinent L3 40 G0 1211 b |} 74000
Latin Amernica (N.EC.)® 4 40 0 03 i2 KX}
Middle East 4 20 1800 2825 36 11667
Sahel & 20 1500 15, k() 4667
Total/Average 706 1453 2 194128
Minimum Joo 908 12
Maximum 1R 2728 36

Notes: A. From market potential estimation table (Exhibit 3-10).
B. Average o” village size range in Exhibit 5-10.
C. Estimated as in column 1 in Exhibit 5-10.
D. Village size nmes per capita demand.
E. Polcntial population served by PV (column H in Exhibit S-10Vvillage size.
* N.EC. - not clscwk 'te considerad




58 PV Pumping System Specifications

Information in Exhibit 5-10 was used to obtein & preliminary estimate of PV pumping
system specifications. The estimation procedure and the specifications are shown in Exhibit
$-13. The exhibit shows the size of the PV pumping systems, the daily water demand per
villnge, and the number of villsges categorized by region.

Typical system sizes vange from | kWp to 2.7 kWp, supplying 12 to 36 m?®/day of
water frcm 2 well at & water table depth of about 20 meters. The average system is 1.5
kWp and supplies 22 m®/day.

This informastion should be weed with extreme caution es it is based on many assump-
tions. For example, depending on the village size ranges gs reported in Exhibit 5-10, the
power requirements per system could range from 0.2 kWp to 3 kWp (see Exhibit 5-i4).
Uncertainties are dus to 8 lack of accurate information on village size distributios and local
or regiooal water table depths. However, the information in Exhibit 5-13 is useful in ident-
ifying typical system sizes needed for rural water supply. Further investigations are needed
before system specifications can be defined more accurately.

EXHIBIT 3-14
Varlablilty of PV Pumpleg System Specifications

PV PUMPING SYSTEM SIZE (Wp) RANGES
(BASED ON VILLAGE SIZE RANGES IN COLUMN F, EXHIBIT 3-10)

REGION SMALL YILLAGE . LARGE VILLAGE
ANDEAN COUNTRIES 182 1938
CENTRAL AMERICA & CARIBBEAN 227 1514
EQUATORIAL AFRICA 606 2422
EAST AFRICA 1211 2422
FAR EAST AND PACIFIC 182 1938
INDIAN SUBCONTINENT 484 1938
LATIN AMERICA (NEC.)® 227 1514
MIDDLE EAST 1817 3028
SAHEL 252 2523
MINIMUM 182 1514

1817 — 3028,

MAXIMUM
¢ N.E.C. - Not eieawhere coasidered

5-21




Exchibit 5-18
WATER COST VARIATION WITH PV ARRAY COST

GADE CASE PV ARRAY-48/Np, BDL COBT=(2800, DEPTH=30, 20 LACD, SEOL=8
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Exhibit 5-16
WATER COST VARIATION WITH PV ARRAY COST
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39 Cost Competitiveness Sensitivity to PV Array Cost Variations

Exkibits 5-15 and 5-16 show the impact of iestalled PV grray costs (excluding pump
and other cosis) oa the cost competitiveness of PV-based RWS systems relative to hand-
pumps sod dissels, for 20 and 40 Ipcd demand, respectively. The analyuis is cuonducted uing
base case assumptions. Both exhidits demonstrate thet the range of village sizes for which
PV is the competitive Sower gource is very seasitive 0 the cost of the PV array.

_ At 20 lpcd demand, if the installed PV array coct drops to $4/Wp (0.5 times base
case cost), then the cost-competitive village size range is 700 to 3300 persons. If the cost
of a PV array is more than $12/Wp, thes PV is pot & cost effective alternative unless well
and/or diesel costs are high.

At 40 lped demand, PV becomes less costly compared to handpumps at about 50-73
persoas per village. The PV/handpump cost competitive point does not vary sigaificantly
with changing array costs. In contrest, the PV/dises] competitivensss point is strongly
influenced by FV array cost. For example, 8t 316/Wp, PV is the least cost tschoology for
villages of less than 400 people. At $4/Wp, PV is the lsast cost technology for villages
with less than 1000 peopls. Therefore, 8 fourfold incrmass in PV arrey cost regults in a
2.3-fold increase in thy competitive village size. In the 400 to 1,000 village sizs range, the
coot of water from PV is similar to thet from diessls. Accordingly, PV would bs a pre-
ferred power source &s PV bas a lower recurrent cost end is more relisble then diessls, if
there is 8o shortage of cspital.
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S.1C Impect of PV Arrsy Cost on PV Market Size

Using information ia Exhibits $-15 and 5-16 and similar graphs for other well cost/
insolation combinstions, the .mpaci of PV array cost on PV market size was computed. The
methodology described in Exhibit 5-10 was used in the market estimation. The impact of PV
array costs on the market for PV is shown in Exhibit 5-17. As the exhibit shows, if array
costs decrease to $4/Wp installed, the market for PV increases by about 42% to 376 MWp.
Conversely if iastalled array cost is $12/Wp, the market declines by 37% to 113 MWp.
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6.0 CONCLUSIONS
Three important coeclusions emerge from the enalyses
1. Uader lvnruo in:ohuon ud wll eondmons. at water dcmnd levels of 20 lped.

mmmmmﬂnm As well costs increase, PV becomes
competitive at even smaller village sizes.

In the 20 lpcd case, for villages of fewer than 1,000 persons, handpumps are the
least-cost technology; for villages of more than 2,000 persons, diesel systsms can
supply water more chesply. When water demand is 40 Ipcd, handpumps are the
legst cost technology oaly when village sizs ie less than 100 persons. The ten-
gitivity anal s showed that the village size for which PV is competitive with
handpumps is pot significantly influenced by input dats sssumptions.

2. Contrary to conventional wisdom that claims PV is & capital-intensive technology,
the anslysis shows that the par capirg initial capital cost of PV svatems is similar
o and even less than that of handzumn svitems which are traditionally considered
g Jow-cost technology.

Ia the 20 Incd casse, for villages of 1,000 w 2,000 persons, per capita initial cost

is $19-24 for the PV system, when the well cost is $2,500. In comperison, hand-

pumps have en initiai capitai cost of $20/capita.®® ia ihe 40 ipcd case, for

villages of 80 to 800 persons and @ well cost of $2,500, & PV gystom's initis} cost

: $350-125/ capite. The corresponding initial cost for ¢ handpump sy.tem is
105/cavita.

3. PV gystems can provide water at 6 cost ecceptable to rural familiss. In the
competitive range when water demand is 20 Ipcd, tae cost of water from PV
systemas is equivalont to less than 2% of the eanual income for @ person in a poor
developiag country.®® Seunders and Warford of the World Bank note that s
frequently used rule-of-thumb,” is that e rural, near sudeistence family “should
mhwbuymmmmﬂofmkimmfanm."'

These inferences have two far-reaching implications for both rural water supply
system plannars and for PV pumping system manufecturers

3The UNDP/World Bank estimates that rursl water supply project costs range from
$10-30/capita for handpump schemes to $30-60/capita for standpipe schemes. Ses:
Arlosceelt, oo, cit., p. 2. Nots that traditione! *=ndpips schamss bessd oa disss! power
heve much higher recurreat costs compared to PV.

%yhea a well costs $2,500 and insolation is 5 kWh/m®/day, water cost Is $0.40/m?® for
20 Iped water coasumpticna lovel. Assuming a per capita ensual income of $200, annual
water expenses are 1.5% of per capita income.

$TSsunders, R.J. end 1.J. Warford, *Village Water Supply: Economics and Policy ia the
Deweloping Worid.” The Johns Hopkins Usaiversity Press, 1976, pp. 187-188.




yillages. In eddition to providing water at lower cost than handpumps, the sche-

me can also obtein other beanefits such as & more convonwnt water source that
. armmnmldad macccsansall., an sha clllassn oonwe tohamus sha aned fav deillina
'lm l.l‘lGI"lllUl“lu, @ UG YUV vwy, Witasut e B3G (o7 0 uuu.
edditional wells.

navaff. The potentinl market is of tha order of 250 MWp tvpical PV pumping

St ity . --- e werw W wmws W e L e

systems of 1-3 kWp eacl for supplying 12-40 m%/day of wuer'ﬁom mtemedme
~ aad deep water tables. These systems would serve villages with 300 to 2,000
persons.

PV provides a techrically feasible and economic means for rural water supply suthor-
ities 1o provide water to moderate-sized villages. The previous slternatives were diesels or
handpumps where grid-zlectric or gravity fed systems were infeasible. Planners should
ectively investigate the suitability of PV for their specific needs. Where nevessary,
assistance should be sought from interaational and bilateral donor organizations for assessing
the fesasibility of PV systems for specific applicstions and for procuring the systems.

A number of important institutional and orgenizationsl concerns must be addressed
and resolved in the project design to ensure that 8 PV-bassed RWS system can bs operated
successfully in & rurel setting. These concerns are also applicadle to handpump and diesel
RWS systems. These issues include the following:

o The expected demand for water must be accurately determined. Aan inadequate
supply or inconvenient access to the water source will make the disen~hanted
community resort to using its old unsafe water sources. Conversely, an optimistic
demand estimate will incur unnecessary costs.

0 Users must be educated on responsible water uss. Unlike handpumps, which are
“self regulsting” (i.e., water output depends oa the effort of the water drawer),
water is available on demand from a standpipe-based supply. Therefore, if a tap
is left open, or 8 lesking vaucet 18 u2¢ repaired ie time, there would be
inadequate water for others. Experisaces from successful diessl gnd electric RWS
systems would be usefu! in educating users on how to manage their water supply.

o Extent and typs of community involvemeat in specifying requirements, installation,
operation, and maintensnce of the system must be established. Orgenizations|
capacity of the community must be assessed t0 identify the sctivities to be
assigned to the community. An 8ppropriato community organization must be
established for operating and waintgsining its water supply system.

0 A responsive and reliable maintenance sys'em must be established. In particular,
the relative roles of the oommumty and thé public sector authority must be
delineat=?  Appropriaie raisicz muit be provided 0 community Perscane o0
operstion and maintenance of the system. "It is also vital that a reliable and
responsive system be established for supplying spare parts.

[ ]

o The equifer must be carefully tested to ensure that it is capable of delivering
water at the expected pumping rate over the system’s lifetime, without unaccep-
aably high drawdown. This issue is more important t0 motorized pumping systems
than for handpumps due to the higher pumping rates possible.




o The well must be properly desizned, sited, and constructed to ensure that high
quelity water is obtained and poteatially damaging sand pumping does not occur.

Diesel- and electric-powered RWS systems are faced with similar issues and therefore
much can be learned from such experiences. A field survey of successful (and uasuccessful)
electric- and diesel-powered RWS systems would yield information useful in designing a PV-
powered RWS system.

Additionslly, 8 aumber of field applications of PV-powered RWS systems should be
monitored end/or field tests conducted in mmmn;g_zmnn in various regnons of the
world. These case-study investigations will aid ie coavincing RWS planners in developing
countries and in donor organizations that PV is en appropriste power source for RWS sys-
tems. Furthermore, thess investigations will help ideatify apd resolve unexpected problems
that might emerge and eid in developing eppropriate project design guides.

PV pumping system manufacturers must work closely with water supply plaaners to
ensure that the technology is well matched to waier resource charscteristics and user water
supply meeds, while satisfying the ease of installation, reliability, maintainahi’;ty, and other
functions! requirements of the user. Manufacturers neod to convince jotential users end
decision-makers that PY should te the technology of choice for suicable water supply
schemes.

Accessing the large potential market will require an extensive education snd informs-
tica dissemination effort directed at docisionmakers in developing countries and in interna-
tional donor organizations. Decisionmakers must be coavinced that PV can provide the
service reliably and fit into the infrastructure being built to serve rural water supply sys-
tems.
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APPENDIX A
WATER SUPPLY TECHNOLOGY CHARACTERIZATION




Exhibit A-1

PUMPING SYSTEM CON "IGURATIONS
PV er Dicool-Based Rure) Water Supply Syctom with Storage and Slacnipe Distribution
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A. WATER SUPPLY TECHNOLOGY CHARACTERIZATION
A.l Intreductica

A rural water supply system using groundweter can bs coasidered as the integration
of four basic components: the well, the pumping system, storage. +ad distribution. Each
component plays 8 critical role in the reliable delivery of safe water. Various technologies
may bs employed for each of thess components.

Ezhibit A-! shows two basic rure! water tapply systems: ooe based op PV or diesel
pump.ng technology, and ooe besed oa handpumps. In both cases, 8 well (or several wells in
the case of handpumps), is installed to access the weter source. The water pumping system
i3 used to extrect water from the well and dizpense it to the wser directly (handpumps) or
deliver it w a storege tack snd piped distribution system as with PV or diesel systems.
Grousd-bassd or elevated (shows) water storags systems store watsr and provide pressure to
8 piped delivery system such es 8 stasdpipe.

This Appendix describes applicable technologies and important charecteristics that
effect the costs of rural water supply. General cost and performunce information is pro-
vided es backgroued for the competitive assessment of handpump, PV, and diesal pumpisg
techaologies.

A2 Wells

Grousdwater extracted through wells is the basis of the majority of rural water
supply programs. The cost of the well and its vesign and coastructioa sigaificantly in-
flueece the performance and cost of rural water supply systems. Wells must be designed to
provide uncontaminated weter free from sbrasives thet wear out pump components. Usually,
wells are lined with @ plastic or stesl well cesing exterding to the equifes.

Wells are normally coastructed to the depth of the local water tabls plus as eddi-
tiosal depth to eccount for pumping drawdown. Well yield is 2 crucial desige parameter
that must be comsidered relative 10 the maximum water pumping rate. Water extraction rate
must 8ot escesd the well yisld, or the walsr table may fall below the suction of the pump.
Meany pumping systsm failures are directly attributable to well desiga and yield problems.

Well cors vary greutly from $300 per well in the alluvial soils of Bangladesh where
there is o shallow equifer, 1o $10,000 in West Africa. Exhibit A-2 chows sample well costs
for sslocted regices.

EXHIBIT A-2
Bogicsal Breakdewn of Typleal Well Dopth and Costs

Country Yeall Costs (8) _____Apotoximats Deoth (Meters)
Banglodesh 500 <10

Indis 1,500 20-40

E. Africs 2,500 15-30

W. Africs 5,000 - 10,000 . 15-30

Latia Asgrica 2.500 §6-20

Sourcx Dr. Robert Rocke, World Bask, March 1987.




Exhiblt A-3
HANDPUMP CONFIGURATIONS
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The operation and maintenance (O&M) cost for wells is low. The UNDP/World Bank
Handpump Project estimates that O&M costs are 1% of capital costs per year. The life of a
well is estimated st 20 years.

A3 Haadpumps

Handpumg:s are the most common rural water pumping technology. They are initially

tmnwmonsive namasmlluy almets bn ansents nmd Land thamonluse ¢a lasal sanaie Dasonea af
INSXPRNIIVE, GEOETRAY SilliP W GpRTail, 800 0N LIWIMBAIVES WO X8 Topail. oSlause i . °

these fectors, @ significent commitment has been made by the UNDP/World Bank to
handpumps as the most appropriste technology for rural water supply. Field experience with
handpumps, however, has been generally below expectitions owing to high breakdown/
wearout rates and the resuiting poor relisbility. This section presents an overview of
handpump technology, its performance, and costs.

A31 Pump Types

There are two basic types of handpump technologies, tize suction puinp and force
pump. Exhibit A-3 shows typical configurations for each type of handpump.

Suction pumps are used for shallow-well water sources. The optimal operating depth
to water table level is less than seven meters (at sea lovel). Suction pumps are compara-
tively easy to repair and msintain because the body of the pump including the piston or
plunger is located sbove the ground.

The force pump is & standerd technology used for deep-well pumping, and the depth
st which it may be used is constrained only by the pump’s durability and the strength of
the operstor. Maintenance and repeirs performed on force pumps are mors complex because
the pumping elements (piston/plunger ard cylinder) are located at the end of the rising
main. The repairs may require lifting tackle to gais access to the pumping elements.

in 1980, the UNDP/World Bank began 8 major project to teit and develop improved
handpurios to serve the large potential market for rural water supply. A series of laboratory
tests was performed to sscertnin which pumps should be chosen for further fisld trisls.
Results from the laboratory tests were also relayed to manufacturers is order $0 promots
the improvement of handpumps for village-level operation snd maintensnce.

The Fn "oct has introduced the concept of village-level operation and maintenance
(VLOM) to emsvie pumpe t0 be maintained by the community. The criteria for VLOM putaps
isclode cimplified maintenance; inexpensive, easily replaced weasing parts; potestial for
local manufacture; standardization of pump design end spare parts; low capita! and recurrent
costs; and pump design matched to application in terms of lift and discharge rate. Current-
ly, 2o single pump has bsen developed that meets oll of these criteris. The pump that
comes clogest is 8 new geperation handpump named the Afridev which is uandergeing fisld
testing.

The Afridev is curreatly regarded by the UNDP/World Bank staff as the most promi-
siag VLOM handpump for pumping lifts over 15 meters. The pump design makes extensive
use of plasiic parts, while the cylinder is lined with a stainless sieel tube. The Afridev is .
regarded s 8 VLOM design, and is considered epplicable for medium- and deep-well pumping
for depths up to 45 meters.

L
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Exhibit A-S

HAND PUMP COST
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Haadpump project experience in developing countries has not beea well d xcumeated.
While qualitative dats are available from the field, quantitative data are not readily avail-
adle. Fisld reports indicate that handpump maintenance is & major problom in sustaining
reliable rural water supply, whether with deep- or shallow-well sources. Reports from the
fisld suggest that downtime for routine and oweatial interventions is quite lengthy when @
central maintenance system i8 used. Long downtime has bsen attributed to infrastructural
and logistical problems rather than nenhlems inherent to the handpump.

Laboratory tests of handpumps conducted in the UNDP/World Bank Handpump Project
indicatad Mcan Time Between Failures (MTBF) to be about 1,500 houn. Field trials con-
ducted by the UNDP/World Bank indicate that on the average there are 1.1 failures per

year. Performance characteristics of saversl handpumps are shown in Exhibit A-4.

EXHIBIT A-4
Sample Handpump Characteristics

APPLICABLE WATER DELIVERY

DEFTH RATE RELIABILITY MAINTENANCE
RME ~{msateca) {l/min} (Failures/year) . COMPLEXIYY
Tara <12 24 - 35 2 Meadivm
Afridev 12 - 40 10 - 24 [ Low
Mack I 12- 40 8-18 | Medivm
Volants 12 - 40 9-21 i High

Source: Dr. Robert Roche, World Bank, February 1987.

A32 Cos

For & shallow-well handpump, the average installed imitial capital cost is epproxi-
mately $200 por handpump. For an intermediate to desp-well handpump, initial capital costs
are in the range of $500-$1,500.! The cost of & handpump caL vary greatly across manufac-
turers.

The installed cost of handpumps used in this analysis is shown in Exhibit A-5.
Operstioa ead meintenance costs of hasdpumps ere discuased later in this Appendix.

A4  Photovcltaics

Adl Trypes

Photovoltaics (PV) is the direct conversion of sunlight into electricity. Photovoltaic-
powered water pumping systems otilize solar ensrgy &> drive a8 motor/pump set to pump

Ariosoroff, gn, cit,, Chapter 6.
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Exhibit A-8

PUMP TYPES SUITARLE FOR A RANGE

OF PUMPING APPLICATIONS
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water.? There aro many commercially available systems and more than 2,600 have been
supplied worldwide.

Photovoltaic water pumpiung systems coasist of & photovoltaic array, 8 motor, water
pump, and optional power conditioning equipment and batteries. When sunlight strikes the
PV array direct current (DC) electricity is produced. The DC electricity can be used to
operate the pump. Larger systems often include power conditioning controls to improve
efficiency. Power conditioning may include the conversion of DC to alternating current
(AC) electricity. AC systems are generally used for intermediate- and deep-water table,
high-water demand spplicstions.

There are two basic types of water pumps: displscement (volumetric) pumps and
rotodynemic pumps. The most common motorized pumps that fit into the displacement
category gre piston pumps (jeckpumps), progressive cavity pumps, and diaphragm pumps.
The most common motorized pumpe that fit into the rotcdynamic category gre the jetpumps
and centrifugal pumps. The criteria for deciding which pump is preferred for a particular
pumping application are the depth of the water table (water head in meters) and the quan-
tity of water needed (water volume in cubic ineters). The preferred pump for various
head/waier volume combinations is showr in Exhibit A-6.

A ceantrifugal pump coupled to a DC motor can be dircctly operated off a PY array.
The ccupling requices that gear ratios, motor spsed, voltage, and pump stage characteristics
be carefully chosen for efficient operation. Mismatches batwaen the PV array current/vol-
tage (IV) characteristics end that of the motor/pump set could result in the very poor
utilization of the PV arrey power. Electronic controls can ba used t0 enhance the perfor-
mance and are recommended even for centrifugal pumps. The PV pumping systems con-
sidered in this analysis assumes that electronic controls sre employed.

Exhibits A-7 and A-8 show five principel configurations of commercislly availadble
solar pumps. These are grouped by application range as follows:

(AXB) Shallow {up 1o 7 meters water depth)

Surface-mounted, single-stage centrifugal pump and DC motor sets are used for
shallow water sources. Directly drives from the PV array through a coatroller, they
represent & simple and reliable design. They are used for shallow water table ap-
plications up to & depth of about 7 meters (at sea level).

(C) Intermediate/Deso (10 20-40 meters deoth), Less than 30 m® /day

Sudbmerged reciprocating positive displacement pumps (jeckpumps) ere used for
intermediate- or deep-weater table depth applications where daily flows are limited to
less than 30 m%/day. PV jackpump systems can use DC electricity but require power
conditioning to match the cycling mature of pump power requirements with the PV
array output characteristics.

3For more detnils on PV water pumping, and an introduction to system design and bid
request for quotation specification see: Photovoltaic Design Assistance Center, "Water Pump-
ing The Solar Alternative,” SAND87-0804 (Albuquerque: Sandia National Laboratories,
April 1987).
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Exhibit A-7
SHALLOW WELL APPLICATIONS (to 7 meters depth)

oo 8.

Source: IT Power Inc. Handbook of Soler Water Pumping. The World Bank.
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Exhibit A-8
INTERMEDIATE/DEEP WELL APPLICATIONS (20-40 metars depth)

oo €. Restprensting Pooliies
Bepincoenond (€ Semidey Cornand)

Seuron: IT Souwnr inc. Hencobook of Soler Water Pumging. The Wortd Benk




Submarged motor/pump solt or submerged pump 33d surfece MOtOr systems are suit-
gble for intermediate and desp water table dapths where required flows are more
than 30 m®/day. Of tha two types presented, there has been groater field experience
with submerged contrifugel moios/pump sets. Submerged motor/pump sets aro avail-
adle &2 DC or AC systems. The trend with DC submersibles is to use 8 reiatively
sow “"brus’iless® wotor design compered to a "brushed” DC motor which requires brush
maintenance. Photnvoltaic AC motor/pump systems gre commercially available and
Jisld proven. They etilize conveations! AC motor/pump sets that have been used for
decedes in many couatries. AC systoms require sn inverter. The cost of a DC
brushiess submersibie and an AC submorsidle witk sa inverter are currently similar
eitbough the manulecturer of ihe DC brushless motor sdvises that with increasing
damand, the cost of DC brushless motors will decline and total system cost will bo
lower than AC submersible cystems.?

Batteries caa be ured in a PV pumpiag system. Similar 10 glectronle controle, . a:-
tory storage enables the FV motor/pump szt to operate ot higher efficisncies thereby reduc-
ing the PV array size. If the well yield b low, batteries caa zilow the pump to oporets et
2 lower pumping rate, over o lsager period of timo during the day, thereby preventing the
pump from running dry. Batteries may reduce overali system cost by partly displacing arrey
ead water tank storuge sizes. Baitenss edd compiexity and ooat, end there ars logsses

emociated with cherging asd discharging of the battery.

A42 Performance Charecteristics

The performance of & PV pumping system s @ Jirect function of evailable sunlight
intensity and ths efficisncy of the motor/pump set. With increased insolation end improwvwnd
motor/pump set efficienciss, PV sysiswa performance incresses, resulting in reduced delivered
water costs. :

Sonlight aveitability or Insolation i measured ia kilowett-bours per square meter per
day (kWh/m?¥/day). It ramges from ea averege of 5 tv 7 kWh/m3/day worldwide. Imsolation
lsvels vary daily end seasonally depending on climate and locetion. A system is designed to
scoount for the worst or lowest insolation moath.

The efTicieacy of the opereting motor/pump st changes over the day ea the power
output from the array chenges with sussking gvailability. The average daily operating
«fficsency of the moior/pusap set ranges from 15% ¢o 50% depsoding on the specific system.
ia chis arslysis, efficiencies of 25% and 35% are essvired for the motor/pump set for shallow
and interzzediate/deep wuter table spplicaiions, raspectively.? These efficiency values us-
sumoe the vee of electrogic coatrols or good PV erray/motor/pump matches. Whes batteries
are wmeed, & @otor/pump ot officiency of 45% is wsed.

®Eckel, J., A.Y. McDonald Masufacturing Company, Personal Communication, March 1987,

“McNelis, B., "Photovoltaic Water Pumping,” In: Presentations of the Photovoltaics:
Investing in Development Conference, May 4-6, 1987, p.V-8S.
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PV arrey cost i often reported om @ dollar per peak watt® basis (8/Wp), which is
the system cost divided by the reted output of the srray under peak sun conditions. Exhibit
A-9 preseats the PV erray and msotor/pump costs used ia this analysis. These costs assume
the purchase of PV pumping systems in lots of 10-13 or more. Exhibit A-10 is & graphic
representation of PV pumping system installed cost s 8 function of array-rated power level.

EXHIBIT A-9
Iestailed Costs of PV Pump Systems
PY PV
Armay Power Array Costs Motor/Pump Coste
. .) . I A 0) N 74 1) N
<200 8.00 7.00
200-300 1.7% 423
300- 5000 1.50 2.50
»1000 7.25% &

2. lscludes trossportation to site, instaliation and srray-related balance of
gystems (approximately 30% of FOB PV module cost).

b. Cost is similar to conventional AC submersible motor/pump sets. When
AC is used, $ 0.75/Wp is added to PV srray cost for 8 DC/AC imverter.

Sourcex 1.T. Power Inc., A.Y. McDoaald Mfg. Co., Chrones TriSolar, Inc.
{1987).

Operation and maintenunce corts for the PV array ere minimal aad estimated 8t 1%
of capital cost per year. Operation av® maintenance costs for the motor/pump set depend
to some oxtent on the motor/pump sysiem. Thess costs are discusssd in o luter section.

AS Internal Combustioa Engine Pumping Systems
A.5.1 Iatroductioa

Since the invention of the internal combustion engine (ICE) at the turn of the 20th
century, the ICE hes become an almost universal power source in remote aress of both the
developed and developing world. Internsl combustion engines have predomisantly been used
for powering remote loads without access to utility electric power in the 5- to 500- horse-
pOwer raRgs.

uwn-wsaasggoﬁg:ungﬂﬁoaeﬁgnggw It is
ao:&aﬂﬁaaoﬁﬁuﬂx_co&ew%ggwuagwﬁw?émzagcoaaq 1060
W/m3, 25°C temperature, and g 1.5 gir mass.
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The advaniages of the ICE that have led to its widespread use for remote power
over the past S0 years are twofold. First, the t~-haical and economic characteristics of the
ICE including its high power-to-weight ratio, compasct size, instant start-up capability, and
affordable cost have in many Cases been superior to other options for power requirements
for which humao or animal labcr is oot viable. Second, the versatility of ICEs have ied to
their widespread use fur diverse applications and to the extensive availability of engines,
parts, and expertise throughout the developing world.

The two general types of internal combustion engines used around the world are the
diese! engine and gas engine. Gere ¢agines are preferred for "maller power applications in
the 500 W (0 3 kW raneg» and where the usage pattern is aot more than two to four hours &
day. Diesel engines are used for e'most all power demands exceeding 3 kW and ere gble to
operate for much longer periods each day. Tha ivpical lifetime of & diesr] engine (3 to 30
years) is coasiderably grester than the life ¢f o gas ~ngine (2 to 10 years). Gas ergines
tend to be small and lighter, and thus are used for mobiie applications. Diesel engines,
conversely, are larger and heavier and thus better suiteC to siativnary power applications.

Given that ryoi . waler supply pumping applicalions iavolve more than
3 kW of power, require more than 4 hows paer day of operation and longer engine life, and
heve stationary power aseds at the well, d.es2! engives are preferred for water supply
pumping. Ges engines are often wied for irrigation pumping Desds where their light weight
and mobility are greatly valued,

A.5.2 Dieset Pump Coniigurations

There sre three major diesel pumping desiga issues that need to be considered for
meenng 8 particvlar water pumping requirement. First, a choice m'3t be made whether to
use a diesel directly driving the pump or 8 diessl generator set (gen-set) driving an electric
motor and pump. Second, the most appropriate kind of pump for tl.e epplication must ba
selected. Third, it will be necessary 10 decide whether the pump will be surface mounted or
submerzible. The major information pesded 0 make these decisions is the depth of the
water table (head in meters), the volume und -ate of water Jdemand (volumne in cubic metsrs
and flow in liters per minute), the capite] and operating cost constraints, and the
remoteness of the site.

A disgram of these different pumping configurations is found for PV pumping in
Exhibits A-6 snd A-7. The main change in the configurations when using diesel power ig
that the prime power source would be a diesel engine instead of a photovoltaic army,

The decision t0 use a submersibile versus a surface-mounted pump depends entirely on
the depth of the water supplv. A floating pump or surface-mcunted pump i2 only used when
the head is less tham gbout 12 meters. A submersible pump is generally used with heads
greater than 12 meters.

The choice between direct-drive and generator set diesel pumping systems for remote
water supply is largely a function of the depth of the water table and the degree of
flexibility and sophistication that is required and can bo afforded. For h:ads below 30
meters, direct-drive diesel pumps are the cheapest and most reliable alternative. When the
head exceeds 30 meters, 8 submersible motor/pump is recommended. At this point running
wires down a deep well rather than & long shaft is preferable for instaliation snd reliability
purposes. Im addition, the availability of the versatile electric power from the generator set
can be used for other electric loads. At greater water depths, the increased cost and




Exhibit A-11
DIESEL ENGINE/GENERATOR COST
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somewhat lower fuel-to-pumped water efficiency (due to the generator and motor losses) of
a diesel gen-set is offeet by its easo of installation and maintenance and its versatility.

A.5.3 Performance 8nd Operaiing Characteristics

In the absence of vinble alternatives, diesel purps have for many years been the
technology of choice for larger remote pumping needs. However, the recent emergence of
new technologies has begun to highlight some of the disadvantages of diese! engines,
particularly in reraote areas. The three major problems with diesel engines for remote
pov.cr pertain direcily to their opersting performance.

First, the complexity of installing end maintaining diesel engines is scutely felt in
remote areas where spare perts and trained techniciens are rarely available. Internal
combustion engines require a systematic maintenance schedule to ensure relizble operation
over the rated engine life. In rure' sress where support services found in urban areas are
not available, these maintenance schedules are rarely observed, leading to poor performance
and shortened lives for most diesel pumps.

Second, the dependence of dieszl engines on fuel that is rarely locally availabis and
therefore has to be imported from other regions of the country or wurld introduces
problems and costs in terms of operation and reliability. Delivering fuel to remote areas
has proven costly and sometimes unreliable 10 8 point that viable alternstives have been
sought. In addition, since most countries have to import their fuel, the foreign exchange
burden and the geopolitical dungers of dependency o foreign suppliers are increasingly
being felt.

Third, diesel engines are generally oversized for the pumping loads they are supply-
ing such that they operate at a lower efficiency, need more muintonance, snd have a shorter
life. Purchesers of diesels often buy extra capacity as a contingency for future needs or
becsuse no careful calculation of the load was made. In some applications, & diesel engine's
capacity may excesd the peak load demsnd by e fector of a3 much as 4 or 8.

AS4 Capital and Operating Costs

Diesel pumping systems are characterized by fairly low capital costs and significantly
high recurrent operating cogts. This cost structure encourages the use of diese! pumps,
because the initisl cost is generally affordable and the opecating, costs cap be deferred over
an extended period of time.

The capital costs of a diesel engine ere in the range of about $300 to $1,300 per kW
of capacity. The costs of diesel generators are higher, ranging from about $400 to
$2,0n0/kW (s2e Exhibit A-11).® There is a significant economy of scale for diesel gen-sets
as the powur requirements incresse. Diesel engines end generstor sets are generally not
available below about 3 kW, but sre manufacturec in sizes exceeding 100 kW. Exhibit A-12
shows the cost of pumps 88 2 fuaction of power reguirements.

®Sources Meridias Corporation, “Renewable Energy Technology Applications Identifica-
tion for Egypt,” US Agency for International Development Coatract No: AID-263-0123-C-00-
4067-00, Task 2.2, February 1986; Kenna, J., "Cost and Performance Data on Diesel Engine

Generators and Pumps * SAND87-7109 (Albuguerque: Sandia Nationsl Laboratories, May
1987).
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Exhibit A-12
DIESEL PUMP COST

EACLUDING ENG™NE COSTS

COST (HOUR. §/KwW)
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0 SHALLOT (<TH) ¢  DiTERRED. (30M)

Sourca: The UNDP/World Bank Handpump Projact, 1887,
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The operating cost of a diesel generator and pump hss essentially four components:
fuel cost, maintenance cost, operator cost, aad repair cost. Fuel cost is o function of the
size and Guration of the load placed on the diesel. Maintenance cost is for routine tuneups,
filter changes, otc., and for major engine overhauls *hat should be performed to ensure
optimum efficiency and reliability. Repair cost is for repairing malfunctions. Operator cost
s for diesel applications for which a part-time or full-time operator is present. A sample
of these costs, broken down for diesel pumps in Kenya, is shown ia Exhibit A-13. The tetal
runn:ag cests for @ diesel pump can be as high as 25-50% of inirial capital costs.

EXHIBIT A-13
Dlesel Pemp Operating Costs

Pump Fuel Maiag, Repair Operztor Total

Rating Cost Cost Cost Cost Running
Location kYY)  (x) (ovx) (8/yx) (8/yr) (Rlvr)
Keramaini, Kenys 7 $250 $238 $100 $338 $926
Keramaini, Kenya 23 $1.276 $656 $100 $394 $2,426

Source: Kenna, J., Cost and Performance Date on Dieso! Engine Generators and Pumps, 1987.

A.3.5 Shallow Water Table Deoth Diesel Puriwing

The preferred diesel pump configurstion for shallow pumping applications with a 3 to
10 meter head is & direct-drive diesel engine with a surface-mounted centrifugal pump. The
diesel engine commonly used in these types of rural pumping applications in developing
countries involves & two-cycle engine with a large flywheel. The typical pump is & centri-
fugal pump that is mounted on and operstes entirely from the surface.

This diesel puaping configuration has demonstrated a high level of reliability over
more than a 30,000-hour life before requiring a msjor overhaul. The average operating
efficiency in the field is sbout 7-10%. The cupitml costs for this system are relatively low.
For example, 8 4 kW uanit would cost about $4,000 (1986 dollars). Annual opersting coats,

Bot including fuel, would be about $1,000 to $1,500. When properly meintained and operated,
these systems have demonstrated 10086 availability.

AS6 Intermediate/Deep Water Table Depth, Low-Flow Diesel Pumping

The preferred diesel pump configurstion for iniermediate/deep wall denths of about
20 to 40 meters and low flows (less than 30 m®/day) is 8 dissel engine directly driving a
jackpump. The diesel engine commonly used in this configuretion is a four-cycle engine.
The pump commonly uss in this epplicetion is 8 positive displacement pump using 8 derrick
arm design and g submerged pump cylinder.

This diesel pumping design has demonstrated a high level of reliability over more

than 8 25,000-hour life before requiring a major overhoul. The sverage operating efficiency
in the field is about 7-10%. The capital costs for this system would be about $6,500 (1986)
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Exhibit A-14
STORAGE TANK COST
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Source: The UNDP/Vorld Bank Handpump Project,
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for 8 4.5 kW unit. Anpual operating costs, not inciudiang fuel, would be about $!,500 to
§2,500. When properly maintained and opersted, these systems have demonstrated about 97%
reliability.

A.5.7 Intermediate/Deep Water Table Depth, High-Flow Diesel Pumping

The preferred diessl pump configuration i3 8 diesel eagine driving an elsciric genera-
tor which in turn drives an electric motor and pump. The diesel engine commonly used in
this configuration is a four-cycle engine with an AC generator. The tvpical pump for this
application is & centrifugal submer :ble pump with en electric motor. The motor and pump
gre iastalled st the bottom of the well. Becawse the submerged pump only requires electric
conductors between the dicsel gen-set and the bottom of the well, the installation of the
pump i3 easier thar with the previous pump designs.

This diesel pumping design has demonstrated a high level of reliability over more
than a 20,000-hour hife before requiring 2 major overhaul. The average operating efficiency
in the field is somewhat lower at sbout 6-8%, due to additional losses in the generator and
molor. Capital costs for this system would be about $9,500 (1986) for 2 6.0 kW unit.
Anpnual operating costs, not including fuel, would ba about $2,000 to $3,500. When properly
maintained and operated, these systems have demonstreted about 93% reliability.

AB Storage

Energy storage in the form of water, battery, or fuel is usually incorpovated in PV-
and diesel-based rural water supply systems. [tz primery function is to balance demand and
supply. Storsge is a!so used to protect against insolation variance in PV systems and fuel
supply interruptions for dielel systems. Storsge i mot typically considered for handpump-
based options as water is aveilable upon demand. Consumers usually practice “home 3torage”®
when watar has to be carried home, such as in a handpump- or standpipe-based RWS sysiem.
With 2 handpump-based system, if an equipment failure occurs water supply is interrupted
until repairs are made. Overhead water storage tanks costs vary significantly depending on
local conditions. Typically, costs range from sbout $500/m® for & 5 m® tank to $100/m® for
8 100 m® tank (see Exhibit A-14).

Storage capacities considered for peak demands are typically between one-fourth and
one-third of daily averagc water requiremernts, Capacity recommendations for diesel systems
are one day of storage to provide for supply interruptions.” Storage requirements for PV-
powered water pumping systems are typically one to thres days to cover insolation variance
and peak demand. According to Chapman st Sandia Nationa' Laboratories, 8 storage capa-
city of ona day will provide an availability of spproximately 97%.% A storage capacity of
three days will provide 99% availability. For exsmple, 28 99% availability means that for
about four days in 8 year, water output will be below the design level.

Battery storage systems consist of batteries connected is parallel with the PV arvay
and motor/pump 3et. The battery acts &3 energy storage and a constant voltage source

7 Philippines Water Resources Council, "Rural Water Supply: Design
Manusl,” 1979.

$Chapman, R. N., “Sizing Hendbook for Stand-Alone Photovoltaic Storage Systems,”
SAND87-1087 (Albuguerque: Sandia National Laboratories, April 1987).
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Exhibit A-15a

LAYOUT OF SIMPLE STANDPIPE DISTRIBUTION SYSTEM
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Exhibit A-15b

STANDPIPE DETAIL (2 taps/standpipe)
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determined on 8 kWh basis and includes “reserve” capacity or that capacity below which the
battery is not diccherged. Battery life is 2 function of its discharge depth. For deep-cycle
design batteries, 8 S-year life is cons:rvatively predicted for 8 daily ¢2oth of discharge
Limited to 50% of the total capacity.

A7 Standpipes and Distribution Pipes

Standpipes are used {or PV- or diesel-based wuter supply systems. Standpipes or
public faucet water distribution systems supply water through main and submain piping to
public water points. Exhibit A-15 shows a layout of a swail standpipe-based rural wuter
supply system. Standpipes are more coavenient thap handpump-based systsms. Water points
can be closer to residences and additional wells are unneceszary. Standpipe cost is es-
timated at $150 per standpipe, and includes the piping, fittings, and a concrete aproa around
the base of the standoize for controlled drainage and general sanitation. Distribution piping
costs are estimated at atout $6 per meter installed. A cost breakdown for distribution
piping and standpipes is shown in Exhibits A-16 and A-17, respectively.

A8 O&M Cost Tstima’es

O&M costs are estimated for represeatative handpump, PV, end diesel water pumping
system configurations. O&M costs include cos: of parts, labor, and transportation. Cost
estimates arc provided for handpump, PV, and diese! systems for shaliow and intermediate/
de2p-well epplications. The cost estimates are used to calculate O&M cost as & percen of
capital cost for use in the anaiysis,

Ths number of vigits to the pump by maintenapce personne! tekes invo consideration
the routine maintengnce needs as well as unicheduled maintensnce reqmremenu The
sumber of unscheduled maintenance visits per year is compute¢ using reliability theory by
estimating the expected number of failures per pump per year.

These types of maintenance personne! considsred in the cost analyris are;

o Village Based (VB) - Mainteaance is carried out by a designated member of the
community.

0 Area Maintenance (AM) - An grea mechenic is contracted to provide maintenanos
services. The erea mechanic can provide more sophisticated repair and msintenance
garvices than VB maiatenance.

o Central Maintenance (CM) - Pump maintenance i3 managed by sa e . ernal agency
with the village accepting certein respongibilities. The CM team travels from a base
camp to the villages to provide the necessary services. Thess teams can supply more
complex muinienance and repair services than either VB or AM.

Exhibits A-18 to A-20 show the O&M cost breakdown for the rej.resenmtive pumping
systemas. Exhibiz A-2] through A-23 show the replacement parts schedule and costs for the
centrifugal and jeck puvmps. Exhibit A-24 provides failure rete estimates for the handpurmp,
PV, and diesel pumping systerms.
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"EXHIBET A-16
Wotke Dletribetien Piplag Cest

MATERIALS NUMBER COST (3)
38 m P C Pips 100 meters 362.00
Globa Values 3 $5.54
38 mm Sockews 10 29.68
1 mm T-loish A 1841
TOTAL MATERIAL COST 463.69
139,11
TOTAL COST/100 METERS 85935.40
Cost per meter of plplrg $ 6.00

Source: Netional Watet Resources Council, Ropublic 0f the PRilippines, “Leaign Man-
vatk Rurel Water Supply,” Volume 1, 1980. Costs were cocalatsd 408 o refloct 1986
©osty.

Coacreto for " X ' X & 62.64

esacrete alad ead

PX 12 X ¢ concrete

pillar

Roinforcing PMeoh 8' &k & 9.60

TOTAL MATERIAL COST 167.08
el d

TOTAL CO8TS 139.20

Amemed standpipe cort £1%0.00

Sourcx Naticeal Water Rezources Couscil, Repeblic of the Philippinss, op. it
Costz were secalated ¢0% ¢ reflsct 1986 cost.
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Shallow-lift handpump capital and installation costs.

DC susfece-mounted motor/pump set. Includes 1.25 factor for insteliation costs
(Meridian Corporation, “Evalustion of Ilnternationsi PV Projects,” 1986).

Direct drive 4.0 kW diesel engine (Kenne, J., on. £38.)
Estimate for Tars handpump.

Annualized cost of replacement parts iacluding motor brushes.' motor {at gsix-year
intervais), pump sesls, and impellers (A.Y. McDonald Mfg. Co.).

Spare parts for diesel engine snd centrifegal pump proportioned between AM and VB
levels., (Keans, gp. git. Chronar TriSolar Inc.).

Lsbor consists of Village-Bases attendant (VB), Area Mechanic (AM), and Central
Maintenance (CM) as required. Viilage attendant at 0.5 days per week for handpump
and photovoltaic systems.

Equivalent labor days for motor brushes and seal replacement at 3- and 6-year inter-
vals, respectively.

Equivalent labor days for engine overhau! and pump maintenance at frequency of every
four years (Kenna, 09, ¢it.).

Labor rates based on estimates provided by Dr. Rupeit Roche of the World Bank.

One trip per week.

Represents a fuli-time operator, seven dasys per week (Kemna, gp, git.).

Example distances.

Example t-ansport costs.

Minimum °f two men per crew for AM and CM levels for PV and diessl systiems.
Calculated ss follows: Trips a Distance x Transport Costs.

Esumates for Tara handpump, village-level maintenance (Dr. Robert Rocte).
Calculated 8s follows: Men/Crew x Lsbor x Labor Rate x Trips, except where noted.

Twenty-five: percent of attendant Iabor cnsts assumed directly maintenince-related
for PV and diesel systems.

A-25




92-v

Exhibit A-19 088 SAHPLE CORFISURATIONS

(20-40 Weters Depth, < 30 &/ day)

Canttal cont O

88 B,
- Replecemzsnt Parts so? ]
- Labor (deys/person/trip/yr} 18 2%
~ Labor Rates {$/day}! 4 4
- Trips (d7year)’ 2 50
- Diptancs (knl!rlp!punu)J 5@ .5
- Trengport Cost (Slkn)J .1 @
- tien/Crew® ! 1
ummary
Parte (§/yr) 36 @
Transport (Slyr)J 18 @
Hatnlenaznce Labor (Slyr)J i2 ]
Attendant Labor (§/yr, less 160
Totals {§/yr. loms ettendant) $ 87
{% cepitat cost} {68)
Totals (§/yr. w/atteadent) g1s7

¢ ares Kechamic (AR}, Villege Based (VB), Central Haimtemence (CH).

i

¥ o L} iB
30€ 0 6
2 0 15
4 4 4
1 0 50
100 50 5
.35 1 0
3 H 1
10 0 0
35 0 0
24 0 15
) 0 45

110

(9%)

$155

380’ 350° so’
¥ M 365
4 [} 4
H H 385
160 50 .5
35 A )
3 ? 1
380 350 50
70 10 0
%8 84 385
(] 0 1095

$1385

{152)

$2308




Reference Notes:Exhibit A-19
Aversge capital and installation costs of three hand pumps suitable for intermedi-
ate-depth applications.

Jack pump/motor set includes 1.25 factor for instalistion costs. (Meridian Corpora-
tion, "Evaluation of Internstionsl PV Projects,” 1986).

Direct drive 4.3 kW diesel engine (Kennsa, gn, ¢it).

Estimates for selected handpumps based on data supplied by Dr. Robert Roche of the
World Baak.

Annualized cost of replacement parts of jack pump over the life of the pump. Ia-
cludes leathers, motor brushes, oil, bearings, beits, and one motor replacement.
(Chronar TriSolar, Inc.)

Spare parts for diesel engine and jack pump proportioned between CM, AM, and VB
levels (Keopa, gp, cit. Chronar TriSolar Imc.).

Estimates provided by Dr. Robert Roche, World Bank.

Consists of three days equivalent per yeer for diesel overhsul and ome day equi-
valent for jackpump maintenance.

Labor rates based on estimates provided by Dr. Robert Roche, World Bank.

See Reference Notes - Exhibit A-18.
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Estimaies provided by Dr. Robert Roche, World Bank.

Multi-stage submersible dc or ac {'vith inverter) motor/pump sets (A.Y. McDonald,
Grundfos). Includes 1.25 factor for imstallation costs (Evaluation of Internstional
PV Projects, Meridian Corp., 1986).

6 kW diesel generator set (Kenna, gpn, git.).

Average of World Bank estimates for Volanta and India Mark I! handpumps, provided by
Dr. Robert Roche, World Bank.

No anticipated scheduled maintenence requirements (Grundfos Pumps Corp., A.Y.
McDonald Mfg. Co.). Pump/motor replacement at equivalent period of 7.5 years.

See Reference Notes for Exhibits A-18 and A-19.

Nominal one trip per year for inspection snd repair support (i.e., failure rate
estimates show one failure every two years. (See later Exhibits.)
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EXHIBIT A-21
RFFLACEMENT PARTS SCHEDULE AND COSTS FOR DC MOTOR/SINGLE
STAGE CENTRIFUGAL PUMP - SURFACE MOUNT

Capital Cost $625.00
Maintenance Item Xears
3 6 9 12 15 18
1. Motor Brushes (3) 30 30 30 30 30 30
2. Pump Seals/Impelier ($) 20 20 20
3. Motor Replacement (3) 280 280 280
4. Pump Replacement ($) 250

D DD D - DD P O D D G e D D e D D D G D A D D R D D N R K D D PGP D W I e G e

Present Worth @ 10%
of Items 1-3 over
§2-year life cycle = § 220.00

Anaualized O & M Cost a § 3200 (w/ motor/pump set life of 10
years considered normal)

Source: AY. McDonald Mfg. Co. for maintenance requirements and
discounted cost.

EXMIBIT A-22
DC OR AC SUBMERSIBLE MOTOR/MULTI-STAGE CENTIFUGAL PUMP

Capital Cost. $2500.00
I.  No scheduled maintenance requirements.

2. Insufficient field expe.icace to determine
life for DC brushless.

3. AC submertible includes inverter.

4. Nominal life of 7.5 years selected.

Sources:  A.Y. McDonald Mfg. Co., Grundfos Pumps Corporation,
Associates in Rural Development.




EXHIBIT A-23
REPLACEMENT PARTS SCHEDULE AND COSTS FOR JACKPUMP

Canitsl Cost $1230.00

2 4 6 g8 10 12 M4 16 18
1. Leathers ($) 0 10 110 10 10 0 10 i0 10
2. Motor Brushes ($) 25 25 25 25
3. 0il (%) 10 per year
4. Bearings (3) 60
6. Belts (3) 20
7. Motor Replacement (3) 145

8. Pump Replecement 20 years

Present Worth @ 10%
of Items 1-7 = $ 170.00

Annuslized O & 1{ Costs = $§ 30.00 (Includes $ 10.00 annual costs for oil)

Source: Chronar TriSolar, Inc. for maintenance requirements. Motor/pump costs calculated
based on $2,100 system price isss 152 watt erray at $ 7.00/%p.
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Exhibit A-24 -
FAILURE RATE ESTIMATES “ g
e «
SYSTEM CONFIGURATIONS . B
HANDPUMPS N
Components: HANDPUMP h
Failure Rate (#/hour) 667210°% (A)
MTBF (1/failure rate) 1,500 hours
Operating Hours/year: 2,190 hours 7
@ Failures/year: 1.5 !
BY PUMPING SYSTEMS
Components: PV ARRAY - CONTROLS; | | MOTOR/PUMP
INVERTER SLT
Failure Rate: 0 (B) 200x10°% (C) 140x107% (C)
System Failure Rate: 340x10°¢
MTBF: 2,940 hours
Operating hours/year: 3.600 hours
# Failures/year: 0.8
DIESEL PUMPING SYSTEMS
Shallow Well
Components: DIESEL ENGINE CENTRIFUGAL
PUMP
Failure Rate: 1700x10°¢ (C) 370x10°¢ (C)
System Failure Rate: 2070x10°8
MTBF: 483 hours
Opersting hours/year: 1825 hours
@ Failures/year. 38
A-32
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Exhibit A-24 (Coni'd)
FAILURE RATE ESTIMATES

SYSTEM CONFIGURATIONS

DIESEL SYSTEMS (Cont'd)
Deep Well CIESEL AC MOTOR/PUMP
Components: ENGINE | GENERATOR SET
L
Failure Rate: 1700x10°% (C) 520x107% (C) 140x10°% (C)
System Failure: 2346x10°8
MTBF: 424 hours
Operating hours/year: 1,825 hours
w Failures/year: 4.3

Exhibit A-24 Ref N

A. UNDP/Worid Bank Handpump Project laboratory endurance tzsts. Average of pumne
tested. Data supplied by Dr. Robert Roche, World Bank.

B. Module failure rates are on the order of ! - 1.5 x 10°® (Saunders, John, "The Con-
centrator Option,” Photovoltaics Interpational, June/july 1984). Calculated array failure
rates are neglisible (compared to other components) due in part to redundancy afforded
by module paralle! connections.

C. Failure rate data estimates based on: Bellinger, D. ¥., G. M. Pittler, R. E. Shelton, et
al., “Reliability Prediction and Demonstration for Ground Electronic Equipment,” Tech-
nical Report No. RADC-TR-68-280, Rome Air Development Center, Griffiss Air Force
Base, Mew York, December, 1968, and Hughes Aircraft Company, “Nonelectric Reliability
Notebook,* Technical Report No. RADC-TR-75-22, Rome Air Developmeni Center,
Griffiss Air Force Base, New York, January 1975.
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APPENDIX B
COMPARATIVE ANALYSIS PRCGRAM DESCRIFTION




MERIDIAN CORPORATION
COMPARATIVE EVALUATION OF WATER SUPPLY SYSTEMS
HANDPUMPS VS. PV PUMPS VS, DIESEL PUMPS
FOR
RURAL WATER SUPPLY

COMPARATIVE ANALYSIS PROGRAM DESCRIPTION

The following is & description of the Lotus program developed anu used in the analysis.
The program uses a8 number of Lows "@" functions suv: as @SUM, @VLOOKUP, @SQRT, @iF,
@CHOOSE, etc. Please refer a Lotus manual for a description of these functions.

Discount rate + 1 IPLUSDISCNT
Annual:zing factor ANNLFCTR
Arrival rate at water point (per hour) ARVLRATE
Battery cost {$/kWh) BATCOST
Allowable battery depth of discharge BATDOD

Battery efficiency BATEFF

Battery life (years) BATLIFE

Battery size in PV-bat system (kWh) BATSIZE

Battery cost in PV-bat system BATTERYCOST
Base water storage cost BCSTORE

Begin. of PV array cost lookup table BEGPVLKUP
Civil works life (years) CIVILIFE

Civil works O&M cost (%) CIVILO&AM

Water collection time cost ($/hour) CLCTCOST
Begin. of component life lookup table COMPRPLIFE2
Handpump delivery rate (I/min) DELHP

Standpipe delivery rate (1/min) DELSP

Water table depth (m) DEPTH

Diesel engine size selected (kW) DIESELSIZE
Discount rate (fraction) DISCOUNT

No. of wells for 5 hr diesel operation DSLSHRWELLNO
Diesel engine ansual. cost (3/year) DSLANCOST
Diesel attendant (hours/year) DSLATTEND
Diesel system/capita annual. cost DSLCAPITANCST
Diesel system/capita capital cost DSLCAPITCAP
Diesel civil works annual. cost DSLCIVILANCST
Diesel civil works O&M cost DSLCVLO&MCST
Diesel fuel annual cost DSLFUELANCST
Diesel engine fixi.d cost DSLFXCST
Nominal diesel operating hours DSLHRSNOM
Diesel engine nc.minal life (years) DSLIFE

Diesel system v ater cost DSLMAICST

No. welis whe: diesel operates longer hours CSLMAXHRWELLNO
Diesel annual O&M cost DSLO&MCST
Diesgl pump co:t DSLPMPCOST
Diesel pump efficiency (fraction) DSLPMPEFF
Diesel pump O&M cost (% capital cost) DSLPMPO&M
Diesel pump annunal O&M cost (8) DSLPMPO&MCST

Diesel pump size (kW) DSLPMPSIZE




Diesel pumyp annusl cost

Diesel water storage cost

Diesel water storage volume

Digsal total annual cost

Diesel total capital cost

Diesal daily use hours

Diesel engine actual useful life

Diesel pump variable cost ($/m depth)
Diesel pump variable cost ($/m®-hour)
Diesel well(s) cost

Diesel waier storzge days required

End of PV cost lookup table

Diesel engine fixed cost (8)

Diesel system engine capital cost

Diesel engine variable cost (3/kw)

Family size

Fuel cost ($/liter)

Fuel to water efficiency

Flow rate for selecting high-volume pump
No. of houses per hectare

Haadpump annual cost

Handpump O&M cost

min. no. attend. hours/village

Handpump capital cost ($/village)
Handpump per capita capital cost ($/person/yr)
Handpump water cost ($/capita-yr)
Handpump water collect time lookup table
Handpump water collection time (min/trip)
Fized cost/handpump

Haadpump life

Handpump water cost (3/m®)

Handpump O&M cost

Handpump total annual cost

Handpump total capital cost

Handpump water collection time (min/1)
Handpump variable cost ($/m)

Handpump annual well cost

Handpump well capital cost

Handpump well O&M cost

Handpump water collection time

Max. handpump water delivery (loads/hour)
Hendpump village daily water demand
Insolaticn (kWh/m?/day on Plane of Array)
Weater demand (liters per capita-day)
Max. ellowable diesel opersiing hours
Max. diesel well water output (m®/day)
Maximum persons served per handpump
Max. handpump village population

Max. PV pump use hours (houss/dsy)
Max. PV well daily output (m3/day)

Max. persons/ stand pipe

Mazx. stand pips village population
Minimum diessl/PV pump cost ($/pump)
Min. no. of wells required

B-2

DSLPUMPANCST
DSLSTORCOST
DSLSTORVOL
DSLTTLANCST
DSLTTLCOST
DSLUSEHRS
DSLUSELIFE
DSLVARM
DSLVARQ
DSLWELLCOST
DSLWTRSTORE
ENDPVLKUP
ENGFXCST
ENGINECOST
ENGVARCST
FSIZE
FUELCOST
FUELTOWTREFF
HIFLOWPMP
HOUSES
HPANCOST
HPANO&MCST
HPATTENDMIN
HPCAPCOST
HPCAPITCAPCST
HPCAPITWTRCOST
HPCLCTBL
HPCLCTIME,
HPFXDCST
HPLIFE
HPM3IWTRCOCST
HPO&M
HPTTLANCST
HPTTLCAPCOST
HPTTLTIME
HPVARCST
HPWELLANCST
HPWELLCAPCOST
HPWELLO&MANCST
HPWTRCLCTIME
HPWTRLOAD
HPWTRM3
INSOL

LPCD
MAXDSLHRS
MAXDSLWELLOP
MAXHPSZERVE
MAXHPVILLGE
MAXPVPMPHRS
MAXPVWELLOP
MAXSPSERVE
MAXSPVILLGE
MINPMPCST
MINWELLS




Pipe nost ($/m)

Length of pipe (m/village)
Population

PV array anaual cost

PV system annual total cost

PV array size (Wp/pump)

PV atteadant hours/year

PV-bat. annual aray cost

PV-bat. array capital cost

PY-bat. arvay size (Wp/pump)
PV-bat. daily energy demand (kWh/day)
PV and battery O&M cost

PV-bat. pump uwed hours

PV-bat. pump size (W/pump)
PV-bat. battery cost

PV-bat. arrey size (Wp/well)

PV -bat. well cont

PV -bat. Bo. of wulls

PV -bat. ansual par capita cost
PV-bat. psr capita capital coat
PV - bat, elvil works anoual cost
PV-bat. civil works Q&M cost
FV-bat. water cost ($/m0)

PV-bat. arvay & battery O4AM coat
PV baunce of system efliclency
PV-bat. pump ansual cost

PV-bat. pump cepital cost

PV-bat. pump O4M cost

PV-bat. water storage cost

PV -bet. total eazuvel coat

PV-bat. toinl capital coe

PV per copite capital eoet

PV por cepita azasual cot

PV civil works sasval cont

PV civil works &M cost

PV arvay life

PV pump & erray eost lookun table (3/Wp)
PV eost maltiplior

PV watsr cost (5/m?)

PV arruy O&M cost (3/year)

PV per capits cepital coat

PV piping coat

PV pump sanual cost

FV pump O£:M cout

PV pump efficieacy (with battery)
PV pump efficieny {without battery)
High-flow PV pump life

Low-(low PV pump lifs

PV bw-fow pump O&M (% capital cost)
PV high-flow pump O&M (% capital cost)
PV pump capital cost

PV pump size (W/weil)

PV arrLy size range for costing pomp & army
PY water storoge capital cost

8-3

PIPECST
PIPELENGTH
PFOPULATION
FYANCOST
PYANT ILCOGT
PVARRAYSIZE
PYAT)Y: ND
PVBAR+ AYANCST
PVBAR AYCST
PVBAT .RRAYSZ
PYBAT*NERGY
PVYBATO&M
PYBATPMPUSEHRS
FYBATPUMPSZ
PVBATTRYCST
PVBATUNITARRAY
PYBATWELLCOOST
PVBATWELLNO
PYRCAPITANCST
PVBCAVPITCAP
PYIMCVLANCST
PYBCVLOLMCST
FVBMICST
PVBOAMCST
PVBOSEFF
PVBPUMPANCST
PYBPUMPCOST
FPYRPUMPOSAMCET
PYBSTORCOST
PVBTTLANCSET
PYBTTLCOST
PVCAPCOST
FPYCAPITANCST
PYCIVILANCOST
PVCYLOEMANCST
PYLIFE
FYLEUFTBL

Vi

PYICOST
PYOSMANCOST
PYPERCAPCOST
PVPIPECOST
PVPMPANCOST
PVPMPANOLMCST
PVPMPBATEEF
PVPMPEFF
PYPMPHILIFE




PV watr storage volume

PV total capital cost

PV well cost

PV Bo. of wells per village

PV water storage requirement (day’)
Minimum water demand (liters/capita/day)
Water demand 8@ cross-over point
Replacement present vnlue factor table
Skilled labor wege rate ($/hour)

Ctandpipe water coliect time lookup table
Standpipe water collection time (min/trip)
Cost per staadpipe

No. of taps/standpipe

Stndpipe water gathering time (min/l)
Standpipe water collect. time (hr/villg./yr)
Swsudpipe delivery rate (loads/hr)
Standpipe daily water demand {m®/village)
Standg..pe cost (§/village)

Analyeis life

Water tank height ¢+ pumpiog losses

No. of taps per watar point

Time 8t quipcd oo elastic demand curve
Time ot q=ipcd on inelastic demand curve
Load carried per trip (liters/trip)

Time 8t cross over poing (hs/m?)

Time ot crose over oint (min/l)

PV -bat. battery size (kWh/pump)

Weter collaction person’s vaiue of time (%/hr)
Standpipe use efficiency

Water point use Lours (hours/day)
VWalking speed (kmyar)

Walking distonce o wa'er point (m)
Welking time (min/trip)

Fraction of family izcome spent 08 water
Cosy of 8 well

Well type 10 bs sslacted for analysis
Income preducing work hours/famiiy
Select. water collect. time (rom demand curve
No. of water points

Marimum well yield (m¥/hour)

PVSTORVCOL
PVTTLCAPCOST
PYWELLCOST
PVWELLNO
PVWTRSTORE
Qo L]
QX
RPLTBL
SKLDLBR
SPCLCTBL "
SPCLCTIME
SFCOST
SPTAPS
SPTTLTIME
SPWTRCLCTIME
SPWTRLOAD
SPWTRM3
STNDPIPECOST
SYSLIFE
TANKHT
TAPS

LAST
TINELAST
TRIPLOAD
THXHRM3
THMINL
UNITBATSIZE
UNSLKWAGE
USEFF
USEHRS
WALK
WALKDIST
WALKTIME
WATERINCM
WELLCOST
WELLTYPE
WRKHRS
WITRCLCTIME
WTRPT
YIELD




INPUT DATA LISTING
Insoiation (kWh/m3/day - POA):

Water consumption
{liters/cap/day)

Well type:

e

_RATES
- Handpump, (I/min.)

- Stand pipe, (I/min.)

Income spsnt on vater, (%)
Number of persons/family
minimum water need, (LPCD)
Work hours/family

Housing density, houses/ha
Walking speed, km/hour
Mazimum load/trip, 1/trip

Water point use, hours
No. Taps/standpipe
Standpipe use efficiency

Max. Well yield (m3/hr)
Water table depth (m)
Storage tank height (m)

PV cost multiplier
Minimum no. of wells

Capital costs - PY pump up to Wo

3 = INSOL

20 = LPCD

J = WELLTYPE (1=3500/5M, 2=81500/20M,
3=$2500/20M, 4=85000/20M,5=35000/40M)

@CHOOSE(W ELLTYPE-1,20,15,15,15,12)

= DELKHP
15 o DELSP
3 = WATERINCM
g = FSIZE
10 Qo
20/8°FSIZE = WRKHRS
2% = HOUSES
3 « WALK
20 = TRIPLOAD
6 = USEHRS
2 = TAFS
i = USEFF
50 =YIELD
@CHOOSE(WELLTYPE-1,5,20,20,20,40) = DEPTH
10 = TANKHT
i = PFVYM

i = MINWELLS

¥

/WD ~2/¥D a5y
200 7.00 8.00°PVM
500 4.25 7.715°PVM
1000 2.50 1.50°PYM
» 1000 7.25°PVM

Note: for »1000 Wp, PV pump cost is based on diesel pump cost function adjusted for

efficiency differences.

Capits! costs: Eixed Var($/m) Yar($/mé-hr)
Handpump @TF(DEPTH<=7,200,500) @IF(DEPTH<=7,0,8) -
Diesel pump 275 ph ! 75

Min, Pump cost ($/pump)
Diesel engine ($/kW)

Storage cost (3):
Piping cost ($/mk
Standpipe cost (I
Well cost (3):

@IF(DEPTH<=7,500,1000)

@TF(DEPTH<30,3000,5000)/KW +
@IF(DEPTH<«30,200,240), FOR kW.3
1000 °SQRT(VOLUME °® DAYS OF STORAGE)

6 = PIPECST

150 = STNDPIPECST

@CHOOSE(WELLTYPE-1,500,1500,
2500.5000,5000) WELLCOST

B-5




Battery cost ($/kWh)k

PV pump efficiency:

PV pump eff w/ battery:
Bettery efficiency:

PV boa efficiency:
Diesel pump efficiency:
Diesel fuel to water eff.

Nomins! diesel operation (hrs/dey):
Max diesel operating hrs (hra/day):
Mazimum PVY-bat. Pump hrs (hrs/day)

Allowable battery DOD:

Storage/system (days)
Storage/diesel (daysk

Max. PV well output (m®/day):
Msx. Diesel well cutput (m®/day):

Handpump O&M (% of capital cost/year)

Civil works O&M (% capital cost/yoark
PV array & bat. O&M (% cap. Cost/yrx
Diesel O&M (% capital coet/year):

PV motor/pump O&M (% cap. Cost/yr)k
PV motor/pump O&M (% cap. Cost/yr)

Skilled attend. rets ($/hourk

PV pump aticndant (hours/pomp/yeary
Handpump, PV/standpipe attend.

(hours/water point/yesr)
Disgel attendant (kouss/oump/year)

Fual cost ($/Liter)

Handpump life (yearsk
Motor/pump life (years)
Motor/pump life (years)
Diegel life (years)

Civil works life (years)
PV array life (yeass)
Battery .\{e (ycars)

Discount rate
System life (years)

Watee eollaction wags rate (3/hourk
Cost water colict. time?

Present value of replecements

200 = BATCOST
@IF(DEFTH<12,0.25,0.35) « PVPMPEFF
0.45 « PYPMPBATEFF

0.8 =« BATEFF

0.9 = PVBOSEFF

0.3 = DSLFMPEFF

0.C2 = FUELTOWTREFF

§ = DSLHRSNOM

12 = MAXDSLHRS

16 = MAXPYPMPHRS
= BATDOD

3 = PVSTORVOL
| = DSLSTORVOL

YIELD®MAXPVPMPHRS
YIELD*MAXDSLHRS

@IF(DEPTH<7,@IF(USEHRS>6,40,20),
@IF(USEHRS>6,20,10)) = HPO&M

1 = CIVILOEM
I = PYBATO&M
I3 = DSLO&M

10 FLOWS < HIFLOWPMP « PYPMPO&M
$ FLOWS » HIFLOWPMP « PYPMPO&MHI

05 o SKLDLBR
2°32 = PYATTEND

0.5°365 » HPATTENDMIN
2920 « DSLATTEND
0.5 = FUELCOST
10 = HPLIFE
10, FOR FLOWS<HIFLOWPMP = PYPMPLOWLIFE
7.5, FOR FLOWS>HIFLOWPMP = PVPMPHILIFE
@IF(DEPTH<1,10,10)
= CIVILIFE
= PVLIFE
= BATLIFE

= DISCOUNT
= SYSLIFE

82 “8%

0.125 = UNSKLDLBR
0 (YES=l, NO=0)

1+E(}PLUSDISCOUNT~(-N°YEAR)),
FOR N°YEAR<SYSLIFE

Capitel equipment apnualidng factor: DISCOUNT/(1-(IPLUSDISCNT~-SYSLIFE))

B-6




This anslysis is based on first calculating the time (T, minuies/liter) a person is willing to
speud gathering L liters/capita/day of water using the water demanay curves derived by the
UNDP'World Bank Handpumps Project (as reported in: World Bank, "Rural Water Supply and
Sanitation: Time for Charge®). Two curves are used, in the inelastic demand region, the
relationship between L and T i3 given by:

Water collection time/ inelastic demand curve =
T (min/l) = 1000°WRXKXHRS/((LPCD-QO0)*FSIZE)~2°60/1000
= TINELAST

in the elastic region, the relationship is:
Water collectinn time/elastic demand curve =
Te (min/l) = +WATERINCM/100*WREK HRS? 1000/LPCD/7°60/1000
= TELAST

The time 2t the crossover point from inelastic to elastic demand is referred to ag the
“crogsover point®. The cross over point wates demand, QX, and time, TX, is given by:

Water use at cross over point (liters/capita/day) = QX
= ((2°FSIZE®QO*WATERINCM/1060+1 )+
@SQRT(4°FSIZE*QO°WATERINCM/17%41))/ Q*%(WATERIN-
CM/100)°FSIZE)
TX (ars,m3) w 2000°WRKHRS*(WATERINCM/100)2/
((2°FSIZE®QO°WATERINCM/100+1)+ @SQRT(4°FSIZE
SQO°WATERINCM/10J+1)) = TXHRM3I
TX (min/l) = TXHRM3°60/1000
The time corresponding to L = LPCD is given by:
Selected water collection time (min/l) @ Td = @IF(LPCD>QX, TELAST, TINELAST)
The mazimum number of parsons served per water voint is computed by salecting the number
of persons (POP) served when water gathering time (Ts) is equal to the time a person is
willing to spend (Td). Water collection time i3 compozaed of:
1. Welkiag time
2. Queuing time
3. Container filling time

Walking time depends on the distance walked and the walking speed. Walking distance
depends on the population density and POP:

Walk distance (meters) = @SQRT(POP,/FSIZE/HOUSES®10000)
Walk time (min/trip) = DIST/WALK/1000°60
Queuing time is computed using standard queuing models (See H. Wagner, "Principles of

Operations Research,” Second edition, Prentice Hall, Chapter 20). The handpump is modeled
as a single server system with Poisson input and exponential service. The standpipe, which
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has two taps at each water point is modeled as 8 two server system with Poisson input and !
exponential service. The calculstion equations are shown below: i' -
Water delivery rate = DELHP®60/TRIPLOAD, FOR HANDPUMP .
(loads/hour) = HPWTRLOAD . ’ <
= DELSP?60/TRIPLOAD, FOR STANDPIPE » SPWTRLOAD o0
vy 7
Arvival (trips/hr) = POP’LPCD/TRIPLOAD/USEHRS ’:é‘*
Collct/HP {min/trip) = @IF(HPWTRLOAD>ARRVLRATE, I /(HPWTRLOAD-ARRVLRATE), \’
@NA)Y°60 = HPCLCTTIME B
Colict/SP (min/trip) = @IF(SPWTRLOADPSPTAPS-ARRVLRATE>?,
S0%(ARRVLRATE*2/(SPWTRLOAD®
(4°SPWTRLOAD*2-ARRVLRATE*2)}1/SPWTRLOAD),@NA)
= SPCLCTIME L
Bt

Total water gathering time is given by:
Total time/HP (min/l) o (WALKTIME+HPCLCTIME)/TRIPLOAD

Total time/SP (min/l) o (WALKTIME+SPCLCTIME)/TRIFLOAD

An iterative procedure is used to select the population (POP) at which Ts equals Td:

Maximum aumber served per handpump s @MIN(YIELD? 1000/LPCD*USEHRS,

@VLOOKURNWTRCLCTIME HPCLCTBL,2))

= MAXHPSERVE

Mazximum number served per standpipe = @VLOOKUAWTRCLCYIME,
SPCLCTBL,1)*USEFF = MAXSPSERVE

The following celculations compute the number of wells required pér village, the system
component sizes, and initial capital, annualized capital and O&M costs.

Handpump - maximum village population (#) = +MAXHPSERVE*WTRPT
Standpipe - mazimum village populstion (#) = +MAXSPSERVE*WTRPT

Handpump daily water use (m?)
Standpipe daily water use (m®)

= $MAXHPVILLGE*LPCD/1000
= +MAXSPVILLGE®LPCD/1000

No. of wells needed with PV & no battery = @MAX(MINWELLS,

@INTGH+SPWTRM3/YTELD/INSOL+0.9))

No. of wells needed with diesel use = +DSLHRSNOM, hrs/day
w @MAX(MINWELLS,
@INT{+SPWTRM3/

YIELD/DSLHRSNOM::0.9))

B-8

P R LT o . - o ’ . Ly




No. of wells needed if
Diesel used more hrs/day = @MAX(MINWELLS,
@IF(DSLSHRWELLNO=],1,
@INT(SPWTRM3I/MAXDSLWELLOP+0.9)}))

Hrs/day use diesel » @IF(DSLSHRWELLNO = DSLMAXHRWELLNO,
DSLHRSNOM,+SPWTRM?/DSLMAXHRWELLNO/YIFLD)

Diesel engine life years = @IF(DSLUSEHRS<S5,DSLIFE, @INT(DSLIFE®S/DSLUSEHRS))

EY PUMPING SYSTEM COMPONENT SIZES (NQ BATTERIES)

Pump size (watts) = 9.81°SPWTRIMI*(DEPTH+TANKHT)/
3.6/PVPMPEFF/INSCL/PYWELLNO

Storage volume (m3) = $SPWTRM3I*PVWTRSTORE

PV array size (Wp) = +PYPUMPWATTS/PVBOSEFF

Piping length (m) = 30°WTRPT*0.4*{MAXSPVILLGE/FSIZE/HOUSES)*0.6
BY-BATTERY PUMPING SYSTEM CONFIGURATIONS

Number of wells required w/o battery = PVYWELLNO

Number of wells required w/ battery = @MAX(MINWELLS,@IF(PVYWELLNO=!,1,
@INT(SFWTRM3/MAXPVWELLOP+0.9)))

Energy required w/ battery (kWh/day) = 9.81*SPWTRM3*(DEPTH+TANKHT),

/3600 /PYPMIBATEFF/BATE"F
Battery size (kWh) = 4PVBATENERGY,/5ATDOD
Array size w/ bat. (kWp) = +PVBATENERGY/PVBOSEFF/INSOL

Pump use hrs/day (min=peak inso!. hrs)
= @IF(+SPWTRM3/PVBATWELLNO/YIELD
<INSOL ,INSOL SP*TRM3/PVBATWELLNO/YIELD)

DIESEL PUMPING SYSTEM COMPONENT SIZES

Nominal pump size (kW) = 9.81°SPWTRM3I®(DEF 4+TANKHT)
/3600/DSLPMPE! -/DSLUSEHRS/DSLMAXHRWELLNO

Storage vclume (m?) = +SPWTRMI*DSLWTR' ORE
Diesel eagine (kW) = @MAX(@INT(DSLPL: (ZE/0.8:9.9),3)
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COST ANALYSIS

CAFITAL COSTS OF HANDPUMP SYSTEM

Haadpump costs ($) = +WTRPT*(HPFXDCST +HPVARCST*DEPTH)
Well cost ($) = +WTRPT*WELLCOST

Total cost ($) = +4HPCAPCOST+HPWELLCAPCOST

Haodpump per capits capital cost ($) » +HPTTLCAPCOST/MAXHPVILLGE

EY SYSTEM COST (NQ BATTERIES)

Pump cost (8) = @IF(PYARRAYSIZE<1000,@MAX(PYWELLNO®@VLOOK UP
(PYARRAYSIZE PYLKUPTBL,I)*PVARRAYSIZE,
FYWELLNO®MINPMPCST),PVYWELLNO®
DSLPMP!.£F/PVPMPEFF*(DSLFXCST+
DSLYARM®(DEPTH+TANKHT}+
DSLVARQ*SPWTRM3/PVWELLNO/INSOL))

Storage cost (3) = +BCSTORE*@SQRT(PVSTORVOL)
PV array cost (§) = @IF(PYARRAYSIZE<1000,PYWELLNO®
©<FOONC11<>_~N><M~NM.1<FRCsrhvoﬁ\)mn?*mﬁm.
13_.—.2093.qu¢©<~.8RC11<>ﬂ”><m—Nm.v<Fﬁgr.uvv
*PYARRAYSIZE)
Piping cost ($) = +PIPECST°PIPELENGTH
Standpipe cost ($) = +WTRPT*SPCOST
Well cost ($) o +WELLCOST*PYWELLNO
Total PV system cost ($) = @SUM(PV SYSTEM COMPONENT COSTS)

PV pump per capita coat ($/person) = +PVTTLCAPCOST \Z>x.mm<_=.r0m

Pump cost ($) = @qg.w)uicga_g.@z>xav§>grﬁzaa®§8ﬂs
(PYBATPUMPSZ ,PYLKUPTBL,1)*PVBATPUMPSZ,
PVBATWELLNO®*MINPMPCST),
DSLPMPEFF/PYPMPBATEFF*PVBATWELLNO®
(DSLFXCST+DSLVARM®(DEPTH+TANKHT)+
DSLYARQPWTRFT/PVBATWELLNO/PVBATPMPUSEHRS))

Storage cost (3) » +PVSTORCAPCOST
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PV array cost (§) = @IF(PVBATUNITARRAY<]000,PVYBATWELLNQO®
@VLOOKUPPVBATUNITARRAY ,PYLKUPTBL,2)°PVBATUNITARRAY,
PYBATWELLNO%(0.75+@VLOOKUP(PVBATUNITARRAY,
PVLKUPTBL,2))*PYBATUNITARRAY)

Piping cost (3) = +PIPECST*PIPELENGTH

Standpipe cost (3) = +WTRPT®SPCOST

Well cost ($) o +WELLCOST*PYPATWELLNO

Battery cost () = +UNITBATSIZE®*BATCOST°PYBATWELLNO

TYotal PV system cost (3) = @SUM(PV-BAT SYSTEM COMPONENTS)
PV-bat pump per capima cost (3) = sPVBTTLOCOST/MAXSPVILLGE

RIESEL PUMPING SYSTEM COSTS

Pump cost ($) = @MAX(MINPMPCST°DSLMAXHRWELLNO,
+DSLMAXHRWELLNO®*(DSLFXCST+DSLVARM®*(DEPTH+
TANKHTDSLVARQ®SPWTRM3/DSLUSEHRS/DSLMAXHRWELLNO))
Storage cost (3) = +BCSTORE®*@SQRT(DSLSTORVOL)
Diesel cost (8) = +DSLMAXHRWELLNO*(ENGFXCST+ENGVARCST*DIESELSIZE)

Piping cost (§) = +PIPECST°PIPELENGTH

Standpipe cost (3) = +WTRPTSPCOST
Well cost (3) w» +WELLCOST*DSLMAXHRWELLNO
Total system cost ($) u @SUM(DIESEL SYSTEM COMPONENT COSTS)

Diesel per capita cost ($) = +DSLTTLCOST/MAXSPVILLGE

Handpump water collection cost ($/yesr) » @IF(CLCTCOST=1, HPWTRM3°1000%
WTRCLCTIME/60°UNSLKWAGE®365,0)

Standpipe water collection cost ($/year)s @IF(CLCTCOST=1,SPWTRM3°1000°
WITRCLCTIME/60°*UNSLKWAGE®365,0)

Handpump cost ($/year ) = +HPCAPCOST*@VLOOK UP(HPLIFE,RPLTBL,1)* ANNLFCTR
Well cost ($/year) e +WELLCOST*WTRPT®*ANNLFCTR®*@VLOOK UP(CIVILIFE,RPLTBL,I)




Handpump Q&M cost ($/year)

Well O&M cost (5/year)

Total cost ($/year)

= +HPCAPCOST*HPO&M/100+ o
SKLDLBR°WTRPT*HPATTENDMIN g

= sWTRPT*WELLCOST*CIVILO&M/100 7 f

= @SUM(HANDPUMP SYSTEM ANNUALIZED COST

COMPONENTS)
Handpump per capita cost ($/year) = (HPTTLANCST+HPWTRCLCTIME)/MAXHPVILLGE

Handpump water cost (3/m?) = (HPTTLANCST+HPWTRCLCTIME)/HPWTRM3/365

ANNUALIZED COSTS OF PY PUMP SYSTEM (NO BATTERIES)

PV array cost (§/year) = +PVCAPCOST*@VLOOKUP(PVLIFE,RPLTBL,1)* ANNLFCTR

Pump cost ($/year) = @IF(SPWTRM3/PVYWELLNO<HIFLOWPMP,
+PYPUMPCAPCST°@VLOOK UP(PYPMPLOWLIFE ,RPLTBL,1)

*ANNLFCTR,PYPUMPCAPCST°*@VLOOKUP
(PYPMPHILIFE,RPLTBL,1)° ANNLFCTR)

Civil work cost ($/year)= (PYWELLCOST+PVSTORCAPCOST+
PVPIPECCST+STNDPIPECOST)
*@VLOOK UP(CIVILIFE RPLTBL,1)* ANNLFCTR
PV O&M cost ($/year) = +PYVCAPCOST°PVBATO&M/100
Famp O&M cost ($/year) = @IF(SPWTRM3/PYWELLNO<HIFLOWPMs,
+PVPUMPCAPCST°PVPMPOAM/100+FPVATTEND®
SKLDLBR®*PVWELLNO,
PVYPUMPCAPCST*PVPMPOEMHI/ 100+
PVATTEI D*SKLDLBR®PVWELLNO)

Civil work O&M cost (3/year) = (PVSTORCAPCOST+PVPIPECOST+PVWELLCOST)?
CIVILO&M/100+HPATTENDMIN®SKLDLBR®*C541
Total cost ($/year) = @SUM(PY PUMP SYSTEM ANNUALIZED COST
COMPONENTS)

Per capita cost ($/year) s (PVANTTLCOST+SPWTRCLCTIME)/MAXSPVILLGE

Per m® cost ($/m") = (PYANTTLCOST+SPWTRCLCTIME)/SPWTRM3/365
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PV array cost (§/year) = +PYBARRAYCST*@VLOOKXUP(PYLIFE,RPLTBL,1)° ’ANNLFCTR

Pump cost ($/yesr) = @IF(WIRPT/PVBATWELLNQO/PVBATPMPUSEHRS

<HITLOWPMP/S,+PVBPUMPCOST

*@VLOOKUMPVYPMPLOWLIFE,RPLTBL,!)
S*ANNLFCTR,PVBPUMPCOST*@VLOOKUP
(PVPMPHILIFE,RPLTBL,1)* ANNLFCTR)

Civil work cost ($/year) = (PFYBATWELLCOST+PVBSTORCOST+PVPIPECOST
+STNDPIPECOST)*@VLOOKUP
(CIVILIFE,RPLTBL,1)* ANNLFCTR

Battery cost ($/year) = +BATTERYCOST*@VLOOKUP(BATLIFE,RPLTBL,1)*ANNLFCTR
PV, bat. O&M cost (§/year)= (PYBARRAYCST+BATTERYCOST)*PVBATO&M/100

Pump O&M cost ($/year) = @IF(SPWTRM3/PYBATWELLNO/PVBATPMPUSEHRS<«
HIFLOWPMP/S,+PVBPUMPCOST*PVPMPO&M/ 100
+PVATTEND*SKLDLBR*PVBATWELLNG,
PVBPUMPCOST°PVPMPO&MHI/ 100
+PYATTEND®SKLDLBR®°PVBATWELLNO)

Civil work O&M cost ($/year) = (PYBSTORCOST+PVPIPECOST+PVBATWELLCOST)®
CIVILO&M/100+HPATTENDMIN®SKLDLBR*WTRPT

Total cost (§/year) o @SUM(PV-BAT SYSTEM ANNUALIZED COST
COMPONENTS)

Per capits cost ($/year) = (PVBTTLANCST+SPWTRCLCTIME)/MAXHPVILLGE

Per m3 cost ($/m%) = (PVBTTLANCST+SPWTRCLCTIME)/SPWTRM3/365

ANNUALIZED COSTS OF DIESEL PUMP SYSTEM
Diesel cost ($/year) = +ENGINECOST*@VLOOK UP(DSLUSELIFE,RPLTBL.1)° ANNLFCTR

Pump cost ($/year) = @IF(SPWTRM3/DSLMAXHRWELLNO<HIFLOWPMP,
+DSLPMPCOST*@VLOOK UPPVPMPLOWLIFE,RPLTBL,1)®
ANNLFCTR,DSLPMPCOST*@VLOOKUP(PVPMPHILIFE,RPLTBL,1)
®ANNLFCTR)

Civil work cost (§/year) = DSLSTORCOST+PVPIPECOST+STNDPIPECOST
+DSLWELLCOST)*@VLOOKUP(CIVILIFE,RPLTBL,1)
®ANNLFCTR

Diesel O&M cost ($/year) = +DSLPMPO&M/100°ENGINECOST+SKLDLBR*DSLATTEND
Pump O&M cost ($/year) = @IF(SPWTRM3/DSLMAXHRWELLNO<HIFLOWPMP,

+PVPMPO&M/100°DSLPMPCOST,
PVPMPO&MHI/100*DSLPMPCOST)




Civil work O&M cost ($/year) = (DSLSTORCOST+PVPIPECOST+DSLWELLCOST)®
CIVILO&M/100

Fuel cost ($/year) = 9.81°SFWTRM3*(DEPTH+TANKHT)/
(3600°FUELTOWTREFF®10.5)°FUELCOST?365

Total cost (§/year) =« @SUM(DIESEL PUMP SYSTEM ANNUALIZED COST COMPONENTS)

Per capita cost ($/year) o (DSLTTLANCST+SPWTRCLCTIME)/MAXSPVILLGE

Per m® cost ($/m%) = (DSLTTLANCST+SPWTRCLCTIME)/SPWTRM3/365

SUMMARY STATISTICS

BER CAPITA CAPITAL COSTS

Handpump ($/person) o +HPTTLCAPCOST/MAXHPVILLGE

PV ($/person) » @MIN(PVBTTLCOST/MAXSPVILLGE,
PVTTLCAPCOST/MAXSPVILLGE)

Diesel ($/person) = +DSLTTLCOST/MAXSPVILLGE

COST OF WATER

Hendpump ($/m?) = +HPM3WTRCOST

PV ($/m®) = @GMIN(PVBM3CST.F VM3COST)

Diesel ($/m?) o +DSLM3CST

SYSTEM TYPE

PV systam -vlected = @IF(PVBMICST<PVYMICOST,"BATTERY","NO BATTERY")

No. of wells (PV) e @IF(PVBM3ICST<PVM3COST PYBATWELLNO,PYWELLNO)

No. of wells (diesel) = +DSLMAXHRWELLNO
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APPENDIX C
SAMPLE ANALYSIS




MERIDIAN CORPORATION
COMPARATIVE EVALUATION OF WATER SUPPLY SYSTEMS
HAND PUMPS VS. PV PUMPS VS. DIESEL PUMPS

FOR
RURAL WATER SUPPLY

APRIL 7, 1987

INPUT DATA
INSOLATION 5 Khh/MZ/DAY - POA
WATER CONSUMPTION LPCD 20 LPCD
WELL TYPE 5 {1-$500/5M, 2-81500/20M, 3=$2500/20M,
WATER DELIVERY RATES §=$5000/20M, 5=$5000/40M)
- HAND PUMP L/HIN. 2
- STAND PIPE L/HIN. 15
INCOME SPeNT ON WATER % k!
o NUMBER OF PERSONS/FAMILY 8
- HINIMUM WATER KEED LPCD 10
WORK HOURS/FAMILY HOURS 20
HOUSING UENSITY HOUSES/HA 25
WALKING SPEED KiH/HOUR 3
HAXIMUM LOAD/TRIP L/TRIP 20
WATER POINT USE HOURS ]
NO. TAPS/SP 2
STANDPIPE USE EFFICIENCY |
HAX. WFLL YIELD 50 H3/HR
HWATER TABLE DEPTH 40 K
STORAGE TANK HEIGHT 10 H PY COST MULTIPLIER
MINIMUM NO. OF WELLS 1 |
CAPITAL COSTS - PV PUMP UP TO Wp:  $/Wp PUMP §/Hp ARRAY
200 7.00 8.00
500 4.25 7.75 FOR >1000 Wp, PUMP CGST
1000 2.5%0 7.50 BASED ON DIESEL PUMP
>1000 7.25 <--mn-- COSY ADJUSTED FCR
EFFICIENCY DIFFERENCES
CAPITAL COSTS: FIXED VAR.($/M) VAR.($/M3-HR}
HANDPUMP 500 8
DIESEL PUMP 275 25 75
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MAXIMUM SIZE OF POPULATION SERVED
KO. OF N0. OF NO. OF
HANPUMP  STANDPIPE RARDPUMP?  STANDPIPE WELLS WELLS HELLS

KO. OF M7 L THUH HAX THUM DAILY DAILY NEEDED NEEDED NEEDED  DIESEL
PER CAP. HATER VILLAGE VILLAGE WATER WATER  WITH PV W/ DIESEL IF DIESEL HRS/DAY ENGINE
OEMAND POINTS POPULATION POPULATION USE USE & NO 5 USED MORE USE LIFE
LPCD g g § H3 M3  BATTERY  HRS/DAY  HRS/DAY DIESEL YEARS
20 | 110 360 2.20 7.20 1 | | 5.00 10
2 220 720 4.40 14.40 1 I ! 5.00 10
4 440 1440 8.80 28.80 1 1 1 5.00 10
6 660 2160 13.20 43.20 1 | 1 5.00 10
8 880 2380 17.60 §7.60 1 | 1 5.00 10
10 1100 3600 22.00 72.00 i ) 1 5.00 10
20 2200 7200 44.00 144.00 1 1 1 5.00 10
PV PUMPING SYSTEM COMPONEWT SIZES (WO BATTERIES)
k0. OF
PER CAP, HATER PSP SYORAGE PV ARRAY PIPING
DEMAND POINTS SIZE VOLUME SIZE LENGTH
LPCD § HATTS M3 Ep H
r{) i 561 22 623 128
2 1121 43 1246 256
§ 2242 86 2491 512
6 3363 130 3737 768
8 4485 173 4983 1024
10 5606 216 6229 1281
20 11211 432 12457 2561

........................................................................




8-)

PY-BATTERY PUMPING SYSTEM CONFIGURATIONS

NO. OF NUMBER HUMBER ENERGY PUHP USE
PER CAP. WATER DAILY WATER OF WELLS OF HWELLS REQUIRED  BATTERY ARRAY SIZE HRS/DAY
DEMAND POINTS DEMARD REQUIRED REQUIRED W/ BATTERY SIZE W/ BAT. (MIN=PEAK
LPCD # M3 W/0 BATTERY W/ BATTLRY KWH/OAY KHH Kkip INSOL. HRS)
20 | 7 1 1 2.73 5.45 0.61 5.00
2 14 1 1 5.45 10.90 1.21 5.00
4 29 1 1 10.90 21.80 2.42 5.00
6 43 I | 16.35 32.70 3.63 5.00
8 58 1 1 21.80 43.60 4.84 5.00
10 m” 1 | 27.25 54.50 6.06 5.00
20 144 1 i 54.50 109.00 12.11 5.00
PV-BATTERY PUMPING SYSTEM COMPONENT SIZES
KO. OF URIT UNIT UNIT
PER CAP. HATER PUMP STORAGE PV ARRAY PIPING  BATTERY
DEHAND POTNTS SIZE VOLUHE SIZE LENGTH SIZE
LPCD § HATTS M3 Hp | KiH
20 | 545 22 606 128 S
2 1090 43 1211 256 11
4 2180 86 2422 512 22
6 3270 130 3633 768 33
8 4360 173 4844 1024 44
10 5450 216 6056 1281 55
20 16960 432 12111 2561 109
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OIESEL PUMPING SYSTEH COMPONENT SIZES
NO. OF NOMINAL

PER CAP, WATER PUMP  STORAGE DIESEL PIPING |
DEMAND POINTS S1ZE VOLUME ENGINE LENGTH —_—

LPCD ‘ KM M3 KW H L

20 1 0.39 7 3 128

2 0.78 14 3 256

4 1.57 29 3 512

6 2.35 43 3 768

8 3.14 58 4 1024

10 3.92 72 5 1281

20 7.85 144 10 2561

COST ANALYSIS
I. CAPITAL wUSTS
CAPITAL COSTS OF HANDPUMP SYSTEM e T?

[
¢
L=
NO. OF  HANDPUMP WELL L
HANDPUMPS CoOSTS COST TOTAL COST S
$ $ $ e
------------------------------------------------ " ~
1 820 5000 5820
2 1640 10000 11640
8 3280 20000 23280
5 4920 30000 34920 ‘
8 6560 40000 46560 e
10 8200 50000 58200 "
20 16400 100000 116400 5

................................................
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N } '
. . /
PER CAP. NO. OF PER CAPITA
DEMAND  HANDPUMPS CAPITAL COST
LPCD $
20 1 53
2 53
4 53
6 53 .
8 53 .
10 53
20 53 N
PY SYSTEW COST (NO BATTERIES) .
PER CAP. HATER PUMP  STORAGE PV ARRAY PIPING STANDPIPE VELL  TOTAL RN
DEMAND POINTS cosT cosT €oST €oST cosT COST PV SYSTEM N
LPCO s $ g $ $ $ $ COST ($) C N
20 1 1557 4648 4671 768 150 5000 16794 .
2 2487 6573 9966 1537 300 5000 25862 -
4 2796 9295 19931 3073 600 5000 40696
6 3104 11384 29897 4610 900 5000 54896
8 3413 13145 19863 6147 1200 5000 68768
10 3721 14697 49829 7683 1500 5000 82430
20 5264 20785 99657 15367 3000 5000 149073
PER CAPITA PV PUMPING SYSTEM COST N
NO. OF PV PIRP oo
PER CAP. WATER PER CAPITA 5
DEMAND POINTS cosT .
LPCD # $ N
20 1 a7 =
2 36
4 28 e
6 25 .
8 24 \
10 23
20 2,
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DIESEL PUMPING SYSTEW COSTS

NO. OF
PER CAP. HATER PUMP STORAGE DIESEL PIPING STANDPIPE WELL TOTAL
DEMARD POINTS cost COsY cost COST CosT cosTt SYSTEH
LPCD # $ $ $ $ $ $ COST (%)
20 i 1633 2683 5720 768 150 5000 15955
2 1741 3795 5720 1537 300 5000 18092
4 1957 5367 5720 3073 600 5000 21717
6 2173 6573 5720 4610 900 5000 24976
8 2389 7589 5960 6147 1200 5000 28285
10 2605 8485 6200 7683 1500 5000 31474
20 3685 12000 74C0 15367 3000 5000 4€452

------------------------------------------------------------------------------------------------------

PER CAPITA DIESEL PUMPING SYSTEM COST

KO. OF DIESEL

PER CAP. WATER PER CAPITA
DEMAND POINTS CosT
LPCO $

....................................
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ANNUALIZED COST COMPUTATIONS
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ANNUALIZED COSTS OF HAND PUMP SYSTEM

PER CAP. WATER HANDPUMP WELL  HAND PUMP WELL TOTAL
DEMAND POINTS CosT CosT 0&H COST 08M COST COST
LPCD # $/VEAK $/YEAR 3/YEAR $/YEAR $/YEAR

20 1 133 587 173 50 944

2 267 1175 346 100 1887

4 534 2349 692 200 3775

6 801 3524 1038 300 5662

8 1068 4698 1384 400 7550

10 1335 5873 1730 500 9437

20 2669 11746 3460 1000 18875

----------------------------------------------------------------------------------

ANNUAL WATER COLLECT.ON COSTS USING HANDPUMPS AND STANDPIPES
HARDPUMP  STANDPIPE

KO. OF WATER WATER

PER CAP. WATER COLLECTION COLLECTION
DEMAND POINTS COST Cost
LPCD # $/VYEAR $/YEAR
20 1 0 0

2 0 0

L] 0 0

6 ] 0

8 0 0

10 0 0

20 0 0

................................................

o




TOTAL UNIT COSTS OF HARD PUHMP SYSTEHS

K0. OF
PER CAP. HATER PER CAPITA PER M3
DERAND POINTYS €osT Cost
LeC § $/CAP-YEAR $/M3
20 1 8.58 1.18
2 8.58 .18
L] §.58 1.18
6 8.58 1.18
8 8.58 1.18
10 8.58 1.18
20 8.58 1.18

LRl L L L L A N R R R Y L T N Y X

ARGRUALIZED COSTS OF PV PURP SYSTEM (WO BATTERIES)

PER CAP, BATER PV ARRAY PUMP CIVIL WORK PY 038 PUHP ORH CIVIL WORK TOVAL

o DERAKD POINTS Cost CosT CosY G537 COST Q&M COST CosT
L LPCD § 3/YEAR $/VEAR $/YEAR $/YEAR $/YEAR $/VEAR $/YEAR
g g
20 1 569 253 1241 47 208 195 2493

2 1171 405 1573 100 ki) 313 3864

§ 2341 455 <ill 199 332 53 5975

6 3512 630 2572 299 207 756 7976

8 4682 592 2994 399 223 971 5962

10 LX) 756 3392 498 238 1184 11921

2¢ 11702 1069 5186 997 315 2232 21504

g T k. T e R R L I e L R e ettt
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TOTAL UNIT COSTS OF PV-BATTERY PUMP SYSTEM

KO. OF
PER CAP, WATER PER CARIT PER M3
DERAKD POINTS co-1 CosY
LPCO ¢ $/YLAR $/K3
20 1 4.76 1.04
2 19.46 0.81
4 15.76 0.66
6 14.37 0.60
8 13.65 8.57
10 13.20 8.5%
20 12.19 0.%1

------------------------------------------------

ANNUALIZED COSTS OF DIEStL PUMP SYSTEM

PER CAP. HATCP DEESEL PUNP
DEHAND POINT, cosT cost

LPCD ¢ $/VEAR $/YEAR

CIVIL WORK
CosT
$/TEAR

DIESEL PUAP O&M CIVIL WORK

& COsT
$/VEAR

COST 0&M COsY

$/YEAR

$/VEAR

FUEL
CosT
$/VEAR




TOTAL UNIT COSTS OF "MESEL PUMP SYSTEMS

KO. OF
PER CAP. WATER PER CAPITA PER M3
DERAND POINTS cos” CosT
LPCD ¢ $/YEAR /M3
20 1 13.85 1.90
2 7.62 1.04
4 4.44 0.61
6 3.35 C.46
8 2.83 0.39
10 2.52 0.34
20 1.87 0.26
SUMMARY STATISTICS
PER CAPITA DEMAND: 20 LITERS PER CAPITA-DAY
o WELL COST: 5000 § AT DEPTH: +0 HETERS
- INSOLATION: 5 KWH/H2/0AY
-~
RO.OF  ceee--- PER CAPITA CAPITAL COSTS-------c--0--. -COST OF WATER---------- PV k0. OF KO. OF
HATER HANDPUMP 4 DIESEL HANDPUMP 4] DIESEL SYSTEH WELLS WELLS
POINTS POPULATION $/PERSON $/PERSOH $/PERSOM /M3 $/H3 §/M3 SELECTED (PY) (DIESEL)
1 110 53 1.18
2 220 83 1.18
§ 440 53 1.18
6 660 53 1.18
g 880 53 1.18
10 1100 53 1.18
20 2200 53 1.18
)| 360 47 44 0.95 1.90 N0 BATTERY 1 1
2 720 36 25 0.74 1.04 NO BATTERY 1 1
4 1440 28 15 0.57 0.61 NO BATTERY | 1
6 2160 25 12 0.51 0.46 kO BATTERY | |
8 2880 24 10 0.47 0.39 NO BATTERY 1 I
10 3500 23 9 U.45 G.34 NO BATTERY 1 1
20 7200 21 ) 0.41 0.26 KO BATTERY 1 1

...........................................................................................................................
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APPENDIX D
ANALYSIS GRAPHICAL OUTPUT
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HELL COST: $500

COST OF WATER DEHAND: 20 1pcd
o- WOL TV = |, LAD = 201
o
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VELAGE POPULATION (THOUSANDS)
v ev/4 + P/B o /e s DESH XM
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$,/CUBIC METER

HELL COST: $§1,500
DEPTH: 20 m

COST OF WATER DEMAND: 20 lpcd
o7 Wl TVWE = 2, LPCD = 20
- \
sl A\ \
N
M —
0.4 | xm—pte—ts -E:—M — = ol
g \_\L
= :
0-2 - .\1
ot -
0
] 2 4 -] ]
VILLAGE POPULATION (THOUSANDS)
/4 + PV/mB e /0 s DESEL X W
PER CAPITA CAPITAL COST
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§,/CUBIC METER

$/PIREON

COST OF WATER

WELL TYPE = ), UPCD = 40

WELL COST: $1,500
DEPTH: 20 m
DEMAKD: 40 lpcd
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PV/4 Pv/8 ° w“}’}‘ 2 e x W
PER CAPITA CAPITAL COST
WELL TYPE = 2, LPCD = 40
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$/CUBIC METER

$/PERSON

COST OF WATER

WELL TYPE = 3. LPCD - 20

WELL COST: $2,500
DEPTH: 20 m
DEMAND: 20 lpcd
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0.5 - \g ¥ ettt
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VILLAGE POPULATION (THOUSANDS)
PV/4 + P/ °  PV/8 &  DESEL X WP
PER CAPITA CAP!"AL COST
WELL TYPE = 3, LPC 20
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WELL COST: %2,500
DEFTH: 20 m
COST OF WATER DEMAND: 4G ipcd
WELL TYPE = 3, LPCD = 40
1.8 =
NER!
sttt — i B %
1.3 \
1.2 -
.y =
' -
B \
3 0.9
A AN
s oy il:\
0.6 = \Nt%ﬁq___‘
05 - T T
P ———
c.4 T\ ;
\
03 A |
|
83 T
0 0.2 04 0.8 8.8 1 1.2
c ™/ + P8 P'owum ?) DESEL X W
PER CAPITA CAPITAL COST
WELL TYOE = 3, LFCD w 40
160
180
140
130
il |
110 =~
100 - T 1
é ” ]
80 -
. \*
a0 - -
0+ Ny
L\J\L\ ——f—
20 I
10
° a2 s 0.8 Y ) 1 13
o /e ¢ BB ® wﬂfr a: pEsnL x W
f-6




$/CUBIC METER

8/PERSON

COST OF WATER

WELL TYPE = 4, LPCD = 20

WELL COST: $5,000
DEPTH: 20 m
DEMAND: 20 1pcd
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§/CUBIC METER

6/ PERIOH

COST OF WATER

WEL TYPE = &, LPCD = 40

WELL COST: $5,000
DEPTH: 20 m
DEMAND: 40 Tpcd
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B/CUBIC METER

§/PERSON

WELL COST: $5,000
, DEPTH: 40 m
COST OF WATER DEMAND: 20 lpcd
WELL TYPE = 8, LPCD = 20
1.2 ot e ¢ ) 24
1.1 -
1 -
0.8
0.8 -
0.7 -
0.6
\\1\_&
0.5 &QF\.‘
N‘L;
0.4 ~ ) v .
h\\ﬁh—-h__‘_‘
0.3 7 \\1
0.2
0.1 -
o
[ 2 4 ] e
VILLAGE POPULATION (THOUSANDS)
Pv/4 +  BY/S °* P8 a X WP
PER CAPITA CAPITAL COST
WELL TYPE = 3, LPCD = 20
33
L3 i —3t 4 %
3D =4
‘a -
40 =
35 ~ \\\L\\\
” P
\\m\\‘w__
25 A \\ - t——ta
2 “t~\\~&h___°____—_~__ .
15
10 —~ \1\‘_‘
N M—-
s
o 2 4 é 8
VILLAGE POPULA (THOUSANDS
/4 +  P/B @ F:l‘?: n) MESE. X WP




§ /PTREGN

§/CUBC METER

COST OF WATER

WAL TVPE = 3, D = 40

WELL COST: $5,000
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istribution - DAC

Rbmcug Controla, Inc.
Attn: George O'Sullivan
P. O. Box 893
Somerville, NJ 08878

Acurex Corporation
Attn: Dan Rosen
565 Clyde Avenue
P. O. Box 755%

Mountain View, CA 94039
AES1
Attp: Bill Todorof

20442 Sun Valley Drive
Laguna Beach, CA 92651

Alabama Power Co.
Attn: Herbert M. Boyd
600 No. l8th Street
Birmingham, AL 35291

American Power Conversion Corp.
Attn: Hr. Ervin P. Lyon

89 Cambridge Street

Burlington, MA 01803-4115

Applied Solar Energy Corp.
Atn: R. F Brown

15703 E. Valley Blvd.

City of Industry., CA 91749

ARCO Solar Y.c¢c.
hten:

{3)
Jamss Caldwell,
Gary Shusghnar
Raju Yenamandra
P. Q0. Box 2105
Chatsworth, CA 91311

President

Arizona Public Service Co.
Attn: Thomas C. Lepley
P. 0. Box 53999, Mall Sta.
Phoenixz, RZ 85%072-3999

3875

Arizona Solar Energy Commission
Attn: Dr. Prank Mancini

1645 ¥. Jefferaon

Phoenix, AZ 85007

Dist-1

Arizona State University
Attn: Paul Russell
College of Enginesering
Tempe, AZ BS5287

Ascension Technology
Attn: B4 Kern

Box 314

Lincoln Center, MA ©1773

Atlantic Solar PFower,
ARttn: Paul G. Apple
6455 Washington Blvd.
Baltimore, MD 21227

inc.

Rutomatic Power
Attn: Guy Priestlaey
P. O. Box 18738
Houston, Texae 77223
Ray Bahm

2513 Kimberly Court NW
Albuguerque, NM 87120

Balance of 8ystems Speclialiets,
774% B. Rodfield Road
Scottedale, AZ 85260

Ine.

Battelle Columbugs Laboratories
Attm: Don Carmichael

505 King Avenue

Columbue, Ohio 43201

Bechtel Wational,
Attn: Walt Steolte
P. G&. Boxr 396%

San Framcisco, CA 94119

Ine.

Beckwith Elsctric Company

Attn: Robert W. Beckwith
11811 é62nd St. H.
Largo, FL 33543

Best Power Technology, Inc.
P. 0. Boz 280

Recadah, Wisconsin 54646




BDM Corporation

Attb: George Rhodss
1801 Randoiph Road
AlbuqQuerque, NM 87106

3lack and Veatch
*2tn: Sheldon lLevy
11401 Lamar

3, 0. Box 8405
Jverland Park, KS 66211
ilue Sky Water Supply
ittn: EKRonald ¥. Shaw,
>, 0. Box 21359
3illings, MT 59104

President

lonneville Power Adm.
\ttn: Minje Ghim

', 0. Box 3621
‘crtland, OR 97208

iam Bunker

nternational Programse Div. (IPD)
lat'l Rural Elec. Cooperative Assgoc.
800 Massachnusetts Avenue, NW
lashington, DC 20036

‘alifornia Energy Commission
ttn: HMike DeAngelis

516 9th Street

acramento, CA 95814

21/Poly University

ttn: A. Dickerson

L/EE Department

an Luisg Obispo, CRA 93407

enter for Engr. and
Environmental Research
ttn: Angel Lopez

ollege Station

ayaguez, Puerto Rice 00708

heonar Corp.

ttn: Pandelis Zeiissaropoulos

arketing Dept.

ox 177

tinceton, NJ 08542

hronar-Trisolar Corp.
tin: Anand Rangarajan
3 De Angelo Drive
edforc, MA 01730

Dist-2

City of Rustin Power & Light ’
Attn: John Hoffner

P. O. Box 1088

Rustin, TX 78767 -

Cleveland State University
Attn: Pater P. Groumpc
1983 E. 24th Street
Cleveland, OH 44115

Colorado Mountain College
Attn: Steve HcCarney

3000 County Road 114
Glenwood Springs, CO 81601

Dess Solar Company

Attn: Stephen J. Dess
12845 Industrial Park Blvd.
Plymouth, MN 55441

Datroit Edison Co.
Attn: George Murray,
2600 2nd Rvenue

Rm, 2134 WCB
Detrolt, MI

UTE

48226

Electric Power Resaarch Inst. {

Attn: John Schaefer
Frank Goodmap

P. O. Box 10412

Palo Alto, CA 94303

Elactric Research and Mygmnt.
Attn: W. E. Fesero

P. 0. Box 165
State College, PA 16804
Energy Eesuvurces Integrnational
Rttn: Carole Taylor

Golden Gate Energy Center

1056 Port Cronkhite

Sausalito, CA 94965
ENTECH, Inc.
Attn: Mark O'Neill

1015 Royal Lane
DFW Rirport, TX 75261

Evans International

Attn: Lynn Hurlbert

3128 West Clarendcn Avenue
Phoenix, AZ 85017




Parweet Corrosion Control
17311 §. Maino Street
Gardena., CA 90248

Florida Alternative Buergy Corp.
Attn: Henry M. Healey

21%5 Jason St.
Merritt Ieland, PL 3295z
Plorida Power & Light
Attn: R. S. Allan

P. O. Box 14090
Juno Beach, PL 33408
Plorida Power & Light
Attn: QCary L. MHichel
P. O. Box 529100
Miami, PL 33152

Florida Solar Energy Center
Attn: Gerald Vantre
JOO State R4. 401
Cape Canaveral, PL 32920
Georgia Power Company
Attn: Clayton Griffin

P. O. Box 4%4%

Atlanta, GR 30302

Georgla Power Co.
Atta: Ed4d Ney

7 Solar Cirecle
S8henandoah, GA 30265

GNB Incorporated

Attn: Christine McCarthy
2010 Cabot Bouleovard West
Langhorue PA 19047

GPL Industries
P. 0. Box 306
La Canada, CA 91011

Grundfos Pumps Corp.
Attn: John #Maxwaell
255% Clovis Ave.
Clovis, CB 93612

Beliopowsr Imc.

Attn: Thomas R. Siebert
One Centennial Plaza 3P,
Plascatawvay, NJ 08854

Dist-3

Hughes Alreraft Company
Attn: Qeocrge WNaff

P. O. Box 9399

Building AL, /8 €CB43
Long Beach, CA 90810

Independent Power Co.
Attn: Hz. Sem Vandeghoff
Bor 649
Wozth 8an Juan, CA 95960
Integrated Power Cocporation (2)
Attn: Kenneth Gerken

Lee Gozdon
7%24 Standiagh P1l.
Bocaville, MWD 2085%

Intezaol Power Cocrporation
RAttn: Mr. John BSanders
11901 ¥. Cedar Avenue
L.akewood, CO 8022@

Interstate Solar Coordinatien Touncil
Attn: Johm B. Dunlop

200 Americen Center Building

gt. Paul, 8N 5%101

Iota Bngineering
4700 8. Park Ave.
Tuceen, RZ B5714

- Buite 8

Irrideleo Corp., Ire.
440 Bylan Avenue
inglowood Cliff, MJ 07632

1T Power.
Attm:

Inec. (2)
Thoras Hoffman
Bernard Mchelis
Buite 801

101% Eighteenth BSt. MW
Heshington, DC 20036

Jacuzz2l, Inmc.

12401 Imterstate 30
P.O. Box 8903
Little Rock, AR 72219-8903
Jengsen Brothers Menufacturing Co.
14th and Pacifie

P. ©. Boz 477

Coffayville, K5 67337




#iiliam Lemdb Company
Attn: Willism Lamb
1061% Chandler Blvd.
Mocth Hollywood, CA 91601

Magch HManufactucing Ce.
i81% Plichkwick Avenue
Qlenview, IL 6002%

HBervel

Attm: HMr. Biehard Derriek
P. 0. Bor 997

Bichmond, Indiena 47374

Mace FV Center

‘Attn: Eevin Colline

1 Maes Tech Conter

Bo. Accesas Road

Logan Alzport

Bagt Boeton, R 02128

A. Y. WcDonald pfg. Co.
Atem: Mz. Jeha D. Bekel
Hanasger - Epergy Produecte
40200 Chavenelle Reoad
Dubugue, IA %3001

Heridian Corporation (3)
Attm: Anll Cabraasl
Judy Laufman
Judith M. Blegel
4300 King Btraeet
Alezandria, VA 22302

Bidwest Beseacch Institute
Atem: HW. 8. Imamuras
1344 ¥W. Packhill Ave.
Littleton, CO 80120

3K Company

Atta: PF. Jaster
223-484-04

3i Center

gt. Pavl, W@ 5%5144-1000

Bobil Bolar Bmergy Corp. (3)
Atta: Tony Herbedo

&h. Taylor

B. Gillespie
€ Suburban Park Dr.
Billerica, CA 02254

Hational Assocliation of
K¥osme Bulldercs

Attn: Blon Howard

i%th and ¥ Btreet WY

¥Washington, DC 20036

Metural Power, Ine.
httns: Brlsb Geedon
Prancestown Tvurnpike
Wew Boatom, WH 03070

flaval Civil Engineering Lab
Atta: Kwaeng Ta Huang

CoObBE L 72

Poct Hueneme., CA 93043

Baval Yespone Center

Attn: Q. Bmith

Code 02A1

China Leke, CA 935%5-6001

Wew Znglanéd Power Barvice
Attn: Bdward Culachensii
2% Researeh Drive
Westhozough, MA 01561

Boztheorn Powver fysteme
Atem: Climt Coleman

1 Wozth Wind BS.
Hotetown, YT 0%660

Omeion Power Engineering
Atta: Hane Meyecr

W297 811085 Hwy. ES
Mukwonago, W %3149

Onsite Energy
Attn: Alan Cowan

238 8.%. let Sreet, Suite 520

Portland, OB 97204

Oxidizers, Ine.

Attn: Donald E. Heyers
4990 Euelid Road

Vizginia Besch., VA 23462

Paclfic Gas & Blectric Co.
Attn: 8teve Hester

3400 Crow Camyon Road

San Remon, CA 94583




Philadelphia Eiectric Company
Attn: D. A. Pagnan

2301 Market Street 510-1
Philadelphis, PA 19101

Photocnam, Inc.

Atta: Joseph Garcis
?73% East Redflield
Scottedale, AZ 85260

Photoelectric, Ine.
Atte: J. White

9191 Towne Center Drive
Bulte 220

Ben Diege., CA 92122

Photovoltaice International

Aten: HMark Pitzgerald
Box 1467
Denver, CO 20201

Platte River Power Authority
Attn: Carol J. Deollaxd
Timberline & Horsetooth Roads
Fort Colline, CO 80525

Polar Producte
Attn: RArthur Bams
2908 Oregen Court
Buiiding I-11
Torrance, CA 905013

Public Bervice Co. of Hew Mexico
Atta: R. Michael Lachner
Alvacado Bquare

Albuguerque, NM 87158

Public forvice RBlec. & Gas. Ce. (2)
Attn: Bazry Roman
P. Perkins
00 Pack Plazs
2. &. Box 00
Wewark, BJ 07101

Poletar
138 Industrial Leop
Crange Park, PL 32703-284%

PV Bnergy 8yestems. Ine.
Attn: Mr. Paul Maycock
P. ©. Box 290

Casanova, VA 22017

Diast-5

Remote Power Inc.
Attn: Jim Welch

6§49 Remington

Ft. Collins, CO 80524

Renewable Energy Instlitute
Attn: Carle la Ports

1001 Cennecticut Ave. $719
Washington, DC 20036-5504

Research Triangle Institute (2)
Attn: Carl Parker
hlzn Wystt
P. ©0. Boxr 12194
Pesearch Triangle Park, WC 27709

Bobbine and Mye:rs
P. U, Box 96%
Springfield, OH 45501

Rocky Hountain Ind.
Lto: R. Sardinshky

DPrawer 4@

Cld 8nowmass, CO 816564

KBiles C. Russell
11 Porest Glen Road
Beading, MA 01867

8RR Wife

Attn: A. Wiloeon

P. 0. Bex 100

George Washington Hwy.
Lincoln, RI 0286%

8alt River Prejeet (2)
Actn: Jim Morris
Bteve Chalmers
P. 0. Rur 1980
Pheeniz., RAZ 05001

San Diego Gas & Bleetric
Attn: Dom B. Fraliek

P. ©. 202 1032

8en Diego., CA 92112

Gimpler Bolar Byoiens
3120 ¥W. Therpsz
Tallehesesee, PL 32302




iz Rivers Solar, Inmc.
Attn: Greg Wiiliams
818 Broadway

Bureka, CA 95501

SHUD

Attn: D. Collier

6201 S Street

P. ©. Box 830

Sacramento, CA 958%52-1830

Sclar Economics, Inc.
Attn: Martin Katzman
7271 Dye Drive
Dallas, TX 75248

Solar Blectric

Attn: Hugh Diaz

175 Cascade Court
Bohnert Park, CA 94928

Solar Electric Specialties
Attn: Jim Helch

1558 Riverside
Port Collins, CO 80524
Solar Electric Systems
Attn: Richard V. Collins
4747 Troost Avenue

Kausae Clity, MO 64110

Solar Energy Industries Asen. (2)
Attm: David Gorin
Scott Sklar
1720 K. Lynn St.
Arliangton, VA 222069-2009
Solar Energy Research Inst. (5)

Richard DeBlasio
Donna Hawkinsg
Bob HeConnell
Tor Surek

Bd Wittt

1617 Cole Blvd.

Golden, CO 80401

Attn:

Scolar Pagine¢ring Services
Attm: Tiz Ball
P. O. Boxr 7122

Olympia, o 98507

Solar Trade International

Attn: #anuel J. Blance
630-62h Avenue - Suite 2M
San francisco, TA 94118

Solar Works

Attn: Leigh ®sddon
13 Bailey aAve.
Montpeliezr, VT 05602

Solarex Corporation (3)
Attn: HMalcolm L. Rezm
John Corsi
Paul Garvison
1335 Pliccard Drive
Rockville, MD 20950
Soclec International, Inec.
Attn: JIshaq Shahryar
12533 Chadron Avenue
Hawtho.ne, CTA 90250

Southern California Edison
Attn: Nick Patapoff

P. 0. Box 800

Bosemsad, CA 91770

Southern Company Services
Attn:; J. Timothy Pettiy
P. O. Box 262%
Birmingham, AL 352062

Sovonics Solar Systems,
1675 Yast Maple Road
Troy. MI 48084

Specialty Concepts. Inc.
9025 BEton RAve., Sulte D
Canoga Park, CA 91304

Spire Corporation (2)
attn: Roger Little
Steve Hogan
Patriots Park
Bedford, Ma QL1730

Stone & Webster Bmgz. Cerp.

Bttn: Dave Agqueta
245 Summer St.
Boston, MA 01921

Dist-6

Inec.




Strategies Unlimited (2)
Attna: Bill Murray

Robert Steele
201 San Antomnio Circle
Suite zUS

Mountain View, CA 94040
Sunfrost

Attn: Larry Schlussler
Box 1101

Arcata, CA 95521

Suntracker Solar Energy Systsms
Attn: Glenn Eiden & Assoclates
302 U.S. 30 Basct

New Haven, IN 486774

SW RES Experiment Station
Attn: Vern Risser
New Mexico State University
Box 3SOL
Lag Cruces, NM 88003
Tennessee Vallay Authority (2)
Attn: Joan Wood

Sharon Ogle
Solar Applications Branch
350 Credit Umion Building
Chattancoga, TN 37401

The Citadel

Attn: J. F. Schaefer

Dept. of Electrical Engineering
Charlegton, SC 29409

Tideland Signal Corp.
Attn: Harry Saenger
4310 Director's Row
P. O. Box 52430
Houston., TX 77052

University of Lowall (3)
Attn: Jose Martcin

Thomas Costello

Pahd Wakim
Mechanical Engineering Dept.
Lowell, HMA 01354

University of Texas
at Arlinpgton
Attn: Jack Pitzer
West 6th at Speer Street
Arlington. TX 76019

Dist-7

U.8. Agency for International
Development (USAID)

Attn: Jack Vanderryn

Direcvor. Energy & Natural Resources

Rm. 509, SA-18

Waghington, DC 20523

U.S. Department of Energy (4)
PV Energy Technology Divisicn
Attn: R. H. Annan

A. Krantz

V. Rice

R. Bulawvka
1000 Independence Avenue SH
Washington, DC 20585

U.8. Dept. of Enexgy (2)
httn: Dean Graves

Joe Weiniger
Energy Technology Division
Albuquerqus Operations Office
Albuguerque, NM 87115

U.S. Department of Energy
Attn: Leonard J. Rogers
Wind/Ocean Technologies Div.
1000 Independence Ave. SH
Washington, DC 20585

U.S. Department of Ensrgy
Attn: J. Rumbaugh
DOB/®Wind Systems

1000 Independence RAve..
Washington, DC 2058%

SW

U.S. FPish and Wildlife Service
Attn: R. Oser

Energy Managsr

Lloyd 500 Building, Suite 1692
50C N.E. Multnonah Street
Portland, OR 97232

U.S. Viegin Islands Energy Office
Institutional Conservation Progras
Lagoon Complex, Bldg. 3, Room 233

st. Croix, U.S. Virgin Islands 00840

Utility Power Group

Attn: M. Stern

9410 DeSoty Ave. - Unir G
Chatsworth, CA 91311




Virginia Power Ccapany
T. Bernadowsky
P ©O. Box 26666
Richmond, VA 23261

aAttn:

Warne Bolar Pumps
Robert Meyer
246 Bast Irving
Wood Dale,

Attn:

IL 68901%1

Wastinghouse Advanced EBnergy
Systemeg Divielion

J. Robert Mazwell

Marketing Manager

P. U. Box 158

Hadison, PR 15663

Attn:

The World Bank (2)

R. Dosik

A. Zavalea

1818 H Streevr, HN.¥W.
Washington, DC 20433

aAttn:

Zomeworkse

Attn: Steve Baer

P. O. Box 25805
Albuquezque, MM 8712%
6200 V. L. Dugan

6220 D. G. SBchuelerx
6220 A. V. Poore

€223 G. J. Jones (6)
6323 W. I. Bower

6223 R. N. Chapman

6223 T. 8. Fey

6223 D, F. Henicucol
6223 H. N. Poamt

6223 J. W. Stevane

6223 .« G. Thomaa ,20y;
3141 5. A. Landaerbiorar
3154=1 C. H. Dal!s (&
3181 W. L. Garner .
8024 P. W. LCean

3)
D0E/08TI

Dist-8







