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ABSTRACT

This feport is an econosic and technicel assessment of photovoltaics
(FV). handpumps and diesels for vater supplies in rural areas of
doveloping countries. The requiremcnts and problems associszed vith
rural vater supply (RWS) systams sre ¢xamined within che context of
regional resource conditions, water needs, and cost and performance
of the technology. This study found thet PV RWS systems can supply
vator more eccncaically than handpumpe or diesels fur villages of
moderate size where the water table depihs are 20 to 40 @, On the
| average, the cosc-effectiva village p»ize ranges froa about 300 to
2000 persons per village for PV RWS systems. Conirary to popular
belief, in many caser, on a per capita basis even the initisl cost
of FV systems {s equil to and even less thsn that of comparable
1 handpuap RWS systems. Numserous sansitivity analyses wers conducted
and ars provided to aid water supply planners dec{de vhether PV
systeas would be appropriate for thelr specific needs. Praliminary
specifications and market estimates were also compiled to afd PV
. manufacturers davelop technology appropriate for the rural water
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A COMPARATIYE ASSESSMENT OF
PHOTOYOLTAICS, HANDPUMPS, AND DIESELS FOR
RURAL WATER SUPPLY

EXECUTIVE SUMMARY

Introduction

Safe, reliable, und accessibie water supgplies are critical to rural development and
scopomic progress in developiog countries. The United Nations, in cooperstion with the
World Bank and other internstionsl development institutions, established the laternaticasl
Drinking Water Supply and Sspimation Decade (1581-1990) in 1930, based on the gosl of
providing safe drinking water and canitation to all persons in developing countries. Al
though the Decade has already made gaina ia expunding water supply sccess, nesrly 1 billion
people in the developing world stili lsck access o safe water supplies. The institutions
involved in the Decade have reviewed the progress achieved to date and have concluded that
the remaiving problems are many and varied. They span the technicel performance and
reliability of rural water supply (RWS) systemys, insdequate infrastructure and support
systems, and ultimately systom coate.

Is an offort to promote the davelopment of reliable, low-maintenance, and low-cost
watsr supply techoologies, the United Nations, World Bank, other multi- and bilateral-donor
orgsnimtions and US. Governmenst agencies have investigatsd handpumps, photovoltuics, and
dissel water putnping techaologies. Frior studies sither svaluated each techoology indepen-
dantly or conducted comparstive asssssmants of two technologies,

This investigation examines the role for photovoitaics (PV) with respect to hend-
pumpe and digsels for supplying water t0 rural communities. The study explicitly considers
ol componsuts of the water supply aystem; samely, water supply/demand relationships and
other village characteristics, and che cost and performasce of the well, the pumping sysvtem,
the storage, and the water distnibution aetwork. The focus of this study is addressed mt
commuaities without access to grid electricity or safe surface water sources,

The study provides information useful to rural water supply planners who salect
water supply techooiogies to suit the needs of raral communities. The study results will
also be useful to equipment manufacturers who develop products 1o meet the requirem:ats of
rural commuanities around the world,

Stedy Obfsctives

The purpose of this study is to determine under what circumstances PV pumping sys-
temns ¢can compets tachaically and economically with handpumps and diesol pumps for supply-
ing water to runl communitiss. The specific objectives are a3 follows:

1.  Determine economically compatitive ranges for PV relstive to handpumps ana diesels
for supplying water o rursl communities as a function of water source depth, village
tize, level and quality of service, solar resource, and cost snd performance charact-

vlt

2. Detormine how the initial cost of s PV water supply sy*tem compares with that of »
v yural water supply (RWS) system using Sow-cost technology such as handpumpe.
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3.  Eatimats the potentis' market for PV-powered RWS svetem,,

4.  Ideatify the functional specifiratioug of PV -powered RWS systems 3¢ that PV systems
aasufacturers ¢can 2,ign produch to better meet user feedy,

JTeskaclogy Coxfizurations Fraluated

The thres water supply fechnowaisy cunsidersd in the comparative anslvuis, hand-

pumpe, PY pumin, snd diesel pumps, are configured a3 follows:

1. Handpumpy. Each haadpump instatled o2 a well serves s aumber of persoes. The
sumber of persons mrvad depends on \be quantity of water demaoded per perion, the
scaber of hours & pump is used daily, and the amount of tigse & person is willing to
spead gathering water. Hsndpumps are typically wsed whea water demmand iv up to
about 40 liters/capita/day. If ibe village hai more people than can be supporied by
oos handpump, thea two or more handpumps are used. The principsl hancpump system
components are the handpump and the well,

2.  PBY humvcios Svitems. Each PY pumping system provides water to one of mors stand-
pipes (public faucets) .hrough a piped distribution setwork, The sumber of persons
ssrved at & faucet is determined 23 in the handpump case. If the village hma more
people than can be supported by cae standpips, then two or more standpipes are used.
Ons well with & PV pump oitally supplies water to all standpipes. If well yield is
limitad, two or more weily are used and water is pumped st 8 lower rate. Alternately,
battaries are employed to allow the pump 0 opersie at & lowss pumping rate over &
longer time perind. The principal PV pumping systems components are the PV array,
which direc’ly cooverts sunlight into electricity; the motor and water pump; optional
coatrols, battery, and power coaditioning equipment; the weli; water storsge tank;
distribution pipiag; and standpipes. Repressutative water punping technologies used in
the analysis are as follows: shallow well (lass thas 10 m deep water table) - surface-
mouated centrifugal pump; intermediste-to-desp water table (20 m to 40 m) - jack
psmps with surface-mousted motors for low fows (lers than 30 m?/day) end submerged
motor/multi-stage centrifugal pump whea flow rates are higber,

3. DRiesel Pumping Sviicma. ‘The diese! pumping sysiem is identical to the PV pumping
system except that the diese! pump replaces the PY pump. The engioe is dicectly
coupled to the pump for shallow aad intermediate water mble depth spplications. In
the case of submerged motor/multi-stage centrifugal pumps, 8 disse) sngine/gesersios
oot (gon-set) is waed to geoerais aleciricity to operate the pump. The priacipol diesel
pumping system compodeats are the diesel sngine or gen-set, fuel tank, pump, otor
(if clectrical), well, water storage taak, distribution piping, and standpipes.

The thres systems are illustrated in Exhibit L. The principsl purpose of this study is
0 deter.une the competitivoness of PV relative w handpumps sad diess) pumpe. Therefoie,
the amalysis did not consider yard taps (bouse connections) &3 handpumps sre not comsmonly
wod to provide water to individual houses in developing countries. The unalysis also as-
sumey that in the case of diesel engiaes, feel is readily available throughout the yesr.
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Iecheolagy Camaasing Rasis and Arareach

A key faature of the saslysis is that technologies are compaied when they are pro-
vidiag the same lavel ond auslity of secvice. Service lavel and quality is defined as follows

1.  The amouat of water Tupplied per parsoa per day s the vame scroms all thrae water
supply systeme being evaluated. Therefore Acalth sad other bunefits sccruing to an
individual Jus 1o the availability of water me the same scrom oil echnologies. For
szample, 2'i three techoologies supply 20 licers per capita per day (lpcd) to the village
popuistion.

2. The cost in terns of time speat by villagers gathering the water i3 made equal ecros
all theoe water supply syatemy. In the analysis, time spent collecting water is made
the mme scross all three techoologies by adjusting the sumber of persons served per
water delivery point per tachzology. Thersfore, more people can be served at water
points where the water delivery rate is highsr.

3.  The uchaologist provide water at the same level of relindility so that water avaitl-
abllity throughout the year is the same acroie ofi thres techoologies. The same aveila-
tility lovels are attained by wming operatics and maintensnce practices consisteat with
reliable sguipment performance snd usicg sdequats water storage 2 the czae of the PV
and dissel systems.

Since the leve! and quality of service sre the scme acrom all thioe technologies, the
huﬂuﬂﬂndtmmﬂmwmhnulmlﬂ&mmm mm

mmmmmmmml thumm of waw: con-
mmmmmmumm-nmmmmmmmmmmm.
the cost of water gathering-time is aut comsidered ia the analysis.

The priacips) analysia stepe are outlined ia Exhibit [l. The azalynsls procedure has
bosn programmed waing Lotus 1-2-3 Releass 2 sc{tware. Thudmmm“m

i

For 20 iped water consumdtion, FV i the preflerred tacheology whin villsge populs-
ton i about 1,500 persoas. Ezhibit [V shows the life-cycls cost competitiveness mnges for
mmww--tmwvwmmau.mm.m-eum-
when wanr demant s 20 Ipod. When o well costs $£2,300 and the water table is 20
PV in the competitive 2achaology st an insolstion level of 5 kWh/m?/day for a
village of 1,000-2,000 persons. Whes insolation is 4 kWh/m?/day, the competitive range for
PV aarrows w0 1,200-1,500 persoas/village, At insolation levels of 6 kWh/m?/day, the
competitive village sizs runge for PV incramses w0 §00-2,200 persons.

As well costs and water tadle depths increase, PV becomes competitive st smaller
village sizes. Alo, the ~ompetitivenass of PV systems encompasses » larger range of village
tires = insolation increnses, The-efore, i some West African countries, whers wells cost

Mi




Exhibit i)
SCENARIOS EVALUATED AND SENSITIVITY ANALYSES CONDUCTED

A. For 20 and 40 lpcd water demand, plane-of -array worst-month iosolation levels of 4, §,
and & xWh/m?/day and the (ollowing well characteristics

« $300 cost and 3 5 m depth (e.g., Bangladesh)

- 51,500 cost and = 20 m depth (e.g., party of India and East Africa)
« $1,500 cost and 2 20 m depth (average conditions)

= $5,000 cost and & 20 m depth (s.g., West Africa)

-~ $3,000 cost and 8 40 m depth (0.3, West Africa)

This consists of a total of 30 scemarsios.

B. Sensitivity analyses were conducted fwr,mdemndsofﬂudlolpedby varying the
following parameters from the Base Case:

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

2. Owue day of water storage for the PV system instead of thres days. Three dayy of
water storage ensures that 99% of the time the designated water demand (e.g., 20 or
40 tped) s availsdle. When one day of storage is ‘used, availability is about 97% or
demand may not be fu'.y satisfied for sbout 11 days of the year.

3. PV umay cost of 50% to 200% of the base-case assumptions was used to assess the
impact of PV array cost variations.

4. Reduction in handpump life from 10 to 5 years was used 1o evaluate the impact en
FV competitiveness of shorter handpump life.

5. A reduction in analysis lifetime from 20 w 10 years.

6. Use of at least two wells per village for PV and diesel systems 10 ensure very high
water supply roliability.

7. A reductioa in well yield to 2 m*/hour to account for situations where pumping rate
wust be limited 30 that excessively high drswdown does not occur during contiowous
putiping.

8. A reduction in water defivery rates of handpumps and standpipes to reflect water

9. Halving the somber of persoss served per standpipe 10 assess the impact of making
the number of persoms served 3t a standpipe spproximately equal 1o the number
served at 3 hasdpump.

“The Base-Case ansumptions: Insolation - 5 kWh/m3/day; well cost - $2,%00; water table
depth - 20 m; diese! fuel cost - $0.30/liter; 3 days water storage for PV system; 6 hours per
éay wse of water point; 20-year asalysis time frame; one well per village for PV and diesel
systems; and adequate well yield.




VARIATION WITH VILLAGE POPULATION SIZE AND WELL CHARACTERISTICS
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$5,000 to $10,000 sach, and insolation is 6-7 kWh/m?/day, PV would be the prefesred tech-
nology for villages with populations ss small as 200 persoas.

At » 40-1pcd consumption level, PV ia the least cost echaology for sven amaller
villages. Village sizes where PV is compatitive mnge from 0 to 800, depending en jnsolation
and well characteristics (so¢ Exhibit V). The average village sizs where PV is competitive
is about 400 persons. As in the previows esse, PV competitiveness occurs at increasingly
smaller village sizes as well cost and water table depth incresse.

Exhibit V1 shows competitive water costs, per capita initial capital costs, and cor-
responding village sizes under aversge (Base Caso) conditions. When water consumption is
20 ipced, average cost of water from a PY pumping system is about $0.44/m®, or about
$330/person per year. At a 40 lpcd consumiption rate, average water cost is about $0.93/m?®,
or about $13.60/person per year.

Exbhibit V1
Least Watsr Cost Tecknelogles for Varioas Village Slzes
Undar Average Well Cnlmlug‘
Issolstion: 5 5Wh/m?/day
Least Village Sixe Per Capita
Water Cost Range Water Cost Cupital Cost
: y {oo/village) _ __ (S/cubicmeter)  {§/permson)
< 20 liters/person/day water consumption >
Handpump 0 - 1,000 0.50 20
Photovoltaics 1,000 - 2,000 038 - 030 19 - 24
Diesel » 2,000 020 - 0.3 4-10
< 40 livers/person/day water consumption -
Handpump 0-80 135 108
Photovolinics 80 - 300 050 1.3 50 - 128
Diesel > $00 0.35 - 0.50 20 - 2%

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

Exhibits VII and VIII show the senvitivity of PV competitiveness to 3 aumber of vari-
ables when water demand is 20 and 40 Ipod, respectively. Analyses sre conducted nnder
sverage conditions (i.e., insolstion at § kWh/m?/day and 20-m water depth and & well cost
of $2,500). The principal observation is that the village size st which water from PV
becomes chesper than that of handpumps does sot vary significantly, even with major
changes to important varisbles. The two exceptions for the cases occur when well yield is
limiting and when s minimum o iwo wells is used. Another jmporsant inference is that for
DADRY CA3CY. €VED OD DL CRADIIE 1N CARIA) SOt B
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Exhibit Vi
SENSITIVITY ANALYSIS,

Lile-Cycle and Par Capita Initisl Cost Competitivensss

SCENARKD
Waley Consumplion l.nll-r LPCO
wolstion Level - SkWh/M */Osy
Well Cost - 2500
Waler Depih - 20 3

SASE CASE
OAYS WATIR STORAGE
PV & WOURN/DAY

NANDMUP B8
2-vAAA STETEN LE)

CgiL PR COSTR
[
* § x QAGE CAM

(172 sABE CAM)
WTEAR ANALYNS
TRSEAANS
LEGEND
Lite-Cycie Cost Competitivmigs Rangs initial Cost Competitvenets Range
- -
% Oisast Pump Hendoump < PV PV < Handpump
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Exhibit Vil (Cont'd)
SENSITIVITY ANALYSIS
Lite-Cycle and Per Capita Initisl Cost Competitiveness

VILLAGE POPULATION 8128 |
0 1000 2000 4000

Lile-Cycie Cont Compatiivenass Ran g nisl Cost Competitivenass Range

j
|

= owerw Handpump < PV PV < Handpump
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Exhidit Vit
SENSITIVITY ANALYSIS

Lite-Cyecle and Par Capits initial Cost Competitiveness

SCENARIS
Waker Lavel - 40 LPCD
inacistion - SEKWh/M* /00y
Wall Cont - $2500
Water Deplh - 20 M
VILLAGE POPULATION SIZE
1] 500 1000 1500 2000
SASE CASE i -
DAYE WATEN STORAGE
PV ¢ NOURS/DAY
NAMDPUNP USE:
F-TRAR SYSTEM LIFN)
DML FUBL COSTY
VAT
« 3 x QARE CAME

g =
L
{172 BABE CAME)

intiat Cost Compatiiveness Renge

>

e P S e

Mandpump < PY PV < Handpurp
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Zxhidit VI (Con?d)
SENSITIVITY ANALYSIS
Life-Cycle and Per Capita Initial Cest Competitiveness

SCENARID

Water Consumgption Level - 40 LPCD
fnesistion Lavel - § KWh/M?/Day
Wolt Cost - $2500

Water Oepth - 20 M

VILLAGE POPULATION SiZE
0 S00 1000 1500 2000

Invtial Cost Competdivanass Range

[

Handpump < PV PV < sandpurp
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REGIONAL PUMPING SYSTEMS POTENTIAL DEMAND DISTRIBUTION
Tolsl Potential Demand - 204 MWp

AFRICA § MOOLE BAST (30.0%)

Exhibit X

POTENTIAL POPULATION SERVED BY HANDPUMPS, PV & DIESEL
Total Rural Popuistion Without Access to Safe Water - 928 Mill. (1983 Bst.)

POPULATION chi.LIONS)

/%

Py Y -

T
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A very large population can be served cost effectively by FY waier supply systems.
Exhibit [X presents s preliminary estimate of regional markets for PV water pumping sys-
tems. The market ia of the order of 250 MWp, which is seversl times current woridwide PV
production cepecity. Additionally, rural populations are continuing to grow at a rate of 30
to 3¢ million persons per year. If PV retains ity market shere, the snaual demand for PV
for this new populstion is nearly 10 MWp per year. These assessments are based on gurrent
costs of PV.

Exhibit X shows the numbder of individuals in rural areas upecwd 10 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
ooted that the merket estimate for diesels is based on the reliability of fuel supplies and
maiatenance services in rural areas. In many parts of the world, particularly in Africa,
diesels have & poor operating secord. [If diesels mre infeasible, then PV pumping systems
could likely replace them.?

Exkibits XI and XI1 show the sensitivity of water costs to changes in installed PV
srray cost for 20- and 40-1pcd demand, respectively, undar base case assumptions. The
impact of PY array costs on the market for PV is shown in Exhibit XIIL As the exhibit
showy, if arrey costs decresse to $4/Wp insualled, 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
Three important conclusions emerge from the analyses:

1. Undef lverue mlmon md well eonduwu, ata lo-lpcd water nn. EY aupplies the

m_m,mmm As wll emts mc-em. PV beeomu eompouuvo at mn smnller
village sizes. The potential market for PY RWS systems that can serve villages in the
cost-competitive size range is immense, many times the current worldwide PV manufac-
I - | 0”.

2. Cootrary to conventionsl wisdom thet cleims PV is a capital-intensive technology, the
m!vm tho-n tbo Wmmm&mnmmm.m

the eompeunve range when -mer demnd is 20 lpcd. oost of vmer from PV systems is
equivalent to less than 2% of the annusl income for a person in a poor developing

! The handpump market segment includes popuistions 10 be served by surface water
sources. Dete were not available for disaggregating this market sagment any further. It is
conceivable that PV or diesels could be the power source for pumping water from non-
gravity-fed surf{ace water sources.

Note that e present apalysis did not consider other pumping power sources such as

wind power which, in suitable aress, might pump water more econoraically than PV or dies-
els. A wind technology competitiveness analysis was beyond the scope of this study.
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WATER COST VARIATION WITH PV ARRAY COST
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coustry.! Sauaders snd Warford of the World Bank mote that s frequently weed rule-
of- b is that & rensl, osar-subeistence family “should sever have 10 pey more than
ebout 3% of their iscoms for water.™®

These iaferences hyve iwo far-renching lmplications for both rural wasr sepply sys-
wems planaens and for PV pumplag sysem masufacturers

I PY watet mooly oepjects are cost sffective and affordable. They can be implemented
B SOREAL ‘A i - l.
additioa

0 idil water at lower thl . water nly mpﬂ
will also produce other benefits such 28 8 @Ore convenient water source that can be
sxpanded iocresventally as the village grows, without drilliog sdditional wells.

| DO M I FY Dumoin P b COTOMILIC SO s Be il L 4
wary lacie. Therefore, iavesting in the development of PV punapiog products specifi-
cally tailored 0 suit the spplication requiresnents will have a high payoff. The poten-
tial market is of 1 order of 250 MWp for typical PV pumping systems of about 1-3
kWp each, for swpplying 12-40 m¥/day of water from intermediate and deep water
todies. These systems would serve villages with 300 to 2,000 persons.

FV provides a techaically feasible and sconomic means for supplying water to sscder-
ate-tised villages. Proviowmly, the only siternatives were diessls or handpumpe where grid-
electric-powered or gravity feed water supply systems were infeasidle. The PV pumping
systems, with their low recurrent costs, 30w provide the rural water supply plaaser 8 cost-
offective alternstive sechnology 10 handpumpe cad dissels. Planners should investigste the
suitability of PV for their specific aseds. Where aecessary, sssistance could be sought from
internstional end bilateral donor organisations for asseming the fessibility of PV systems for
specific applications and for procuring the rystems,

A sumber of important iastituiioss) and orgaaizations! concerns must b addressed
end resolved ia the project design 10 eraure that & PV -based RWS systems can be operated
soccenfully ia 8 rural setting. These concerms are also pertiacat for handpump- and diese!-
based RWS systems. Thess isswes iaclude the followiag:

© The demaad for watsr must be accuremly dewermined.
0 Users mwat be aduceiod ¢a responeible water e,

¢ Exiest and type of community levolvement is specifying requiremenss, iastallation,
operstion, and maistestace of the system muei be estadlished.

® A reponsive sad relisble maiawassce system must be metatdished. Is perticular, the
relstive roles of the community sad the public sector swibority must be delinsated.
Appropriste training must be provided % community personnel on opersiion and
maistenance of the system,

SWater cost when well costs are $2,500 and insolstion is $ kWh/m?%/day is $0 40/m?
lpcd. Amumiag » per capits answal income of $200, asnual water expenses are 1.5% of per
capita incoms (excludes water haulisg cout).

‘Seunders, RJ. and 1J. Warford, “Village Water Supply: Economicy snd Policy in the
Developing World.® The Johas Hopkias University Prem, 1976, pp. 187-188.
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1.0 INTRODUCTION

1.1 Background

Water supply is regarded by ihe international community as 3 “basic human right’
and an integral component of any primary beslth care program aimed at eliminating water-
borne diseases and morbidity. In 1930, the United Nations lnunched the International Drink-
ing Water Suppiy and Senitation Decads (1981 - 1990) with the goai of providing safe drink-
ing watyr and sanitation to ail maral and urban populations. While the Decade has succeeded
thus far in expanding water coveruge, "early ane billion people living is the rural aress of
developing countries remain without access tc s safe and reliable supply of water! In-
wived development agencies have re-examined the progress schieved to date and concluded
that the groblems are many and varied. They encompass the techaical performesce and
reliability of rural water supply pumping systems, the teck of adequate infrastructure to
fupport tystems, and the shortuge of funds to pay fos these systems,

A wfe, reliable, and convenient water supy 'y is critical 1o rural development and
economic progress in develooing countries. Groundwater sources, rather than limited, tradi-
tional surface scurces, are preferrsd for rursl water supply for sanitary reasons. Ground-
water resources require the use of 8 pumping technology. lnual‘tontommotnha
development of relisble, low-maintenance, and low-cost pumping technologies, the Uaited
Natiocas, World Dank, and associated internatioosal ag:ncies have investigated water supply
systems based o handpampe, photovoitsics, and diesel pumping technologies.

The handpump is presently the most commonly wed techaology for rural water supply
despite problems sssociated with the handpump including high failure rates, limited water
withdrawal ratss, and uneconomical us of expsasive wells. The United Nations Development
Progmerme (UNDP) and World Bank are sttsmpting 10 solve some of the problems essociated
wity handpumps by designing pumpe which can be operated and maintained at the village
level? While diesel-based systems tend 10 have a low initial cost, they also tend to have »
vary high recurrent cost. Diesel systems also require skilled maistenance and operating
staff 22 well a3 & reliable supply of fusl. Recent improvements in the cost and performance
mmmm have greatly improved their potestial for rural water supply (RWS)

Previous tcudies carried out by the UN, World Bank, snd government sgencies have
sought to define the techaical, infrastructural, and sconomic factors of hancdpump, PV, and
diessl tachnologies. "Smail-Scale Solsr-Powersd Pumping Systems The Techaology, Its
Economics and Advancement” by Sir William Halcrow snd Partoers, examined PV water
pamping techoology through s laborstory test program. The "Evaluation of laternational PV
Projects® conductad! by Meridian Corporation in 1986 was s systematic cont and performancs
analysis of PV-pov ered systoms as an snergy techoology for use in remote areas of the
developing world. While the Meridian study coacluded that PY is cost competitive with

1United Nations General Assembly, Economic and Social Council, "Progress n the
Atzinment of the Goals of the International) Drinking Weter Supply end Sanitation Decade,’
March &, 1935.

2Ariosoroff, S; G. Tachannerl; D. Grey; W. Journey; A. Xarp; O. Langeneffer; sod R.
Rochs, "Community We.ter Supply: The Handpump Optics,” A joint contribution by the United
Nations Development | rogramme and the World Bank to the Interastiona! Drinking Water
Sepply and Sanitation ilecade, Washington and New York, May 1987,




diesel for selected ranges of water supply application, the focus was on pumping technology
rather than on comparative performance within the total rursl water supply system.

This investigation examines the coaditions uoder which PY can compete with hand-
pumps and diesels for supplying water t0 rural communities oased o & consistent set of
assumptions. The analysis takes into consideration all components of 8 RWS system, includ-
ing the water supply/demand function and other charscteristics of the village, and the cost
angd performance of the well, the pumping technology, the storage, and distribution network.
This study was undertaken to ascertain conditions uoder which handpumps, PV, and diesels
would be the cost-effective techoology for RWS systems.

1.2 Study Objectives

The purpose of this study is to determine uoder what circumstances PV pumping zys-
tems can compete techonically and economically with hacdpumps and diese! pumps for supply-
ing water to rural commuaities. The specific objectives are a3 follows:

1. Determine economically competitive ranges for PV relative to handpumps and diesels
for supplying water to rural commuaities, &9 & function of water source depth, village
size, water demand, solar resource, and cost and performance characteristics.

2. Determioe how the initial cost of a PV water supply system compares with that of a
rural water supply (RWS) systemm using low-cost technology such a9 bandpumps.

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

4.  Identify 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 on rursl communities with oo access 1o grid elec-
tricity o safe surface water sources.

1.3 Audience for the Study

This study provides information wseful to rural water ;upply planners who select
water supply techoologies t2 suit the needs of rural communities. It will also sid planners
in determiding a niche for PV, diesel, and handpump water supply systems based on water
depth, village size, level of demand, insolation levels, and cost sad performsnce of the
respective techoologies.

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

14 Organimatioa of the Report

Chapter 2 of this study examines the water supply needs in rural communities in
developing oations. It characterizes the extent of the need, discusses the water resource
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conditions found in many regions of the world and examines the major problems ip meeting
the rura!l water supply nceds in developing countries.

Chapter 3 presents representative handpump, PV, and diesel RWS system configurs-
tions uwsed in the analysis. These characterizations are not meant to preciude other pumping
techoologies which avay be equally, or even more suitable for specific water supply condi-
tions. Detsiled performance and cost data on the representative techaologies are reported
in Appendix A.

The analysis procedure is described in Chapter 4. Detailed descriptions of the model
iocluding al! the mathematicsl relationships are given ia Appendix B. A sample analysis is
shown in Appendix C.

The demniled analyyis 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
NUMBER OF PERSONS WITHOUT ACCESS TO SAFE WATER (1983)

Afvica
~Urban Criicd (69 midion, 43%)
«Rurst  TERENIREERENEY (252 maon, 71%)

Asla and the Puctiic (exciuding Chins)

~Uban UTTTTciacd (182 mision, 33%

« Rural “
(890 miion, 54%)

Latin Americs & the Caribbean

«Urban £ 739 miNon, 15%)
-Ruist KRR (as miion, 51%)

Weatern /.2la
«Urban £ (1.8 milion, 5%)
- Rurel B 12 mition, 50%)

* in parenthesss: 1) the lotsé number of people by secttr wihout 200088 10 sai wBier supplies; and
2) the percent of thet secior’s lotal popuistion without sale weter suppiles.

Sowrce: United Nations General Acsembly, Economic and Socisl Counoll, “Progrees in the Altsinment
of the Goels of the imemalional Drinking Weter Supply and Sanfistion Decade,” Merch &, 1088.
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20 RURAL WATER SUPFLY REQUIREMENTS

Tha United Nations estimates that over one dillior peopls in the world currently lack
sccess 10 an edequate supply of clean water (se¢ Exhidit 2-1). Over 75% of these peopie
live in rural areas of deveioping countries whers populations are growing fastest and where
basic services are the poorest. Contaminated water is & major source of disease and death
io thcse party of the world. Consequently, providing clean water to these areas has bvcome
s major bealth priority for both multilaieral development jpititutions and individual govern-
ments.

Southeast Asia, Eastern South America, Eastern Mediterrancan, and Africs are the
regions with the largest unserved populations. Rural populations sre growing at s rapid
pace, and development organizations and goveraments have not beeu able io install safe
water supply systems ot & rate fast enough to sven maintain historic levels of coverage. As
a result, the problem has been worsesing with time.

The safest surgiy of water is aatural spriags or wells that tsp groundwater. Access-
iog safe groundweZer supplies involves installing wells and variows pumping equipment, In
the absence of 8 safe water supply, most rural people have to rely on surface water from
rivery, streams, poads, or lakes to mest their needs. Thess surface water supplies are
genenilly contaminated with various pollutants, commonly containiag trac s of humsp and
snimal wastes,

A high correlation exists between commuanities that have to rely on surface water
and various crippling and fatal dissases that are borne by human and saimal waste. Conse-
quently, the World Health Orgasization (WHO) has determined thst the "provision of & safe
and conveaient water supp’.’ is the single most important activity that could be uadertaken
to improve the bealth of people living in rural areas *?

In response to the growiog hesalth crisis, the United Nations Development Programme
(UNDP) isunched the 10-year program, “The International Drinking Water Supply s2ad Senita-
tion Decade” (IDWSSD) in 1930. The goals of this program are to bring safe water to ail
rural people by the ysar 2000. An integral part of this program involves installing rural
wter pumping systems in villages. The United Nations Development Frogramme resident
repremutatives have beea designated to ccordinate the Uaited Nations Programme with
external support for this initiative in each covatry.

2.1 Watsr Demand

The uemand for water varies by rogios and depends oa the climate, convenience,
usige pacteros, customs, and the degree of masegement t0 minimize waste, The regional
variation in per capita water coasumption is illustrated in Exhibit 2-2.

The msjor factor in determining watsr demand is coaveniencs. The Wosld Bank has
determined that *if there is ¢ supply in the house or courtyard, cossumption may be five or
more times greater thao if water has to be fetched from a public water point.™ Coaverse-

%United Nations General Assembly, Economic and Social Council, "Progress in the
Attasinmeni of the Goals of the International Drinking Water Supply and Sanitation Decade,’
March 6, 1985.

“The World Bank, “Village Water Supply,” 1984, p. 32.
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EXHIBIT 2-2
Raage of Water Consuncption by Regloa

LITERS PER CAPITA PER DAY

. (Ipcd.) .
BEGION Minimum . Mazimum
Africs 3
Southeast Asia Fp
WVestera Pucific 93

83
68

Easters Mditeriancan
Ewrope (including Algeria, Morocco,
and Turkey)

3 88883

Latin America and the Caribbean 190
World Average s 90
Source: World Bank, *Villuge Water Supply” 1984, p. 32,
EXHINIT 2-)
Average Regloaal Water Table Depths
AVERAGE DEPTH OF
WATER TABLE
LOCATION {meters)
South Americs 10-20
Cantral America 10 - 20
North Alrica & Middie East 20 - 50
West Africa 15-3%
East Africs 15 -3
Southenst Asis & Pacific $§-2

Source: Discussions with Dr. Robert Roche, World Bank, March 1987 end IT Power, Inc.
water supply databases.
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Ly, if water has to be carried more than a mile, coasumption may be as low as 5 liters/
capita/dsy, which is close to the minimum needed to sustain life.

Convenirocs is also & critical factor in determining whether people will use & clean
water source. If a pewly installed well s not suflicieatly convenient to use because of its
location and the time speat waiting st the Jaucet, people often revert to using their old,
often polluted surface water sources.

2.2 Water Resources

The svailability of surface water in rivers, streams, lakes, and ponds has been suf-
ficisnt 10 maintyin rursl communities, but st & major cost to their health and iavestment in
tims. The major source of clesn safe water is yroundwater. The critical factor that has a
msajor impact on the cost and esse with which clean water can be provided to rursl com-
munites is the depth of the water teble, the cost of drilling wells, and the cost of sus-
taining the pumping technolog,.

The depth of the watsr table can vary considerably by ares. As a8 result of various
metsorological and geological factors, some generslizations can be made about the depth of
the water table on different continents. As shows in Exhibit 2-3, the sverage depth of the
water table is greater in Africa (ranging between 15 t0 25 meters) than ia Southeast Asia
(ranging between 5 and 13 meters). It is estimated that globally about 45% of the wells in
rural areas have pumping lifts less than 10 meters. About 75% of the wells have 1ifts less
than 20 weters, and $5% have lifts 25 meters and lem.*

The cost of drilling wells also varies fairly dramstically from one region to the next,
even though basic well-drilling tachuiques and eQuipment may be similar. For instance, in
East Africa the cost of drilling & 15- 10 20-metsr well may be about $2,500; while the cost
of drilling the samw well in West Africa may be as high as 35,000 to $10,000. These large
variations in well drilling costs are generally attributed to the lack of business competition
in 8 region and the price structure for equipment and labor.

23 Msjor Problems io Moesting Water Supply Neads io Rural Aress of Developing
Countries

The major challenges in developing safe water supplies in the rural aress of davelop-
ing countries are fingncing, techaical training, suitable technoingy development, and imstitu-
tioa building to manage insrtailation and ensure the reliability of rursl waier pumping sys-
toms. Thase rural water supply problems need 0 be addressed in a coordinated way in
order to achisve sny lasting success.

Ths Interoational Drinking Water Supply and Sanitation Decade has helped alleviate
the shortage of financing for water supply development, even though the need for funds
exceeds what this program can provide. Despite the aew input of funds, providing for rursl
water supply has sometimes been hampered. The major problem, after finaocing, hes been
maintining system religbility in the field. Ia certain pars of the world, instalistion of
oew pumping systems has lod to dissppointing results -- the aumber of pumping systems that
B bresking down are outpicing the sumber of new rystems being installed. The solution to
this problem lies in three basic strategis.

SAriosorolt, 0p, cit. p. 27.
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First, the pumping technology must bé appropriste for village-level operation and
maintenance. Overly sophitticated technologies chat require specialized parts and expertise
% sintain have most often kd to failure. In response, the World Bank has established
criteria for handpump design that require village-level operation and maintenance (VLOM).
‘The technology miust be simple and reliable enough that it can be entirely maintained by a
village technicisn, end spare parts should be simple, cheap, and stockpiled at the village
level.

Second, local institutions should be encouraged and developed to ensure the peces-
sary mansgement to install and maintsin pumping systems. As the World Bank has con-
cluded, "The highest potential for sustainability is achieved when the community is involved
in all pheses of the project, starting from the plenning stage. If the scheme is to continue
to operate satisfactorily, people in the villages have to recognize the need for improved
service, be able and willing to pay for ths maintenance cost (and sveatually the construc-
tion cost), and be willing to mansge its maintenance.™®

Third, financing for rursl watsr supply systers gederally requires somw level of
development organization and/or government funding, especially et the begioning. There is
8 coatinaing debate about the extent to which reral communities can be expected to pay for
water pumping systoms. There are two major factors that genenally lead o the conclusion
that some form of outside assistance is needed for financing capitsl equipment and installs-
tion: ()) the political coordination needed to collect paymana from community membens for
s major capital investment is usually burdensome to the poiot that nothing proceeds; and (2)
there is & strong teadency for sural people to return t0 their old contaminated water sour-
ces a8 5000 &8 major delays, distances, or costs are encountered at & clean water source.
Conversely, the cost ¢f maintaining & pumping system can be and generally is sssumed by
the rural community.

2.4 Current Status of Rursl Water Supply Technologies

In rural, nooslectrifisd aress, the most common means for drawing waisr from wells
are human- and animal-powered pumpe and diesels. Handpumps are by far the most common
mechanical water pumping techaciogy despite the problems relating to relisbility and main-
taioability of the pumpe. Recogniring thess difficulties, the World Bank and UNDP with
support from a aumber of multilateral and bilateral aid agencies embarked oo 3 program to
develop workable handpumps and saaitation technologies for the developing ~urid. The
peogram has spent over $30 million to date. The program has resulted in the development
of the "Afridev"? ksndpump which mests the reliadility end mainminability criteria.

Dinsel-powersd pumpe sre 3 femiliar technology in many daveloping couatries. If the
infrastructure i in place for supplying fuel and for maintining the engines, diceels are a
cost-effective power source perticularly for supplying water to larger rural communities.

Relative to handpumpe sod diesels, PV-powered pumps are 3 pumping techaology of
more recent origin. Over 2,000 PV pumps have been installed worldwide. A number of
companies in the U.S. and in other countries manufacture PY pumps. Research and dovelop-
ment activities aimed st improving PV pump performance and reducing costs are ongoing.

$Arlosoroff, g, cit, p.3.

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



Extibit 3-1

PUMPING SYSTEM CONFIQGURATIONS
PV- or Disosl-Based Rural Water Supply Oysiem with $torege and Standpipe Distribution

Exhibit 3-2

HANDPUMP-BASED RURAL WATER SUPPLY SYSTEM
One Mandpump Per Group O Houssholds
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30  SELECTED RWS CONFIGUKRATIONS AND PERFORMANCE DATA

31 Techaology Coafiguretions Evalusted

The choice of technology will depend on & sumber of parametery including village
aine, per capits water demand, well chamcterirtics, and cost and techaical performsnce of
the squipment. The following three systems are teing compared

1. Handpumps. Each handpump instailod on & well serves a cestain number of persons.
‘The aumber of persoas served depends on the per capita weter demand, the sumber of
bours & pump is used daily, and the amount of time a person is willing to spend gath-
sting wates. Handpumpe sre typically wsed for water demands up to sbout 40 liters/
capita/day (Ipcd). If the village has more people than cas de supported by oos hand-
pump, then two or more headpumps are med. The priacipal handpump system com-
ponents are the handpump sad the well,

2. PY pumpios svitems. Each PV pumping system provides water 1o one or more stand-
pipes (public faucets). The number of persons served at 8 faucet is determined a3 in
the handpump case. If the village has more people than can be supported by one
standpipe, then two or more staodpipes are used. One well with & PY pump is used to
supply water to all standpipes, uniess well-yield limitations prevent sn adequste amount
of water to bs withdrawn from the well. la such cases, two or more wells are needed,
or batteries are used to opersts the pump over 8 loager period at & lower pumping
rate. Tha princigal PV pumping system components are “he PV arrey which directly
cooverts malight into slectricity; motor an3d pumip; optionsl coatrols, dattery, aad
power conditioning equipment; well; weter storage ank; distridution petwork; and
standpipes.

). Disaelcumoing fviiams The diessl pumping system is identical to the PV pumping
systein sxcept that the dissel pump replaces the PV pump. Tho principal diesel pump-
ing system components are the diess! engins or gonersior set, fusl rank, pump, motor
(i electrical), water storage tank, watar distribution network, well and sisndpipes.

The anslysis will not consider yard tape (house coanections) a2 the priacipal purpose
of this analysis is (o determine the nichs betwesn handpumpe and diesel pumps where PV
pumping is competitive, and bandpumps are not commonly used o provide water 10 iadivi-
dual bowseholds in developing covatries. The same analysis method, with minor modifica-
tions to account for the increased water distribution costs associated with yardtaps, can be
esed 1o amess the computitivensss of PV with dicsels for yardtape. The snalysis also as-
sumes that in the case of diesel sngines, fusl is readily svailable throughout the yesr,

Exhibits 3-1 asd 3-2 show typical coafigurstions of PV, disse] and handpump RWS
systems, As Exkibit 3-1 shaws, the differeace between 8 PV and a diesel systam is the
power source. In the case of handpumpe (Exhibit 3-2), one pump is used by a group of
:mhoidﬁnaviiha. For sxample, if the village has 100 households, five handpumps may

provided.

Water pumping systems have been configured for th vee generai applicstion ranges
(1) shallow water table; (2) low-flow, intermediate and daep water table applications; and (3)
high-flov intermediate~ sad deep-water table applications. For each configuration the
squipmesat capital costs, system life, performirce, and operation and maintenance (O&M)
costs were astimated for handpump, PV, and diesel-based water suppl; systems. These data
sorve as input for the competitive assessment of the pumping technologies. This section
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presents 8 block dissvas of the conflawred systesss aad provides key iaput data for each

T SE - T Tgeme—— e w S -

&"MW laformation i pnvid-d in Appeadiz A.

The siacted squipment coaligurstions are based on the recommended applicatica ranges
of commercislly available motor/pump sets.  These Limits are 8 functios of water table depth
aad daily water demead. For example, surface-mounted centrifuga! pumpe are limited to
spplications wher» the water table depth dome 8ot sxcesd 7 msters at me level. Beyoed 7
Beters, & contrifugal pump will lues suction (L.e., the sbdili v t0 draw water from the well).
For iatermediate and desp-well spplications, hmhhnhmmwumbbm/
pump set. The determinant ia these cases is regquired dail, flow. At s water depth of 20
metery, chpemps are & good choice for water if demand is below 30 cubic meters per day.
For demand more than 30 cudic meters per day, & submarsible motor/pemp set is preferred.?
The represestative pumpiag coafigurations should be viewed 28 examples caly. Depending oa
specific ciscumsinaces, other pumpiag techaciogies mey be better suited.

32 Shaliow Water Toble Dopth Applications (<« 7 Meters Water Table Denth)

The major compontats of headpump, PV, and diesel RWS systems are showa in
Exhibit 3-).

The handpump system comsists of & well aad suction handpump. A Tars section
handpump hes beet wird @9 @ represontative chaology. The Tars is & ‘raw geverstios
haadpemp.® typical of curreat shallow-well pamp sechaology, sad considered suitadle for
water supply st depthe of wp 0 15 meters. The Tars s 8 simple direct-acting hasdpump
which s segarded as relntively amy 0 mesasfactures, meintain, and repeir.

The photovoltaic pumping system comists of 3 well with & swrfoce-mounted single-
tage ceetrifugal pemp powered by & DC motor. Power is supplied 10 the pump through 8
control system. Coatrols help improve the pump/motor ofTk iency by matchiag the current/
voltage charsctaristics of the asmay 10 thet of the molor/pump et.

The preferred disse! pump confligurstioa for shallow pumpiag applications with a
pumpisg bead in the )~ 0 10-mewr reags s & disssl sngine directly coupled 0 a susface-
nousted coatrifegal pump. The disesl eagine commoaly wed i these types of rursl pemping
spplications ia developing cowatries is & two-Cycls eagine with s large flywbeel. The typical
pump is 3 centrifegtl pump thet is mouated o2, sad operstm estirsly, fros the surface.

3 lotormediate/Desp Waisr Tadle Depth Applications (20-40 Meters Water Tabls Depth)
333 Low Flow (< 30 m%/day)

Kock diagrass of the haadpump, PV, and disss! systems coafigured for an inter-
medinte/desp water table depth, low-flow application are shows in Figure 3-4,

Handoump cystem dets such a8 capital costs, ORM requirements, as! life for this
applicstion were besed oa duta for two commercinily availsble haadpumos, the Mark 11, the
vmm'&mmummhmwwmmmmwm

Xsans, J. and B. Gillet., “Solar Water Pumpiag: A Handbook,” Istsrmediate Techaclogy
Publications, London, UK. 1983,

3-4

._——_m“m_“—



Exhibit 3-4 .
INTERMEDIATE/DEEP WATER TABLE SYSTEM CONFIGURATIONS (<30M/DAY)
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The photovoltaic systems selocted is 8 PV armay directly conpected 10 & surface-
mounted DC motor which drives s jackpump. The system includes power conditioning equip-
@eat 10 match the cyclic powsr demaad charscieristica of s jackpump 10 the more con-
tinwous PV power supply.

The preferred diew) pump coofigurstion for intermediate well depths of sbout 20 to
Qmm!lldmnlmmd;muydﬁvmnmp Thdmlcnpummnlym
mmwummauurmum The pump commaoniy used in this appiication i
a positive displacement pump wsing 8 derrick arm design and & submerged pump cylinder.

332 High Flow (» 30 m%/day)

Bl e e sl boasdo s WU Sl Alesel st bl 8 -: I.-—-‘ &
PiotE GRS Of BASUDWIDD, ¥ v, A0 GiSSl: SYSSIS CORNIgUursd 107V &0 ISleTIDSG

deep water table depth spplication are showa ia Exhibit 3-5. Thoundpunpmm-
figurstion is the seme as in the low-flow case.

The photovoitaic system coasists of & well, PV array, coatrols snd inverter, snd ac
|otos/pamp set a the case of aa o system. A d¢ motor/pump set is wed for motors lexs
than & | XW rating. Coatrols are waed with de system. The sysie® uses & multi-stage
ceatrifugal pump with & submersible motor. For power demands greater thes 1000 W, an ac
systam powering 8 subaeriibis ac motor which operates 8 malti-stage cestrifugal pump
amemed. The ac motor/pump st is similer 10 & aumber of systems powered by grid slect-
ricity that have besn wsed for many years ia developing coustriss. Couotrols and as isverisr
are aseded for the ac system.

Tha diesel pump configurstion is 8 diess! eagine driving sn electric generator which
is tura drives an clectric motor ard pump. The diesel engine commonly ased in this con-
figurstion is & four-cycle sngine with aa o¢ genersior. The pump is s centrifugal submer-
sibls putap with an electric motor. Becass the submerged pump requires siectric conductors
oaly betwesa the disse! gen-t sad the bottom of the well, installing the pump s sasier

34 Use of Batteries ia PV Water Pumping System

Batierins are socwtines weed in PV water pumpiag syrteme snd vrve 8 aumber of
PEIpoNT.

o i wamr storags costs are high, batterv storugs mey be the preferved alternative,

o Became the batteries 6ct &8 3 constaat voitage source they can be wsed to operate
the pemp under optimal coaditioas. 1he gain in pump efficisncy results in 8 nduced
FV mmay sise sad may compensate for both bettery soergy lomses and the cost of
the batweyy.

o If the wel) yisld is Lmited, such s s areas of West Africa where well yield is 1-2
=*/hour.? & batwery is needed 1 allow the pump to operats over a ‘onger period of
time at » roduced pumping rate. I 8 battery was ot wmed, the pumping mte would
be proportiosal 10 soalight istesaity aad at arousd aoostime, the rumping rem could
excead weil yisld. There bave Boss cams in which pomps heve boea damaged doe o

PAricsoroff, 0. cit. p. 53.
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Axhibit 3-8
INTERMEDIATE/DEEP WATER TABLE SYSTEM CONFIGURATIONS (>30M'/DAY)
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sxcemive drawdown caured Dy 00 high s pumping rate. The slternative to batteries
would be to drill exers wells and reduce the amount of water withdrawn from each
well.

The analysis will consider ths effect of wing batteries ca . V system visbility.

s Key Input Deta Amumptions

Exhibit 3-6 is & Sabulstion of dats wsed in the analysis. Detailed date are shown io
Appendizx A. The analysis is conducted for three *worst moath” plane-of -array insolation
lavels of 4, S, and 6 kWh/m?/day. As Exhibit 3-7 shows, these plane-of-arrey insoiation
reages are represeatative of the values oceurring in most of the developing world. These
dats are wead to perform comparative amalyses of handpemp, PV, and diess] pumping tech-
soiogies for various application scsaarios.




Exhibit 3-8

INPUT DATA ASSUMPTIONS
PARAMEVERE WATER TABLE DCPTH
Shellow inlermediste Dewp
1. UN® (Meters, Suction/Discharys) s/t 20/10 20/10
2 PV Motor/Pump EMciency® 28% 8% 8% ¢
PV Motor/Pump Eficiency (with battery) 4S% as% 8%
PV Arvay Eficiency 0% 0% 0%
PV Balance of System Eftficlency ”w% 0% 0% :
Bettery Eficiency ”°o% 0% 0%
3. Dissel Fusl/Waler Eliciency® "™ ™m [
4. Water Btorage (equivelent doys of sversge
-pyd daby conmanption) 3 9 ’
» Diosal® | 1 ]
5. Water Consumption {IMera per capits pe¢ 20,40 2040 N0
doy-LrCD)
§. Worst Month insslation On Plane of Arrey 458 4358 490
EWWm'/dey)?
7. Oparstion § Mainlonance
(% of Copital Cont/yr) N
- Hon-Mechenical % " "
1% 10% %
.wnml % 1% 11
- Moter/Pump 8ot} "% 0% (< 38 w/doy)
% (> 3¢ w/day)
- Dincel Engine Set’ % w% 1%
4 Equipment Lite (yoars)
« Hondpump® 10 10 "
« PV Arvey 0 20 20
~ ioter Pumg™ e (29 - &8, Heod, < 30 m*/d = 18 yre)
(20 - 43, Head, > 30 w'/d = 7.8 fre)
= Disssl Engine® 10 1 " .
- Reltary ] s s
. Mandpgump Capitsl CovsP $ 200 3500 + § * Waler Table Cepth (m)
10, Svbmorged Conbitugal Pump? $ 275 + 25°tesd + 79 (howrly Row rale ("))
11, Dissal Engien® $ 3000 + 200°%W, for over 3 kW
12 Disosl Gan-Sot’ $ 5008 + 240°hV", fov over I kW
13, Water Storage Cosns? $ 1000° (Volume bn cublc meers) 93

4. Battery Starage $ 200/KWH




Exhibit 3-8

INPUT DATA ASSUMPTIONS

M. Yilage Charscieristicn?l
MNumber Noussholde/MHeotare
Porcant incame Spentd on Waler
Wage Rarning Werk Hown/lamily

i

(Conrd)

RN

9
oy
L

WATER TARLE DEPTH

Intermediste

$ &/day
§ Vday
§ Udey

Up to Arrey Bise (Wp) Array Cont

00
[
"
> 190

1-10

000
.78
780
728

”

”»
Wday
3 kn/hour
1 ipod
# porsons

1§

$ &/dey
$ A/dey
$ &/0ey



NOTES FOR EXHIBIT 3-8:

& Nominal depth %0 water table. A discharge head of 10 meters is 5335 te PV and diesel systoms for
eiorago and dlatribution relsted head requirements.

. EMiciency of FV-powered molor/pump set s sfficiency (Based on resuits of
-mmmww WM“MM‘

Main Rsport UNDP Project GLO/80. exscuied by the Bank).

«. Distel systom sverail opersting officioncy, J. Kasnna, “Cost and Performance Dats en Diesel Engine
Gensrators and Pumpe,” SBARDEY-T100 (Albuquerque: Sanfia National Laboratories, May 1987).

Werk parformed by IT Pewwr, Lid.

d..wmluﬂ cover ineolstion variance and demand. The level of storege
wwn mmltwu::lam-mnm

Water storage for diessl syetem Based en recommended practice (Associates in Rural Development
*(un)-mumdn:mﬂ-wwn(nmmu-dnmy

L Waler consumption senshicity snalysis valuss,
# Inscision sensiiivily analysls veluse.

®. Oparation end wmeinirnsnce cests for nen-mechanical equipment based on UNDP/Werld Bank
Hand pump Project estrnaies.

L Hendpump, molor/p=mp eet and diese! engine set are beeed on scheduled and unecheduled
asinisnance requirements.

| O & M valuss for PV arrey are baned on fypical yalues used by industry.

& Equ e for based on UNDP/World Bank for wsed
Equipment . h-u::l:’. on sdopied veluss for handpumps

& PV array liie based on DO sccciersied tealing programe and relsted field experience.

m. PV motor/ oot Bie wor shaliow wells Sased on approzimaie sverage of molor and
e Fou viermatiste and well spplicatiens, twe meior/punp sat ves ore used: for

dema <45 loss than 30 m*/dey, 8 is with 8 Me of approximately

TE s G T Corpradr el 35 o S i kr st f 1 o
“ummmsmuuv.mumohbumnmn&m.

& Dlssel engine e (Kenna, op. it} -

© verae oot of § 6O Shd 1o P v sy ouriing for sMiciency difleremces. Alce

R Esthasins from UNDP/Werld Bank Handpump Project .

@ Meridian Corpersiion, Egypt Renewsbie Ensrgy Options ideniification Reports, 1085,

r. Meridian Corporation, op. cit.

. Estimates for labor rate by UNDP/Warld Sank Mendpump Project.

L PY syslam cout en 8 $/Wp basls used. Based in on IT Power deis presented in *Soler Powered

& Thelr [
Pumping Systeme: :iummcm Economics,” July 1908 and PV industry guoles.
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40 METHODOLOGY
4.1 Techaology Comparison Basis

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

providing the sgame level ard quality of service. Service quality and level are defined as
followx:

1.  The amount of water supplied daily per person is the same across all three water
supply systems being evaluated. Therefore, the benefit accruing to an individual, based
on availability of water, is the s:ame acroas all technologies. For example, all three
technologies would supply 20 liters per capita per day to a given village population,

2.  The time spent by villagers gathering water is the same across all three water supply
systams. Therefore, the ¢ost of collecting water is the same across 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 a3 handpump i3 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 tschnologies provide water at the same level of reliability 30 that water availabil-
ity throughout the year is the same across all three technologies. The same availabil-
ity lovely are attained by using operstion apd maintenance practices consistent with
reliable equipment performance and using adequate water storage in the cuse of the PV
snd diesel systems. For exsmple, handpump usage has been limited to 6 hours a day,
and pumps are assumed to be maintained regularly. dandpump 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-
soded intervals using appropriately skilled (and paid) labor. In the case of PV, ade-
Quate storage is provided to account for cloudy days when the soler energy output is
below aversge. Also, in the casc of PV, appropriately skilled and paid labor is uwsed
for maintenance.

Since the level and quality of service sre the same scross sll three technologies, the
Lanefits derived from the water provided will be equal across all three technologies. There-

fore.only the relative costy need (o be compared using cost effectivencas analysiz this js
aaimportant advantage of the procedure used in the evatuation.'? Since the water gather-

¥The analysis does 0ot take into sccount the greater effort needed 10 pump the water
wing the haadpump.

1iWorld Bank and United Nations Development Programme, “Globel/Inter-regionsl
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
analysis. This method selects the alternative 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 Analytis,” EDI Series in Economic Development, Second
Edition, The Johns Hopkins Usniversity Press, Baltimore and London, 1984, p. 189,




Exhibit 4.1

METHODOLOQY OVERVIEW
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mmmulmf)amemmﬂlmmmmhuufornpmﬁcvilluemd
water demand level, haul costs are ot included in the cost analysis.

4.2 Analysris Procedure

mmooodmdnmon nndutondsmofthoualyﬁnlwmpuuud by the
World Bank in its water pumping techuology evaluations.!® The principsl analysis steps are
outlined in Exhibit 4-1 and briefly described below:

Select inout date assumotions. Dets oeeded for the analysis fall iato three general categor-
iex:

1.  Village Characteristics. Thess include population deusity, percent of income spent
on water, minimum water requirements, household size, productive work hours per
family, mazimum 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 above information together with technology pesformance dsts is used to
calculato the oumbes ¢* persons served at each water supply point.

2. Techoology Performance Specifications. These include water delivery rames from
handpumps and standpipes, pumping technology sfficiencies, water storage re-
Quirements, solar insolation levels, well depth and yield, snd squipment life. This
information is needsd o computs component sizes and system configurations.

3. Cost Data. These include unit installed costs of equipment (e.g., PV armay cost in
$/Wp), operstion and maiatenance coets, Tuel costs, and labor costs. This in-
formation is peeded to calculate the initial capital and life-cycie costs of the
thres water supply systemy.

Select per capita water consumption layel Per capita water consumption is s key decision
varisble. The analysis is conducted at two watsr coazumption levels, although other values
could eatily be used. The two levels are 20 snd 40 liters per capita per day (lped). In
African countries, 20 lpcd is the aversge quantity of water used for domestic

rurel sreas. Tweaty ipcd is used to represent the case of minimal water use. Forty lped b
the World Haalth Organization-recommended lsvel of water consumption. It also represents
higher consumption lavels observed in Asia and Latin Americs.

mawmwmmr/wuummupmmhwwMumﬁma
peron is willing to spend gathering water. The curve shows the relationship betwees per
capits water demand (liters/capits/day) and water-gathariag time (bours/m®). Therefore,
wien per capia water demand is kaown, time speat gathering water can be calculated.

i ‘ v. ) DEL P 0nint. Water collaction time
huthmmu: nmmtwﬂhnuoudfmﬂnmmt.mmm.m
water collection time. Bet walking and queuing time depend oa the number of persons
served per water poin: enc «ther factors. For example, for a given housebold deasity
(bouses/bectare), e the x-:tber of persoos served per water point increases, each peron,
oa the average, will have i walk further 10 reach the water point. Also, s the numbor of

¥The Worid Bank, "Rural Water Supply and Saanitation: Time for Change,” Unpublished
typescript, June 1986.
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persons per water point increases, esch person will have to wait longer 0 gzin access to

the watsr point, ie., the queuing time increases. Quouing time is modeled using commonly
wed waiting line models.1* The water collection time is 8 function of the waier delivery
rate of the standpipe and handpump. Population served per water point is estimated by
determeining the population st which water-gathering time equals the time » peron is willing
to spend (from the demand curve calculation). This procedure is illustrated in Exhibit 4-1,

Select villaze population sizea for analvsis. Viliage populationa sizes are set at multiples of
the numbar of persous served per water point. For example, if one water poiot se: ves 200
pensons, 2 water pointy will be required for a village of 400, and 10 water points are peeded
for a village of 2,000. In the cwse of & handpump system, sach water poiat consists of one
well and a handpump. For PV and diesel systems, & sumber of water points wiil require one
or more wells,!® distribution piping, sod a storage tank. Each well has 3 pump snd an
amociated power generator.

Calculste svstem comoansnt sizat  Standard engineering snalyses are used to calculate
system componant sizes. In the case of the handpump system, sizing only involves selecting
ad sppropriste pump that matches the water table depth. In a PV systers, the aumber of
wells, the PV armay size, pumpina rate, and battery capecity (if used), storage tank gize, and
piping leagth are computed. The compousnts in & diese! system are timilar 1o the PV :
tystem; the only variations are that the FV power source is replaced by 8 diesel, no batiery
is needed, end a different pump is used.

Calculate gystem coaty. For each watsr supply system, corresponding to the previously
defined villsge sizas, the follnwing costs are computed:

- initial capital costs

- saovalized capitd coxts

- annual operation and muaintensnce Costs
- water costs ($/cubic meter)

- anousl pcr‘cnpiu costs ($/person/year)
= per capita initial costs ($/person).

Graphical outout. The model generstes graphical output showing the varistion in water cost
and per capita initial capital cost with village population tize for each of the three tech-
sologies. These graphs are useful in answering questions such as:  "What is the techaology
that can supply water at the least cost for 2 village of 1,000 pervons if esch person is to
receive 20 lpcd?” or “Which technology has a lower initial cost per persos served if the
village hae 400 pecple and each person needs 40 lpcd? Sample output is shows in Exhibit
4-1 sad other exsmples can be found throughoat the following sections of this report.

Sansitivity anatvees. The model can perform s large number of "what if* snalyses. This
capabdility is an important festure of the model. It ensbles the mode! to be used for site-
spacific analyses or (0 assess the sensitivity of the techaology choice 10 key uncertain data.

wWagner, H. M., “Principles of Operations Research,” Prentice Hall Second Edition,
1975, Chapter 20. The handpump is represeated as 8 single-server mode] with Foissoa input
sod exponsntial service. Since sach standpipe bas two taps, the standpipe is depicted a8 »

UMore than one well is sseded if’ the well yield is limited, or if very high reliabiiity
provided by the availability of two or more wells is required.
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Uacertainties could include diesel fuel cost, PV srroy cost, solar insolstion, pump sfficien-
cies, life of handpump and other equipment, labor costy, ete.

The snalysis procadurs has been progismmed using Lotus 1-2-3 Raleass 2.0 wft-
ware.'® The program includes several macros to help conduct the analyses, print reports,
and geaerate the graphs. A detailed description of the model is yiven i Appendix B.
Sample mcdel output is shown in Appendix C.

18Lotus Development Corporation, "Lotus 1-2-3,° Release 2.0, Cambridge, Mass.
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30 COMPETITIVE ASSISSMENT AND SENSITIVITY ANALYSIES
5.1 Scenarios Analyssd

The objective of the analysis s 10 determine where PV water pumping tystems would
be sconomnically visble for supplying water t0 rural communities whea compared to hand-
p.mos and disss] pumpi. Thé anslyses were coaduceed (or per capita water consumptios
lovels «f 20 sad 40 liters/day. Numerous seantivity cnalyses were slio conducted to srsess
bow the <. ~-lusions are sffected by key dats uncertainties. The scenarios descrided in
Exkibit 5-1 ase . ~siyzed for the 20 and 40 liters per capita/day water consumptioo levels
(lped). A wtal of 50 vt was aoalyzed.

Exhi™% §-1
SCENARIOS EVALUATED AND SENS:TIVITY ANALYSES CONDUCTED

A Par 2 oad 40 ipid vk Samniil, PRSI-if -0rrey Surst-aouth imelsties b of 4, 3,
sl & §Ww/o' /day end e folowing wol} sharestiviste.

« 5500 anm sad 5 ) & dupuh oy, Dungindunh)

= $1.500 eunt and & 20 = dowih {04, Sir® of Duils ol Rt Alvien)
« 51,900 aem ond & 3 @ depeh (nvernge eemditionn)

« $3.000 ssxt and ¢ 20 @ dopth (0.5 Wt Alrim)

» §3,000 eont ond & 93 @ dupih {0.p. Wt Afrim)

This suxainn of o il of 30 sosusies.

[ 1 mmmmru-ymcuuannmn
fellnwing puramenrs (rem the B Casz:

1. Oumnd fumd et ogpuely 51700, Thip reflan siipnticay vhaw fual dativary b 6N -
ionlt oud suntly.

1 Qun doy of ot mmrge for the PV oyoiam insiand of theve dayn. Theee days of
oplly Gerugs s Gt P of Wiy Gee e Sesigaesnd sl danaad jog. 39 o
48 lpa) b i, Wius a0 day of swrage b wnd, ovuilsbitiey b show 7™ &
deumund moy i b fully el fon shomst V1 doye of W your.

..y Y T I Y2 v r - I ¥ [T 7 °
apmet of PV arvey emt warinbion.

4 Setepies in esdpemp jife fen 4 » I o v ol & sl e mpest 90
#¥ aupvisi~aes o derer andpnmy life.

3. A sefomive i snivng Weine iom 3 w ¥ T

& U of ot toam rve i por village for PY and dimal sywinme 0 tsawe vy high
vl supply melinbibiny.

7. A rulureiss i woll yiokd » 2 @/Neer @ csceusy for simasions whire puReitg M
t 2.1 ¢’y r_ 3 ¥ _ . __F X K _§F ., ¥ """

onmplag.
& A st i mer delivery o of andeesgs ad vandpips & reflost owies
numion nafTislansie

4 Faiviag 4 sumbe of puesss sarved pov anndplps & aav= e imgan of making
o eanber of s servnl o & Al dppventmonly el 0 St by
sorved & & banipemp.

“Tio Su-Case commptionx lanvissive - $ SWA/w' Ay, woll oo - 1,908 smaw mbls
gtk - 3 &g G fopl et - SN ) dew wetir uvage v PY spoum; § bouss por
dey um of ounr peine; 25-yanr analyels sy framw; ¢a0 woll g vilinge Tor PY o Giue!
sumns, and afeqguers vl yisld
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Exhibit §-2 WELL COST: $2,500
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Exhibits 5-2 and 5-) show mmpls graphical output from the analysis for the base
case. Exhitit 5-2 shows the variation ia water costs as 8 function of village population size
for handpump, FV, sad diasl puniping systema. Water costs for the PV systems are shown
for insoiation levels of 4, $, and 6 kWh/m?/dsy. The 3rach shows that ot an insolarion of 3
kWh/m2/day, water from a PV system bacouss: cheaper than water from handpumps st e
village size of about 1,000 pens 3. At village sizes greater then 2,000, least cost water is
obtained from & diessl system. As insolation incresses from 3 to 6 kWh/m?/day, the range
of village sizes for which PV is competitive ibcresses to betweea 800 and 1,200 persons.

Exhibit 5-3 shows how the per capits initial capital cost changes with incressing
village population size. Diesel systams have the lowest per capita capital costs after a
village size of sbout 300 perscas. However, the very high tecurreat costs of diesels must
be noted as wull. Per capits capital costs of PV become cheaper than those of bandpumps
at 1,200, 1,800, and 2,600 persocs per village at insolstion levels of 6, 3, aad 4 XWh/m?/day,
respectively.

Similar graphs for the other cases mestioned is Exhidit 5-1 sre shown is Appendix
D. The graphical results are summarized aad analyxed is the following sectioas.




Exhibit §-4

Lie-Cycie Cost Competitiveness
VARIATION WITH VILLAGE POPULATION SIZE AND WELL CHARACTERISTICS )
({200LPCD)
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32 PV Life-Cycle Cost Competitiveness at 20 LPCD Consumption

Exhibit 5-4 shows the Life-cycle cost compstitivensss ranges for the thres tech-
pol.gies e o function of village population size, insolation, and well charscteristics.

For 20 lped water coasumptioa, PV is the preferred technnlogy for a village of about
1,500 persons. When & well costs 52,500 and the water table is 20m deep, PV is the com-
petitive technology st sn insolation level of 5 kWh/m?/day for e village of 1,000-2,000
persons. Whet insolation is 4 XWh/m?/4ay, the competitive range narrows to 1,200-1,900
persons/village. Correspondingly, as insolation increases, PV is the competitive technology
for u large range of village sizes (800 to 2,200 persons per villags st § kWh/m?/day inscla-
tion). As well cost and water table depth increases, PV become: competitive at smaller
village sizes.

In some West African countries, where wells cost detwe: = $5,000 and $10,000 each
and insolition is 6-7 kWh/m3/day, PV would be the praferred t:chinology for villages with
populations as few as 200 persons, if water table depths are arouad 20 meters. At hnigher
water table depths, for example, 40 meters, PV would provide lower-cost water even for
villages with very small populations in West Africa.

q-s




Exhibit 5.5
Lile-Cycie Cost Competitiveness
VARIATION WITH VILLAGE POPULATION SIZE AND WELL CHARACTERISTICS
(40 LPCD)
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53 PV Life-Cycls Cost Competitiveness at 40 LPCD Consumption

Exhibit 3-35 provides the same type of information as Exhibit 5-4 for a higher water
consumption levels,

At 40 lped of water consumption, PV can provide lowest cost water than the al-
ternatives for even smalier villages when compared to consumption levels of 20 Ipcd. Vil-
lage size where PV is competitive ranges from 0 t3 about 900, depending on insolation snd
well characteristics. The average village size for which PV is competitive is about 500
persons. As in the previows cue, PY competitiveness occurs in smaller villages as wel!




EXHIBIT -6

Least Water Cost Tochnologiea for Various Village Sizes

Under Avevage Well Condlitions*

Incolstien: 4 kWh/m?/day
Least Village Size Per Capita
Water Cost Range Water Cost Capital Cost
Iachoology {no/village) (S/cubicmeterd  __  (S/person)
< 20 lizess/persoa/day water coosumption »
Handpump 0 - 1,200 0.5 20
Phowvoltaics 1,200 - 1,500 0.46 - 0.50 2 .24
Dissel » 1,500 020 - 0.46 é6-11
< 40 liters/person/day water consumption aep
Haadpump 0-9 1.35 103
Photovoliica 90 - 560 0.60 - 1.35 30 - 108
Diasel > 560 0.35 - 0.60 20-28
¢ Aversge well conditicos: 20m water table depth and 32,500 well cost.
Losst Water Cost Tochaelegies for Various Village Sizss
Under Average Well Conditions®
Iasslation: $ kWh/m?/day

Laast Village Sixe Per Capite
Water Cost Rangs Water Cost Capital Cost
Tachaoloay footvillage) . (R/cubicmeter)  ($/persan)
< 20 liters/peryson/day walsr coasusmption »
Haadprmp 0 - 1,000 0.5¢ 20
Photovoltaics 1,000 - 2,000 038 - 0.50 19-24
Dizesl » 2,000 0.20 - 0.38 6-10
< 40 liters/person/dsy wates consumption »
Handpump 0-8%0 135 105
Photovoltaics 80 - 800 0.50 - 1.35 50 - 125
Diessl » 500 ¢35-050 20 - 25

® Averags wall conditices: 20m water table depth and $2,500 well cost.



54 Water and Cuapital Cost of Cost-Competitive Water Supply Technologies

Exhibit 5-6 shows the competitive 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 sxhibit.

Uader average conditions (insolation equal 10 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 s 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 s per capita basis is
comparsble 0, and even less than handpump systems supplying the same service. The
principal reason is that due to ths limited pumping rate, only s few paople can be served
from s handpump. In contrast, 3 large pumber of people can be served from s PV pumping
systemn. I well costs are high, PV pumps are particularly more coat-effective than hand-
pumps.

From a RWS

..... ' R LR LN bl B}

system implementation perspective,”the above

~il . +

obis

rvatioa mesas that PY

L

EXHIDIT 5-6 (Coar'd)
Least Water Cost Technologles for Various Village Sixss
Usder Average Well Conditions®

Insolation: 6§ kWh/m?/day
Leant Village Size Per Capita
Water Cost Range Water Cost Capital Cost
Iechoology {pofyillase) ____ (3/cubic meter) . {S/person)
< 20 liters/person/day water cogsumption -- >
Handpump 0- 800 0.50 20
Photovolmics $00 - 2,200 035 - 0.50 17 - 24
Diesel » 2,200 0.19 - 0.38 6-9
< 40 liters/person/day water consumption »
Handpump Q0-75 1.35 105
Photovoltaics 75 - 800 0.50 - 1.35 40 - 105
Diessl > 300 0.35 - 0.50 20 - 25

® Average well conditionr 20m water table depth and $2,500 well cost.
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Exhibit §-7
CAPITAL COST COMPARISON OF A HANDPUMP AND PV RWS PROJECT

UNICEF/Ugands llrlwy of Water & Hmm
Water Development Department

Exsmple: 2000 Persone/Village, 20 Liers/Caplta/Day, 200 Persons/Waler Point
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AVERAGE CAPITAL COSY ESTIMATED CAPITAL COST
(10 HANDPUMPS)




For example, Exhibit 5-7 compares the initial capital cost of handpump and FV RWS systems
in a 2,000 person village in the Luwero Triangle area ia Ugands. The hlndpump system

rmnn shoosstasissisceg musbas Al Aassans sasusad nes watasmnint (hendosmnl
“l'. 'l“l’ TESouUree Wik W WS AN, NVMVEE Vs PTIVAE SUE YOu VE w-“upuuu R ESMAINS BT WM 5

and water demand ars based on UNICEF experiences in the project area.)” The PV system
coets are based on insclation of 5 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 snd performance data as reported in Appendix A. The compsarison clearly
shows how s PV RWS system could have an initial capital cost similsr to that of A hand-
pumn svetam. The initisl capital cost of the handpump systam is $16/nerson which UNICEF

T E— -r-'-—‘ Te— wwws = Frrr— = W= o e — BN ———

reports is among the lowest in Africs. The com rnblo PV system cost is $16.50/person, or
only 3% higher than the hsndpump system cost.}

‘The exhibit also thows the system component cost breskdown, As indicated, the PV
array cost is less than the cost of storage and distribution. I the community can be
mmdwwlunmuluirhborwmmmwmuuthamnnmkndhnnm
pipe distribution network, the PY RWS system cost could be less than the comparable hand-
pump system Cost.

wolfe, P., "Signs of Self Sustaining Development: A Successful Water Supply Program-
me io Uganda,® Development Business, No. 222, May 15, 1987.

Uphatovoitmic Design Assistancs Conter, "Water Pumping: The Solar Alternative,”
SANDS7-0804, April 1987, p. A-8, Figure A-7: Insolation Availability (Latitude Tilt, Summer).

Wa comparsble initial cost of $20/perros was reported by Duvid Kinley for 8 PV water
supply system serving 2,900 persons 10 Baie de Henne, Haiti. (Kinley, D., "Sustainsble Water
Supnlies in Developing Countries,” MMMWJMMM;
ment Conference Proceedings, May 4-6, 1987, p. V-32.
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Exhibit 5-8
SENEITIVITY ANALYSIS

Lite-Cycie and Per Capita Initial Cost Competitiveness

SCENARID

Wailer Consumption Lavel - 20 LPCD
naviation Level - lt*llluifoﬁu
Well Cosl - $2500

Waler Dapih - 20 M

VILLAOGE POPULATION MZE
0 1000 2000 3000 4000

BASE CASE
gllnn WATUR STORAQE
PV & NOURI/OAY

il«lullwsruﬁclil

UTRE)
= 2 x DADE CAM

R ey S ——

Handpump < PV PV < Handpumg
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$.5 Sensitivity Analyses for 20 LPCD Coasumption

Exhibit 5-§ shows the sensitivity of PV competitiveness to s number of varisbles
when water demand is 20 Ipcd. The anslyses are conducted under average conditions (i.e.,
insolation at 3 kWh/m?/day and 20-m water depth and & well cost of $2,500).

The princips! observation is that the village size at which water from PV becomes
cheaper than that of handpumps does not vary u;nnf’muy even though major changes are
made o mpomnt varisbies. The two exceptions occur in cases in which well yield is
limiting a0d & minimum of two wells is used. In these two instances, water from a PV
system Ccosts less than from a handpump when village size is about 1,600,

The cost-competitiveness point betweon PV and diesel is highly sensitive to the input
sssumptions. The reason for the seasitivity is that the water costs from PV and diesel sys-
tems gre sumhr for larger village population mu (m Appendn A) M

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

reliability, unless there is a capital shortage. Therefore, when determining the relative
competitiveness of PV to diesel, it is critical to gather accurate and represeatstive data,

The exhidit also shows that in many cases, even on s per capita initial capital cost
basis, PV is competitive with handpumps. For example, in the dase case, PV initial capital
cast is less than that of a handpump systeam when village population exceeds 1,500 persons.

Exhibit 5-8 (Cont'd)
SENSITIVITY ANALYSIS

Lite-Cycie and Per Capita Initial Cost Compelitiveness
VILLAGE POPULATION 812€
0 1000 2000 3000 4000
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Exhibit 5-9
SENSITIVITY ANALYSIS

Lie-Cycie and Per Capita Initial Cost Competitiveness

BASE CASR
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¥ Semitivity Analyses for 40 LPCD Coasumption
Exhibit 5-9 shows semsitivity amalysis results when water demand is 40 Ipcd.

‘The priscipal cbssrvatioa is that the village size ranges for which PV is competitive
with handpumps and disssle vary oaly slightly betwesn scenarios. Typically, watar supplisd
from s PY syn*am is Jem costly than wuter from s handpump at » village sixe of 56-100
peraoas. The correspoading FV/diesel cost-competitiveness point s $00-1,200 peryons. Also,
eveD ou & Per capita capital cost baeis, FV is the less costly optica whea the villaze popu-
fatioa exceads about 100 persoas.

Exhiblt 5-9 (Cont'd)

SENSITIVITY ANALYSIS
Lite-Cycie and Per Capita Initial Cost Cov.petitivensss

VILLADE POPULATION SiTE
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Exhibit §-10
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5.7 Macket Estimate for PY RWS Systems

A very large popuistion can be cost-effectively served by PV water supply systems.
Exhibit 3-10 pressats a greliminary estimate of regional markets for P/ waler pumping sys-
tems and the sumber of peinons served. The market is of the order of 250 MWp, which is
several times the current worldwide PV production capacity. Addition .y, rural populatioas
are continuing to grow at & mie of 30 to 33 million persons per year. PV retains the
oarket share estimated in Exhibit 5-10, the anaual demand for PV for this new population is
nearly 10 MWp per year,

Exhibit 5-11 shows that the largest demand for PV is likely to be in Asis and the
Pucific region, followed by Africa. Demand is expected to be relatively small io Latin
Aoerica and ths Caribbean. Exhibit 5-12 shows the breskdown of papulation served by
handpumps, PV, asd diesel. Handpumps are expocted to mainly serve the shallow-well
market. The handpump market segment includes rural populations served by surface water
sources. A finer disaggregation of the shallow water table market segment couid pot be
made due to lack of daiz. It is quite possible that P/ or diesels could supply cost-com-
petitive power for pumping from surface water sources, if gravity feed is infeasible.

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

Other soalyses?? report that considersble opportunities exist for PV RWS systems st
20-40 @ water table depths. Zimbgbwe is an example, where a typical village requires 12-25
m?/day of water.? Water table depths in Zimbebwe runge from 15-50 m. In s World Bank-
funded project i Niger, 5,000 boreholes will be drilled and equipped with handpumps for
supplyiag villages from 3 20-40 m deep water mmble. These villages could be served econom-
ically and reliably with PV at s cheaper per c pita cost, as well drilling costs are very high
in Niger.®® Water demand in Niger is about 20-30 Ipcd. Also, handpumps in Niger have had
a dismal relisdility record; over 50 percent of the handpumps previvusly installed are in-
operstive. lodis wili soos be implementing a five yesr $1.62 billion rural weter supply

. ¥Nots that the present analysis did aot coasider other pamping power sources such &s
wisd power, which in suitable areas, could pump water more scosomically thas PV or dies-
tis. A wind techaology competitiveness anslytis was beyond the scope of this study.

HiLsguerse, J.R. and “ascand. *An Asalytica) Approach 10 8 PV Water bumping Sys-
wm,* sad Vespierian B., “The Applicatioa of PV t0 Water Pumping and Irrigation in Africa.”
Mm..m i 3rd Evropess Ecosomic Commuaity Photovolnics Coaference, D. Reidel, Boston,

Byard, P.R.D., ¢t al. “Solar Powered Ground Water Pumpiog for Medium Heads, Chal-
lenges in African Hydrology and Water Resources.” Proceedinss of the Hamare Svmoosium.
LAHS Publizstioa No. 144, 1984,

. PMeridisn Corporatioa sad IT Power, Inc. “Photovoitaics Project Identificution Initia-
tive,® [nterim Report to Sandia Nations! Laboratories, October 1986,
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Exhibit 5-11

REGIONAL PV PUMPING SYSTEMS POTENTIAL DEMAND DISTRIBUTION
Total Potential Demand - 264 MWp

AFRCA § MIDGLE EAST (0 OW)

Exhibit §-12

POTENTIAL POPULATION SERVED BY HANDPUMPS, PV & DIESEL
Total Rural Populaticn Without Accees 10 Sale Water - $28 Mill. (1983 Est.)

POPULATION MLLIONE
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project that alma to provide water 10 270,000 villages.3 The average per capita cost is
expecied to be $20-30, which ia within the cost-competitive runge for FV as shown earlier.

In summary, the anslyses clearly show that PV-based rural water supply systems are
currently economical oot only on a life-cycle cost basis, but aliso ou an initial capital cost
basis. The potsatial market for PV water supply systems thut can serva villages in the 500
to 1,000 size range is immense, many times the current worlkiwide PV & afacturing cap-
acity.

¥2Zevaa, A., Water and Urban Development Depertment, the World Bank, April 1987,
personal communication.
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Exhibit 5-13
PRELIMINARY ESTIMATE OF PV PUMPING SYSTEM SPECIFICATIONS

02-§

A A B C D E
ASSUMED AVERACE  AVERATE —  TOTAL™
WATER AVERAGE Y POWER WATER NO. OF
INSOLATION T[EMAND VILLAGE SIZE SYSTEM DEMAND M'/DAY VILLAGES
REGION KWH/MYDAY {LPCD) (& OF PERSONS) SIZE (Wp) PER VILLAGE F
Andean Countrizs s 40 S0 1211 po i HGDO
Central America & Caritbean 4 4 300 908 12 E1k)
Equatorial Africa s 20 130 1574 26 18462
East Africa 5 0 1500 ik k1) 6657
Far East and Pacific s 40 500 12 b ] 64000
Indian Subcontinem 5 40 SO0 1211 2 74000
Latin America (NEC)* 4 40 oo N3 i2 nn
Middlc East 4 b. | 1800 2828 s 11667
Sohel 6 X 1500 13, Jo 4667
Total/Average T06 145) 2 194128
Minimum o0 %08 12
Marimum [1-F] 225 »

Motes: A. From market potential estimation tahle {Exhibit 3-10)
B. Average 0" village size range in Exhibil 3-10.
C. Estimated as in column } in Exhibit 3-10.
D. Village size hmes per capita demand.
E. Poiential population served by PV {column H in Exhibit S- 0V village size.
* N.EC. - not clscwh )re considersd




X | PV Pumping System Specifications

laformation is Exhibit 5-10 was ased to obtain 3 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
villege, and the number of villages categorized by region.

Typical system sizes range from )} kWp to 2.7 kWp, supplying 12 to 36 m?/dey of
water frcm a well at & water table depth of sbout 20 meters. The average system is 1.5
kWp and supplies 22 m%/day.

This information should be used with sxtreme caution a9 it is based on many assemp-
tions. For sxample, depending oa the village size ranges a3 reported in Exhibit 5-10, the
power requirements per system could range from 0.2 kWp to 3 kWp (see Exhibdit 5-id4).
Uncertainties are dus (0 8 lack of accurate informstion on village size distribution and lozal
o¢ regiooal water table depths, However, the information in Exhibit 5-13 is wseful in ident-
ifying typical system sizes needed for rural water supply. Further investigations are needed
before system specificationas can be defined more accurately.

RXHIBIT 5-14
Variabilicy of PV Pumping System Specifications

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

REGION SMALLYRLAGE = LARCE VILLAGE
ANDEAN COUNTRIES 182 1938
CENTRAL AMERICA & CARIBBEAN 227 1514
EQUATORIAL AFRICA 606 242
EAST AFRICA 121 2422
FAR EAST AND PACIFIC 182 1938
INDIAN SUBCONTINENT 434 1938
LATIN AMERICA (NEC.) 27 1514
MIDDLE EAST 1817 3028
SAHEL 252 2523
MINIMUM 182 1514

1802 2028

MAXIMUM
¢ N.EC. - Not elewhere considered
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Exhibit 5-15
WATER COST VARIATION WITH PV ARRAY COST

SABE CORE PV ARV 48/Np, TLL COST=41300, DEPTH=20M, 20 \PFCD, BEDL=)

-] 2 L
VELAGE AOMAATION (PURIIANDS)
ORCEBAMIMY <« LASBABLPY & 1EBASL/SY & L5RABRY * ool *ne

Exhibit 5.18

WATER COST VARIATION WITH PV ARRAY COST
DAL GASKE PV ARRAY /Wiy, ST COST43400, DIPTH=10M, 40 LPCD, MB0L-S
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59 Cost Competitiveness Sensitivity to PV Arrsy Cost Variations

Exhibits 5-135 and $-16 show the impact of installed PV array costs (excluding pump
and other costs) on the cost competitiveness of PV-based RWS systems relative to hand-
pumps sod dissels, for 20 and 40 Ipcd demand, respectively. The asalyiis s coaductsd wiing
base case amumptions. Both exhibits demonstrate that the range of vitlage sizes for which
PV is the competitive SOower source i very senaitive to tha cost of the PV array.

At 20 ipcd demand, if the installed PV array coct drops to $4/Wp (0.5 times base
case cout), then the cost-competitive village size range is 700 t0 3300 persons. If the cost
of & PV armay is more than $12/Wp, thes FV is not a cost sffective alteroative unless well
and/or diescl costs are high.

At 40 lpcd denuand, PY becomer less costly compared to handpumps st about 50-75
persons per village. The FV/handpump cost competitive point does not vary significantly
with changing armay costs. In contrast, the PV/diss:l competitivensss point is strongly
infusnced by IV array cost.  For example, st 316/Wp, PV is the least cost technology for
villages of less than 400 people. At $4/Wp, PV is the least cost technology for villsges
with lest than 1000 peopls. Thersfore, & fourfold incrmase in PV array cost resuits in a
2.5-fold incrense in thy competitive village size. In the 400 S0 1,000 village size rangse, the
cost of water from PV b similar to that from diessls. Accordingly, PV would bs & pre-
ferred power source &3 PV has s lower recurrent cost 8nd is mere reliable than diesels, if
there is 50 shortags of capital,
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5.1C Impact of PV Armay Cost oo PV Market Sizs

Using information in Exhibits 3-13 and 5~16 and similar graphs for other well cost/
insolation combinations, the impaci of PV array cost on PV market size was computed. The
methodology described in Exhidit 3-10 was wsed in the market estimation. The impact of PY
array costs on the market for PV is shown in Exhibit 5-17. As the exhibit shows, if array
costs decrease 10 $4/Wp insalled, the market for PV increases by about 42% to 376 MWp.
Coavenely if iastalled armay cost is 312/Wp, the market declines by 37% 10 113 MWp.
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6.0 CONCLUSIONS
Three important conclusions emerge from the anslyses
1. Undntmmiuolltionudﬂnmdmom ltnmdomdhnhofzomcd

nmnmmmmnummmmnmmnn
mmmmtmmmum_mm As well costs increase, PY becomes
competitive at even smaller village sizes.

1n the 20 Ipcd case, for villages of fewer than 1,000 prrvons, handpumps are the
least-cost techaology; for villages of more than 2,000 persons, diesei systoms can
supply water more cheaply. When water domand is 40 Ipcd, handpumpe are the
least cost tachoology oaly when village sizs is less than 100 persons. The sen-
sitivity anal s showsed that the village size for which PV is competitive with
handpumps is not significantly influenced by input data assumptions.

2. Contrary to conventional wisdom that claims PV is & capital-intensive technology,
the anslysis shows that the par capirs initial capital coat of PV svatems ja similar
o and even less than that of handzumo svstems which are traditionally considered
alow-coat technology.

Inlhzolmd , for villages of 1,000 %o 2,000 persons, per capits initial cost
is $19-24 for the Wmm whao the well coct is $2,500. Ia comperison, hand-
pumps have an initiai capitai cost of $20/capite.®® In the 40 Iped case, for
vﬂhdewmmmlwnmofﬂJOOJWm'ﬂaiﬁaImt
is-:so-m/ capita. The corresponding initial coet for & handpump sy.iem is

105/capita.

3. PV systema can provide water at & cost acceptabls to rural familiss. In the
competitive range when water demand is 20 lpcd, the cost of water from PV
lmhmmmwumudmmwimfwtminnpoor

country.® Sausders and Warford of the World Dask nots that s
frequeatly used rule-of-thumb,” is that s rural, near subeistence family “shouid
mever have t0 pey more that sbout 3% of their income for water,™s?

These inferences have two far-reaching implications for both rural water cupply
systsm plannars and for PV pumping systemy manufacturers

¥The UNDP/World Bank estimates that rursl watsr supply project costs range from
$10-30/capita for handpump schemes to $30-60/capita for standpipe schemss. See:
Astosorefl, o, cit., 9. 2. Note that traditionsl :madpips schemat bessd oo dlsssl power
hsve much higher recurrent costs compared to PV,

®when » well costs 52,500 and insolation is 3 kWh/m?/day, water cost is $0.40/m?® for
20 Ipcd water cossumptica level. Amuming s per capita sanwal income of $200, annual
water expenses are §.5% of per capita income.

Ssunders, R.J. and J.1. Warford, "Village Water Supply: Economics and Policy ia the
Developing World." The Johns Hopkins Uaivessity Press, 1976, pp. 187-188.

6-1




yillages. In sddition to providing water st lower cost than handpumps, the sche-
me can also obtuin other beaefits such as & more conwnmn waler source tlm

e e, e sl bl omn Aha siilama e lebhneesd sha nond fasr deilll ne
SRR U WADRINM l“l"lll‘llill.l, B UW VUMIQV givVwD, Wilut e BIG 107 uluu »

additional wells.

is of tha order of 250 MWp for tvpical PV pumpinag

pavoff, The potentiat rket
IR _—— —

14
niehiuat Market 14 ek L Lt =22 f L]

systemis of 1-3 kWp eact, for supplyi ; 12-40 m¥/day of wster from intermediate

- aad deep water tables. These systems would serve villages with 300 to 2,000
persons.

PV peovides a technically feasibie and sconomic means for rural water supply author-
ities 10 provide waler (0 moderate-sized villages. The previous slteraoatives were dissels or
handpumps where grid-zlectric or gravity fed systems were infeasible. Planners shouild
actively investigate the suitability of PV for their specific needs. Where necessary,
assistance should be sought from interaational and bilateral donor organizations for assessing
the feasibility of PV systems for specific applications and for procuring the systems.

A number of important institutional and organixational conceras must be addressed
and resolved in the project design 1o casure that 3 PV-basad RWS system can be operated
successfully in & rursl setting. These concerns are alao spplicable to handpump and diesel
RWS systems. Thess issues include the following:

0 Tos expected demand for water must be accurately determined. Aa insdequate

supply or inconvenient access 1o the water source will make thw diszn-hanted
community resort 10 using its old unsafe water sources. Conversely, an optimistic
demand estimsate will incur unoecessary costs.

Users must be educated on responsible water use. Uunlike handpumps, which are
“seif regulsting” (i.e., water output depends on the ¢ffort of the water drawer),
water is available on demand from a standpipe-based supply. Therefore, if & tap
is loft open, or a leaking vaucst is u™ repaired ia time, thers would be
inadequate water for others. Experisaces from succensful diesel tnd electric RWS
systema would be usefy! in educating users on how to manage their water supply.

Extent and typs of community involvement in specifyiog requirements, installstion,
operation, and maintensnce of the system must be sstablished. Ovganizational
capacity of the community must be assessed to identily the activities 10 be
ensigned to the commuaity. Asa appropriate commusity organizstion must be
established for operating and waintaining its water supply system.

A responsive and reliabie maintenance sia'em must be established. In particular,
tln nlluve mla of tln oommnmty I.Ild the pubhc sector luthonty must ln

operation and mmuemee of the tynen It is also \uw that & nlnble and
responsive system be established for supplying spare pasts.

The squifer must be carefully testod to ensure that it is capsble of delivering
water at the expected pumping rate over the system's lifetime, without unsccep-
tably high dswcéown. This issue is more important to motorized pumping systems
than for handpumps due 10 the higher pumping rates possible.
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o The well must be properly designed, sited, and constructed 10 ensure that high
quality 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 lesrned from such experiences. A field survey of successful (and wasuccessful)
slectric- and diessl-powered RWS systems would yield information useful in designing s PV-
powered RWS system.

Additionslly, s sumber of field applications of I'V-powered RWS systems should be
monitored and/or [ield tests conducted in mnmw in various reg:om of the
world. These case-itudy investigations will aid in convincing RWS planners in developing
countries and in donor organizations that PV is an appropriste power source for RWS sys-
tams. Furthermore, these investigations will help ideatifly and resolve uoexpected problems
that might emerge 804 uid in developing appropriate project design guides.

PV pumping system manufecturers must work clossly with water supply planners to
ensure that the technology 9 well matched 10 waier resource characterisiics and user water
supply weds, while satisfying the ease of installation, reliability, maintainabi’icy, and other
functional requirements of the wer. Manufacturers neod to convince potential users and
d-;:uiun-mkcn that PV should ta the technology of choice for suicable water supply
schames.

Acceming the large potential market will require an extensive slucation snd informs-
tica dissemination effort directed at decisionmakens in developing countries aad in interns-
tional donor organizations. Decisionmakers must be convinced that PV can provide the
service reliably and fit into the infrastructure being built 10 serve rural water supply sys-
tems,
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APPENDIX A
WATER SUPPLY TECHNOLOGY CHARACTERIZATION




Exhibit A-1

PUMPING SYSTEM CON IGURATIONS
PV- ar Dicool-Bassd Rursl Weter Supply Sysiem with Slorage and $lac:¢nipe Distribution

HANDPUMP-BASED RURAL WATER 3UPPLY SYSTEM
Owe Handpump Per Group Of Hewseholds :
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A, WATER SUPPLY TECHNOLOGY CHARACTERIZATION
Al Iatroductiiona

A rural water supply system using groundwater can be codsidered a3 the integration .
of four basic componsnts the well, the pumping system, storage. +od distribution. Esch
component plays a critica! role in the reliable delivery of mfe water. Variows tochnologies
msy be smployed for esch of thess compooents. .

Exzhibit A-1 shows two basic rural water tapply systems. ooe based oo PV or diesel
pump.ng technology, and oo besed oa handpumps. In both cases, & woll (or seversl wells in
the case of handpumps), is installed t0 sccess the water sourcs. The water pumping system
is used to extract water from the well and dispense it to the user directly (handpumps) or
bhmnuumommpwddsmhmwmamw“dmﬂm
Ground-based or elevated (shows) water storags systems store water and provide pressure to
8 piped delivery syswm such a3 o standpipe.

This Appendiz describes applicable technologies and important charscteristics that
sffect the costs of rura) watsr supply. Genersl cost and performance informatios is pro-
W-Mfum«nu&ﬁnmtdw.w.maiﬂﬂmm

A2 Wb

Groundwater extracted through wells is the basis of the mujority of rural water
supply programs. The cost of the well and its vesign and construction sigaificantly in-
fluence the performance snd cost of rural water supply systems. Wells must be designed to
provids uncoutamisated water free from sbrasives that wear out pump components. Usually,
wells are lined with 8 plastic or stss! well cesing extending to the aquifer.

Wells are normally comstrected to the depth of the local water tabie plus an addi-
tiona! depth to accouat for pumpiog drawdown. Wall yield is a crucial design perameter
that must be considered relative 10 the mazimum water pumping rate. Watsr extraction rate
must 80t excesd the well yisld, or the waler table may fall dslow the suctios of the pump.
Many pumping systems failures are directly attributable 10 well design and yield prodblems.

Well co”s vary greatly from $500 per well in the alluviel wils of Bacgiadesh whers
thare @ & shallow aquifer, t> $10,000 in West Africa. Exhidit A-2 chows sampis well costs
for salected regions.

EXHIBIT A-2

Rzgienal Breakdewn of Typical Well Depth and Costs
CRungry. Yl Coeta (X) ____Aporoximate Depth (Maters) .
Dungladesh 500 <10
Indis 1,500 20-40
E. Africs 2,500 15-30 ’
V. Africa 5,000 - 10,000 . 15-30
Latia America 2.500 §10-20

Source Dr. Robert Roche, World Baak, March 1987,




Exhibik A-3
HANGPUMP CONFIGURATIONS
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The operation and maintenance (O&M) cost for wells is low. The UNDP/World Baok
Handpump Project estimates that O&M costs are 1% of capital costs per year, The life of &
waii is estimated st 20 years.

A Haadpumps

Hmdpumps are the most common rural water pumping uchnolocy They are initially

S - mamasnlly aimetise e weeestse s;d lesd themostuss ta lasal seanais Basuuss af
mlp‘lﬂl"l. BEORTRUY SiEpDR W UPCTRN, BG Sls LUCILICIVES i FOwrmT ICPRIT,. LUCeusy Wi . .

these factors, a significant commitment has been made by the UNDP/World Baak to
handpumps as the most appropriste techoology for rural water supply. Field experience with
hsadpumps, however, has beeo generally below expectations owing 10 high breakdown/
wearout rates and the resultiog poor reliability. This section presents sn overview of
haadpump technology, its performance, and costs.

ALl Pump Types

‘There are twn basic types of handpump technologies, the suction puinp snd force
pump. Exhibit A-3 shows typicsel configeraticas 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 ses Jovel). Suction pumps are compars-
tively eaty 10 repair and maintain because the body of the pump including the piston or
pluager is located above the ground.

The force pump is a standard cechnology 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 repairy performed on force pumps are mors eomplu because
the pumpiag elements (puwn/plnnm ard cylinder) are locsted at the end of the rizing
main. The repairs may require lifting tackie to gain access to the pumping elements,

1a 1980, the UNDP/World Bank began a msjor project to *cit and develop improved
handpurips to serve the large potential market for rural water supply. A series of lsboratory
tests was performed to mcertain which pumps should be chosen for further fisld trials.
Results from the laboratory tests were also relayed 0 manufacturers is order 10 promote
the izeprovement of handpumps for village-level operatioo and maintensnce.

The Fr‘oct has introduced the concept of village-level operation and maintenance
{VLOM) to ¢"svie pumpe o bs maintained by the community. The criteria for VLOM putaps
inclode: cimplified maintenancs; inexpensive, easily replaced wearing parts; potential for
Jocal manufscture; standardization of pump desigs and spare parts; low capita! and recurrent
costs; and pump design matched to application in terms of lift and discharge rate. Current-
ly, so single pump has been developed that meets oll of these criteria. The pump that
comes clossst is & new geveration handpump named the Afridev waich is undergeing field
testing.

The Afridev is curreatly regarded by the UNDP/World Bank staff 83 the most promi-
siag YL.OM handpump for pumping lifts over 15 meters. The pump design makes sxtensive
use of plasiic parts, while the cylinder is linod with a stainless sieel tube. The Afridev by .
regarded as 8 VLOM design, and is considered applicable for medium- and deey-well pumping
for depths up to 45 metens,
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Exhibit A-S
HAND PUMP COST




Handpump project experience in developing countries has not been well d xumeated.
While qualitative dats are available from the field, quantitative data are not resdily avail-
able. Fisld reports indicate that handpump maintenance is § major problom in sustaining
reliable rural water supply, whether with deep-~ or shaliow-well sources. Reports from the
field suggest that downtime for routine and eveatial interveations is quite lengthy when o
centra) maintenaace syntem is used. Long downtime has bees attributed to infmstructural
and logistical problams rether than rwohlems inherent to the bandpump.

Laboratory tests of bandpumps conductad in the UNDP/World Bank Handpump Project
indicated Mcan Time Between Failures {(MTBF) 10 be sbout 1,500 hours. Field trials con-
ducted by the UNDP/World Bank indicate that on the average thare are 1.} failures per
year. Performance charscteristics of severs] handpumps are shown in Exhibit A-4,

EXHIBIT A-4
Sample Handpump Characteristics
APPLICABLE WATER DELIVERY
DEFTH RATE RELIABILITY MAINTENANCE

nme —{metecy) {1/min) {Eailures/veary __ COMPLEXITY
Tan <12 H4-35 2 Madiven

Afridev 12 - 40 10 - 24 } Low

Mask 1} 12 - 40 s-13 | Medivm

Volants 12 - 40 9-21 1 High

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

A32 Comn

For & shallow-well handpump, the sverage installed initial capital cost is spproxni-
mately $200 per handpump. For an intermediate t0 deep-well handpump, igitial capital cots
are in the range of $500-$1,500.' The cost of & handpump cat. vary greatly across manufac-
turers.

The installed coat uf bandpumps used in this analysis is shown in Exhibit A-S.
Dperstioa and maintensnce costy of handpumps are discussed later in this Appendix.

Ad Photoveitaics
A4l Trips

Photovoituics (PV) is the direct conversion of sualight inio electricity. Photovoltaic-
powered walsr pumping systems utilize solar energy t: drive a metor/pump set to pump

YAriosorof?, go. cit,, Chapter 6.
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water.? There are many commercially available systems and more than 2,600 have been
supplied worldwide.

Photovoltaic water pumpiag systems consist of & photovoltaic array, 8 motor, water
pump, and options) power conditioning equipment and batteries. When sunlight strikes the
PV aurray 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
efficicocy. Power conditicning may include the conversion of DC to alternating current
(AC) electricity. AC systems are generally used for intermediste- and deep-water table,
bigh-water demand applications.

There are two basic types of water pumps: displacement (volumetric) pumps and
rotodysoamic pumps. The most common motorized pumps that fit ioto the displacement
category are piston pumps (jackpumps), progressive cavity pumps, and diaphragm pumps.
The most common motorized pumps that fit ieto the rotodynamic category are the jetpumps
and centrifugal pumps. The criteria for deciding which pump is preferved for a perticulsr
pumping application are the depth of the water table (water head in meters) and the guan-
tity of water needed (water volume in cubic ineters). The preferred pump for various
head/water volume combinations is showr in Exhibit A-6.

A ceotrifugal pump coupled to a DC molor can be dinvctly operated off & PY armay.
The coupling requices that gear ratios, motor speed, voltage, and pump stage characteristics
be carefully chosen for efficient operation. Mismatches betwaen the PV armay current/vol-
tage (1V) charscteristics and that of the motor/pump set could result in the very poor
utiliration of the PV array power. Electrosic controls can be used to snhance the perfor-
mance and are recommended even for centrifugal pumps. The PV pumping systems con-
sidered in this analysis amumes that slectrodic controls are employed.

Exhibits A-7 and A-8 show five priocipal configurations of commaercislly available
solar pumps. These are grouped by application range as follows:

(AXB) Shallow (up 1o 7 meters water denth)

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

) lo

Sudmerged reciprocating positive displacement pumps (jsckpumps) are used for
intermediate- or deep-water tabls depth applicaticns whers daily flows are limited to
less than 30 m¥/day. PV jackpump systems can use DC slectricity but require power
conditioning to maich the cycling nature of pump power requirements with the PY
wray output churacteristics.

¥For more details on PV water pumping, aad an introduction to system design snd bid
request for quotation specificstion see: Photovoltaic Design Assistance Center, "Water Pump-
iog The Solar Alternative,” SANDS7-0804 (Albuquerque: Sandia National Laborstories,
April 1987).




Exhibit A-7
SHALLOW WELL APPLICATIONS (to 7 metars depth)

Source: IT Power inc. Handbook ol Solar Water Pumping. The Worid Bank,




-

Exhib}t A-8
INTERMEDIATE/DEEP WELL APPLICATIONS (20-40 metars cepth)

Source: IT Somwr inc. Handbeodk of Solsr Walwr Pumping. The Worig Bank
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Submarjed motor/pumip it of tubmerged pumyp And surface otor systems are suit-
able for intermediste and desp water table dapths whers required flows are more
than 30 m?/day. Of the two types pressated, thers hes been greater field axperience
with submerged contrifugal moios/pump sets, Submerged motor/pump sets are avail-
able s DC or AC systems. The tread with DC submenibles b to we & relatively
oaw “brushiless® wotor design compered 0 & *brushed” DC motor which requires brush
maintsoarce. Photovoltaic AC motor/punp systems sre commercially available and
el proven. They stilire conventionsl AC @otor/pump sets that bave been used for
dacades in many countriea. AC sysoma require an inverter. The cost of a DC
brushloss submensidies and an AC submenzible witk an invertar are currently similar
ashiough the manufacturer of the DC brushless motor advisey that with increasing
demand, the cost of DC bruchless motors will decline snd total system cost will be
lower than AC mbmeriibie systorm ®

Batteries caa be uted ia 2 PV pumping sysem. Similar to electronic controly, . i:-
Ty MoRage snabies the PV motor/pump Mt 10 0perats at higher officiencion thereby reduc-
ing the PV array size. If the well yield bk iow, batteries can 2llow the pump to opsrate at
a

The performance of & PV pumping >ystem is & Jisect function of available sualight
intensity snd the officisacy of the motor/pump set. With incressed insolstion asd improvyd
motor/pump et efficisaciss, PV sysism performuance incressss, resulting in reduced deliversd
water costy. '

Sualight avaitability oc insolation ic messured in kilowatt-hours per square mater per
day (kWh/m¥/day). 1t raagos from s average of 5 to 7 kWh/m?/dsy worldwide. Imsolation
lsvels vary daily and seasonsily depending oa climats and locetion. A system is designed to
sccount for the worst of lowest insolation montk,

The officioncy of the opercting motor/pump set changes over the day s the power
owtput from the array changes wich susskine pvailabulity, The average daily operating
#iTiciency of the motor/pucap set ranges from 15% to 50% depending on the specific system.
in dhis analyeis, efficiencies of 23% and 35% are ersvined for the motor/pump set for shallow
aod isterzzediste/deep water mble applicaiions, raspectively.! Thess officiency valoes ss-
sume the vee of slectronic controbs or good PV wmay/motor/pump matches. Whea batteries
are waed, 8 mator/penap set officiency of 45% is wed.

*Eckel, J., A.Y. McDonald Masufacturing Company, Persocal Communicstics, March 1987,

McNelis, B., “Photovoltaic Water Pumping,” In: Presentations of the Photovoltaics
Inveating in Development Confesence, May 4-6, 1937, p.V-3.
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PV srrey cost is often reported on o dollar per peak wart® basia ($/Wp), which is
the wyitem cost divided by the rated output of the srray under pesk sun conditions. Exhibit
A-9 presonts the PV arrey and ssotor/pump costs used in this analytis. These costy assumy
the purchase of FY pumping dystems ia lots of 10-13 or mora. Exhibit A-10 is & graphic
representation of PY pumping system instatled coat as a function of array-rated power Jevel.

EXHIBIT A-9
Instalied Costo of PY Pump Systoms

PY L 4 4
Army Powor  Armsy Costs Motor/Fump Costs
L) 74 —3/Wo}

«200 3.00 7.00
200-500 1.3 425
500- 1000 71.50 2.30
»1000 7.250 b

8. locludes transportation to gite, instalistion end arrey-related balance of
systems (approzimately 30% of FOB PV module cost).

b. Cost is similar 10 conventional AC submersible motor/pump sets. When
AC s wsed, $ 0.75/Wp is added to PV erray coet for 8§ DC/AC inverter.

Sourcex LT. Power lo¢., A Y. McDonald Mfg. Co., Chroasr TriSolar, lac.
{1987).

Operstion and maintesance conts for the PV array are minimal and estimated st 1%
of capital cost per year, Operstion 2 meintenance costs for the motor/pump et depend
o some extent on the motor/pump ysiem. These costy are discussed in o ter section.

AS Interal Combustina Exgine Pumping Systems
AS 1l Iatreduction

Since the investion of the isternal combustion engine (ICE) st the turn of the 20th
ceatury, the iICE hat become aa olmost nniversal power source in remote aress of both the
developed and developing workd. Iaternal combustion engines have predominantly been used
for powering remots loads without access 1 utility electric power in the 5- to 300- horse-
pOWST range.

SPeak watts is » standard mesns of memsuring power ostput of & PV arrsy. It is
.E,._&EB.3!39&8&cwsozzq-waa&qﬂ-_.?én!oog:o&o_._og
W/m?, 25°C temperatore, aed 8 1.5 air mass.
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The advanusges of the JCE that have led 10 its widespread use for remote power
over the past 30 years ar2 twolold. First, the t~chaicsl and economic charscteristics of the
ICE including its high power-to-weight ratio, compasct size, instant start-up capability, and
affordabdle cost have io many [ases been superior 10 other options for power requirements
for which human or saimal! labcr is oot viable. Second, the versatility of JCEs have ied to
their widespread use fur diverse spphications and 10 the extensive availability of engines,
parss, ad expertise throughout the developing world.

The two geoerat types of iaternsl combustion engines used aroynd the world are the
diesel engine and gas engipe. Ge: cagines are preferred for -maller power applications in
the 500 ¥ 10 3 kW rane» and where the usage pattern is aot more than two to four hour a
day. Diesel engines are used for a/most al] power demands exceediog 3 kW and are gble to
operate for much longer periods each day. Tha ivpical lifetime of a diessr] engine {3 to 30
years) is coasiderably grester than the life of o gas ~ngine (2 to 10 years) Gas engines
tend to be small and lighter, and thus are used for mobise spplications. Diesel engines,
conversely, are larger 20d heavier and thus botter juitec to siativasry power applications.

Given thst tyoi .l water supply pumping applications iavolve more than
3 kW of power, require more than 4 hows per day of operation and longer engine life, and
have stationary power aeeds st the well, d.esel sngives are preferred for water supply
pumping. Ges enginss are often uied for irvigation pumping aeeds wherd their iight weight
and mobility are greatly valued.

A.5.2 Diesel Pump Cooiigurstions

There are three major diesel pumping design issues that need to be considered for
meenug & particular water pumping requirement. First, a choice must be made whather to
use a diesel directly driving the pump or 8 diessl generator set (gen-set) driving sn electric
motor and pump. Second, the most appropriate kind of pump for 1h.e application must bs
selected. Third, it will ba necessary 10 decide whether the pump will be surface mounted or
submerniible. The major information neasded to make these decisions is the depth of the
water table (head in meters), the volume und mate of water Jemand (volume in cubic metsn
and flow in liters per minute), the capital and operating cost constraints, and the
remotenets of the site,

A disgram of these different pumping configurations is found for PY pumping in
Exhibits A-6 and A-7. The main change in the configurstions when using diesel power is
that the prime power source would be s diesel engine instead of u photovoitaic army,

The decision to use g submersibie versus & surface-mounted pump depends entirely on
the depth of the water supplv. A flosting pump or surface-mounted pump is oaly used when
the head is jess than sbout 12 meters. A submenible pump is geaerally used with heads
greater than |2 meter.

The choice between direct-drive and generstor set diesel pumping systeras for remote
water supply is largely a funciion of the depth of the water table and the degree of
Nexibility and sophisticstion thet is required and can b wfforded. For h:ads below 30
meters, direct-drive diesel pumps are the cheapest and most reliable niternative. When the
hesd excoeds 30 meters, 2 submensible motor/pump is recommendzd. At this point sunning
wires down & deep well rather than a long shaft is preferable for installation snd reliability
purposes. In addition, the availability of the vertile electric power from the generator set
can be used for other electric Joads. At greater water depths, the increzsed cost and

—
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somewhat lower fuel-to-pumped water efficiency {due to the generator snd motor losses) of
a diesel gen-set is offeet by its easa of installation and meintenance and its versatility.

AS53 Performance and Operating Charscteristics

In the sbsence of viable aliernatives, diesel pursps 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 diesel engines,
particularly in reraote areas. The three major problems with diesel engines for remote
pov.er pertiio direcily to their operating performance.

First, the complexity of installiog and maintdining diecel engines is acutely felt in
remote areas where spare prrty and trained techaicians are rarely available. Internal
combustion engines require & systematic maintenance schedule 1o ensure reliable operation
over the rated engine life. In rurn! areus where support services found in urban areas are
not available, theze maintenance schadules are rarely observed, leading to poor performance
and shortened lives for most diesel pumps.

Second, the dependence of diese] engines on fuel that is rarely locally availabie and
therefore has to be imported from other regions of the country or wurld introduces
problems and costy in termy of operation and relinbility. Delivering fuel to remote areas
has proven costly and sometimes unreliadle o 8 point that viable alternatives have been
sought. In addition, since most countries have to isnport their fuel, the foreign exchange
burden and the geopolitical dingers of dependency oo foreign suppliers are increasingly
being felt.

Third, diesel engines are generally ovensized for the pumping loads they are supply-
ing such that they operate at 2 lower efficiency, need more maintonance, «nd have a shorter
life. Purchasers of diesels often buy extra capecitly a3 & cootingency for future needs or
because o carsful calculation of the load vas made. In som spplications, o diezel sugine's
capacily may exceed the peak load demand by ¢ fector of as much as 4 or 5.

AS4 Capital and Opemating Costs

Diesel putmping systems are cheracterized by fairly low capital costs and significantly
high recurrent operating costs. This cost structure encournges ihie use of diese! pumps,
becsuse the initial cost is genernlly affordable and the opectioy, costs can be deferred over
an extended period of time.

The capital costs of a diesel engine are in the range of sbout $300 to §1,300 per kW
of capacity. The costs of diesel generators are higher, ranging from about $400 to
$2,000/kW (s2¢ Exhibit A-11).% There is a significant economy of scale for diesel gen-sets
as the powur requirements increase. Diese! engines snd generator sets are generelly not
aviilable below about 3 kW, but wre manufacturec in sizes exceeding 100 kW. Exhibit A-12
shows the cost of pumps a3 a function of power requirements.

%Sources Meridias Corporation, “Reaewable Energy Technology Applications Identifica-
tion for Egypt,” US Agency for lnternational Development Cootract No: AID-263-0123-C-00-
4067-00, Task 22, Februsry 1986; Kenna, J., "Cost and Performance Data on Diesel Engine

G;:enton and Pumps,” SANDS7-7109 (Albuguerque: Sandia Nationsl Laborstories, May
1987).

A-16




Exhibit A-12
DIESEL PUMP COST

DICLUDING ENG™NE COSTS

SOAT (YMOUE. §/%0W)

™»

0 SHALLDW (<7TW) +  DMERAED. (20M)

Source: The UNDP/World Bank Handpump FProject, 1087,
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The operating coat of » diesel generntor and pump his essentially four compoaents:
fuel cost, maintenance cost, opsrator coat, nad repair cost. Fuel cost is = functios of the
size and Jduration of the load placed on the diesel. Maintenance cost is for routine tuneups,
filter changés, otc., and for mujor engine ovorhauls 'hat should be performed to ensure
optimum efficiency and reliability. Repair cost ia for repairing sulfuactions. Operator cost
is for diese! applications for which a part-time or {ull-time operator is present. A sample
of these costs, broken down for Aiesel pumps in Kenya, is shown ia Exhibat A-13. The total
running costs for e diesel pump can be as high a3 25-50% of initial capital costs.

EXHIDIT A~-13
Dlesel Panp Operating Ceats

Pump Fuel Maine. Repair Opernztor Total

Rating Cost Cont Cost Cost Ruaning
Loestion k¥) = {($/¥r} ($:¥1) {8/yr) (£/yr) {8/vr)
Keramaini, Kenys 7 $250 $238 $100 5338 $926
Kernmaini, Kenys 25 $1,276 $556 $100 $394 32,426

Source: Kenna, J., Cost and Performance Dats ca Diesol Engine Generstors and Pumps, 1987.

A.35 Shallow Water Tabls Denth Diesel Puriping

The preferrod diesel pump configurstion for shallow pumping applications with a 3 to
10 meter head i a direct-drive diesel engine with a surface-mounted centrifugal pump. The
diesel engine commonly used in these types of rure) pumping applications in developing
counties invoives a two-cycle engine with 8 large flywheel. The typical pump is & centri-
fugal pump that is mounted on and operztes satirely from the surface.

This diesel punping configurstion has demonstrsted a high lavel of reliability over
moro than a 30,000-hour lifs before requiring & major overhsul. The aversge opersting
afficiency io the field is wbout 7-10%. The capitl costs for this system wre relutively low,
For example, 8 4 kW unit would cost sbout 34,200 (1986 dollars). Annual opersting costs,
not including fuel, would be about $2,000 to $1,500. Whan properly maintained and opersted,
these systoms have demonstrated i00% availabdility.

AJ5.6 Intermediste/Deep Water Teble Depth, Low-Flow Diesel Pumping

The preferre diesel pump configurstion for intermediate/doep well denths of about
20 to 40 meters and kow Nows (less than 30 m¥/day) is o dissel engine directly driving a
jackpump. The diesel sngine commonly used in this configurstion is & four-¢ycle sngine.
The pump commoaly uss in this epplicetion is & positive displacement pump using @ derrick
arm design and & submerged pump cylinder.

This diess! pumping design hzs demonstiated s high level of reliability over more

than 8 23,000-hour Life before requiring a major overhaul. The sversge operating efficiency
in the field is about 7-10%. The capital costs for this system would be about $5,500 (1986)
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Exhibit A-14
STORAGE TANK COST
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for & 4.5 kW unit. Annual operating costs, not including fuel, would be about $1,500 to
$2.500. When properly maintained and opersted, these systems have demonstrated about 7%
relinbility.

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

The preferred diesel pump configurstion is » diese] engine driving an efaciric genera-
tor which in turn drives sn electric motor and pump. The diesel angine commoniy used in
this coofiguration it & four-cycle engine with an AC generator. The tvpical pump for this
ppplicatico is a centrifugal submer:.ble pump with an electhiic motor. The motor and pump
are instailed st the bottom of the weil. Becanss the submerged pump only requires elzctric
conductors between the diesel gen-set and the bottom of the well, the instaliation of the
pump is easior thar with the previous pump designs.

This diesel pumping design has demonstrated a high level of reliability over more
than a 20,000-bour life before requiring 2 major overhaul. The sverage operating efficiency
in the field i» somewhat lower at about 6-8%, due to additional Josses in the generator and
motor. Capital costy for this system would be about 39,500 (1986) for a 6.0 kW unit.
Appus! opersting costs, not including fuel, would be about 52,006 to $3,500. When properly
maintained and operated, these systems have demonatrated about 95% reliability.

A6  Storage

Energy storage in the form of water, battery, or {uet is usually incorpovated in PV-
and diesel-based rural water supply systems. Ity primery function is to balance demand and
supply. Storage is a'so used to protect against insolation variance in FV systems and fuel
supply interruptions for diezel systems. Storage is oot typicelly considered for handpump-~
based options as water is available upon dercand. Consumers usually practice "bome storage®
when watzr has to be carried home, such &4 in a handpump- or standpipe-based RWS system.
With & handpump-based sysiem, if an aquipment failure occurs water supply is inierropted
until repairs are made. Overhead water storage tanks costs vary significantly depending on
local conditions. Typically, costs range from about 3500/m® for a 5 m® tnk to $i00/m® for
2 100 m? tank (see Exhibit A-14).

Storage capacities considered for peak demands are typically between one-fourth and
one~-third of daily aversgc water requirements. Capacity recommendations for diesel sysiomx
are one day of storage to provide for supply ibterrupticas.” Storage requiroments for PV-
powered water pumping systems are typically one to three days 10 cover insolstion variance
and peak demand. According to Chapman at Sandia Nationa' Labomtories, a storsge caps-
city of ona day will provide aa availability of spproximately 97%.® A storage capacity of
thres days will provide 99% availability. For example, & 9% availability means that for
about four days in a year, water output will be below the design lavel.

Battery storage systems consist of batteries conpecied in parallel with the FV gyray
and metor/pump 3et. The battery scty &3 energy storage and a constant voltege source

7 Philippices Weter Resources Council, "Rural Water Supply: Design
Manual® 1975.

*Chapman, R. N., *Sizing Headbook for Stend-Alone Photovoltaic Storage Systems,”
SAND#87-1087 (Albuguerque: Sandia National Laborstories, April 1987).
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Exhibit A-15a

LAYOUT OF SIMPLE STANDPIPE DISTRIBUTION SYSTEM

PUBLIC FAUCET

—  wATER MAIN

VILLAGE ARZAS
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PFUBLIC FAUCEY

Exhibit A-15b

STANDPIPE DETAIL (2 taps/standpipe)

&

PVC WATER WAIN

PYC ADAPTOR
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determined on & kWh basia and includes "reserve® capacity or that capacity below which the
battery is not diccharged. Battery life is a function of its discharge depth. For deep-cycle
desiga batteries, a 5-year life is cons:rvatively predicted for a daily d=pth of discharge
Limited to 50% of the total capacity.

A7 Siandpipes and Distribution Pipes

Standpipes are used {or PY- or diesel-based water supply systems. Standpipes or
public faucetr weter distribution systems supply water throuvgh main and submain piping to
public water poiots. Exhibit A-15 shows a Isyout of a swail standpipe-based rural water
supply system. Standpipes are more convenient than handpump-based systams. Water points
can be closer to residences and additional wells are unpecesrary. Standpipe cost is es-
timated at $1350 per standpipe, and includes the piping, fittings, and s concrete apron arpund
the base of the standoise [or controlled drainage and general sanitation. Distribution piping
costs aré estimated at about $5 per meter installed. A cost breakdowsn for distribution
piping and standpipes is shown in Exhibits A-16 and A-i7, respectively.

AS O&M Cost Estimates

O&M costs are estimated for represeatative handpump, PV, end diesel water pumping
syitem configurstions. O&M costs include cos: of parts, labor, and transportation. Cost
estimates arc provided for handpump, PV, and diesel systems for shajlow and intermediste/
deep-well spplications. The cost estimates are used to calculaie O&M codt as & perceny of
capital cort for use o the angiysis,

Tha number of visits to the pomp by maintenarce pemnnel takes into consideration
the routine maintenance nseds as well &3 usecheduled maitionance requirements, The
oumber of unscheduled maintenance visits per year is computed wsing reliability theory by
eitimating the axpected aumber of fuilures por pump per yesr.

These types of maintenance pernonnel considered in the cost analycis are:

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

0 Ares Maintensnce (AM) - An ares mechsnic is contracted to provide maiatenansw
services. The sres mechanic can provide more sopaisticated repair and meintensnce
saTvices than VB maiatenance.

o Central Maintenance (CM) - Pump maintenance is managed by an e . ernal agency
with the village sccepting certain responsidilities. The CM team travels from a base
eamp to the villsges to provide the necessery services. Theso teams can supply moie
complex mainienance and repair services than either VB or AM,

Exhibits A-18 to A-20 show the O&M cost breakdown for the rej.resenertive pumping
systerns. Exhibit A-2) through A-23 show the replacement parts schedule angd costs for the
centrifugal snd jack pumps. Exhibit A-24 provides failure rate estimates for the handpuwp,
PY, and dicssl pumping systems,
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IXHIBIT A-14

Watre Distridetion Yiplag Ceet

MATERIALS NUMBER COST (31
¥ xa F'C Pips 109 weten 342.00
Globts Valves 2 33.54
I8 mm Sochens 10 29.88
il mm T-lgish A Af4l
TOTAL MATERIAL COST 463.69
Lahot &L Y0% of matacial costa 1393}
TOTAL COST/100 METERS £593.40
Cost par meter of plpirg $ 6.00

Source: Nutional Water Resources Comacil, Ropublc of the Philippines, ‘Desige Man-
vat Roral Water Supply.” Volume 3, 1980. CTosty were wecalated 40% 0 reflect 1986

costy,
EXHIRT A-17
Seadpipe Esdmated Cont
AATERIAL NUMRER COST (%)
25 e QI Pipe 2 wswrcs &4
i3 mm dreaze g 2 22.98
13 we Jocket | 1.5
13 mey adaptar socket i 363
38 X 235 am reducer ] r X7
Coacnte fr ' X ' X ¢ ) 62.64
eoacrote slhab and
X 12X 6 concrete
pillar
Reinforcing Mok §° X & 260
TOTAL MATERIAL COST 107.08
Labor 21 0% of matarial 3212
TOTAL COSTS 12820
Asmvaod standpips coet $150.00

Soutcx Natioasl Wates Resowrcss Council, Repablic of 1he PRIpDINGS, &P, CiL

Costz were secalatsd 0% o reflect 1986 costy.
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Shallow-1ift handpump capital and installation costs.

DC su:face-mounted motor/pump set. Includes 1.25 factor for installation coats
(Meridian Corporation, “Evalustion of International PV Projects,” 1986).

Direct drive 4.0 kW diesel engine (Xenne, J, on. i)
Estimate for Tars hasdpump.

Annuatized cost of replacement party iacluding motor brushes, motor (at six-yess
intervals), pump seals, and impellers (A.Y. McDonald Mf3. Co.).

Spare parts for diesel engine and centrifugal pump proportioned between AM and VB
levels. (Kenna, gp. cito Chronar TriSolar Inc.).

Lsbor coasists of Villape-Bases attendant (VB), Area Mechanic (AM), and Centrai
Maintenance (CM) as required. Viilage attendant at 0.5 days per week for handpump
and photovoltaic tystems.

Equivalent labor days for motor brushes and real replacement ot 3~ and 6-year jater-
valy, respectively.

Equivalent labor dsyy for epgine overhaul and pump maintensnce at frequency of every
four years {(Kenns, pg, cit).

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

One trip per week.

Represents 2 full-time operator, seven dsys per week (Kemns, gp, cit).

Example ddistances.

Exzsmpie t-ansport costs.

Minimum >f two men per ¢crew for AM gad CM levels for PV and diess systems,
Calculated as follows: Trips 1 Distance x Transport Costs,

Esuimates for Tara handpump, villuge-level maintesance (Dr. Robert Roacke),
Calculated g3 follows: Men/Crew x Labor x Lsbor Rate x Trips, except where noted.

Twenty-five: percent of sttendant labor ¢ests assumed directly maintenaince-related
for PV and diesel systems,
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9¢-¥

Capita) Lok
Gperation and Waintenpnce

- Replacemant Parts

Labor (days/peroon/trip/yr}

Lsbor Rates {$7dey}!

¥

Trips (liyaarl‘

Distance {kn/trip/pusp)’

Transport Cost (3/vm)?®
tan/Craw’

Sumary

Parts (§/yr)
tranaport {$/yr)Y
Matnienance Laber ($7yr)Y

Attendant Labar (§/yr, lase

—Baintenance assccisted soatsl

Totatls (§/yr. leus attendant)
(% capita! cost)

Totals ($/pr. w/attandent)

e

[ [ M
20? ]
18 28
] 4
3 50
¢ 5
1 0
t 1
30 o
15 (]
12 ]
100

1

(ox)

$1s¥

Eahibit A-15 O8N SAWLE CORNFISUR.TIONS

{20-40 Wetars Depth, « 30 w¥/day)

T

v 4 a R
S0 0 o
2 0 18
4 4 4
i 0 ¢
100 50 8
35 . 0
3 2 1
10 0 0
3 0 0
1] 0 15
0 0 45

$110

{s3)

$158

* Araa Wechenic {AM), ¥illege Baved [VD), Central Myintenance (CH).

1.} i n
ssof asof sof
M T 285
4 4 4
? ? 385
100 59 .8
13 R o
3 ? 1
100 3% 50
70 10 )
"% &4 k111
0 o 1095

$1385

{15%)

$2308




E.

1
J.

Referspce Notes-Exhibit A-19
Average capitsl and installation costs of three hand pumps suitable for intermedi-
ste-depth applications.

Jack pump/motor sst includes 1.25 factor for installstion costs. {Meridian Corpora-
tion, "Evaluation of Iaternational PV Projects," 1986).

Direct drive 4.3 kW diesel angine (Kenna, pp. ¢it).

Estimates for selected handpumps based on deta supplied by Dr. Robert Roche of the
World Bank.

Annuslized cost of replacement parts of jack pump over tha life of the pump. In-
cludes leathers, motor brushes, oil, bearings, belts, and one motor replicement,
{Chronar TriSolar, Inc.)

Spare parts for diesel engine and jack pump proportioned between CM, AM, and VB
levels (Kenns, gp, cit. Chroner TriSolar Inec.).

Estimetes provideC by Dr. Robert Roche, World Bank.

Consists of three days equivalent per yoar {or diesel overhaul and one day equi-
valent for jackpump maintenance.

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

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

Multi-stage submersible dc or ac {'»ith inverter) motor/pump sets {(A.Y. McDonald,
Grundfos). locludes 1.25 factor for installation costs (Evaluation of Interastional
PY Projects, Meridiap Corp., 1986).

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

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

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

Ses Reference Notes for Exhibits A-12 and A-19.

Nominal one trip per year for inspection and repair support (i.e., failure rate
estimates show one failure every two years. (See later Exhibits.)

A-29




EXHIBIT A-21
RFFLACEMENT PARTS SCHEDULE AND COSTS FOR DC MOTOR/SINGLE
! STAGE CENTRIFUGAL PUMP - SURFACE MOUNT

Capital Cosc $623.00
Mainteoance ltem Xears
b 3 6 9 12 15 18
' 1. Motor Brushes (§) 30 30 30 30 30 30
2. Pump Seals/Impeller () 20 20 20
3. Motor Replacement (3) 280 R0 80

- 4. Pump Replacement ($) 250

Present Worth @ 10%
of Items 1-3 over
12-year life cycle = $ 22000

Apnauaiized O & M Cont = $ 3200 (w/ motor/pump set life of 10
;- years considered normal)

Source: AY., McDeooald Mfg. Co. {or msictenance requirements and
discounted cost.

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

’ Capimi Cost.  $2500.00
; 1.  No scheduled maintenance requiremants,

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

3.  AC submemible includes inverter.

4,  Nominal life of 7.5 yenry selected.

Sources: A.Y. McDoneald Mig. Co., Grundfos Pumps Corporation,
Associates in Rural Development,
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EXHIBIT A-23
REPLACEMENT PARTS SCHEDULE AND COSTS FOR JACKPUMP

Capital Cost 3125000

2 4 6 g 10 12 4 16 1%
1. Lesthers ($) 10 10 10 10 10 10 10 10 10
2. Motor Brushes (3) 25 23 25 25
3. il (3) 10 per year
4. Bearings (3) 60
6. Belta {3) 20
7. Motor Replscement (3) 145

3. Pump Replacement 20 yeans

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

Annuslizad O & 1 Costs = $ 30.00 (Includes $ 10.00 annusal coste for oil)

Source: Chronar TriSolsr, Inc. for maintensnce requirements. Motor/pump costs calculuted
besed on $2,100 system price isss 152 watt wray 2t $ 7.00/Wp.
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Exhibit A-24
FAILURE RATE ESTIMATES
-‘q'
SYSTEM CONFIGURATIONS . .
HANDPUMPS '-;;'
Componeats: HANDPUMP A
Failure Rate (#/hourk 6672109 (A)
MTBF (1 /fuilure rate) 1,500 hours
Opersting Hours/year: 2,190 hours 5
o Failures/year: 1.5 ' "
EY PUMPING SYSTEMS
Components: PV ARRAY | CONTROLS/ MOTOR/PUMP
INVERTER SET
Failure Rate: 0 (B) 200x10"% (C) 140x10°% (C)
System Failure Rate: 340x(07¢
MTBF: 2.940 hours
Operating hours/year: 3.600 hours
% Failures/yesr 0.3
RIESEL PUMPING SYSTEMS
Shallow Well
Components: DIESEL ENGINE CENTRIFUGAL
PUMP

Failure Rate: 1700x107% (C) 370x10-¢ (C)
System Failure Rate: 2070x30°%
MTBE: 483 hours
QOperating hours/year: 1825 hours
® Failures/year. s
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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) 520x10° (C) 140x10°% (C)
System Failure: 2346x10°8
MTBF: 424 hours
Operating hours/year: 1,825 hours
# Failures/year. 43

T
-

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

B.  Module failure rates sre on the order of 1 - 1.5 x 107® (Saunders, John, “The Con-
ceatrator Option,” Photovoltaics International, June/July 1984). Calculated array failure
rates are negligible (compared to other ~ompeneants) due in part to redundsncy afforded
by module parallel connections.

C. Failure rate data estimates based on: Bellinger, . W., 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, New York, December, 1968; and Hughes Aircraft Company, "Noneleciric Reliability
Notebook,"* Technical Report No. RADC-TR-75-22, Rome Air Development Ceater,
Griffiss Air Force Dase, New York, January 1975,
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APFENDIX B
COMPARATIVE ANALYSIS PRCGRAM DESCRIFTION




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

COMPARATIVE ANALYSIS PROGRAM DESCRIPTION

The following is & descripticn of the Lotus program developed anu used in the analysis,
The program uses a number of Lows “@" functions suv: xs @SUM, @VLOOKUP, @SQRT, @IF,
@CHOOSE, etc. Please refer s Lotus manual for » description of these functions,

Discount rate + 1 1PLUSDISCNT
Annuvalizing Factor ANNLFCTR
Arrival rate at water point (per hour) ARVLRATE
Pattery cost ($3/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 BLCSTORE

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

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

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

Smadpipe delivery rate (I/min) DELSF

Water table depth (m) DEPTH

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

No. of wells for 5 hy diesel operation DSLSHRWELLNO
Diesel engine anausl, cost ($/year) DSLANCOST
Diesel attendant (hours/year) DSLATTEND
Diesel system/capita annnal. cost DSLCAPITANCST
Diesel system/capita capital cost DSLCAPITCAP
Diese! civil works annual. cost DSLCIVILANCST
Diesel civil works O&M cost DSLCVLO&AMCST
Diesel fuel annual cost DSLFUELANCST
Diesel engine fixed cost DSLFXCST
Nominat diesel operating hours DSLHRSNOM
Diesel engine acminal life (years) DSLIFE

Diessl system v ater cost DSLM3ICST

No. wells wher: diese! opersies longer hours CSLMAXHRWELLNO
Diesel annual O&M cost DSLO&MCST
Digsel pump coct DSLPMPCOST
Disesel pump efficiency (fraction) DSLPMPEFF
Diesel pump O&M cost (% capital cost) DELPMPO&M
Dicsel pump annnal O&M cost ($) DSLPMPO&EMCST

Diesel pump size (kW) DSLPMPSIZE
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Diesel pumyp annusl cost

Diesel water storage cost

Dicsel water storage volume

Diesel total annual cost

Diesel total capitsl cost

Diesol deily use hours

Diesel engine actual useful life

Diesel pump variable cost ($/m depth)
Diesel pump vasiable cost ($/m¥-hour)
Diesel well(s) cont

Diesel waier storz3e days required

End of PV cost lookup table

Diesel engine fixed cost (§)

Diesel system engine capital cost

Diesel engine variable coat (§/kw)

Family size

Fuel cost (§/liter)

Fue! 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

Handpumgp capitl cost (3/village)
Handpump per capits capital cost ($/person/yr)
Hardpump weter cost ($/capita-yr)
Handpump water collect time lookup table
Haadpup water collection time (min/trip)
Fized cost/handpump

Handpump life

Handpump water cost ($/m?)

Handpump O&M cost

Haadpump total annua) cost

Handpump total capital cost

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

Hapdpump annual well cost

Handpump well capital cost

Handpump well O&M cost

Handpump water coliection time

Max. handpump weter delivery (Joads/hour)
Handpump village daily water demand
Insolaticn (kXWh/m?/day on Plane of Armay)
Water demand (liters per capita-day)

Mzzx. sllowable diesel opersiing hours
Mazx. diesel well water output (m®/day)
Mazimum persons served per handpump
Mux. handpump village population

Max. PY pump wss bours (hours/day)
Max. PY well daily output {m*/dsy)

Max. persons/ stand pipe

Max, stand pipe village population
Minimum diesel/PV pump cost {$/pump)
Min. po. of wells required
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DSLPUMPANCST
DSLSTORCOST
DSLSTORVOL
DSLTTLANCST
DSLTTLCOST
DSLUSEHRS
DSLUSELIFE
DSLVARM
DSLVARQ
DSLWELLCOST
DSLWTRSTORE
ENDPVLKUP
ENGFXCST
ENGINECOST
ENGVARCST
FSIZE
FUELCOST
FUELTOWTREFF
HIFLOWPMP
HOUSES
HPANCOST
HPANOXMCST
HPATTENDMIN
HPCAPCOST
HPCAPITCAPCST
HPCAPITWTRCOST
HPCLCTBL
HPCLCTIME
HPFXDCST
HPLIFE
HPM3IWTRCCST
HPO&M
HPTTLANCST
HPTTLCAPCGST
HPTTLTIME
HPVARCST
HPWELLANCST
HPWELLCAPCOST
HPWELLO&MANCST
HPWTRCLCTTME
HPWTRLOAD
HPWTRM3
INSOL

LPCD
MAXDSLHRS
MAXDSLWELLOP
MAXHPSERVE
MAXHPVILLGE
MAXPVPMPHRS
MAXPVWELLOP
MAXSPSERVE
MAXSPVILLGE
MINPMPCST
MINWELLS




Pipe ~ost ($/m)

Length of pige (m/village)
Populntion

PV arroy anoual coat

PY system annual total cont

PV armey size (Wp/puap)

PY atteadant houry/year

PV-bat. anoval aray cost

FV-bat. array capital cost

PV -bat. erray size (Wp/pump)
PV-bat. dsily energy demand (kWh/day)
PV and bettery O&M coot

PVY-bat. pump use bouns

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

PV.bat. array sizs (Wp/well)
PV-but. well cout

PV.-bat. no. of wlils

FV-tat. anocal per capite cost

PV -bat. por copity capital cost
PV-tat. civil works aanual cost
PV-bat. civil works O&M coat
FV-bst. water cost ($/m%)

PV-bet. arrey & bettory OAM cost
PV buance of sysem officiancy
PV-bat. pump anoual cost

PV-bat, pump capital cost

PV -bat. pump O&M cost

PV -bat. water storags oost

FV.bat. toml annual coat

PV-bat. wiml capital cont

PV par capite capital cott

PV per capita ansual cost

PV civil works anavel cost

PV civil works Q&M cost

PV amnay lifc

PY pump & srray cost lookun table (3/Wp)
FVY cost emultplior

PV watar cost ($/m?)

PV amay O&M coot (3/year)

PV par cepita sapitel cost

PV piping cost

PV pump aanual cost

FY pump Of:M cout

» pump sificiency (with bertery)
VY pump efficieny {without battery)
High-flow PY pump life

Low-flow FV pamp lifs

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

PY pump sire (W/wil)

PV armiy size rangs for costing pomp & srmay
FY water storage capital cost
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PIPECST
PIPELENGTH
FOPULATION
FYANCOST
PYANTILCOLT
PVYARR A YSIZE
PYAT).ND
PYBAR ' AYANCST
FVBAR' AYCST
PYBAT \RRAYSZ
PVBATYNERGY
PYBATO&M
PVIATPMPUSEHRS
PYBATPUMPSZ
PYBATTRYCST
PYBATUNITARRAY
PVBATWELLCOST
PYBATWELLNO
PYRCAPFITANCST
FPYBCAPITCAP
FYACVLANCST
PVYBCVYLORMCST
SYBMICST
PYBOAMCST
PVBOSEFF
PYRPUMPANCST
FYBPUMPCOST
PYRFUMPOAMCST
PFYBSTORCOST

PYORMANCOST
PYFERCAPCOST
PVPIPECOST
PYPMPANCCST
PYPMPANORMCST
PYPMPBATESF
PYPMPEFF
PYPMPHILIFE
PYPMPLOWLIFE
FVYPMPrO&RM
PVPMPORMHI
PYPUMPCAPCST
FVFUMPWATTS
PVRANGE
PYSTORCAFOGCST




PY watur storuge volume

PV total capital cost

PV well cost

*V po. of wells per village

PV water storage requirement (day?d)
Minimum water demand (liters/capita/dsy)
Weter demand ai cross-over poiot
Replacerment presest vulue facior tabie
Skilled labor wege rate (3/hour)

Stwndpipe water coliect time lookup table
Standpipe water collection time (min/trip)
Cost per saadpipe

No. of tapt/1arcdpipe

Sandpipe water gathering tire (min/l}
Staandpipe water collect. time (hr/villg./yr)
Stndpipe delivery rate (loads/hr)
Standpipe daily water demand {m?/village)
Standg.pe cost ($/village)

Ansalyris life

Water tank beight + pumping fosses

No. of taps per water point

Time st geipcd on elastic demend curve
Time ot qelpcd oo inelastic demand curve
Load carried per trip {liters/wip}

Time 8t cross over point (hs/m®)

Time st crose over Loint (min/))

PY-bat. battery size (kWh/pump)

Weter collsction person’s vaiue of time ($/hr)
Standpipe use eofficiency

Watzr point use Lours (hours/day)
Valking rpeed (km/ar)

Walking dist.cce to water point (m)
Walking time {min/trip)

Fraction of family izcome spent 00 waler
Cotr of 2 well

Well type 10 be selacted for anslysis
lacome producing work hours/famiiy
Select. water collect. time from demaad curve
No. of water points

Mazimum well yield (m*/hour)
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PVSTORVOL
PYTTLCAPCOST
PVWELLCOST
PVWELLNO
PYWTASTORE
Q
QX
RPLTBL
SKLDLBR
SPCLCTBL .
SPCLCTIME
SPCOST
SPTAPS
SPTTLTIME
SPWTRCLCTINE
SPWTRLOAD
SPWTRM)
STNDPIPECOST
SYSLIFE
TANKHT
TAPS
LAST
TINELAST
TRIPLOAD
TXHRM3
TXMINL
UNITBATSIZE
UNSLKWAGE
USEFF
USEHRS
WALK
WALKDIST
WALKTIME
WATERINCM
WELLCOST
WELLTYPE
¥RXHRS
WTRCLCTIME
WTRPT
YIELD




INPUT DATA LISTING

Insoiation {kWh/m?/day - POA) 3 = INSOL
Water consumption
(liters/cap/day) 20 = LPCD
Well type: 3o WELLTYPE (1=3500/5M, 2=31500/20M,
3=52500/20M, 4=55000,/20M,5=55000/40M)
WATZR DELIVERY RATES
- Handpump, {I/min.) @CHOOSE(R ELLTYPE-1,20,15,15,15,12)
= DELEFP
- Stand pipe, (I/min.) i15 o DELSP
Incoms spent on water, (%) k] = WATERINCM
Wumber of persons/fsmily 8 = FSIZE
minimum wster need, (LPCD) 10 =0
Work hours/family 20/8°FSIZE =« WRKHRS
Housing density, houses/ha 2% = HOUSES
Walkiag speed, km/hour 3 = WALK
Maximum load/trip, 1/trip 20 o TRIPLOAD
Water peoint use, hours 6 = USEHRS
Noa. Taps/standpipe 2 = TAPS
Standpipe use efficiency 1 = USEFF
Max. Welt yield (m*/hr) 50 = YIELD
Water table depth (m) @CHOOSE(WELLTYPE-1,5,20,20,20,40) = DEPTH
Storage tank height (m) 10 = TANKHT
PV cost multiplier | » PVYM
Minimum no. of wells 1 o MINWELLS
i WD /WD pump ] WD ACTA
200 7.00 1.00°PYM
500 425 1.75°PYM
1000 2.50 1.50°PYM
»£000 7.23°PVM

Note: for >»1000 Wp, PV pump cost is based on dissel pump cost function adjusted for
efficiency differences.

Capital costs: Fixed Yar($/m)  Var(S/mi-hr

Handpump @IF(DEPTH<=7,200,500) @IF(DEPTH<»7,0.8) -

Diesel pump 275 5 75

Min, Pump cost ($/pump) @IF(DEPTH«<=7,500,1000)

Diesel engine (3/kWY) @I DEPTH<30,3000,5000)/KW +
@IF(DEPTH<30,200,240), FOR kW.3

Storage cost ($) 1000 *SQRT(VOLUME ® DAYS OF STORAGE)

Piping cost ($3/mp 6 = PIPECST

Standpipe cost (I i50 = STNDPIPECST

Well cost (3 @CHOOSE{WELLTYPE-1,500,1500,

2500.5000,5000) WELLCCST
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200 « BATCOST
@IF(DEFTH<12,0.25,0.35) « PYPMPEFF
0.45 =« PYPMPBATEFF

Battery cost ($/kWhy
PV pump efficiency:
PV pump oiT w/ battery.

Britery efficiency: 08 o BATEFF

FV boa efficiency: 0.9 = PYBOSEFF

Dieszl pump efficiency: 0.5 = DSLFMPEFF

Dhesel fuel to water off: 0.63 « FUELTOWTREFF

Nominzg! dicsel operation (hrs/dey) 5 o DSLHRSNOM

Max diesel operating hrs (hra/dayk 12 = MAXDSLHERS

Maximum PV-bat. Pump hro {(hrs/day) 16 = MAXPYPMPHRS

Allowable battery DOD: 0.5 = BATDOD

Storage/system (daysk 3 = PYSTORVOL

Storage/diesel (daysr 1 = DSLSTORVOL

Max. PV well output (m?/day): YIELD*MAXPYPMPHRS

Mazx. Diesel well cutput (m*/dayX YIELD*MAXDSLHRS

Handpump O&M (% of capital cost/year) @IF(DEFTH<T GIF(USEHRS>5,40,20),
@IF(USEHRS>6,20,10)) = HPOAM

Civil works O&M (% capital cost/year: 1 = CIVILOAM

PV arroy & bat. O&M (% cap. Cost/yrx 1 = PYBATOEM

Diesel OAM (% capital coet/vear) 13 «DSLOEM

PV motor/pump O&M (% cap. Cont/yrX
7V motor/pump O&M (% cap. Cost/yrk

Skilled attond. rats (3/hourk

PV pump attendant (bours/pumyp/yeark

Handpump, PV /standpipe attend.
(hours/watsr point/ysary

Diesel sttendant (hotry/onmp/yeary

Fuel cost ($/liter)

Handpump life (yearsk
Motor/pump life {yean)
Motor/purop life (yearsk
Diesel life {yewrsk

Civil wocks lLife (yearsk
PV arvay life (yeansx
Battery (e (yoars}y

Dircounnt rate
Systam tlife (yeunn}

Weter collection wage rate ($/bourk
Cost water colict tma?

Present valus of replacementx:

10 FLOWS < HIFLOWPMP « PYPMPO&M
¥ FLOWS » HIFLOWFMP = PYPMPO&MHI

0.5 « SKLDLBR
2°52 « PYATTEND

0.5%365 » HPATTENDMIN
HW « DSLATTEND
0.5 o FUELCOST
10 = HPLIFE
10, FOR FLOWS<HIFLOWPMP « PYPMPLOWLIFE
1.5, FOR FLOWS>HIFLOWPMP = PYPMPHILIFE
SIF(PEPTH<?,10,10)
a CIVILIFE
= FYLIFE
= BATLIFE

= DISCOUNT
= SYSLIFE

BS “¥¥

0.125 « UNSKLDLBR
0 (YES=l, NO=D)

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

Cspital equipment annualising factor: DISCOUNT /(1+({PLUSDISCNT*-SYSLIFE))
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This snalysis is based on first cadculating the time (T, mincies/liter) 2 person is willing to
spend gathering L liters/capita/day of water using the water demena curves derived by the
UNDP'World Bank Handpumps Project (as reported in: World Bank, "Rursl Water Supply and
Sanitation: Time for Charige®). Two curves are used, in the inelastic demand region, the
relationship between L and T is given by

Waier coiiection time/ ineiasiic demand curve »
Ts (min/l) = 1000°WRXHRS/((LPCD-Q0)°FSIZE)*2%60/1000
= TINELAST
In the elastic region, the relationship is

Water collectinn time/elastic demand curve o
Te (min/1) = +WATERINCM/100*WRKHRS*1000/LPCD/7*60/1060
= TELAST

The time 2t the crossover point from inelastic to elastic demand is referred to ag the
*croasover point’. The cross over point water demand, QX, and time, TX, is given by

Water use st cross over point {liters/capita/day) = QX
= ({2*FSIZE*QC*WATERINCM/100+1 )+
@SQRT(4°FSIZE*QO*WATERINCM/179+1))/ (2*(WATERIN-
CM/100)*FSIZE)
TX (ars,/m?) = 2000*WRK HRS*(WATERINCM/100)~2/
((2°FSIZE*QO*WATERINCM/100+1)+ @SQRT(4*FSIZE
*QU°WATERINCM/10J+1)) = TXHRM3
TX (min/1) = TXHRM3*60/1000
The time corresponding to L = LPCD is given by
Selected water collection time (min/1) @ Td = @IF(LPCD>QX, TELAST, TINELAST)
The maximum aumber of paisons served per water ooint is computed by solecting the number
of persons (POP) served when water gathering time (Ts) is equsl to the time 2 parson is
wiiling to spend (Td). Water collection time is composed of:
1. Walking time
2. Queuing time
3. Contniner filliog time

Walking time depands on the distance walked snd the walking speed. Walking distance
depends on the population density and POF:

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
&S 2 single server system with Poisson input and expooential service, The standpipe, which
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has two taps st each water point is modelad 23 & two server system with Poisson input and
exponential service. The calculation equations sre shown below:

Water delivery rate » DELHP*60/TRIPLOAD, FOR HANDPUMP
(Yoads/hour) = HPWTRLOAD

= DELSP*60/TRIPLOAD, FOR STANDPIPE = SPWTRLOAD
Arrival (trips/hr) = POPSLPCD/TRIPLOAD/USEHRS

Collct/HP (min/trip}) = @IF(HPWTRLOAD>ARRVLRATE,l/(HPWTRLOAD-ARRVLRATE),
@NA)*60 = HPCLCTTIME

Collct/SP (min/trip) = @IF(SPWTRLOAD®SFTAPS-ARRYLRATE>),
0" (ARRVLRATE*2/(SPWTRLOAD"
(4*SPWTRLOAD*2-ARRVLRATE*2)+1/SPWTRLOAD),@NA)
= SPCLCTTME
Total water gathering time is given by:
Total time/HY {(min/1) w (WALKTIME+HPCLCTIME)/ TRIPLOAD
Total time/SP (min/)) o (WALKTIME+SPCLCTIME)/TRIFLOAD
An iterstive procedure is used 1o select the population (POP) at which Ts equals Td:
= @MIN(YIELD*1000/LPCD*USEHRS,

@YLOOKUNWTRCLCTIME HPCLCVBL,2))
= MAXHPSERVE

Maximum aumber served per handpump

Maximum number sesved per standpipe = @YLOOKUMAWTRCLCTIME,

SPCLCTBL,1)°USEFF » MAXSPSERVE
The following celculations compute the number of wells required per village, the system
component sizes, and initial capital, annualized capital and O&M costs.

Handpump - maximum village populstion (®) o« +MAXHPSERVE*WTRPT
Standpipe - maximum village populstion (#) « +MAXSPSERVE*WTRPT

Handpump daily water use (m?) = +MAXHPVILLGE*LPCD/}000
Standpipe daily water use (m?*) = 4MAXSPYILLGE*LPCD/ 1000
No. of wells needed with PV & no battery = @MAX(MINWELLS,

@INT(HSPWTRM3/YTELL/INSOL+0.9))
No. of wells needed with diesel use = +DSLHRSNOM, hrs/day

= @MAX(MINWELLS,
@INT(+SPWTRM3/
YIELD/DSLHRSNOM 0.9))
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No. of wells needed if
Diesel used more hrs/day = @MAX(MINWELLS,
@IF(DSLSHRWELLNO=), I,

@INT(SPWTRM3/MAXDSLWELLOP+).9)))

Hry/day use diesel = @IF(DSLSHRWELLNQ = DSLMAXHRWELLNO,
DSLHRSNOM +SPWTRM3/DSLMAXHRWELLNO/YIELD)

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

EY._EUMPING SYSTEM COMPONENT SIZES (NO BATTERIES)

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

Storage volume (m3) = +SPWTRM3I*PVWTRSTORE

PV array size (Wp) = +PYPUMPWATTS/PYBOSEFF

Piping length (m) = Y*WTRPT*0.4*(MAXSPVILLGE/FSIZE/HOUSES)*0.6
EY-BATTERY PUMPING SYSTEM CONFIGURATIONS

Number of welly required w/o battery « PYWELLNO

Number of wells required w/ battery = @MAX{MINWELLS,@IF(PYWELLNOw]1,1,
@INT(SPFWTRM3/MAXPVWELLOP+0.9)))

Energy required w/ battery (kWh/day) w 9.81*SPWTRMY¥*(DEPTH+TANKKHT,

/3600/PYPMTLATEFF/BATE'F
Battery size (kWh) o +PYBATENERGY/GATDOD
Armray size w/ bat. (kWp) = +FYBATENERGY/PYBOSEFF/INSOL

Pump use hrs/day (min=peak insol. hrs)
» @IF(+SPWTRMJ/PYBATWELLNO/YIELD
<INSOL ,INSOL SPTRM3/PVBATWELLNO/YIELD)

DIESEL PUMPING SYSTEM COMPONENT SIZES
Nowmioal pump size (kW) = 9 81*SPWTRMI*DEF 4+TANKHT)
/3600/DSLPMPE ! - /DSLUSEHRS/DSLMAXHRWELLNO
Storage vctume (m?) = +SPWTRMI*DSLWTR: ORE
Diesel engine (kW) s @MAX{@INT(DSLP): iZE/0.8:0.9).3)
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COST ANALYSIS

CAPITAL COSYS OF HANDPUMP SYSTEM

Handpump costs {$) m +§11~§§§+3v<>ﬂn«..‘0m§¢
Well cozt () w «WTRPT*WELLCOST

Total cost (8) = +HPCAPCOST+HPWELLCAPCOST
Handpump per capita cupita) cost ($) » +HPTTLCAPCOST/MAXHPVILLGE

BV SYSTEM COST (NQ BATTERIES)

Pump cont (%) = @IF(PYARRA YSIZE<1000,@MAX(PYWELLNO*@VLOOK UP
(PYARRAYSIZE PYLKUPTBL,! J'PYARRAYSIZE,
PYWELLNO®MINPMPCST),PVWELLNO?
DSLFMP!.FF/PYPMPEFF%DSLFXCST+
DSLVARM®(DEPTH+TANKHT}+
§<>ﬂ3§\§rrzogrs

Storage cost (3) = +BCSTORE*@SQRT(PVSTORVOL)
PV wrray coat ($) = @IF(PYARRAYSIZE<1000, PYWELLNO®
@§H§1¢>nw>ﬁﬁm.mﬁlncsrb%v<>xn><m§m.
_ud.im__..-..zogo.qu..@ﬁ.oo#§v<>ﬁﬂ><m§m.§ﬂ§-:uz
*PYARRAYSIZE)
Piping cost ($) = +PIPECST*PIPELENGTH
Standpipe cost (3) o +WTRPTYSPCOST
Well cost (3) o 2WELLCOST*PYWELLNO
Total PY system cost ($) = GSUM(PV SYSTEM COMPONENT COSTS)

PV pump per capits cost ($/person) = +§>39H\Z>§1<From

EY-EATTERY PUMPING SYSTEM COST

Pump cost ($) - @—mgbga_gq@z>xas>gFFZO|®<POO—ns
(PYBATPUMPSZ PYLKUPTBL,1)*PYBATPUMPSZ,
PYBATWELLNO*MINPMPCST),
DSLPMPEFF/PYPMPBATEFF*PVBATWELLNO®
(DSLFXCST+DSLYARM*(DEPTH+TANKHT)+
§<>NQ§3§>§MFPZO\1§>=ZvamEﬂm:

Storage cost ($) = +PYSTORCAPCOST
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PV array cost ($) » @IF(FVBATUNITARRAY<]000,PYBATWELLNO*
@YLOOKUMPYBATUNITARRAY,PYLKUPTBL,2)"PYBATUNITARRAY,
PYBATWELLNO*(0.75+@YLOOKUP(PYBATUNITARRAY,
PYLKUPTBL.2))*PYBATUNITARRAY)

Piping cost (§) = +PIPECST*PIPELENGTH

Standpipe cost ($) = +WTRPT*SPCOST

Well cost ($) * +WELLCOST*PYPATWELLNO

Battery cost (3) o +UNITBATSIZE*BATCOST*PYBATWELLNO

Total PV system cost (3) = @SUM(PV-BAT SYSTEM COMPONENTS)
PV-bat pump per capita cont (3) = +PYBTTLCOST/MAXSPYILLGE

RIESEL PUMPING SYSTEM COSTS

Pump cost (3) * @MAX(MINPMPCST*DSLMAXHRWELLNO,
+DSLMAXHRWELLNO*(DSLFXCST+DSLVARM*(DEPTH+
TANKHT}DSLVARQ*SPWTRM3/DSLUSEHRS/DSLMAXHRWELLNO))
Storage cost (§) = +BCSTORE*@SQRT(DSLSTORVOL)
Diesel cost ($) = +DSLMAXHRWELLNO*(ENGFXCST+ENGVARCST*DIESELSIZE)

Piping cost (3) = +PIPECST*PIPELENGTH

Sandpips coat () = +WTRPTYSPCOST
Well cost ($) = +WELLCOST*DSLMAXHRWELLNO
Total system cost ($) o @SUM(DIESEL SYSTEM COMPONENT COSTS)

Diesel per capitn cost ($) » +DSLTTLCOST/MAXSPVILLGE

Handpump water collection cost ($/year) o @IF(CLCTCOSTat HPWTRM3*1000*
WTRCLCTIME/60*UNSLKWAGE®*365,0)

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

ANNUALIZED COSTS OF HANDPUMP SYSTEM

Handpump cost ($/year ) = +HPCAPCOST*@VLOOK UP(HPLIFE, RPLTBL,1)* ANNLFCTR
Well cost ($/year) = +WELLCOST*WTRFT*ANNLFCTR*@VLOOKUPCIVILIFE,RPLTBL,})
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Handpump O&M cost {$/year)

Well O&M cost ($/year)
Total cost ($/year)

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

= +WTRPT*WELLCOST*CIVILO&M/ 100
= @SUM(HANDPUMP SYSTEM ANNUALIZED COST

COMPONENTS)
Handpump per capits cost ($/year) = (HFFTLANCST+HPWTRCLCTIME)/MAXHPVILLGE

Handpump water cost (3/m?) = (HPTTLANCST+HPWTRCLCTIME)/HPWTRM13/365

ANNUALIZED COSTS OF PY PUMF SYSTEM (NO BATIERIES)

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

Pump cost ($/year) = @IF(SPWTRM3/PYWELLNO<HIFLOWPMP,
+PYPUMPCAPCST*@VLOOK UNPYPMPLOWLIFE, RPLTRL, 1)

SANNLFCTR,PYPUMPCAPCST*@VLOOKUP
(PYPMPHILIFE RPLTBL,!)* ANNLFCTR)

Civil work cost ($/year)= (PYWELLCOST+PVSTORCAPCOST+
PYPIPECOST+STNDPIPECOST)
*@VLOOKUMCIVILIFE RPLTBL,|)°ANNLFCTR

PV O&M cost (3/year) = +PVCAPCOST*PYBATO&M/100

[amp O&M cost ($/year) = @IF(SPWTRM3/PYWELLNO<HIFLOWPMY,
+PVYPUMPCAPCST*PYFMPO&M/100+PVATTEND?
SKLOLBR*PVWELLNO,
PYPUMPCAPCST*PYPMPORMHI/100+
PVATTE! D*SKLLLBR*PYWELLNO)

Civil work O&M cost ($/year) = (PVSTORCAFCOST+PVPIPECOST+FVWELLCOST)®
CIVILOZM/100+HPATTENDMIN®*SK LDLBR*C541
Total cost ($/year) a @SUM(PY PUMP SYSTEM ANNUALIZED COST
COMPONENTS)

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

Per m* cost {($/m%) = (PYANTTLCOST+SPWTRCLCTIME)/SPWTRM3/36%
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ANNUALIZED COSTS QF PY-PATTERY PUMP SYSTEM
PV srray cost (5/year) » sPVBARRAYCST*@VLOOX URPVLIFE RPLTBL,1)* ANNLFCTR
Pump cost ($/year) o @IF(WTRPT/PYBATWELLNO/FPYBATPMPUSEHRS

<HITLOWPMP/S5,+PVBPUMPCOST

*@VLOOK UP(PYPMPLOWLIFE RPLTBL,1)
*ANNLFCTR,PVBPUMPCOST*@VLOOK UP
(PYPMPHILIFE,RPLTBL,1)° ANNLFCTR)

Civil work cost ($/year) = (PVBATWELLCOST+PVESTORCOST+PVPIPECOST
+STNDPIPECOST)*@VLOOK UP
(CIVILIFE,RPLTBL.1)* ANNLFCTR

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

Pump O&M cost ($./year) = @IF(SPWTRM3/PYBATWELLNQ/PYBATPMPUSEHRS<
HIFLOWPMP/S5 +PYBPUMPCOST*PYPMPO&M/100
+PVATTEND*SKLDLBR*PVBATWELLNG,
PYBPUMPCOST’PYVPMPO&MHI/100
+PYATTEND®SKLDLBR*PVBATWELLNO)

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

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

Pes capita cost (3/year) = (PYBTTLANCST+SPWTRCLCTIME)/MAXHPVILLGE

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

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

Pump cost (3/ycar) = @IF(SPWTRM3/DSLMAXHRWELLNO<HIFLOWPMP,
+DSLPMPCOST*@VLOOK UNPVPMPLOWLIFE . RPLTBL,1)*
ANNLFCTR,DSLPMPCOST*@VLOOK UPPYPMPHILIFE,RPLTBL,1)
®ANNLFCTR)

Civil work cost ($/year) « DSLSTORCOST+PVPIPECOST+STNDPIPECOST
+DSLWELLCOST)*@YLOOKUP(CIVILIFE,RPLTBL,1)
*ANNLFCTR
Diesel O&M cost ($/year) » +DSLPMPO&M/100*ENGINECOST+SKLDLBR*DSLATTEND
Pump O&M cost ($/year) = @IF(SPWTRM3/DSLMAXHRWELLNO<HIFLOWPMP,

+PYPMPO&M/100° DSLPMPCOST,
PYPMPO&MHL/100°DSLPMPCOST)
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Civil work O&M cost (§/year) = (DSLSTORCOST+PYPIPECOST+DSLWELLCOST)*
CIVILO&M/ 100

Fuel cost (§/year) = 9.81*SPWIRM3*DEPTH+TANKHT)/
{3500°FUELTOWTREFF*10.5)* FUELCOST®*365

Total cost (3/year) = @SUM(DIESEL PUMP SYSTEM ANNUALIZED COST COMPONENTS)

Per capita cost {$/year) w» (DSLTTLANCST+SPWTRCLCTIME)/MAXSPYILLGE

Per m? cost ($/m%) = (DSLTTLANCST+SPWTRCLCTIME)/SPWTRM3/36$

SUMMARY STATISTICS

EER CAPITA CAPITAL COSTS

Handpump ($/person) ©» +HPTTLCAPCOST/MAXHPVILLGE

PV ($/person) = @MIN(PVBTTLCOST/MAXSPVILLGE,
PYTTLCAPCOST/MAXSPVILLGE)

Diesel ($/person) = +DSLTTLCOST/MAXSPVILLGE

COST OF WATER

Handpump ($/m?) = +HPMAWTRCOST

PV (3/0%) = @MIN(PYREMICST F YMICOST)

Diesel ($3/m?) o +DSLM3CST

SYSTEM TYPE

PV system ~vlected = @IF(PVBMICST<PVM3COST,"BATTERY","NO BATTERY")

No. of wells (PV) = @IFPVBMICST<PYMICOST PVBATWELLNO,PYWELLNO)

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




i~

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 § Kih/M2/DAY - POA
WATER CONSUMPTION LPCO 20 LPCD
WELL TYPE 5 {1~$500/5M, 2-31500,20M, 3=$2500/20M,
WATER DELEVERY RATES 4<$5000/20M, 5=$5000/40H)
- HAND PUNP L/MIN. 12
- STAND PIPE L/MiN. 1s
INCOME SPENT ON WATER % 3
I HUMBER OF PERSONS/FAMILY 8
— HINIMUM WATER NEED LPCD 10
WORK HOURS/FAMILY HOURS 20
HOUSING UENSITY HOUSES/HA 25
WALKiNG SPEED KM/HOUR 3
MAXIMUM LOAD/TRIP L/TRIP 20
WATER POINT USE HOURS 6
ND. TAPS/SP 2
STANOPIPE USE EFFICIENCY 1
MAX. WFLL YIELD 50 M3/HR
WATER TABLE DEPTH 40 H
STORAGE TANK HEIGHT 10 M PY COST MULTIPLIER
MINIMUM NO. OF MELLS 1 1
CAPITAL COSTS - PV PUMP  UP TO ¥p:  $/Np PUNP $/Wp ARRAY
200 7.00 9.00
500 4.25 1.75 FOR >1000 Wp, PUMP CGST
1000 2,50 7.50 BASED ON DIESEL PUMP
>1000 7.25  ge----- COSY ADJUSTED FOR
EFFICIENCY OIFFERENCES
CAPITAL COSTS: FIXED  VAR.($/M) VAR.($/M3-}R}
HANDPUMP 500 8
DIESEL PUMP 275 25 75
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340
3s0
360
7o
380
390
400
410
420
4310
440
450
450
470
480
490
500
510
520
530
540
550
560
570
£80
590
600
610
biv
630
640
650
660
670
680
£90
700
710
720
730
740
750
760
170

130.38
132.29
134.16
136.01
137.84
139.64
141.42
143.18
144.9!
146.63
148.2

150.00
151.66
153.30
154.92
156.52
158.11
159.69
161.25
162.79
164.32
165.82
167.33
166.82
170.29
171.76
173.21
174.64
176.07
177.48
178.8%
180.28
181.66
183.02
184.39
185.74
187.08
188.41
189.74
191.05
192.35
193.65
194,94
196.21
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56.67
58.33
60.00
61.67
63.31
65.900
66.67
68.33
10.00
71.67
73.33
75.00
76.67
79.33
80.00
81.67
83.03
85.00
86.67
68.33
90.00
91.67
93.33
95.00
96.67
98.33
100.00
101.67
103.33
105.00
106.67
108.33
110.00
111.67
113.33
115.00
116.67
118.33
120.00
121.67
123.33
125.00
126.67
128.33

NA
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MAXIMUM SIZE OF POPULATION SERVED
NO. OF N0. OF NO. OF
HANDPUMP  STANDPIPE HARDPUMP  STARDPIPE WELLS WELLS WELLS

NO. OF  MUIMUM WAXIMUM DAILY DAILY  NEEDED  NEEDED  NEEDED  DIESEL o
PER CAP. WATER  VILLAGE  VILLAGE WATER WATER WITH PV ¥/ DIESEL IF DIESEL HRS/DAY ENGINE .
DEMAND POINTS POPULATION POPULAT 1N USE USE & HO § USED MORE uSE LIFE \
LPCD F ? ’ 3 M3  BATTERY HRS/DAY HRS/DAY  DIESEL  VEARS 1‘
20 ) 110 360 2.20 7.20 1 1 1 s.00 10 '
2 220 720 4.40 14.40 ] ] ] 5.00 10
4 440 1440 8.80 28.80 1 1 1 5.00 16
6 660 2160 13.20 43.20 1 1 1 5. 00 10 —:
8 880 2380 17.60 57.60 1 1 1 5.00 10 ‘
10 1100 3600 22.00 72.00 1 ) 1 5.00 10 AR
20 2200 7200 4400 144,00 ] 1 1 5.00 10 1
-------------------------------------------------------------------- \\' Il
PV PUNPING SYSTEM COMPOMENT SIZES (MO BATTERIES)
NO. OF B
PER CAP. VATER PP STORAGE PV AZRAY PLPING =
DEMAND POINTS SIZE VOLUME SIZE LENGTH ~.4
LPCO F WATTS 3 r M N
20 1 561 22 623 128
2 121 3 1246 256 -
§ 2242 86 2491 512 .
6 3363 130 3737 768 e
8 4435 173 4983 1024 s
10 5606 216 6229 1281 i
20 1121} a2 12457 2561 ;
. ‘II_"
L
- \ \\ ! 1' : >
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P¥-BATTERY PUMPING SYSTEM CONFIGURATJONS

NO. OF NUMBER  NUMBER ENERGY PUMP USE
PER CAP. WATER DAILY WATER  OF WELLS  OF WELLS  REQUIRED BATTERY ARRAY SIZE HRS/DAY
DEMAND  POINTS  OENAND  REQUIRED  REQUIRED W/ BATTERY  SIZE W/ BAT. (MIN-PEAK
LPCD ' M3 W/0 BATTERY W/ BATTERY  KWH/DAY KN KNp INSOL. HRS)
20 1 7 1 1 2.73 545 0.6l  5.00
2 14 I 1 .45  10.90 1.2l 5.0
4 29 1 1 10.90  21.80  2.42  5.00
6 43 1 ) 16.35  32.70  3.63  5.00
8 58 1 1 21.80  43.60  4.84  5.00
10 7 1 1 21.25 5450  6.06 5.0
20 144 1 1 54.50 109.00 12.11  5.00
PY-BATTERY PUMPING SYSTEM COMPONENT SIZES
NO. OF UNIT UAIT unIT
PER CAP, WATER PUMP  STORAGE PV ARRAY  PIPING  BATTERY
DEMAKD  POINTS SIZE  VYOLUME SIZE  LENGTH  SIZE
LPCOD § WATTS M3 tp : KWH
20 ) 545 22 606 128 5
2 1090 43 1211 256 11
4 2180 86 2422 512 22
6 3270 130 3633 768 33
8 4360 173 4844 1024 s
10 5450 216 6056 1281 55
20 16300 432 12111 2561 109
! VN ‘
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OIESEL PUMPING SYSTEM COMPONENT SIZES
ND. OF NOMINAL

PER CAP, WATER PUNP STORAGE DIESEL PIPING
DEMARD POINTS SIiZE VOLUME ENGINE LENGTH
LPCO ¢ K M3 K M

20 | 0.38 7 3 128

2 0.78 14 3 256

4 1.87 29 3 512

6 2.35 43 3 768

8 3.18 58 4 1024

10 3.92 12 5 1281

20 7.85 144 10 2561

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

COST ANALYSIS
}. CAPITAL LUSTS
CABITAL COSTS OF HANDPUMP SYSTEM

NO. OF HANDPUMP WELL
HANDPUMPS COSTS COST TOTAL COST
H $ $
1 820 $000 5820
2 1640 10000 11640
4 3280 20000 23280
] 4920 30000 34920
8 6560 40000 46560
10 8200 S6000 58200
20 16400 100000 116400

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




™ ] '
. /
PER CAP. NO. OF PER CAPITA
DEMAND  HANDPUMPS CAPITAL COST
LPCD $
20 ! 53
f 53
53
6 53 Ay
a 53 ) ~
10 53 .
20 53 N
PY SYSTEM COST (MO BATTERIES) .
PER CAP. WATER PUNP  STORAGE PV ARRAY PIPING STANDPIPE VELL  TOTAL "-S&
DEMAND POINTS cos? cosT oSt CosT coST COST PY SYSTEM A
LPCO ’ $ ¢ $ $ $ $ COST ($) SR
o 20 1 1557 4640 4671 768 150 5000 16794 o
S 2 2487 6573 9966 1537 300 5000 25862 e
4 2796 9295 19931 3073 600 5000 40696 S
6 3104 11384 29897 4610 900 5000 54896
8 3413 13145 19863 6147 1200 $000 68768
0 72t 14697 49829 7683 1500 5000 82430
20 5264 20785 99657 15367 3000 5000 149073
PER CAPITA PY PUMPING SYSTEN COST \
NO. OF PV PP S
PER CAP. WATER PER CAPITA .
DEMAND POIRTS CoST ..
LPCD ' $ LN
20 1 a7 L
2 6 L
. 28 e
] 25 >
8 24 L
1) 23
20 2.
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DIESEL PUMPING SYSTEM COSTS

NO. OF
PER CAP. WATER PUMP STORAGE DIESEL PIPING STANDPIPE WELL TOTAL
DEMAND POINTS cosT Cost cost CosT cosT cosY SYSTEM
LPCD $ $ $ s $ 5 $ COST (%)
20 i 1633 2681 5720 168 150 5009 15955
2 1741 3795 5720 1537 300 5000 18092
4 1987 5367 5720 3073 600 5000 21717
6 2173 6573 5720 4610 900 £000 24976
8 2389 1589 5960 6147 1200 5000 20285
10 2605 8485 6200 7683 1500 5000 31474
20 Jéss 12000 74C0 15367 3c00 5000 46452

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

PER CAPITA DIESEL PUMPING SYSTEM COST

HO. OF OIESEL

PER CAP. WATER PER CAPITA
DEMAND POINTS Cost
LPCO # $

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

YA

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

ANNUALIZED COST COMPUTATIONS




£1-J

ANNUALIZED COSTS OF HAND PUMP SYSTEM

PER CAP, WATER HANDPUMP WELL  HAND PUMP WELL TOTAL
DEMAND POINTS CosT COST  O&M COST  O8M COST cosT
LPCO ' $/YEAR $/YEAR 3/YEAR $/YEAR  $/YEAR

20 1 133 5a7 173 50 944

2 267 1175 346 100 1887

L 534 2349 692 200 37175

6 801 3524 1038 300 5662

8 1068 4698 1384 400 7550

10 1335 5873 1730 500 9437

20 2669 11746 3460 1000 18875

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

AHNUAL WATER COLLECY.ON COSTS USING HANDPUMPS AND STANDPIPES
HANDPUMP  STANDPIPE

NO. OF WATER WATER

PER CAP. WATER COLLECTION COLLECTION
DEMAND POINTS COSY COST
LPCD ¥ $/YEAR $/YEAR
20 1 0 0

2 0 0

4 0 ¢

6 0 0

8 0 0

10 0 0

20 0 0

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




TOTAL UKIT COSTS OF HAND PUMP SYSTENS

N0. OF
PER CAP, WATER PER CAPITA PER M3
DEMNAKY POINTS CosT COsY
LeCD § $/CAP-YEAR /3
20 1 B.58 1.18
rd 8.58 .13
4 8.58 1.18
6 8.58 1.168
8 8.58 1.18
10 8.5 1.18
20 8.58 1.18

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

ANKUALIZED COSTS OF PV PUMP SYSTEM (HO BATTERIES)

PER CAP, WATER PV ARRAY PUNP CIVIL WORK PV Ca PP OBM CIVIL WORK TOTAL

- OEMAND POINTS C0sY COSY oSy Ay ) COST O3 CGST €OsT
N LPCD 1 3/YEAP. $/YEAR $/YEAR $/YEAR  $/YEAR $/VEAR  $/YEAR
B8 2 emesmsesasssessssassmseaTeSAaSAAtrAREARTEAEEmAArTAATAAATArASS-immEEmMAEmAEREEEAEEEmEEETemmMETmmE=teEn R
20 1 549 253 1241 47 208 195 2493

2 imm 405 1573 100 301 313 3064

4 234t 455 il 199 332 538 8975

6 3512 630 2572 299 207 756 7976

8 4682 593 2994 399 223 971 9962

10 sne3 756 3392 498 230 1184 11921

20 11705 1069 5186 997 315 2232 215G4

------------------------------------------------------------------------------------------------------
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TOTAL UWIT COSTS OF PY-BATTERY PUMP SYSTEM i

NO. OF

PER CAP. WATER PER CAPIT PER M3
DEMAKD POINTS co: T cosT |
LPCO ' $/YiAR $/m s

20 1 74,76 1.04 )

2 19.46 0.81 S

4 15.76 0.66

6 14.37 0.60

8 13.65 0.57

16 13.20 0.55

20 12.19 0.51

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

ANNUALIZED COSTS OF DIESTL PUMP SYSTEM

: PER CAP. WATEP DIESEL PP CIVIL WORK DIESEL PUNP O8N CIVIL MORK  FUEL  TOTAL
! - DEMAND POINT, coST CoST COST  OMM COST €OST O&M COST €osT cosT
“ LPCD ' $/YEAR $/YEAR $/1EAR $/YEAR  S/YEAR  $/YEAR  S/YEAR  §/YEAP
N e e m e m e r mmm R e R - R ke ko e e e oy e e S e e e B B G AR YRR RS SEEEeyrh -

20 | 931 266 1010 2218 163 8s 213 4986

2 931 203 1249 218 174 103 426 5485

4 9] e 1649 2318 196 134 853 6399

6 931 441 2007 2318 109 162 1219 1246

) 970 485 2342 2354 119 187 1705 8163

10 1009 529 2663 2390 130 212 2131 9064

20 1204 748 4154 2570 184 324 4263 13447

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




TOTAL UNIT COSTS OF ‘11ESEL PUMP SYSTEMS

NO. OF
PER CAP. WATER PER CAPITA PER M3
DEXAND POINTS cosr cost
LD ’ $/YEAR s
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 CTAPITA-DAY
o WELL COST: 5000 § AT DEPTM: 30 METERS
R INSOLATION: 5 KWH/M2/DAY

KO.OF  -ee-ee. PER CAPITA CAPITAL COSTS--v---vvcenn--. -COST OF WATER---------- Py NO. OF NO. OF
WATER HANDPYUMP 4 OIESEL HANDPUMP PY  DIESEL SYSTEM WELLS WELLS
POINTS POPULATION $/PERSON $/PERSOH $/PERSON sma §M3 §$/M3 SELECTED {PY) (DIESEL)

| 110 53 1.18

2 220 53 1.18

4 449 53 1.18

6 660 53 1.18

g 880 53 1.18

10 1100 53 1.18

20 2200 83 1.18
1 360 47 “ 0.95 1.90 MO BATTERY | !
2 720 36 25 0.74 1.04 NO BATTERY 1 ]
4 1440 28 15 0.57 0.61 MO BATTERY 1 1
6 2160 25 12 0.51 0.46 MO BATTERY | 1
8 2880 24 10 0.47 0.3% NO BATTERY ] |
10 1600 23 9 V.45 0.34 NO BATTERY 1 1
20 1200 21 6 0.41 0.26 NO BATTERY 1 i

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

e w——




APPENDIX D
ANALYSIS GRAPHICAL OUTPUT




5./CUBC METER

WELL COST: $500
COST OF WATER DERAND: 20 1pcd
WELL TYPE = 9§, LMD » 20
Q. \ T
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0.3 -
0.4 - \\
. \\§ _
] =+
- --"""—-q
02 -_..---‘-"-—-."“
[V vourTIe S — " il -
- R
-}
e 2 4 ) [ ]
e + PO ° v;?:‘ a) DESE. X e
PER CAPITA CAPITAL COST
WEL WFE = 1, LPCD = 20
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168 4 \\\
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§/CUMC WETER

COST OF WATER

Wol TYE = 2, LFCO = 20

WELL COST: $1,500

DEPTH: 20 m
DEMAND: 20 lpcd

&.7

o8 -

0.4 -

/’] f
/]

0.3 -
hﬁhh._‘qh___-h-___—--

0.2 - """"--—.__‘
[ S

Q

-] 2 4 [ ] )
VILLAGE POPULATION (THDUSANIES)
A +« W + ™ A  DESEL x W
PER CAPITA CAPITAL COST
WELL ™YPE = 2, \PCD =« 1D
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COST OF WATER

WELL TYPE = i, UPCD w 40

WELL COST: $1,500
DEPTH: 20 m
DEMAKD: 40 Ypcd
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1.1
i — ¥
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¥ \
A A
) g o \\‘
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0.8 [ = Tt
P ——
, 0.4 - ]
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PER CAPITA CAPITAL COST
‘o WELL TYPE = 2, 1PCD = 40
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8/CUBIC METER

$/PERSON

WELL COST: 32,500
- DEPTH: 20 m
COST OF WATER DEMAND: 20 lpcd
WELL TYPE = J, 1.PCD - 20
0.7 - Y
0.8
0.5 = \{:‘:\ M e i
SHA = S
\"‘"—-&-—_.ﬁ_ T 1®
\_‘___ ) ———
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~/4 + w3 ©  PV/8 A DESEL x e
PER CAPITA CAP!" AL COST
WELL TYPE = 3, 1PC - 20
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.3~
1.3

§/cumc WETER
:

COST OF WATER

WL TYPE = ) UCD = 40

WELL COST: $2,500
DEFTH: 20 m
DEMAND: 3G ipcd

3 -
1.4 = 1
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VILLAGE PORULATION (THOUSAMDS)

+ BHA L I L ) Y

PER CAPITA CAPITAL COST

WELL Y™ = 3, LACO = &0
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§/CUBC WETER

8./ PERION

COST OF WATER

WEL VP = 4, UMD = 20

WELL €OST: $5.000
DEPTH: 20 m
DEMAKD: 20 lpcd
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§/CUBC NETER

8/ PIRION

WELL COST: $5,000
UEPTH: 20 m
COST OF WATER DEMAND: 40 lped

WELL TYPL = 4, LPCD = &)

s
2.4
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T v {
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VLLADE POPAATION (THOUSANDS)
[ AL ] + P *  M/B & DRESEL x W

=

PER CAPITA CAPITAL COST

WELL TYPE = 4, LPCD = 40
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p/cume NETER

$/PERSON

WELL COST: $5,000

DEPTH: 40'm
COST OF WATER DEMAND: 20 1pcd
WELL TYPE = 5, LPCD = 20
v.2 bl il ok o =
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/4 + M L o 7 & X M
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COST OF WATER
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Pistribution - DAC

Ab~>cus Controls, Ine,
Attn: George O*'Sullivan
P. O. Pox 891
Somarville, NJ OBETS

Acurex Corporation

Attn: DarL Rosen

55% Clyds Avenus

P. O. Box 755%

Mcuntain View, CA 94039

ABSI

Attn: Bill Todorof
20442 Sun Valley Drive
Laguna Beach, CA 92651

Alabama Powsr Co.
Attn: Herbert M. Boyd
600 No. 10th Street
Birminghsn, AL 35291

Amarican Power Convarsion Corp.
Attn: Mr. Ervimn F. Lyon

89 Cambridge Street

Burlington, MK G1803-411S

Applied Solar Enerqgy Corp.
Atn: R. ¥ 3rown

15703 E. Valley Blvd.

City of Ipdustry, CA 91749

ARCO Solar I:c. (3)

Attn: Jamses Caldwell, Prealdent
Gary Shushnar
Raju Yenamandrs

P. O. Box 2105

Chatsworth, CA 91311

Arizona Public Service Co.
Atta: Thomas C. Lepley
P. O, Box 53999, Msil sSts.
Phoenlix, AZ €5072-39%9

3875

Arizona Solar EBnergy Comaission
Attn: Dr. Prank Mancini

1645 W. Joffarscn

Phosnix., AZ 85007

Dist-1

Azrizona State Univereity
Attn: Paul Russell
Collage of Engineering
Tempe., RZ 85287

Ascengion Technology
Attn: EJ Kern

Box 314

Lincoln Center, MA 01773
Atlantic Solar Fouer, Inc.
Attn: Paul G. Apple

6455 Washington Blvwd.
Baltimore, MD 21227

Automatic Power
Attn: Guy Priestley
P, O, Box 187348
Houston, Texas 77222
Ray Baha

2513 Kimberly Court NW
Albuguerque, NM 87120

Balance of Systems Specialiste. Inc.

7745 E. Redfield Road
Scottadale, AZ 85260

Battelle Columbua Laboratories
Atte: Don Carzichael

%0% King Avenua

Colunbus, Ohioc 43201

Bechtel Nationszl, Inec.
ALttn: Haltr 8tolte

P. O. Box 3965

San Pranclieco, ChA 94119

Beckwith Elsctric Company
Rtta: Robert W. Beckwith
11811 &2nd 8t. M.
Largo, FL 33542

Best Power Tachncology, ine.
P. 0. Box 220

Recedaoh, ¥ieconsin 54648




BDM Corporation

Attpd: George Bhodes
1801 ®andoliph Roaad
Albuguergue, NM 87106

3lack and Veatch

trtn: Sheldon Levy
L1401 Lamar

>, Q. Box B4&OS

Jverland Park, KS 66211

31lue Sky Water Supply

\ttn: Eonald W. Shaw, President
», 0. Box 211359

}illings, MT 59104

jonneville Power Adm.
\ttn: Minje Ghim

Y, O, Box 3621
*ortland, OR 97208

‘am Bunker

nternational Prograws Div. (IPD}
lat*'l Rural Elec. Cooperative Assoc,
800 Massachusettes Avenue, NW
lashington, DC 20036

‘alifornia Energy Commigsion
ttn: Mike DeAngelis

516 9th Strest

acramento, CA 95814

al/Poly University

ttn: A. Dickerson

L/EZE Departmant

an Luis Obispo, CA 93407

enter for Engr. and
Environmental Research
tta: Angel Lopez

ollege Station

ayaguez, Puerto Rice 00708

hronar Corp.

tta: Pandelis Zelisaaropoulos
arketing Dept.

ox 177

cinceton, NJ OBS42

aronar-Trisolar Corp.
tn: Apand Rangarajan
3 De Angelo Drive
sdfof&, HA 01730

Dist.2

City of Auetin Power & Light
Attn: John Hotffner

F. 0. Box 088

Avstin., TX 78767

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

Colorado Mountain College
Attn: Stave McCarney

3000 County Road 114
Glenwood Springs, CO 81601

Deas Sotar Company

Attn: Stephen J. Dess
1284% Industrial Park Blvd.
Plymouth, MN 55441

Detroit Radison Co.

Attn: George Murray, UTE
2600 2nd Avenue

Rm, 2134 WCB

Datroit, MI 48226

Bleciric Power Regaarch Inst. (3)
Attn: John Schaefer
Frank Goodmap
P. 0. Box 10412
Palo Alto, CA 94302

Electric Research and Mgmnt.
Attn: W, E. Fsero

P. 0. Box 165

Stata College, PA 148804

Energy Eesuvurces Integrnational
Attn: Carole Taylor

Golden Gate Enerqgy Center

1055 Fort Cronkhite

Sausalito, CA 94965

ENTECH, Inc.

Attn: Mark O'Neill
1015 Royal Lane

DFW Rirport, TX 75261

BEvane International

Attn: Lynn Hurlbert

3128 West Clarendcen Avenue
Phoenix, AZ 65017




Parweet Corrosion Control
17311 §. Main Stroast
Gardens., CA 90248

Florida Alternative Euergy Corp.
Attp: Henry M. Healaey

215%% Jason St.

Marritt lsland, PL 32951

Florida Power & Light
Attn: R. S. Allan

P. O. Box 14090
Juno Beach, PL 33408
Plorida Power & Light
Attn: Cary L. Michel
P. 0. Box 529100
Miami, FPL 13152

Florida Solar Enstgy Center
Atta: Gerald Vantris

J0O State RA. 401

Cape {anaverasl, FL 32920

Georgia Powar Company
Attpn: Clayton Griffin
P. Q. Box 4545
Atlanta, GA 30202

Georglia Power ©Co.
Attn: E4§ Ney

7 Solar Circle
Shenandoah, GA 230265

GNB Incorporatad

Atta: Chrietine McCarthy
2010 Cabot Boulsvard Wost
Langhorue PA 19047

GPL Industriles
P. O. Box 106
La Canadsa, CA 91011

Grundfos Pumps Corp.
Attn: Johno Masxwel)
2558 Clovia Avs.
Clovig, CA 93812

Heliopowar Inc.

Attn: Thomas R. Siebert
One Centanniasl Plaza 3F,
Pilacataway, NJ DgBS4

Diat-3

Hughes Ricersft Company
Attn: Geofge Waff

P. O. Box %1%%

Duilding Al, M/5 4C84)
Long Beach, CA 90810

Indepsndant Power Co.
Attn: Kr. Sem Venderhotf
Bbox 649

North San Juan, CA 95960

Integrated Power Corporaticon (2)

Attn: Kenneth Gerksn
Lee Gordon
7524 Standisch Pl.

Rocaville, ND 2085%
intarecl Pover Corporetico
Attn: MNMr. John Banders
11901 W. Cedar Avenue
Lakewood, CO 20220

Interstate Sclar Coordination Zouncil
Attn: John R. Dunlop

$00 American Center Building

8t. Paol, M 55101

iota Bnglinesrcing
4700 8, Perk Ave. -~ Byits @
Tucson, AZ 94734

Itridelco Corp.. Ire.
440 Sylan Avenue
Inglowood Cliff, MY C7632

Inc. (2)
Thomas Hotfman
Bertiard NcMalias
puite a0G1

101% Eighteenth Bt. kW
Washington, DC 20036

1T Powver,
Attn:

Jacuzzi, Inc.

12401 Interstata 30
P.0O. Box 89%0)
Littie Rock, AR 7121%-0902
Jensen Brothers Msnufacturing Co.
l4th and Pacifie

P. O. Box 477

Coffayville, K8 67337
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Williaas Lamb Company
Attn: Milliem Lamd
1041% Chandler Blvd,
Morth Hellywood, CA 91401

March Manufsctuging Co.
i0l? Plchviek Avenue
Qleavlievw, IL 4002%

Harval

Atta: #Hr. Bichard Derricel
P. 0. Box 997

Richaond, Indiana 47374

.Mage FV Centor

Attn: Kevio Collina

1 Maes Tech Canter

80, Accesa Road

Logan Alzpert

Zaet Boston, KR 021120

A. Y. HcDonald Mig. Co.
Attn: ¥z, Joha D. Eckel
Managaer - Epergy Prodicte
4000 Chavenelle Road
Dubugue, IA 52001

Beridian Corporation (3)
Attn: Anil Cabraal
Judy Laufman
Judith M. Siegel
4300 King Strtest
Alexandcia, YA 22302

Ridweat Besestch Institute
Atin: H. 3. Imamura
1344 W, Parkhill Avs.
Littleton, CO 40120

3N Cozpany

Atta: F. Jaster
22)-44-04

M Canter

8t. Paul,. M 55144-1000

#odil Solar Energy Corp. (3)
Attn: Tony Morbado

A. Taylor

B. Gillespis
4 Suburban Park Dr.
Billecica, CAR 02254

National Ascociztion of
Home Builders

Attn: Bion Howard

15th and H Btrost MW

Hashington, DC 20038

Matural Power, Inc.
Attn: Briasn Gocdon
Pranceoctown Turanpiks
New Boaton, WH 03070

Naval Civil Enginesring Lad
Atta: Kwang Ta Huang

CopE L 72

Port Huenseme, CA 93083

Paval Mespons Center

Attn: Q. Smith

Code 03A}

China Lake, CR 9356%5.4001

NHow England Power Becvice
Attn: Edward Gulachenski
2% Reodeacch Drive
Westhorough, MA 01%01

Horthern Power Systems
Attn: Clint Coleman

1l North Wind R4.
Moretown, VT 05640

Omnion Power Engineering
Attn: Hans Meysr

M297 81108% Hwy. ES
Mukvonago, W1 53149

Oneite Ensrgy

Attn: Alan Cowvan

539 8.¥. let Sreet, Sulite 520
Portland, OR 97204

Oxidizers, Inc.

Attn: Donald E. Heyers
4990 Euclid BRoad
Yirtginia Bazch, VA 23482

Pocific Gas & Rlectcic Co.
Attn: Stoeve Hester

3400 Crow Canyon Road

San Eamon, CA 94523




Philadelphis Electric Company
Attn: D. A. Fagnan

2301 Markst Strest 510-1
Philadelphis, PA 12101

Photocwem, Inc.

Attn: Joweph Garcias
7735 East Redfield
Scottedale, AZ 85160

Photoslectric, Inec.
Attt: J. White

91%1 Towne Center Drive
gulte 220

3en Diege, CA 92122

Photovoltaice International
Attn: Mark Pltzgersld

Box 1467

Denver, €O $0201

Platte River FPower Authority
Attn: Carel J. Dellard
Tiabarline & Horsotooth Roada
Pert Colline, CO A0525

Polar Producto
Attn: Arthur Same¢
290% Oregen Ceourt
Buliding I-11
Torrance, CA 90%0)

Public Service Co. of Naw Mexieco
Attn: 8. bMichael Lachner
Alvacado SBguace

Albuquerque, NM 2371598

Puklic eorvice Blee. & Gze. Ceo. (2)
Attn: Bargy Roman
P. Parkine
50 Park Plaza
P, G, Box 00
Newark, ¥WJ 07101

Pulstar
138 Industcial Loop
Orange Park, PL 22703-204%

PY Bngrgy Systemc. Inc.
Atter: Me. Paul Maycock
P. O. Box 2%0

Casanova, VA 22017

Diat-5

Remote Powsr Inc.
Attn: Jim Welch

649 Remington

Pt. Collins, CO B8OS4

BEaneveble Enorgy Institute
Atta: Carloc 1la Porta

1001 Connecticut Ave. 4719
Hsshington, DC 200316-5504

Research Triangle Inatitute {2}
Attn: Car)l Farker
Alen Hyastt
P. O. Box 12194
Pesodrch Triarngle Park, NC 27709

BRobbins and Myers

P. O, Rox %65

Speingrield, OH 45%50)

Rocky ¥Wountain Ind.
sta: R, Sardinshy

Draver 248

¢ld Snowmaes, CO 81854

Miles C. Rugeell
11 Porest Glen Road
Rezding, MA 01867

BAB Nife

Attn: A, Nilason

P. 0. Bog 100

George Weshington Huy.
Lincoln, B! 023&%

gelt BRiver Prejsct (2)
Actn: Jim Mocris
Ssteava Chalasts
P. C. Ruax 1980
Pheonix, AZ 85001

san Diego Gas & Rlectric
Attn: Don B. PFralick

F. 0. 3cx 1831

82 Diego, CA $£2112

Slaplaor Bolar Systens
31320 ¥. Thorps
Tallabasesse, PL 232302




s8ix Bivers Solar, Inc.
Attp: Greg Wiillams
51% Broadwvay

Eureka, CA 95%01

SHUD

Attn: D. Collier

6201 S Street

P. O. Bex 830

Sacramento, CA 95852-1830

Sclar Economics, Inc.
Attn: Martlin Katzman
7271 Dye Drive
Dallas, TX 745240

Solar EBlectrice

Attn: Hugh Diaz

i7% Cascade Court
Bohnert Park, CA 94928

Solar Electric Specislties
Attn: Jim Welch

1558 Rivereside

Port Colline, CO 80524

Solar Flectric Systems
Attn: Richard V. Colline
4747 Troost Avenus

Kausae City, WO 64110

Solar Energy Industries Assn. (2)
Attn: David Gorin
Scott Sklar
1720 H. Lynn St.
Arliagton, VA 22209-2009

Solar Energy Research Inst. (S)
Attn: Richard DeBlasio
Donna Hawkins
Bob MeConnell
Tom Surek
Ed Wittt
1617 Cole Blvd.
Golden., CO 80401

Solar Enginecring Sarvices
Attn: Tis Ball

P. O, Box 7122

Olympia, WL 98507

Solar Trzde Internationsl
Attn: #Hanuel J. Blanco
630-6%.h Avenue - Suite 2M
San francieco, TA %4118

Solar Worke

Attn: Lelgh =sddon
13 Balley Ave.
Montpelier, VT 05602

Solarsx Corporation (3)
Attn: HMalcolm L. Beanm
John Corai
Paul Gacvison
1335 Piccard Drive
Rockville, MD 20950

Solec International, Inec.
Attn: Ishaq Shahryar
12533 Chadron Avenus
Hawtho.ne, CR 90250

Southern California Edison
Attn: Nick Pactapoff

P. O. Box 800

Rosemoad, CA 91770

Southern Cospany Services
Attn: J. Timothy Petiy
P. O. Box 262%
Birmingham, AL 35202

Sovonics Solar Systems. Inc.
1675 Wast Maple Road
Troy. HI 43004

Specialty Concepts. Inc.
9025 Eton Ave., Suite D
Canoga Park, CA 21304

Spirs Corporation (2)
Bttn: Roger Little
Steve Hogan
Patriots Park
Bedford, Ma 01730

Stone & Webster Bngr. Cerp.
Aztn: Davs Aquata

245 Summer 5St,

Boston, MA 01921




strategies Unlimited (2)

Attn: Bill Murray
Bobert Steele

201 San Antonio Circle

Sulte 20

Mountain View, CA 94040

Sunfrogt

Attn: Larry Schlossler
sox 1101

Arcata, CA 95521

Suntracker Solar Ensrgy Systems
Aten: Glenn EZiden & Assoclates
302 U.5. 30 Eact

New Haven, IN 46774

SW RES Experiment Station
Attn: Vern Risser
New Mexico State University
Box 3IS0OL
Las Cruces, NM B8003
Tennessee Vallay Authority (2)
Attn: Joan Wood

Sharon Ogle
$olar Applications Branch
350 Credit Union Building
Chattanooga, TN 37401

The Citadel

attn: J. F. Schaefer

Dept. of Electrical Engineering
Charleston, SC 29409%

Tideland Signs) Corp.
Attn: Harry Saenger
4210 Director‘'s Row
P. O. Box 524130
Houston, TX 77052

University of Lowall (3)
Attn: Jose Martin

Thomae Costello

Fahd Wakim
Machanical Engineering Dept.
Lowell, MA 012354

University of Taxas
at Arlington
Attn: Jack Pitzer
West 6th at 3peer Street
Arlington. TX 76019

Dist-7

U.8. Rgency for International
Dovelopment (USAID)

Attn: Jack Vandergyn

Direcvor, Energy & Natural Rescurces

Rm. 509, SA-18

Waghington, DC 20523

U.S. Department of Energy (4}

PV EnerJy Technolegy Divisicen
Attn: R, H. Annan

A. Krantz

V. Rice

A. Bulawvka

1000 Independence Avenue SW
Washington, DC 2058%

U.5. Dept. of Energy (2)
Attn: Dean Graves

Joe Weisnliger
Energy Technology Divisien
Albuguergque Operations Office
Albugquerqus, NM 87115

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

U.S. Department of Energy
Atta: J. Bumbaugh
DOE/Wind Systeams

1000 Independencs Rvae., SH
Washington, DC 203588

U.S. Fiah and Wildlife Secvice
Attn: R. Oser

Energy Managsr

Lloyd 500 Building, Suite 1652
5GC N.Z. Multnonah Street
Portland, OR 97232

U.S. Vicgin Islands Energy Office
Instituticnal Conservation Progran
Lagoon Complex, Bldg. 3, Room 231

§t. Croix. U.S. Vvirgin 1slands 00840

Utility Power Group

Attn: M. Stern

9410 DaSotyu Ave. - Unir G
Chatsworth, CA 91211




virginia Power Ccapany
Attn: T. Bernadowsky
P ©O. Box 268666
Richmond. VA 22261

Warns Bolar Pumps
Attn: Robert Mayer
246 Rast Irving

Wood Dala, IL 69219%1

Weastinghouse Advanced Energy
Systema Division
Attn: J. Robert Maxwall
HMarketing Manager
P. U. Box 158
Kadison, PA 15662

The Morld Bank (2}
Attn: R. Dosik

A. Zavala
1818 H Streer, N.¥W.
Washington, DC 2043)

Iomeworks

Attn: Steve Baer

P. O. Box 25805
Aldbuguezque, NN 871256

6200 V. L. Dugan

6220 D. G. Schueler

6220 A. V. Poore

6223 G. J. Jonhas (&)

6233 W, I. Bowar

$§223 R. N. Chapman

6223 T. 8., Fay

€223 D, P. Menicucel

6223 H. H. Post

6223 J. W. Stavane

6223 '« G. Thomax ,20¢;
314} S. A. Landerbivray (3)
3154=1 C. H. Dal’: {3 DOB/OSTI
3151 W. L. Garner {.;

8024 P. W. Lean

Dist-8







