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ABSTRACT

This report is an economic and technical assessment of photoveltaics
(PV), handpumps and diesels for water supplies in rural areas of
developing countries. The requirements and problams associated with
rural water supply (RWS) systems are examined within the context of
regional resource conditions, water needs, and cost and performance
of the technology. This study found that PV RWS systems can supply
water more economically than handpumps or diesels for villages of
ths are 20 to 40 m. On the

moderate size where the water table dep
the cost-effective village size ranges from about 300 to

average,

2000 persons per village for PV RWS systems. Contrary to popular

belief, in many caser, on 1 per capita basis even the initial cost

of PV systems is equii to and even less than that of comparable
Humerous sensitivity analyses were conducted

handpump RWS systems.

and are provided to aid wat.r supply planners decide whether PV
systems would be appropriate for their specific needs. Preliminary
tes were alsy compiled to aid PV

specifications and market estima
P technology appropriate for the rural water

manufacturers develo
supply market, o
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A COMPARATIVE ASSESSMENT OF
PHOTOVOLTAICS, HANDPUMPS, AND DIESELS FOR
RURAL WATER SUPPLY

EXECUTIVE SUMMARY

Introduction

Safe, reliable, and accessible water supplics are critical to rural development and
economic progress in developing countries. The United Nations, in cooperation with the
World Bank and other international development institutions, established the Internaticaal
Drinking Water Supply and Sanitation Decade (1981-1990) in 1980, based on the goal of
providing safe drinking water and sanitation to all persons in developing countries. Al-
though the Decade has already made sains in expanding water supply access, nearly 1 billion
people in the developing world still lack access to safe water supplies. The institutions
involved in the Decade have reviewed the progress achieved to date and have concluded that
the remaining problems are many and varied. They span the technical performance and
reliability of rural water supply (RWS) systems, inadequste infrastructure and support
systems, and ultimately system costs.

In an effort to promote the development of reliable, low-maintenance, and low-cost
water supply technologies, the United Nations, World Bank, other multi- and bilateral-donor
organizations and U.S. Government agencies have investigated handpumps, photovoltaics, and
diesel water purping technologies. Prior studies either evaluatsd each technology indepen-
dently or conducted comparative assessments of two technologies.

This investigation exumines the role for photovoltaics (PV) with respect to hand-
pumps and dieselr for supplying water to rural communities. The study explicitly considers
all components of the water supply system; namely, water supply/demand relationships and
other village characteristics, and the cost and performazce of the well, the pumping system,
the storage, and ibe water distribution network. The focus of this study is addressed at
communities without access to grid electricity or safe surface water sources.

The study provides information useful to rural water supply planners who select
water supply technologies to suit the needs of rural communities. The study results will
also be useful to equipment manufacturers who develop products to meet the requiremsats of
rural communities around the world.

Stuuy Oblectives

The purpose of this study is to determine under what circumstances PV pumping ys-
tems can compete technically and economically with handpumps and diesel pumps for supply-
ing water to rural commurities. The specific objectives are us follows:

1. Determine economically competitive ranges for PV relative to handpumps and diesels
for supplying water to rurs! communities as s function of water source depth, village
size, le.el and quality of service, solar resource, and cost and performance charuct-
eristics,

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



Exhibit |
PUMPING SYSTEM CONF’ ZURATIONS
PV- or Diesel-Based Rural Water Supply Sy::item with Storage and Standpipe Distribution
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3. Estimate the potential market for PV-powered RWS svste=.s.

4. Identify the functional specifices:_us of PV-powered RWS systems so that PV systems
manufac:urers can 2 .ign products to better meet user needs.

Ixchmology Cotfigurations Evaluated

The three water supply technologies _unsidered in the ccmparative analysis, band-
pumps, PY pumps, snd diesel pumps, are conaf igured a5 foliows:

l.  Handoumps Each handpump installed on s well sorves a number of persons. Ths
sumber of persons served depends on the quantity of water demanded per person, the
number of hours a pump is used daily, acd the amount of ti e a person is willing to
spend gathering water. Handpumps are typically used when water demand is up to
about 40 liters/capita/day. If the village has more peopie than can be supported by
one handpump, then two or more handpuimnps are used. The principal handpurap system
components are the handpump and the well.

2.  PY Pumping Systems. Each PV pumping system provides water to one or more stand-
pipes (public faucats) ‘hrough a piped distribution network. The number of persons
served at a faucet i3 determined as in the handpump cuse. If the village has more
people than can be supported by one standpipe, then two or more standpipes are used.
One well with a PV pump usually supplies water to all standpipes. If weli yield is
limited, twc or more wells are used and water is pumped at a lower rate. Alternately,
batteries are employed to allow the pump to operate at a lower pumping rate over a
longer time period. The principal PY pumping system components are the PV array,
which directly converts sunlight into electricivy; the motor and water pump; optional
controls, battery, and power conditioning equipment; the well; water storage tank;
distribution piping; and standpipes. Representative water pumping technologies used in
the analysis are as follows: shallow well (less than 10 m deep water table) - suriace-
mounted centrifugal pump; intermediate-to-deep water table (20 m to 40 m) - jack
pumps with surface-mounted motors for low flows (less than 30 m?®/day); and sub.erged
motor/multi-stage centrifugal pump when flow rates are higher.

3. Diezel Pumping Svstems. The dicsel pumping system is identical to the PY pumping
system except that the diesel pump replaces the PV pump. The engine is directly
coupled to the pump for shallow and intermediate water table depth applications. In
the case of submerged motor/multi-stage centrifugal pumps, a diesel engine/gensrator
set (gen-set) is used to generate electricity to operate the pump. The principal diesel
pumping system components are the diesel engine or gen-set, fuel tank, pump, motor
(if clectrical), well, water storage tank, distribution piping, and standpipes.

The three systems are illustrated in Exhibit I. The principal purpose of this study is
to determine the competitiveness of PV relative to handpumps and diesel pumps. Therefore,
the analysis did not consider yard taps (house connections) as handpumps are not commonly
used to provide water to individual ho“--y in developing countries. The analysis also as-
sumes that in the case of diesel engines, fuel is readily available throughout the year,
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Technology Comparison Basis and Arproach

A key feature of the analvsis is that technologies are compared when they are pro-

viding the same level 2nd ouality of service. Service level and quality is defined as follows:

I.  The amouat of waier supplied per person per day is the same across all three water
supply systems being evaluated. Therefore, health and other benefits accruing to an
individual due to the availability of water are the same across all technologies. For
exampic, all ibree technologies supply 20 liters per capita per day (Ipcd) to the village
population.

2.  The cost in terms of time spent by villagers gather.ng the water is made equal across
all three water supply systems. In the analysis, time spent collecting water is made
the same across all three technologies by adjusting the number of persons served per
water delivery point per technology. Therefore, more people can be served at water
points where the water delivery rate is higher.

3. The technologies provide water at the same level of reliability so that water avail-
ability throughout the year is the same across all three technologies. The same availa-
bility levels are attained by using operation and maintenance practices consistent with
reliable equipment performance and using adequats water storage in the case of the PV
and diesel systems.

Since the level and quality of service are the same across all three technologies, the
benefits derived from the water will be equal across all three technologies. Therefore, only
. . 2 hes : - -

: i ion. Since the amount of water con-
sumed per person and the water sathering-time are made equal across all three technologies,
the cost of water gathering-time is not considered in the analysis.

The principal analysis steps are outlined in Exhibit II. The analysis procedure has
bcen programmed using Lotus 1-2-3 Release 2 software. The analyses are bused on current
costs of equipment. Numerous scenarios were evaluated during the analysis by varying
insolation, water demand, and well characteristics (Exhibit III). The scenarios allowed
assessing the impact on PV competitiveness of the diversity of conditions found in locations
around the world. Sensitivity analyses were aiso conducted to assess the impact on PV
competitiveness of data uncertsinties. A total of 56 analyses were conducted for water
demands of 20 and 40 Ipcd.

Laualvsis Results

For 20 Ipcd water consumption, PV is the preferred technology when village popula-
tion is about 1,500 persons. Exhibit IV shows the life-cycle cost competitiveness rauges for
the three tuchnologies as a function of village population size, insolation, and well charac-
teristics when water demand is 20 Ipcd. When a well costs $2,500 and the water table is 20
m deep, PV is the competitive technology at an insolation level of § kWh/m3/day for a
village of 1,000-2,000 persons. When insolation is 4 kWh/m?/day, the competitive range for
PV parrows tc 1,200-1,70 persons/villagc . At insolation levels of 6 kWh/m3/day, the
competitive village size range for PV increases tn 800-2,200 persons.

As well costs and water table depths increase, PV becomes competitive at smaller
village sizes. Also, the competitiveness of PV systems encompasses a larger range of viilage
sizes as insolation increases. Therefore, in some West African countries, where wells cost



Exhibit Il
SCENARIOS EVALUATED AND SENSITIVITY ANALYSES CONDUCTED

L

For 20 and 40 Ipcd water demand, plane-of -array worst-month insolation levels of 4, S,
and 6 kWh/m?/day and the following well characteristics:

- $500 cost and a € m depth (e.g., Bangiadesh)

- $1,500 cost and a 20 m cepth (e.g., parts of India and East Africa)
- 32,500 cost and a 20 m depth (average conditions)

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

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

This consists of a total of 30 scenarios.

Sensitivity anslyses were conducted for water demands of 20 and 40 Ipcd by varying the
following pzrzmeters from the Base Case:’

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

2. One day of water storage for the PV system instead of three days. Three days of
water storage ensures that 99% of the time the designated water demand (e.g., 20 or
40 Ipcd) is available. When one day of storage is used, availability is about 97% or
demand may not be fu'.y satisfied for about 1! days of the year.

3. PV array cost of 50% to 200% of the base-case assumptions was used 10 assess the
impact of PV array cost variations.

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

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

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

7. A reduction in well yield to 2 m3/hour to account for situations where pumping rate
must be limited so that excessively high drawdown does not occur during contizuous
pumping.

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

9. Halving the number of persons served per standpipe to assess the impact of making
the number of persons served at a standpipe approximately equal to the number
served at a handpump.

‘The Base-Case assumptions: Insolation - 5 kWh/m?/day; well cost - $2,500: water table
depth - 20 m; diesel uel cost - $0.50/liter; 3 days water storage for PV system: 6 hours per
day use of water point; 20-year analysis time frame; one weli per village for PV and diesel
systems; and adequate well yield.
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Life-Cycle Cost Competitiveness

VARIATION WITH VILLAGE POPULATION SIZE AND WELL CHARACTERISTICS
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Exhibit V

Life-Cycie Cost Compelitiveness
VARIATION WITH VILLAGE POPULATION SIZE AND WELL CHARACTERISTICS
(40 LPCD)
WATER WELL VILLAGE POPULATION SIZE
DEPTH COSsT 0 500 1000 1500 2000
I— 1 1
L $339
200 $1500
208 $2500
200 $5000
sovi $5000

B e
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$5,000 to $10,000 each, and insolation is 6-7 kWh/m?/day, PV would be the preferred tech-
nology for villages with populations ss small as 200 persons.

At a 40-1pcd consumption level, PV is the least cost technology for even smaller
villages. Village sizes where PV is competitive range from O to 800, depending on insoiation
and well characteristics (see Exhibit V). The average village size where PV is competitive
is about 400 persons. As in the previous case, PV competitiveness occurs at increasingly
smaller village sizes as well cost and water table depth increase.

Exhibit VI shows competitive water costs, per capita initial capital costs, and cor-
responding village sizes under average (Base Case) conditions. When water consumption is
20 lpcd, average cost of water from a PV pumping system is about $0.44/m3, or about
$3.20/person per year. At a 40 Ipcd consumption rate, average water cost is about $0.93/m?3,
or about $13.60/person per year.

Exhibit VI
Least Water Cost Technologies for Various Village Sizes
Under Average Well Conditions®

Insoiation: § kWh/m?/day

Least Village Si:.. Per Capita
Water Cost Range Water Cost Capital Cost
Iechnology {no./village) ($/cubij

<~ - 20 liters/person/day water consumption - -—>
Handpump 0 - 1,000 0.50 20
Photovoltaics 1,000 - 2,000 0.38 - 0.50 19 - 24
Diesel > 2,000 0.20 - 0.38 6-10
S 40 liters/person/day water consumption --=-ecececeeaaa-" >
Handpump 0-80 1.35 105
Photovoltaics 80 - 800 0.50 - 1.35 50 - 125
Diesel > 800 0.35 - 0.50 20 - 25

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

Exhibits VII and VIII show the sensitivity of PV competitiveness to 8 number of vari-
ables when water demand is 20 and 40 ipcd, resp ctively. Analyse: e conducted under
average conditions (i.e., insolation at 5 kWh/m?/day and 20-m water depth and a well cost
of $2,500). The principal observation is that the village size at which water from PV
becomes cheaper than that of handpumps does not vary significantly, even with major
changes to important variables. The two exceptions for the cases occur when well yield is
limiting and when a minimum of two wells is used. i i i
Mman bl ven on a per capita initia apits




Exhibit Vil
SENSITIVITY ANALYSIS, /!
Life-Cycle and Per Capita Initial Cost Competitiveness "

SCENARIO

Wates Consumption Level - 20 LPCO
inzoiation Level - SkWh/M */Day
%ell Cost - $2500

Water Depth - 20 M
VILLAGE POPULATION SIZE
0 1000 2000 3000 4000

BASE CASE

DAYS WATER STORAGE
P.Y., 8§ HMOURS/DAY

HANDPUMP USE,
20-YEAR SYSTEM LIFE)

DIESEL FUEL COSTS
(SI/LITRE)
=2 X BASE CASE

ONE-DAY WATER STOR-
AGE FOR P.V. SYSTEM

§ YEARS
(172 BASE CASE)
10-YEAR ANALYSIS
TIMEFRAME
LEGEND
_Ae-Cycie Cost Competitiveness Range initial Cost Competrtivenass Ronn=
Handpump
PV Pump
Diesel Pump Zpump < PV PV < Handpump
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Exhibit Vil (Cont'd)
SENSITIVITY ANALYSIS

Life-Cycle and Per Capita Initial Cost Competitivenecs

SCENARIO

VILLAGE POPULATION SIZE
3000

12 MOURS/DAY USE

[3 - YEAR HANDPUMP LIFE;
MANDPUMP O2M = 40% OF
CAPITAL COSTS)

VERY HIGH RELIABILITY
(2-WELL MINIMUM)

LOW WELL YIELD
(2 m/HOUR)

REIDUCED WATER DELIVERY
RATE (99% OF BASE CASE)

REDUCED STANDPIPE SERVICE
(% MO. OF PERSONS/ST
LEGEND
Lite-Cycle Cost Cornpetitiveness Range initial Co.  Competitiveness Rang .
% Diesel Pump Handpump < PV PV < Handpump

11



Exhibit vill
SENSITIVITY ANALYSIS
Life-Cycle and Per Capita Initial Cost Competitiveness

SCENARIO

-

Water Consumption Level - 40 LPCD
insolation Level - 5 kWh/M?/Day

- Well Cost - $2500

Warer Depth-20 M

VILLAGE POPULATION SIZE
1500

BASE CASE

%:l‘l WATER STORAGE
PV, & KOURS/DAY

HAMDPUMP USE;
20-YEAR SYS" EM LIFE)

DIESE.. FUEL COSTS
(SV/UTIE)
= 3 X BASE CASE

ONE-DAY WATER STOR-
AGE FOR P.V. SYSTEM

LIFE =
S YEARS
(1/2 BASE CASE)

10-YEAR ANALYSIS
TIMEVRAME

LEGEND

Life-Cycie Cost Competitiveness Range inimal Cost Competitiveness Range

e

Handpump < PV PV < Handpursc
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Exhibit VIil (Con¥d)
SENSITIVITY ANALYSIS
Life-Cycie and Per Capita Initial Cost Compelitiveness

SCENARIO

Water Consumgtion Level - 40 LPCD
insolation Level 5 kWh/M?/Day
Well Cost - $2500

Water Depth - 20 M

VILLAGE POPULATION SIZE
1000 1500 2000

0 500

12 NOURS/DAY USE

[8 - YEAR MANDPUMP LIFE;
HANDPUMP O4AM = 40% OF
CAPITAL COSTS]

VERY wiGH RELIABILITY
(-WELL MINMUM)

LOW WELL VIELD
(2 m*HOUR)

REDUCED WATER DELIVENY
RATE (90% OF BASE CASE)

LEGEND
—_—

Life-Cycle Cout Competitiveness Range Initial Cost Competitiveness Range

———— DiweselPump Handpump < PV PV < Hangpuro
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POPULATION (MILLIONS)

Exhibit IX

REGIONAL PUMPING SYSTEMS POTENTIAL DEMAND DISTRIBUTION
Total Potentia! Demand - 264 MWp

Exhibit X

POTENTIAL POPULATION SERVED BY HANDPUMPS, PV & DIESEL
Total Rural Population Without Access to Safe Water - 928 Mill. (1983 Est.)
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A very large population can be served cost effectively by PV water supply systems.
Exhibit IX presents 2 preliminary estimate of regional markets for PV water pumping sys-
tems. The market is of the order of 250 MWp, which is several times current worldwide PV
production capacity. Additionally, rural populations are continuing to grow at a rate of 30
to 35 million persons per year. If PV retains its market share, the annual demand for PV
for this new population is nearly 10 MWp per year. These assessments are based on gurren®
costs of PV,

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

Exhibits XI and XII show the sensitivity of water costs to changes in installed PV
array cost for 20- and 40-Ipcd demand, respectively, under base case assumptions. The
impact of PV array costs on the market for PV is shown in Exhibit XIII. As the exhibit
shows, if array costs decrease to $4/Wp installed, the market for PV increases by about 426,
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 ana'yses:

1. Under average insolation and well conditions, at a 20-Ipcd water use, PY sucplies the

£0 to 800 persons. As well costs increase, PV becomes competitive at even smaller
village sizes. The potential market for PV RWS systems that can serve villages in the
cost-competitive size range is immense, many times the current worldwide PV manufac-

turing capacity.

2. Contrary to conventional wisdom that claims PV is a capital-intensive technology, the

.

analysis shows the i
ven | I ; ¢ hand hicl titionall idered 3 low-cost
technology.

3. vj ilies. In
the competitive range when water demand is 20 lIpcd, cost of water from PY systems is
equivalent to less than 2% of the annual income for a person in a poor developing

! The handpump market segment includes populations to be served by surface water
sources. Data were not available for disaggregating this marke? segment any further. It is
conceivable that ™V or diesels could be the power source fo: pumping water from non-
gravity-fed surface water sources.

3Note that the present analysis did not consider other pumping power sources such as

wind power which, in suitable areas, might pump water more economically than PV or dies-
els. A wind technology competitiveness analysis was beyond the scope of this study.
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Exhibit XI
WATER COST VARIATION WITH PV ARRAY COST

BASE CASE PY ARRAY=—§8,/Wp, WELL COST=§2500, DEPTH=204, 20 LPCD, NSOL=8
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Exhibit XII
WATER COST VARIATION WITH PV ARRAY COST

BASE CASE PV ARAY=48/Wp, WELL COST=$2500, UEPTH=20M, 40 LPCD, INZOL=8
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country.® Saunders and Warford of the World Bank note that "a frequently used rule-
of -thumb" is that a rural, near-subsistence family "should never have to pay more than
about 5% of their income for water.™*

These inferences have two far-reaching implications for both rural water supply sys-
tems pianners and for PY pumping system manufacturers:

1. PY water suoplv projects are cost effective and affordable, They can be implemented
- -§i vi . In
addition to providing water at lower cost than handpumps, the water supply project
will also produce other benrefits such as a more convenient water source that can be
expanded incrementally as the village grows, without drilling additional wells,

2. The potential market for PY pumping svstems in the economically competitive range is
very large. Therefore, investing in the development of PV pumping products specifi-
cally tailored to suit the application requirements will have a high payoff. The poten-
tial market is of the order of 250 MWp for typical PV pumping systems of about 1-3
kWp each, for supplying 12-40 m?*/day of water from intermediate and deep water
tables. These systems would serve villages with 300 to 2,000 persons.

PV provides a technically feasible and economic means for supplying water to0 moder-
ate-sized viilages. Previously, the only alternatives were diesels or handpumps where grid-
electric-powered or gravity feed water supply systems were infeasible. The PV pumping
systems, with their low recurrent costs, now provide the rural water supply planner a cost-
effective slternative technology to handpumps and diesels. Planners should investigate the
suitability of PV for their specific needs. Where necessary, assistance could be sought from
internatioual and Dilateral donor organizations for assessinz the feasibility of PV systems for
specific applications and for procuring the systems.

A number of important institutional and organizational concerns must be addressed
and resolved in the project design to ensure that a PV-based RWS system can be operated
successfully in a rural setting. These concerns are also pertinent for handpump- and diesel-
based RWS systems. These issues include the following:

0 The demand for water must be accurately determined.
o Users must be educated on responsible water use.

o Extent and type of community involvement in specifying requirements, installation,
opzration, and maintenance of the system must be established.

0 A responsive and reliable maintenance system must be established. In particular, the
relative roles of the community and the public sector authority must be delineated.
Appropriate training must be provided to community personnel on cperation and
maintenance of the system.

*Water cost when well costs are $2,500 and insolation is § kWh/m?/day is $0 40/m?
Ipcd. Assuming a per capita annual income of $200, annual water expenses are 1.5% of per
capita inccme (excludes water hauling cost).

4Saunders, R.J. and J.J. Warford, *Village Water Supply: Economics and Policy in the
Dzveloping World." The Johns Hopkins University Press, 1976, pp. 187-188.
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0 The aquifer must be carefully tested to ensure that it is capable of delivering water
at the expected pumping rate over the system’s lifetime, without unacceptably high
drawdown.

0 The well must be properly designed, sited, and constructed to ensure that high-
Quality water is obtained and poten:ially damaging sand pumping does no: occur.

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

Additionally, a number of field applications of PV-powered RWS systems should be
monitored and/or field tests conducted in appropriate villages in various regions of the
world. These case study documentations will assist in convincing RWS planners in devslop-
ing countries and in donor organizations that PV is an appropriate power source for RWS
systems. Furthermore, these investigations will help identify and resolve unexpected prob-
lems that might emerge and aid in developing project design guides.

PV pumping system manufacturers must work closely with water supply planners to
ensure that the technology is well matched to the water resource characteristics and user
2eeds. and satisfies ease of insta'lation, reliabilit/, maintainzgbility, and other functional
requirements of the user.®* The manufacturers need to convince potential users and deci-
sionmakers that PV should be the technology of choice for suitable water supply schemes.

Accessing the large potential market will require an extensive education and inform-
ation dissemination effort directed at decisionmakers in developing countries and in inter-
rational donor organizations. Decisionmakers must be convinced that PV can provide the
service reliably and fit into the infrastructure being built to serve rural water supply sys-
tems.

*The UNDP/World Bank Handpump Project is an excellent source of information on
technical requirements of rural water supply techrologies, and on the infrastructure typically
available in developing countries for installing, operating, and maintaining RWS schemes.
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1.0 INTRODUCTION

1.1 Background

Water supply is regarded by the international community as a "basic human right®
and an integral component of any primary health care program aimed at eliminating water-
borne diseases and morbidity. In 1980, the United Nations launched the International Drink-
mg Water Supply and Saritation Decade (1981 - 1990) with the goal of providing safe drink-
ing water and sanitation to all rural and urban populations. While the Decade has succeeded
thus far in expanding water coverage, nearly gne billion people living in the rural areas of
developing countries remain without access to a safe and reliable supply of water.! In-
volved development agencies have re-examined the progress achieved to date and concluded
that the problems are many and varied. They encompass the technical performance and
reliability of rural water supply pumping systems, the lack of adequate infrastructure to
support systems, and the shortage of funds to pay for these systems.

A safe, reliable, and convenient water supply is critical to rural development and
economic progress in developing countries. Groundwater sources, rather than limited, tradi-
tional surface sources, are preferred for rural water supply for sanitary reasons. Ground-
water resources require the use of a pumping technology. In an effort to promote the
development of reliable, low-maintenance, and low-cost pumping technologies, the United
Nations, World Bank, and associated international sgencies have investigated water supply
systems based on handpumps, photovoltaics, and diesel pumping technologies.

The handpump is presently the most commonly used technology for rural water supply
despite problems associased with the handpump including high failure rates, limited water
withdrawal rates, and uneconomical use of expensive wells. The United Nations Development
Programme (UNDP) and World Bank are attempting to solve some of the problems associated
with handpumps by designing pumps which can be operated and maintained at the village
level.? While diesel-based systems tend to have s low initial cost, they also tend to have a
very Ligh recurrent cost. Diesel systems also require skilled maintenance and operating
staff as well as a reliable supply of fuel. Recent improvements in the cost and performance
of PV pump systems have greatly improved their potential for rural water supply (RWS)
application.

Previous siudies carried out by the UN, World Bank, and government agencies have
sought to define the technical, infrastructural, and economic factors of haadpump, PV, and
diesel technologies. "Smalil-Scale Solar-Powered Pumping Systems: The Technology, Its
Economics ard Advancement” by Sir William Halcrow and Partners, examined PV water
pmping technology through a laboratory test program. The "Evaluation of International PV
Projects® cunducted by Meridian Corporation in 1986 was a systematic cost and performance
analysis of PV-powered systems as an energy technology for use in remote areas of the
developing world. While the Meridian study concluded that PV is cost competitive with

1United Nations General Assembly, Economic and Social Council, *Progress in the
Atmainment of the Goals of the International C nking Water Sup,..y and Sanitation Decade,”
March 6, 1985.

3Arlosoroff, S.; G. Tschannerl; D. Grey; W. Journey; A. Karp; O. Langeneffer; and R.
Roche, "Community Water Supply: The Handpump Option,” A joint contribution by the United
Nations Development Programme and the World Bank to the International Drinking Water
Supply and Sanitation Decade, Washington and New York, May 1987,
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diesel for selected ranges of water supply application, the focus was on pnmping technology
rather than on comparative periormance within the total rural water supply system.

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

1.2 Study Objectives

The purpose of this study is to determine under what circumstances PV pumping sys-
tems can compete technically and economically with handpumps and diesel pumps for supply-
ing water to rural communities, The specific objectives are as follows:

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

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

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

4. Identify the functional 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 rural communities with no access to grid elec-
tricity or safe surface water sources.

1.3 Audience for the Study

This study provides information useful to rural water supply planners who select
Wwater supply technologies to suit the needs of rural communities. It will also aid planners
in determining a piche for PV, diesel, and handpump water supply systems based on water
depth, village size, level of demand, insolation levels, and cost and performance of the

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 been developed
to guide PV manufacturers in development of appropriate technology for the rural water
supply market.

1.4 Organization of the Report

Chapter 2 this study examines the water supply needs in rural communities in
developing nations. 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 in meeting
the rural water supply needs in developing countries.

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

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

The detailed analysis results aad 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)

Africa
-Urban 222250 (69 mitlion, 43%) ©
- Rurd e B e R G e e (252 mlﬂbﬂ. 71 “)

Asia and the Pacific (excluding China)
-Urban  LZZZT2727777727770 (162 mitlion, 33%)
- R,u[‘l e e A R A e A

S

(599 million, 54%)

Latin America & the Caribbean
-Urban  EEZX7 (38 mitilon, 15%)
- Rural stz (85 miltion, 51%)

Western Asia
-Urban @ (1.5 million, 5%)
- Rural B (12 milron, 50%)

* In parentheses: 1) the total number of people by sector without access fo safe water supplies; and
2) the percent of that sector’s total population without safe water suppiies.

Source: United Nations General Assembly, Economic and Social Councdl, “Progress in the Attainment
of the Goals o! the International Drinking Water Supply and Sanitation Decade,” March 8, 1985,
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2.0 RURAL WATER SUPPLY REQUIREMENTS

The United Natious estimates that ocver one billion people in the world currently lack
access to an adequate supply of clean water (see Exhibit 2-1). Over 75% of these people
live in rural areas of developing couatries where populations are growing fastest and where
basic services are the poorest. Contaminated water is a major source of disease and death
in these parts of the world. Consequently, providing clean water to these areas has become
a major health priority for both multilateral development institutions and individual gove' -
ments.

Southeast Asia, Eastern South America, Eastern Mediterranean, and Africa are the
regions with the largest unserved populations. Rural populations are growing at a rapid
pace, and development organizations and governments have not been able to install safe
water supply systems at > rate fast enough to even maintain historic levels of coverage. As
a result, the problew: has »=z3 wursening with time.

The safest supply of water is natural springs or wells that tap groundwater. Access-
ing safe groundwater supplies involves installing wells and various pumping equipment. In
the absence of a safe water supply, most rural people have to rely on surface water from
rivers, streams, ponds, or lakes to meet their needs. These surface water supplies are
generally contaminated with various pollutants, commonly containing traces of human and
animal wastes.

A high correlation exists between communities that have to rely on surface water
and various crippling and fatal diseases that are borne by human and animal waste. Conse-
quently, the World Health Organization (WHO) has determined that the “provision of a safe
and convenient water supply is the single most important activity that could be undertaken
to improve the health of people living in rural area;."®

In response to the growing health crisis, the United Nations Development Programme
(UNDP) launched the 10-year program, "The International Drinking Water Supply and Sanita-
tion Decade® (IDWSSD) in 1980. The goals of this ,.rogram are to bring safe water to all
rural people by the year 2000. An integral part of this program involves installing rural
water pumping systems in villages. The United Nations Development Programme resident
representatives have been designated to coordinate the United Nations Programme with
external support for this initiative ia each country.

2.1 Water Demand

The demand for water varies by region and depends on the climate, convenience,
usage patterns, customs, and the degree of management to minimize waste. The regional
variation in per capita water consumption is illustrated in Exhibit 2-2.

The major factor in determining water demand is convenience. The World Bank has
determined that "if there is a supply in the house or courtyard, consumption may be five or
more times greater than if water has to be fetched fiom a public water point.*® Converse-

3United Nations General Assembly, Economic and Social Council, *Progress in the
Attainment of the Goals of the International Drinking Water Supply and Sanitation Decade,”
March 6, 1985.

“The World Bank, *Village Water Supply,” 1984, p. 32.



EXHIBIT 2-2
Range of Water Consumption by Region

LITERS PER CAPITA PER DAY

(Ipcd.)
REGION Minimum Maximum
Africa 15 35
Southeast Asia 30 70
Western Pacific 30 95
Eastern Mediterianean 49 85
Europe (including Algeria, Morocco, 20 65
and Turkey)
Latin America and the Caribbean 7 ° 190
World Average 35 90

Source: World Bank, "Village Water Svpply” 1984, p. 32.

EXHIBIT 2-3
Average Regional Water Table Depths

AVERAGE DEPTH OF

WATER TABLE
LOCATION (meters)
South America 10 - 20
Central America 10 - 20
North Africa & Middle East 20 - 50
West Africa 15 - 30
East Africa 15 - 30
Southeast Asia & Pacific 5-20

Source: Diiscussions with Dr. Robert Roche, World Bank, March 1987 and IT Power, Inc.
waier supply databases.
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ly, if water has to he carried more than a mile, consumption may be as low as § liters/
capita/day, which is close 10 the minimum needed to sustain life.

Convenience is also a critical factor in determining whether people will use a clean
water source. If a newly installed well is not sufficiently convenient to use because of its
location and the time spent waiting at the faucet, people often revert to using their old,
often polluted surface water sources.

2.2. Water Resources

The availability of surface water in rivers, streams, lakes, and ponds has been suf-
ficient to maintain rural commuaities, but at 8 major cost to their health and investment in
time. The major source of clean safe water is groundwater. The critical factor that has a
major impact on the cost and ease with which clean water can be provided to rural com-
munities is the depth of the ~aler table, the cost of drilling wells, and the cost of sus-
taining the pumping technology.

The depth of the water table can vary considerably by area. As a result of various
meteorological and geological factors, some generalizstions can be made about the depth of
the water table on different continents. As shown in Exhibit 2-3, the average depth of the
water table is greater in Africa (ranging between 15 to 25 meters) than in Southeast Asia
(ranging between 5 and 15 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 lifts less
than 20 meters, and 85% have lifts 25 meters and less.®

The cost of drilling wells also varies fairly dramatically from one region to the next,
even though basic well-drilling techniques and equipment may be similar. For instance, in
East Africa the cost of drilling 2 15- to 20-meter well may be about $2,500; while the cost
of drilling the same well in West Africa may be as high as $5,000 to $10,000. These large
variations in well drilling costs are generally attributed to the lack of business competition
. 8 regioa and the price structure for equipment and lator.

23 Major Problems in Meeting Water Supply Needs in Rural Areas of Developing
Countries

The major challenges in developing safe water supplies in the rural areas of develop-
ing countries are financing, technical training, suitable technology development, and institu-
tion tuilding to manage installation and ensure the reliability of rural water pumping sys-
tems. These rural water supply problems need to be addressed in a coordinated way in
order to achieve any lasting success.

The International 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 new input of Zunds, providing for rural
water supply has sometinies been hampered. The major problem, after finencing, has been
maintaining system reliabili*: in the field. In certain parts of the world, installation of
new pumping systems has led to disappointing results -- the number of pumping systems that
is breaking down are outpacing the number of new systems being installed. The solution to
this problem lies in three basic strategies.

$Arlosoroff, op, git,, p. 27.
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First, the pumping technology must be appropriate for village-level operation and
maintenance. Overly sophisticated technologies that require spccialized parts and expertise
to mainiain have most often led to failure. In response, the World Bank has established
criteria for handpump design that require village-level operation and maintenance {(VLOM).
The technology n.ust be simple and reliable enough that it can be exntirely maintained by a
village technician, and spare parts should be simple, cheap, and stockpiled at the village
level.

Second, local institutions should be eacouraged and developed to easure the neces-
sary management to install and maintain pumping systems. As the World Bank has con-
cluded, "The highest potential for sustainability is achieved when the community is involved
in all phases of the project, starting from the planning stage. If the scheme is to continue
to operate satisfactorily, people in the villzges have to recognize the need for improved
service, be able and willing to pay for the maintenance cost (and eventually the construc-
tion cost), and be willing to manage its maintenance.*®

Third, financing for rural water supply systems generally requires some level of
development organization and/or government f unding, especially at the beginning. There is
a continuing debate about the extent to which rural communities can be expected to pay for
water pumping systems. There are two major factors that generally lead to the conclusion
that some form of outside assistance is needed for financing capital equipment and installa-
tion: (1) the political coordination needed to collect payments from community members for
a major capital investment is usually burdensome to the point that nothing proceeds; and (2)
there is a strong tendency for rural people to return to their old contaminated water sour-
ces as soon as major delays, distances, or costs are encountsred at a clean water source.
Conversely, the cost of maintaining a pumping system can be and generally is cssumed by
the rural community.

2.4 Current Status of Rural Water Supply Technologies

In rural, nonelectrified areas, the most common means for drawing wsier from wells
are human- and animal-powered pumps and diesels. Handpumps are by far the most common
mechanical water pumping technology despite the problems relating to reliability and main-
tainability of the pumps. Recognizing these difficulties, the World Bank and UNDP with
support from & number of multilateral and bilateral aid agencies embarked on a program to
develop workable handpumps and sanitation technologies for the developing world. The
program has spent over $30 million to date. The program has resulted in the development
of the "Afridev*” k>ndpump which meets the reliability and maintainability criteria.

Diesel-powered pumps are a familiar technology in many developing countries. If the
infrastructure ir in place for supplying fuel and for maintaining the engines, diesels are a
cost-effective power source particularly for supplying water to larger rural communities.

Relative to handpumps and diesels, PV-powered pumps are a pumping technology 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 PV pumps. Research and develop-
ment activiti~~ aimed at improving PV pump performance and reducing costs are ongoiny.

%Arlosoroff, gp. cit., p.3.

TEast African Team of the UNDP/World Bank Handpump Project, "The Afridev Pump:
Designed for Community Management,” Executive Printing Works, Nairobi, Kenya, February 1987,
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More details on these pumping technologies ~an be found in Appendix A.
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Exhibit 3-1

PUMPING SYSTEM CONFIGURATIONS
PV- or Dissel-Based Rural Watsr Supply System with Storage and Standpipe Distribution

) Pump
NOTE For shaliow ang
.--nmnum
i ey [EP
Exhibit 3-2

HANDPUMP-BASED RURAL WATER SUPPLY SYSTEM
One Handpump Per Group Of Households

LD~

50 3O

Ry ~ocy
B
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3.0 SELECTED RWS CONFIGURATIONS AND PERFORMANCE DATA
31 Technology Configurations Evaluated

The choice of technology will depend on a number of parameters inciuding village
size, per capita water demand, well characteristics, and cost and technical performance of
the equipment. The following three systems are being compared:

1. Handpoumps. Each handpump installed on a well serves a certain number of persons.
The number of persons served depends on the per capita water demand, the number of
hours a pump is us>d daily, and the amount of time a person is willing to spend gath-
ering water. Handpumps are typically used for water demands up to about 40 liters/
capita/day (Ipcd). If the village has more people than can be supported by one hand-
pump, then two or more handpumps are used. The principal handpump system com-
ponents are the handpump and the well.

2. PY pumping svstems. Each PV pumping system provides water to one or more stand-
pipes (public faucets). The number of persons served at a faucet is determined as in
the handpump case. If the village has more people than can be supported by one
standpipe, then two or more standpipes are used. One well with a PV pump is used to
supply water to all standpipes, unless well-yield limitations prevent an adequate amount
of water to be withdrawn from the well. In such cases, two or more wells zre needed,
or batteries are used to operate the pump over a loager period at a lower pumping
rate. The principal PV pumping system components are the PV array which directly
converts sunlight into electricity; motor and pump; optional controls, battery, and
power conditioning equipment; well; witer storage tank; distribution network; and
standpipes.

3. Diesel pumping svstems. The diesel pumping system is identical to the PV pumping
system except that the diesel pump replaces the PV pump. The principal diesel pump-
ing system components are the diesel engine or generator set, fuel tank, pump, motor
(if electrical), water storage tank, water distribution network, well and standpipes.

The analysis will not consider yard taps (house connections) as the principal purpose
of this analyzis is to determine the niche between handpumps and diesel pumps where PV
pumping is competitive, and handpumps are not commonly used to provide water to indivi-
dual households in developing countries. The same analysis method, with minor modifica-
tions to account for the increased water distribution costs associated with yardtaps, can be
used to assess the competitiveness of PV with diesels for yardtaps. The analysis also as-
sumes that in the case of diesel engines, fuel is readily available throughout the year.

Exhibits 3-] and 3-2 show typical confizuratiorLs of PV, diesel and handpump RWS
systems. As Exhibit 3-1 shows, the difference between a PV and a diesel system is the
power source. In the case of handpumps (Exhibit 3-2), one pump is used by a group of
households in a village. For example, if the village has 100 households, five handpumps may
be provided.

Water pumping systems have been configured for three general application ranges:
(1) shallow water tabl~; (2) low-flow, intermediate and deep water table applications; and (3)
high-flow intermediate- and deep-water table applications. For each conf iguration the
equipment capital costs, system life, performance, and operation and maintenance (O&M)
costs were estimated for handpump, PV, and diesel-based water suppl; systems. These data
serve as input for ths competitive assessment of the pumpiag technologies. This section
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presents a block diagram of the configured systems and provides key input data for each
system. More detailed iaformation is provided in Appendix A.

The selected equipment configurations are based on the recommended application ranges
of commercially available motor/pump sets. These limits are a function of water table depth
and daily water demand. For example, surface-mounted centrifugal pumps are limited to
applications wher» the water table depth does not exceed 7 meters at sea level. Beyond 7
meters, a centrifugal pump will luse suction (i.e., the ability to draw water from the well).
For intermediate and deep-vell applications, the choice is a jackpump or submersible motor/
pump set. The determinant in these cases is required daily flow. At a water depth of 20
meters, jachpumps are s good choice for water if demand is below 30 cubic meters per day.
For demand more than 30 cubic meters per day, a submersible motor/pump set is preferred.®
The represeniative pumping configurations should be viewed as examples only. Depending on
specific circumstances, other pumping technologies may be better suited.

3.2 Shallow Water Table Depth Applications (< 7 Meters Water Table Deptt:)

The major components of handpump, PV, and diesel RWS systems are shown in
Exhibit 3-3,

The handpump system coasists of a well and suction handpump. A Tara suction
handpump has been us~d as a representative technology. The Tara is a "new generation
handpump,” typical of current shallow-well pump technology, and considered suitable for
water supply at depths of up to 15 meters. The Tara is a simple direct-acting handpump
which is regarded as relatively easy to manufacture, maintain, and repair.

The photovoltaic pumping sysiem consists of a well with a surface-mounted single-
stage centrifugal pump powered by a DC motor. Power is supplied to the pump through a
control system. Controls help improve the pump/motor efficiency by matching the current/
voltage characteristics of the array to that of the motor/pump set.

The preferred diesel pump configuration for shallow pumping applications with a
pumping head in the 3- to 10-meter range is a diesel engine directly coupled to s surface-
mounted centrifugal pump. The diesel engine commonly used in these types of rural pumping
applications in developing countries is a two-cycle engine with a large flywheel. The typicsl
pump is a centrifugal pump that is mounted on, and operates entirelv, from the surface.

33 Intermediate/Deep Water Table Depth Applications (20-40 Meters Water Table Depth)

33.1 Low Flow (< 30 m?%/day)

Block diagrams of the handpump, PV, and diesel systems configured for an inter-
mediate/deep water table depth, low-flow application are shown in Figure 3-4.

Handpump system data such as capital costs D&M requirements, and' life for this
epplication were based on data for two commercially available handpumps, the Mark II, the
Volanta, and the newly developed Afridev which is highly regarded by the UlTDP/World Bank
Handpump Project.

SKenna, J. and B. Gillet., “Solar Water Pumping: A Handbook,” Intermediate Technology
Publications, London, UK. 1985.
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Exhibit 3-4
INTERMEDIATE/DEEP WATER TABLE SYSTEM CONFIGURATIONS (<30M/DAY)
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The photovoltaic system selectsd is a PV array directly connected to a surface-
mounted DC wotor which drives a jackpump. The system includes power conditioning equip-
ment to match the cyclic power demnand characteristics of a jackpump to the more con-
tinuous PV power supply.

The preferred diesel pump configuration for intermediate well depths of about 20 to
40 meters is a diesel engine directly driving a jackpump. The diesel engine commonly used
in this configuration is a four-cycle engine. The pump commonly used in this application is
a positive displacement pump using a derrick arm design and a submerged pump cylinder.

3.32 High Flow (> 20 m?%/day)

Block diagrams of handpump, PV, and diesel systems configured for an intermediate/
deep water table depth application are shown in Exhibit 3-5. The handpump system con-
figuration is the same as in the low-flow case.

The photovoltaic system consists of a well, PV array, controls and inverter, snd ac
motor/pump set in the case of an ac system. A dc motor/pump set is used “or motors ks
than a 1 kW rating. Controls are used with dc system. The system uses a mclti-stage
centrifugal pump with a submersible motor. For power demands greater than 1000 W, an ac
system powering a submersible ac motor which operates s multi-stage ceatrifugal pump is
assumed. The ac motor/pump set is similar to 8 number of systems powered by grid elect-
ricity that have been used for many years in developing countries. Controls und an inverter
are needed for the ac system.

The diesel pump configurstion is a diesel engine driving an electric generator which
in turn drives an electric motor and pump. The diesel engine commonly used in this con-
figuration is a four-cycle engine with an ac generator. The pump is 8 centrifugal submer-
sible pump with an electric motor. Because the submerged pump requires electric conductors
only between the diesel gen-set and the bottom of the well, installing the pump is easier
than the jackpump design discussed earlier,

34 Use of Batteries in PV Water Pumping System

Bzrteries are sometimes used in PV water pumping systems and serve a number of
purposes:

o If water storage costs are high, battery storage may be the preferred alternative.

0 Because the batteries act as a constant voltage source they can be used to operate
the pump under optimal conditions. The gain in pump efficiency results in 8 reduced
PV arnay size and may compensate for both battery energy losses and the cost of
the battery.

o If the well yield is limited, such as in areas of West Africa where well yield is 1-2
m?/hour,® a battery is needed to allow the pump to operz*~ over a longer period of
time at & reduced pumping rate. If a battery was not used, the pumying rate would
be proportional to sunlight intensity and at around noontime, the pumping rate could
exceed well yield. There have been cases in which pumps have been damaged due to

PArlosoroff, gp, cit., p. 53.
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excessive drawdown caused by 100 high a pumping rate. The alternative to batteries

would be to drill extra wells and reduce the amount of water withdrawn from each

well. i
il

The analysis will consider the effect of using batteries on PV system viability.

|

35 Key Input Data Assumptions

Exhibit 3-6 is a tabulation of daca used in the analysis. Detailed data are shown in
Appendix A. The analysis is conducted for three "worst month” plane-of -array insolation
levels of 4, 5, and 6 kWh/m3/day. As Exhibit 3-7 shows, these plane-of-array insolation
ranges are representative of the values occurring in most of the developing world. These
data are used to perform comparsiive analyses of handpump, PV, and diesel pumping tech-
eologies for various application scenarios.
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Exhibit 3-8
INPUT DATA ASSUMPTIONS

PARAMETERS WATER TABLE DEPTH
Shallow Intermediste Deep
1. Lin® (Meters, Suction/Discharge) 5/10 20/10 20/10
2. PV Motor/Pump Efficiency® 25% 35% 35%
PV Motc */Pump Efficiency (with battery) 45% 45% 45%
PV Arrsy Efhciency 10% 10% 10%
PV Balance of System Efficiency 0% 90% 90%
Battery Efficiency 80% 80% 0%
3. Diesel Fuel/Water Efficiency® % % 8%
4. Water Storage (equivaie™t days of average
- pyd daily consumption) 3 3 3
- Diesel® 1 1 1
S. Water Ccnsumption (liters per capita per 20,40 20,40 20,40
day-LPCD)!
6. Worst Month Insolation On Plane of Array 4,58 456 4,56
(kWh/m*/day)9
7. Operstion & Maintenance
(% of Capital Cost/yr)
- Non-Mechanicsl Equipment N 1% 1% 1%
- Handpumpi 15% 10% 10%
- PV Arrayl 1% 1% 1%
- Motor/Pump Set ! 10% 10% (< 30 m*/day)
5% (> 30 m*/day)
- Diesel Engine Set! 15% 15% 15%
8. Equipment Life (years)
- Handpump® 10 10 10
- PV Array! 20 20 20
- Motor Pump™ 10 (20 - 40, Head, < 30 m*/d = 18 yrs)
(20 - 40, Head, > 30 m*/d = 7.5 yrs)
- Diesel Engine” 10 10 10
- Battery ] 5 5
9. Handpump Capital CostsP $ 200 $500 + 8 * Water Table Depth (m)
10. Submerged Centrifugal PumpP $ 275 + 25°Hecd + 75°(hourly flow rate (m*))
11. Diese! Engined $ 3000 + 200°kW ‘*~v over 3 kW
12. Diese! Gen-Set” $ 5000 + 240°kW, for over 3 kW
12. Water Storage CostsP $ 1000° (Volume in cubic meters)0-5
14. Battery Storage $ 200/kWh
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Exhibit 3-8
INPUT DATA ASSUMPTIONS

(Cont'd)
PARAMETERS WATER TABLE DEPTH
Shallow Intormediate Deep
15. Labor® .
- Central Maintenance MA $ 4/day $ 4/day
- Area Mechanic $ 4/day $ 4/day $ 4/day
- Village Attendant $ 4/day $ 4/day $ 4/day
18. Attendant
- Handpump (hre/day/pump) 0.5 0.5 0.5
- Standpipe (hre/day/standpipe) 0.5 0.5 0.5
- PV pump (hrs/week/pump) 2 2 2
- Clesel (hra/day) g 8 [
17. Well Cost $500 $1500, 2500, 5000 $5000
18. Piping Cost 36/m $8/m $8/m
19. Standpipe Cost $150 $i80 $150
Number of tape/standpipe 2 2
20. Delivery Rate (/min)P
= Handpump 20 18 12
- Standpipe 18 18 18
21. Discount Rate % 10 10 10
22. System Analysis Lifetime (Years) 20 20 20
23. PY System Capital Costs ($/Wp) Up to Array Bize (Wp) Asray Cost Motor/Pump Cost
200 $8.00 $7.00
500 7.78 4.25%
1000 7.80 2.50
> 1000 7.28° Seoe Note®
24. Viilage CharocteristiceP
- Number Houssholds/Hectare 28
= Percent income Spent on Water %
- Wage Earning Work Hours/family 20/day
- Walking Speed 3 km/hour
- Minimum Water Cemand 10 ipecd
- Household Blze 8 persons



NOTES FOR EXHIBIT 3-6:

ammh--mmamnuddwmhmwwmmmm
siorage and distribution related head requirements.

h!ﬂdomydwmmlmmh aver, MM(lmdonmuhd
“8mali-Scale Solar Powered Pumping 8 hu::%nT ts Economics and Advancement.”

Main Report UNDP Project GLO/80/003 umhd by the Worid M)

¢. Diesel system overall operating efficiency, J. Kenna, “Cost and Performance Data on Diesel Engine
Generators and Pumps,” SANDS7-7109 (Albuquerque: Sandia National Laboratories, May 1887).
mmwnm.m.

hrPV ariance and poak demand. The level of stor.
requiremenls inuhﬁouv po 9% svailability ( .090
Naﬂon:uh.ﬂu).

©. Water siorage for diesel zystem based on recommended practice (Associates in Rural Cevelopment
(ARD) - Botswana, an% Republic of the Philippinss - National Water Resources Council, March 1980).

L. Watar consumption sensitivity analysis values.
g- insolation zensitivity analys’s values.

ummmmmmmwbm“unnrmmm
Hand gump Project estimates.

L Handpump, motor/pump set ancs diesel engine set are based on scheduled and unscheduled
raaintenance requirements.

[ O & M values for PV array are based on typical values used by industry.

lemhmnnmmﬂuuovmwmmvmmmmm
approximately 6 hours per day.

L PV array life baser! on DOE accelerated testing programs and related field experience.

mwm/mntuhmmmmﬂmm»mmammm
pump life. For intermediate ard deep well spplications, two mctor/pump set lives ars used: for
less than 30 m*/day, a jackpump system is Jdesignated with a life of approximately

mm'*mcmmn-mmmmmmu1 0 years);
for demands grester than 30 m*/day a submersible motor motor/pump set is used with life of 7.5 years (Life
estimates for submersibies ranged from 5 years by A.Y. “icDonald and ARD 10 7 - 12 years by Grundfos).
n. Diesel engine life (Kenna, op. cit)
" v coet 01§ 0.78Wp dbed to PY svey cons T inD o eficiency dferences. Ase
anUNDPMMﬂHmm
QWMWM&MOW Identification Rer s, 1985.
r. Meridian Corporation, op. cit.
s. Estimates for labor rate by UNDP/World Bank Handpump Project.
tWWMmIWpMMMhMaWMMMh “Solar Powered

Pumping Systems: Their Performance, Cost and
Costs " o e and Economics,” July 1988 and PV industry quotes.
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Exhibit 3-7
AREAS OF THE WORLD IN WHICH SOLAR RADIATION
(IN THE WORST MONTH) FALLS BETWEEN
3.5 70 5.2 KWH/M'/DAY AND 5.2 TO 7.0 KWH/M*/DAY

v
PRERTE 2 fhe

BRSO

w—p §5r007

Lom thes 1.5 Kwh/m? /doy 351052 Kwh/m? /dsy
D Centact menulacture. .

Source. EPI Technical Series. The Cold Chain Product Information Sheets, 1986/1987, No. 1.
Expanded Frogram on Immunization. WHO/UNICEF EPI Technical Series

D $.210 7.0 Kwh/m? /day




4.0 METHODOLOGY
4.1 Technology Comparison Basis

A key feature of the analysis is that technologies are compared when they are
providing the same level apd guality of service. Service quality and level are defined as
follows:

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

2. The tim= spent by villagers gathering water is the same across all three water supply
systems. Therefore, the gost 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 a handpump is the time spent pumping the water. In the case
of PV or diesel pumping systems, water collection time is the amount of time spent by
a villager at the standpipe waiting for the water container to fill 10

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

Since the level and quality of service are the same across all three technologies, the
benefits derived from the water provided will be equal across all three technologies. There-

WHMWMMWMWJMW
an_important advantage of the procedure used in the evaluation.!? Since the water gather-

1%The analysis does not take into sccount the greater effort needed to pump the water
using the handpump.

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

13Cost 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., "Compoundirg
and Discounting Tables for Project Analytis,” EDI Series in Economic Development, Second
Edition, The Johns Hopkins University Press, Baltimore and London, 1984, p. 189,

4-1



Exhibit 4-1
METHODOLOGY OVERVIEW
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ing cost (*haul cost®) is the same across all three technologies for a specific village and
water demand level, haul costs are not included in the cost analysis.

42  Analysis Procedure

This procodlire draws on and extends some of the analytical concepts used by the
World Bank in its water pumping technology evaluations.!® The principal analysis sieps are
outlined in Exhibit 4-1 and briefly described below:

WW Data needed for the analysis fall into three general categor- °
e5

1. Village Characteristics. These include population density, percent of income spent
On water, minimum water requirements, household size, productive work hours per
family, maximum water load carried, walking speed, and other factors needed to
estimate the amount of time a villager is willing to spend gathering water. Some
of the above information together with technology performance data is used to
calculats the nuwber of persons served at cach water supply point.

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

3. Cost Data. These include unit installed costs of equipment (e.g., PV array cost in
$/Wp), operation and maintenance costs, fuel costs, and labor costs. This in-
formation is needed to calculate the iniiial capical and life-cycle costs of the
three water supply systems.

i i Per capita water consumption is a key decision
variable. The analysis is conducted at two water consumption levels, although other values
could easily be used. The two levels are 2C and 40 liters per capita per day (lpcd). In
African countries, 20 Ipcd is the sverage quantity of water used for domestic consumption in
rural areas. Twenty Ipcd is used to represent the case of minimal water use. Forty Ipcd is
the World Health Organization-recommended level of wate- consumption. It also represents
higher consumption levels observed in Asia and Latin America.

Estimate amount of time a person is willing to spend gathering water. A water demand
curve developed by the UNDP/World Bank Handpump Project is used to calculate the time s
person is willing to spend gathering water. The curve shows the relationship between per
capita water Gemand (liters/capits/day) and water-gathering time (hours/m?®). Therefore,
when per capiia water demand is known, time spent gathering water can be caiculated.

-~ ipg ti i i Water collection time
has three components: time spent walking to and from the water point, queuing time, and
wawr collection time. Both walking and queuing time depend on the number of persons
served per water point and other factors. For example, for a given household density
(houses/hectare), *« the number of persons served per water point increases, eac™ person,
on the average, will have to walk further to reach the water point. Also, as the number of

1The World Bank, "Rural Water Supply and Sanitation: Time for Change,” Unpublished
typescript, June 1986.
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persons per water point increases, each person will have to wait longer to gain access to

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

vi ion si is. Village population sizes are set at multiples of
the number of persons served per water point. For example, if one water poin: serves 200
persons, 2 water points will be required for a village of 400. and 10 water points are needed
for a village of 2,000. In the case of a handpump system, cach water point consists of one
well and a handpump. For PV and diesel systems, a number of water points will require one
or more wells,!* distribution piping, and a storage tank. Each well has a pump and an
associated power generator.

Calculate system component sizes. Standard engineering analyses are used to calculate

system component sizes. In the case of the handpump system, siziug only involves selecting
an appropriate pump that matches the water table depth. In a PV system, the number cf
wells, the PV array size, pumping rate, and battery capacity (if used), storage tank size, and
piping length are computed. The components in a diesel system are similar to the PV
system; the only variations are that the PV power source is replaced by a diesel, no battery
is needed, and a different pump is usad.

Calculate system costs. For each water supply system, corresponding to the previously
defioed village sizes, the fllowing costs are computed:

initial capita; costs

annualized capital costs

rnnual operation and maintenance costs
water costs ($/cubic meter)

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

Grachical output. The model generates graphical output showing the variation in water cost
and per capita initial capital cost with village population size for each of the three tech-
nologies. These graphs are useful in answering questions such as: "What is the techrology
that can supply water at the least cost for a villnge of 1,000 persons if each person is to
receive 20 Ipcd?® or "Which technology has a lower initial cost per person served if the
village has 400 people and each person needs 40 Ipcd?” Sample output is shown in Exhibit
4-1 and other examples can be found throughout the following sections of this report.

Sensitivity analvses. The model can perform a large number of "what if® analyses. This
capability is an important festure of the model. It enables the model to be used for site-
spocific analyses or to assess the sensitivity of the technology choice to key uncertsin data.

Mwagner, H. M., "Principles of Operations Research,” Prentice Hall Second Edition,
1975, Chapter 20. The handpump is represented »s 3 single-server model with Poisson input
and exponential service. Since cach standpipe has two taps, the standpipe is depicted as a
two-server model with Poisson input and expunential service.

¥More than one well is needed if the well yield is limited, or if very high reliability
provided by the availability of two or more wells is required.




Uncertainties could include diesel fuel cost, PY array cost, solar insolation, pump efficien-
cies, life of handpump and other equipment, labor costs, etc.

The analysis procedure has been programmed using Lotus 1-2-3 Rclease 2.0 soft-
ware.!® The program includes several macros to help conduct the analyses, print reports,
and generate the graphs. A detailed description of the model is g/ven in Appendix B,
Sample model output is shown in Appendix C.

1%Lotus Development Corporation, "Lotus 1-2-3," Release 2.0, Cambridge, Mass.
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5.0 COMPETITIVE ASSESSMENT AND SENSITIVITY ANALYSES
5.1 Scenarios Analyzed

The objective of the analysis is to determine where PV water pumping systems would
be economically viable for supplying water to rural communities when compared to hand-
pumps and diesel pumps. The anal,ses were conducted for per capita water consumption
levels of 20 and 40 liters/day. Numerous sensitivity analyses were also conducted to assess
how the conclusions are affected by key data uncertainties. The scenarios described in
Exhibit 5-1 are analyzed for the 20 and 40 liters per capita/day water consumption levels
(Ipcd). A total of 56 cases was analyzed.

Exhibit 5-1
SCENARIOS EVALUATED AND SENSITIVITY ANALYSES CONDUCTED

A. For 20 and 40 lpcd water demand, plane-of -array worst-moath insolstion levels of 4, 3,
and 6 kWa/m?/day and the foliowing well characteristics:

- $500 cost aad 8 5 m depth (e.3.. Dangladesh)
= $1,500 cost and 8 20 m depth (e.5.. parts of Iadis and East Africa)
-umm—u-m-mmm;

- $35,000 cost aad 8 20 m depth (e, West Africs)
- $5,000 cost and 8 40 m depth (0.5., West Alrica)

This coasists of a total of 30 sceaarios.
B. mnummmmmmuawwwbrmuu
following parameters from the Base Case:’

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

2. One day of water storage for the PV system instead of three days. Thres days of
water storage ensures tha: 99% of the Lime the designated water demand (e.§., 20 or
40 iped) is available. Whia one dsy cf storage is wsed, svailability is about 7% or
demand may not be fully sstisflied for sbout |) days of the year.

3. PV wrray cost of 50% 1o 200% of e base-case assamplions was used 10 assess the
impact of PV array cost variations.

4. Raduction in headpump life from 10 10 5 years was wsed 10 evaluate the impect oa
PV competitivensss of shorer hasdpump life.

$. A reduction is snalysis lifetims from 20 10 10 yeans.

6. Use of ot least two wells per village for PV sad dissel systems t0 easure very high
water supply relabiluy.

7. A reduction in well yield i 2 m®/hours 10 sccoust for situstions where pemping rate
must be limited 50 thet excemively high drawdown does not occur dering contisvous

8. A reduction is water delivery rates of handpumps and standpipes to reflect water
colisction issfTiciencies.

9. Halving the sumbe of persons served per standpipe 10 smsess the impact of making
the susber of persoas served of & standpips approdimetely equal 10 the aumber
served ot 8 handpump.

“The Dase-Case assumptions: Insolation - 5 kWh/m®/day; well cost - $2,500; water table

dopth - 20 m; dissel Muel cost - $0.50/liter; ) days water storage for PV system; 6 hours per
day we of weter poiat; 20-ysar saalysis time frame; one well per villags for PV sad disssl
systems, nad adequets well yield.
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Exhibits 5-2 and 5-3 show sample graphical output from the analysis for the base
case. Exhibit 5-2 shows the variation in water costs as a function of village population size
for handpump, PV, and diesel pumping systems. Waier costs for the PV systems are shown
for insolation levels of 4, 5, and 6 kWh/m3/day. The z-i;lk shows thet at an ineslatior cf §
kWh/m3/day, water from a PV system becomes cheaper than water from handpumps at a
village size of about 1,000 persons. At village sizes greater than 2,000, least cost water is
obtained from a diesel system. As insolation increases from 5 to 6 kWh/m?/day, the range
of village sizes for which PV is competitive increases to between 800 and 1,200 persons.

Exhibit 5-3 shows how the per capita initial capital cost changes with increasing
village population size. Diesel systems have the lowest per capita capital costs after a
village size of about 800 persons. However, the very high recurrent costs of diesels must
be noted as well. Per capita capital costs of PV become cheaper than those of handpumps
at 1,200, 1,800, and 2,600 persons per village at insolation levels of 6, S, and 4 kWh/m?/day,
respectively.

Similar graphs for the other cases meniioned in Exhibit 5-1 are shown in Appendix
D. The graphical results are summarized and anaiyzed in the following sections.
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Exhibit 5-4
Life-Cycle Cost Competitiveness

VARIATION WITH VILLAGE POPULATION SIZE AND WELL CHARACTERISTICS

(20LPCD)
WATER WELL VILLAGE POPULATION SIZE
DEPTH COST 0 1000 2000 3000 4900
— 1 [ i i
L] $300
|
2004 $1500
2084 $2500
20M $5000 =
40 $5000

LEGEND

mcmmc«wmuum
(I
[ mE

4 5 8 Inzolation Level (kWh/m?/day)

"__'- Dieset Pump
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5.2 PV Life-Cycle Cost Competitiveness at 20 LPCD Consumption

Exhibit 5-4 shows the life-cycle cost competitiveness ranges for the three tech-
nol.gies as a function of village population size, insolation, and wel! characteristics.

For 20 lpcd water consumption, PV is the preferred techanlogy for a village of about
1,500 persons. When a well costs $2,500 and the water table is 20m deep, PV is the com-
petitive technology at &n insolation level of 5§ kWh/m3/day for a village of 1,000-2,000
persons. Wher insolation is 4 kWh/m3/4ay, the competitive range narrows to 1,200-1,900
persons/village. Correspondingly, as insolation increases, PV is the competitive technology
for a large range of village sizes (800 to 2,200 persons per village at 6 kWh/m3/day insola-
tior). As well cost and water table depth increases, PV becomes competitive at smaller
village sizes.

In some West African countries, where wells cost between $5,000 and $10,000 each
and insolution is 6-7 kWh/m3/day, PY would be the preferred technology for villages with
populations as few as 200 persons, if water table depths are around 20 meters. At higher
water table depths, for example, 40 meters, PV would provide lower-cost water even for
villages with very sraall populations in West Africa.
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Exhibit 5-5
Life-Cycle Cost Competitiveness

VARIATION WITH VILLAGE POPULATION SIZE AND WELL CHARACTERISTICS

(40 LPCD)
WATER WELL VILLAGE POPULATION SIZE
DEPTH CosT 0 $00 1000° 1500 2000
1 1
S 500

2088 $1500

2088 12308

20M $35000

4o $5000

PV Pump
4 5 @ Insolation Level (kWn/m?/day)
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53 PY Life-Cycle Cost Competitiveness at 40 LPCD Consumption

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

At 40 lpcd of water consumption, PV can provide lowest cost water than the al-
ternatives for even smaller villages when compared to consumption levels of 20 Ipcd. Vil-
lage size where PV is competitive ranges from 0 to about 900, depen2ing on insolation and
well characteristics. The average village size for which PV is competitive is about 500
persons. As in the previous case, PV competitiveness occurs in smaller villages as well
costs increase.
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EXHIBIT 5-6

Least Water Cost Techuologies for Various Village Sizes

Under Average Well Condiiions®
Insolation: 4 kWh/m?/day

Least Village Size Per Capita
Water Cost Range Water Cost Cepital Cost
Technology (no/villase)  ($/cybic meter) ($/person)
< - 20 liters/person/day water consumption - - ->
Handpump 0 - 1,200 0.50 20
Photovoltaics 1,200 - 1,500 0.46 - 0.50 22 - 24
Diesel > 1,500 0.20 - 0.46 6-11
<==== 40 liters/person/day water CONSUMPLION ==eemmmecmcoaanaoo >
Handpump 0-9 1.35 105
Photovoltaics 90 - 560 0.60 - 1.35 50 - 105
Diesel > 560 0.35 - 0.60 20 - 28

‘Awwucondi:ion:mnumubhdepthmdsz

,300 well cost.

Least Water Cost Technologies for Various Village Sizes

Usnder Average Well Coaditions®
Insolation: 5 kWh/m?/day

Least Village Size Per Capita
Water Cost Range Water Cost Capital Cost
Tzxchnology {no /village) i

< 20 liters/o2rs0n/day water consumption weeee>
Handpump 0 - 1,000 0.50 20
Photovoltaics 1,000 - 2,000 0.38 - 0.50 19 - 24
Diesel > 2,000 0.20 - 0.38 6-10
R = 40 liters/person/day water CONSUMPLION ~---vvercemccnacana. >
Handpump 0-80 1.35 105
Photovoitaics 80 - 800 0.50 - 1.35 350 - 125
Diesel > 800 0.35 - 0.50 20 - 25

® Average well conditions: 20m water table depth and $2,500 well cost.
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54 Water and Capital 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 «f 4, S, and 6 kWh/m?/day are shown in the exhibit.

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

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

From a RWS system implementation perspective,”the above observation means that PV
Rumping svstems can be installed at a cost equal to or less than & bandoump svstem,

EXHIBIT 5-6 (Cont'd)
Least Water Cost Technologles for Various Village Slzes
Under Average Well Conditions®

Insolation: 6 kWh/m?/day

Least Village Size Per Capita
Water Cost Range Water Cost Capital Cost
Technology (no/village} _ ($/cubicmeter) ____ ($/person)
<==== o 20 liters/person/day water consumption ---- ————— ->
Handpump 0 - 800 0.50 20
Photovoltaics 800 - 2,200 0.35 - 0.50 17 - 24
Diesel > 2,200 0.1 - 0.35 6-9
L ceerecccscnenan 40 liters/person/day water consumption =--==cccecececcnncana >
Handpump 0-175 1.35 105
Photovoltaics 75 - 800 0.50 - 1.35 40 - 105
Diesel > 800 0.35 - 0.50 20 - 25

® Avenage well conditions: 20m water table depth and $2,500 well cost.
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Exhibit 5-7
CAPITAL COST COMPARISON OF A HANDPUMP AND PV RWS PROJECT

mmwumpnwsm
UNICEF/Uganda Ministry of Water & Mineral Resources,
Water Development Depariment
Exampie: mmamcwnmmmmm
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\\% m‘rmﬁ J;I

\

CURRENT HANDPUMP RWS SYSTEM EQUIVALENT PV RWS SYSTEM
AVERAGE CAPITAL COST ESTIMATED CAPITAL COST
(10 HANDPUMPS)



For example, Exhibit 5-7 compares the initial capital cost of handpump and PV RWS systems
in a 2,000 person village in the Luwero Triang'e srea in Uganda. The handpump system
costs, water resource characteristics, number of persons served per watetpomt (handpump),
and water demand ar» based on UNICEF expenenCes in the pro;ect area.}” The PV system
costs are based on insclation of § kWh/m3/day in the worst month,!® 20-meter water table
depth, 52,500 well, same number of persons served per waterpoint as in the handpump case,
and other cost and performance data as reported in Appsndix A. The comparison clearly
shows how a PV RWS system could have an initial capital cost similar to that of a hand-
pump s'stem. The initial upml cost of the handpump system is $16/person which UNICEF
reports is among the lowest in Africa. The comparable PV system cost is $16.50/person, or
only 3% higher than the handpump system cost.!®

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

1Twolfe, P., "Signs of Self Sustaining Development: A Successful Water Supply Program-
me in Uganda,” Develooment Business, No. 222, May 15, 1987.

18photovoltaic Design Assistance Center, *Water Pumping: The Solar Alternative,”
SAND87-0804, April 1987, p. A-8, Figure A-7: Insolation Availability (Latitude Tilt, Summer).

194 comparable initial cost of $20/person was reported by David Kinley for a PV water
supply system serving 2,000 persons in Baie de Henne, Haiti. (Kmley. D., 'Susta:mble Water
Supplies in Developing Countries,” v v v -

ment Conference Proceedings, May 4-6, 1987, p. V-52.
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Exhibit 5-8
SENESITIVITY ANALYSIS
Life-Cycle and Per Capita Initial Cost Competitiveness

SCENARIO
Water Consumption Level - 20 LPCD
insolstion Level - SkWh/M }torm
Well Cost - $2500
Water Depth - 20 M
VILLAGE POPULATIOM SIZE
0 1000 2000 3000 4000
BASE CASE
mns WATER STORACE
P.V.. 8§ HOURS/DAY
HANDPUMP USE:

20-YEAR SYSTEM UFE)

DIESEL FUEL COSTS
(SV/UTRE)
=2 x BASE CASE

ONE-DAY WATER STOR-
AGE FOR P.V. SYSTEM

AANDPUMP LIFE =
5 YEARS
(1/2 BASE CASE)

190-YEAR ANALYSIS
TIHEFRAME
LEGEND
Lite-Cycle Cost Competitivensss Range intial Cost Competitiveness Range
. S —— e —
% Dresel Pump Handpump < PV PV < Handpump
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5.5 Sensitivity Analyses for 20 LPCD Consumption

Exhibit 5-8 shows the sensitivity of PV competitiveness to a number of variables
when water demand is 20 Ipcd. The analyses are conducted under average conditions (i.e.,
inso'1tion at 5 kWh/m?/da; and 20-m water depth and a well cost >f $2,500).

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

The cost-competitiveness point between PV and diesel is highly sensitive to the input
assumptions. The reascn for the sensitivity is that the water costs from PV and diesel sys-
tems are sunulu for larger village popuhtwn mes (see Appendlx A) Mmm

ive vi . In
such instances when PV and diesel costs are similar, PV may be preferred due to its greater
reliability, unless there is a capital shom;e Therefore, when determining the relative
competitiveness of PV to diesel, it is critical to gather accurate and representative data.

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

Exhibit 5-8 (Cont'd)
SENSITIVITY ANALYSIS

Life-Cycle and Per Capita Initial Cost Competitiveness
VILLAGE POPULATION SIZE
0 1000 2000 3000 4000

12 HOURS/DAY USE

(5 - YEAR HANDPUMP LIFE:
MANDPUMP O8M = 40% OF
CAPITAL COSTS)

VERY HIGH RELIABILITY
(3-WELL MINIMUM)

LOW WELL YIELD
(2 mHOUR)

REDUCED WATER CELIVERY
RATE (90% OF BASE CASE)

REDUCED STAMDPIPE SERWVICE
(% HO. OF PERSONS/STANDIIPE)




Exhibit 5-9
SENSITIVITY ANALYSIS
Lite-Cycle and Pecr Capita Initial Cost Competitiveness

SCENARIO

Water Consumption Level - 40 LPCD
insolation Level - 5 kWh/M?/Day

Well Cosi - $2500
Water Depth - 20 M
VILLAGE POPULATION SIZE
0 500 1000 1500 2000
BASE CASE
u”. WATER STORAGE
P.Y.; § WOURS/DAY
useE:
20-YEAR SYSTEM
DIESEL FUEL COSTS
(S1/LITRE)

= 2 x BASE CASE

OMNE-DAY WATER STOR-
AGE FOR P.V. SYSTEM

LIFE =
8 YEARS
(1/2 BABE CASE)

10-YEAR ANALY SIS
LEGEND
Liie-Cycie Cost Compettiveness Range inimal Cost 'Zompettiveness Range
[ wsmw -
B wies e
% Diesel Pump F::::::v ma
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56 Sensitivity Analyses for 40 LPCD Consumption
Exhibit 5-9 shows sensitivity analys.s results when water demand is 40 lpcd.

The principal observation is that the village size ranges for which PV is competitive
with handpumps and diesels vary only slightly between scenarios. Typically, water supplied
from a PV system is less costly than water from a handpump at a village size of 50-100
persons. The corresponding PV /diesel cost-competitiveness point is 800-1,200 persons. Also,
even on & per capita capital cost basis, PV is the less costly option when the village popu-
lation exceeds about 100 persons.

Exhibit 5-9 (Cont'd)

SENSITIVITY ANALYSIS
Life-Cycle and Per Capita Initial Ccst Competitiveness

VILLAGE POPULATION SIZE
0 500 1000 1500 2000

12 MOURS/DAY USE

(5 - VEAR HANDPUMP LIFE;
HANDPUMP OAM = 4% OF
CAPITAL COSTS]

VERY MIGH RELIABILITY
(2-WELL MININUM)

LOW WELL YIELD
(2 my/HOUR)

REDUCED WATER DELIVERY
RATE (90% OF BASE CASE)

REDUCED STANDPIPE SERVICE
(Y NO. OF PERSONS/STANDPWE)
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Exhibit 5-10

ESTIMATION OF POTENTIAL MARKET FOR PV WATER PUMPING SYSTEMS
NOTES-> A

. € D [ F
ABSUMED WORST
RURAL POPLTN. ESTIMATED POPULATION MONTH  ASSUMED PY COST
WITHOUT SAFE REGIOMAL IN AREAS ISOLTM. WATER USE COMPETITIVE

WATER ACCESS WELL COST WATERTABLE KW/ RATE VILLAGE SIZE
REGION (MILLIONS) (5) >1088 (MILL) M2/DAY (LPCD) (PERSONS)
AMDEAN COUNTRIES T 2500 10 s a8 75-800
CENTRAL AMERICA & CARIBBEAN 2 2500 10 4 e 78-500
EQUATORIAL AFRICA ™ 5600 @ 5 20 8§60-2000
CASTERM & SOUTHERN AFRICA . 2300 2 5 20 1000-2000
FAR EAST & THE PACIFIC 250 2500 ™ s ™ 75-800
INDIAN SUSCONTINENT a2 1560 124 3 40 200-800
LATIN AMERICA (N.EC.) * 2 2500 10 ' e 75-500
MNDOLE EAST & NORTH AFRICA 110 2500 . . 20 1200-2000
SAWEL 10 $000 9 . 20 250-2500
TOTAL 2 w7
NOTES-> G " J X L
POTENTIAL POTENTIAL POTENTIAL
%POP.IN  POPULATION  POPULATION  POPULATION KAXIMUM
VILLAGES SERVED BY SERVED BY SERVED BY EQUIVALENT
WHEREPY  PVSYSTEMS  WP/SURFACE DIESELS PV NEEDED
REGION COMPETYV. (MILLIONS) (MILLIONS) (MILLIONS) PR
ANDEAN COUNTRIES Py P P 5 .
CENTRAL AMERICA & CARIBBEAN 1 1 2 ® 3
EQUATORIAL AFRICA e 24 s ° »
EASTERN & SOUTHERN AFRICA 2 10 4 ) 12
FAR EAST & THE PACIFIC @ 32 123 o 8
HDIAN SUBCONTINENT % 37 m 02 0
LATIN AMERICA (N.£.C.) 1 1 10 % 4
MIODLE EAST & NORTH AFRICA 25 7 . 2 n
SAMEL & 7 1 1 7
TOTAL 137 [ 192 284
Mobes:
A 1953 estimate, Chins is nol included due o lack of data. Sewce: Repert of the Secretary General 10 the UN 1o the Ecenemic

mmwunumm.m&nm*unmmwnmﬂ
Sanitstion Decade,” A/48/108, March 1988,

mmmmmmmmm

Aythor estimates, bassd on knowisdgy «- M-—-mmummumdmm
ive in areas where water iable ic shallew
Mm““ﬂm“h”"(“!m%im}.

Source: Werld Bank, Village Water Supply, 1984.
wmﬁn“umhmuuu-mwmmum-.o.mg
Based on village populstion dint-“tiens in indis repert~ m.mmmdwnmuvmm
un-hmm-mmm.mmu California st Berksley, California, 1988,

np

prmo

(Colurmn A - mcr:tmnmnm-&muwmmnmnmm
disiributions from Dr. Reche. Surisce: Surface Water Sources.

(Column A)(Column H)-(Columa J)

0.81°(38 m)*(Column £)/1000°(Column H)/[3.6°(PV pump oif)*(PVY BOS o)’ (Column D))

* N.EC. - Not visowhere considered.

rp &2
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5.7 Market Estimate for PV RWS Systems I

A very iarge population can be cost-effectively served by PV water supply systems.
Exhibit 5-10 presents a preliminary estimate of regional markets for PV wa'sr pumping sys-
tems and the number of persons served. The market is of the order of 250 MWp, which is
several times the current worldwide PV production capacity. Additionally, rural populations
are continuing to grow at a rate of 30 to 35 million persons per vear. If PV retains the
market share estimated in Exhibit 5-10, the annual demand for PV for this new population is
nearlr 10 MWp per year.

Exhibit 5-11 shows that the largest demand for PV is likely to be in Asia and the
Pacific region, followed by Africa. Demand is expected to be relatively small in Latin
America and the Caribbean. Exhibit 5-12 shows the breakdown of population served by
hancpumps, PV, and diesel. Handpumps are expected 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 could not be
made due to lack of data. It is quite possible that PV 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 tased on the availability of reliable fuel supplies
and mainteaance services in rural areas. In many parts of the world, particularly in Africa,
diesels have a poor operating record. - If diesels are infeasible, PV pumping systems could
likely replace them.3®

Other analyses?! report that considerable opportunities exist for PV RWS systems at
20-40 m water table depths. Zimbabwe is an example, where a typical village requires 12-25
m%/day of water.?? Water table depths in Zimbabwe range from 15-50 m. In a World Bank-
funded project in Niger, 16,000 boreholes will be drilled and equipped with handpumps for
supplying villages from a 20-40 m deep water table. These villages could be se1vad econom-
ically and reliably with PV at a cheaper per capita 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 reliability record; over 50 percent of the handpumps previously installed are in-
operative. India will soon be implementing a five year $1.62 billion rural water supply

Note that the present analysis did not consider other pumping power sources such as
wind power, which in suitable areas, could pump water more economically than PV or dies-
els. A wind technology competitiveness analysis was beyond the scope of this study.

3 eguerne, JR and Lascand. "An Analytical Approach to a PV Water Pumping Sys-
tem,” and Vespisrian B., “The Application of PV to Water Pumping and Irrigation in Africa.”
Proceedings, 3rd European Economic Community Photovoltaics Conference, D. Reidel, Boston,
1980.

Bward, P.R.3., et al. “Solar Powered Ground Water Pumping for Medium Heads, Chal-

lenges in African Hydrology and Water Resources.” Proceedings of the Harare Symposium,
IAHS Publication No. 144, 1984.

BMeridian Corporation and IT Power, Inc. “Photovoltaics Project Identification Initia-
tive,” Interim Report to Sandia National Laboratories, October 1986.
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project that aims to provide water to 270,000 villages.>* The average per capita cost is
expected to be $20-50, which is within the cost-competitive range for PV as shown earlier.

In summary, the analyses clearly show that PV-based rural water supply systems are
currently economical not only on a life-cycle cost basis, but also on an initial capital cost
basis. The potential marke: for PV waier supply systems that can serve villages in the 500
‘0 1,000 size range is immense, many times the current worldwide PV manufacturing cap-
acity.

MZavala, A., Water and Urban Development Department, the World Bank, April 1987,
personal communication.
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Exhibit 5-13
PRELIMINARY ESTIMATE OF PV PUMPING SYSTEM SPECIFIC)TIONS

02-5

A A B C D E
ASSUMED AVERAGE AVERAGE TOTAL
WATER AVERAGE PV POWER WATER NO. OF
INSOLATION DEMAND VILLAGE SIZE SYSTEM DEMAND MYDAY VILLAGES
REGION KWH/MY/DAY (LPCD) (# OF PERSONS) SIZE (Wp) PER VILLAGE #
Andean Countries 5 40 500 1211 20 KOO
Central America & Caribbean 4 40 300 908 12 3
Equatorial Africa § 20 1300 1574 26 18462
East Afnca ] pui} 1500 1817 k1] 6667
Far East and Pacific 5 40 S00 211 20 64000
Indian Subcontinent ] 40 S00 1211 20 74000
Latin Amenca (N.EC)* 4 40 300 Y8 2 1313
Middle East 4 2 1800 2825 36 11667
Sahel 6 20 1500 1514 o 4667
Total/Average 706 1453 22 194128
Minimum 300 908 R
Minimum 1RO 2728 16

Notes: A From market potential estimation table (Exhibit 5-10
B. Average of village size range in Exhibit 5-10.
C. Estimated as in column 1 in Exhibit $-10.
D. Village size times per capita demand.
E. Potential population served by PV (column H in Exhibit S-10Wvillage size.
* N.EC. - not cisewhere considered




53 PV Pumping System Specifications

Information in Exhibit 5-10 was used to obtain a preliminary 2stimate of PV pumping
system specifications. The estimation procec:re and the specifications are shown in Exhibit
5-13. The exhibit shows the size of the PV pumping systems, the daily water demand per
village, and the number of villages categorized by region.

Typical system sizes range from | kWp to 2.7 kWp, supplying 12 to 36 m%/day of
water from a well at a water table depth of about 20 meters. The average system is 1.5
kWp and supplies 22 m?*/day.

This information chould be used with extreme caution as it is based on many assump-
tions. For example, depending on the village size ranges as reported in Exhibit 5-10, the
power requirements per system could range from 0.2 kWp to 3 kWp (see Exhibit 5-14).
Uncertainties are due to a lack of accurate information on village size distribution and local
or regional water table depths. However, the information in Exhibit 5-13 is useful in ident-
ifying typical system sizes needed for rural water supply. Further investigations arc needed
before system specifications can be defined more accurately.

EXHIBIT 5-14
Variability of PV Pumping System Specifications

PV PUMPING SYSTEM SIZE (Wp) RANGES
(BASED ON VILLAGE SIZE RANGES IN COLUMN F, EXHIBIT 5-10)

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

1817 3028

MAXIMUM
® N.E.C. - Not elsewhere considered
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Exhibit 5-15
WATER COST VARIATION WITH PV ARRAY COST

BASE CASE PY ARRAY=$3,/Wp, WELL COST=$2500, DEPTH=20M, 20 LPCD, INSOL=5
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Exhibit 5-16

WATER COST VARIATION WITH PV ARRAY COST

BASE CAST PV ARRAY=$8/Wp, WELL COST=$2500, DEPTH=20M, 40 LPCD, MNSOL=8
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59 Cost Competitiveness Sensitivity to PY Array Cost Variations

Exhibits 5-15 and 5-16 show the impact of installed PV grrav costs (excluding pump
and otl:er costs) on the cost competitiveness of PV-based RWS systems relative to hand-
pump: aad diesels, for 20 and 40 Ipcd demand, respectively. The aualysis is conducted vsing
base case assumptions. Both exhibits demonstrate that the range of village sizes for which
PV is the competitive power source is very sensitive to the cost of the PV array.

At 20 lpcd demand, if the installed PV array cost drops to $4/Wp (0.5 times base
case cost), then the cost-competitive village size range is 700 to 3300 persons. If the cost
of a PV array is more than $12/Wp, then PV is not a cost effective aiternative unless well
and/or diesel costs are high.

At 40 Ipcd demand, PV becomes less costly compared to handpumps at about 50-75
persons per village. The PV/handpump cost competitive point does not vary significantly
with changing array costs. In contrast, the PV/diesel competitiveness point is strongly
influenced by PV array cost. For example, at $16/Wp, PV is the least cost technology for
villages of less than 400 people. At $4/Wp, PV is the lesst cost technology for villages
with less than 1000 people. Therefore, a fourfold increase in PV array cost results in a
2.5-fold increase in the competitive village size. In the 400 to 1,000 village size range, the
cost of water from PV is similar to that from diesels. Accordingly, PV would be a pre-
ferred power source as PV has s lower recurrent cost and is more reliable than diesels, if
there is no shortage of capital.
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5.1  Impact of PV Array Cost on PV Market Size

Using information in Exhibits 5-15 and 5-16 and similar graphs for other well cost/
insolation combinations, the impact of PV aniay cost on PV market size was computed. The
methodology described in Exhibit 5-10 was used in the market estimation. The impact of PV
array costs on the market for PV is shown in Exhibit 5-17. As the exhibit shows, if array
costs decrease to $4/Wp installed, the market for PV increases by sbout 42% to 376 MWp.
Conversely if installed array cost is $12/Wp, the market declines by 57% to 113 MWp.
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6.0 CONCLUSIONS
Three importaat conclusions emerg. from the snalyses:

1. Under average insolation and well conditions, ai water demand levels of 20 Ipcd,
vi o
i . - S E
ing in si . As well costs increase, PV becomes
competitive at even smaller village sizes.

In the 20 Ipcd case, for villages of fewer than 1,000 persons, handpumps are the
least-cost technology; for villages of more than 2,000 persons, diesel systems can
supply water more cheaply. When water demand is 40 Ipcd, handpumps are the
least cost technology only when village size is less than 100 persons. The sen-
sitivity analyses showed that the village size for waich PV is competitive with
handpumps is not significantly influenced by input data assumptions.

2. Contrary to conventional wisdom that claims PV is a capital-intensive technology,
the analysis shows that the per capita initial capital cost of PV svstems is simi ilar
{ gven ] : ; ) whic} litionall idered
alow-cost techpology.

In the 20 Ipcd case, for villages of 1,000 to 2,000 persons, per capita initial cost
is $19-24 for the PV system, when the well cost is $2,500. In comparison, hand-
pumps have an initial capital cost of $20/capita.?® In the 40 Ipcd case, for
villages cf 80 to 800 persons and = well cost of $2,500, a PV system's initial cost
is $50-125/ capita. The corresponding initial cost for a handpump system is
$105/capita.

3. PV systems can provide water at s cost acceptable to rural families. In the
competitive range when water demand is 20 Ipcd, the cost of water from PV
systems is equivalent to less than 2% of the annual inconw for & person in a poor
developing country.?® Ssunders and Warford of the World Bank note that "a
frequently used rule-of-thumb,” is that s rural, near subsistence family "should
never have to pay more than about 5% cf their income for water."37

These inferences have two far-reaching implications for both rural water supply
system planners and for PY pumping system manufacturers:

3The UNDP/World Bank estimates that rural water supply project costs range from
$10-30/capita for handpump schemes to $30-60/capita for standpipe schemes. See:
Arlosoroff, gp, git., p. 2. Note that traditionul standpipe schemes based cn diese! power
have much higher recurrent costs compared to PV.

¥When 8 =1l costs $2,500 and insolation is S kWh/m?/day, water cost is 77.40/m? for
20 Ipcd water consumption level. Assuming a per capita annual income of $200, annual
water expenses are 1.5% of per capita income,

Saunders, R.J. snd J.J. Warford, "Village Water Supply: Economics and Policy in the
Developing World." The Johns Hopkins University Press, 1976, pp. 187-188.



viliages. In addition to providing water at lower cost than handpumps, the sche-
me can also obtain other benefits such as a more convenient water source that
can be expanded incrementally as the village grows without the need for drilling
additional wells,

; \ . . e
Ihe potential market for P * Y_oumpicg svstems in the economically competitive Tz = .
moge is very large, Therefore, jnvesting in the develooment of PY pumping s licat, . 3ill hava & hiid
pavoff. The poreziiai market is of the order of 250 MWp for tveical PV pumping
systems of 1-3 kWp each, for supplying 12-40 m®/day of water fiom intermediate

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

PV provides a technically feasible and economic means for rural water supply suthor-
ities to provide water to moderate-sized villages. The previous alternatives were diesels or
handpumps where grid-electric or gravity fed systems were infeasible. Planners should
actively investigate the suitability of PV for their specific needs. Where necessary,
assistance should be sought from international 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 organizational concerns must be addressed
and resolved in the project design to ensure that a PV-based RWS system can be operated
successfully in a rural setting. These concerns are also applicable to handpump and diesel
RWS systems. These issues include the following:

[¢]

The expected demand for water must be accurately determined. An inadequate
supply or inconvznient access to the water source will make the disenchanted
community resort 10 using its old unsafe water sources. Conversely, an optimistic
demand estimate will incur unnecessary costs.

Users must be educated on responsible water use. Unlike handpumps, which are
“self regulating"® (i.e., water output depends on the effort of the water drawer),
water is available on demand from a standyipe-based supply. Therefore, if a tap
is left open, or a leaking faucet is not repaired in time, there would be
inadequate water for others. Experiences from successful diesel and electric RWS
systems would be useful in educating users on how to manage their water supply.

Extent and type of community involvement in specifying requirements, installation,
operation, and maintenance of the system must be established. Organizational
capacity of the community must be assessed to identify the activities to be
assigned to the community. An appropriate community organization must be
established for operating and maintaining is water supply system.

A responsive and reliable maintenance system must be established. In particular,
the relative roles of the community and the public sector authority must be
delineated. Appropriate training must be provided to community personnel on
operation and maintenance of the system. It is also vital that a reliable and
responsive system be established for supnlving spare parts.

The aquifer must be carefully tested to ensure that it is capable of delivering
water at the expected pumping rate over the system's lifetime, without unaccep-
tably high drawdown. This issue is more important to motorized pumping systems
than for handpumps due to the higher pumping rates possible.
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0 The well must be properly designed, sited, and constructed to ensure that high
Quility water is obtained and potentially damaging s2nd pumping does not occur.

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

Additionally, 3 number of field applications of PV-powered RWS systems should be
monitored and/or field tests conducted in appropriate villages in various regions of the
world. These case-study investigations will aid in convincing RWS planners in developing
countries and in donor organizations that PV is an appropriate power source for RWS sys-
tems. Furthermore, these investigations will help identify and resolve unexpected problems
that might emerge and 1id in developing appropriate project design guides.

PV pumping system manufacturers must work closely with water supply planners to
ensure that the technology is well matched to water resource characteris’ics and user water
supply needs, while satisfying the ease of installation, reliability, maintairability, and other
functional requirements of the user. Manufacturers need to convince potential users and
decision-makers that PV should be the technology of choice for suitable water supply
schemes.

Accessing the large potential market will require an extensive education and informa-
tion disseminstion effort directed at decisionmakers in developing countries and in interna-
tional donor organizations. Decisionmakers must be convinced that PV can provide the
service reliably and fit into the infrastructure being built to serve rural water supply sys-
tems.
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Exhibit A-1

PUMPING SYSTEM CONFIGURATIONS
PV- or Diesel-Based Rural Water Supply System with Storage and Standpipe Distribution

HANDPUMP-BASED RURAL WATER SUPPLY SYSTEM
One Handpump Per Group Of Households
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A WATER SUPPLY TECHNOLOGY CHARACTERIZATION
Al Introduction

A rural water supply system using groundwater can be considered as the integration
of four basic components: the well, the pumping system, storage, and distribution. Each
component plays a critical role in the reliable delivery of safe water. Various technologies
may be employed for each of these components.

Exhibit A-1 shows two basic rural water supply systems: one based on PV or diesel
pumping technology, and one based on handpumps. In both cases, s well (or several wells in
the case of handpumps), is installed to access the water source. The water pumping system
is used 10 extract water from the well and disoense it to the user directly (handpumps) or
deliver it to a storage tank and piped distributior system as with PV or diesel systems.
Ground-based or elevated (shown) water storage systems store water and provide pressure to
8 piped delivery system such as a standpipe.

This Appendix describes applicable technologies and important characteristics that
affect the costs of rural water supply. General cost and performance informatios is pro-
vided as background for the competitive assessment of handpump, PV, and diesel pumping
technologies.

A2 Wells

Groundwater extracted through wells is the basis of the majority of rur. | water
supply programs. The cost of the well and its design and construction significantly in-
fluence the performance and cost of rural water supply systems. Wells must be designed to
provide uncontaminated water free from abrasives that wear out pump components. Usually,
wells are lined with a plastic or steel well casing extending to the squifer.

Wells are normally constructed to the depth of the local water table plus an addi-
tional depth to account for pumping drawdown. Well yield is a crucial design parameter
that must be considered relative to the maximum water pumping rate. Water extraction rate
must not exceed the well yield, or the water table may fall below the suction of the pump.
Many pumping system failures are directly attributable to well design and yield problems.

Well costs vary greatly from $500 per well in the alluvial soils of Bangladesh where
there is a shallow aquifer, t5 $10,000 in West Africa. Exhibit A-2 shows sample well costs
‘or selected regions.

EXHIBIT A-2
Reglonal Breakdows of Typical Well Depth and Custs

Country Well Costs (8) __ Aporoximate Depth (Meters)
Bangladesh 500 <10

India 1,500 20-40

E. Africa 2,500 15-30

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

Latin Americs 2,500 10-20

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



Exhibit A-3
HANDPUMP CONFIGURATIONS

FORCE PUMPS SUCTION PUMPS
Piston Pump biedical Roter Pump Direct Aciion Pump
_ (Direct Drive Pumg)
Pusrp
Hgad
Rstar
Below Grousd
/W\
Piston (Blunger) Stat
Fest Valve
| -

Source: United Nations end Worid Bank. “UNDP Project Management Report Number 3, Laborstory Teeting of
Handgumps for Deveicping Countries: Final Technical Report.” World Bank Technicel Paper Number 18,
Washington, D.C., 1984.



The operation and maintenance (O&M) cost for wells is low. The UNDP/World Bank
Handpun.p Project estimates that O&M costs are 1% of capital costs per year. The life of a
well is estimated at 20 years.

Al Handpumps

Handpumps are the most common rural water pumping technology. They are initially
inexpensive, generally simple to operate, and lend themselves to local repair. Because of
these factors, a significant commitment has been made by the UNDP/World Bank to
" handpumps as the most appropriate technology for rural water supply. Field experience with
handpumps, however, has been generally below expectations owing to high breakdown/
wearout rates and the resulting poor reliability. This section presents an overview of
handpump technology, its performance, and costs.

A.3.1 Pump Types

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

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

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

In 1980, the UNDP/World Bank began a major project to test and develop improved
handpurios to serve the large potential market for rural water supply. A series of laboratory
tests was performed to ascertain which pumps should be chosen for further field trials,
Resuits from the laboratory tests were also relayed to manufacturers in order to promote
the uprovement of handpumps for village-level operstior and maintenance.

The Project has introduced the concept of village-level operation and maintenance
(VLOM) to enable pumps to be maintained by the community. The criteria for VLOM puraps
include: simplified maintenance; inexpensive, easily replaced wearing parts; potential for
local manufacture; standardization of pump design and spare parts; low capital and recurrent
costs; and pump design matched to application in terms of lift and discharge rate. Current-
ly, no single pump has been developed that meets all of these criteria. The pump that
comes closest is a new generation handpump named the Afridev which is undergoing field
testing.

The Afridev is currently regarded by the UNDP/World Bank staff as the most promi-
sing YLOM handpump for pumping lifts over |5 meters. The pump . _sign makes extensive
use of plastic parts, while the cylinder is lined with a stainless steel tube. The Afridev is
regarded as a VLOM design, and is considered applicable for medium- and deep-well pumping
for depths up to 45 meters.
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Exhibit A-5
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Handpump project experience in developing countries has not been well cocumented.
While qualitative data are available from the field, quantitative data are not readily avail-
able. Field reports indicate that handpump maintenance is a major problem in sustaiping
reliable rural water supply, whetiver with deep- or shallow-well sources. Reports frorh the
field suggest that downtime for routine and esreatial interventions is quite lengthy when a

Laboratory tests of nandpumps conducted in the UNDP/World Bank i{andpump Project
indicated Mean Time Between Failures (MTBF) to be about 1,500 hours. Field trials con-
ducted by the UNDP/World Bank indicate that on the tverage there are 1.1 failures per
year. Performance characteristics of several handpumps are showp in Exhibit A-4.

EXHIBIT A-4
Sample Handpump Characteristics

APPLICABLE WATER DELIVERY

, DEPTH RATE RELIABILITY  MAINTENANCE
BUMP {meters) (/min) (Failures/vear) COMPLEXITY
Tara <12 24 - 35 2 - Medium
Afridev 12 - 40 10 - 24 1 Low
Mark If 12 - 40 8- 18 ! Medium
Volanta 12 - 40 9-2 1 High |

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

A32 Costs

For 8 shallow-well handpump, the average installed initia! capital cost is 8pproxi-
mately $200 per handpump. For an intermediste to deep-well handpump, initial capital costs
are in rhe range of $500-$1,500.) The cos of a handpump can vary greatly across manufac-
turers.

The installed cost of handpumps used in this analysis is shown in Exhibit A-S.
Operation and maintenance costs of handpumps are discussed later in this Appendix.
A4 Photovyltaics
A4l Types

Photovoltai~* ‘PV) is the direct conversion of sunlight into electricity. Photov~'*aic-
puwered water pumping systems utilize solar energy to drive a motor/pump set to pump

Arlosoroff, gp, ¢it., Chapter 6.
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Exhibit A-8

PUMP TYPES SUITABLE FOR A RANGE

OF PUMPING APPLICATIONS

System head (m)

......................................
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saaad L ebnyuues eceuns
AARERRRR AR R AR AN

.

Nﬂv.:?. A Handbook,
interm.adiate Technology Pub., London, 1985,

Source: Kenna. Jef, Gitiet, Bill, Solar Water
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water.? There are many commercially available systems and more than 2,000 have been
supplied worldwide.

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

There are two bacic types of water pumps: displacement (volumetric) pumps and
rotodynamic pumps. The most common notorizzd pumps that fit into the displacement
category are piston pumps (jackpumps), |yrogressive cavity pumps, and uiaphragm pumps.
The most common motorized pumps that it into the rotodynamic category are the jetpumps
and centrifugal pumps. The criteria for deciding which pump is preferred for a particular
pumping application are the depth of the water table (water head in meters) and the quan-
tity of water needed (water volume in cubic meters). The preferred pump for various
head/water volume combinations is shown in Exhibit A-6,

A centrifugal pump coupleé (0 a DC motor can be dirvctly operated off a PV array.
The coupling requires that gear ratios, motor speed, voltage, and pump stage characteristics
be carefully chosen for efficient operation. Mismatches between the PV array current/vol-
tage (IV) characteristics and that of the motor/pump set could result in the very poor
utilization of the PY array power. Electronic controls can be used to enhance the perfor-
mance and are recommended even for centrifugal pumps. The PV pumping systems con-
sidered in this analysis assumes 1hat electronic controls are employed.

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

(AXB) Shallow (up to 7 meters water depth}

Surface-mounted, single-stage centrifugal pump and DC motor sets are us~; for
shallow water sources. Directly driven from the PV array through a conuroller, they
represent & simple and reliable design. They are used for shallow water table ap-
plications up to 8 depth of about 7 meters (at sea level).

(C) Intermediate/Deep (to0 20-40 meters depth), Less than 30 m® /day

Submerged reciprocating positive displacement pumps (jackpumps) are used for
intermediate- or deep-water table depth applications where daily flows are limited to
less than 30 m*/day. PV jackpump sys‘ems can use DC electricity but require power
conditioning to match the cycling nature of pump power requirements with the PV
array output characteristics.

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

SHALLOW WELL APPLICATIONS (to 7 meters depth)

Electric Cable

Bucdon Pipe

Source: IT Power Inc. Handbook of Solar Water Pumping. The World Bank.
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Exhibit A-8

INTERMEDIATE/DEEP WELL APPLICATIONS (20-40 meters depth)

Type C. Reciprecating Pesitive
Displacement (< 30m/dey domand)

Tree 0. Submerged Moter/ibuit- Blage Tree £ Submerpsd Mudtistage Pump/
Conritugal Pusnp Bot (< J0mw'/day) Suricse Malor (< Jom'/doy)

&Nﬂﬁtlfﬂbﬂ!fﬁw.Hﬂﬂﬂhﬁ‘d‘ﬁdﬁrﬂhnvfbmphy‘Thlhbdﬂslﬂl
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(DXE) Intermediate/Deep (10 20-40 meters depth), More than 30 m® /day

Submerged motor/pump sets or submerged pump and surface motor systems are suit-
able for intermediate and deep water table depths where raquired flows are more
than 30 m®/day. Of the two types presented, there has been greater field experience
with submerged centrifugal motor/pump sets. Svbmerged motor/pump sets are avail-
able as DC or AC systems. The trend with DC submersibles is to use a relatively
new "brushless® motor design compared to & "brushed” DC motor which requires brush
maintenance. Photovoltaic AC motor/pump systems are commercially available and
field proven. They utilize conventional AC motor/ ump sets that have been used for
decades in many countries. AC systcms require an inverter. The cost of a DC
brushiess submersible and an AC submersible with an inverter are currently similar
slthough the manufacturer of the DC brushless motor advises that with increasing
demand, the cost of DC brushless motors will decline and total system cost will be
lower than AC submersible systems.? .

Batteries can be used in a PV pumping system. Similar to electronic controls, . a:-
tery storage enables the PV motor/pump set to operate at higher efficiencies thereby reduc-
ing the PV array size. If the well yield is low, batteries can allow the pump to operate at
a lower pumping rate, over 8 longer period of time during the day, thereby preventing the
pump from running drv. Batteries may reduce overal: system cost by partly displacing array
and water tank storage sizes. Batteries add complexity and cost, and there are losses
associsted with charging and discharging of the battery.

A42 Performance Characteristics

The performance of & PV pumping system is a direct function of available sunlight
intensity and the efficiency of the motor/pump set. With increased insolation and improved
motor/pump set efficiencies, PV system performance increases, resulting in reduced delivered
water costs. :

Sunlight availability or insolstion is measured in kilowatt-hours per square meter per
day (kWh/m?/day). It ranges fror: an average of 5 to 7 kWh/m3/day worldwide. Insolation
levels vary daily and seasonally depending on climate and location. A system is designed to
sccount for the worst or lowest insolation month,

The efficiency of the operating motor/pump set changes over the day as the power
output from the array changes with sunshine availability. The average daily operating
fficiency of the motor/pump set ranges from 5% to 50% depending on the specific system.
In chis anslysis, efficiencies of 25% and 35% are assumed for the motor/pump set for shallow
and intermediate/deep water table spplications, respectively.® These efficiency values as-
sume the use of electronic controls or good PV array/motor/pump matches. When batteries
are used, 8 motor/pump set efficiency of 45% is used.

3Eckel, J., A.Y. McDonald Manufacturing Company, Personal Communication, March 1987,

‘McNelis, B., “Photovoltaic Water Pumping,” In: Presentations of the Photovoltaics:
Investing in Development Conference, May 4-6, 1987, p.V-S.
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A43 Costa

the purchase of PY pumping systems in lots of 10-15 or more. Exhibit A-10 is a graphic
representation of PY pumping system installed cost as a fusction of array-rated power level.

EXHIBIT A-9
Installed Costs of PV Pump Systems
PY | 44
Array Power Array Costs Motor/Pump Costs
— . . —($/Wp)» —{3/Wp)
<200 8.00 7.00
200-500 7.715 425
500-1000 7.50 2.50
>1000 7.25* b

8. Includes transportation to site, installation and array-related balance of
systems (approximately 30% of FOB PV module cost).
Cost is similar to conventional AC submersible motor/pump sets. When
AC is used, $ 0.75/Wp is added to PV array cost for a DC/AC inverter.

Sources: LT. Power Inc., A.Y. McDonald Mfg. Co., Chronar TriSolar, Inc.
(1987).

Operation and maintenance costs for the PV array are minimal and estimated at 1%
of capital cost per year. Operation and maintenance costs for the motor/pump set depend
to some extent on the motor/pump system. These costs are discussed in a later section.

Since the invention of the internal combustion engine (ICE) at the turn of the 20th
eentury.thelCEhubecomounmtunivefulmermminnmouumofboththe
developed'md developing wqud. Internal combustion engines luv.e predominantly been used

$Peak watts is a standard means of measuring power cutput of a PV array. It is
defined as the power produced by the PV array under peak sulight conditions of 1000
W/m?, 25°C temperature, and s 1.5 air mass, .
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The advantages of the ICE that have led to its widespread use for remote power
over the past 50 years are twofold. First, the t i nical and economic characteristics of the
ICE H.ciuding its high power-to-weight ratio, compact size, instant start-up capability, and
affordable cost have in many Cases been superior to other optiuns for power requirements
for which human or animal !abcr is not viable. Second, the versatility of ICEs have led to
theit widespread use fur diverse appucations and to the extensive availability of engines,
parts, aad expertise throughout the developing world.

The two general types of internal combustion engines used around the world are the
diesel engine and gas engine. Ge: cagines are preferred for smaller power applications in
the 500 W 0 3 kW range and where the usage pattern is not more than two to four hours a
dzy. Diesel engines are used {or almost ¢il power demands exceeding 3 kW and are able to
operate for much longer periods each day. The tvpical life'ime of a diesel engine (5 to 30
years) is considerably greater than the life of 3 gas cagine (2 to 10 years). Gas engines
iend to be small and lighter, and thus are used for mobile spplications. Diesel engines,
conversely, are larger and heavier and thus bett~r suited to stationary power applications.

Given that rypic=! water supply pumping applications involve more thaz
3 kW of power, require more than 4 how:s per day of operation and longer engine life, and
heve stationary power needs at the well, d.esel engines are preferred for water supply
pumping. Gas engines are of .en used for irrigation pumping needs where their light weight
and mobility are greatly valued.

AS5.2 Dies?l Pump Coaiigurations

| There are three major diesel pumping design issues that need to be considered for
meeting 8 particular water pumping requirement. First, a choice m'st be made whether to
use a diesel directly driving the pump or a diesel generator set (gen-set) driving an electric
motcr and pump. Second, the most appropriate kind of pump for tl.e application must be
selected. Third, it will be necessary to decide whether the pump will be surface mounted or
submersible. The major information needed to make these decisions is the depth of the
water table (head in meters), the volume and rate of water demand (voiuine in cubic meters
and fiow in liters per minute), the capital and operating cost constraints, =nd the
remoteness of the site.

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

The decision to use a submersible versus & surface-mounted pump depends entirely on
the depth of the water supply. A floating pump or surface-mounted pump is only used when
the head is less than about 12 meters. A submersible pump is generally used with heads
greater than 12 meters,

The choice between direci-drive and generator set diesel pumping systems for remote
water supply is largely a function of the depth of the water table ar ° the degree of
flexibility and sophistication that is required and can be afforded. For h:ads below 30
meters, direct-drive diesel pumps are the cheapest and most reliable siternative. When the
head exceeds 30 meters, a submersible motor/pump is recommended. At this point running
wires down a deep well rather than a long shaft is preferable fo: installation and reliability
purposes. In additioa, the availability of the versatile electric power from the generator set
can be used for other electric loads. At greater water depths, the increased cost and
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somewhat lower fuel-to-pumped water eff icieacy (due to the generator and motor losses) of
a diesel gen-set is offset by its ease of installation and mairiinance and its versatility.

A.5.3 Performance and Operating Characteristics

In the absence of viable alternatives, diesel pumps 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 scme of the disadvantages of diesel engines,
particularly in remote areas. The three major problems with diesel engines for remote
power pertain directly to their operating performance.

First, the complexity of installing snd maintaining diesel engines is acutely felt in
remote areas where spare ports and trained technicians are rarely available. Interpal
combustion engines require a systematic maintenance schedule to ensure reliable operation
over the rated engine life. In rural areas where support services found in urban areas are
not available, these maintenance schedules are rarely observed, leading to poor performance
and shortened lives for most diesel pumps.

Second, the depenaence of diesel engines on fuel that is rarely locally available and
therefore has to be imported from other regions of the ccuntry or world introduces
problems and costs in terms of operation and reliability. Delivering fuel to remote areas
has proven costly and sometimes unreliable 10 a point that viable alternatives have been
sought. In addition, since most countries have to import their fuel, the foreign exchange
burden and the geopolitical dangers of dependency on foreign suppliers are increasingly
being felt.

Third, diesel engines are generally oversized for the pumping loads they are supply-
ing such that they operate at a lower ef! ficiency, need more maintenance, and have a shorter
life. Purchasers of diesels often buy extra capacity as a contingency for future needs or
because no careful calculation of the load was made. In some applications, a diesel engine’s
capacity may exceed the peak load demand by a factor of as much as 4 or §.

A.5.4 Capital and Operating Costs

Diesel pumping systems are charscterized by fairly low capital costs and signif’ icantly
high recurrent operating costs. This ccst structure encourages the use of diesel pumps,
because the initial cost is generally affordatle and the operating costs can be deferred over
an extended period of time,

The capital costs of a diesel engine are in the range of about $300 to $1,300 per kW
of capacity. The costs of diesel generators are higher, ranging from about $400 to
$2,000/kW (see Exhibit A-11).* There is a significant economy of scale for diesel gen-sets
as the power requirements increase. Diesel enggines and generator sets are generally not
available below about 3 kW, but are manufactured in sizes exceeding 100 kW. Exhibit A-12
shows the cost of pumps as a function of power requirements.

®Sources: Meridian Corporation, "Renewable Energy Technology Applications Identifica-
tion for Egypt,” US Agency for International Development Contract No© AID-263-0123-C-00-
4067-00, Task 2.2, February 1986; Kenna, J., "Cost and Performance Dita on Diesel Engine
Generators and Pumps,” SAND87-7109 (Albuquerque: Sandia National Laboratories, May
1987).
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Exhibit A-12
DIESEL PUMP COST

EXCLUDING ENGINE COSTS
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Source: The UNDP/World Bank Handpump Project, 1987.
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The operating cost of a diesel generator and pump has essentially four components:
fuel cost, maintenance cost, operator cost, and repair cost. Fuel cost is a function of the
size and duration of the load placed on the diesel. Maintenance cost is for routine tuneups,
filter changas, etc., and for major engine overhauls that should be performed to ensure
optimum efficiency and reliability. Repair cost is for repairing malfunctions. Operator cost
is for diesel applications for which a part-time or full-time operator is present. A sample
of these costs, broken down for diesel pumps in Kenya, is shown in Exhibit A-13. The total
running costs for a diesel pump can be as high as 25-50% of injtial capital costs.

EXHIBiT A-13
Diesel Pump Operating Costs

Pump Fuel Maint. Repair Operator Total

Rating Cost Cost Cost Cost Running
Location kW) = (8/vn) ($/yr) (/yn) ($/vr) (3/vp)
Keramaini, Kenya 7 $250 $238 $100 $338 $926
Keramaini, Kenya 25 $1,276 $656 $100 $3%4 $2,426

Source: Kenna, J., Cost and Performance Data on Diesel Engine Generators and Pumps, 1987,

A.5.5 Shallow Water Table Depth Diesel Pumping

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

This diesel pumping configuration has demonstrated a high level of reliability over
more than 8 30,000-hour life before requiring a major overhsul. The average nperating
efficiency in the field is about 7-10%. The cupital costs for this system are relatively low.
For example, a 4 kW unit would cost about $4,300 (1986 dollars). Annual operating costs,
not including fuel, would be about $1,000 to $1,500. When properly maintained and operated,
these systems have demonstrated !00% availability,

AS5.6 Intermediate/Deep Water Table Depth, Low-Flow Diesel Pumping

The preferres diesel pump configuration for intermediate/deep well depths of about
20 to 40 meters and low flows (less than 30 m?®/day) is a diesel engine directly driving a
jackpump. The diesel engiue commonly used in this configuration is & four-cycle engine,
The pump commonly use in this application is a positive displacement pump using a derrick
arm design and a submerged pump cylinder.

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

than a 25,000-hour life before requiring a major overhaul. The average operating efficiency
in the field is about 7-10%. The capital costs for this system would be about $6,500 (1986)
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Exhibit A-14
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Source: The UNDP/World Bank Handpump Project.
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for a 4.5 kW unit. Annual operating costs, rot including fuel, wculd be about $1,500 to
$2,500. When properly maintained and operated, these systems have demonstrated about 97%
reliability.

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

The preferred diesel pump configuration is 8 diesel engine driving an elsctric genera-
tor which in turn drives an electric motor and pump. The diesel engine commonly used in
this configuration is a four-cycle engine with an AC generator. The tvpical pump for this
application is a centrifugal submersible pump with an electric motor. The motor and pump
are installed at the bottom of the weil. Because the submerged pump only requires electric
conductors between the diesei gen-set and the bottom of the well, the installation of the
pump is easier thar with the previous pump designs.

This diesel pumping design has demonstrated a high level of reliability over more
than a 20,000-hour Life before requiring 8 major overhaul. The average operating efficiency
in the field is somewhat lower at about 6-8%, due to additional losses in the generator and
motor. Capital costs for this system would be about $9,500 (1986) for a 6.0 kW unit.
Annual operating costs, not including fuel, would be about $2,000 to $3,500. When properly
maintained and operated, these systems have demonstrated about 95% reliability.

A6 Storage

Energy storage in the form of water, battery, cr fuel is usualiy incorporated in PV-
and diesel-based rural water supply systems. Its primary function is to balance demand and
supply. Storage is also used to protect against insolation variance in PV systems and fuel
supply interruptions for diesel systems. Storage is not typically considered for handpump-
based options as water is available upon demand. Consumers usually practice "home storage”
when water has to be carried home, such as in a handpump- or standpipe-based RWS system.
With a handpump-based system, if an equipment failure cccurs water supply is interrupted
until repairs are made. Overhead water storage tanks costs vary significantly depending on
local conditions. Typically, costs range from about $500/m® for a 5 m® tank to $100/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 average water requirements. Capacity recommendations for diesel systems
are one day of storage to provide for supply interruptions.” Storage requirements for PV-
powered water pumping systems are typically one to three days to cover insolation variance
and peak demand. According to Chapman at Sandia National Laboratories, a storage capa-
city of one day will provide an availability of spproximately 97%.® A storage capacity of
three days will provide 99% availability. For example, a 99% availability means that for
about four days in 3 year, water output will be below the design level.

Battery storage systems consist of batteries connected in parallel with the PV array
and motor/pump set. The battery a~t« g3 energy storage and a constant voltage source

T Philippines Water Resources Council, "Rurzl Water Supply: Design
Manual,” 1979.

*Chapman, R. N., "Sizing Handbook for Stand-Alone Photovoltaic Storage Systems,”
SAND87-1087 (Albuquerqne: Sandia National Laboratories, April 1987).
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Exhibit A-15a

LAYOUT OF SIMPLE STANDPIPE DISTRIBUTION SYSTEM
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Exhibit A-15b

STANDPIPE DETAIL (2 taps/standpipe)
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determined on a kWh basis 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 S-year life is conservatively predicted for a daily depth of discharge
limited to 50% of the :ntal capacity,

A7 Standpipes and Distribution Pipes

Standpipes are used for PV- or diesel-based water supply systems. Standpipes or
public faucet water distribution systems supply water through main and submain piping to
publ.c water points. Exhidit A-15 shows a layout of a smail standpipe-based rural water
supply system. Stancpipes are more convenient than handpump-based systewns. Water points
can be closer to residences and additionai wells are unnecessary. Standpipe cost is es-
timated at $150 per standpipe, and includes the piping, fittings, and a concrete apron zround
the base of the st\ndvine {or controlled drainage and general sanitation. Distribution piping
costs are estimated at atout $6 per meter instalied. A cost breakdown for distribution
piping and standpipes is shown in Exhibits A-16 and A-17, respectively.

A8 O&M Cost Zstimaces

O&M rosts are estimated for representative handpump, PV, and diesel water pumping
sSystem configurations. O&M costs include cos: of parts, labor, and transportation. Coct
estimates are provided for handpump, PV, and diesel systems foi shallow and intermediate/
deep-well applications. The cost estimates are used to calculate O&M cost as a parceri of
capital cost for use in the analysis.

The number of visits to the pump by maintenarce personnel takes into consideration
the routine maintenance needs as well as unscheduled mairtenance requirements. The
number of unscheduled maintenance visits per year is computed using religbility theory by
estimating the expected number of failures per pump per year. :

These types of maintenance personnel considared in the cost analysis are:

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

0 Central Maintenance (CM) - Pump maintenance is managec by an external agency
with the village accepting certain responsibilities. The CM team travels from a base
camp to the villages to provide the Decessary services. These teams can supply more
complex maintenance and repair services than ither VB or AM.

Exhibits A-18 to A-20 show the O&M cost breakdown for the representative pumping
systems. Exhibits A-21 through A-23 show the replacement parts schedule and costs for the
centrifugal and jack pvmps. Exhibit A-24 provides failure rate estimates for the handpump,
PV, and diese! pumpiug systems,



EXHIBIT A-J¢
Water Distributioa Piplag Cost

MATERIALS NUMBER COST (%)
38 mm PVC Pipe 100 meters 362.00
Globe Values 2 55.54
38 ma Sockets 10 29.68
ai mm J-Joints 3 18.47
TOTAL MATERIAL COST 4€5.69
Labor at 30% of material rosts 13971
TOTAL COST/100 METERS $595.40
Cost per meter of piping $ 6.00

Source: National Water Resources Council, Republic of the Philippines, "Design Man-
ual Rural Water Supply,” Volume 1, 1980. Costs were escalated 40% to reflect 1986
costs.

EXHIBIT A-17

Stasdpipe Estimated Cost
MAIERIAL NUMEBER COST (3)
25 mm GI Pipe 2 maters 364
25 mm bronze taps 2 2298
25 mm socket | 1.60
25 mm adapter socket | 365
38 X 25 mm reducer | 2.9
Concrete for ' X 8' X 6' 1 62.64
concrete slab and
3 X 12* X 6° concrete
pillar
Reinforcing Mesh §8° X 8’ 2.60
TOTAL MATERIAL COST 107.08
Labor at 30% of material o 212
TOTALC_ .S 139.20
Assumed standpipe cost $150.00

Source: Nationai Water Resources Coun~il, Republic of the Philippines, op. cit.
Costs were sscalated 40% to reflect 1986 costs.

A-23



Exhibit A-18 OMM SANPLE CONFIGURATINNS
(5-Meter Depth Appiications)

Qesratien and Maintengnce anc we 5. AN n 4. ] (L] w
- Replacement Parts ($/yr) ° 10° (] T 0 ° 230f sof
- Labor® (days/personstripsyr) 0 25 0 i 25 3 ! 1T
~ Labor Rates ($/day)? i 4 4 ‘ . . 4 4
- Trips (#/year) 9 5ok 0 1 so* 0 4 sest
- Distance (ka/trip)™ 50 .S 100 50 .5 100 50 .5
- Trensport Cost ($/km)" 1 0 .35 N 0 .35 1 °
- Wan/Crew® 1 1 3 2 1 3 2 i
Sumsary
Parts ($7yr) [} 10 0 30 0 0 230 50
Transport ($/yr)? 0 (] 0 s 0 0 20 0
Maintensnce Labor (§/yr) (] 189 [] 8 15 0 32 3655
Attendant Labor ($/yr lass A 8s A A T3 A n 1095
—=aintenynce sasociated coats)
Totalr ($/yr, less attendent) $ 25 $ S8 $ &7

(X canital cost) (13x) (9%) (15%)
Totals (§/yr. w/attendent) $ 110 $ 118 $1792

* Ares Maintenance (AM), Village Based (VB), Centra) Maintenance (CH).



o

“ ® o

N0z g r g

Shallow-lift handpump capital and installation costs.

DC surface-mounted motor/pump set. Includes 1.25 factor for installation costs
(Meridian Corporation, "Evaluation of International PV Projects,” 1986).

Direct drive 4.0 kW diesel engine (Kenna, J., op, cit)
Estimate for Tara handpump.

Annualized cost of replacement parts including motor brushesj motor (at six-year
intervais), pump seals, and impellers (A.Y. McDonald Mf] g. Co.).

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

Labor consisis of Village-Based attendant (VB), Area Mechanic (AM), and Central
Maintenance (CM) as required. Village attendant at 0.5 days per week for handpump
and photovoltaic systems.

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

Equivalent labor days for engine overhaul and pump maintenance at f requency of every
four years (Kenna, 9o, ¢it).

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

One trip per week.

Represents a full-time operator, seven days per week (Kenna, gp, ¢jt.).

Example dJistances.

Example t-ansport costs.

Minimum of two men per crew for AM and CM levels for PV and dies:l systems.
Calculated as follows: Trips x Distance x Transport Costs.

Estimates for Tara handpump, village-level maintens nce (Dr. Robert Rocte).
Calculated as follows: Men/Crew x Labor x Labor Rate x Trips, except where noted.

Twenty-five: percent of attendant labor cests assumed directly maintenince -related
for PV anc diesel systems.
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92-v

Capital Coat
Qesration and Maintenance

- Replacemant Parts

= Labor (days/person/trip/yr)
- Labor Rates ($/day)!

- Trips (#/year)?

- Distance {llftrlpfpunle

- Transport Cost (§/km)”

- Wen/Crew’

susmary

Parts ($/yr)

Transport ($/yr)Y
Matntenance Labor ($/yr)Y

Attendant Labor ($/yr, less

—maintenance sssociated costa)

Totals ($/yr, less attendant)
(X capita! cost)

Totals ($/yr. w/attendent)

o 154
30° °
1® 15
4 4
2 50
50 5
1 °
1 1
30 °
15 0
12 ]
100

$ 57

(sx)

$157

Exhibit A-19 OAN SANPLE CONFIGUR.TIONS
(20-40 Meters Depth, < 30 md/

] I.!i@l

day)

4. an n
30€ 0 0
H 0 15
4 ‘ K
1 0 50
100 50 .8
.35 A 0
3 H 1
30 0 0
35 0 0
u 0 15
0 0 45

$110

(s%)

$155

* Area Wechanic (AM), Yillage Based (VB), Central Maintenance (cn).

Foset

o, | [} 11}
saof ssof sof
™ L 365
. 4 4
& 2 365
100 50 5
.35 .1 0
3 2 1
380 150 50
70 10 0
96 64 365
0 0 1095

$1385

(15%)

$2608



Average capital and installation costs of three hand pumps suitable for intermedi-
ate-depth applications.

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

Direct drive 4.5 kW diesel engine (Kenna, gp, cit.).

Estimates for selected handpumps based on data suppiied by Dr. Robert Roche of the
World Bank.

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

Spare parts for diesel engin& and jack pump proportioned between CM, AM, and VB
levels (Kenna, gp, cit; Chronar TriSolar Inc.).

Estimates provided by Dr. Robert Roche, World Bank.

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

Labor rates based on estimates provided by Dr. Robert Roche, World Bank.
See Reference Notes - Exhibit A-18.
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Capital Cost
Qoeration and Maintenance

= Replacement Parts ($/year)

- Labor [dlrt!perton!tripfrr]F
- Lador Rates ($/day)f

- Trips (#/year)

- Distance (km/trip/pump)f

- Transport Cost ($/km)f

- Men/Crew’

Symmary

Parts (§/year)

i

- Transport (§/year)
- Maintenance Labor ($/year)

- Attendant Labor ($/ -. less

—maintenance associated costa)

Totals ($/yr, less attandant)
(X capital cost)

Jotals ($/yr. w/attendant)

Exhibit A-20 OBM SANPLL CONFIGURATIONS
(20 - 40 Meters Depth, > 30 m3/day)

ol

(. (4.l A i1

300 0 of 0 0

1 25 1 0 15

4 ‘ 1 4 4

I s 1§ [} 50

50 .5 100 50 0

1 0 .35 1 0

1 1 3 2 1

30 0 0 0 0

15 0 35 0 0

4 (] 12 0 15

o 100 0 0 '

$ 4 § 62 (Notor/pump repl. at 7.§ yrs)

(%) (2x)
$149 $107

* Area Mechanic (AM), Village Based (v8), Central Maintenance (CM).

Eil:llifgfiﬁ:éﬁsa:zasn:

o | A X8
500 450 50
] ] 365
4 4 ]
2 3 365
100 50 .5
.35 % 0
3 2 1
500 450 50
13 15 0
96 96 388
0 0 10ss —
$1642
(13%)
$2737



Reference Notes - Exhibit A-20
Estimates provided by Dr. Robert Roche, World Bank.
Multi-stage submersible dc or ac (with inverter) motor/pump sets (A.Y. McDonald,
Grundfos). Includes 1.25 factor for installation costs (Evaluation of Interaational
PV Projects, Meridian Corp., 1986).
6 kW diesel generator set (Kenna, gp, cit,).

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

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

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

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

Capital Cost $62500
Maintenance Item Years
3 6 9 12 15 18
1. Motor Brushes ($) 30 30 30 30 30 30
2. Pump Seals/Impeller ($) 20 20 20
3. Moter Replacement ($) 280 280 280
4. Pump Replacement ($) 250

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

Annualized O & M Cost = $ 3200 (w/ motor/pump set life of 10
years considered normal)

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

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

Capital Cost.  $2600.00
1.  No scheduled maintenance requirements,

2.  Insufficient field experience to determine
life for DC brushless.

3. AC submersible includes inverter.

4. Nominal life of 7.5 years selected.

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

Capital Cost $125000
Maintenance ftem Years
2 4 6 8 10 12 14 16 18
1. Leathers ($) 10 10 10 10 10 10 10 10 10
2. Motor Brushes ($) 23 25 25 25
3. Oil (3) 10 per year
4. Bearings ($) 60
6. Belts ($) 20
7. Motor Replacement ($) 145

8. Pump Replacement 20 years

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

Annualized O & M Costs = $§ 30.00 (Includes $ 10.00 annual costs for oil)

Source: Chronar TriSolar, Inc. for muintenance requirements. Motor/pump costs calculated
based on $2,100 system price less 152 watt array at $ 7.00/Wp.

A-31



Exhibit A-24

FAILURE RATE ESTIMATES

SYSTEM CONFIGURATIONS

HANDPUMPS

Components: HANDPUMP

Failure Rate (#/hour): 667x10°% (A)

MTBF (1/failure rate): 1,500 hours

Operating Hours/year: 2,190 hours

# Failures/year: 1.5

BY PUMPING SYSTEMS

Components: PV ARRAY CONTROLS/ | | MOTOR/PUMP
| INVERTER SET

Failure Rate: 0 (B) 200x10°¢ (C) 140x10°¢ (C)

System Failure Rate; 340x!0-®

MTBF: 2,940 hours

Operating hours/year: 3,600 hours

# Failures/year: 0.8

DIESEL PUMPING SYSTEMS

Shallow Well

Components: DIESEL ENGINE CENTRIFUGAL

PUMP

Failure Rate: 1700x10-¢ (C) 370x10°¢ (C)

System Failure Rat:: 2070x10°¢

MTBF: 483 hours

Operating ! urs/year: 1825 hours

# Failures/year: 38
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Exhibit A-24 (Con¥’d)
FAILURE RATE ESTIMATES

SYSTEM CONFIGURATIONS

DIESEL SYSTEMS (Cont'd)
Deep Well DIESEL AC MOTOR/PUMP
Components: ENGINE | GENERATOR | SET

Failure Rate:

1700x10°® (C)

520x10°% (C)

140x10°% (C)

System Failure: 2346x10°¢
MTBF: 424 hours
Opyperating hours/year: 1,825 hours
# Failures/year: 43

Exhibit A-24 Reference Notes

UNDP/World Bank Handpump Project laboratory endurance tests. Average of pumps
tested. Data supplied by Dr. Robert Roche, World Bank.

Module failure rates are on the order of 1 - 1.5 x 10°® (Saunders, John, *“The Con-
centrator Option,” Photovoltaics International, June/July 1984). Calculated array failure
rates are negligible (compared to other components) due in part to redundancy afforded
by module parallel connections.

Failure rate daws estimates based on: Bellinger, D. W., G. M. Pitiler, 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 Yark, December, 1968; and Hughes Aircraft Company, "Nonelectric Reliability
Notebook," Technical Report No. RADC-TR-75-22, Rome Air Development Ceater,
Griffiss Air Force Base, New York, Janvary 1975.
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APPENDIX B
COMPARATIVE ANALYSIS PROGRAM DESCRIPTION



The following :is a description of the
The program uses a number of Lotus
@CHOOSE, etc. Please refer a Lotus

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

FOR

RURAL WATER SUPPLY

COMPARATIVE ANALYSIS PROGRAM DESCRIPTION

Discount rate + |

Annualizing factor

Arrival rate at water point (per hour)
Battery cost ($/kWh)

Allowable battery depth of discharge
Battery efficiency

Battery life (years)

Battery size in PV-bat system (kWh)
Battery cost in PV-bat system

Base water storage cost

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

Civil works O&M cost (%)

Water collection time cost ($/hour)
Begin. of component life lookup table
Handpump delivery rute (I/min)
Standpipe delivery rate (I/min)
Water tabls depth (m)

Diesel engiue size selected (kW)
Discount rate (fraction)

No. of wells for 5 hr diesel operation
Diesel engine annual. cost ($/year)
Diesel attendant (hours/year)

Diesel system/capita annual. cost
Diesel system/capita capital cost
Diesel civil works annual. cost

Dresel civil works O&M cost

Diesel fuel annual cost

Diesel engine fixed cost

Nominal diesel operating hours
Diesel engine nominal life (years)
Diesel system water cost

No. v lls when diesel operates longer hours
Diesel annual O&M cost

Diesel pump cost

Diesel pump efficiency (fraction)
Diesel pump O&M cost (% capital cost)
Diesel pump annual O&M cost ($)
Diesel pump size (kW)
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_otus program developed and used in the analysis.
"@" functions such as @SUM, @VLOOK UP, @SQRT, @IF
manual for a description of these functions.

IPLUSDISCNT
ANNLFCTR
ARVLRATE
BATCOST
BATDOD
BATEFF
BATLIFE
BATSIZE
BATTERYCOST
BCSTORE
BEGPVLKUP
CIVILIFE
CIVILO&M
CLCTCOST
COMPRPLIFE2
DELHP

DELSP

DEPTH
DIESELSIZE
DISCOUNT
DSLSHRWELLNO
DSLANCOST
DSLATTEND
DSLCAPITANCST
DSLCAPITCAP
DSLCIVILANCST
DSLCVLO&MCST
DSLFUELANCST
DSLFXCST
DSLHRSNOM
DSLIFE
DSLM3CST
DSLMAXHK JELLNO
DSLO&MCST
DSLPMPCOST
DSLPMPEFF
DSLPMPO&M
DSLPMPO&MCST
DSLPMPSIZE



Diesel pump annusl cost

Diesel water storage cost

Diesel water storage volume

Diesel total annual cost

Diesel total capital cost

Diesel daily use hours

Diesei ergine actusl useful life

Diesel pump variable cost (5/m depth)

Diesel pump variable cost ($/m®-hour)

Diesel well(s) cost

Diesel water storage days required

End of PV cost lockup tabie

Diesel engine fixed cost ($)

Diesel system engine capital cost

Diesel engine variable cost ($/kw)

Family size

Fuel cost ($/liter)

Fuel to water efficiency

Flow rate for selecting high-volume pump

No. of houses per hectare

Handpump annual cost

Handpump O&M cost

min. no. attend. hc urs/village

Handpump capital cost ($/village)

Handpnmp per capita capital cost ($/person/yr)

Hacdpump water cost (3/capita-yr)

Handpump water collect time lookup table
water collection time (min/trip)

Fixed cost/handpump

Handpump life

Handpump water cost ($/m?)

Handpump O&M cost

Handpump total annual cost

Handpump total capital cost

Handpump weter collection time (min/1)

Handpump variable cost ($/m)

Handpump annual well cost

Handpump well capital cost

Handpump well O&M cost

Handpump water collection Cme

Max. handpump water delivery (loads/hour)

Handpump viliage daily water demand

Insolation (kWh/m?/day on Plane of Array)

Water demand (liters per capita-day)

Max. allowable diesel operating hours

Max. diesel well water output {m3/ds-»

Maximum persons served per kRandpump

Max. handpump village popuiation

Max. PV pump use hours (hours/day)

Max. PV well daily output (m®/day)

Max. persons/ stand pipe

Max. stand pipe viilage population

Mizimum diesel/PV pump cost ($/pump)

Min. no. of wells required
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DSLPUMPANCST
DSLSTORCOST
DSLSTORVOL
DSLTTLANCST
DSLTTLCOST
DSLUSEHRS
DSLUSELIFE
DSLVARM
DSLVARQ
DSLWELLCOST
DSLWTRSTORE
ENDPVLKUP
ENGFXCST
ENGINECOST
ENGVARCST
FS'ZE
FUELCOCST
FUELTOWTREFF
HIFLOWPMP
HOUSES
HPANCOST
HPANO&MCST
HPATTENDMIN
HPCAPCOST
HPCAPITCAPCST
HPCAPITWTRCUST
HPCLCTBL
HPCLCTIME
HPFXDCST
HPLIFE
HPM3WTRCOST
HPO&M
HPTTLANCST
HPTTLCAPCOST
HPTTLTIME
HPVARCST
HPWELLANCST
HPWELLCAPCOST
HPWELLO&MANCST
HPWTRCLCTIME
HPWTRLOAD
HPWTRM3
INSOL

LPCD
MAXDSLHRS

" _.XDSLWELLOP
MAXHPSERVE
MAXHPVILLGE
MAXPVPMPHRS
MAXPYWELLOP
MAXSPSERVE
MAXSPYILLGE
MINPMPCST
MINWELLS



Pipe cost ($/m)

Length of pipe (m/village)
Population

PV array annual cost

PY system annual total cost

PV array size (Wp/pump)

PV attendant hours/year

PV-bat. annual array cost

PV-bat. array capital cost

PV-bat. array size (Wp/pump)
PV-bat. daily epergy demand (kWh, day)
PV and battery O&M cost

PV-bat. pump use hours

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

PV-bat. array size (Wp/well)

PV -bat. well cost

PV-bat. no. of wells

PV-bat. annual per capita cost

PV -bat. per capita capital cost
PV-bat. civil werks annual cost
PV-bat. civil works O&M cost
PV-bat. water cost (3/m?)

PV-bat. armay & battery O&M cost
PV balance of system efficiency
PV-bat. pump annual cost

PV-bat. pump capital cost

PV-bat. pump O&M cost

PV-bat. water storsge cost

PV-bat. total annual cost

PV-bat. total capital cost

PV per capita capital cost

PV per capits annual cost

PV civil works snnual cost

PV civil works O&M cost

PV array life

PV pump & array cost lookun table ($/Wp)
PV cost multiplier

PV water cost ($/m?)

PV array O&M cost ($/year)

PV per capita capital cost

PV piping cost

PY pump annusal cost

PV pump O&M rost

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

Low-fiow PV pump life

PV low-"ow pump O&M (% capital cost)
PV high-flow pump O&M (% capital cost)
PV pump capital cost

PV pump size (W/well)

PV array size range for costing pump & array
PY water storage capital cost
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PIPECST
PIPELENGTH
POPULATION
PYANCOST
PYANTTLCOST
PYARRAYSIZE
PYATTEND
PVBARRAYANCST
PYBARRAYCST
PVBATARRAYSZ
PYBATENERGY
PYBATO&M
PYBATPMPUSEHRS
PVBATPUMPSZ
PYBATTRYCST
PYBATUNITARRAY
PVBATWELLCOST
PVBATWELLNO
PVBCAPITANCST
PVBCAPITCAP
PVBCVLANCST
PVBCVLO&MCST
PYBM3CST
PYBO&MCST
PVYBOSEFF
PVBPUMPANCST
PVBPUMPCOST
PYBPUMPO&AMCST
PVBSTORCOST
PVBTTLANCST
PVBTTLCOST
PVCAPCOST
PVCAPITANCST
PYCIVILANCOST
PYCVLO&MANCST
PYLIFE
PYLKUPTBL

PYM

PYM3COST
PYO&RMANCOST
PVPERCAPCOST
PVYPIPECOST
PYPMPANCOST
PYPMPANO&MCST
PYPMPBATEFF
PVYPMPEFF
PYPMPHILIFE
PYPMPLOWLIFE
PYPMPO&AM
PYPMPO&MHI
PYPUMPCAPCST
PYPUMPWATTS
PYRANGE
PVSTORCAPCOST



PV water storage volume

PV total capital cost

PY well cost

PV po. of wells per village

PV water storage requirement (days)
Minimum water demand (liters/capita/day)
Water demand at cross-over point
Replacement present vaiue factor table
Skilled labor wage rate ($/hour)
Standpipe wuter collect time lookup table
Standpipe water collection time (min/trip)
Cost per standpipe

No. of taps/standpipe

Standpipe water gathering time (min/1)
Standpipe water collect. time (hr/villg./yr)
Standpipe delivery rate (loads/hr)
Standpipe daily water demand (m®/village)
Standpipe cost ($/village)

Analysis life

Water tank height + pamping losses

No. of taps per water point

Time at q=Ipcd on elastic demand curve
Time at g=ipcd on inelastic demand curve
Loud carried per trip (liters/trip)

Time st cross over point (hr/m?)

Time at cross over point (min/l)

PV-bat. battery size (kWh/pump)

Water collection person's value of time ($/hr)

Standpipe use elficiency

Water point use bours (hours/day)
Walking speed (km/hr)

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

Fraction of fanily income spent on water
Cost of a well

Well type to be selected for analysis
Income producing work bours/family

Select. water collect. time from demand curve

No. of water points
Maximum well yield (m®/hour)
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PVSTORVYOL
PYTTLCAPCOST
PYWELLCOST
PYWELLNO
I'VWTRSTORE
Q

QX

RPLTBL
SKLDLBR
SPCLCTBL
SPCLCTIME
SFCOST
SPTAPS
SPTTLTIME
SPWTRCLCT'ME
SPWTRLOAD
SPWTRM3
STNDPIPECOST
SYSLIFE
TANKHT
TAPS

TELAST
TINELAST
TRIPLOAD
TXHRM3
TXMINL
UNITBATSIZE
UNSLKWAGE
USEFF
USEHRS
WALK
WALKDIST
WALKTIME
WATERINCM
WELLCOST
WELLTYPE
WRXHRS
WTRCLCTIME
WTRPT
YIELD



INPUT DATA LISTING

Iesolation {kWh/’m’/:ihy - POA): S = INSOL
Wauter con.sumption[' '
(liters/cap/?'hy): 20 = LPCD
Well type: | 3 = WELLTYPE (1=$500/5M, 2=$1500/20M,
3=52500/20M, 4=$5000/20M,5.+$5000/40M) -
- Handpump, (I/min.) @CHOOSE(WELLTYPE-1,20,15,15,15,12)
= DELHP
- Stand pipe, (I/min.) 15 = DELSP
Income spent ou water, (%) 3 = WATERINCM
Number of persons/family 8 = FSIZE
minimum water need, (LPCD) 10 =Q0
Work hours/family 20/8°FSIZE = WRKHRS
Housing density, houses/ha 28 = HOUSES
Walking speed, km/hour 3 = WALK
Maximum load/trip, 1/trip 20 = TRIPLOAD
Water point use, hours 6 = USEHRS
No. Taps/standpipe 2 = TAPS
Standpipe use efficiency | = USEFF
Max. Well 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 1 = PYM
Minimum no. of wells | = MINWELLS
Capital costs - PY pump up to Wp: $/Wooump __ $/Wp array
200 7.00 8.00°PYM
500 425 1.715°PYM
1000 2.50 7.50°PVYM
>1000 7.25°PYM

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

Capital costs: Fixed _ Var(S/m) Var(S/mihr)

Handpump @IF(DEPTH<=7,200,500) @IF(DEPTH<=7,0,4) -

Diesel pump 275 25 75

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

Diesel engine ($/kW): @IF(DEPTH<30,3000,5000)/K W +
@IF(DEPTH<30,200,240), "OR kW.3

Storage cost (3): 1000 *SQRT(VOLUME ® DAYS OF STORAGE)

Piping cost ($/m): (] = PIPECST

Standpipe cost ($): 150 = STNDPIPECST

We!ll cost ($): @CHOOSE(WELLTYPE-I..‘:OO.ISOO.

250C.5000,5000) WELLCOST
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Battery cost ($/kWh):
PV pump efficiency:

PV pump eif w/ battery:
Battery efficiency:

FV bos efficiency:
Diesel pump efficiency:
Diesel fuel 1o water eff.:

Nominz! dicsel operation (hrs/day):
Max diesel operating hrs (hrs/day):
Maximum PV-bat. Pump hrs (hrs/day):

Allowable battery DOD:

Storage/system (days):
Storage/diesel (days)

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

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

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

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

Skilled attend. rate ($/hour)

PV pump sttendant (bours/pump/year):

Handpump, PV/standpipe sttend.
(hours/water point/year):

Diesel attendant (houss/pump/year):

Fuel cost (3/liter)

Handpump life (years)
Motor/pump life (years):
Motor/pump life (years):
Diesel life (years)

Civil works life (years):
PV array life (years):
Battery life (years)

Discount rate;
Sys.em life (years)

Water collection wage rate ($/hour)
Cost water coilct. time?

Present value of replacements:

200 = BATCOST
@E(D5m112.0.25.0.35) = PYPMPEFF
0.45 = PYFMPBATEFF

0.8 = BATEFF

0.9 = PVYBOSEFF

0.5 = DSLFMPEFF

0.08 = FUELTOWTREFF

5 = DSLHRSNOM
12 = MAXDSLHRS
16 = MAXPVPMPHRS

0.5 = BATDOD

3 = PVSTORVOL
1 = DSLSTORVOL

YIELD*MAXPVPMPHRS
YIELD*MAXDSLHRS

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

1 = CIVILO&M
1 « PVYBATO&M

= SKLDLBR
2°52 « PVATTEND

0.5°365 « HPATTENDMIN
2920 = DSLATTEND

0.5 = FUELCOST

= HPLIFE
10, FOR FLOWS<HIFLOWPMP = PYPMPLOWLIFE
1.5, FOR FLOWS>HIFLOWPMP = PYPMPHILIFE
@IF(DEPTH<7,10,10)

20 e« CIVILIFE

= PYLIFE

= BATLIFE

| = CISTOUNT
= SYSLIFE

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

1+E(1PLUSDISCOUNT “(-N*YEAR)),
FOR N*YEAR<YSLIFE

Capital equipment annualizing factor: DISCOUNT/U-{IPLUSDISCNT*—SYSLIFE))
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SELECTION OF MAXIMUM NUMBER OF PERSONS PER WATER POINT

This analysis is based on first calculating the time (T, minutes/liter) a peison is willing to
spend gathering L liters/capita/day of water using the water demand curves derived by the
UNDP/World Bank Handpumps Project (as reported in: World Bank, "Rural Water Supply and
Sanitation: Time for Change"). Two curves are used, in the inelastic demand region, the
relationship between L and T is given by:

Water collection time/ inelastic demaad curve =
Ti (min/l) = IOW‘WRKHRS/((LPCD-QO)'FSIZE)“2'60/1000
= TINELAST

In the elastic region, the relationship is:
Water collection time/elastic demand curve =
Te (min/l) = +WATERINCM/100*WRK HRS®1000/LPCD/7°60/1000
= TELAST

The time at the crossover point from inelastic to elastic demand is referred to as the
“crossover point”". The cross over point water demand, QX, and time, TX, is given by:

Water use at cross over point (liters/capita/day) = QX
= ((2°FSIZE*QO*WATERINCM/100+1)+
@SQRT(4°FSIZE*QO*WATERINCM/100+1))/ (2*(WATERIN-
CM/100)*FSIZE)
TX (ars/m?) = 2000°*WRKHRS*(WATERINCM/100)*2/

((2*FSIZE*QO*WATERINCM/100+1 )+ @SQRT(4°FSIZE
*QO*WATERINCM/100+1)) = TXHRM3

TX (min/1) = TXHRM3°60/1000
Thcﬁmeonupondin;hoL-LPCDh;imby:
Selected water collection time (min/l) = Td = @IF(LPCD>QX, TELAST, TINELAST)
The maximum number of persons served per water point is computed by selecting the numbe;
of persons (POP) served when water gathering time (Ts) is equal to the time a person is
willing to spend (Td). Water collection time is composed of:

1. Walking time

2. Queuing time

3. Container filling time

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

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

Operations Research,” Second edition, Prentice Hall, Chapter 20). The handpump is modeled
as a single server system with Poisson input and 2xponential service. The standpipe, which

B-7



has two taps at each water point is modelad as a two server system with Poisson input and
*xpor ential service. The calculation equations are shown below:

Wates de.very rate = DELHP*60/TRIPLOAD, FOR HANDPUMP
(loads/hour) = HPWTRLOAD

= DELSP*60/TRIPLOAD, FOR STANDPIPE = SPWTRLOAD
Arrival (trips/hr) = POP®’LPCD/TRIPLOAD/USEHRS

Collct/HP (min/trip) = @IF(HPWTRLOAD>ARRVLRATE,1/(HPWTRLOAD-ARRVLRATE),
@NA)*60 = HPCLCTTIME

Collct/SP (min/trip) = @IF(SPWTRLOAD*SPTAPS-ARRVLRATE>O0,
60*(ARRVLRATE*2/(SPWTRLOAD*
(4‘SWI'RLOAD“2-ARRVLRATE‘2))+I/SPW'I'RLOAD).@NA)
= SPCLCTIME
Total water gathering time is given by:
fotal time/HP (min/1) = (WALKTIME+HPCLCTIME)/TRIPLOAD
Total time/SP (mir/1) = (WALKTIME+SPCLCTIME)/TRIFLOAD

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

Maximum number served per handpump = @MIN(YIELD*1000/LPCD®*USEHRS,
1 @VYLOOK UKWTRCLCTIME,HPCLCTBL,2))
= MAXHPSERVE
Maximum number served per standpipe = @VLOOKUP(WTRCLCTIME,

SPCLCTBL,1)*USEFF = MAXSPSERVE

The following caiculations compue the number of wells required per village, the system
component sizes, and initial capital, annualized capital and O&M costs.

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

Handpump daily water use (m?) = +MAXHPVILLGE®LPCD/1000
Standpipe daily water use (m?) = +MAXSPVILLGE®LPCD/1000
No. of wells needed with PV & no battery = @MAX(MINWELLS,
@INT(+SPWTRM3/YIELD/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=1,1,
@INT(SPWTRM3/MAXDSLWELLOP+0.9)))

Hrs/day use diesel w @IF(DSLSHRWELLNO = DSLMAXHRWELLNO,
DSLHRSNOM,+SPWTRM3/ DSLMAXHRWELLNO/ YIELD)

Diesel zngine life years - @lF(DSLUSEHR.S(S.DSLIFE.@!NT(DSLIFE'S/DSLUSEHRS))

Pump size (watts) = 9.81.SPWTRM3‘(DEPTH+TANKHT)/
3.6/PYPMPEFF/INSOL/PVWELLNO

Storage volume (m3) = 4SPWTRM3*PVWTRSTORE

PV array size (Wp) = +PYPUMPWATTS/PYBUSEFF

Piping length (m) = 50*WTRPT*0.4*MAXSPVILI.CE/ FSIZE/HOUSES)*0.6

BEY-BATTERY PUMPING SYSTEM CONFIGURATIONS

Number of wells required w/o battery = PYWELLNO

Number of wells required w/ battery = @MAX(MINWELLS,@IF(PYWELLNO=1,1,
@INT(SPWTRM3/MAXPVWELLOP+0.9)))

Energy required w/ battery (kWh/day) = 9. 81°SPWTRM3*(DEPTH+TANKKT,

/M,’WPMIBAT‘EFF/BATEFF
Battery size (kWh) = +PYBATENERGY/SATDOD
Array size w/ bat. (kWp) = +PYBATENERGY/PYBOSEFF/INSOL

Pump use hrs/day (min=peak insol. hrs)
= @IF(+SPWTRM3/PYBATWELLNO/YIELD
<1NSOL.INSOL.SPWTRMBIPVBATWELLNO/YIELD)

DIESEL PUMPING SYSTEM COMPONENT SIZES

Nominal pump size (kW) = 9.81°SPWTRM3*(DEPTH+TANKHT)
/3600/DSLPMPEFF/DSLUSEHRS/DSLMAXHRWELLNO

Storage volume (m?®) = +SPWTRM3*DSLWTRSTORE
Diesel engine (kW) = @MAX(@INT(DSLPMPSIZE/0.8+0.9),3)
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COST ANALYSIS

CAPITAL COSTS OF HANDP'MP SYSTEM

Handpump costs (§) @ +WTRPT‘(HPFXDCST+HPVARCST‘D£PTH)
Well cost ($) = +WTRIT*WELLCOST

Total cost () = +HPCAPCOST+HPWELLCAPCOST

Handpump per capita capital cost (3) = +HPTTLCAPCOST/MAXHPVILLGE

BY SYSTEM COST (NO BATTERIES)

Pump cost (3) = @IF(PYARRA YSIZE<1000,@MAX(PVYWELLNO*@VLOOK UP
{(PVARRAYSIZE PVLKUPTBL,1)*PVARRAYSIZE,
PVWELLNO*MINPMPCST),PYWELLNO*
DSLPMPEFF/PVPMPEFF*(DSLFXCST+
DSLVARM*(DEPTH+TANK HT)+
DSLVARQ*SPWTRM3/PVWELLNO/INSOL))

Storage cost ($) = +BCSTORE*@SQRT(PVSTORVOL)
PV array cost ($) = RIF(PYARRAYSIZE<1000,PYWELLNO®

QVLOOKUP(PVARRAYSIZE.MKUPTBL,Z)‘PVARRAYSIZB,
PWELLNO‘(O.?S-!-@VLOOKUP(PVARRAYSIZE.PVLKUPTBL.Z))

*PVARRAYSIZE)
Piping cost ($) = +PIPECST*PIPELENGTH
Standpipe cost ($) = +WTRPT*SPCOST
Well cost (S) = +WELLCOST*PYWELLNO

Total PV system cost ($) = @SUM(PV SYSTEM COMPONENT CCSTS)
PV pump per capita cost ($/person) = +PYTTLCAPCOST/MAXSPVILLGE

EY-BATTERY PUMPING SYSTEM COST
Pump cost ($) = @IF(PVBATPUMPSZ<1000,@MAX(PVBATWELLNO*@VLOOK UP
(PVBATPUMPSZ,PVLKUPTBL,1)*PYBATPUMPSZ,
PVBATWELLNO®MINPMPCST),
DSLPMPEFF/PVPMPBATEFF*PYBATWELLNO®
(DSLFXCST+DSLVARM®*(DEPTH+TANKHT)+
DSLVARQ*WTRPT/PVBATWELLNO/PVBATPMPUSEHRS))

Storage cost ($) = +PYSTORCAPCOST
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PV array cost ($) = @IF(PYBATUNITARRAY<1000,PYBATWELLNO®
@VLOOKUP(PYBATUNITARRAY,PVLKUPTBL,2)*PVBATUNITARRAY,
PVBATWELLNO*(0.75+@VLOOK UP(PYBATUNITARRAY,
PVLKUPTBL,2))*PYBATUNITARRAY)

Piping cost ($) = +PIPECST*PIPCLENGTH

Standpipe cost ($) = +WTRPT*SPCOST

Well cost ($) = +WELLCOST*PVRATWELLNO

Battery cost (§) = +UNITBATSIZE®*BATCOST*PVBATWELLNO

Total PV system cost ($) = @SUM(PV-BAT SYSTEM COMPONENTS)
PV-bat pump per capia cost ($) = +PYVBTTLCOST/MAXSPVILLGE

DRIESEL PUMPING SYSTEM COSTS

Pump cost ($) = @MAX(MINPMPCST*DSLMAXHRWELLNO,
+DSLMAXHRWELLNO®*DSLFXCST+DSLVARM®*(DEPTH+
TANKHT)-rDSLVARQ’SPW'I'RM3/DSLUSEHRS/DSLMAXHRWELLNO))
Storage cost ($) = +BCSTORE®*@SQRT(DSLSTORVOL)
Diesel cost ($) = +DSLMAXHRWELLNO*(ENGFXCST+ENGVARCST*DIESELSIZE)

Piping cost ($) = +PIPECST*PIPELENGTH

Standpipe cost ($) = +WTRPT*SPCOST
Well cost (§) = +WELLCOST*DSLMAXHRWELLNO
Total system cost ($) = @SUM(DIESEL SYSTEM COMPONENT COSTS)

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

wgmumwmm
Handpump water collection cost ($/year) = @IF(CLCTCOST=1, HPWTRM3°1000*
WTRCLCTIME/60*UNSLKWAGE®365,0)

Standpipe water collection cost ($/year)s= @IF(CLCTCOST=1.SPWTRM3°1000?
WTRCI CTIME/60°*UNSLK WAGE®365 ,0)

ANNUALIZED COSTS OF HANDPUMP SYSTEM

Handpump cost ($/year ) = +HPCAPCOST*@VLOOK UP(HPLIFE,RPLTBL,1)* ANNLFCTR
Well cost ($/year) = -l-WELLCOST‘WTRP"i‘ANNLFCTR‘@VLOOKUP(CIVILIFE.RPLTBL.l)



Handpump O&M cost ($/year) = +HPCAPCOST*HPO&M/ 100+
SKLDLBR*WTRPT*HPATTENDMIN

Well O&M cost ($/year) = +WIRPT*WELLCOST*CIVILO&M/100
Total cost ($/year) = @SUM(HANDPUMP SYSTEM ANNUALIZED COST
COMPONENTS)

Handpnmp per capita cost ($/year) = (HPTTLANCST +HPWTRCLCTIME)/MAXHPVILLGE
Handpump water cost ($/m?) = (HPTTLANCST+HPWTRCLCTIME)/HPWTRM3/365

ANNUALIZED COSTS OF PY PUMP SYSTEM (NO BATTERIES)

PV array cost ($/year) = +PYCAPCOST*@VLOOK UP(PVLIFE,RPLTBL,1)* ANNLFCTR

Pump cost ($/year) = @IF(SPWTRM3/PVWELLNO<HIFLOWPMP,
+PVPUMPCAPCST‘@VLOOKUP(PVPMPLOWLIFE.RPLTBL.l)
®*ANNLFCTR,PYPUMPCAPCST*@VLOOK UP
(PYPMPHILIFE,RPLTBL,1)*ANNLFCTR)

Civil work cost ($/year)= (PYWELLCOST+PVSTORCAPCOST+
PVPIPECOST+S™ NDPIPECOST)
*@VLOOKUPCIVILIFE,RPLTBL,1)* ANNLFCTR

PV O&M cost ($/year) = +PVCAPCOST*PVBATO&M/100

Pump O&M cost ($/year) = @IF(SPWTRM3/PVWELLNO<HIFLOWPMF,
+PYPUMPCAPCST*PYPMPO&M/100+PVATTEND®
SKLDLBR*PVWELLNO,
PVPUMPCAPCST*PYPMPO&MHI/ 100+
PYATTEND*SKLDLBR*PYWELLNO)

Civil work O&M cost ($/year) = (PYSTORCAPCOST+PVPIPECOST. +PYWELLCOST)*
CIVILO&ZM/100+HPATTENDMIN®*SK LDLBR*C541

Total cost ($/year) = @SUM(PV PUMP SYSTEM ANNUALIZED COST
COMPONENTS)

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

Per m® cost ($/m?) = (PYANTTLCOST+SPWTRCLCTIME)/SPWTRM3/365
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ANNUALIZED COSTS OF PY-BATTERY PUMP SYSTEM
PV array cost {3/year) = +PVBARRAYCST*@VLOOK UP(PVLIFE,RPLTB! ,1)* ANNLFCTR

Pump cost (§/year) = @IF(WTRPT/PVBATWELLNO/PVBATPMPUSEHRS
<HIFLOWPMP/5,+PYBPUMPCOST
*@VLOOKUPPYPMPLOWLIFE,RPLTBL,1)
*ANNLFCTR,PVYBPUMPCOST*@VLOOK UP
(PYPMPHILIFE,RPLTBL,1)* ANNLFCTR)

Civil work cost ($/year) = (PYBATWELLCOST+PVBSTORCOST+PVPIPECOST
+STNDPIPI COST)*@VLOOK UP
(CIVILIFE,RPLTBL,1)* ANNLFCTR

Battery cost ($/year) = +BATTERYCOST*@VLOOK UP(BATLIFE,RPLTBL,1)*ANNLFCTR
PV, bat. O&M cosi ($/year)= (PVBARRAYCST+BATTERYCOST )*PVBATO&M/100

Pump O&M cost ($/year) = @IF(SPWTRM }/PYBATWELLNO/PYBATPMPUSEHRS<
HIFLOWPMP/S5,+PYBPUMPCOST*PVPMPO&M/109
+PYATTEND*SKLDLBR*PVBATWELLNO,
PYBPUMPCOST*PVPMPO&MHI/100
+PVATTEND*SKLDLBR*PVBATWELLNO)

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

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

Per capita cost ($/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,1)* ANNLFCTR

Pump cost ($/year) = @IF(SPWTRM3/DSLMAXHRWELLNO<HIFLOWPMP,
+DSLPMPCOST’@VLOOKUP(PVPMPLOWLIFE,RPLTBL. 1)*
ANNLFCTR.DSLPMPCOST‘@VLOOKUP(PVPMPHILIFE.RPLTBL, 1)
*ANNLFCTR)

Civil work cost ($/year) = DSLSTORCOST. +PYPIPECOST+STNDPIPECOST
+DSLWELLCOST)*@VLOOKUP(C™"ILIFE,RPLTBL,1)
*ANNLFCTR
Diesel O&M cost ($/year) = +DSLPMPO&M/ 100*ENGINECOST+SKLDLBR*DSLATTEND
Pump O&M cost ($/year) = @IF(SPWTRM3/DSLMAXHRWELLNO<HIFLOWPMP,

+PYPMPO&M/100*DSLPMPCOST,
PYPMPO&MHI/100*DSLPMPCCST)
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Civil work O&M cost ($/year) = (DSLSTORCOST+PVPIPECOST +DSLWELLCOST)®
CIVILO&M/100

Fuel cost ($/year) = 9.81*SPWTRM3*(DEPTH+TANKHT)/
(3600°FUELTOWTREFF*10.5)* FUELCOST®365

Total cost ($/year) = @SUM(DIESEL PUMP SYSTEM ANNUALIZED CCST COMPONENTS)

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

Per m® cost (3/m?) = (DSLTTLANCST+SPWTRCLCTIME)/SPWTRM3/365

SUMMARY STATIS1ICS

RER CAPITA CAPITAL COSTS

Handpump ($/person) = +HPTTLCAPCOST/MAXKIVILLGE

PV (3/person) = @MIN(PYBTTLCOST/MAXSPVILLGE,
PVTTLCAPCOST/MAXSPVILLGE)

Diesel ($/person) = +DSLTTLCOST/MAXSPVILLGE %

COST OF WATER

Handpump ($/m?) = +HPM3WTRCOST

PV ($/m?) = @MIN(PVRM3CST,PYM3COST)

Diessl (3/m?) = +DSLM3CST

SYSTEM TYPE

PV system selected = @IF(PYBM3CST<PVM3COST,"BATTERY","NO BATTERY")

No. of wells (PV) = @IF(PYBM3CST<PVM3COST,PYBATWELLNO,PVWELLNO)

No. of wells (diesel) = +DSLMAXHRWELLNO
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SAMPLE ANALYSIS
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MERIDIAN CORPORATION

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

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

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

FOR
RURAL WATER SUPPLY
INPUT DATA
INSOLAT ION
HATER CONSUMPTION LPCD
WELL TYPE
WATER DELIVERY RATES
- HAND PUNP L/MIN.
- STAND PIPE L/MIN.
INCOME SPENT N WATER
NUMBER OF PERSONS/FAMILY
MINIMUM WATER NEED LPCD
WORK HOURS/FAMILY HOURS
HOUSING DENSITY HOUSES/HA
WALKING SPEED KM/HOUR
MAXIMUM LOAD/TRIP L/TRIP
WATER POINT USE HOURS
NO. TAPS/SP
STANDPIPE USE EFFICIENCY
MAX. WFIL YIELD 50
WATER TABLE DEPTH 40
STORAGE TANK HEIGHT 10
MINIMUM NO. OF WELLS 1
CAPITAL COSTS - PV PUMP  UP TO Wp:
200
500
1000
>1000
CAPITAL COSTS: FIXED
HANDPUMP 500
DIESEL PUMP 275

FOR >1000 Wp, PUMP COST

EFFICIENCY DIFFERENCES

5 KWH/MZ/DAY - POA
20 LPCD
5 (1=$500/5M, 2=$1500/20M, 3=$2500/20M,
: 4=$5000/20M, 5=$5000/40M)
2
15
3
8
10
20
25
3
20
6
2
1
M3/HR
N
M PV COST MULTIPLIER
1
$/Wp PUMP $/Wp ARRAY
7.00 8.00
4.25 e
2.50 7.50 BASED ON DIESEL PUMP
7.25 S COST ADJUSTED FOR
VAR. ($/M) VAR.($/M3-HR)
8
25 75
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NIN  PUMP COST
DIESEL ENGINE
STORAGE COST
PIPING COST
STANOPIPE COST
WELL CoST
BATTERY COST

PY PUMNP EFFICIENCY

PY PUNP EFF M/ BATTERY
BATTERY EFFICIENCY

PY BOS EFFICIENCY

DIESEL PUMP EFFICIENCY
DIESEL FUEL TO WATER EFF

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

NOMINAL DIE EL OPERATION
MAX DIESEL PERATING HRS
MAXIMUM PY-BAT. PUMP MRS
ALLOWASLE BATTERY DOD

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

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

CIVIL WORKS 04N
PY ARRAY & BATTERY O8N
DIESEL OMN

PY MOTOR/PUMP O8N

PY MOTOR/PUNP O&N
SKILLED ATTEND. RATE
ATTENDANT COST {PY PUKP)
ATTEND. COST (WP, PV/SP)
DIESEL ATTENDANT

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

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

MOTOR/PUMP LIFE
MOTOR/PUMP LIFE
DIESEL LIFE
CIVIL WORKS LIME
PV ARRAY LIFE

1000 §

5000 /xw + 240 $/KW, KW>3

1000 *SQRT(VOLUME * DAYS OF STORAGE)
6 $/M

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

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

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

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

10 % CAPITAL COST/YEAR
1 % CAPITAL COST/YEAR
1 % CAPITAL COST/YEAR
15 % CAPITAL COST/YEAR
lg % CAP. COST/YR FLWS <

‘04 HOURS/ PUMP/YEAR
182 HOURS/MWATER POINT/YEAR
2920 HOURS/PUMP/YEAR

B A S e

R A e ——

10 YEARS
10 YEARS FOR FLOWS <
7.5 YEARS FOR FLOWS >
10 YEARS
20 YEARS
20 YEARS

30
30

30
30

M3/DAY
M3/DAY

M3/DAY
H3,/DAY
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BATTERY LIFE 5 YEARS

DISCOUNT RATE 0.1
SYSTEM LIFE 20 YEARS
WAGE RATF 0.125 $/HOUR
COST WATER COLLCT. TIME? 0 (YES=1, NO=0)
PRESENT VALUE OF REPLACEMENTS
LIFE FACTOR  1+DISCOUNT RATE 10-YEAR LIFE ANALYSIS REPLACEMENT FACTOR
2 4.91 1.1 3.54
k 3.48 2.74
4 2.69 2.15
5 2.25% 1.62
6 2.06 1.56
1.5 1.73 1.49
10 1.39 1
12 1.22 |
15 1.24 1
2¢ 1.00 1

CAPITAL EQUIPMENT ANNUALIZING FACTOR 0.1175

SELECTION OF MAXIMUM NMUMBER OF PERSONS PER WATER POINT

BEEEEEEEEE - ITESaEtaETEERSESRa W

QUEUEING TINE (S NIOELED AS A SINGLE SERVER MODEL WITH POISSON INPUT
AND EXPONENTIAL SFRVICE FOR THE HANDPUMP CASE

QUEVEING TIME IS MODELED AS A MULTIPLE SERVER MOOEL WITH POISSON INPUT
AND EXPONENTIAL SERVICE FOR THE STANDPIPE CASE

CALCULATIONS )
1 ESTINATE MAXIMUM PERSONS PER WATER DELIVERY POINT

1.1 CALCULATE WATER USE AT CROSS OVER POINT

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

<X LPCD 18.87
X HRS/M3 3.98
MIN/L 0.24

1.2 SELECTION OF DEMAHD FUNCTION
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1.3

1.3

Ti
Te

WATER COLLECTION TIME

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

WATER DELIVERY RATE

POP WALK
DIST (M)
10 22.36
-0 3l1.62
30 38.73
40 44.72
50 50.20
60 Se.n
70 59.16
80 63.25
9 67.08
1) 70.71
110 74.16
120 17.46
130 80.62
140 83.67
150 86.60
160 89.44
170 92.20
180 94.87
150 97.47
200 100.00
210 102.47
220 104.88
230 107.24
240 109.54
250 111.80
260 114.02
270 116.19
280 118.32
290 120.42
300 122.47
310 124.50
320 126.49

330 128.45

MIN/L
MIN/L

MIN/L
LOADS/HR

WLK TME
MIM/TRIP

e e e e et e
@ . -

.84

Ll B L B A T e —
- . - - - ] - L] Ll
Pl P e e e (7.1

NN
G Gl
—d

2.45
2.49
2.53
2.57

0.19
0.26

0.26
36 2
45 3P

ARRIVAL  COLLCT/HP
TRIPS/HR  MIN/TRIP

1.67 1.75
3.3 1.84

5.00 1.94
6.67 2.05
8.313 2.17
10.00 2.31
11.67 2.47
13.33 2.65
15.00 2.86
16.67 3.10
18.33 3.40
20.00 3.75
21.67 4.19
231.1] 4.74
25.00 5.45
26.67 6.43
28.33 7.83
30.00 10.00
31.67 13.85
33.33 22.50
35.00 60.00
36.67 NA
38.33 NA
40.00 NA
41.67 NA
43.33 NA
45.00 NA
46.67 NA
48.33 NA
50.00 NA
51.67 NA
53.33 NA
55.00 NA

COLLCT/SP TOTAL/HP TOTAL/SP

MIN/TRIP

MIN/L

I g

MIN/L

.

=~ -E-F-F-N-Y-N.]
P eyl omit)
i et e e Bt G B e
(T I R SN R

oo
—
o>

0.16
0.17
0.17
0.17
0.18
0.18
0.18
0.19
0.19
0.20
0.20
0.21
0.21
0.21
0.22
0.22
0.23
0.¢o

330



-3

340

130.38
132.29
134.16
136.01
137.84
139.64
14].42
143.18
144.91
146.63
148.32
150.C0
151.66
153.30
154.92
156.52
158.11
159.69
161.25
162.79
164.32
165.83
167.33
168.82
170.29
171.76
173.21
174.64
176.07
177.48
178.89
180.28
181.66
183.03
184.39
185.74
187.08
188.4]
189.74
191.05
192.35
193.65
194.94
196.21

2.61
2.65
2.68

R~
~ ~4
L=l

g

Mo
- - -
oo W WO WD

h HPNHWHNHMNHHHNN
. L e e T R T T e il w3
A G G Gl S NS N e i e e

.
U & i
NN OOE=DUNNONO D

wuwuuupuwwuuwuuwuuww

o e e Y T T T .
000~~~ 4]

wammmwhﬂ%d‘a?‘-g

OO m

56.67
58.33
60.00
61.67
63.33
65.00
66.67
68.33
70.00
71.67
73.33
75.00
76.67
78.33
80.00
81.67
83.33
85.00
86.67
88.33
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

S P EEECEErCTSEEIIEEZEIEEEEZZZEEzzzzzz:

NA

2.21
2.30
2.40
2.51

.
2.95
3.15
3.38
3.64
3.97
4.36
4.86

588

S R EEIEEIISEEESEIICSEEEEZIEEZSZZEEZZEZEzzzz

©oocococococococococoocs
Mo G el L L PO D RO R RO RO
WONMWe=O O®mah o e

(=N =]
. .
[
e =y

340
350
360
370
380
390
400
410
420
430
440
450
460
470
480
4950
509
510
520
530
540
550
560
570
568G —__
590
600
610
620
630
640
€50
660
670
680
690
7060
710
720
730
740
7150
760
170
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180 197.48 3.95 130.00 KA NA NA NA 780
790 198.75 3.9 131.67 NA NA NA NA 180
800 200.00 4.00 133.33 NA NA NA NA 800
810 201.25 4.02 135.00 NA NA NA NA 810
820 202.48 4.05 136.67 KA NA NA NA 820
830 203.72 4.07 138.33 NA NA NA NA 830
840 204.94 4.10 140.00 NA NA NA NA 840
850 206.16 4.12 141.67 NA NA NA NA 850
860 207.36 4.15 143.33 NA NA NA NA 86C
870 208.57 .17 145.00 NA NA NA NA 870
830 209.76 4.20 146.67 RA NA NA NA 880
830 210.95 4.22 148.33 NA NA NA NA 890
900 212.13 4.24 150.00 NA NA KA NA 900
910 213.31 .7 151.67 KA NA NA NA 910
922 214.48 4.29 153.33 NA NA NA NA 920
930 215.64 4.31 155.00 NA NA NA NA 930
940 216.79 4.34 156.67 NA NA NA NA 940
950 217.94 4.36 158.33 NA NA NA NA 950

WATER DEMAND LPCD 20.00

MAXINUM NUMBER SERYED PER HAND PUMP 110.00

MAXIMUM NUMBER SERVED PER STAND PIPE 360.00

B i i L T b S S e s o S e s . AL S e eSS PN ES S .. ... e .-

PER CAP. POPULATION POPULATION
CONSUNPTION SERVED SERVED

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

------------------------------------
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MAXIMUM SIZE OF POPULATION SERVED
HANOPUMP  STANOPIPE  HANDPUMP STANOPIPE

NO. OF MAX THUM MAX IMUN DAILY DAILY
PER CAP. WATER VILLAGE VILLAGE WATER WATER
DEMAND POINTS POPULATION POPULATION USE USE
LPCD ! ’ # M3 M3
20 | 110 360 2.20 1.20
2 220 720 4.40 14.40
4 440 1440 8.80 28.80
6 660 2160 13.20 ~3.20
8 880 2880 17.60 57.60
10 1100 3600 22.00 72.00
20 2200 7200 44.00 144.00
PV PUNPING SYSTEM COMPONENT SIZES (NO BATTERIES)
NO. OF
PER CAP. WATER PUNP STORAGE PY ARRAY
DEMAND POINTS SIZE VOLUME SIZE
LPCD ’ WATTS M3 ¥p
20 1 561 22 623
2 1121 43 1246
4 2242 86 2491
6 3363 130 3737
8 4485 173 4383
10 5606 216 6229
20 11211 432 12457

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

---------

NO. OF NO. OF NO. OF

WELLS WELLS WELLS

NEEDED NEEDED NEEDED

WITH PV W/ DIESEL IF DIESEL

& NO 5 USED MORE

BATTERY  HRS/DAY  KRS/DAY

1 1 1

1 1 1

| 1 1

| 1 1

| 1 !

[ 1 ]

1 1 1
PIPING
 LENGTH
M
128
256
s12
768
1024
1281
2561

DIESEL

HRS/CAY
USE
DIESEL

ENGINE
LIFE

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

--------------------------------------------------------------------
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PV-BATTERY PUMPING SYSTEM CONF IGURATIONS

NO. OF
PER CAP. WATER DAILY WATER
DEMAND POINTS DEMAND
LPCD !
20 1 7
2 14
4 29
6 43
8 58
10 s
20 144

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

NUMBER
OF WELLS
REQUIRED

M3 W/0 BATTERY

PV-BATTERY PUMPING SYSTEM COMPONENT

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

NO. OF

PER CAP. WATER
DEMAND POINTS
LPCD ’
20 1

2

4

6

8

10

20

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

UNIT
PUMP
SIZE
WATTS

STORAGE
VOLUME

NUMBER

OF WELLS
REQUIRED
W/ BATTERY

-----------

ENERGY PUMP USE
REQUIRED  BATTERY ARRAY SIZE HRS/DAY
W/ BATTERY SIZE W/ BAT. (MIN<PEAK

KiWH/DAY KWH Kkp INSOL. HRS)
2—13 h 5.45 0.61 5.00
5.45 10.90 1.21 5.00

10.90 21.80 2.42 5.00

16.35 32.70 3.63 5.00

21.86 43.60 4.84 5.00

27.25 54.50 6.06 £.00

54.50 109.00 12.11 5.00
UNIT

M KWH
128 5
256 11
512 22
768 33

1024 44
1281 55
2561 109

---------------
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DIESEL PUMPING SYSTEM COMPONENT SIZES

NOMINAL
PUMP
SIZE

KW

STORAGE
VOLUME

DIESEL
ENGINE

PIPING

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

NO. OF

PER CAP WATER
DEMAND POINTS
LPCD ’
20 1

2

4

6

8

10

20

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

COST ANALYSIS
1. CAPITAL COSTS

CAPITAL COSTS OF HANDPUMP SYSTEM

NO. OF HANDPUMP
HANDPUMPS COSTS

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

8200

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

WELL
CosT
$

TOTAL COST
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HAND PUMP

PER CAP. NO. OF PER CAPITA
DEMAND  HANOPUMPS CAPITAL COST
LPCD $

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

PV SYSTEM COST (NO BATTERIES)

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

PER CAP. WATER PUNP
DEMAND POINTS CosT
LPCD ! $

20 1 1557

2 2487

4 2796

6 3104

8 3413

10 3rzl

20 5264

STORAGE

PY ARRAY

PIPING STANDPIPE

CosT cost
$ §
768 150
1537 300
3073 600
4610 900
6147 1200
7683 1500
15367 3000

WELL TOTAL
COST PV SYSTEM

$ COST (%)
5000 16794
5000 25862
5000 40696
5000 54896
5000 68768
5000 82430

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

PER CAPITA PV PUMPING SYSTEM COST
NO. OF PV PiMP

PER CAP. WATER PER CAPITA
DEMAND POINTS cosT
LPCD i $

20 1 49

2 36

4 28

6 25

8 24

10 23

20 21

....................................
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--------------------------------------------------------------------------

PER CAP. WATER
DEMAND POINTS
LPCO ¥

20 1

2

4

6

8

10

20

- - ..--‘.---..--_---.-_-_---....._----------..------.-_---.---_-----

PV-BATTERY PUMPING SYSTEM COST

STORAGE
CosT

PER CAPITA PV-BATTERY PUMPING SYSTEM COST

NO. OF

PER CAP. WATER
DEMAND POINTS
LPCD !
20 1

2

4

6

8

10

20

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

PV PUHP
PER CAPITA
cost

PV ARRAY

PIPING STANOPIPE

cosT

e e N

BATTERY TOTAL
COST PV SYSTEM

$ COST ($)
1090 17560
2180 27213
4360 43881
6540 59915
8720 7562¢

10900 91119
21800 166935

..............................................
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DIESEL PUMPING SYSTEM COSTS

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

NO. OF

PER CAP. WATER
DEMAND POINTS
LPCD /
20 1

2

4

6

8

10

20

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

PER CAPITA DIESEL PUMPING SYSTEM COST

NO. OF

PER CAP. WATER
DEMAND POINTS
LPCD #
20 1

2

4

6

8

10

20

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

PUMP

DIESEL
PER CAPITA

ANNUALIZED COST COMPUTATIONS

STORAGE

DIESEL

PIPING STANDPIPE WELL TOTAL
Cos1 cost CosT SYSTEM
$ $ $ COST (%)

768 150 5000 15955
£37 300 5000 18092
3073 609 5000 21717
4610 900 5000 24976
6147 1200 5000 28285
7683 1500 5000 31474
15367 3000 5000 46452

L e T T ——
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ANNUALIZED COSTS OF HAND PUMP SYSTEM

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

PER CAP. WATER
DEMAND POINTS
LPCD !

20 1

2

4

6

8

10

20

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

ANNUAL WATER COLLECTON COSTS USING HANDPUMPS AND STANDPIPES

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

NO. OF

PER CAP. WATER
DEMAND PGINTS
LPCD !
20 1

2

4

6

8

10

20

B i Lol o T T S S

HANDPUMP
COosT
$/YEAR

HANDPUMP
WATER
COLLECTION

WELL
cosT
$/YEAR

587
1175
2349
3524
4698
5873

STANDPIPE
WATER
COLLECTION

HAND PUMP

WELL
0&M COST
$/YEAR

50
100
200
300
400

b T
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TOTAL UNIT COSTS OF HAND PUMP SYSTEMS

NO. OF
PER CAP. WATER PER CAPITA PER M3
DENAKD POINTS CosT CosT
LPCD # $/CAP-YEAR /M3
20 1 8.58 1.18
2 8.58 1.18
4 8.58 1.18
6 8.58 1.18
8 8.58 1.18
10 8.58 1.18
20 6.58 1.18

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

ANNUALIZED CCSTS OF PV PUMP SYSTEM (NO BATTERIES)

PER CAP. wATER PY ARRAY PUMP CIVIL wW0RK PV Cirt  PUMP OSM CIVIL WORK TOTAL
DEMAND POINTS CosT CosT CosT CooT COST O&M COST CosT
LPCD i $/VEAPR. $/YEAR $/YEAR $/YEAR $/YEAR §/YEAR $/YEAR

20 549 253 i24] 47 208 195 2493

-----------------------------------------------------------------------------------------------------
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TOTAL UNIT COSTS OF PV PUMP SYSTEMS (NO BATTERIES)

NO. OF
PER CAP. WATER PER CAPITA PER M1
DEMAND POINTS COsT CosT
LPCD ’ $/YEAR $/K3
20 1 6.92 0.95
2 $.37 0.74
4 4.15 0.57
6 3.69 0.51
8 3.46 0.47
10 3.31 0.45
20 2.99 0.41

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

ANNUALIZED COSTS OF PV-BATTERY PUMP SYSTEM

PER CAP. WATER PV ARRAY PUMP CIVIL WORK SATTERY PV, BAT. PUMP O8M CIVIL WORK TOTAL
DEMAND POINTS CosT CosT Cos1 COST O0&M COST COST O&M COST COosT
LPCD # $/YEAR $/VEAR $/YEAR $/YEAR $/YEAR $/YEAR $/YEAR  $/YEAR

20 1 533 222 1241 288 56 188 195 2724

2 1138 315 1575 575 119 245 313 4280

4 2276 354 2111 1150 237 269 538 €935

6 3414 490 2572 1725 356 173 756 9486

8 4552 539 2994 2300 475 185 971 12016

10 5690 588 3392 2875 593 197 1184 14520

................................................................................................................
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TOTAL UNIT COSTS OF PY-BATTERY PUNP SYSTEM

NO. OF
PER CAP, WATER PER CAPITA PER M3
DEr AND POINTS cosT CosT
LPCD ’ $/YEAR N3
20 1 24.76 1.04
2 19.46 0.81
4 15.76 0.66
6 14.37 0.60
8 13.65 0.57
10 13.20 0.55
20 12.19 0.51
ANNUALIZED COSTS OF DIESEL PUMP SYSTEM
PER CAP. WATER DIESEL PUNP CIVIL WORK
CEMAND POINTS CosT cost cosT
LPCD s $/YEAR $/YEARR $/YEAR
20 1 931 266 1010
2 931 283 1249
4 931 318 1649
6 931 4] 2007
8 70 485 2342
10 1009 529 2663

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

DIESEL PUMP O8M CIVIl WORK

O&M COosT

COST O&M COST

$/YEAR

$/YEAR

FUEL
Cost
$/YEAR

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

]
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TOTAL UNIT COSTS OF DIESEL PUMP SYSTEMS

NO. OF
PER CAP. WATER PER CAPITA PER M3
DEMAND POINTS COsT CosT
LPCD / $/YEAR $/M3
20 1 13.85 1.90
2 1.62 1.04
4 4.4 0.61
6 3.35 C.46
8 2.83 0.39
10 2.52 0.34
20 1.87 0.26
SUMMARY STATISTICS
PER CAPITA DEMAND: 20 LITERS PER CAPITA-DAY
WELL COST: 5000 § AT DEPTH: 40 METERS o
INSOLATION: 5 KWH/M2/DAY
N.OF ..l PER CAPITA CAPITAL COSTS--eccecucnnan. COST OF WATER---------- PV NO. OF NO. OF
WATER HANDPUMP PY DIESEL HANDPUMP PV DIESEL SYSTEM WELLS WELLS
POINTS POPULATION $/PERSON $/PERSON $/PERSOA $/N3 $/M3 $/M3  SELECTED (PV) (DIESEL)
1 110 $3 1.18
2 220 s3 1.18
& 440 53 1.18
6 660 53 1.18
8 880 53 1.18
10 1100 3 1.18
20 2200 53 1.18
1 360 4o " 0.95 1.90 NO BATTERY 1 1
2 120 36 25 0.74 1.04 NO BATTERY 1 1
4 1440 28 15 0.57 0.61 NO BATTERY 1 1
6 2160 25 12 0.51 0.46 MO BATTERY 1 1
8 2880 24 10 0.47 0.39 NO BATTERY i 1
10 3600 23 3 u.45 0.34 NO BATTERY 1 1
20 7200 21 6 0.41 0.26 NO BATTERY ] 1

..........................................................................................................................
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§/cuBic METER

WELL COST: $500
DEPTH: 5 m

COST OF WATER DEMAND: 20 lpcd
WELL TYPE = 1, LPCD = 20
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COST OF WATER

WELL TYPE = 2, LPCD = 20

WELL COST: $1,500
DEPTH: 20 m
DEMAND: 20 lpcd
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$/cusic METER

$/PERSON

WELL COST: $1,500
DEPTH: 20 m
COST OF WATER DEMAND: 40 1pcd

WELL TYPE = 2, LPCD = 40
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$/CUBIC METER

WELL COST: $2,500
DEPTH: 20 m

COST OF WATER DEMAND: 20 1pcd
WELL TYPE = J, LPCD = 20
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S/PEnson

WELL COST: $2,500
DEPTH: 20
COST OF WATER DEMAND: 40 Tpcd

WELL TYPE = 3, LPCD = 40
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$/CUBIC METER

WELL COST: $5,000

PTH: 20
COST OF WATER DEMAND: 20 Tpea
WELL TYPE = 4, LPCD = 20
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$/CUBIC METER

WELL COST: $5,000
DEPTH: 20
COST OF WATER DEMAND: 40mlpcd

WELL TYPE = 4, LPCD = 40
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$/cuBiCc METER

$/PERSON

WELL COST: $5,000

DEPTH: 40 m
COST OF WATER DEMAND: 20 1pcd
WELL TYPE = 5, LPCD = 20
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WELL COST: $5,000

DEPTH: 40 m
COST OF WATER DEMAND: 40 1pcd
, WELL TYPE = 5, LPCD = 40
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Abacus Controls, Inc. Arizona State University
Attn: George O'Sullivan Attn: Paul Russell

P. O. Box 893 College of Engineering
Somerville, NJ 08876 Tempe, AZ 85287

Acurex Corporation Ascension Technology
Attn: Dan Rogen Attn: E4 Kern

555 Clyde Avenue Box 314

P. O. Box 75SS Lincoln Center, MA 01773

M~runtain View, CA 94039
Atlantic Solar Power, Inc.

AESI Attn: Paul G. Apple
Attn: Bill Todorof 6455 Washington Blvd.
20442 Sun Valley Drive Baltimore, MD 21227

Laguna Beach, CA 92651
Automatic Powver

Alabama Power Co. Attn: Guy Priestley
Attn: Hezbert M. Boyd P. O. Box 18738
€00 No. 18th Street Houston, Texas 77223
Birmingham, AL 35291
Ray Bahm
American Power Conversion Corp. 2513 Kimberly Court NW
Attn: Mr. Ervin P. Lyon Albuguerque, NM 87120
89 Cambridge Street
Burlington, MA 01803-4115 Balance of Systems Specialists, Inc.
7745 E. Redfield Road
Applied Solar Energy Corp. Scottsdale, AZ 85260
Atn: R. P. Brown
15703 E. Valley Blvd. Battelle Columbus Laboratories
City of Industry, CA 91749 Attn: Don Jarmichzel
505 King Avenue
ARCO Solar Inc. (3) Columbus, Chio 43201
Attn: James Caldwell, President
Gary Shushnar Bechtel National, Inc.
Raju Yenamandra Attn: Walt Stolte
P. 0. Pox 2105 P. O. Box 3965
Chatsworth, CA 91311 San Francisco, CA 94119
Ari: na Public Sc¢.vice Co. Beckwith Electric Compan.
Attn: Thomas C. Lepley Attn: Robert W. Beckwith
P. O. Box 53999, Mail Sta. 387s 11811 62nd St. N.
Phoenix, AZ 85072-3999 Largo, PL 33543
Arizona Solar Energy Commission Best Power Tezhnology. Inc.
Attn: Dr. Prank Mancini P. O. Box 280
1645 W. Jefferson Necedah, Wisconsin 54646

Phoenix, AZ 85007

Dist-1



BDM Corporation

Attn: George Rhodes
1801 Randolph Road
Albuquerque, NM 87106

Black and Veatch

Attn: Sb=z=ldon Levy
11401 Lamar

P. O. Box 8405

Overland Park, KS 66211

Blue Sky Water Supply

Attn: Ronald W. Shaw, President
P. 0. Box 21359

Billings, MT 59104

Bonneville Power Adm.
Attn: Minje Ghim

P. 0. Box 3621
Pcrtland, OR 97208

Sam Bunker

International Programs Div. (IPD)

Nat'l Rural Elec. Cooperative Assoc.

1800 Massachusetts Avenue, NW
Washington, DC 20036

California Energy Commission
Attn: Mike DeAngelis

1516 9th Street

Sacramento, CA 95814

Cal/Poly University

Attn: A. Dickerson

EL/EE Department

San Luis Obispo, CA 93407

Center for Engr. and
Environmental Research

Attn: Angel Lopez

College Station

Mayaguez, Puerto Rice 00708

Chronar Corp.

Attn: Pandelis Zelissaropoulos

Marketing Dept.

Box 177

Princeton, NJ o0g542

Chronar-TriSolar Corp.
Attn: Anand Rangarajan
10 De Angelo Drive
Bedtord, MA 01730

Dista?

City of Austin Power & Light

Attn: John Hoffner
P. O. Box 1088
Austin, TX 78767

Cleveland State University
Attn: Peter P. Grounmpos
1983 E. 24th Street
Cleveland, OH 44115

Colorado Mountain College
Attn: Steve McCarney

3000 County Road 114
Glenwood Springs, CO 81601

Dess Solar Company

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

Detroit Edison Co.
Attn: George Murray, UTE
2000 2nd Avenue
Rm. 2134 WCB
Detroit, MI 48226
Electric Power Resgearch Inst.
Attn: John Schaefer

Frank Goodman
P. O. Box 10412
Palo Alto, CA 94303

Electric Research and Mgmnt.
Attn: W. E. Peeron
P. O. Box 1¢€%
State College, PA 16804
Energy Resources International
Attn: Carole Taylor

Golden Gate Energy Center

1055 Port Cronkhite

Sausalito, CA 94965

ENTECH, Inc.

Attn: Mark O'Neill
1015 Royal Lane

DPW Airport, TX 75261

Evans International

Attn: Lynn Hurlbert

3128 West Clarendon Avenue
Phoenix, AZ 85017

(2)



Farvest Corrosion Control
17311 S§. Main Street
Gardena, CA 90248

Florida Alternative Energy Corp.

Attn: Henry M. Healey
2155 Jason St.
Merritt Island, PL 32952
Florida Power & Light
Attn: R. S. Allan

P. O. Box 14000

Juno Beach, PL 33408

Plorida Power & Light
Attn: Cary L. Michel
P. 0. Box 529100
Miami, PL 33152

Florida Solar Energy Center
Attn: Gerald Ventre

30O State R4. 401

Cape Canaveral, PL 32920

Georgia Power Company
Attn: Clayton Griffin
P. O. Box 4545
Atlanta, GA 130302

Georgia Power Co.
Attn: Ed Ney

7 Bolar Circcle
Shenandoah, GA 30265

GNB Incorporated

Attn: Christine McCarthy
2010 Cabot Boulevard West
Langhorne, PA 19047

GPL Industries
P. 0. Box 1306
La Canada, CA 91011

Grundfos Pumps Corp.
Attn: John Maxwell
2555 Caovis Ave.
Clovis, CA 93612

Heliopower Inc.

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

I

Hughes Aircraft Company
Attn: George Naff

_ P. O. Box 9399 |

Dlst-4

Building Al, H/S 4C84)
Long Beach, CA 90810

Independent Power Co.
Attn: Mr. Sam Vanderhoff
Box 649

North San Juan, CA 95960

Integrated Power Corporaticn (2)

Kenneth Gerken
Lee Gordon
7524 Standish Pl.
Rocaville, MD 20855

Attn:

Interso]l Power Corporation
Attn: Mr. John Sanders
11901 W. Cedar Avenue
Lakewood, CO 80228

Interstate Solar Coordination Council

Attn: John R. Dunlop
900 American Center Building
St. Paul, MN 55101

Iota Engineering
4700 8. Park Ave. - Buite ®
Tucson, AZ 85714

Icridelco Corp., Inc.
440 Sylan Avenue
Inglewood Cliftf, NJ 07632

IT Power, Inc. (2)

Attn: Thomas Hoffman
Bernard NcNelis

Suite 801

1015 Eighteenth St. NW

Washington, DC 20036

Jacuzzi, Inc.
12401 Interstate 130
P.O. Box 8%03

Little Rock, AR 72219-89%903

Jensen Brothers Manufacturing Co.

l4th and Paciftic
P. O. Box 477
Coffeyville, XS 67337



William Lamb Company
Attn: William Lanb
10615 Chandler Blvd.
North Hollywood, CA 91601

March Manufacturing Co.
1819 Pickwick Avenue

Glenview, IL 6002%
Marvel
Attn: Mc. Richard Detrick

P. O. Box 997
Richmond, Indiana 47374

.Mass PV Center

Attn: Fevin Collirs

1 Mass Tech Center

80. Access Road

Logan Airport

East Boston, MA 02128

A. Y. McDonald Mfg. Co.
Attn: Mz. John D. Bekel
Manager - Epergy Prodacts
4800 Chavenelle Road
Dubuque, A 52001

Meridian Corporation (3)
Attn: Anil Cabraal
Judy Laufman
Judith M. Siegel
4300 King Street
Alexandria, VA 22302

Midwest Research Institute
Atta: M. 8. Imsmura
1344 W. Parkhill Ave.
Littleton, CO 80120

3N Company
Attn: P.
223-4W-04
3M Center
8t. Paul, MN 5514¢-1000

Jaster

Mobil Solar Energy Corp. (3)
Attn: Tony Norbedo

A. Taylor

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

Dist-4

Navional Association of
Home Bullders

Attn: Bion Howard

15th anéd M Street NW

Washington, DC 20036

Natural Powver, Inc.
Attn: Brian Gordon
Francestown Turnpike
New Boston, NH 03070

Naval Civil Engineering Lab
Attn: Kwang Ta Huang

CODE L 72

Port Hueneme, CA 93043
Naval Weapons Center

Attn: G. saith

Code 02A1

China Lake, CA 93555-6C01

New England Power Service
Attn: EBdward Gulachenski
25 Research Drive
Westborough, MA 01581

Northern Power Systems
Attn: Clint Coleman

1 North Wind R4.
Moretown, VT 05660

Omnion Power Engineering
Attn: Hans Meyer

W297 811085 Hwy. ES
Mukwonago, WI 53149

Onsite Energy

Attn: Alan Cowvan

838 S.W. 1st Sreet, Suite 520
Portland, OR 97204

Oxidizers, Inc.

Attn: Donald E. Meyers
47,0 Buclid Road

Virginia Beach, VA 23462

Pacific Gas & Electric Co.
Attn: Steve Hester

3400 Crow Canyon Road

S8an Ramon, CA 9458)



Philadelphia Electric Company
Attn: D. A. Fagnan

2301 Market Street 510-1
Philadelphia, PA 19101

Photocomm, :nc.

Attn: Joseph Garcia
7735 East Redfield
Scottsdale, AZ 85260

Photoelectric, Inc.
Attn: J. White

9191 Towne Center Drive
Suite 220

San Diego, CA 92122

Photovoltaics International
Attn: Mark Pitzgerald

Box 1467

Denver, CO 80201

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

Polar Products
Attn: Arthur Sams
2908 Oregon Court
Building 1-11
Torrance, CA 90503

Public Service Co. of New Mexico
Attn: R. Michael Lechner
Alvarado Square

Albuquergue, NM 87158

Public Service Elec. & Gas. Co. (2)
Attn: Harry Roman
P. Perkins
80 Park Pla:za
P. O. Box 80
Newvark, NJ 07101

Pulstar
138 Industrial Loop
Orange Park, PL 32703-2845%

PV Energy Systems, Inc.
Attn: Mr. Paul Maycock
P. O. Box 290

Casanova, VA 22017

Dist-5

Remcte Power Inc.
Attn: Jim Welch

649 Remington

Ft. Collins, CO 80524

Renewable Energy Institute

Attn: Carlo la Porta

1001 Connecticut Ave. #719
Washington, DC 20036-5504

Research Triangle Institute (2)

Attn: Carl Parker
Alan Wyatt
P. 0. Box 12194

Research Triangle Park, NC 27709

Robbins and Myers
P. O. Box 965
Springfield, OH 45501

Rocky Mountain Ind.
Attn: R. Sardinsky
Draver 248

014 Snowmass, CO 81654

Miles C. Russell
11 Porest Glen Road
Reading, MA 01867

SAB Nife

Attn: A. Nilsson

P. O, Box 100

George Washington Hwy.
Lincoln, RI 02865

Salt River Project (2)
Attn: Jim Morris
Steve Chalmers
P. O. Box 1980
Phoenix, AZ 85001

8an Diego Gas & Electric

Attn: Don E. Pralick
P. 0. Box 18131
San Diego, CA 92112

Simpler Solar Systems
3120 W. Thorpe
Tallahassee, PL 32302
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8ix Rivers Solar, Inc.
Attn: Greg Williams
818 Broadway

Eareka, CA 95501
SMUD
Attn: D. Collier

6201 S8 Street
P. 0. Box 830
Sacramento, CA 95852-18130

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

Solar Electric

Attn: Hugh Diaz

175 Cascade Court
Rohnert Park, CA 94928

Solar Electric Specialties
Attn: Jim Welch
1558 Riverside
Fort Collins, CO 80524
Solar Flectric Systems
Attn: Richard V. Col:iins
4747 Troost J.venue

Kausas City, MO 64110

B8olar Energy Industries Assn. (2)

David Gorin

Scott Sklar

1720 N. Lynn St.
Arlington, VA 22209-2009

Attn:

Solar Energy Research Inst. (5)

Richard DeBlasio
Nonna Hawkins
Bob McConnell
Tom Surek

Ed Witt

- '617 Cole Blvd.

Golden, CO 80401

Attn:

Solar Engineering Services
Attn: Tims Ball

P. O. Box 7122

Olympia, WA 98507

Dist-6

Solar Trade Internaticnal
Attn: #Hanuel J. Blanco
630-61h Avenue - Suite 2M
San francisco, CA 94118

Solar Works

Attn: Leigh Seddon
13 Bailey Ave.
Montpelier, VI 05602

Solarex Corporation (3)
Attn: HMalcolm L. Ream
John Corsi
Paul Garvison
1335 Piccard Drive
Rockville, MD 20850

Solec International, Inc.
Attn: Ishaq Shahryar
12533 Chadron Avenue
Hawthorne, CA 90250

Southern California Edison
Attn: Nick Patapoff

P. O. Box 800

Rosemead, CA 91770

Southern Company Services
Attn: J. Timothy Petty
P. O. Box 2625
Birmingham, AL 35202

Sovonics Solar Sysiems, Inc.
1675 West Maple Road
Troy., MI 48084

Specialty Concepts, Inc.
9025 Eton Ave., Suite D
Canoga Park, CA 91304

Spire Corporation (2)
Attn: Roger Little
Steve Hogan
Patriots Park
Bedford, MA 01730

Stone & Webster Engr. Corp.
Attn: Dave Agueta

245 Summer St.

Boston, MA 01921



Strategies Unlimited (2)

Attn: Bill Murray
Robert Steele

201 San Antonio Circle

Suite Zus

Mountain View, CA 94040

Sunfrost

Attn: Larry Schlussler
Box 1101

Arcata, CA 95521

Suntracker Solar Energy Systems
Attn: Glenn Eiden & Associates
302 U.S. 30 East

New Haven, IN 46774

SW RES Experiment Station
Attn. Vern Risser

New Mexico State University
Box 3SOL

Las Cruces, NM 88003

Tennessee Valley Authority (2)
Attn: Joan Wood

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

The Citadel

Attn: J. P. Schaefer

Dept. of Electrical Engineering
Charleston, SC 29409

Tideland Signal Corp.
Attn: Harry Saenger
4210 Director's Row
P. O. Box 52430
Houston, TX 77052

University of Lowell (3)
Attn: Jose Martin

Thomas Costello

Fahd Wakim
Mechanical Engineering Dept.
Lowell, MA 01354

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

Dist-7

U.S. Agency for International
Development (USAID)
Attn: Jack Vanderryn

Director, Energy & Natural Resources

Rm. 509, SA-18
Wagshington, DC 20523

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

A. Krantz

V. Rice

A. Bulawka
1000 Independence Avenue SW
Washington, DC 20585

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

Joe Weisiger
Energy Technology Division
Albuquerque Operations Office
Albuquerque, NM 87115

U.8. Department of Energy
Attn: Leonard J. Rogers
Wind/Ocean Technologies Div.
1000 Independence Ave. SW
Washington, DC 20585

U.S. Department of Energy
Attn: J. Rumbaugh
DOE/Wind Systems

1000 Independence Ave., SW
Washington, DC 20585

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

Energy Manager

Lloyd 500 Building, Suite 1692
S50C N.E. Multnonah Street
Portland, OR 97232

U.8. Virgin Ialands Energy Office
Institutional Conservation Program
Lagoon Complex, Bldg. 3, Room 233

St. Croix, U.S. Virqgin Islands

Utility Power Group

Attn: M. Stern

9410 DeSoto Ave. - Unit G
Chatsworth, CA 91311

00840
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Virginia Power Company
Attn: T. Bernadowsky
P. O. Box 26666
Richmond, VA 23261

Warns Solar Pumps
Attn: Robert Meyer
246 East Irving
Wood Dale, IL 60191

Westinghouse Advanced Energy
Systems Division
Attn: J. Robert Maxwell
Marketing Manager
P. U. Box 158
Madison, PA 15663

The World Bank (2)
Attn: R. Dosik

A. Zavala
1818 H Street, N.W.
Washington, DC 20433

Zomevorks

Attn: Steve Baer

P. O. Box 2580%
Albuquerque, NM 87125

6200 V. L. Dugan

6220 D. G. Schueler

6220 A. V. Poore

6223 G. J. Jones (6)

6223 W. I. Bower

6223 R. N. Chapman

6223 T. 8. Fey

6223 D. F. Menicucci

6223 H. N. Post

6223 .. G. Thomas (200)
3141 S. A. Landenberger (5)
3154~-1 C. H. Dalin (28) DOE/OSTI
3151 W. L. Garner (3)

8024 P. W. Dean
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