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ACRONYMS

AC alternating current

AlD U.S. Agency for International Development
ALCC annualized life-cycle cost

ARD Associates in Rural Development, Inc.

BOS balance of system

BRET Botswana Renewable Energy Technolcgy project
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DC direct current
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m meters

Met Services Department of Meteorological Services
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MPPT maximum power point tracker

P pula

PCO power conditioning unit

PV photovoltaics

RET renewable energy technology

RPH revolutions per minute
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Wp watts peak

[N



PREFACE

This report presents the results of a comparative testing
and evaluation program for solar-powered water pumps conducted by
the Botswana Renewable Energy Technology (BRET) project. Mr.
Richard W. McGowan is senior engineer and Mr. Jonathan Bodgkin, a
staff engineer for Associates in Rural Development, Inc. (ARD),
the contractor implementing the BRET project for the U.S. Agency
for International Development (AID) under contract number €33~
0209-C-00-1024-00. This comparative photovoltaic (PV) pump
testing program was undertaken in coordinration with the
Government of Botswana's (GOB) Ministry of Mineral Resources and
Water Affairs (MMRWA). Substantial contributions to these
activities were made by the Department of Water Affairs (DWa),
Ministry of Local Government and Lands (MLGL), Botswana
Technology Centre (BTC) and Rural Industries Innovation Centre
(RIIC).
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I. EYECUTIVE SUMMARY

Associates in Rural Development, Inc. (ARD), technical
contracter to the Botswana Renewable Energy Technology (BRET)
project, a joint effort of the U.S. Agency for International
Develop.aent (AID) and the government of Botswana (GOB), conducted
a series of long-term tests to compare the technical and economic
performance of five solar photovoltaic (PV) water pumps at remote
sites in rural Botswana. The tests were part of the more
comprehensive water pumping comparative testing and evaluation
program, which included tests of cver 40 diesel,; grid electric,
wind, PV, hand-operated, animal-traction and biogas pumps. The
objective was to provide detailed field-test results under %he
harsh operating conditions often encountered in developing
countries, so that technical, economic and institutional
comparative evaluations could be made of the various system
alternatives.

This report gives the details ¢f the PV pump testing
program, inclucing:

e discussion of currently available equipment options;
e system design;

e the technical and cost characteristics of each of
the systems tested thus far:

¢ discussion of pertinent institutional issues, such
as training needs and government policy, upon which
wider dissemination may well hinge;

e needs for further research; and

e discussion of the potential for and realistic
limitations of using PV pumps to meet village-scale
water demand at remote sites in rural Botswana.

For the PV pump testing component, three Jacuzzi DC electric
submersible pumps and two surface-mounted Honeywell DC electric
motors driving Mono (progressive cavity, positive displacement)
pumps were installed, monitored and evaluated. All PV arrays
were fixed (non-tracking), ranging in size from 516 to 1,548 wWp
(watts peak). The pumps were installed at sites in southeastern
Botswana, and were used to provide water for village domestic
consumption, small-scaie irrigation and stock watering. Both
production and prototype systems and components were tested.
Some equipment sold as production was, in fact, prototype,
leading to temporary outages in several systems.



Tests were divided into short- and long~term components.
The short-term tests were designed to determine the maxiaum
potential output of the pumps given the site and radiation
conditions, and to determine the interactive performance of each
of the system's components. The long~term tests were used to
generate input data for a financial/economic analytical model by
determining long~term technical performance parameters (e.g.,
component reliability and time-deperndent output degradation) and
the long-term recurrent costs of operation, maintenance and
repair. The primary criterion for comparing the performance of
each of the systems was the annualized life-cycle cost of water
pumped,per unit head per unit volume (or the unit cost in
pula/m™*m, where one pula equals USS$C.57), hereafter called the
"unit cost."

A life-cycle costing analysis was carried out wherein all
costs (capital equipment, transportation, installation materials,
labor, maintenance and repair) incurred or expected to be
incurred over the economic lifetime of the system were included.
Since the systems were monitored for periods varying from a month
to nearly a year, it was necessary to extrapolate from the
limited data base available thus far to estimate annual
performance and cost fiqures. A simple computer algorithm
calculated water output over the months not measured, using
measured component efficiencies and estimated solar radiation
levels for the periods for which no actual data had vet been
collected. Estimated solar radiation levels were based in part
on long-term measurements made at several relatively nearby
locations in South Africa. These costs and water output data
were then used to calculate the unit water ccst, and the PV
pumps' unit costs were compared to those measured and calculated
for the other pumping systems 2.9g., diesel, wind, etc.).

Mono pumps are the de facto standard pump in Botswana. Used
on 85 percent of the bcreholes in the country, they normally hava
relatively high starting torque requirements, making it necessary
to use either batteries or a maximum power noint (MPP) or
constant veltage tracking (CVT) controller. One of the PV/Mono
systems (at Otse) was an older battery system using eight ARCO
16-2000 modules. After tae original charge controller failed, a
new, locally manufactured controller was installed with a low-
voltage disconnect that acted as the on/off switch. A recently
developed low starting torque Nitrile stator Mono pump element
was later installed for comparative purposes. Because a lack of
proper battery maintenance (and the associated increaszed
operating cost over the system lifetime) is not uncommon, the
second Mono system (at Mmathubudukwane) used a BOSS solid-state
CVT pump controller with a 1548 Wp array to provide the high
starting torque. The CVT operation was problematic due to both
design and manufacturing defects. It has since Lbeen ~edesigned
and reinstalled at the site.



Of the three Jacuzzi submersibles tested, two were direct-
coupled and the third was tested in two configurations: direct-
coupled and with a CVT. The first two systems (at Molapowabojang
and Mochudi) were identical, using 32 ARCO M53 modules for a
total of 1,376 Wp. The third submersible (at Mahalapye) was
originally configured with 12 M53s, and a fourth string was later
added for 688 Wp. Although submersitle centrifugal pumps do not
strictly require controllers, the CVT was tested to see if the
promised higher yields would justify the incremental cost to the
system. This was not the case. The Mochudi pump, installed in a
borehole with fairly saline water, failed after six months of
otherwise trouble-free operation, due to excessive corrosion, and
was replaced under warranty. While newer models are now
routinely coated to protect against this problem, earlier models
were not. Otherwise, the other submersible systems at Mahalapye
and Molapowabojang ran without significant difficulty and
required few repairs other than occasional replacement of
vandalized modules.

Both short- and long-term measurements were made with a
custom-designed data acguisition unit which recorded tilt
radiation (silicon pyranometer), electrical output from the array
(kWh sensor), electrical output to the pump (where a controller
or battery bank was used), water output (positive displacement
flow meter), elapsed time counter (on-board clock), and pump on=-
time. Return lines from the storage tanks to the boreholes were
installed at most sites so that pump output would not be
constrained by daily or seasonal demand variability.

The general results of each site's testing are given below.
The Mono/battery system at Otse had the highest unit cost. The
next most expensive system was the submersible at Mahalpye, which
was improperly sized for the borehole conditions. An elevated
tank that was to have been built by the water users never
materialized, so the pump chosen for this site was operating off
its design point. The unit costs of the submersible pumps at
Mochudi and Molapowabojang and the CVT-driven Mono pump at
Mmathubudukwane were approximately equal, assuming that initial
operational difficulties with the Mono controller can be ironed
out, and that the pump would perform over the long term at the
level measured during short-term tests with the redesigned CVT.
The unit costs for these three systems are approximatley equal to
diesel pump unit costs for simailarly sized systems. No costs
common to all systems were included in the analysis (e.g..
porehoie drilling, storage tanks, distribution piping, etc.).
The issue of storage requirement differences for diesel, wind and
PV was not specifically addressed in this phase of the study.

In estimating the recurrent operation, maintenance and
repair costs, submersible pumps were assumed to require
replacement every seven years, down-hole piping every five years,
and solid state components every 10 years. Semi-annual



inspections of the system by Water Maintenance Units were
assumed. A major assumption was that a pump attendant would have
to be hired to inspect the aboveground components and storage/
distribution system on a weekly basis, based on the government's
labor policies. While this does not affect the unit costs of the
PV pumps compared to each other, it obviously affects their unit
costs compared to diesels, since a large part of diesel operating
cost is the cost of the pump attendant. Also, based on
expericnce with the systems thus far, the periodic replacement of
some modules due to vandalism was included in the recurrent
costs. Previous analysis of PV pump costs often assumed that no
components of the system would require replacement over the
assumed 20-year lifetime (based on accelerated testing of the PV
modules themselves). This assumption is unjustifiably optimistic
and does not reflect the reality of harsh operating conditions
encountered in the remote rural areas where these systems are
most often installed.

Bearing in mind that Botswana has exceptionally high and
annually uniform solar radiation levels, making PV more cost-
effective, and that the GOB has been quite successful with its
program to provide village water supplies primarily with diesel-
driven Mono pumps (making diesel pumping a less expensive and
more viable option than in many African countries), the general
conclusions reached during the first pPhase of this study include
the following:

e PV pumps (at 1984 module prices of about $8.50/Wp)
are approximately cost-competitive with diesels for
low- to moderate- head and flow con?itions (greater
than 120, but less thag about 800 m *m/day, i.e.,
dglivering either 20 m”/day at 40 meters head or 40
m~/day at 20 meters head), particularly at sites far
removed from diesel support facilities;

e below this level of demand, hand pumps become more
cost-effective if no labor charge for pumping is
assumed;

® diesels are a better choice at heads greater than
about 60 meters and for daily demands of more than
800 to 1,000 m~*m/day, given present size limits on
commerically available PV pumps;

¢ current (early 1986) module prices (at USS6/Wp or
less) do not significantly alter these conclusions
for systems larger than 2.2 kW, since the unit cost
of diesel pumping drops off very quickly with
increasing size above the smallest units--for
systems less than 2.2 kW, PV pumps become
increasingly cost-competitive with diesel as module
prices continue to drop; and
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e based on sensitivity analyses performed on all
important cost assumptions in ARD's overall
comparative pumping report (WATER PUMP FIELD TESTS
IN BOTSWANA, R. McGowan and J. Hodgkin, 1986), the
most sensitive cost assumption in all cases was the
labor charge of the pump attendant.

The Department of Water Affairs (DWA) was particularly
interested in whether the continued, nearly exclusive use of Mono
pumps was desirable, or whether eclectric submersible pumps
(powered by either PV, diesel generators or grid electricity)
held sufficient promise that DWA should include more submersibles
in its installation program. Based on the data gathered thus
far, the choice between Mcnos and submersibles is unclear, with
each having its own advantages and disadvantages depending on
site conditions. An extensive discussion of the relative merits
of each of the system types is given in this report. 1In general,
it is recomnmended that equipment not be chosen primar.ily on a
least-cost basis, but that careful consideration also be given to
svetem and component simplicitv and robustness, the level of
technical skills required in system design, installation, opera-
tion and repair, and the level of institutional support required.

The testing program has been extended for an additional 15
months to strengthen the performance and cost data base, both in
terms of the number of systems monitored (several Grundfos AC
submersibles and a variety of other PV/Mono configurations are
being installed) and the length of data collection for each
system. This will allow for more accurate determination of
recurrent costs and component reliability. 1In particular, the
systems driven by renewable energy require measurements of long-
term energy resource levels (e.g., wind distribution and solar
radiation) that reflect seasonal and annual variations. Solar
radiation measurements now being made by the Meteorological (Met)
Services Department will complement the measurements taken at the
PV pump sites, refining the solar radiation data base for more
accurate and cost-effective pumping system design.

Other research that would further strengthen the conclusions
of this study are:

e a study of storage costs for PV pumps;

¢ a study of the costs of developing the
infrastructural support network that would be a
necessary part of any extensive dissemination of PV
pumps in Botswana; and

e compilation of a list of GOB boreholes where demand
for water is less than 40 m per day and heads are
less than 50 meters, to help quantify the size of
the potential market for PV pumps in Botswana.



IT. IRTRODUCTION

Water is a critical constraint to development. In the
developing world, much donor emphasis has traditicnally been
bPlaced on large-scale water projects aimed at benefiting the
greatest population concentrations. Rural areas have normally
been left to make do with whatever resources they had available
to secure reliable and safe sources of water for drinking, stock-
watering, and small-scale irrigation. Village-level water supply
systems, which often do not have access to the national
electrical grid, have typically been either gravity-fed (where
possible), or supplied by a wide variety of water pumping or
lifting equipment. This has traditionally included pumps driven
by human, animal, wind and diesel power.

In the arid areas of Africa, few sites are fortunate enough
" to have gravity-fed systems, and thus require pumps. All pump
equipment requires outlays of inherently limited financial
resources, and all require varying degrees of periodic
maintenance and repairs to keep them runpning successfully. Each
type of pumping system has a particular niche of usefulness which
is a function of the magnitude of the water demand, water source
constraints, locally existing infrastructural support (such as
technical skills and spare parts inventories), and funds
available for purchasing equipment.

With the advent of lower-cost solar photovoltaic (PV) cells,
water supply engineers have begun to examine PV as a serious
alternative to diesel pumps for small-scale, low-head (lift)
systems. Diesels are normally the de facto standard pumps in
developing countries and are often considered the least-cost
option. While diesel, wind and pv pumps are all considerably
more expensive than human-~ and animal~driven pumps, the latter
are normally unable to meet typical water requirements except
when demand is very small (less than five m3/day at low to
mederate head).

PV water pumps are now supplying water for irrigation and
village drinking water in many areas around the world, including
Africa, Asia, the Pacific islands, and Central, South and North
America. These systems range in size from an experimental 25 kWp
(kilowatts peak, see below) unit using a 25-HP pump to irricate
grain fields installed in Nebraska in 1978, to 280 Wp arrays with
1/2-HP motors pumping water for small vegetable plots in Botswana
and Zimbabwe. There are now an estimeted 2,000 to 4,000 PV water
pumps currently in use around the world.

The purpose of this report is to present the results of a
study of the comparative technica' and economic performance of a
number of PV pumps installed in Botswana and operated by the
Botswana Renewable Energy Technology (BRET) project, with



technical support from Associates in Rural Development, Inc.
(ARD). While the project tested and evaluated a wide variety of
water pumps as part of its comparative testing program, this
report specifically addresses only the PV pumps.

Several previcus studies have examined PV pumping, but there
has been a dearth of practical field experience with the use of
this newest water pumping technology. While manufacturers' data
on their products are useful in performance estimation, they are
often not especially reliable for system design. This is because
the pump performance curves are measured under ideal operating
conditions in the laboratory, pumping very clean (non-corrosive,
not sandy) water, with a multitude of researchers nearby to
attend to the system. Field-test results are crucial to the
sizing and design of real systems. It is hoped that this report
will aid other system designers with future projects, as well as
give an indication of the rea]l costs of PV water pumping.

A. Brief Project History

Prompted by a perception of the increasingly acute energy
crisis in rural Africa, the U.S. Agency for International
Development (AID) began to fund a series of 24 renewable energqy
technology (RET) Projects in Africa in the late 1970s. As part
of an overall evaluation of the results of this effort, a study
funded by AID in late 1982 examined various RETs that were part
of donor development programs in seven countries, and reported
its findings on the technical performance of these systems (see
TECHNICAL FINDINGS ON THE PERFORMANCE OF RETS IN AFRICA: RESULTS
FROM 55 PROJECTS IN SEVEN SAMPLE COUNTRIES, J. Ashworth and G.
Burrill, ARD, 1984). Among the technologies investigated were
various types of RET water pumps--in particular, wind and
photovoltaics. Some of the major technical findings included the
following:

® there were long periods of inoperation of all types
of pumps due to a shortage or complete lack of
adequate spare parts and technical skills to keep
the pumps running;

¢ insufficient training in proper maintenance and
operations skills had been charactéeristic of many of
the projects involving water pumps;

® RET pumps were frequently found to have been poorly
designed, in terms of matching various components of
the systems (e.gq., pump and motor) and using
unreliable or unproven components; and

¢ many donor agencies, in spite of previous problems
with RET pumps, still felt that there was tremendous
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potential for using PV for potable water pumping, in
spite of its high capital cost, becuuse of its
promised high reliability for such a critical load.

Due in part to the findings of this report, the BRET
project, after its mid-term evaluation, refocused some of its
efforts to develop what has since become a comprehensive
comparative testing and evaluation program for a wide range of
water pumping systems, including diesel, PV, wind. biogas,
animal- and human-traction pumps, and hand pumps. The overall
results of this program are given in the summary report (see
WATER PUMP FIELD TESTS IN BOTSWANA, R. McGowan and J. Hodgkin,
ARD, 198¢). ,

Although the technical performance of the first generation
of PV pumps is well documented (see SMALL-SCALE SOLAR-POWERED
PUMPING SYSTEMS, THE TECHNOLOGY, ITS ECONOMICS AND ADVANCEMENT,
Sir William Halcrow and Partners and IT Power Ltd., World
Bank /UNDP, 1983), the rapidly maturing technology and the
continually decreasing cost of PV modules caused BRET project
planners ancd ALID advisors to feel that & detailed field
comparison of currently available PV pumps would provide valuable
information to government decision makers and water resoucces
development specialists about costs and reliability. Project
staff decided to initially test five or six PV pumps instead of
the two units suggested in the original project paper.
Procurement and installation of these pumps was delayed at first
by a lack of agreement between BRET and Botswana Technology
Centre (BTC) staff on which types of pumps to test. The program
was further delayed by the initial reluctance of the Department
of Water Affairs (DWA) to release boreholes to the BRET project
for the pump tests,

This report discusses the results of the detailed field
testing of the first group of PV pumps purchased during 1984-85,
Comparative technical and economic assessments of each of the PV
pumps monitored by the project are given. While these results
should not be considered conclusive because of the limited data
on the relatively small number of pumps (five) monitored thus
far, the information base will be significantly increased during
the extension of the testing program through 1Y86. 1In addition
to longer-term data on the recurrent costs and reliability of the
presently monitored systems, this extension will allow monitoring
of the performance of a second group of PV pumps, which had
already been purchased and was in the process of being installed
as the overall BRET project drew tc a close in September 1985,

A World Bank mission to Botswana in 1984, while suggesting
that previous analyses (see AN ANALYSIS OF WATER LIFTING DEVICES
IN BOTSWANA, N. Davidson, BTC, 1984) of the potential for PV
water pumping in Botswana should be viewed with caution, stated
that PV pumps could possiblly be competitive with diesel pumps,



but only in certain situations. They would have to be used 1)
for village drinking water supply, not irrigation; 2) at sites
where diesel-pumping recurrent costs were higher than average
(i.e., at more remote sites where the transport costs of fuel a:nd
Spare parts were high); and 3) where the static 1lift was less
than 30 meters (see BOTSWANA: ISSUES AND OPTIONS IN THE ENERGY
SECTOR, draft, World Bank/UNDP, 1984). According to DWA
personnel and a curscry examination of drilling records for
boreholes in many areas of Botswana, average static lifts (depth
from surface to water level) are in the 70- to 80~meter range
over much of the country. However, along the eastern border
(where much of the population lives), static lifts average 40
meters or less. It was mainly in such low- to moderate-head
boreholes where the BRET PV pumps were installed.

B. Previous Comparative Evaluations

A very detailed study commissioned by the World Bank in 1978
examined the technical, economic performance and social
acceptance considerations of the first generation of solar pumps
(see SMALL-SCALE SOLAR-POWERED PUMPING SYSTEMS, THE TECHNOLOCGY,
ITS ECONOMIC AND ADVANCEMENT, Sir William Halcrow and Partners
and IT Power Ltd., World Bank/UNDP, 1984). Other studies since
then* have givea, in varying detail, analyses of the performance
of solar pumps under a variety of conditions in Africa and
Central America. Nearly all of these studies have concluded that
there are certain circumstances under which PV can be cost-
competitive with diesel and windmill water pumps, but that
relative position will be dramatically improved as the cost of
the PV modules themselves (typically 80 to 85 percent of total
installed system cost) continues to drop.

These studies have analyzed the technical field performance
of the PV pumps in considerable detail, and have noted that there
is still considerable room for improvement in the balance of
system (BCS) components such as pumps, motors and controllers.

As more research and development work on better matching of
components proves fruitful, the annnalized unit water costs of PV
pumping will continue t. improve relative to diesels, assuming
constant fuel costs. Since diesel pumping is a mature
technology, it is unlikely that further technical advances will
dramatically alter its cost structure. Since the majority of the
life-cycle cost (LCC) of operating a diesel lies in its long-term
recurrent costs (for fuel, operators and periodic overhauls),

*See HANDBOOR ON SOLAR WATER PUMPING, Sir William Halcrow and
Partners and IT Power Ltd., World Bank/UNDP, 1984; EVALUATING
THE TECHNICAL AND ECONOMIC PERFORMANCE OF PHOTOVOLTATC PUMPING
SYSTEMS: A METHODOLOGY (final draft), J. Renna et al, IT Power
and LESO for USAID, 1985.



reducing carital eguipment costs will have little significant
effect on the LCC.

However, diesels have the distinct advantage of being the
most commeonly used type of pump in the developing world. As
such, the support infrastructure is already in place to some
degree with respect to maintenance, spare parts availability,
trained mechanics, fuel transport and equipment disgtribution
networks. The use of PV will have to hold significant promise of
realizable savings in order to justify the expenditure of scarce
resources on establishment of a similar support irfrastructure.
The magnitude of these favings is discussed in detazil in the
overall comparative testing report (see WATER PUMP FIELD TESTS IN
BOTSWANA, R. McGowan and J. Bodgkin, ARD, 1986).
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III. QOVERVIEW OF SOI.AR WATER PUMPING TECHNOLOGY

Photovnltaic pumps have been in use all over the world since
the late 1970s. The initial pumping equipment used in the early
systems consisted of off-the-shelf pumps and motors which were,
in most cases, not specifically designed to be used with the PV
array's electrical output. This lack of proper load matching
between the power source and the motor/pump resulted in generally
low system efficiencies, necessitated oversized arrays, an
significantly increased the unit cost of water pumped ($/m~ per
meter of head). Since that time, considerable research and
development., coupled with some field-testing efforts, have
resulted in water pumping equipment and controls that are more
efficient, more reliable and less cestly. This section describes
the tyves of equipment currently used as well as recent
developments in the field.

Solar pumps are used primarily for drinking water supply,
stock watering and, to a lesser extent, for small-scale
irrigation. Since the water output of a given pumpset (motor and
pump) is directly proportiocnal to the elevation plus pipe
friction and velocity losses (i.e., the total pumping head) in
the system, it is useful to talk not only in terms of the water
output but also total head. For a given energy input, the higher
the head, the lower the output, and vice versa. As an example of
a small-scale irrigation application, consider the following. 1In
some countries in Africa; many of the small farms are 1/2- to
two-hectare (ha), intensively farmed plots (see HANDBOOK ON SOLAR
WATER PUMPING, Sir William Halcrow and Partners and IT Power
Ltd., World Bank/UNDP, 1983)., For a total pumping head of 30
meters, a commerciglly available, 2.2 kW solar pump would provide
apprgximately 40 m”/day under good solar radiation conditions (20
MJ/m”/day). Sincg irrigation water regquirements are between
about 20 and 80 m”/ha/day, this PV pump could be used to irrigate
1/2 to two hectares. Similarly, for Adrinking water supply to a
rural village, assuming that each person consumes 30 liters per
day (the current minimum per capita demand used by the DWA in
Botswana), the same pump would provide for the needs of about
1,300 people. T1f the pumping head were half of that initially
assumed, the water output would approximately double, as long as
the head and flow were within the particular pump's design
operating range, and the borehole yield was sufficient.

Most of the PV pumps currently in use are located in
developirg countries. This is largely because international
donor agencies have realized the considerable potential for these
Systems in isolated areas in those countries which do not yet,
and may never, have access to grid 2lectricity with which to pump
water. Since national electrical grids cover most areas of
developing countries, PV pumps (under current cost structures)
would likely be cost-competitive at only the most remote sites,
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or when their use is subsidized. Consequently, much of the

comparative field-testing work has also taken place in developing
countries. The logistics of gathering accurate experimental data
when systems are installed at remote sites are formidable indeed.

A. Advantages and Disadvantaages

PV pumps are normallv characterized by relatively high
initial capital costs and low long-term recurrent costs
(annualized unit water costs are discussed in detail in Section
VIT). The principal reason for these low recurrent costs is the
very long useful lifetime of PV cells, which use no fuel other
than sunlight and have no moving parts. Anyone who is familiar
with diesel engines in the field can appreciate the great
advantage of having no moving parts that require lubrication,
frequent overhauls and constant attention. PV manufacturers now
routinely offer l0-year waranties on their modules against loss
of rated performance. The cost of modules has dropped
dramatically in the last five 7ears, and there is every
indication that price decreases will continue, since considerable
research and development efforts are currently underway on a
number of different PV cells in the Un: ted States, Japan and
Europe. During the BRET project, module costs decreased from
about P17.5/Wp to a current tender price of P10.5/Wp (from $10/Wp
to $6/Wp, as of December 1985).

PV system reliability is no longer the concern it once was.
As a result of field experience with the several thousand PV
pumps now in use, manufacturers have developed high-quality
systems and components that are generally much more reliable than
the first-generation equipment, which did little to establish
consumer confidence in photovoltaics. PV electrical generating
systems have developed to the point that their outage rate is
less than that of most electric utilities in developing
countries, and their growing reputation for high reliability has
led to their use as power supplies for critical loads (such as
remotely sited telecommunications) for which power outages cannot
be tolerated.

PV systems are also modular, which allows a user to increase
the water ouput from the water system simply by increasing the
number of modules in the array (subject, of course, to the
constraints of the pumpset and the borehole yield). This
modularity allows for more exactly meeting the site hydraulic
energy requirements, rather than simply running an oversized
pump, as is commonly the case with diege] applications. PV
Systems are most competitive with base-case diesel pumps in the
low capacity range (less than three HP, or 2.2 kW--the current
limit of standard off-the-shelf PV pumps) of the water pumping
market, since diesel costs Per installed kilowatt increase

—
o



markedly for small horsepower units (see WATER PUMP FIELD TESTS
IN BOTSWANA, R. McGowan and J. Hodgkin, ARD, 1986).

Most of the diesel systems in Botswana are Listers, the
smallest model of which is a nominal 7.5 horsepower. Smaller
gasoline-driven pumps from Japan are becoming available. These
are high-speed units generally considered to be much less robust
than Listers, and would likely have to be replaced approximately
every three years. This frequent replacement would have an
obviously adverse effect on the LCCs of the system. In addition,
the gasoline engines require unleaded gasoline, which is not
readily available in Botswana.

Since solar radiation is usually highest during the hottest
part of the year, solar pump output is usually highest during the
periods of highest weter demand (during the dry season). PV
pumps, as users freguently comment, run virtually silently. PV
systems also require very little, if any, operator interaction,
since electronic controls allow for unattended operation. Thus,
recurrent costs are reduced because the skilled labor necessary
for the successiul long-term operation and maintenance of diesel
engines is not required. Finally, PV pumps are not inherently
dependent (as are diesels) upon the vagaries of rural
transportation networks for a continuous fuel and spare parts

supply.
In summary, the advantages of PV pumps are:
e long-term reliability of power supply;
e low long-term recurrent costs;

® unattended operation made possible by electronic
controls;

® modularity;
e independence from vagaries of fuel supply;
¢ high potential for further decreasing cost;

¢ typical coincidence of output with highest demand
period; and

¢ silent operation.

The primary disadvantage of using small-scale PV water
supply systems is the comparatively high initial capital cost,
coupled with the expenditure of often scarce foreign exchange.
This has resulted in the impression that the upfront costs of PV
will make the delivered cost of water unacceptably high.
However, people are often not aware of the true magnitude of the
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long-term recurrent costs of diesel (or other fossil-fueled)
pumps, much of which are also hard currency for fuel and parts.

PV pumps are not "on-demand" systems, like diesels, that can
deliver as much water as the available fuel supply will permit.
PV pump output is limited by available solar radiation, as well
as by the size of system components. Therefore, provision must
be made for storage so that energy (electrical or hydraulic) can
be accumulated during off-peak periods in order to satisfy peak
demands. The size of storage required depends on the variability
nf demand, solar radiation uniformity, and the array size
relative to peak demand. The optimum mix of module size and
storage is a complex, cost-driven function. The size limits on
currently available PV pumping equipment have already been
mentioned and, for all practical purposes, restrict the use of PV
to low- to moderate-demand sites at relatively low heads.

While a common goal in developing countries is the
generation of rural employment, use of PV has exactly the
opposite effect. Pump attendants are seldom required, except to
attend to the reticulation network, if any. In Botswana, while
the Government of Botswana (GOB) seeks to reduce the recurrent
cost of water pump operation, it would prefer to concurrently
increase its labor-intensity.

Since PV is a relatively new and unfamiliar technclogy, it
has the disadvantages of a general lack of public awareness of
potential applications, and little or no existing institutional
support infrastructure. A potentially large, as yet unquantified
cost of the more widespread use of PV (for pumping, village
electrification, etc.) is the cost of developing a support
infrastructure for system design and installation, equipment and
spare parts supprly networks, and the training of technicians.

For diesel pumps, this infrastructure already exists in both the
private and public sectors in Botswana.

B. Typical Commerically Avajlable Systems

The range of available off-the-shelf PV pumps has increased
dramatically in the last three years. In the United States
alorne, where there was only one manufacturer of submersible pumps
specifically for PV applications in 1982, there are now at least
five manufacturers (Jacuzzi, Grundfos, A. Y. MacDonald, Franklin,
Trusty Warns). 1In addition, manufacturers have adapted several
other types of pumps for use with PV as their perception of the
potential market has risen, including jack (or reciprocating
piston) pumps, surface-mounted centrifugal pumps, and jet pumps,
all of which have specific applications (see Section III.B.3
below).
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l. Svstem Conficurations and Comronents

PV pumping systems normally consist of the following
components: PV modules, array support structures, controls or
battery charge regulators, pump/motor cet, wiring and,
freguently, some form of energy storage--either electrical
storage (batteries) or hydraulic storage (water tanks). The
simplest systems consist only of PV modules mounted on the array
support structure and connected directly to the pump motor
without any controls, regulators or power conditioning units (see
Section ITI.B.4 below). Water is delivered directly from the
well with no intervening electrical storage device. While this
is the least expensive configuration, it does not necessarily
result in the lowest cost per unit of water delivered.

Since few sites have sufficiently uniform solar radiation to
énsure water availability on a daily basis throughout the year,
PV systems normally include some form of storage for periods of
low radiation. Water storage tanks are the less expensive means
of storage for the volumes of water normally required by small
villages for drinking water and stock watering, or for small-
scale irrigation. TIf batteries are used (where on-demand pumping
is desired, or to provide high starting surge current to the pump
motor), then a requlator must be wired between the array, the
batteries and the load. This will ensure that the batteries are
neither deep-discharged by overloading, nor have their
electrolyte boiled away by overcharging from the array due to
insufficient load. Either of these conditions will significantly
shorten the life of the lead-acid batteries that are most
commonly used with PV, thereby requiring unnecessarily frequent
and expensive replacement of the battery bank, and considerably
increasing the LCC of the system.

Some types of pumps (see below) require a large surge
current to the motor during startup. Batteries used for energy
storage can also supply this starting current. Under certain
circumstances, discussed below, certain types of controllers
(power conditioning units, or PCUs) can be used to supply
starting current if batteries are not desired for reasons of
maintenance or cost.

2. Modules and Mounting Hardware

Several types of PV cells are commonly used. At present,
single crystal cells (e.g., ARCO) are most wicely used for power
applications, followed by semicrystalline (e.g., Solarex),
amorphous silicon (ASi), and polycrystalline cells. ASi cells
have been used primarily for powering small appliances, such as
pocket calculators, and have only recently been manufactured in
sizes appropriate for power production. Hence, this discussion
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concerns the other three cell types, and ASi cells are only
mentioned in the section on future developments. There are
diffeiences in the performance characteristics as well as costs
of the cell types, but these are not examined here. At the
present time, the price per installed peak watt for single cell,
semicrystalline, and polycrystalline cells are nearly identical.
The PV pumps used in the tests thus far have all been ARCO
single-crystal cells assembled in 36-cell M=~53 modules. The next
set of pumps installed will also use Solarex 5X-146 modules.

Since extensive accelerated testing has been performed on
all commercially available modules, it is generally accepted
that, vnder normal conditions of use, they are likely to have
lifetimes of up to 20 years, with less than a 10 percent
degradation in power output over that period. Ten-year
manufacturer warranties against undue degradation of output are
becoming standard. This expected lifetime, however, does not
apply to the balance of system (BOS) components such as pumps,
motors and controllers. Batteries, if used in the system, do
degrade over time and have to be replaced several times during a
normal system lifetime.

Modules are mounted on the array support structure at a
fixed angle roughly equal to the latitude (to maximize the
average annual output of the array), or at an angle chosen to
maximize the array output during the critical design month where
the ratio of electrical demand to available solar radiation
intensity is highest. The modules are wired in series and
parallel to match the electrical demand of the pump motor. 1In
some systems, provision is made for seasonal adjustment of the
tilt angle to increase the output from the array. Unless the
user fully understands the benefits of such a strategy, it is
unlikely that the angle adjustment will be performed as the
system designer envisioned, and the net result will be a reduced,
rather than increased average annual output. While sun-tracking
array mounts are available, for the sake of system simplicity,
all arrays in these tests were fixed (see Section III.B.6 below).

3. Pumps_and Motors

Six types of pumps are normally used in PV systems. They
are listed below, along with a brief description of their use,
advantages and disadvantages. All comments are made with regard
to commerically available, commonly used system and component
sizes (i.e., less than 2.2 KW). There are several very large
capacity PV pumps in operation, but these are not regarded as
competitive with similarly sized diesel pumps, since they must be
Custom-engineered and do not enjoy comparative economies of
scale.
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self-priming centrifugal: surface-mounted for easy
access and repair; for high-volume, low-head
applications; limited suc:ion head of five meters;
relatively inefficient compared to submersibles that
have flooded irlets.

jet: surface-mounted motor; can be used beyond
suction limit, but relatively inefficient hydraulics
increase array size and therefore system cost; least
expensive intermediate-head pump, but economically
restricted to <25-meter head; very reliable.

submersible_centrifugal: downhole nulti-staged
pumpset, not restricted to suction limit; efficient
hydraulics (compared to jets and jacks); brushless
DC submersibles still in the development stage, so
present DC submersibles require pulling pump for
periodic brush replacement; inverter losses with AC
submersibles; pumpset requires replacement every
four to seven vears, depending on water quality;
capacity limitation since the DC solar submersibles
currently available are all nominal one kW;: sandy or
highly salire water can cause rapid degradation.

jack (reciprocating piston): downhole piston and
cylinder, driven by sucker rod from surface; can
pump low flows against very high heads; beyond 70
meters, used with low flows instead of submersibles;
requires batteries or PCU (see below) for high
starting current; requires leather and cylinder
replacement periodically, more expensive than same-
sized centrifugals; relatively inefficient asg
leathers degrade.

positive displacement rotarv: Mono or Movno pumps,
high starting surge of standard units requires
battery or PCU; sand or very hard water can cause
premature degredation if rubber stators are used:
electrically mismatched with PV array output
characteristics, so requires additional controls;
can overload and destroy motors if downstream valves
are inadvertently closed; not confined to suction
limit, no priming problems; newly developed nitrile
stators have lower starting torque.

vertical turbine: surface-mounted motor for ease of
maintenance; downhole pump driven by rotary shaft;
shaft losses reduce efficiency compared to
submersibles; not confined to suction limit, no
priming problems; high capacities available.
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® rotary vane: low-flow, shallow well and high-
discharge head applications; uncommon.

Irrigation systems that normally require high flows at low
heads use centrifugqal pumps because of their high capacity,
reliability and ease ¢f maintenance. Surface-mounted
centrifugals are used for high capacity at low head, and vertical
turbine centrifugals for deeper wells, because they are both
relatively inexpensive and their motors are easily serviced.
Drinking water supply systems are more likely to use submersibles
or positive displacement pumps, which are more efficient but have
lower capacities.

4. Controls, Power Conditioning Units (PCOs), Batteries

As mentioned previously, some PV pumping systems are simply
modules connected directly to the pump motor. Controls,
batteries and PCUs can be used to increase the ouput of the
system as an alternative to using a larger, more expensive array.
All of these devices exact a bPrice in terms of botk power
consumption and system cost. Battery losses reduce system
efficiency by up to 25 percent, PCUs by five to 15 percent, and
battery charge regulators by about two to five percent.
Inverters used with AC rotors normally have about 10 percent
energy losses. The ideal system is not necessarily the most
efficient, but rather that which uses the proper combination of
components to give the lowest annualized unit water cost. Low
unit costs are a direct function of the robustness of the
equipment given the borehole water conditions and locally
available technical skills for maintenance and repair.

Controls are used to increase system efficiency and safety
of operation., Battery charge controllers or regulators are used
Lo prevent overcharging by the array as well as over-discharging
by the load, which can result in motor damage during long-term,
low-voltage operation. Some PCUs (maximum power point trackers,
or MPPTs) force the array to operate at its maximum power point
which significantly increases system efficiency and output, and
can also supply starting Surge current to certain high starting
torgue pumps.

Batteries are used in PV systems for both control and
storage. Since they are essentially a constant voltage source,
the pump motor runs at a constant voltage and consequently higher
efficiency. Batteries are also used to supply high starting
current when required. Ideal battery characteristics include low
maintenance, low cost, long life, high energy efficiency, low
selt~discharge, good cycling capability, and the ability to store
energy efficiently at high temperatures, such as those
encountered in Botswana, without adversely affecting battery life
expectancy. Existing batteries approach these ideals to varying
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degrees, depending on the type of battery. Generally speaking,
the closer the battery type approximates these ideal operating
Characteristics, the higher its cost. If used in a PV pumping
System, batteries are the system component that require most
frequent aad expensive replacement during the useful lifetime of
the system.

5. Evolution of PV Pumps

Many of the first-generation PV pumps did not perform as
well as expected due to immature technology (see Section VI.B on
the Otse pump). Systems were often designed knowing little about
the solar resource of the intended site. Since solar radiation
monitoring is now occurring in many countries, designers of
future systems will not be similarly hampered.

The best sites for solar pumps (assuming seascnally constant
loads, such as drinking water supply) have both high and
seasonally uniform solar radiation levels, so system design
reguires little evtrapolation from existing data. Systems are
sized based on the worst-case "design month," when the ratio of
water demand to energy supply (solar radiation) is highest. For
village water supplies, demand is usually fairly constant
throughout the year, so the month of lowest radiation on the
array plane is the design month. For irrigation systems, annual
radiation data are not as important as solar radiation levels
during the irrigation season(s). The PV system is then sized so
that irrigation demands can be met under worst—-case conditions.
Borehole data on yields and depths are critical. 1If the water
level in a borehole drops 10 meters during the dry season, when
irrigation is required, a low-head pump designed using wet-season
borehole data wiii perform dismally. To compensate, designers
can over—-design a system, but this will adversely affect unit
water cost. It is important to know seasonal variations in
borehole yields and drawdcwn rates to properly design a csystem.

Another major design problem with early PV pumps was the
impedance wismatching of the power supply and the B0OS. PV
operation is characterized by a current/voltage (IV) curve (see
Figure 1). Maximum system output occurs when the system operates
at the maximum power point (MPP) on the IV curve, when the
impedance of the array and the load are properly matched. The
ear.y French Pompss Guinard in Africa were particularly plagued
by impedance mismiatching, and their output was well below
expectation. As awareness of the gravity of this problem spread
throughout the industry, pump manufacturers hegan to design their
DC pumpsets with PV array output characteristics in mind, which
significantly increased system performance.

Operation and maintenance problems also included premature
battery degradation, due either to underestimating battery
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requirements and consequent deep-discharging and rapid
deterioracion, or to charge controller failure and subsequent
boiling away of the electrolyte. Early versions of some power
conditioning uniiLs had quality control problems. Some systems
have experienced varying degrees of performance degradation due
to vandalized modules, and goats have shorted more than one
circuit due to their taste for inadequately protected wire
insulation. Typical pump maintenance problems such as seal/
impeller degradation and brush replacement occur in PV pumps with
the same frequency as standard pumps. Compared to diesel
installations, however, bV systems generally have much less
downtime caused by ejuipment failure or operator error, due
primarily to the exceptional reliability of the power modules.

PV modules are by far the most expensive component of a
pumping system. Significant cost reductions have occurred over
the last eight years since PVs have been used for water pumping.
Modules are rated by peak watts (Wp), which is the module output
under certain solar radiation, loading and operating temperature
conditions. Modules that cost P35/Wp ($20/Wp) in 1978 are now
selling for P10.5/Wp ($6/Wp). The cost of modules is still
dropping, albeit more slowly than was earlier expected. For
single crystal cells, cell efficiencies in the laboratory are now
approaching 20 percent, and commerical module efficiency is
currently 12 percent. Semicrystalline module efficiency is 10
percent. Amorphous (ASi) modules are now available for small-
scale power generation and have module efficiencies of about five
to six percent and bulk costs of P26-32/Wp ($15-18/Wp). The
first-generation commercial PV systems experienced some
significant module degradation problems, but these have been
solved by the major manufacturers.

Considerable effort has been made by several pump and motor
manufacturers (e.qg., Jacuzzi, A. Y. MacDonald, Franklin Electric,
Grundfos, Honeywell, KSE, AEG Telefunken) to develop higher-
efficiency pumpsets for use with PV. Some of their efforts have
met with considerable success. Pumpsets now on the market are
considerably more efficient and reliable than the typical pumps
reviewed in (see SMALL-SCALE SOLAR-POWERED PUMPING SYSTEMS, THE
TECHNOLOGY, ITS ECONOMICS AND ADVANCEMENT, Sir William Halcrow
and Partners and IT Power Ltd., World Bank/UONDP, 1983). Efforts
have been directed toward the develorment of brushless
submersible DC pumps, which would eliminate maintenance costs
associated with pulling a2 downhole pump every 10,000 hours or
less to replace brushes. Thus far, product development has not
met manufacturers' expectatiocns. This has led some manufacturers
(e.g., Grundfos) to turn to synchronous AC motors with DC to AC
inverters for submersibles, which have thus far achieved an
enviable reputation for reliability and simplicity of
installation.
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6. New Components and Approaches for Cost Reduction

More power can be obtained from the same size array by
several different strategies. pv systems work best when
operating at their maximum power point (MPP). There are several
PCUs that force the array to operate at or near the MPP, thereby
considerably increasing the array output. Their cost varies
considerably, from P351 to P6,140 ($200 to $3,500). The more
expensive PCUs follow the MPP very precisely, while the less
expensive ones merely approximate it by forcing the array to
operate at a pre-set constant voltage. Manufacturers claim
annual output increases of up to 15 percent. These increases
miust be balanced against the incremental cost of the devices,
their added complexity and the subsequent potential for failure,
as well as compared to the cost of simply adding more modules to
increase the array output.

Another way to increase power producticn is to physically
move the array so that it is always oriented perpendicular to
incoming solar radiation. Very large PV arrays use one- or two-
axis, computer- or optically-driven, continuous-tracking devices,
which are quite complex and expensive. For small, remotely sited
systems, manual seasonal adjustment of arrays has met with little
success because users fail to stick to the adjustment schedule,
so the array is left at a less than optimal tilt angle and annual
array output actually drops.

A third, more promising approach is a passive, qravity-
driven freon tracker which tracks the sun continuously throughout
the day, then returns to its east-facing position in anticipation
of the morning sun. These single-axis trackers are mechanically
very simple, and have been used on a small scale for several
years of trouble-free operation, increasing array output as much
as 40 percent. They are particularly useful for irrigation,
since the greatest additional output occurs during the summer.

Concentrators multiply the amount of solar energy falling on
individual cells, thereby increasing electrical output. The cost
of the concentrator can sometimes offset the cost of additional
modules to generate the same amount of power. At the simplest
level, concentrators are retlecting mirrors surface-mounted
alongside standard modules, effectively doubling the incident
radiation level. Alternatively, Fresnel lenses integrally
mounted in a module above the cells also concentrate solar
radiation. The popularity of this type of module is evidenced by
its sales rate. Although still only a small fraction of sales
compared to standard flat, non-concentrating modules, sales of
concentrating modules are steadily increasing.

For all of these devices, the critical issue is whether or
not the increase in system performance has greater value than the



consequent increased cost and complexity. In remote applications
in developing countiies, system longevity has been found to be
inversely proportional to complexity. In comparing the economics
of different system options, some value must be assigned to
simplicity of operation and consequent reliability. Every
additional component represents an additional opportunity for
feilure.

C. PV Pumps Tested in Botswana

Five PV pumps were initially selected for testing on a
variety of boreholes.  Several factors went into site selection.
First, a cross section of the typical borehole conditions
encountered in Botswana was sought. Second, different types of
pumps (e.g., submersible, rotary positive displacement) were to
be tested. Finally, the desires of DWA, or of the various
Councils in cases where pumps were installed on Council
boreholes, needed to be accommodated.

Site gselecti wee lege than ideal from a gesigner's
perspective. Since the technology itself was unfamiliar to
decision makers, they were understandably reluctant to use any
but the less desirable boreholes (low yield, crooked, or where
there was no real demand), or those in areas where water demand
was criticai and immediate, and no standard diesel equipment was
immediately available. In some cases, user groups agreed to
invest in the new system by, for instance, building a larger
elevated tank. At Mahalapye, this did not happen as agreed upon,
meaning that the pump chosen was not ranning at design head,
which adversely affected its performance.

The sites, with a general descrirtion of the equipment
installed (detailed descriptions can e found in Appendix D) are
as follows:

¢ Mahalapye: Jacuzzi S4XP-4 DC submersible with a 12~
module ARCO M-53 array (516 Wp), a BOSS constant
voltage tracker (later removed), mounted in a sand
river cistern, pumping water for garden-plot
irrigation, later increased to 683 Wp;

¢ Mmatnubudukwane: Mono ES-10S pump (being replaced
with a nitrile version) with a Honeywell 1.5-HP DC
motor, BOSS constant voltage tracker, 36-module M-53
array (1,548 Wp), in a borehole, for village water
supply;

¢ Mochudi: Jacuzzi SJ1E-7 DC submersible, direct
coupled to a 32-module M-53 array (1,376 Wp), iIn a
borehole, pumping water for irrigation and stock
watering;
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Molapowabojang: Jacuzzi SJ1E-7 DC submersible,
direct ccupled to a 32-module M-53 array, (1,376
Wp), in a borehole, for village water supply;

Otse: Moyno (later replaced with Mono) pump with
0.5-HP Honeywell motor, eight-module ARCO 16-2000
array (initially 280 Wp, since replaced with M-53s,
so 344 Wp), in a borehole, pumping water for a
community garden--this System is being upgraded with
a 0.75-HP motor driving a Mono ES-15S with a nitrile
stator, and a BTC battery charge controller
manufactured in Botswana; and

several other PV pumps (three Grundfos AC
submersibles, and several more Mono pumps with
Honeywell one-HP motors and controllers) have been
purchased and are currently being installed by BRET,
but data collection has not Yet begun for these
systems.
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IV. DATE COLLECTION METHODOLOGY

The data collection methodology for determiring the
performance of the BRET PV pumps was first outlined in
COMPARATIVE TESTING FOR WATER~PUMPING SYSTEMS INSTALLED IN
BOTSWANA (R. McGowan and J. Ashworth, ARD, 1984). Revisions of
the original methodology were made as the field testing
proceeded, reflecting the constraints of time, skill levels of
available technicians, and various equipment malfunctions that
occurred over the testing period. 1In general, the program
managed to assemble a large data base on the detailed performance
and cost of PV pumps, but it was not as comprehensive as
initially planned. The institutional, managerial, logistic and
technical constraints that hampered data collection are mentioned
under the operating histories of each of the sites in Section
VI.A below.

A. Criteria for Comparing Pumping Svystems

In order for PV pumps to be taken seriously by development
professionals, water resources specialists must be convinced of
two things. They mnust be assured that the potential LCC savings
associated with PV pumps can balance the considerably higher
initial capital costs, and that the equipment will perform as
well as manufacturers claim, both in terms of daily water output
and long-term reliability. Determining whether to embark on a
program encouraging widespread, or even limited, use of this
relatively new technology involves several considerations. An
accurate determination of costs and technical skills required for
the design, installation, operation and routine maintenance of
the system; availability of replacement parts; and social
acceptance of the devices at the user level must be made. In the
following two sections, technical and economic criteria are
listed, as well as the reasons for choosing these criteria. The
questions of social acceptance are discussed in the site
histories of each pump in Section VI.A.

l. Technical Performance Criteria

The technical criteria used to characterize PV pumps revolve
around two major questions: how much water does the pump
provide, and when?; and what are the pump's operation and
maintenance requirements? The first question is answered by
measuring both the short- and long-term output of the pump over
the entire range of expected operating conditions. Since system
output is contingent upon proper operation of each systenm
component (PV array, wiring harness, controls, motor, pump and
storage system), the performance of each component must be
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measured, and the effects of each component's operation on the
others examined.

The PV array can be characterized by current voltage (IV)
curves which give elecErical output as a function of solar
radiation level (Whr/m“ or MJ/m“) incident upon the array surface
and cell operating temperature. The pump motor also has a
characteristic IV curve, and the better the match between the
two, the higher the efficiency of the system and the greater the
water output. Certain types of control devices can improve this
match, but at a cost. For instance, some PCUs (see Section
III.B. %), while improving the match ketween the array and the
pump motor, consume a certain amount of power, and their effect
must be measured to decermine the overall effect on system
performance.

The overall system performance can be characterized hy the
efficiencies of the various subsystems. Therefore, the following
efficiencies were examined:

© array efficiency: electrical energy output of array
divided by solar energy incident upon it, both
instantaneous and monthly average daily values;

® hvdraulic efficiency: hydraulic output (in terms of

head and water volume! of pump/motor divided by
electrical input from array (or from controller, if
the system has one), instantaneous and long-term
average values--hydraulic efficiency is given as a
function of the solar radiation level; and

® overall svystem efficiency: hydraulic energy output
from pump (instantanacus and long-term average
values) divided by solar radiation incident on
array.

While a reaszonable knowledge of the various efficiencies
just described is useful for properly sizing a system, the bottom
line is how much water the system can produce at a given head and
radiatior level for a given cost. Therefore, water output is
presented in the Section VII.B as a function of solar radiation
on the array.

The site history summaries discuss general technical issues,
social acceptance and institutional concerns, including:

® problems encountered during both installation and
operation of the pump;

®¢ 2 subjective evaluation of advantages and

disadvantages of the particular pump in terms of
simplicity of installation, functisnal complexity (a

26



good indicator of lona-term reliability), and
probable reliability based on previous experience
with similar pumps;

e technical skills necessary to design, install and
maintain the pumps in proper running condition;

¢ spare parts availability and use of locally
manufactured components (e.g.,locally made
controls);

® possible accommodation of backup systems to
supplement the output of the PV pump during extended
low radiation periods (e.g., Mono pumps that can be
belted to either diesel or PV power supplies); and

® problems peculiar to a specific component of certain
types of systems (batteries, for instance).

In addition, the monthly average daily values of solar
radiation in the plane of the array (30 degrees above horizontal
at all sites) was calculated based on both the data actually
measured during the tests and extrapolations from longer term
meteorological data measured in Botswana and the Republic of
South Africa. This value will aid in the design of future
systems (see Appendix C) by enlarging the long-term solar
radiation data base being accumulated by MET Services in Botswana
and the Weuther Bureau in South Africa.

2. Financial /Economic Selection Criteria

Life-cycle costing techniques are commonly used to compare
the relative unit water costs of equipment alternatives. By
taking into account all costs incurred over the system's useful
lifetime, and assigning a time value to the occurrence of these
costs, a single comparative criterion {the unit water cost) can
be calculated. This reflects capital equipment expenditures,
recurrent maintenance and operating costs for parts, labor and
transportation, and any other costs associated with the system.

A number of assumptions were made. when performing this
analysis. Variables such zs discount rates, expected price
increases above the generzl rate of inflation, assumed or
measured system lifetimes, shadov-pricing of labor and foreign
exchange, and availability of financing can dramatically affect
the outcome of the analysis, either individually or
synergetically. However, since changes in these variables do not
creatly affect the relative ranking of similar systems (e.g.,
several PV systems compared to each other), sensitivity analyses
were confined to the overall comparative pumping report (see
WATER PUMP FIELD TESTS IN BOTSWANA, R. McGowan and J. Hodgkin,
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ARD, 1986).

decisions arrived at were the following:

The primary comparative criterion was to be the
annualized life-cycle (gnit) cost per cubic meter of
water delivered (pula/m”) and the unit cost per unit
volume per unit head (pula/m~*m). Although a
benefit/cost ratio, net Dresent value, or internal
rate of return could also have been chosen, they all
reguire the knowledge or assumption of a benefit
value, which can vary widely. MMRWA also requested
that the unit cost be calculated both in terms of
discounted and non-discounted water volume, so both
are shown in the spread-sheets.

As mentioned abqve, unit costs yere calculated in
terms of pula/m™ as well as P/m *m (the volume*head3
product). However, the authors consider the pula/m
to be an oversimplified formulation. The energy
requireé for pumping water (and, hence, the size and
consequent cost of the PV system required) is
directly proportional to the volume of water pumped
and the head (or lift) through which it is pumped.
Hence, pump comparisong normally give pumping costs
in terms of flow (in m”) times head (in meters).
This tends to normalize the performance of pumps at
different sites, and reflects the additional energy
input required to pump water from a deeper borehole.

Since the government was assumed to be the primary
purchaser of PV pumps, no import duties were
assessed against the equipment. Sensitivity
analyses were performed to determine the effect of
bulk buying on individual system cost (see WATER
PUMP FIELD TESTS IN BOTSWANA, R. McGowan and J.
Hodgkin, ARD, 1986).

Local labor would be shadow-costed at a rate of 0.5,
and foreign exchange at a rate of 1.1.

Customarily, the GOB industrial class regulations
require the hiring of a full-time pump attendant
(pumper) for diesel pump installations. While PV
pumps do not require this level of user interaction,
it was decided for sociopolitical reasons to include
a part-time pumper's salary (one day a week at
P6/day) in the baseline operation and maintenance
costs of the PV pumps. Sensitivity analysis on this
assumption are included in the comparative pumping
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assumptions, most of the reasonable possib:lities we
in a discussion with MMRWA engineers and economists.
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report (see WATER PUMP FIELD TESTS IN BOTSWANA, R.
McGowan and J. Hodgkin, ARD, 1986).

Loan interest charges were not included in the
financial cost analysis. While there appears to be
excess liquidity in commercial banks (at typical
13.5 percent interest rates), banking institutions
are typically very conservative, making loans
difficult to obtain. This issue should be examined
in the project extension.

While incremental training costs for PV pump
technicians should somehow be factored into the
recurrent operation and maintenance costs of the
systems, the magnitude of this incremental cost is
difficult to evaluate and was not specifically
included in the analysis given here. The extension
report should examine this cost in some detail.

Salvage valuecs for BOS components were assumed to be
zero, reflecting the assumption that components will
be used until they no longer function, at which
point they will be discarded rather than repaired
(except where very minor repairs are required, in
which case they will be reinstalled after local
repair). Since there will be periodic replacement
of some modules due to vandalism, some modules will
have less than 20 years of service. These modules
were therefore assigned a nominal salvage value.

Because of the lack of on-demand water delivery with
PV pumps, it is reasonable to assume that storage
tanks in PV systems should be larger than those in
diesel systems of similar caracity. However,
because of the inherent variability in diesel
delivery to remote sites, tanks used with diesel
systems are already larger than normal--in fact,
about the size one would expect to use with PV.
Therefore, the tank costs were considered
essentially equal for both types of systems and
consequently not included in the analysis. This
assumption will be examined in the project
extension.

Discount rates and real cost increases of equipment
and labor above the general rate of inflation were
taken to be six and zero percent respectively,
reflecting the gvernment's standard assumptions.
Currently, Botswana has a relatively high annualized
inflation rate, due in part to the fluctuating
values of the U.S. dollar and the South African
rand, and their impact upon the value of the pula.
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Thus, it is difficult to make reasonable assumptions
about discount and inflation rates. Also, because
the private sector in rural Botswana does not have
extensive experience with the use of credit, it
could be argued that a higher, social-preference-
based discount rate should be assumed, which would
reflect other than simply the opportunity cost of
capital.

e For the ARD report WATER PUMP FIELD TESTS IN
BOTSWANA (R. McGowan and J. Hodgkin, 1986),
sensitivity analyses were performed on the following
parameters:

~-discount rates (six, nine and 12 percent) ;

=-real fuel cost inflation (zero, two and four
percent, and assuming GOB bulk purchasing);

——amortization neriod (15, 20 and 25 years):

--probable decrease in the price of PV modules based
on past and current cost reductions apd efficiency
increases ($7.5/Wp, 36,/Wp and $4/Wp); and

—-variations on requirement for operator charges
(one day/week, three days/week and full-time).

None of these significantly changes the relative
ranking of the different pV Systems compared to each
other, and so are not repeated here.

"In the original comparative testing program evaluation
methodology, the concept of specific capital cost was discussed.
This is a very quick, yet much oversimplified method for
comparing the costs of PV pumping systems to each other based
only on initial installed cost and rated capacity. It takes no
account of recurrent costs or time value of money, which were
assumed to be about equal for PV pumps of similar capacity.
Since this rough estimate cannot be applied to the comparison of
diesel, wind or any other type of pump whose recurrent costs are
not the same as PV, it has not been included in this report.

B. Data Collection Requjirements

in order to adequately characterize the unit cost of a pump,
both the installed cost and long-term recurrent costs must be
determined. For renewable energy systems, this means determining
the output of the pump on a monthly basis over the year, because
of possible monthly variations in the strength of the renewable
energy resource at the site. Solar radiation levels, as well as
wind speeds, can and do vary considerably throughout the year.
It is important to know the measured output of a particular pump
over the range of solar radiation levels likely to be
eéncountered, as well as to know with Some assurance what the
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long-term expected average daily radiation levels will be at the
site, in order to predict annual pump output.

Solar pumps are sized based on both site-specific solar
radiation levels and hydraulic energy demand of the design month
(see Appendix C for a detailed PV pump sizing algorithm). To
properly size a pump, the solar radiation level, array output,
average hydraulic efficiency of the pump, water demand, and total
pumping head of the system must be known, at least approximately.
From this information, and certain expectations about the
longevity of each component and periodic maintenance
requirements, the long-term recurrent costs and benefits can be
calculated. ,

Collecting this information is not, however, an easy task.
Data collection difficulties during field testing were
exacerbated by the fact that the BRET pv pumps in Botswana have
been installed at relatively remote sites. This significantly
increased the efforts required not only to install the pumps, but
to make sure that proper data collection procedures were being
followed, and that tne pumps were working properly during the
data collection periods. This did not always turn out to be the
case.

l. Monitoring Instrumentation

After discussions with manufacturers of electronic data-
logging equipment, ARD technical staff concluded that off-the-
shelf instrumentation that adequately addressed the data
recording requirements of the BRET program did not exist.
Althougn manufacturers were willing to custom design and build
integral units capable of measuring all the parameters mentioned
above, the costs quoted for the units were prohibitively high
(quotes of up to $10,000 per unit were received). Several
designs included microcomputer-based data-loggers capable of
analyzing the data on-site. A technician would have to visit the
site periodically to retrieve the analyzed data for transfer into
a central computer for later review. This approach was
exceedingly costly and required highly trained technicians
(mainly for programming the data-loggers). Thus, given the BRET
project's previous difficulties with data-loggers in passive
sciar builéing performance monitoring, the approach was rejected.

ARD decided instead to purchase custom-built "Modulogs™ from
Beckman American. While there have been some sensor calibration
problems, the Modulogs have proven reliable under harsh operating
conditions. The Modulogs are powered by standard "D" cell
batteries, and were designed to collect cumulative totals of the
measured parameters for display on low-power-consuming liquid
crystal diodes (LCDs) on the face of the data-logger. These
values were then periodically recorded on a data collection sheet
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(DCS) by a BRET technician or other person hired to record data.
This approach was a compromise between the accuracy and
computational ease of a computer-based data-logger operating
under harsh environmental conditions (high temperatures and
blowing sand), and the traditional method of hiring untrained
individuals to read and record analog meters on a periodic basis.
This requirement has not been a serious drawback, as literate
readers seem to be available at all sites thus far.

The parameters measured were the following:

® solar radiation in the plane of the array (Whr/mz);
¢ water output of the pump (liters);

® total elapsed time of the test (minutes);

® running time of the pump (minutes);

® electrical energy output of the array (Whr); and

® where power conditioning units were used, the
electrical energy to the pump (Whr).

The sensors used to make these measurements were frequency-
encoded pyranometers; oscillating-piston, positive~displacement
flow meters; on-board clocks; and standard watt-hour meters. In
addition, the total pumping head was measured with a combination
of well dipper for the static head and drawdown, and a pressure
gauge mounted in the discharge line to measure the discharge
head. Velocity head was calculated and found to be negligible
compared to total pumping head in all cases. Return lines from
th2 tanks to the boreholes were installed so that any excess
water pumped to the tanks and not used by the villagers would be
returned to the boreholes. This allowed the pumps to operate
unconstrained by float valves in the tanks. Overall, the
instruments have a combined error of about 10 percent.
Unfortumately, since the systems are still collecting data in the
field at the pump sites, recalibration has not yet been possible
for all the instruments. This will be performed in the testing
program follow-on activity.

The Modulog integrated all of the parameters, until it was
manually reset to zero after values were manually recorded, at
which time it began integrating the measured values again.

Remote sensors for measuring each of the parameters (except time,
which was measured by an on-board clock) were wired to the main
Modulog unit. The sensors have not proven to be as reliable as
the Modulog itself (in particular, the pyranometers and watt-hour
meters). After examination of the data collected, it became
apparent that sensors on some of the Systems were giving spurious
readings and had to be replaced. Since the sensors are isolated
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electronically, only date on the channel with the bad sensor were
lost. However, this did result in some holes in the data at some
sites.

In addition to the Modulogs, various hand-held instruments
were used to measure instantaneous values for solar radiation
(instantaneous and integrating pyranometers), array voltage and
amperage (multimeters andg clamp~on ammeters), pump voltage and
amperage (same), and ambient and module temperature (mercury
thermometers and multimeter-driven thermocouples). Tachometers
were used to measure the rotational velocity of the Mono pumps
and surface-mounted motors. These measurements were made both to
expand the data base for later analysis, and to make occasional
checks on the reliability and accuracy of the Modulog
measurements. The instantaneous measurements were very helpful
in the identification of inoperable or failing sensors in the
main instrumentation.

2. Data Collection Procedure

Although the data collection procedure is essentially the
same as that given in COMPARATIVE TESTING FOR WATER-PUMPING
SYSTEMS INSTALLED IN BOTSWANA (R. McGowan and J. Ashworth, ARD,
1984), it was modified somewhat as a result of field experience
with the custom-developed instrumentation, as well as to reflect
constraints on the technical skills available for data
collection. Thus, it is summarized again here for the reader's
convenience.

Short-Term Tests

The main purpose of the short~term tests was to monitor
system performance over a full day to develop pump curves of
water output as a function of total head at a given solar
radiation level. From this information, the hydraulic efficiency
of the pumpset as a function of radiation level could be
determined. These curves were generated by collecting data over
a full operating day at each operating site, recording the
Modulog readings at 15-minute intervals. In addition to this,
instantaneous values for voltage, current, back-of-module
temperature and solar radiation were also measured at each
interval.

Ideally, these short-term tests were to be performed on
cloudless days when all sensors were operating properly. 1In
fact, on several occasions the sky clouded up during the day and
provided less-than~ideal monitoring conditions. Occasionally
other problems, such as dead batteries in an instrument,
inhibited proper data collection. The remoteness of many of the
sites made the experimental conditions considerably less than
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ideal. Given the magnitude of the data collection task and the
dearth of available skilled technicians, time was the greatest
constraint. (In addition to collecting data on the solar pumps,
tests on windmills, diesels, grid electric pumps, and a variety
of human- and animal-traction pumps were being conducted
concurrently). It was not always possible to return to a site to
collect more data as scheduled if, for some reason, the
opportunity was missed. 1In spite of these limitations, much
useful information was collected.

The short-term tests took advantage of one of the most
useful features of the Modulog, the capability of temporarily
"freezing” the integrator dispiays while internal integration
continued. This allowed a technician to stop the display at the
end of the 15-minute measurement interval so the data could be
recorded on the DCS provided. Arter recording the information
and checking for accuracy, the LCD displays were then "unfrozen"
to their real time values to continue the tests.

Long-Term Tests

Data collection for the long-term tests relied primarily on
the help of people living near the sites to record the data on a .
daily or monthly basis. These recorders were local residents who
were among the beneficiaries of the water pumped. At each of
the pump sites, daily readings were taken over monthly (or
longer) periods. At some Sites, several consecutive months of
data were collected. Potential recorders were selected on the
basis of local recommendations, and their aptitude for properly
recording the data was checked before they were hired. 1If an
individual seemed appropriate, he or she was given a book of data
collection sheets and asked tc take readings every day for 30
days, at the same time each day (preferably early in the morning
or late in the afternoon, but at least once a day, at anv rate).
This procedure worked reasonably well, except at one site where
data were collected at three different times of the day depending
on the recorder's work schedule. Since the Modulogs were not
rc set until a BRET staff member had time to check the final
monthly readings, under worst-case conditions, monthly blocks of
data were collected. At best, detailed values of inputs and
outputs each day were collected.

In addition to these procedures, at the Mochudi site, data
were collected on a weekly basis, and at Otse, where the storage
was small and the pump was switched on and off manually in
response tc cemand variations, data were collected both when the
pump was turned on and turned off. After March, when the
majority of the pump and instrumentation installation work had
been completed, reqular monthly visits to each site were made by
at least one of the BRET technical staff. Also, whenever any of
the BRET staff traveled by any of the pump test sites, they
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stopped to take readings and check the systems. These random
visits helped to keep track of any operation or maintenance
problems with pumps or instrumentation, and helped to further
improve the guality of the data being collected.

Collection of Detailed Cost Data

Determining the cost of the equipment used in the PV pumps
is not as simple as it seems. Since the BRET project was funded
by AID, most of the high~capital-cost items had to be purchased
in the United States from U.S. suppliers. This had a variety of
effects on the actual equipment purchased and prices paid. On
the one hand, it meant that the pump testing project had access
to state-of~the-art technology not yet commonly available in
Africa. 1In addition, much of the equipment was purchased in
bulk, reducing the cost below that which would be paid retail for
a single system.

Questions arose as to whether it was appropriate to use the
prices actually paid for the systems, or whether it made more
sense to use the current prices for the same or similar equipment
commercially available in Botswana. As it happens, the retail
unit price for ARCO Solar modules (the bulk of the modules used
in the testing thus far) in Botswana is essentially equivalent to
bulk U.S. prices. This is because U.S. PV manufacturers—--
painfully aware of the current artificially strong U.S. dollar,
vet vitally interested in maintaining their market share in an
extremely competitive industry--must offer their products below
cost to foreign buyers, at least in the short run. For this
reason, the prices used for this analysis are local market
prices. It is, of course, possible that if the DWA were to
purchase a relatively large number of modules, or if exchange
rates were altered significantly, the module price, FOB Gaborone,
would vary somewhat. Since module cost alone accounts for up to
80 percent of the total installed system cost it was clear that
a sensitivity analysis of varying module prices was necessary
(see WATER PUMP FIELD TESTS IN BOTSWANA, R. McGowan and J.
Hodgkin, ARD, 1986). While initial capital cost of modules was
based on local prices as of July 1985, replacement modules
(necessitated by vandalism or failure) were costed at $6/Wp, the
cost as of December 1985,

For the remainder of system costs, DWA tender prices were
used, largely because DWA is the largest purchaser of pumping
equipment in Botswana, the BRET project came under MMRWA, and it
is iikely that only government groups weould be in a financial
position to seriously consider widespread purchase of PV pumps in
Botswana. For solar pumps, this assumption was not critical
since the BOS cost was small compared to the array cost. Some of
the equipment (such as the constant voltage trackers) was not
commercially available in Botswana. The purchase price of these
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items was used in the analysis, with the exchange rate assumed to
be P1.00 equal to $0.57.

The PV pump at Otse was already installed when purchased by
BRET. It was an older design which, while installed in several
countries in Africa, has not gained widespread acceptance among
PV water supply specialists (see site history). To use its
actual cost (from 1982) would bias the financial analysis
severely against it, due to the significantly higher cost of
modules at that time. Therefore, the current replacement cost of
this system has been used.
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V. ANALYTICAL METHODOLOGY

The analytical methodology used for this program seeks to
incorporate the approaches of similar past efforts* so that
results can be presented in a common format for easy comparison.
When testing the performance o# PV pumps, there are certain
parameters that must be measured so that long~term output can be
predicted, and upon which the cost analyeis is based. The
principal questions that arise in the different approaches to
testing are the level of effort invelved, technical skills of
those collecting the data, number and tvpe of systems involved,
and amount of time and money available to perform the tests.

Previous efforts nave focused principally on either
laboratory tests or simple computer modeling based on
manufacturers' data for pump output. This program focused
srecifically on field tests as the best determinant of the actual
c>sts that will be incurred by PV pump users in the developing
world, where precise system desian, an adeguate spare parts
supply, or suificient technical skills for the proper
installation, maintenance and repair of the pumps may be the
exception rather than the rule. For a given system, site-
specific conditions can affect water output, equipment lifetime,
and the subsequent unit costs of water delivery. Sirnce the
primary focus of this project was to determine relative costs of
equipment alternatives, the emphasis was on longer-term data
collection rather than determination of detailed short-term pump
characteristics.

A. Pump Curver

The single most important technical characteristic of a
pump's operation for predicting long-term output is the pump
curve, which describes the pumping capacity in terms of head and
flow (and voltage and current, for submersible pump sets). When
operating at a given point on the curve, the pump will deliver a
Certain volume of water at a certain head. When the pumping head
is increased (by adding an elevated tank to the system, for
example), the volume of water pumped decreases (for a given sized
system), since it takes more enercgy to pump to the additional
height. For PV pumps, an additional parameter that specifies

*See SMALL-SCALE SOLAR-POWERED PUMPING SYSTEMS, THE TECHNOLOGY,
ITS ECONOMICS AND ADVANCEMENT, Sir William Halcrow and Partners
and IT Power Ltd., World Bank /UNDP, 1983; EVALUATING THE
TECHNICAL AND ECONOMIC PERFORMANCE OF PHOTOVOLTAIC PUMPING
SYSTEMS: A METHODOLOGY (final draft), J. Renna et al, IT Power
Ltd. and LESO for USAID, 1985; and AN ANALYSIS CF WATER LIFTING
DEVICES IN BOTSWANA, N. Davidson, BTC, 1984.
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system performance is the solar radiation level on the plane of
the array. For a certain radiition level, a point on the curve
indicates how much water the pump will deliver at a given head.

To predict the long-term output based on the limited
measurements collected thus far, it was necessary to determine
the average subsystem (or hydraulic) efficiencies of each system
for use in the simple PV pump output algorithm given in Appendix
C. The three kinds of efficiencies with which designers are most
concerned (discussed in Section IITI.A.1), are the array (N_),
subsystem (N_), and overall system (N ) efficiencies. N 2
indicates ho® effectively the array c8nverts solar radiafion into
electrical energy (about eight to 11 percent for the BRET
arrays). N_ indicates how effectively the motor and pump convert
electrical gnergy into water delivered at a given head (10 to 40
percent, depending on how well the pumpset is matched to the site
conditions). N_ indicates how effectively the overall system
converts solar radiation into water delivered at a given head
(two to five percent). Since N _ 1is not needed in the pump output
algorithm, it will not be dealt®with further.

The boundaries of the subsystem efficiency change somewhat
for systems with battery charge controllers (regulators),
batteries, or PCUs such as constant voltage trackers. Since each
of these components has a certain efficiency, the subsystem
efficiency of a system with either controller or battery (or
both) would include the controller and/or battery losses. Other
things such as wiring losses affect the performance of the
system, hence the overall system efficiency. Using too small a
Wwire size can cause relatively large voltage drop in the power
cable to the pump. Examples of the magnitude of wiring losses
can be seen in the example system sizing given in Appendix C.
Using too narrow a wire gauge with a submersible pumpset at 50
meters can noticeably reduce the system efficiency. Since the
electrical energy measurements are made at the top of the power
cable going into the borehole, the subsystem (pump/motor)
efficiency will appear less than specified by the manufacturer's
pump curves.

The performance of PV modules themselves is fairly well
known under given solar radiation and cell operating temperature
conditions; thus, measured array output was not so critical an
input to the algorithm. However, =olar radiation is not constant
over a day or over a year, so short-term measurements over the
range of radiation levels likely to be encountered can be used to
generate a curve of pump output as a function of solar radiation
level, which is then combined with known (or estimated) average
solar radiation levels over "standard solar days" to determine
volume output over any day of the year. This procedure can be
repeated for each day, thereby generating monthly average cutput
bpredictions. The results can be confirmed by actual measured
values as the data become available, thus iteratively refining
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the subsystem efficiency used in the algorithm. A simpler,
though less accurate procedure is to estimate an average daily
subsystem efficiency by de-rating the measured N_ under peak
operating conditions (i.e., at noon) to reflect he fact that at
low re¢diation levels (in the morning and afternoon) the system is
operating away from its design point and therefore less
efficiently.

For a given site, assuming that there is sufficient borehole
yield throughout the year, the pump will operate at a nearly
constant head. During dry seasons, the borehole water may drop
somewhat, thereby increasing the head and decreasing the water
output. If the pumping capacity approaches the borehole yield,
drawdown will occur, also reducing the water output. For most of
the PV pumps tested here, adequate borehole yield resulted in
little drawdown (<2 m in most cases), so that the pumps could be
assumed to operate at approximately a constant head. If the head
did vary seasonally, it could still be easily accommodated in the
algorithm. Examples of manufacturers' pump curves for
submersible pumps used during the tests are given in Fiaure 2.
Actual operating data measured during the field tests, including
solar radiation level, water flow rate, and subsystem efficiency,
are given in Section VI.B.

While system and component efficiency are important in
comparing systems, the cost per unit of output is the most
important characteristic. A pump user does not really care what
the efficiency of the system is, except insofar as the cost of
the system goes up as the overall efficiency goes down for given
head and flow conditions. The main reason that system designers
are concerned with efficiencies is that they must be able to
describe different pump types adequately in order to be able to
predict performance at other sites. To do this, the system
designer must have a good estimate of solar radiation levels
throughout the year, the depth of the borehole, the overall
pumping head, the size of storage required, and an estimate of
the fluctuations in demand (particularly if irrigation is being
considered.

B. Long-Term Performance Characteristics (LTPCs)

LTPCs are important as means of validation of output
estimation from algorithms such as the one descriped in Appendix
C. Where holes exist in data (e.g., daily radiation levels for a
particular month), estimates of LTPCs can be extapolated from
bump curves and estimations of radiation levels for other sites
for that month. Also, since solar radiation levels are being
recorded at each PV pump site, a reliable solar radiation data
base throughout the country is growing.
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The most important LTPCs are maintenance and repair
requirements, from which a determination of both recur:.«nt costs
and manpower training needs can be made. A major input into the
cost analyses given in Section VI is the recurrent cost of
operation, maintenance and repair. All system components are
replaced at certain intervals over the system economic lifetime.
The lifetime is assumed to be 20 years, based on the component
with the longest lifetime--the PV modules. Replacement times are
a strong function of proper installation and operation
procedures, as well as site constraints such as water quality.
Boreholes with highly corrosive water can cause rapid
deterioration of equipment, necessitating much more frequent
repair than normal. Crooked boreholes can gquickly ruin Mono pump
shafts and cause rapid deterioration of the drop pipe connections
as well.

LTPCs are by nature the most difficult to quantify, because
they are so site-specific, and adequate measurement requires
unacceptably long testing periods. Issues such as social
acceptance, use patterns, annuel and seasonal fluctuations in
demand, and the problems associated with infrastructural
development can only be adequately measured over several years.
Preliminary estimates based on past experience are therefore
necessary at this stage of the testing program. These will be
further refined during the project extension.
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VI. TECHNICAL PERFORMANCE RESULTS

Section VI.A details the experience with the first set of
solar pumps installed by the BRET project. It is important to
keep in mind that these pumps were installed as part of a testing
program. All of the systems installed by BRET were state of the
art at the time of their installation, and most still are. Some
were prototype systems (the Mono/Moyno pumps) that had not been
subjected to extensive development, so there were the inevitable
bugs in both system design and operation. Performance
characteristics were constantly reviewed, and the systems were
continually adjusted to obtain the best possible performance from
the components specified in the initial system design. If this
had not been the case, many of the less obvious problems would
not have been noticed, let alone fixed. This approach led to
more down time than normal, since prototype systems have, by
definition, components that have not been subjected to extensive
field tests (see Mmethubudukwane below). The expression "the
only trouble with working at the cutting edge, is steying ahead
of the blade," comes toc mind.

As discussed below, Mono (and Moyno) pumps have certain
characteristics which make them less than ideal for use with PV
systems. However, since about 85 percent of the boreholes in
Botswana use Mono pumps, the decision was made to adapt PV power
supplies to the particular characterisitcs of Monos. A second
generation of these systems will no doubt perform much better,
both in terms of water output and reduced maintenance and
repairs. Mono Pumps (South Africa) has been working on the
development of new, lower starting torque Nitrile pumps, as well
as power conditioning units specifically designed for use with
photovoltaics (see Mmathubudukwane and Otse below). Successful
development of these devices will make the use of progressive-~
cavity pumps with PV much more attractive.

On the other hand, there have been very few problems with
the submersible pumps (except at one site where the water quality
was poor). The simplicity of their system design has surely
contributed to this situation. Submersible pumps do not require
battery storage because of their low starting torque
requirements; nor do thev require a separate controller. Data on
all of these systems are still preliminary, since less than a
vear has elapsed since the first system was installed.
Nevertheless, the project extension will provide a much more
refined view of the capabilities of this first set of PV pumps,
as well as of the group currently being installed, whose
performance has not yet been carefully measured.

42



A. GSite Histories

Test results to date, while indicative of the performance
capabilities of PV pumps, cannot be termed conclusive. There
simply has not been sufficient time to complete a full testing
brogram as originally envisioned. The first pumps were only
instrumented fully at the beginning of 1985, and problems with
several of the pumps (most notably the one at Mmathubudukwane)
have meant that only 1imited data are available to date. A brief
history of each site is given below, followed by analyses of the
data.

Mahalapye

This pump was installed at a garden near Mahalapye in
September 1984. The system consists of 12 ARCO Solar M-53
modules coupled to a Jaccuzzi submersible pump, mounted on a
cement cistern in a shallow hand-dug well in the river bed. a
constant voltage tracking controller (CVT) was also installed as
part of this system. Formal monitoring did not begin until mid-
February because there was insufficient water storage at the site
(the tank which the user agreed to install had not been
installed), and the pPump was not being used full time. A return
line to return unused water from storage to the well was
installed at this time, and full-time monitoring was begun on
-February 16, 1985. To measure the effect of the BOSS CVT on the
system (which does not strictly require a CVT), the CVT was
removed from the system in early April and data were collected
for an additional month. 1In late May, two consecutive days of
intensive short-term testing were undertaken, one day with the
CVT in place and one without. These tests showed that the
significantly reduced head (from 15 to seven meters), due to the
unexpected lack of an elevated storage tank, caused the system to
deliver only a third to a half of its design efficiency. The
additional elevation head would have resulted in the pump
operating at a much more favorable point on the performance
curve, thereby significantly increasing the subsystem efficiency.

The water output. results for March, April, May and June were
14.5, 14.6, 12.8, and 15.1 m /day respectively. The April and
May data were collected without the CVT in the system. It
appeared that the CVT used in this system is of limited value at
best. The efficiency of the device varied widely over the day,
and it neither significantly increased water output nor was
required for providing starting current to the relatively low
starting torque motor. During the peak sun hours of the day, the
CVT reached a peak (not average) efficiency of more than 95
percent, but it is precisely during this part of the day that the
electrical characteristics of solar array best match those of the
pump motor, precluding the need for any controller. During the
morning and afternoon hours, the device would be most useful to
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aid in load matching, but potential increases in energy
production during these hours were lost because of the CVT's
decreased operating efficiency. Thus, while the controller did
not significantly affect the svstem's cverall performance, it was
judged to be of no significant value to the system due to its
unnecessary incremental cost.

Mmathubudukwane

Installation of this pump was bequn in December 1984. There
have been several problems with this pump and site. The system
was designed to use a 36-module (1548 Wp) ARCO Solar M53 array
driving a Honeywell 1.5-HP, DC, permanent magnet motor connected
to a Mono pump. A BOSS PCC1l80 CVT was used as the controller, to
eliminate the need for storage batteries and to provide the high
starting current required to start the Mono. However, the CvVT
would not start the pump as it was designed to. While this
particular model CVT was supposed to have been a production
model, it was in fact a prototvpe. As it turned out, not only
was there a manufacturing defect in the current limiting switch,
but the capacitors were undersized to deliver the required surge
current specified during procurement. After long consultations
with the manufacturers in the United States, a redesigned
controller was installed, and it performed well in preliminary
tests.

This process took until mid-April 1985. During these
preliminary tests, it became clear that the solar pump was over-
pumping the borehole, due to a decrease in the borehole vield
since DWA's initial test-pumping. Fortunately, the borehole was
due for a cleaning and an additional test-pumping by DWA. This
was completed by early June. Although the yield of the borehole
after cleaning was still less than when originally drilled, BRET
technical staff felt that the solar pump would probably not
unreasonably tax the yield, since it would only be pumping six to
eight hours a day on a continuous basis.

During this period, Mono Pumps (South Africa) expressed an
interest in assisting the project, since they had become involved
in PV pumping as well. They kindly donated a Nitrile (as opprosed
to their standard natural rubber composition) stator ES-10 fitted
with a foot valve for this borehole. This type of Mono has a
much lower starting torque requirement, reducing peak power
requirements and resulting in cost savings in PV modules. After
the cleaning and test-pumping had been completed, the new pump
was installed and testing was begun in early July.

After preliminary data had been gathered and the pump seemed
to be operating satisfactorily, the crew left it on automatic
control. However, after several days another problem cropped up
which pointed out one of the disadvantages of operating with a
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positive displacement pump such as a Mono. With a submersible
pump, if head is increased beyond the normal operating range of
the pump, the flow rate will be reduced in proportion to the
increased head. Eventually, if head continues to increase, it
will reach a point where there is no flow at all, but the power
absorbed by the motor will not change dramatically.

However, a positive displacement pump is essentially a
constant flow device at a given RPM, and will continue to absorb
more power as the head is increased. The result is that if head
is increased beyond the capacity of the motor, the motor will
overheat (if no overload protection is built into the motor) and,
if the situation is allowed to continue for even a relatively
short time, the windings will be destroved. The fas*:est way to
over-range the pumping head in this type of system is to shut off
a gate valve in the discharge line when there is no pressure
relief valve (or PRV, which had not vyet been installed in the
discharge line during the preliminary tests). Unfortunately, it
is common practice to put gate valves (rather than backflow
valves) in discharge lines in order to shut off flow between the
storage tank and the borehole for maintenance or repair purposes.

This happened at Mmathubudukwane, where the pumper
apparently closed at least one of the three gate valves in the
system while the pump was operating, although he had been
specifically warned about this because of the lack of a PRvV.

The motor was rewound at a repair shop in Gaborone (it was
reassuring that such repairs are available in Botswana), and was
reinstalled after the gate valves were removed and replaced with
backfiow and pressure relief valves. Further data are
forthcoming.

While long~term data are not yet available, some _short-term
data were collected as a part of the acceptance tests, and have
been used to estimate the actual performance of the system.

While the original design criteria specified an expected total
pumping head of 62 meters, this was later measured to be about 45
meters. During short-term testing in mid-December, the solar
pump, as installed, would not start on its own. While the CVT
was unable to provide the necessary starting surge, there was
ample power available for running the pump. The pump was started
with a manual boost, and it pumped at an instantaneous rate of
0.53 liters per second at a solar insolation level of 600
watts/m”. During similar testing on April 24th, the output was 2
0.61 liters per second when the insolation level was 900 watts/m
(easily reachad on almost any sunny day in Botswana). Using
similar spot data over the range of radiation levels, the PV pump
oytput algorithm predicted an annual output of about 6570
m~/year, with a worst-case design month output of 16 m /day.

This was used in the cost analysis. This prediction was based on
solar radiation measurements at Mmathubudukwane and se\eral
nearby sites where solar radiation is being recorded on an
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ongoing basis. Obviously, longer-term data are required for this
site.

Mochudi

This site is cquipped with a Jacuzzi submersible pump
directly coupled to an array of 32 ARCO Solar M-53 modules,
operating at a head of about 36 meters, installed in September
1984. At this site, as at most of the other sites, the original
storage tank capacity was inadequate. Under the favorable solar
radiation conditions normally egcountered in Botswana, a two-day
storage capacity (or about 40 m”) would be sufficient. At most
of the PV pump sites, the beneficiaries of the water had agreed
to provide the labor and funding for properly sized cement, steel
or ferrocement tanks as their contribution to the water supply
system. However, since this did not occur, two nine-cubic-meter
galvanized-steel tanks, intended to be temporary, were installed
until the permanent tanks were to have been built.

The herticultural grour that had requested the pump had not
properly established their plot as agreed upon, so the water
demand was initially less than the pump's capacity. Initially,
users would turn off the pump when the tanks were full, and,
although they were discouraged from doing so, this practice did
not immediately stop when an overflow return line from the tanks
to the borehole was installed. Finally, it became necessary to
lock the switch box so that it was certain that the pt:mp was
operating at design capacity.

Monitoring began in early December and data were initially
collected on a weekly basis. A full day of short-term, intensive
tests was conducted in late December. 1In February, the pump was
turned off for a protracted period, as the temporary storage
tanks were leaking so badly that the area around the pump became
flooded. The tanks were repaired, and the system was operating
properly by the end of the month.

In mid-April, the pump stopped operating. When it was
removed and examined, it was found to be badly corroded.
Subsequent investigation led to the conclusion that the water in
this borehole has an unusually high lime content. Although
specially coated submersible pumps that can tolerate these
conditions are now standard from the manufacturer (and should
always be specified if they are not), this submersible pump was
not properly coated. The manufacturer replaced the pump under
warranty. 1In the meantime, in the interest of collecting
continuous operating data, a spare pump was installed in the
borehole. The present pump will be replaced with the coated pump
when it arrives. This problem has, however, demonstrated the
need to test the water quality in a borehole before choosing a

pump.
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Vandalized modules were another problem at this site. 1In
the 10 months since the System was installed, three modules have
been vandalized, apparently by children throwing stones. The
site is not near any settlement, and control of the children in
the area may be difficult at first. An interesting observation
has, however, been made as a result of this vandalism. Short-
term tests conducted for BRET by technical staff at BTC have
confirmed that the output of the cracked modules was not
significantly degraded, at least not in the short term. The IV
curves for a new module and for a broken one that had been
operating (while damaged) in the field for five months were
measured concurrently by BTC's testing apparatus, and little
discernible difference in performance was noted. These IV curves
are shown below in Fiqure 3.

Test results to date have been marred by some lack of
confidence in the measurement of electrical energy consumed by
the pump (the Modulog kWh sensor), and an apparent deterioration
of the pyranometer prior to its failure on May 25th. These
problems involved only the instrumentation and did not interfere
with pump performance. The system operated without any required
maintenance until the pump replacement in April.

In the meantime, another full day of short-term data was
collected, and a month of daily values (in addition to the
monthly long-term data collection) were also recorded. During
the seven-month tgsting period to date, this pump has produced an
average of 14.5 m~/day (not including the non-operational
periods). ,The monthly average output was l1l6.1, 15.3, 15.6, 13.1,
and 12.6 m~/day in December, January, March, May and June
respectively. February and April are not included since a full
month's data were not collected during these months.

Short~term tests indicate that the average subsystem
efficiency reaches about 32 percent at the peak daily solar
radiation period between 11 a.m. and 1 p.m. Extrapolating from
these monthly figures measured thus far (and based on measured
radiation values for the rest of the year), the output in the
design month (likely to be December) in an average year would be
about 16 cubic meters per day.

Molagowabajang

This was the first PV pump installed by the BRET project, in
early September 1984. For some period of time, the pump operated
without a return line, and the users continued to turn the pump
off when the storage tanks were full. Although short-term tests
were performed during the initial operating period, formal, long-
term monitoring was not begun until the middle of January 1985,
after a return line had been installed. Four sets of day-long
intensive tests have been conducted thus far.
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During the first month of daily monitoring, review of the
data collected showed that there was a problem with the return
line, since the pump output was not as high as expected, even
though the pump was turned off by the pumper after sufficient
water had been delivered. During late April, this problem was
solved and another month of data was collected. During this
time, a full day of intensive, short-term testing took place.
When the data were examined, it appeared that the pump output was
still somewhat lower than expected. A careful examination of the
wiring scheme revealed a minor installation oversight which, when
corrected, increased output to the design level. Two days of
intensive, short-term tests were performed, and another month of
daily data collection was begun in early July. Review of the
intensive test data indicated much improved performance. Over a
three—gay period in early July, the daily average pump output was
2§.2 m~/day. Prior to that, it had been pumping less than 20
m~/day. There have been no outages whatever on the system thus
far. '

Qtse

This system was the oldest tested. It was first installed
in early 1982 by Taurus Batteries, the local distributor for ARCO
Solar. The system was owned by Taurus until purchased by the
BRET project in late 1983. Prior to this, there had been no
problems reported except for two vandalized modules However,
the water storage capacity was quite limited (2.5 m ), thus the
use of the pump was very limited. The system consisted of eight
ARCO Solar 16-2000 modules (no longer manufactured), a 0.5-HP
Honeywell motor driving a Moyno pump (similar to Mono, except
turning clockwise), and a timer and battery charge controller.

In May 1984, two of the four batteries were replaced because they
had worn out, and it was discovered that the regulator and timer
were not functioning properlv, so they were removed from the
control circuit. Since the load approximately matched the
deliverable power from the system, the system was run temporarily
without controls (no controllers were immediately available).
This temporary arrangement was, however, not acceptable for long-
term operation since it was just a matter of time before the
batteries were over-discharged. Partial monitoring was begun in
October, measuring all variables except solar radiation, since
there was not a sufficient number of pyranometers at that time.

With this type of timer-controlled battery storage system,
it is important to understand that short-term tests have limited
value for predicting long~-term performance, since the batteries
act as a constant current and voltage source, thereby evening out
the water output over the short term. The short-term output of
the pump will not be a strong function of the solar radiation
intensity during pumping, as was the case with all of the other
Systems. This means that optimum use of the pump requires
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balancing the fixed pump's on-time with the system's power supply
capacity and solar radiatiorn levels over the long term. Since
the demand has been so variable at the site (and only recently
has a larce enough storage tank been constructed), measurement or
estimation of long-term performance of this system was difficult.
Recently, the Villgge Development Committee (VDC) built a larger
storage tank (38 m>). In the effort to fill this new tank, the
batteries have been drained. A proper controller which does not
require a separate timer (and is locally manufactured and
therefore locally repairable by BTC) has been installed to
alleviate the problem.

The output of the pump, monitore§ over nearly nine months,
has been measured at 747 m~, or 2.8 m /d. This is hardly
representative of the system's capacity, as can be seen by the
graph of water output and pump use during a two-month period (see
Figure 4). It 15 obvious that the pump was only used every
second or third day, which hardly tzzed its capacity. During
this period, the total head fluctuated somewhat as the pump was
started, but stabilized at eight meters after the initial well
draw-dcwn level wazg reached. During this periocd the pump/mector
efficiency averaged a dismal 10 percent, largely due to the slow
speed at whick the Moyno pump was designed to operate. The 1800-
RPM motor, with a combined pulley-gearbox reduction ratio of
€.43:1, adra7e the pump at less than 280 RPM. 1In this range, the
manufacture:r specifies a pump efficiency of about 20 to 30
percent (compared to up to 70 percent when the pump operates
between 700 and 1200 RPH).

During sgort test periods, the pump output ranged between
1.2 and 1.6 m“/hr. Results of several tests showed the output,
as expected, to be directly prgportional to battery voltage. At
24 volts, the output was 1.5 m /hr. As battery voltage dropped
to 22 volts (as it sometimes did after the ailure of the early
voltage regulator), output dropped to 1.3 m”/hr. The pump could
therefore easily deliver eight m”/day under normal solar
racdiation levels in Botswana, if the array and batteries were
properly matched.

Since storage capacity limited the actual output of the
pump, the efficiencies and the instantaneous flow rates from the
short-term testing were used in a simple PV output model to
precdict the potential of the pumping system. The model pregicts
that the average annual output for this pump would be.6.2 n~/day,
and in the worst-case design month of December, 5.4 n /day.

The same model was used to predict the output with a similar
System configuration using different components. This exercise
showed that the potential for this type of system was much
greater than that realized in the Otse system, as designed. If a
similar pump running at higher RPM (i.e., at a more efficient
operating pcint) and bet-er matched to the mctor characteristics
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w3as usec, the annual average output would be 12.2 m3/day (or 11.4
m~/day in December). This configuration will be tested as a part
of the extension of the comparative pumping program, and will
help to meet the greatly increased water demand at the site. The
major lesson learned from testing this pump was that the design
of solar pumping systems has come a long way since this pump was
first installed in early 1982.

B. Comparative Svstem Performance

Two main types of PV pumps were tested in this study-: DC
centrifugal submersibles, with both pump and motor contained in a
single integral unit, mounted down the borehole; and progressive-
cavity Mono pumps, with the pump itself mounted down the
borehole, connected by a rotating steel shaft through a belt
drive and/or gearbox to the surface-mounted motor. These are two
fundamentally different designs, each of which has its own
advantages and disadvantages in terms of capital eguipment cost,
maintenance and repair schedules, ease of installation, and
technical performance characteristics. While the relative merits
of the two types of pumps are discussed in Section IX.A, this
section of the report compares the technical performance results
for each of the individual pumps.

Mahalapye

The 516 Wp ARCO/Jacuzzi system at Mahalapye did not perform
as well as expected. When using submersible pumps, particular
care must be taken to choose a model that is specifically
designed for the head and flow conditions of that site. At
Mahalapye, the design head was 15 meters, based on the
construction of a new tank eight meters above the present one.
Since the tank was never built as agreed upon, the pump used was
not the proper choice for that site. At the design head, the
pump would deliver about 2.5 liters/sec uynder peak operating
conditions, and would provide about 20 m /day on an average
annual basis.

The pump has operated without any maintenange so far.
Although the system delivered approximately 30 m~/day at seven
meters' head, a different pump with the same number of modules
would be capable >f delivering considerably more than that.

Also, since at low head the water delivery was greater than that
planned for, it was turned on and off as the water demand varied,
so it was not able to pump to full potential. The pump is going
to be moved in the near future to another site (for political
reasons), and the site will be more carefully chosen so that the
pump will operate nearer its design point.
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Graphs of one of the short-term tests of the Mahalapye pump
are shown in Figures 5a through 8. Water output, solar radiation
level, and hydraulic efficiency over the day are shown in Figures
52 and 5b. These are the results of two consecutive days of
testing. The sharp variations in output in the afternoon are due
to partly cloudy conditions. On one day (May 29th), the CVT was
wired out of the system. The next day it was inserted to test
its effect on the pump. On May 29th, the radiation level (and
therefore pump output and hydraulic efficiency) increased very
steadily until about 12:30 p.m. when some clouds rolled in. The
flow rate peaks at 0.63 liters/sec, and the hydraulic efficiency
at a very low ll percent. On May 20th, when the afternoon was
also very cloudy, the flow rate peaked at 0.61 liters/sec and the
hydraulic efficiency at 12 percent. Although more water was
pumpea on May 30th, the radiation levels varied from day to day.
Thus, simply based on these data, one cannot say that the pump
performed better without the controller. However, based on
longer-term output projections and further testing, use of the
CVT with submersible pumps is not recommended (see Section
VII.B).

Figures 6 and 7 show water output as a function of
instantaneous radiation level over the day. Although the pump
output bounced around considerably due to the variable clouds,
the pump performance was very linear in relation to the radiation
level. Because of the relatively low head, the pump starts up
very early (around 7:30 a.m.) at a radiation level of about 200
W/m®. Figure 8 shows the hydraulic efficiency versus radiation
level for May 29th only. The one very high efficiency
calculation is a result of instrumentation error. While the
radiation and water outputs are fairly smooth curves, the
jaggedness of the hydraulic efficiency lines suggests inaccuracy
in the electrical power measurement. To account for this, lzter
tests made use of multimeters and amprobes to directly measure
the electrical energy transfers.

Data from the short- and long-term tests have been used to
estimate system output in Table 1. Over the lgng term, the
output from the system will average abou§ 21 m”/day, with the
worst month (December) output about 17 m /day. In the economic
analysis, it was assumed that the pump useg was properly sized
for the site, so that output averaged 30 m~/day at the actual
seven-meter pumping head. :

Mmathubudukwane

The Mono-coupled system here has thus far been the most
troublesome of the prototype systems, so long-term data are not
yet available. Mono pumps operate more efficiently as the head
increases. They are currently the only type of pump being
considered for Botswana (although jack pumps could ke used under

h
Lo



FLOW (L/SEC).RAD (XW/M2), EFFICIENCY(%)

WATER (LS/SEC). RAD.(KW/M2), EFF.(%)

]

Figure 5a.
OUTPUT/SOLAR RADIATION/HYD.EFFICIENCY
ON MAY 20, 1985 IN MAHALAPYE

0.90
0.80 ~ 42

0.70 — Ve

0.00 .
0.50 - p a , %

M

0.30 4 H

g i /
0.20 - u

A8 J .\ i
0.00 Tt LI BN RENLAAL N BN AL IS S S oy S S e s B e e e 2 S
7.786 8.80 9.250 10.00 10.76 11.60 12.28 18.00 13.70 14.50 16.26 18.00

TIME OF DAY (HOURS)
RAD (KW/MR) 4 TFLOW (L/8RC) vV  HY.EFr.(%)

Figure 5b.
OUTPUT/SOLAR RADIATION/HYD.EFFICIENCY
VE. TIME ON MAY 30, 1985 IN MAHALAFYR

0.70 —

0.80 -

0.50 -

0.40 -

0.80 -

0.20

0.10 -

0.00

17

TIME OF DAY (HOURS)
O RAD (KW/M2) 4 FLOW (L/SEC) v EFrr.(%)

54



WATBR OUTPUT (LITERS/SEC)

WATER OUTPUT (LITERS/SEC)

0.70

0.60

0.50

0.40

0.30

0.20

0.10

0.00

0.70

0.80

0.50

0.40

0.30

0.20

0.10

0.00

WATER OUTPUT VS. SOLAR RADIATION LEVEL

Figure 6.

ON MAY 29, 18806 IN MAHALAPYE

1 t T T 1 I |

0 0.2 0.4 0.8 0.8 1
S0LAR RADIATION ON ARRAY TILT (xw/M2)
-Figure 7.
WATER OUTPUT VS. SOLAR RADIATION
ON MAY 30, 1938 IN MAHALAPYR
2= 1 T T T T T
0.1 0.3 0.6 0.7

SOLAR RADIATION ON ARRAY PLANE (Xw/%2)

35

0.9



HYDRAULIC EFFICIENCY (%)

0.60

0.60

0.40

0.30

0.20

0.00

Figure 8.

HYDRAULIC EFFICIENCY VS.SOLAR RADIATION
ON MAY 29, 1986 IN MAHALAPYE

0.24

v T T T T T T
0.40 0.66 0.87 0.77 0.82 0.86 0.88 0.32 0.87 0.5¢ 0.38

SOLAR RADIATION ON ARRAY PLANE (KW/M2)
0 HXFF(WATTS) 4 HZEPFF(KYH)

56




Table 1.

SOLAR PUMP SIZING ALGORITHN (IT Pawer /Halcrow, McSowan)
01-Aug 03:10 Py

Location: MAMALAPYE Latit: 22.5 Degrees Min.Qutput haseq on fiypothetical systes satisfying min,hydraulic energy req’

Array Tilt Angle: 30 legrees

et U

rct.Qutput dased an series moqules in act

ual array for sotor voltage req a.

tonth Yaluge St.dead dyn.read Tt.Head d.En.Rqd. 1trT.Rag. Clear Horz.Rag, Tilt Arr.T.Rad Xax D/S Nin.Out. Act. Jut

(aJ/day)  (a) (m) (a) {MJ/day) (Ml/a2-d4) Index (W/a2-d)Factor M]/a2-4) Ratig ‘a3/d)  {a3/d)
January 15,9 7.9 2.9 7.0 103 9.6 9.40 3.8 9,93 9.7 o082 15.4 18.4
Fedruary 15,0 7.0 0.0 7.0 1,03 38,00 0.60 22,3 0% L 0049 13,5 19.5
Mirch 13.¢0 7.0 vd 7.¢ 1,03 W4 0080 08 Ly [ 3,347 00
Aprii 150 7.0 9.9 7.0 03 004 2w 3.2 L .00 5004 8.7 2L
"3y S T 20 7.0 £.03 ATVEES Y NP O T R ST Y - 1Y BN
June 15,0 Tol 1) 7.0 1a3 2.7 a3 4.9 .59 070 904 N PO
July 15.0 7.0 0.0 7.0 1.03 3.0 0,44 14,0 1,55 PEN: BT it 22
August i5.0 7.4 0.0 7.0 103 28,7 0,45 8.7 1.34 5.4 o 0.0 2%
Septesber 25.0 7.0 0,0 7.0 1.0J 334 0045 2.7 115 300 0 .00 L
Octaber 12,0 1.9 0,0 7.0 1,03 7.4 0,43 23,6 0.9% .5 0,048 e
Noveaber 15.0 7.9 2.0 700 1.03 9.0 0,68 3.8 0.85 0020w I 133
Decesper 15,0 7.0 0.0 7.9 1,03 9.6 9,40 2.8 0.3 9.0 0,054 150 LT
DESISN MCNTH PARAMETERS Max Ratio 0,054
Design Month Jecesber Ana, Average Jutpu 17.2 2L
Hvaraulic Energy Requireaent 1.0 (MJ/day) Ann. Miniaua Jutpy (5.9 T
Design Montn Tatal Heag 7.0 ‘aeters) Ann, Maxiaum Jutzu 20,9 2.0
global Radiatisn an Array 9.0 My/a2-dayy T e
Avg. Subsys.tnergy Effictency 4%
Avg. Subsys.Fower Efficiency 18%

___---_-p-_-__-------_-------_-_____-------_-_-_-_-_------

EIUIFNENT SIZING
An. Array Siz Actual drray Size

Elect. Znergy Req'd:  4.34 4d/day)

Tiodrray 3ita ; 137 v 205 tHp)
Jeratad Matar Fawer: 739 (Matts) 393 (Matts)
deratau dydr. Pomer: 80 fifatts) 71 (Hatts)
Derated Pk.Flowrate: 0.8 tls/sec) 1,03 (ls/sec)
-ali Operating Teap: 33 (deg.0) 35 (deq.l)
SPZIIFIZD COMPONENTS Rated Ef¢iciency
eter o licwrzy SO 401

Puap ¢odacurny 27 0L
Zattary @ None 1001

FY dgas @ SRSD ¥-53 (35 4n) e
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certein circumstances as well) that can handle the larger, three-
HP (2.24 kW) motors, which are the largest commercizlly available
motors specifically for use with PV. Currently, this system
configuration is the only one that holds promise for use at sites
with over 60 meters' total pumping head. This situation will
change shortly, however, since Grundfos (the other major U.S.
manufacturer of solar submersibles besides Jacuzzi) is currently
developing a series of five-HP (3.73 kW) DC submersibles to be
used in just such situations.

Based on the short-term data gathered thus far, estimates of
the performance of the Mmathubudukwane system are shown in.Table
2 and Figure 9. It appears capable of pumping about 19 m /day
at 45 meters hsaid. The borehole yield at Mmathubudukwane is
still of some concern, however. Even after its recent cleaning,
it was again test-pumped at only 1.7 cubic meters per hour.
However, this is based on continuous pumping for several days at
a very high rate, and this will never occur using the solar pump.
It remains to be seen whether the borehole yield will be an
actual constraint on the system output.

Mochudi

The Jacuzzi SJ1-E7 at Mcchudi performed, on the whole,
nearly as expected, with the exception of the effect of the
highly corrosive water conditions discussed in Section VI.A,

This did not, however, significantly reduce the water output of
the pump while it was operating. Some short-term tests conducted
in Dgcember indicated that on a typical, fairly sunny day (19.8
MJ/m“~day insolasion on the array plane) in December, the pump
delivered 19.8 m~/day. The results of short-term tests done on
June llth are shown in Figures 10 through 12. Figure 10 shows
the water output, solar radiation level, and hydraulic efficiency
over the day. Figure 11 shows the water output as a function of
solar radiation level, and Figqure 12 shows the hydraulic
efficiency versus solar radiation. This was a very good
radiation day, as seen by the smoothly rounded curve over the
day, and the smooth water output and hydraulic efficiency curves.
Peak flow on that day was 0.92 liters per second, and the
hydraulic efficiency was about 29 percent.

45 the longer-term data were analyzed, it became apparent
that output had been dropping off somewhat over time between
December and April. After inspecting the pump, it turned out
that the effect of the hard watcr in the borehole was to clog the
pipe., thereby increasing effective head and reducing output
below what would ordinarily be expected. Taking into account
some reduction in the output over time, the izing model
predicted an annual average output of 18.2 m /day at the 36-meter
head as shown in Table .



Téble 2.

SOLAY PUMF SITING ALSORITAM ([T Sawer/Halcrow, McSowan)

J-4u3-85 0S:05 P

Location: MMATHUBUD Latitude:24.4 Degrees Min.Qutput based on hypothetical systes satisfying sin.hydraul:e energy req'd.,
Array Tilt Angle: 71 Degrees Act.Output based an series sodules in actual drray due ta sctor voltage req'q,

Senth  dater Jol. 3t.dead Dyn.Head Tt.Head H.Eng.Rqd. (trT.Rad, Clear Horz.Rad. Tilt Arr.Tot.Rad Nax D/S Min.Qut. Act.Qut,

(a3/day! (8} {a} (a} (MJ/day) (NJ/m2-d) ladex (MJ/a2-d) Facter M3/n2-d) Ratia (a3/d)  (alrd)
January 12 43.0 0.0 43.0 3.30 39.8  0.40 3.9 0.8z 19.3 0,267 12.5 taz?
Fabruary 12,9 43,0 0.9 13.0 3.3 38.0  0.s0 2.4 )92 2.9 253 3.2 7.6
Aarcn 12,0 43,0 0.0 43.0 5.30 4.2 0,480 0.3 Ly 229 10241 (2.3 18.3
Agret 12,9 43.9 %0 1539 5.3 29.4 0,80 YA I 22.4 323 il 18,3
*ay . AN 39 35,0 52 AT RN 5.7 148 AN 3.7 s i%.8
Juna {2.¢0 3.0 3.0 45.0 3.30 3.4 083 14.7 1§ 23.4 0.22% 47 1.7
July 12,0 43.9) DI 45,9 §.3 20,6 0,44 3.7 L.§ 4.4 ) 207 3.0 N
fugust 12.0 43.0 2.0 £3.0 3.30 8.4 0,65 183 1.36 251 0,211 3.3 didt
Segtesber 12, 45,9 0.0 43,0 3.30 33.2 0.4 208 113 4.8 8,213 5.3 5.3
Octaber 12,0 45.0 0.0 45.0 3.30 3.2 0.83 3.4 0.9 2.8 6,228 1, 5.7
Novesper 12,0 3.0 ¢.0 3.0 3.3 9.0 0.6t 23.3 0,39 20.2 V. 204 27 i,
Deceaper 12,0 15,9 0.0 43.0 3.30 9.8 0.40 3.7 0.30 9.1 0,277 2. 5
JESIGN MONTH PARAMETERS Max Ratio : 2.277
Design Nonth :Deceaber Ann, Average Qutput = |4, HER
Fyvaraulic Energy Requirssent: 5.30 (Md/day) Ann. Mintaum Qutaut = (2.0 NN
design Month Tatal Head i 43.0 (oeters! Ann, Maxisua Output = 5.3 A
Slobai Radiation an Array : 19,1 {M/a2-day) it e ST T e SR
Avg. Jubsys.Energy Efficrency: ST ‘
Avg.dudsys.Pawer Sfficiency : Isr
ZICIPMENT SI2ING

Ma, Array Size Actual Array Size

diact. Znergy Req'd:  16.90 {Md/day)

TYoArTay Iize : LiSa Ap (I8 tdp
erited Motar “gwer: 385 (Watts) 1184 (datts)
feriteg Avir. Power: 324 tdatts) 434 (datte)
lerated 2Y.Flgwrate: 5,73 (ls/sec) 7.98 (ls/sec!
cell Jperating Teao: 53 (deg.C) 35 {deg.0)
SPECIFICD SOMPINENTS Rated Efficiency
‘otar o oreveell L3 dp 150V 3C) anl

Fu10 YRtriie 23-10 Mano puao 0%
Zattery ¢ 3¢ss (ac 25T -antroller 351

telt Irer Pullevs 1:2 red.ty 700 iPM 70%

AT 0 0 A 4 am §03 3aps 7%
PYo%S8s 1 SACT *-TI 1l o opi 191
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PROJECTED ANNUAL WATER OUTPUT (M3/DAY)
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FLOW(L/S8EC). RAD.(KW/M2), EFFICIRNCY(%)

WATER OUTPUT (LITRRS/SEC)
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Figure 10.

OUTPUT/S0LAR RADIATION/HYD.EPFICIENCY
V3. TIME ON JUNE 11,1986 IN MOCHUDI
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Figure 11.
WATER OUTPUT VS. SOLAR "RADIATION LEVEL
ON JUNE 11,1985 IN MOCHUDI
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HYDRAULIC BFFICIENCY (%)
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Figure 12.
HYDR.EFFICIENCY VS. SOLAR RADIATION
ON JUNE 11,1985 IN MOCEUD]
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Table 31

SOLAR FUMP SIZING ALGORITHM ([T Power/Halcrow, McGowan)

91-fug-95 04:53 PH

cocation: MOCHUDI  Latitude:23.4 Degrees Min.Qutput basad an hypathetical system satisfying sin.hydraulic anargy req 4.
array Tilt Angle: 29 Degrees Act.Cutput based on series modules 1n actual array due to eoter voltage reg'd,

fonth  Water Vol. St.Head Dyn.Head Tt.Head f.Eng.Rqd XtrT.Rad. Ciear Hor:z.Rad. Tilt Are.T.8ad fax.D/§ Min.Out. Act.Qut.

aj/day! 19! ‘8l e \MJiday) (Md/a2-d) Index :MJ/a2-d) Factor (M1/92-1) Ratio aliday) (a3/day)
Jangary S.0 I5.0 0.9 36,0 3.30 33.8 0,80 3.9 0,83 9.8 9,257 15,5 16.!
Fedruary 15,0 75,0 0,0 T80 5.30 B: I B 2.3 a9 2 2.283 18,3 17.:
Maroa 13.0 16,0 9.0 36,90 3.30 4.2 0,480 0.3 LW 2. 3,041 A 17,9
Aorii 5.9 5.2 30 280 <2 9080 D4 7oy LT AR M A BT
May 15,0 Ja.d 0.y 8.0 5.3 5.4 0082 15.7  1.48 2.7 gl - I
sune 19,0 8.1 0.9 2400 3.30 240,83 18.7 .59 3.4 2,228 28 9.
July £3.9 ALY 9.0 8.0 3,30 248 0,24 13,7 1.5 4.4 0. .2 17,9
August 15.0 36,0 0.9 36.0 3,30 8.4 0,45 18.5  .3% 25.1 0,211 9.7 .5
Septeaber 13.0 36,0 0.0 36,0 3.30 332 0.85 .6 1L15 4.3 ¢.213 19.3 26,2
dctaber 15.0) o859 0.9 36,0 3.30 3.2 00,43 3.4 0.9 22,5 0,235 17,7 13,3
Noveaber 159 8.0 0.0 38,0 3,30 39.¢ 0.6l 3.8 0.35 20.2 0.262 15,9 18,3
Jecoater 15,9 28,9 3.0 3800 5.30 33,9 0,80 22.9 0,90 A 2,277 1500 3.8
JESIGN MONTH PARAMETERS tAvg.Rad. NJ/e2d= 20.2 Max Ratio  0.277 :
Jesign Month :Decesber : Ann, Min, Qutput = 15.0 iS5
Hyzraulic Inergy Requirasent: 5.30 (MJ/day) : Ana, Max. Qutgut = 9.7 238
L‘ESh}ﬁ Manth Tatal Head : 8.9 (seters) : SSSsssssEsmIsEsssszsss=szsscsss=ss=
gigoal Fadiatisn on Array ¢ 19,1 iNJ/aZ-day) : Ann. Avg. Jutput = 03 18,2
A\‘Q.SUDS‘/S.EHGFQY Ef’fiClEﬂC‘i: 7 : 23E33IISssIssssIsSssozzoczzsszoscozs
H9g.Suasys. Power Zfficiancy ¢ 307 :
tqulFRENT S[ZING :

fia, Array 3ize Act. Array Size:

Tiace, Imeryy A2y u 19,73 iMi/day: :
FY drray Size : 1325 Lhp) 1376 (Wp) :
d2ritzd Marar fower: ORI Fi3d 1033 lWatts)
Jerated Avar. Caomer: 208 (Watts) 320 (atts)
Jaratag Fi.Flawrate; J.37 lis/sec) 2,91 (lsfsact
=2ii lperating Temp: 33 (deg.() 3 ldeq.0)
SPELIFIED COMPOMENTS dated tificrency Niring Losses (assuming zappar #ire # 250 :
Nator Jacuzzl 301 705 dire Length (s): 3 Apprax.valt.Loss: 200 wzits
L8P pogacueny &7 43% aire Jlaa, 3@} é dtring freic, N 3l :
Zatiery : None 1301 Av.Rurning Amps; 17 :
nring 30 44 a2 217 aaps LY Systea Yoltage : S :
Wo¥zIs o ARCD M-I i5 0 3 % g
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Molapowabo-janag

In spite of the fact that this was the first pv pump
installed during the prcject, it was the best performer in terms
of water output per installed capacity. More importantly, it has
been trouble-free since its installation. The results of one of
the short-term tests on July 28th are given in Figures 13 through
15. The water output was directly proportional to the solar
radiation level, and the hydraulic efficiency was fairly constant
over most of the operating day. The peak flow rate approached
1.3 liters per second, and the hydraulic efficiency hovered
around 30 percent. The total output for that day was 25.8 m~/day
at about 24 meters' head. The reason for the slight jump in
output at about 12:30 p.m. was a slight tune-up of the wiring at
that time. As a result of this, you can see that that output for
a given radiation level was slightly higher in the afternoon,
particularly at the lower end of the range.

Data from all short-term tests and the accumulated results
of the long-term measurements were used wit§ the model to
estimate an annual average output of 24.3 m /day, assuming a
constant 24-meter head. The model results and graph are shown in
Table 4.

QOtse

The original design of the Otse system was characteristic of
the first generation of PV pumps, meaning that the pump and motor
were not particularly well-matched electrically, and were
constrained in output by the very small storage tank at the site.
The site was recently retrofitted with a new standard Mono ES-158
pump. The older ARCO 16-2000 modules have been replaced with the
more powerful M53s. The VDC chairman in Otse, who is also
responsible for the borehole, had requested that the capacity of
the system be increased to take into account greater water
demand. This was done.

Short-term testing done on several occasions showed that the
orignal system was pumping about 0.9 liters per second at a head
of about 13 meters. The erratic use profile of the pump was
shown in Section ViI.A. The estimated long-term average output
from the new system components are shown in Tablas 5 and Figure
16. However, these predictions should be regarded with caution
until further testing results during the project extension can be
used to validate the assumptions used in the projection.
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A Figqure 13.
Output/Solar Radiation/Hyd.Efficiency

Vs. Time on July 28 in Molapowabdojang
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Figure 14.
Water Output Vs. Solar Radiation
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Hydraulic Rfficlency (%)
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Table 4.

SGLAR FUMP SIZINS ALAORITHM (IT Pawer /Halcrow, McSowan)
vZ-Aug-35 09:04 AM
Location: OLAPOMAB Latitude:?24.4 Degreas Mia.Qutput based an hvpathetical systea satisfying ain,hydraulic energy reg’d.

Array Tilt Angle: 09 Degraes Act.lutput hased on series sodules 1n actual array due to aotar voltage req'd.
fonth  Water VYol. St.Head Dyn.Yead Tt.Head f.Eng.Rad XtrT.Rad. Clear Horz.Rad. Tilt Arr.7T.Rad Max.D/S Min.Qut. Act.Out,
(13/day; 8l . (n iml (Njrday) iMJ/a2-d; index iMJsa2-d) Factor {%J/a2-d) Ratio iad/aay) {aJ/day)

Jantary 3 A0 Jad 24,0 PN 7.8 4.8 i V.83 (9.3 0.2 208 2Ls
Fabruar, 2500 243 Y 249 .71 8.9 980 2.2 1,9 R D 2.0 2.3
Yarch ot et dot 4.0 4,71 .20 hav 9.5 LW NN £ Sovi RR
~ar1l NI PEY 9.3 240 7 9.4 a0 s L7 24 o RPN
"3y Ui R 9.0 pLAY 4,71 204 9082 1T g L3l 44 28
M Y 4.0 2.1 4.0 471 5.4 03 1L A coud 9,251 5 s
Vi R 249 0.9 24.0 4,71 4.8 0,44 5070 L3S 24,4 i3 38 e
fugust .0 40 0.4 24,0 .71 8.4 0,68 1.5 L7 231 9,188 6.3 il
Septeayer MO 0 0.9 4.0 471 .2 0083 248 1139 4.3 $190 .0 27,

Qcraber D) KEN) .9 230 .71 37,2 0,83 234 0.9 22,5 0,209 236 2
Ngvescer RV Y Job 26,9 1,71 9.0 0.4 3.3 0.85 0.2 9233 A2 ¢
Dacenper 0.9 I 0.7 4.0 4,71 9.9 e 3.9 9.3 9. 0.246 20000 3

2EZI3N MONTH PARAMETERS {Avg.Rad.Md/n2d= 20.2 “ax Ratia  9.244 :

J2s1gn Month :Deceaber : Ann. Min, Jutput = 20.¢ 20,8
®ydraulic Znerqy Raquiresent: 4.7 (M/day) : An. Max. Jutput = 28,7 7.3
Qeslgn Month Total Head s 4.0 {mpters) : So=REsssnEnUTssossIsIsssszszssososs
clabdi Radiation on frray @ (9.% (Md/a2-day) : Ann, Avg. Jutawt = 2204 4.3
qu.iubsvs.Ener;v Ef-fEClEnC'f: 241 : $S3%=s=zssIIssszsszssszzzsmszsszaos
14,5555, Pamer Efficiancy 2% :
Z3UIFNENT BIIING : :
M0, Arqay dize Act, Array 3ize:
Tlazh, Inetge faa g 03 iy :
FYoarrag dizs : 1225 wWp) 1374 gl
CEF3IEI MO0LIT Famer: Gy idatts; 1033 idstts)
2ETETE AVIr, Fawer: T4 vaatts) 284 tHacts)
Jeratad FhuFloweats: Loid iisisec) 1.2 tis/sec)
Zeli lzerating Taap: 33 {deq.C) 33 (deg.0)
SPIIIFIEE DONPONENTS Rated Iificiency  diring Losses lassualng coocer aira 1 IS0, :
Y3ir o jacurr §4) 703 Aira angth ey 34 AporexaYoit, ooss: Lorzins
Pooateny 7 0 arre Lras. aal: 3 AifLng IfRiCL N sl :
Do Nane 1001 4V, ALNRINgG AERs: l“
§I0 A4 R 2 LT smps Iz Svstea Voitage 23 :
T A C T Y RN :
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Table 5.

SOLAR PUMF STTINS wiGORITAM (17 Fower/Haicrow, Mchowan:  -7-gui-85 :lsu¢

Location: OTSE catitude: 25 Degrees Min.Qutput bases on hvpothetica: svstes satisfying ain.hydraulic energy requiresent
Arrav Tiit Angle: 3¢ Degrees At.Outout based on mosuies 1n series in actual array due to motor valtage requiresent

onth  oater vol. St.mead Dvr.Head Tot.Head W.En.Rqd. XtraT.Rad. Clear Hori:.Rad. Til' Arr.Tot.Rad Maxiaus Hln.Dutput At.Qutput

i MY e ig Y (M)/aayl (MJ/al-day; lIndex (MJ/al-day) Factor (MJ/e2-oay) [/S Ratio (el/day} (a3/day)
vanugry 10,4 5.0 0.0 5.0 .88 40.0 (.80 4.0 0.8 19.9 0,084 10.4 1.8
Fecruary 10,6 5.0 6.0 9.0 0,88 38.9  0.e0 2.8 092 21,9 0.042 10,9 2.3
March 16.¢ §.0 G, 2.0 .88 34.0  0.a0 20,4 107 21.8 0,040 114 1%.0
Aprii 19,9 .0 0.0 q.0 0.88 29.0  0.60 1.4 1.27 2.1 0,040 11,3 13.1
Mav 10.0 9.0 3.0 .0 0.88 S0 0,42 15.5 .48 2.9 4,028 i 12.4
June 10,9 .0 0.0 5.0 0.88 23.0 0,63 14,5 1,39 PAN n.0%8 2.0 7
July 10.0 §.0 f.¢ §.0 .88 24,0 0.64 15.4 1,55 21.8 0,037 10,4 18,7
Augus? 10,0 §.0 0.0 5.0 0.88 28.0  0.85 18.2 1% 24.8 0,338 2.9 A,
September 10.0 §.0 0.0 9.9 0.86 33.0 0,88 L5 LIS 28,7 0,034 12,8 A
Octocer 10.0 5.0 0.¢ 5.0 0.88 37,0 0.8 3.3 0.9 2.4 0,339 S b
Noveaber 10,0 5.0 0.0 5.0 .88 39.0  0.8) 3.8 0.83 26,2 0,044 16,5 i
Decenber 10.¢ 5.0 0.0 9.0 0.88 40.0  0.60 24,0 0,80 19.2 046 10,0 O]
CECIBN MONTH FARAMETERS Max Ratio : C.0ds
Desigr Month :Decenber Ann. Average Cutput = e 3.2
mverauji¢ gnergv Requiresent:  0.B8 (MJ/agay! Ann. HMinisue Dutput = 0.0 e
Desigr Month Total head : 9.0 leeters! Ann. Maximus Jutput = S 14,7
Global Raciation on Array @ 19.2 (M/eZ-day) e e
Avg.Subsys.Energy Etficiency: 191 ’
Avg.Subsys.Power Efficiency pyyd
EQUIPMENT SIZING

Rin. Array Size Actual Array Size
tiect. Energy Req d: 4,36 (MJ/cav) 5,20 (M)/day}
PV Array Site : MORRETY J44 (Wp)
Lerated dotar Zower: 257 (Watis: 271 (Watts)
lerates Avdr. Fower: o8 {watts) 78 (Matts}
ferates Fr.fiowrate: 5,77 tis/sec) (.88 {ls/sec)
Zeii Joerating Teap: S0 (geg.Cl) 30 ideg.C)
SPECIFIED COMPONENTS Rated Efficiency BATTERY REBUIREMENTS (it used)
Systea Operating Voltage: 24

Mavor o oMeneveel!l 4.5 Hp 128V DC) 701 Single Battery AH Rating: 209
=umd : Mone £5158 1ST-guld fo-lbf? 413 Davs of Storage Desirec : :
battary 1 Batter:ies (450 AH E24Y; 78 Max, Depth ot Discnarge : ot
S Mede ¢+ ARIS M-S3 123 v 4p) 107, § Bats.in Paraliel Reg'a: 2.9
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Fidﬁre l6.

Water Output and Solar Radiation Input

PREDICTED FOR THE OTSE PV PUMP
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VII. FEINANCIAL AND ECONOMIC ANALYSIS

A. Methodology

Life-cycle costing analysis, which calculates the present
worth of all costs, capital, operation and maintenance, and
replacement parts over the lifetime of the system, is a common
method used for financial and economic comparison of water
pumping alternatives. This method is used here. A cost/benefit
ratio is also calculated, although it has the limitation of
requiring that a benefit value per unit of water pumped be
assumed, and this can be highly site-specific.

The costs considered in this analysis do not include the
costs of well drilling or development, the water distribution
system, or storage tanks, except where specifically noted. Since
it is standard practice in Botswana to use storage tanks with a
two~day capacity with diesel pumps, the equivalent tank size
would likely be the same for the PV gystem, given che high and
relatively uniform solar radiation conditions prevailing in that
country. However, this issue is far from resolved, and storage
sizing will be further examined during the extension of the
testing program (see WATER PUMP FIELD TESTS IN BOTSWANA, R.
McGowan and J. Hodgkin, ARD, 1986). Any system components which
are common to both systems are not included in the costing.

Economic Cost Consjderations

Economic analyses attempt to place a "true" value (cost to the
national economy) on various cost components, which is not
necessarily what these costs would be in the marketplace. They
attempt to quantify such real costs to the overall economy such
as the cost of government subsidies (hidden or otherwise),
anomalies in the marketplace, imbalances in exchange rates, or
scarcity in the availablity of foreign exchange. While the real
economic ccst of subsidies would not be taken into consideration
by the average private-sector consumer, it should be taken into
account by government planners who are particularly concerned
about foreign exchange shortages, many of which are caused by
importing fossil fuels.

However, PV pumps also require considerable foreign
exchange. It is not reasonable to suggest spending more scarce
foreign exchange on PV modules ang components than would be spent
on a diesel system alternative. While extensions of the
electrical grid have also been suggested as a possible
alternative to diesel or PV for water supply, several stulies
have indicated that, in many rural areas, the low load factors
often encountered in rural electrification schemes make the cost
per kWh generated much more expensive than initially planned for
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(see ENERGY ALTERNATIVES FOR IRRIGATION PUMPING, AN ECONOMIC
ANALYSIS FOR NORTHERN INDIA, R. Batia, International Labor
Cffice, 1984). sStand-alone systems, whether PV, diesel or wind
(where sufficient wind occurs), merit closer examination under
such circumstances.

Since the purpose of this report is just to give the results
of the PV pumping study, the comparative results with diesel,
wind, animal and human traction, and hand pumps is reserved for
the overall comparative pumping report. Sensitivity analyses
were performed on all the major assumptions for this analysis,
including discount rate, fuel cost inflation, system economic
lifetime, future cost of PV modules, labor costs for pump
attendants, etc. Since these calculations are most useful when
compared to the unit water costs of alternative types of systems,
they have been included in the overall comparative testing report
as well (see WATER PUMP FIELD TESTS IN BOTSWANA, R. McGowarn and
J. Hodgkin, ARD, 1986). The detailegq breakdown of all cost
assumptions used in this analysis are given in Appendix A.

B. Results of the Analysis

Table 6 summarizes the results of the comparative economic
analysis of the five systems tested using the assumptions
discussed in Section IV.A.2 and elaborated below. To a varying
degree, each system's output involves some uncertainty in that it
was based on extrapolation from the actual data collected during
the pumping program thus far. The costs of the Mono-coupled
systems involve the most extrapolation, for the reasons already
discussed.

While the upper portion of the spread--sheet is fairly self-
explanatory, the sections at the bottom, which summarize the
annualized life-cycle costs calculated for each case, deserve
some explanation. Table 7 summarizes all recurrent costs for
each system by year over the assumed 20~year (module) lifetime.
The five categories are:

® Pumper Cost: This is the stipend paid to the pump
attendant or, in the case of PV, the reticulation
network attendant. This job involves making weekly
checks of the system to make sure it is running
properly, keeping records of the system's
performance (water output), and advising the Water
Maintenance Unit (WMU) repair crews if any
maintenance or repairs are necessary.

¢ Constant Annual Recurrent Costs: These are the
costs for annual inspection trips from the WMU (for
example, to replace worn drive belts for the Mono
systems) and general system inspection. They
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(Water Discounted) -

Table 6.

ECONOMIC ANALYSIS OF SOLAR PUMPS
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12637
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13443
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6280
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20221
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24584
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350
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24440
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182,208
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Table 7.

RECURRENT COSTS SUMMARY BY YEAR (Econosic)
Inf.Rate-0.002

fear 1 2 3 4 S [ 7 8 9 10 11
Site: Mahalapye Jacuzzi Subsersible

Pusper co 156 156 156 156 156 156 156 156 156 156 156
ARC (M) 94 188 188 138 94 188 94 128 188 94 108
ARC (L) 6 12 12 12 6 12 6 12 12 6 12
NARC (M) 0 0 o0 0553 0198 0 o W3 0
NARC (L) 0 0 o o0 3 o0 3 0o 0 3 0
SALVAGE

Tot.R.C. 256 356 356 356 839 356 2244 356 356 837 356

156 156
188 94
12 6
0 1958
0 30

356 2244

156
138
12

336

136
188

Site: Mmathubudukwane Honeywell sotor w/Mono

Pusper co 156 156 156 156 156 156 156 156 156 156 1S
ARC (M) 94 203 203 203 109 203 109 203 203 109 203
ARC (L) 6 12 12 12 ¢ 12 6 12 12 4 12
NARC (M) 0 o0 0 w0152 01191 o0 02338 ¢
NARC (L) ¢ 0 0 0 48 0 6 0 0 38 o0
SALVAGS

Tot.R.C. 256 371 371 371 1911 371 1468 371 371 2657 371

[56 156
203 109
12 6

0 1191 1592

6

371 1468 2011

136
293
12

371

156
203
12

371

Site: Mochudi Jacuzzi Subsersible

Pusper co 156 156 156 156 156 156 156 156 156 156 156
AKC (M) 94 188 188 188 94 188 94 188 188 94 188
ARC (1) 6 12 12 12 6 12 6 12 12 6 12
NARC (M) 0 0 o0 01437 0214 0 04T 0
NARC (L) 0 0 0 0 60 0 6 0 0 ¢ 0
SALYAGE

Tot.R.C. 256 35 356 356 1753 356 2430 356 356 1753 35 !

156 156
168 94
12 6
02114
0 60

356 2430 1853

136
168
12

336

156
168
12

336

Site: Holapowabojang Jacuzzi Subsersible

Pusper co 156 156 156 156 156 156 156 156 156 156 156
ARC (H) 74 148 188 188 94 188 94 188 188 94 188
ARC (L) 6 12 12 12 6 12 6 12 12 6 12
MARC (M) 0 0 0 01422 02114 0 0142 0
NARC (L) 0 0 0 o0 6 0 60 0 0 6 0
SALYAGE

fot.R.C. 256 336 356 356 1738 356 2430 356 356 1733 356

156 136
188 %
12 4
02114
0 40

336 2430

130
188
12

356

136
188

12

o

356

Site: Otse Honewel! motor w/Hono

Pusper co 156 15 156 156 156 156 156 156 156 156 156
ARC (M) %4 188 180 188 94 188 188 183 183 94 88
ARC (1) b2 12 12 6 12 12 12 12 6 12
NARC (W) 0 0 0 0167 0 0 o 01917 o
NARC (L) o0 o o o0 3 o0 0 o0 0
SALYAGE

Tot.R.C. 256 35 356 356 1959 356 35 356 356 2209 356

156 15
188 94
124
0 708
b1

356 974

136
188
12

356

156
188
12
0

0

356 -144




include the cost of two technicians and light truck
transport from the nearest WMU site.

¢ Non-Annual Benefits: A convenient place for
recording the salvage value of equipment at the end
of the system's useful lifetime. Here, it
represents the value of the most recently replaced
modules (due to anticipated periodic vandalism, see
below).

e Non-Annual Recurrent Costs: For the submersibles,
this includes the cost every fifth year of replacing
the safety cable, all downhole pipes (due to
expected corrosion) and two modules (per 30- to 40-
module system) due to vandalism, and the labor and
transport costs of doing so. Every seven years, the
pump set will be replaced, so the seventh and
fourteenth year costs include equipment, transport
and labor costs of doing this. For the Mono system
at Mmathubudukwane, these costs include replacing
the Mono column (standard prectice on diesel systems
as well), shafts and bobbins every five years, and
includes equipment, transport and labor charges.

The motor itself is replaced every seven years. The
controller is replaced after the tenth year (it is a
solid state device). For Otse, the only difference

is that the battery bank is also replaced every five
years.

¢ Net Recurrent Costs: This is the sum of all the
costs (minus the salvage value) in the rows above.

The net recurrent costs for each year at each site are then
taken as a series of negative cash flows and, using the discount
rate and the amortization period listed in the upper section of
the main spread-sheet, the present value of the recurrent costs
is calculated. This value is added to the total installed cost
to give the life-cycle cost.

Benefits arg calculated in a straightforward manner, using a
value of P0.30/m~ of water pumped as a typical water value.
Since this value represents the actual tariff rate charged by the
DWA at the sites it services throughout the country, it is not
arbitrary. Nonetheless, the value might not accurately represent
the actual cost of water delivery by DWA (an updated tariff study
is currently underway). As such, the present worth of the
benefit stream and the benefit/cost ratio calculated are
necessarily based on a somewhat tenuous assumption.

The most useful comparative figures are the unit costs.

The calculations are fairly standara, with two explanatory notes.
As mentioned previously, MMRWA requested that the water volume be
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discounted according to the discount rate assumed. A more common
formulation in the literature is to calculate the unit cost
without discounting the volume of water. Therefore, both nf
thesg formulations are presented separately as the "Unit Cost
(P/m”), Water Discounted" and the "Unit Cost (P/m ), Water Not
Discounted.® As discussed in Section IV.A.2 (Financial/Economic
Criteria), a much more useful quantifier of the comparative
eqonomics of the various types of systems is the unit cost per
m~*m, which takes into account the head through which the water
must be pumped and the actual energy required,to do so. This
value 1s gives in the row for "Unit Cost (P/m”), Water Not
Discounted."™ As can be seen in Figures 17 and 18, the relative
comparison of the systems does not depend on which of the first
two formulations is chosen. 1In this case, this is true because a
constant value of the annual volume of water pumped is assumed in
all cases. If this were not the case, and if different volumes
were pumped some years, the relative ranking would not
necessarily remain the same.

The unit cost (discounted) is represented by the bar on the
left, and the unit cost (not discounted) is represented by the
bar on the right for each of the sites. From these graphs, it
appears that the system at Mahalapye is the best since it
delivers water at the lowest cost. Next comes Otse, then
Malopowabojang, Mochudi, and finaliy Mmathubudukwane. It works
out that the systems are ranked according to increasing head.
The higher the head, the less water pumped (even apart from the
system array size, at least for this particular case).

However, look closely at the second graph of unit water cost
per unit volume per unit head (P/m”*m). The ranking of the
systems is very different. The Mono-coupled system at
Mmathubudukwane and the two Jacuzzi submersibles at Mochudi and
Malopowabojang are in a very close tie for the most cost-
effective system (ignore for a moment the operational proktlems a*
Mmathubudukwane, which are discussed elsewhere). The Otse
system, which is the only battery system and has the most poorly
matched components, is by far the least cost-effective system.

This latter comparison gives much more information on the
comparative performance of the five systems. Saying that a
system on a five-meter borehole is more cost-effective simply
because it pumps more wate. than a similar system on a 40-meter
borehole does not take into account actual energy costs. The
cost of the system is direct%y proporsional to the energy it
produces. This is why the m *m (or m") formulation of the unit
cost is a more useful criterion for comparing different pumping
systems. In ARD's report, FIELD TESTS OF SMALL-~SCALE WATER PUMPS
IN BOTSWANA (R. McGowan and J. Hodgkin, 1986), the unit costs for
diesel, wind, PV and hand-operated pumps are given for
comparison.






For the small-scale PV systems discussed here, the module
cost is about 80 to 85 percent of the entire system cost. While
it is likely that the cost of modiles will continue to decline,
although not at as rapid a rate as had been forecasted over the
last five years, it is unlikely that BOS costs will decrease at a
similar rate. While there will be certain economies of scale as
the number of units manufactured increases, BOS costs are spread
over the array structures, pumps, motors, and regulation and
control electronics. The technology for manufacturing these
devices is relatively mature. Therefore, it is unlikely that the
costs of any of these components will drop precipitously. Since
BOS costs are a small fraction of the overall system cost,
moderate decreases in BOS costs will have little effect on the
life-cycle cost. Therefore, significant decreases in system
costs will likely come only from continuing decreases in module
costs, and to some extent from economies of scale in
manufacturing as the worldwide demand for components increases
(as it gives every indication of doing).

While local manufacture of PV modules has been suggested as
a means of reducing end-user cost, this seems unlikely for two
reasons. First, the PV cells themselves represent about 85 to 90
percent of the module manufacturing cost. While local labor
rates would presumably reduce the size of the 15 percent labor
cost, it would not significantly affect the total module cost.
Also, PV module manufacturers in developed countries have the
considerable advantage of economies of scale. Increasingly
automated assembly lines are being used to further reduce
manufacturing costs. It is unlikely that local manufacturers in
developing countries could effectively compete in a market where
wholesale prices are often below actual cost--subsidized in some
countries (such as Japan) by the government, or in the United
States by the companies themselves in hopes of winning a larger
share of an ever—increasing market.



VIII. CONSTRAINTS TO WIDESPREAD USE OF PV PUMPS

A. Financial and Institutional Constraints

To address the problem of relatively high capital equipment
cost, compounded by limited foreign exchange, several countries
have begun local manufacture of some or all of the compecnents for
PV systems. Charge controllers, for example, are already being
manufactured in Botswana. Entire PV pumping systems, including
modules, batteries, controllers and small DC motor-driven jack
pumps are being manufactured (with the help of extensive
government subsidies) on a small scale in India.

At least one corporation (Spire Corp. in the United States)
has begun to sell complete turnkey operations for the production
of PV modules, from the cell materials to the lamination.

Several countries have purchased rhese units and are now
manufacturing their own modules. The cost of modules is
approximately 10 to 15 percent labor. Thus, if production volume
is high enough and local labor rates are lower than those in the
Onited States, Europe or Japan--where most of the PV modules are
currently being manufactured--some savings can be realized
through local production of modules. This is only likely where
much of the production is exported (e.g., if Botswana were
producing modules for all SADCC countries). As mentioned
previously, when there is little economy of scale, it would be
difficult to successfully compete with larger manufacturers in
developed countries, unless subsidies were involved. Added
benefits of local manufacture are local employment generation and
gross domestic product effects, which in turn affect GNP.
However, turnkey operations are not inexpensive (starting around
US$500,000), and careful market studies should be done before any
such investment is made.

While the principal obstacle to the widespread use of PV for
small-scale water supply is the high initial capital investment
required, it is also necessary to overcome a general lack of
awareness on the part of both the private and public sectors of
the potential benefits of photovoltaics. Many potential users—--
private parties as well as governments and financing
institutions—-are unaware of the long-term benefits of this
promising technology, or view it as an experimental technology
that is many years away from commercialization.

Having limited access to or experience with long-term
capital financing, individuals in developing countries often
expect very short pay-back periods and implicitly high discount
rates. Convincing potential users that it is reasonable to trade
relatively high initial costs for reductions in long-term
recurrent costs would require a carefully planned public
awareness program, perhaps through mechanisms such as existing
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government agricultural extension programs. Also, conflicts of
interest may occur among various government agencies regarding
the relative merits of this trade-~off. For instance, while MMRWA
(through DWA) is responsible for capital equipment purchasing for
water delivery, MLGL is responsible for recurrent costs.

While the government of Botswana is not so concerned with
the availability of financing for capital investments, private
citizens who wish to take advantage of the potential savings of
using PV for water pumping are faced with the difficulties of
obtaining financing. At sites where PV is a reasonable choice,
it is in the government's interest to make financing available to
private parties, so some method of financing the purchase of PV
pumps should be developed. The use of subsidies should be
considered from an overall economic perspective. Alternative
sources of financing to offset the relatively high capital
equipment costs might include PV manufacturers and distributors,
or perhaps agricultural cooperatives or syndicates.

Import duties, particularly on items with high capital
costs, can significantly affect life-cycle cost analyses. While
svlar electric pumps have shown themselves to be cost-competitive
in many situations in Botswana (see WATER PUMP FIELD TESTS IN
BOTSWANA, R. McGowan and J. Hodgkin, ARD, 1986), appreciable
customs duty surcharges on pumps imported from outside the South
African Customs Union (e.g., from the United States or Europe),
could significantly increase the relative cost of solar, wind or
other imported pumping systems compared to diesels manufactured
in South Africa. This also points out the advantage of locally
manufactured pumps such as the human traction pump and certain of
the wind pumps purchased or made locally by the BRET project.

In some countries, import duties are levied based upon the
end-use of the equipment. 1In Botswana, there is no import duty
charged on aqricultural equipment. It is reasonable to assume
that equipment for purposes such as village water supply would
receive similarly favorable treatment. Since diesel fuel is not
heavily subsidized in Botswana, and since the unit water cost of
pumping with diesels is much more dependent on recurrent
operation and maintenance costs than on initial captial equipment
costs, favorable import duty status would encourage the use of
RETs over pumps fired by fossil fuels.

The artificially strong U.S. dollar over the last several
years has not favored U.S. manufacturers. Since the equipment
used for the BRET comparative testing program was mostly of U.S.
origin, the actual system unit water costs in pula reflect the
imbalance of exchange rates resulting from an unusually strong
U.S. dollar. ©Now that this trend has slowly begqun to reverse
itself, the cost of PV in pula should drop accordingly. The
Japanese have invested considerable time and effort in PV
research (and surpassed the United States in module production



for the first time in 1986), and have begun to sell their modules
worldwide, which has contributed to the decreasing cost of
modules over the last two years. Due to South Africa's (the
primary source of diesel fuel for Botswana) difficulties in
obtaining oil, it is unlikely that the cost of diesel fuel in
Botswane will drop greatly, in spite of the current drop in world
oil prices. Also, there is often considerable lag time between
changes in the world price and that which is paid by consumers.
In remote rural areas, there may be no appreciable decrease
whatsoever, since transportation and logistics represent an ever-
increasing fraction of the cost paid by consumers there.

B. Technical Support Infrastructure Const-aints

When the BRET testing program began, there was one
distributor (Taurus Batteries, the local ARCO distributor) of
solar modules in Botswana. Now there are several. When the
program began, very few technicians had had any experience with
system design, installation or troubleshooting. Only the
Department of Telecommunicetions had given any serious attention
to photovoltaics (and has since increased its use of PV
dramatically; see EXPERIENCES WITH IV CLINIC AND SCHOOL
ELECTRIFICATION IN BOTSWANA, R. McGowan, ARD, 1985). Now, in
addition to personnel trained by the BRET project, staff from the
BTC, DEE, DWA and several other private~sector groups have begun
to accumulate considerable experierice in the use of PV. This
trend seems likely to continue.

However, to provide infrastructural support to any
widespread dissemination of PV systems (whether for water pumping
or remote-site power supply) throughout Botswana, significant
investment in training will be necessary. These costs, as noted
previously, have not been included in the financial/economic
analysis since they have not been carefully examined and
quantified. The actual training needs themselves hazve, however,
been qualitativ:ly examined (see TRAINING NEEDS ASSESSMENT FOR
RENEWABLE RNERGY TECENOLOGIES, G. Burrill, ARD, 1985). This
assessment focuses on the short-term needs of the various GOB
agencies that will continue to deal directly with PV
applications, as well as the longer-term needs for supporting
dissemination of various RETs. It was recommended that at least
one graduate engineer with specific training in mechanical or
electrical engineering, and experience with PV installations,
would be required simply to continue the program at its present
level. A solar pump installation crew and a separate maintenance
crew would alsc be reguired. This would represent an
installation capability of approximately 10 to 20 pumps per year
at sites around the country. Maintenance training at the
district level would also have to take place. 1Increasing the
scope of government activities beyond this would require a
similar increase in numbers of support technicians and engineers.
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Under a similar program in Mali, technical staff have been
trained and are currently maintaining more than 60 solar pumps.
This program has met with considerable success.

Several manufacturers of PV-related pumping equipment (such
as Mono and Jacuzzi) have already invested in South african
manufacturing facilities for their PV-related equipment. Mono is
in the midst of a program for the development of a new low-cost
controller. As the market increases, it is likely that other
entrepreneurs, as well as established companies, will find it
profitable to become further involved in PV activities, and the
increased competition in the field will nrove favorable to
consumers.

If the PV market sector continues to expand in Botswana, a
significant private-sectcr technical support capability would be
needed to insure a reliable supply of new equipment and spare
parts, continuing awareness and implementation of technical
advances, and constant upgrading of skill levels through
training. Financial incentive~ for the development of this
capability might include favorable import duty treatment, sales
tax waivers or tax rebates where appropriate and, conceivably,
outrigh subsidies, depending upon the magnitude of the benefits
the GUB perceives in the increased dissemination of the
technology. Since it is neither necessary nor desirable for the
GOB to increase expenditui«s unnecessarily, thereby competing
with the private sector, tlie GOB should encourage the
establishment of these private-sector activities to provide
support functions over time, rather than absorbing these
functions into government agencies.
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IX. CONCLUSIONS AND RECOMMENDATIONS

The overall comparative testing program undertaken by the
BRET project had two purposes:

¢ to compare several typical systems of the same type
(e.g., Monos and submersibles, both driven by PV);
and

¢ to compare different types of systems (e.g., wind
pumps, PV, diesel, etc.) on the basis of their
technical and economic performance.

Recommendations could then be made on the best type of system for
a given set of site-specific circumstances. This paper
specifically addresses the first purpose as it pertains to PV
pumps. The second purpose is covered in the overall pumping
report, WATER PUMP FIELD TESTS IN BOTSWANA (R. McGowan and J.
Hodgkin, ARD, 1986).

The two kinds of pv pumps tected were the Mono driven by
surface-mounted motors, and Jacuzzi submersibles with both pump
and integral motor submersed in the borehole. While additional
PV pumps are being tested in the second phase of the program,
only the two systems mentioned above are dealt with here.
Section IX.A discusses the relative merits of each of these two
types of PV pumps. Section IX.B gives the conclusions and
recommendations, and Section IX.C discusses further research
needs.

A. Comparative Advantages of Mono and Submersible Pumps

There are several important differences in the operation of
Mono and submersible pumps which result in both advantages and
disadvantages for the user. Mono pumps have proven to be very
robust under the conditions of use normally encountered in
Botswana. In sandy, saline, or otherwise corrosive water, Monos
tend to last longer than submersibles. With the exception of the
relatively high starting torque of Monos, their operating
Characteristics are quite favorable for some of the borehole
conditions frequently encountered in Botswana, such as relatively
high pumping heads and variable or uncertain water depths in some
boreholes.

Monos perform well under these conditions because their
efficiency is not particulariy sensitive to total pumping head,
as is the efficiency of submersibles. If a submersible is not
carefully sized for a particular borehole, or if the actual head
varies from the design head (see Section VI.A on Mahalapye), its
hydraulic efficiency could drop significantly. Since the static
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water level (i.e., depth from surface to water level) of
boreholes can change over time, particularly under excessive
drought conditions, this could be a significant limitation for
submersibles.

Monos are manufactured locally in South Africa (as are some
models of the Jacuzzi submersible) and Zimbabwe. As such,
distribution and technical support are not generally a problem.
People are familiar with the Proper application and maintenance
of Monos, and there is a considerable support infrastructure for
marketing, distributing, installing and maintaining the pumps.
Stocks of new units and Spare parts are readily available in many
areas of the country. Submersibles (whether PV-driven or
otherwise) are just coming into use in Botswana, and as yet do
not have this level of infrastructural support. The costs of
developing this infrastructure have yet to be adequately
quantified.

At present, the largest PV submersibles commercially
available are nominal 0.75 kW pumpsets (which can deliver, for
example, 25 m3/day at 25 meters head). However, permanent magnet
DC motors of up to 2.2 kW are available for use with PV arrays to
drive Monos, so the potential capacity of Monos is significantly
greater. However, some submersible pump manufacturers (Grundfos)
are currently developing five-HP (2.7 kW) units which will come
on the market shortly.

Monos are more flexible than electric submersibles since
they do not specifically require electric motors. For instance,
several of the wind pumps tested by BRET used Mono pumps rather
than reciprocating-piston pumps (of course, by far the greatest
number of Mono pumps are diesel-driven). This would be a
distinct advantage for use with hybrid systems, which could use a
combination of PV, wind, diesel and even animal traction to drive
the pump when the Primary energy source was not available. For
example, a wind pump driving a Mono could have a diesel backup
(such as the RIIC wind pump at Mojogojogwe). The drive belt
would simply be switched from the wind pump pulley to the diesel
pulley during periods of low wind speed. This would not be
possible with an electric submersible pump unless the mechanical
shaft power from the backup unit was used to drive a generator.

Monos have surface-mounted motors which-allow for ease of
replacement and repair. Depending on the water quality in the
borehole, surface-mounted motors, which are susceptible to
vandalism (human and otherwise), may or may not last longer than
down-hole motors.

Submersibles have certain advantages over Monos as well. It
is much simpler to install a submersible pump because a smaller
crew with fewer technical skills is required. Submersibles do
not use a drive shaft or bobbins, as Monos do, so only the drop
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Pipe with the power cable attached must be installed in the
borehole. Very straight borehcles are not necessary, as they are
for Monos. The installation of a Mono in a slightly crooked
borehole (not unusual in Botswana) car range from difficult to
impossible. 1If such an installation is done, the bend in the
drive shaft can accelerate wear and decrease mechancial
2fficiency. No drive belts, pulleys or weeping glands need be
adjusted or replaced, since submersibles do not use them.
Submersibles also do not require extensive concrete pads or
pumphouses, nor will they blow out a discharge line if a valve is
closed or a pressure relief valve defective.

Experience with submersib.es in Botswana thus far indicates
that they have less down time than Monos (probably due more to
their diesel power plants than the pump elements themselves).
When down-hole components must be replaced more frequently due to
poor water quality, replacement costs for Mono shafts and bobbins
are greater than simply the replacement of the drop pipe for
submersibles. However, submersibles must be properly coated with
corrosion-resistant materia’s so that their submersed motors will
net wear out prematurely.

Monos (because of their relatively high starting torque)
require the use of some type of controlier or battery bank in the
system; submersibles do not. Each of these devices has a cost in
terms of power requirements, capital cost, and increased system
complexity. Thus, while it is true that a submersible pump
(i.e., the integral pump and motor unit) costs more than a Mono
pump with a DC electric motor, the additional costs of
controllers or batteries often negate this initjal advantage.

The recurrent costs of battery replacement can easily become a
driving factor in the life-cycle costing, particularly when the
batteries are not properly cared for, necessitating more freguent
(and more costly) replacement.

Considerably more difficulties were xperienced with the pv~-
driven Mono pumps than the submersibles used in the first phase
of the BRET pumping pregram. This was due in large part to the
prototype controliers used, as well as to the fact that one of
the systems was of a first-generatien design, which was not well
matched to the water demand and borehole constraints. As seen in
the financial/economic analysis in Sectiomn VII, the best
performers among the Mono and submersible svstems had similar
unit water costs (per m3*m), P0.11-0.12/m *m of water delivered.
In addition, if the next generation of contrnllers {(including the
one currently under development by Mono) is as inexpensive and
reliable as promised, the Monos would gain an edge (probably
temporary, as larger submersibles become available). Another
advantage would be the local manufacturability and subsequent
repairability of those controllers.
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The greatest source of dispute among the advocates of each
type of pump was hydraulic efficiency. The cost of water
delivery for a PV pump is inversely proportional to its hydraulic
efficiency, since a more efficient pump requires fewer PV modules
to deliver the same quantity of water. The BREY tests found that
the efficiencies were so similar that a generalization as to
whether Monos or submersible systems were more efficient was not
possible. Well-designed Systems, whether Mono or submersible,
ran at hydraulic efficiencies of slightly more than 30 percent.
While Mono pumps can run at efficiencies of up to 75 to 80
percent (according to t..e manufacturer's laboratory tests), this
does not include the motor or other losses. While an estimate is
made of the losses due t: bobbin and shaft friction as well as
transmission losses in the drive shaft in the manufacturer's
literature, in BRET's measurements, Moo system efficiencies are
quite similar to submersible svstem efficjencies.

B. Conclusions

The most general conclusions that can be drawn at this stage
of the comparative testing program are the following:

® Small-scale, stand-alone PV pumping systems, when
well designed but using only standard, commercially
available equipment, have been shown in most cases
to be reliable, cost-effective means of delivering
water to remote (i.e., off-grid) sites in Botswana
(see WATER PUMP FIELD TESTS IN BOTSWANA, R. McGowan
and J. Hodgkin, ARD, 1986).

¢ PV pumps are becoming increasingly cost-effective
compared to the alternatives as the price of power
modules continues to drop. PV module prices were
nearly P15/Wp at the beginning of the project,
dropped to P13/Wp at the end of the first phase, and
are currently being quoted at P10.5/Wp. This
represents a 43 percent decrease in price over three
years.

¢ While there are significant differences between
existing Mono-coupled and submersible PV pumps, each
type of pump exhibits certain advantages and
disadvantages that make it an appropriate choice
under certain circumstances. Although the
advantages of standardization of equipment are
undoubtedly significant, neither type of pump should
be dismissed as inappropriate for use in Botswana at
this stage of development.

® While PV pumps do not require full-time pumpers, as
do many alternative systems (especially diesels),
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they still require part-time attendants to keep an
eye on the system and to quickly notify pump
maintenance units in the event of any necessary
repairs.

¢ For properly designed systems, the larger the system
is in terms of peak watts, the lower the unit water
cost, up to the size limits of avajlable equipment.

¢ Careful load and component matching is critical to
achieving long-term low unit water costs. Proven,
robust equipment should be used, rather than
unfamiliar components that promise slightly higher
efficiency or lower cost.

e The BRET comparative testing program has not yet
gathered sufficient data (i.e., annual results on &
monthly basis for each of the systems tested) to
make definitijve long-term conclusions about the
long~term costs of PV pumps. This information will
evolve out of the extension of the project.
However, extrapolations from the data gathered thus
far have confirmed other researchers' conclusions
that PV pumps show considerable potential under
existing pricing structures and should be deployed
where technical (less than 50 meters' head, with
water demand less than 40 m”/day) and institutional
conditions (a certain minimal level of technical
infrastructural support) permit.

C. Recommendations

The following recommendatiorns are made to give some specific
direction to the PV component of the comparative pump testing
program. They are:

e Continue to gather long-term data on the pumps
currently being tested. This will yield much more
reliable ir“ormation on long-term costs, reliability
and water availability, and make the technical
performance results more statistically significant.

® Expand the range of equipment tested to include
smaller-demand Mono syctems, as well as other types
of submersible pumps such as the Grundfos.

¢ Correlate the solar radiation data being gathered at
the pump sites with the solar radiation data being
gathered at the three Meteorological Services sites
in Botswana, where more accurate instrumentation is
being used.
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¢ FExamine more closely the costs of developing an
infrastructural support network to design, procure,
install, operate and maintain PV pumping systems,
and incorporate these costs in the financial/
economic comparisons of unit water cost.

e Review DWA borehole records to determine the
location and number of sites that nmight be
appropriate for installation of PV pumps (i.e.,
Sites where static heads are less han 50 meters,
and where demand is less than 40 p /day). The
number would give an indication of the size of the
potential market for PV pumps in Botswana.

Specific technical recommendations for system designers and
users include the following:

e Complexity should be avoided where possible in
gystem design. If not strictly required, electronic
tracking devices should not be used (i.e., with
submersibles). Where necessary (i.e., with standard
Mono pumps), electronic controllers (such as CVTs or
MPPTs—-see Section III.B.4) rather than batteries
should be used to meet high starting torque
requirements. Batteries are also the system
component most susceptible to theft.

@ If it is necessary to use batteries for enerqgy
storage (e.g., for slow pumping of low-yield
boreholes), be sure :hat proper battery maintenance
procedures are followed to minimize the need for
frequent (and costly) battery replacement.

® Be sure to install pressure reljef valves on all
Mono systems, as well ac thermal overload protection
on the motors.

® All systems should include low-water disconnect

devices to insure that the puitp will be protected
should the water level fall below the pump.

D. Further Research Needs

The BRET compartive testing program for PV pumps, while
adding significantly to the increasing body of knowledge about
the field performance of this promising technology, was not an
exhaustive study of the existing range of photovoltaic pumps.
Manufacturers' research is continually yielding new refinements
on equipment to reflect the results of field tests such as those
conducted by BRET. These refinements tend to decrease equipment
cost, while increasing component and overall system efficiency
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and reliability. Long-term field-testing yields information on
the most elusive equipment operating characteristics——reliability
and long-term operation, maintenance and repair costs--which can
so dramatically affect life-cycle costs. As mentioned
previously, widespread dissemination of this technology is
dependent upon creation of the necessary technical support
infrastructure. To refine life-cycle cost input parameters,
detailed cost estimates for the training of skilled technicians
must be determined. While these training needs have been
ascertained, their costs remain to be adequately quantified.

RET-driven pumps normally have seasonally dependent
variations in their power supplies. PV pumps are no exception.
While design tools (see Appendix C) have been developed which can
aid system designers in estimating the output of PV pumps during
each month of the year, these are by necessity merely estimates.
The water output of solar pumps is directly proportional to the
amount of solar radiation incident upon the array. As yet,
reliable, long-term solar radiation data have not been collected
for most of Botswana. This program's data collection effort has
added to the data base required for accurate predictions of pump
output. The BRET-funded Meteorological Services solar radiation
monitoring equipment will add significantly to this effort.
However, these studies are only beginning.

Yzar~round monitoring of solar pumps is necessary to
validete design tools. Fortunately, the extension of the BRET
comparative testing program will allow annual data to be
collected on a larger number of systems, resulting in more
comprehensive and reliable design tools. The extension will also
provide more reliable data on the long-term operation and
maintenance costs that can so critically effect the life-cycle
cost of a pumping system.

Water storage requirements, and the differences between the
magnitude of these requirements for different types of pumps
(diesel, wind, FPV), were not addressed in this study. Since the
cost of storage can significantly affect overall system cost,
this should be examined in detail in further studies. Since
diesel pumps can deliver water on demand (if fuel is available,
and if the diesel works), diesels would presumably require less
storage than PV pumps. However, the solar resource in Botswana
is s0 uniform that it has not been found necessary to have
included more than one day of storage in the systems installed
thus far. Since the output of these systems was usually more
than adequate for the water demands of the sites, storage was not
a critical issue. 1In countries where solar radiation levels are
neither so high nor so uniform, the costs of increased storage
would be more of a concern. The storage issue remains largely
unexamined.

88



In addition to these general needs for further research on
the technical and economic performance of solar pumps, there are
several pieces of information that could be collected by DwA
which would prove very useful in both the use and evaluation of
PV and other pumps. Improved data on borehole characteristics
would be of particular benefit in the sizing of submersible
pumps, given that their performance is so dependent upon the
pumping head. In the BRET program, borehole yields were
frequently found to be considerably less than specified in the
drilling records, resulting in installation of pumps that were
intially oversized for the borehole. It would be desirable (but
expensive) to test-pump boreholes before installation of pumps,
particularly if considerable time has elapsed since the initial
drilling.

This study has attempted to incorporate the field research
methodologies used by other researchers, and to improve upon
those methodologies so that all these studies, when put into a
common analytical format such as that presented here, will allow
for easy comparison among their technical and economic
conclusions. A common methodology and format for presentation of
results would be very useful for the integration of all this
information, and would make it accessible to decision makers of
different backgrounds, whether economists, engineers or
administrators. The development of a comprehensive testing
methodology for water pumps of most common types has been funded
by several donor agencies, and the methodology is coauthored by
the authors of this paper. It will be available in mid-1986.

Field research programs in small-scale PV pumping are
underway in several other countries. Economic and technical
performance comparisons of diesel, wind and PV systems is going
on in Africa, Southeast Asia, India and Central America. The
World Bank has also funded extensive laboratory and field-testing
programs for hand pumps, the preliminary results of which are now
available. As the ::sults and conclusions of this research
become available, engineers, economists and water resources
specialists will have a much larger data base from which to make
decisions about allocations of inherently limited financial
resources for development of rural water supplies. Photovoltaics
can play an important role in this development. Government
policy decisions that carefully weigh the advantages and
disadvantages associated with the range of'available pumping
technologies, and take into account the true costs to the
national economy associated with the use of each, will determine
the magnitude of that role.
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APPENDIX A

Detailed Costs Breakdowns for PV Systems

The following section describes in detail the rationale for
assigning costs tc each line item of the financial/economic
analysis given on the spread-sheets in Section VII.B. Since
there are two major types of costs (initial capital equipment and
installation costs, and all recurrent operating, maintenance and
repair costs), they are divided into two sections below.

Capital Eguipment and Installation Costs

In calculating the costs for these PV pumps, every effort
has been made to reflect the actual costs on a site~specific
basis. The costs include all the necessary hardware to pump
water at the site in question. also included are such
abovecground components as water meters, non-return valves and
gate valves so that with the connection of piping to storage or
reticulation system, the entire water delivery system would be
complete. Except as noted, storage and reticulation systems are
not included. Borehole drilling and well preparation are not
included. This is because these costs do not vary when different
punping systems are used.

The cost of the array includes the costs of ARCO Solar M-53
modules used on all the BRET installations. It also includes the
costs of manufacturer-supplied interconnects and support
structures. In all cases, the current prices for these
components as supplied by the Gaborone dealer (Taraus Batteries)
were used. These prices seem to compare favorably with the
international market prices at this time.

The pump/motor category includes the costs of the pump,
motor, and gearboxes or belt/pulley units used to connect them.
These are an integal unit in the submersible systems. For the
Mono-coupled systems, this figure includes the cost of the motor,
Mono pump and discharge head.

Piping is broken down into “wo categories, aboveground and
pelow-ground. Below-ground piping costs are fixed by the
required pump installation depth, which is directly related to
the borenole rest water level and draw down. Below-ground
components also corrode much more quickly than those aboveground;
therefore, they must be replaced more frequently than the rest of
the piping system. 1In the Mono-coupled cases, the Mono drive
head (gearbox) is included in the aboveground components. The
"other" category includes the costs of wiring (including
submersible pump wire as appropriate), ground rods, switch boxes,
switches, and circuit breakers or fuses as necessary.



The "other" category also includes all other capital costs
not contained elsewhere, such as the cosi of cement, crushed
stone and sand to make the array support foundation, as well as
reinforcing steel, foundation bolts, and borehole clamps. Since
fencing is an integral part of a complete PV pumping system, and
it is not an insignificant cost, 1t is broken out separately.

The standard DWA construction crew consists of six to 10
people, plus a driver and driver's assistant. The crew generally
camps at the construction site on installation jobs and gets a
per diem allowance in addition to regular pay. The crew that was
available to the BRET project was a very capable crew of eighc
and a driver and helper. The cost of keeping this craw in the
field is P140 per day, of which approximately 40 percent is wages
and the rest the allowance. The Crew comes supplied with a
seven-ton truck. Since the crew was not initially familiar with
the installation procedure for submersible pumps (even though it
is simple compared to that for Mono pumps), a learning curve was
involved. The second installation was much faster than the
first, and the third faster than the second. Thus, the
installation times assigned to each site are to some degree an
estimated average, since the authors do not wish to bias the
results by including the costs of the initial installation of a
new and unfamiliar system. These costs are believed to be
realistic when compared to diesel system installation costs as
experienced by similar construction crews in Botswana.

Transport cests are calculated by the kilometer at different
rates depending on the type of vehicle used. During
installation, a seven-ton truck is used. This truck is used to
ferry supplies to the site, carry the crew and its camping
equipment, and haul stone and sand as required. In each case,
the mileage includes a round trio from Gaborone to the site and a
round trip from the nearest stone crusher to the site.

Recurrent Costs

Given that the comparative testing program has vet to run
long enough for any normal major repairs to have become
necessary, and that it is, by nature, a testing prograr, the true
long-term operation and maintenance requirements have not vet
been definitively established. 3ecause of the data collection
needs, the number of visits tc each of the test sites has been
rar in excess of those required for smooth operation of the

pumps.  Manufacturers' claims for the lifetimes oI these pumps is
far in excess of the actual operation time oI anv of the puUmMPSs
thus IZar. Therefore, it has bean necessary to estimate the

recurrent cost schedules, based on experience to date in
Botswana.
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The recurrent costs have been broren down 1nto several broad
categories, The first ¢f these is annual recurrent costs, which
includes cite visits for inspection, replacement of drive belts
¢S necessarv, and other related work deone on an annual basis.
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would normallv go on such light maintenance or
inspection trips. The major guestion was how many such trips to
include in a given year. The VWater Maintenance Units are
responsible for 20 to 70 borenoles and pumps each. It appears
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The cther major annual recurrent cost is that of a pumper.
One of the advantages of photovoltaic pumping installations is
that they can be operated without an attandent. However, for
village systems, pumper periorms other tasks, such as taking
care of the storage tanks and the piping system, keeping records
and reporting any problems to the Water Unit. DWA feels that
someore must be responsible at the local level for the system's
cperation., Therefore, for the base-case concition, a pumper i
assumed to be reguired one dav a week, at a rate 0f six pula per
day. Financial and economic viaplllty seems to be strongly
affected by the use of bumpers. A sensitivity study examining
this assumption is included in ARD's report, WATER PUMP FIELD
TESTS IN BOTSWANA (R. McGowan and J. Hedgkin, 1986).
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Rt Zive vears, it was assumed that most below-ground piping
COMLONeEnts Wiuld De replaced. This Izgure will vary widely with
water quality, borehole alignment fespecially with Mono pumpe)
and cepcth. 2Zlthcugh there are scant records of the time zlapsed
between replacements, a five-vear reclacement period seems
reascnable. It was assumed that alil piping and, in the case of
Mono pumps, =211 bobbins and haif of the shafts, would need
replacing. Tris assumption will make little difference except to
bias the results toward submersibles if the replacement period is
too short, or towards Mcnos if the period is too long.



Also at the five-year mark, any batteries used in the
Systems would have to be replaced. However, one five-~year
expense that applies to all of these systems module replacement,
based on a controversial assumption that there will be some
module breakage. Based on experience thus far, a reasonable
assumption is that the replacement of two modules every five
years for 30- to 40-module arrays and one module every five vears
for arrays of fewer than 20 modules will be required.

DC electric submersible motor brushes are expected to last
from 5,000 to 10,900 hours according to the manufacturers. At
this point, having lictle else to go on, 1t 1s assumed that the
motor itself has a lifetime of about 25,000 hours or seven vears
at six hours run time per day. The same assumption was made
about surface-mounted DC motors.

It was assumed that the controllers, whether battery charge
controllers or other power conditioning units, would be replaced
at l0-year intervals. Except for breakage, the lifetime of the
PV modules was placec at 20 years. This is based on numerous
accelerated testing programs conducted Sy manufacturers, and
reinforced by the fact that manufacturers are now giving module
warranties based on a reduction of module power outgput of less
than 10 percent cver 10 years. The Mono pumps themselves were
assumed also to last the full assumed 20-year system lifetime.
At the end of 20 years, it was assumed that the modules would
have a salvage value of 25 pula each, and the rest of the system
would be scrap.
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APPENDIX C

Sizing Algoritnm for Solar Pumps

There are a variety of methods used to size scla.- pumps,
ranging from the simple tc the sublime. The principal difficulty
ir the sizinc < sclar pumps is the general lack ¢f good site-
specific date on tne magrnitude of monthly average long-term solar
radiation levels. 1In cornjunction with adeguate information on
the vear-round changes in well rest level and yvield, this

information is critical to a successful design.

PV systems, because of their modularity, are some-hat
forgiving of underestimates of power requirements, since

additiornal panels (groups of modules in series or parallel) can
be added after initial system installation if the water output
does not meet design specifications. However, if the output 1is

overestimated, +*he tnnecessary modules included in the initial
purchzse aie a non~-recoverable sunk cost, supplying water over
and abcva the reguirsements specified Ty the purchaser. It is,
therefore, useful to have as close an approximation as possible
on what output can be expected before the system 1is actually
purchased.

Computer sizing ailgorithms have been developed by most of
the major PV module manufacturers as engineering support services
for their distributors. When a customer approaches the
distributor for a bid on a particular job, the distributor simply
relays the information on well vyield, pumping head, water supply
requirements, and local radiation levels (if available) to the
company. The system is then sized, specifying a certain number
of modules wired in parallel and series, a motor and pump,
various control options, and a prediction of water output by
month for that site. Since most of these programs are
proprietary, representing many hours of research and development,
PV manufacturers are loeth to distribute them to the general
public. However, the design depth of detail provided by such
programs is not necessary for most systems. In lieu of using
these programs, simpler sizing algorithms have been developed by
a variety of designers. One of these is described in detail in
the Handbook on Solar Water Pumping (Sir William Halcrow and
Partners and IT Fower Ltd., 1964, henceforth referred to as "the
Handbook"). Since even this level of calculation becomes
tedicusly repetitive, the algorithm was written in spread-sheet
form for convenience in the multiple system designs for the BRET
project. 2n example using this algorithm is given in Table 4 in
the body of tnis report.

This design tool incorporates additional features from the
algorithm described in the Handbook. It is intended to be used
by a person somewhat familiar with available PV equipment, and



requires the possession of reasonably accurate manufacturers'
pump and motor output and efficiency curves, as well as some idea
o7 the monthly solar radiation levels, fluctuations in well vield
and depth, and the water demand for the particular site.

With that information at hand, the svstem design process

proceeds as follows. Refer to Table 4 and follow along.

1. Fill in the second column (Water Vol.) with the monthly
average daily water requirement. The third column 1s the
static nhead, the fourth the dynamic head losses (insert a
first estimate, or leave this blank for -he time being,
until the flowrate is calculated later on) . These are then
added tcgether to get the total pumping nead in the fourth
column. The fifth column calculates the daily hvdraulic
enerqgy demand from these preliminary data, using the
formulsu: -

Hydraulic Energy (MJ) = 9.81 x head(m) x volume (m3)
1000

This formula only calculates the theoretical hydraulic
enerqgy demand necessary to pump the amount of water you
specified through the given head. However, pump sets
operate at less than 100 percent efficiency. Therefore,
this number has to be divided by the pump subsystem
efficiency to give the actual electrical energy demand.

2. From the Handbook, follow the procedure for determining
the sclar radiation on the array at the tilt angle chosen.
This will entail filling in the columns on 2Xtraterrestrial
radiation at your latitude, the clearness index (a measure
of how much zolar radiation actually gets to the ground at
your site, having keen actenuated by clouds, smog, etc.).
The tilt Zactor 1s 2 geomstric conversicn 45 chs radiatinon
on the norizontal plane to the plane orf the arrav at a
certain tilt angle above the horizontal.

3. The tilt angle, for most purposes, should be
approximately equal to the latitude of the site. This
should be adjusted to maximize water pumped during opeak
demand periods, such as for lrrigation needs, if zopolicable.
This procedure is adequately explained  in the Handbcok and
will not be repeated here. However, 1f actual measurad
radiatiorn data are available for your site (or nearby),
compare it with the astimates given by the Handbhook
procedure and adjust jyour results accordinglv. Since the
solar radiation maps given in the Handbook are 2stimatas as
best, any local data would likely significantly improve 1its
accuracy by taking into account the local microclimate.
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4. The column labeled “"Max D/S Ratic" calcuiates the ratic
of hydraulic energy demand (D) to scler racdiation supply (S)
for each month ¢f the vear, and then picks the month with

the highest ratio (the "Max Ratio" below +he column). This

fixes the critical design month, which is the month where
the hydraulic energy demand is greatest in comparison to the
solar energy availabtile. & macro command thar picks off the
name < the design month, total pumpinc head, hydraulic
energy requirement, and global radiation on the plane of the
array, and writes that information in the "DESIGN MONTH
PLRAMETERS" section.

I ot ~
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5. Now look at the "SPECIFIED COMPONENTS" section.
Tentative components (or their probable efficiencies at
ieast) must be written in under "Rated Efficiency". 1If you
are uncertain at this point about what to use, tentatively
use a motor efficiencv c¢f 70 percent, and a pump efficiency
of 50 percent. As vou narrow the range of possibilities to
actual pumps and motors to consider, replace these
efficiencies with those from the marufacturers' performance
curves.

6. If the system will have batteries, a common battery
energy efficiency (watt hours out divided bv watt hours in)
is about 75 percent. However, vou must be careful about
using this algorithm to size battery systems, because the
actual operaticn of the real system 1s probably such that
the pump gets power directly from thre array during much of
the pumping day. This meens that not all of the energy
input will be derated by first having to be stored in the
batteries. The spread-sheet will take these efficiencies
and calculate the parameters listed in the "EQUIPMENTC
EIZING" section, which are the daily electrical energy
requirement, minimum array size to supply this energy, etc.

7. From this information, the program will calculate the
water pumped in the "Min. Output" column in the upper right
hand corner of the spread-sheet. The array output is
derated by several factors: the cell operating temperature,
an assumed impedance mismatch loss of 10 percent, and an
assumed dirference between peak power efficiency and overall
energy erfficlency (the average subsystem cperating
efficiency over the day). The subsystem energy eificiency
has been assumed to be 10 percent less than the Deak power
efficiency, but actual test results indicate that 1is, in
fact, 15 to 20 percent less than the peak power efficiency.
Remember, 1t is better to be conservative in your estimate
cf pump output. The "Min. Output"” is calculated as follows

m3/day = Wp x N(sub) x H(a) » F(m) x (1-.005(Tcell-25))
9.81 x h




where: m2/day is the daily water output,
Wp is the peak watt rating of the array,
N(sub) is the subsystem energy efficiency,

H(a) is the total radiation incident on the array
over the day in MJ/m2-dav,

F(m) is the impedance mismatching factor (0.9),

Tcell is the actual operating temperature of th
caell used to derate the cell cutput from its rated
capacity (at 25C),

9.8l is the gravitational constant, and

h is the total pumping head, including elevation
head, pipe friction losses, and veiocity head in
meters,

8. The "Min. Output" is the first step in zn iterative
process to focus in on the equipment you really need. It
assumes an array of the minimum size necessary to meet the
hydraulic energy requirement calculated previously.
However, this does not reflect real equipment sizes and
availability. For instance, a 371 Wp peak array does not
exist. To begin the iterative choice of real equipment,
pick an integral number of the type of modules you are
planning on using (among the most common module peak watt
ratings: ARCO M-53's are 43 Wp, Solarex SX-~146's are 46 Wp)
and insert the Wp rating of your possible array into the
"Actual Array Size" PV Array Size cell. The program will
tnhen derate the module output (10 percent for impedance
mismatching, and an 3dditional derating for temperature
compensation based on the speciified nominal cell operating
temperature), calculate a peak flow rate, and calculate the
average daily outputs for each of the months. Make sure
that the peak flow rate does not exceed the well yield. Use
the peak flow rate to estimate the dynamic pumping head in
the proposed system, and enter that dynamic head in column
four. Revise this as You iterate.

9. Now, to narrow down the motor possibilities, pick a
motor and pump that will accept the derated peak puwer
output of the array (i.e., a 1/2-HP motor is rated tfor
continuous duty at 746/2, or 373 Watts). Make sure that the
motor you pick has a rated input power capacity that is at
least as high as the "Derated Motor Power." This is about
the maximum power the array will deliver to the motor at any
given point. Normally motors have a load factor of about
1.2, meaning that they can tnake 20 percent more than their



rat:d capacity Icr shorvt periods of time auring Ccporation
(i.e., not continucus). Be sure that this ig not exceeded
in your desigrn Put 1n the actual motor and pump
efficiencies from the manufacturers' sump and motor curves.,
10. Check the motcr's running amps and voltage
regui.ements. The modules in the array must be wired in
series tC Cet the motor's reguired vecltage. For instance,
ARCO M-53's are considered to have an average voltage output
of i3 veolts under normzal operating conditicns. Therefore,
you will have to wire six modules in series to get 90 volts,
if that is wnat the motor wants to see. 1In order tc make up

the array, these six-module, 90-velt strinas will then be

wired in parellel until the required peak power reguirement
("PV Array Size") is reached. The new number for the "PV
Array Size" 1is the number of modules reguired by the motcr

voltage and amperage reguirements, times the rated peak
watts per module. Review the peak and monthly water volumes
calculated in the spread sheet to see how they fit the site
constraints and demand.

11. Continue this iterative process tc see what effects are
produced by using different pumps, motors, or array wiring
combinations. Vary the cell operating temperature to

reflect the ambient air temperature during pump operation.
A formula for estimating the cell operating temperature is:

T(cell) = Radiation on array (MJ) * 0.75 + T(ambient)
12, It is wise to always be conservative in your estimates
of efficiency for all components. Most manufacturers'

curves give data under laboratory conditions reflecting the
most favorable operating circumstances for thair eguipment.
Since PV pumps do not normally operate under constant
voltage and amperage conditions, the average subsystem
energy efficiency is less than the peak power efficiency.
The design month parameters reflect this oy derating the
energy efficiency by 10 percent. Also, dust, high cell
temperatures, vandalize:l modules, voltage losses (which can
be calculated by the spread-sheet if you know the
approximate wire runs and sizes) in the wiring down to the
pump (1f a submersible is used), and deteriorated hatteries
will all reduce the output of the system. Do not
Overestimate the output c¢f the pump Dy being overly
optimistic. The choice of equipment should be based on
cost, performance, ease of installation and maintenance, and
frequency cf expected repairs. Keep in mind the advantages
and disadvantages of erach type of pump set before making
your final decision.



APPENDIX D

Detailed System Descriptions













