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PREFACE

This .report has been prepared by IT Power Inc, of Washington,
D.C., for the United States Agency for International Development,
Africa Bureau, under contract no AFR-0510-C-00-4042-00. The work
described has been performed by IT Power working closely with
the Labhoratoire de l'Energie.SolaifeH}LESO),qﬁ“Mali, and
involving two visits. by IT PowerAéngineers to LESO. A methodology
for testing, monitoring and evaluation of photovoltaic pumping
systems has been developed and applied.

The principal authors are Jeffray Kenna, Bernard McNelis and
Anthony Derrick of IT Power & Cheickna Tracré, N'to Diarra and
Mamadou Diarra of LESO. Logistical support and constructive
ccmments were orovided by Terrence Hart. The test procedure has
been raviewed by David Wright. '

Program management has been provided by Weston Fisher of
AZD,
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SUMMARY

The introduction of appropriate technologies into rural
areas of the developing world can only be achieved successfully
if sufficient data is collected on the technical performance,
economic viability and social acceptability of competing
technolcgies. Small scale renewable energy technolcygyies are
widely promoted as ag attractive means toc address some of the
problems of the rural population but their viability is often not
known. Thus the purpose of the work reported here is to define a
methodology to determine the technical and economic viability of
cne of the most widespread solar photovoltaic technolegies -
small scale water pumps, and to apply the methodology to Mali
where there are cver eighty soclar pumps in operation.

Water pumping, for irrigation and the provision of drinking
water, is of obvious importance to development. Agriculture and
water specialists who have to selet water pumping technologiss
have very limited information available to them on the
comparative technical and economic performance of water pumping
systems. Thus decisions are generally made based on inadequate
realistic data, and often without consideration being given to
pumping systems powered by renewable energy technologies (in
particular solar and wind pumps). The methodolcgy presented here
should be viewed in the context of selecting the best pumping
system when comparad with all the altarnatives, for a given set
of conditions. There is also clearly a need for data on other
sumping systems, including traditional and conventional methods,
as there is for a standardized approach tc making comparisons.
Hence there is still a need for other methodologies to complement
this one.

The methodology consists of up to three geriormance tests
and a proceduraz =9 calculata the unit watar cost. The thrse

w8sStT3 ara:



o PV Rating Test
o0 Short Term Performance Test
o Long Term Performance Test,

The instruments, procedures and data analysis for each test
are listed step by step. Engineering skills are required to
carxy out the former:two tests. .These tests are suitable for an
acceptance procedure on a system and for repeated durability
trials at annual intervals. They can be carried out in one or
two days.

The Lorig Term Test is the simplest of the three procedures.
This provides information that can be used to calculate the unit
watar cost for a system and can be undertaken by an unskilled
worker at the village level (three meters are read each day).
The data analysis requires elementary mathematical skills.

An overall test and evaluation of a solar pump can be
carried out at three different levels. A complete evaluation
(Level 3) in which all three tests are carried out, answers the
following questions:=-

(i) What is the cost of water from the pump?

(ii) 1Is the snlar pump -ealiable?

(1ii) How well is the water utilized?

(iv) Does the pump meet an acceptable performance?
(v) How well do the components perform?

A Level 2 evaluation (Short Term and Long Term Tests)
answers guestions (i) to (iv) and a Level 1 evaluation (Long Term
Tast crnly) answers guestion (i) and (ii).

It is important to notes that the simplest schedule (Level 1)
although previdiag much useful data is not adequata alone.



A format for presentation of the results from the three
tests is specified - this consists of a summary sheet and data
sheets giving the results of the tests.

The test proceduras vere drafted prior to £ield visits to
sites in Mali and the PV Rating and Short Term Tests have been
carried out on five sclar pumping systems. The Short Term Test
was found to be easy to do whereas some problems were experienced
with the original PV”Rating Test, and consequently the procedure
for the Rating Test has been revised.

0f the five sites selected, three systems were performing
well, producing water at unit costs between $0.20 and $0.35 per
cubic meter - these costs are based on the measured performance
and actual system costs (see Note below). One system had a
problem with the motor/pump subsystem and was working at only one
third of its potential performance (hence a unit cost of $1.59
per cubic meter) and the other system would not pump water due to
the high suction head and leaks in the rising main. A sixth site
was visited but no tasts were carried out. These sites were
selectad at random and are not kaown to be representative of
solar pumps in Mali.

Zach site has a local institution that is responsible for
maintenance, and the villagers collect money by sale of the water
(or local taxes) in order to pay for the maintenance. The water
is generally sold at below the actual economic cost (since the
villagers are only responsikle for maiatenance). Bowever
considerable £inancial profits can be made by irrigating small
gardens even if the watar is scld at its true cos:t. For example
water costing $0.22 per cubic metar can be used to yield 1300 kg
of potatoes at a watar cost of $S93 and the potatoes can be sold
" in the market Zor $510.



One problem ig that -the villagers are unaware of the
sotential performance (ie output) of the pump and thus may not
realize if a fault develops.

It is recommended that the methodology be circulated,
together with the sample results obtained in Mali, %o
organizations insta.ling/operating solar pumps. This could be
followad by a workshop to develop a consensus amongst experts on
the methodoiogy. The end result would be an agreed methodology
which could be applied within AID projects involving solar pumps,
and more broadly on an international basis, with the objective of
providing information on the cost effectiveness of solar pumps
for users and commercial ventures.

An effective methoed of getting the methodolecgy into use and
generating and exchanging ideas would be through a network.

Note - the costs given are based on a 15 year system lifetime, a
53 discount rate and soclar insclation for Bamako, Mali.
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1. INTRODUCTION
l1.1. Backaround to Prodect

Prior to the, so=-called, "energy-crisis® of 1973 fossil
fuels were widely available and real costs were reducing. At the
time development asgsistance programs generally believed that, for
example, improved agriculture and health care would achieve the
goal of better living conditions for the rural populations in
developing countries. The energy inputs to these processes and
activities, together with impending fuelwood shortages, were
hardly noticed.

Over the past several years the non availability or non-
affordability of energy has been recognised as a key constraint
to economic development. Subsistence living requires energy -
for cnoking, for lifting water, which is generally provided
by firewood cor human muscle power, while improved agriculture ané
health care also require energy inputs (eg irrigation pumping,
vaccine refrigeration). As a result of this situation all the
development assistance agencies, in particular AID, have
conducted erergy programs,

The "fuel-crisis" (a more appropriate title than ensrgy
crisis) in che industrialised countries produced a tramendous
interest in the devslopment and use of ranewable energy sources.
All develcped ccuntries initiated research, development and
demonstraticn programs, with that of the United States being by
far the largest., It was widely believed that renewable anergy
technologies would te particularly appropriata to the needs of
developing countries and in a relatively short period of time a
large number of "ranewable energy technology for developing
country" projects were designed and started. In 1977 as part of
AID's cgverall energy activity “he Bureau Zor AZrica iaiciatad a
program =9 apply renewable energy tachnologizs and by 1382 <chis

=



comprised 24 renewable energy precjects in 15 countries together
with 15 fuelwood and forestry projects in 12 countries.

Most early projects were considered in the traditional
manner, (as noted by Howe, 1983). That is either as an end in
itself (eg. to bring water to a given village) or as a teaching
or demonstration experience (eg. to demonstrate how to bring
water toc rural areas). Unfortunately most renewable energy
technologies were a& the time (as many are teday) still at the
experimental stage and certainly not adequately developed for use
in rural areas of developing countries. Thus there were many
failures. Solar pump$ (solar-thermodynamic type) were particularly
notorious; they woull not operate except with continuous skilled
attantion and maintenance, and thus did not either provide the
end raquirement (pump water) or demonstrate anything (other than
total £ailure).

In a lot of projects there was an element of testing the
technologies (using the developing countries as outdoor
laboratories) but almest invariably this aspect only represented
a small part of the total effort. Many projects have involved
the important component of all aid projects, which is to evaluate
the social and cultural effects or acceptability of the particular
technology. But because in so many cases the technology would
not actually periZorm its function, such evaluations could not be
meaningiully carried out.

In late 1982 the Bureau for Africa decided to guickly assess
what had been learned from the field experience in AID's and
other donors projects in Africa. This led to a major £field
assessment, which is refarred to later, and at the same time the
suggestion of the need for the present project.

Only ccmparatively recently (again, as notad by Howe, 1983)

nave projects been considered as a learning experience (eg to learn



how bast to bring water'to rural areas). Had this generally been
the case earlier then most of the renewable energy technologies
placed ip developing countries by aid programs would not yet be
there (they would not yet have emerged from the laboratory).

Once this is accepted as an approach which should be adopted then
the old concept of new (e.g. renewable energy) technologies
immediately changes, It becomes clear that, firstly: the
technology must be properly developed and testad in the
laboratory; secondly: it must then be subjected to field trials -
which monitor the technical performance, economic viability, and
acceptability when used under real conditions by rgal users, and
evaluates these parameters with alternative means of achieving
the same end, thirdly: only then should the technology be
disseminated, by commercial or other means. (ie. decisions to
purchase and use the particular technology should not be made
until its cost, performance etc is adequately known).

The purpose of the project reported here is to facilitate
this approach for a particular technolog? - photovoltaic watar
pumping. (For a description of the tachnolcgy see Kenna &
Gillett, 1985). To efficiently conduct testing, monitoring and
evaluation referred to above, there needs to be a methodology,

peferably one which is widely adopted. Such a methodology is
praesented in the principal section of this report.

The methodology has been develcped, and is now in use, in
Mali, this country having been chosen because of the significant
level of activity in their area, including a relevant AID
project. IT 2cwer and LESO have praviously developed and used
solar pump testing methodologies, and worked together in country,
and LESO engineers have been trained at the IT Puwer/3alcrow test

Zaciliey.

arcund 80 solar pumps have been installad in Mali. GExamples

include those suppliad by =he 3ID funded Mali Renewabla Energy



Program. (4 alrsady installed, 4 more ordered). The cest of
installing a typical solar pump to supply water to an average
village of 1000 inhabitants is today around $15,000. To supply a
handpump might cost $§ 1,000, and a diesel engine powersd pump
would cost about § 5,000. The solar pump appears to be very
expensive, so why does anyone bother to install them? Solar

pumps have been installed for a variety of reasons, most for the
supposed "end in itself" or "demonstration" purpose referred to
above, or more simp%y because they are fashionable. The justili-
cation for installing a sclar pump should be either because it has
been shown to be better (ie chaaper overall, more convenient etc)
than the alternatives, or, so that it can be tested/monitorad/
evaluated. However, solar pumps (or any other pumps) have not

yet been proven to be the best option for Mali and no installations
have incoporated the type of evaluation described here (until

this study).

l.2. Why testihal monitoring & evaluation?

It is obvious that all new technolcgies and products must be
tasted, to prove that they pefform the function required of them,
before thev will find widespresad acceptance in the marketplace.
Financial and economic viability must also be 'tested'; if the
product is too expensive for the job it does, few people will buy

it

Small-scale renewable energy technologies are widaly
sromotad as an attractive means to address some of the problems
of the rural populations developing countries. Like all new
products, these must be put to the tast - technical anéd economic,
before they will be puchased and used in any signifcant numbers.

t is often stated that the only important test is the test
of the marketplace. This is clearly che case with consumer
products in industrialised countries, where the user bduys the



product he or she likes best. 1In the future this might also be
the situation in what are today termed developing countries. 3ut
at present it is quite different.

The users are poor villagers and farmers. They cannot afiford
to buy anything except the best, cheapest, most aporooriate
product for a particular application. It is the duty of the rest
of the world to help these people choose the best. This is the
case. For example,’” governments and development assistance
agencies supposedly choose the best pumping systems to prowvide
drinking water in villages. 3ut how is the choice made? 1Ideally
the agency making the selection will compare all the altarnatives,
taking into account performance, cost, user convenience etc. etc.
The important question which arises is "how do solar pumps compara

with other pumping systams?"

Before starting to answer the above question, a second
should he asked. A geat deal of money has been spent on the
installation of renewable energy technologies in developing
countries. For examgle the 80 solar pumps in Mali must have cost
around $2 million (and there are around 1500 solar pumps world-
wide|), so does this mean that solar pumps compare well and are a
good thing for Mali, and that is why the development assistance
agencies have spent so much money on their installation?

The answer to both these guestions is "don't know". The
reason for this answer is because, perhaps surprisingly, the
Questions have not generally been askad or the answers sought, at
least not in a quantitative or scientific way. Comparatively

recently such questions have come to the forefront.

Asking these questions and finding the answers is "testing
monitoring and evaluation"”., The purpose of the present studv is,
Zor the case of solar pumps, to define the questions precisaly,
and provide a means %o cbtain the answers, ia. design a methodology.

wn



1.3. The importance of quantitative monitoring

often it is assumed that informal observation of whether a
particular technolegy "works" or "doesn't work" is sufficient %o
evaluate the technology. There are many projects reported which
include statements such as "solar pump worked well" which may
simply mean that on some occasions water was being pumpeé.
Similarly the "test of the marketplace” is applied and i< is
reported that "the villagers are very happy with their solar
pump™. Such a simplistic approach is cbviously of very little
value. The villagers will not have paid for the solar pump and
if it falls apart a year latar they will not have money to repair
or replace it. If costs are not incorporated in the evaluation
mechanism then it is meaningless.

Assuming that the technology has been adequately tested in
the laboratory, so that it can be expected to operate reliably
in the field, it should then be tested in the field. Field
testing should provide accurate and objective pericrmance and
reliability data.

There are special requirements for all renewable energy
tachnologies, for three principal reasons:

(1) the and-use need (ammount of water required from the punp)
is not generally known and there ares other factors (water
depth) which effact the energy requirsment (locad) wnich ars
also unknown.

(ii) the energy input to the systam (in the case of solar
energy, &the Sun) is variable Zrcm day to day and over the
vear, and data on the amount of energy which is received

at a particular location is generally not available.



(iii) it is energy, not power requirement, which detarmines the
size and hence cost of power source (the photovoltaic
array,). GConventional technologies are generally sized
on the power requirement and are often over sized. To do
this with a renewable power source would be prohibitively
axpensive., Hence it is important to know the energy
flows in a sys:em.

If there is no)quantitative measurement of the energy
received (cumulativa sclar irradiation) and delivered (cumulative
£low of water and pumped head) by the installation, then nothing
is learned which will help to improve *he technology. For sxample
if the efficiency is low compared with what is theoretically
possible then more development work may be required. Similarly
the technology cannot be better matched to the end use if there

is no end use requirsment data.

Hence if there is a requirement for a solar pump, the
procedure will be for the designer to estimate the load (water
requirement, water depth) and solar energy availability and then
apply a large " safety factor®” to the size of the photovoltaic
array so as to ensure satisfactory operation. Thus the arrav
may be twice the capacity which should be necessary, and as :this
is the most expensive component in the systam, the £inal cos%
will be must more than it should be.

This is a reascnable approach provided there is monit<oring.
In the aksence of mon.toring, the system can be seen to either
"work" or "not work". Bowever, if it works successiully, little
is learned becausae a large proporticn of the array output or the
water pumped, may be dumped, without the end-user knowing, and so
the array is oversized and the system over-priced. Whersas iZ
the system is properly mounizorad if an oversized array is
detectad then scmeting very valuable has been learned. The next

installation wizih similar, or propertionally ralated raquiraments,



will be smaller and better matched to the end-use needs, and most
significantly, it will be cheaper.

1.4. Scope of this report

The main purpose of this document is to present the
methodology which has been developed and apply it to PV solar
pumps in Mali. The,remainder of the report includes a review of
present methods for‘/monitoring and evaluation, and describes
previous work in this area (Chapter 2). The methodology itsel:f
is presented in Chapter 3. It is anticipated that this section
will be used as a stand-alone document - e.g. circulated as a
draft with a request for comment by other practitioners. An
overview of photovoltaics in Mali, and summary of their results
obtained through trial use of the methodology is presented in
Chapter 4. Finally conclusions and recommendations and
proposals for expanding its use, are given in Chapter 3.



2. DPRESENT AND PAST METHODS OF MONITORING AND EVALUATION

It was noted in Chapter 1 that relutively large numbers of
solar pumps have been installed (e.g. in Mali) but most projects
have not had testing/monitoring/evaluation as their main goal.
Few projects have yielded quantitative data. This section
summarises experience to date. In particular a World Bank/UNDP
project is reported, because the present project could be
considered as a logical follow-on to this.

2.1, World Bank/UNDP Selar Pumping Proiject

One project which was quite different in its concept from
other developing country renewable energy activities was the
"Small Scale Solar Powered Pumping Systems Project", executed by
the World.Bank on behalf of the United Nations Development
Programme. This was undertaken between 1979 & 1984 by IT Power/
HBalcrow, workiag with in-country institutions including LESO.
(See Halcrow/IT Power 1984). Other countries involved were
Philippines and Sudan from the start and Egypt later.

At the commencement of this prcject the tachnical fsas-
ibility of solar powered pumping had been demonstrated using
several different methods of energy conversion, but up to then it
had generally appeared that the technology was unreliable and too
expensive ‘o be economically viable, when compared with convent-
ional alternatives. Furthermore, the equirment was generally not
sufficiently simple and robust to be appropriate for use and
lpkeep by farmers or villagers in developing countries, nor had
it yet been developed to the stage of being a mature product.
With few exceptions all the solar pumping equipment available was
of prototype status, few models having been manufactured in any
cuantity.



2.1.1. Field Trials

The*first phase of the Project was structured in the belief
that independent tests on the performance, operation and
reliability of systems and components are essential baefore
responsible decisions can be made about the future development of
the technology. The basic purpese of the field trials was to
permit the performance and reliability of selected small-scale
solar pumping systeﬁs to be avaluated objectively, under the scrt
of conditions found on farms in the developing world. The
systems were instrumented and monitored so that their efficiency
and performance could be measured.

Considering the difficulty and expense of gathering reliable
field data, it is perhaps not surprising that so little of it was
baing collected by other projects. It was certain however, that
prograss could only be made on the basis of such data, and so

cocnsiderable emphasis was placed on this aspect of the work.

The principal interest was in the following performance
parameters:

© solar irradiance at any instant (global and in plane of
array)

o cumulative solar irradiation

o power, voltage and/or current output from array
o daily electrical energy delivered by the array

o static head at any instant and averaged over day

o pumped head at any instant

10



¢ flow rate at any instant

o eumulative volume pumped over a day

Becauge of restraints it was not possible to measure every

parameter at every site but a cost-effective program was devised

which produced sufficient data for an assessment of systen

performance. Some data on ambient conditions (tasmperature,
humidity and wind) was also collectad.

The primary data collected on performance was of two main

types:

(1)

(ii)

Continuous data on solar irradiance (global and in the

plane of the array), array power output, water flow rate
and pumpaed head. Chart recorders were used to make
assessments of instantaneous values of irradiance, array
power and voltage outﬁut, and flow, while other parameters
wera monitorad at 15 and 30 minute intervals. From this
informaticon system efficiency and performance could be
determined throughout the day and as a function of solar
irradiancz.

The collection of this information required relatively
sophisticatad instruments operated by stafi Irom the
participating agencies with assistance £rom expatriot
axperts.

Daily cumulative data which gave a picture of the total

solar energy input to the array (solar irradiation),
electrical energy delivered to the array and the pumped
output over a complate day. This information was obtained
£rom integrating counters. t was thought that this
information was probably simple enough for it to be
obtained by Zarmers, but during the &trials the staif ol the

—
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participating agencies were usually iavolved.

The normal field procedure envisaged visiti each day to each
sy;tem to record daily cumulative measurements of system
performance and one visit per week to each syst to make
continuous measurements on system performance throughout

the day. A record was also. to be kept of any fault,
braakdown or other incideat which affected the operation of
the system. ,t was, however, expected that local variations
would need to be made according to the circumstances
encountered and this program, desirable though it was,

made logistical and managment demands which outstripped the
resources available to the participating aational
institutions.

Great stress was laid on the need to check and calibrate
the monitoring instruments used. Experience had shown
that, under field conditions, the calirration of some of
the measuring instruments will drift. Care was taken
therefora to check their calibrations ragularly as well as
£o protact the instruments from rain and dirsct solar
radiation. Any data recorded frem instruments with
calibrations in doubt wers excluded.

I: was important to have enough data to check that =ach
system was behaving consistently over a period of time and
to obtain information about its performance over the whole
range of irradiance values.

2.1.2. Economic evatuations

It was impossible to make absolute ecanomic judgements on
small-scals solar pumps because the technology was so immature,
but also evaluation is made diZficult by the variabilitv and
incertainty of many narameters that aZfact the pump svystam



economics. Despita such uncertainties it was possible to set up
a plausible economic model and use this as a tool to iavestigate
the sensjitivity of solar pumping system costs to variation of
different parameters. Such a model was developed and used to
indicate the relative costs of a solar pump compared with

alternative and competitive options.

A generalised analysis was conducted in purely economic
terms and in principle considered all the costs to the economy
regardless of who incurs them. Financial costs, e.g. subsidies
and taxes, were excluded. See Halcrow/IT Power, 1984, for full
details.

2.2. Other photovoltaic oump evaluation methodologies

It is known that there are a number of organizations, Zunded
by a variety of donor agencies, who have installed, and in some
cases are testing and evaluating, photovoltaic pumping systams.
Unfortunately few reports giving the procedures used or the results
obtained, have been identified or obtained during the course of
this study. LESO, in collaboration with CRES (Centre Regional de
l'Snergie Solaire), has carried cut acceptance tests on racsnt
solar pumps financed by the European Development Fund (FED) and
UNDP. A brief test procedure has been written.

2.3. Qther relevant data collection activities

As mentioned earlier, in late 1982 the Bureau for Africa of
AID decided to undertake a project to determine what had been
learned from the field experience with renewable energyv projects
in Africa. A large number of projects, in seven countries,
covering all the renewable energy technologies, were visited by a
t2am who intarviewed users and installers ol the technologies,
using a questionnairs wnich had teen specially developed Zor the
purpose. The compla2tad questionnairas wersz subseguently analysad



in the United States to answer a number of specific questions,

relating to:

observed technical performance

social acceptance ectc.

level of monitoring and evaluation

potential for these technologies in the futura.

0O 0 0 o

A major raport presenting the findings was then produced
(Ward e= al., 1983)

This type of activity is complementary to the development
and use of an evaluation methodology as undertaken in the present
projects. For a number of technologies including photoveoltaic
pumping there needs to be a methodology, and results produced by
it, before the above approach can be successfully applied. The
AID evaluation noted that many installations, assuming they are
in operation, do not have any adegquate measurements made on them.
Thus questions on the technical and economic performance ares
impossible to answer.

Pollowing completion of this evaluation and a direct follow-
on activity Associates in Rural Development (ARD),who were the
principal consultants for the evaluation prepared a "Data
Collection Handbocok for Energy Systems in Developing Countries”,
for AID's Office of Energy. (ARD, 1984). This includes a aumber
of very useful pro-forma sheets, including one for photovoltaic
alectric systems, on which to record the results of installation
monitoring. Proceduras or instructions on how to do the monitoring
and process the results (methodologies) ars not detailed.



3. TEST AND EVALUATION PROCEDURE FOR PHOTOVOLTAIC SOLAR PUMPS

3.1. Introduction

This chzpter explains the methodology for evaluating the
technical and economic viability of photovwyltaic powerasd solar
puxping systems. The methodology.was drafted following
discussions with LESQ and prior to subsequent field tasts
performed on five inmstallations during a second visit to Mali.
It has been revised and updated in view of the experience gained

from these tasts.

The three step-by-step test procedures described have been
designed to obtain the essential performance characteristics of a
solar pump in a simple way and with a minimum of sophisticated
equipment. Instrumentation requirements to undertake the tests
are specified and a procedure to evaluate the unit water cost for
a pump, using measured performance, is given.

The proceduras detailed in this chapter are intended for fiald
use by graduate engineers.

The three perIormance tests are:
O PV Array Rating Test
O Short Tzrm System Test
Q Long Tarm System Test
The first two tests should be used as an acceptance test on
a4 new system and to check the durability and performance of the
system a* annual iantervals., The PV Array Rating Taest provides a

simple and quick way of checking that the array output meets =he
suppliers specification. The Shorxs T=rm Systam Tsst can be

B
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carried out in one or two days and the results can be used to
estimate long term potential performance, check the suppli=srs
specification and to calculate the cost of the water delivered.

+ also ﬁrovides information on the performance of the PV Array
and the motor/pump subsystem. Engineering skills are required to
carry out and to evaluate both the Short Temm and PV Rating

Tagts.

Long Term Syst2m Tests need to be undertaken over a period
of at least twelve months. They provide information which can be
used to 2ssess the unit water cost, the reliability of the solar
osump and coupled with the results of a Short Term Test, how well
she water is utilised at a particular location. The long term
test is the simplest of the procedures and while the instruments
must be installed by a skilled engineer, the measurements can be
made by unskilled workers at the village level, and the evaluation
subsequently carried out by the skilled worker.

For a ccmplete evaluation of a solar pump it is necassary to
carry out all three tests but difZferent levels of information can
e cbtained by carrying out only one or twc of the test procedures.,
The ianformaticn provided from each test is discussed in the
Sollowing secticn and three Test Schedules (referred to as Levels
1,2, and 3) are suggested in section 3.2.2.

Tt must be emphasised that there is no substitute to
quantitative measurements - there is no short cut <o evaluating
pump performance. The minimum information that could be used to
assess the effactiveness of a systam is obtained f£rom the long
term test. However, it is advisable to carry ocut an acceptance
test on a new system by undertaking the PV Rating and Short Term
tasts. In the past donors have not systematically sougnt to
check whether the svstams meet the speciiicationms.
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3.2. Test Objectives, Measurements and Accuracy

3.2.1 OQverzll Objectives

The overall objectiv:s of the test and evaluation procedure
is 2o answer the following five questions:

¢ Does the pump meet an acceptable periormance?

o How well do the components perform and should
they be better?

o What is the cost of water from the pump?
0 How well is the water utilized?
o Is the solar pump reliable?

The third and fifth questions can be answered by a Long Tera
System Tast alone, but a minimum of one years data is required.
This test dces not provide any ianformation on the component
performance. Further the test will not shcw how well the watar is
utilized; it does not distinguish between poor performance and
poor utilization. Consequently it is advisable that Short Term
Tests should also be carried out to answer the other thrse
questions: provide component performance data, give a measure of
the potential output and an estimate of unit water cost.

The PV Rating Test provicdes information on the performance
of the PV Array that cannot be obtained on a Short Term Test
alone, it providas a measurement of the PV array rated power
which may be required to check the suppliers specification.

IZ information on ccmponent pericrmance is not requirad,
then it is not necessary teo carsy out the PV Rating Test (and the

[
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parameters to be measured on the Short Term Test may be reduced =~

See section 3.5).

data on component performance
the reason for a malfunction nor to identify arsas £for improving

performance.

Bowever it should be remembersd that without
it will not be possible to identify

Table 3.1 indicates tests that must be carried out to
provide the given level of information.

Information Does tast need to be carried out?
Long Term Snhort Term PV Rating

Acceptable

Overall No Yes No
performance

Component No Yes Yes
Performance

wNater Cost Yas No* No
Wacaer Utilization Yas Yes No
Reliability Yes Mo No

* water cost can also be estimatad from a Short Term Test

Table 3.1 Tests that must be carried out to provide a given

Note that it is necessary to distinguish between two

level of

information

gquantitcies of water when assessing the viability of a stand

alone sclar pump:




(a) the potential water that can be provided by the
pump -~ this can be estimated from a Short Term
System Test

(b) the useful water that is actually regquired by
the users. This will generally be less than the
potential output. of the solar pump because of the
mismatch between availability and demand - the
pump may be turnad off during periods of high
solar insolation. The useful water pumped is
measured by the Long Term System Test.

By comparing the estimate of the Short Term Test with the
measurements of the Long Term Test the utilization factor can be
calculated:

Utilization Factor = Useful Volume of Water Regquired
Potential Volume of Water that could be Pumped

Since the unit water cost is based on the useful water
raguired, it is necessary to estimate the Utilization Factor when
making a calculation of the unit water cost from data obtained
during a Short Tarm Test.

3.2.2 OQvarall Test Schedules

Frem Table 3.1, it can be saen that tasts can be carried out
at three levels:

Lavel 1.

Carry out Long Term Test (Section 3.€ ) and a Cost Appraisal
(Section 2.7) to answer the Sollowing cuestions:



o Wnat is the actual unit water cost?

o Is the solar pump reliable?

Level 2.

(a)

(9)

Carry out a Short Term Test (Seciton 3.5). Make an estimate
of long term potential performance and unit water cost
(Section 3.7). ‘At the end of this test the following
questions can b; answered:

o Is the overall system performance acceptable?

o Is the motor and pump subsystem periformance
acceptable?

o What is 1 good estimate of the potential volume
of water pumped per yeayvr?

o What is a good estimate of the unit water cost?
Using the instruments that were installed for the Short Term
Tast, arrange for local farmers/villagers to record the data
requirad for a Long Term Test. Analyse the data to give the
useful volume of water pumped per year and the unit water
cost. At the end of this test the following gquestions can
be answered:

o What is the useful volume of water that was puvumped?

o How well is the solar pump matched to the usar's
raguirements?

0o What is the actual unit water cost?
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o What problems and maintenance requiraments were

experienced?

(c) Repeat the Short Term test at annual intervals. This will
provide information on the change in performance with time.

L.evel 3

This level will give a complete solar pump evaluatica. Carry
out the PV Rating Test in addition to the Short Term Test under
items (a) and (c) of the Level 2 Test Schedule. 1In addition te
the questions answered under Level 2 it will be possible to
answer the gquestion:

o Does the PV array meet the manufacturers
specification?

3.2.3 Measurements to be made

Table 3.2 lists the parameters that must be measured for
sach of the three tests. Figure 3.1 shows the position of the
instruments in relation to the components and eneréy'flows in a
solar pump. The analytical objectives of the f£ield measurements
together with the formulae used are discussed belcow.

DY Rating Test. The objective is to determine the rated
power output from the PV Array. This is achieved by taking

measurements of voltage and current at the maximum power point to

give the maximum power:
Power = Voltage x Current (L)
Since the maximum power is a function of solar cell

zamperatura and solar irradiance, measurements of cell temperazurs
and irradiance ara also made. The measurad maximum power can
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Parameter (Units)

Test

PV Rating Short Term Long Term| Instrument Precision | Calibration
Required Interval
Solar irradiance in x Class A +5% 1l year
plane of PV Array (H/w") Pryanometer
Solar irradiation in (HJ/mz) Class A
plane of PV Array over Pyranometer
(i) 10 winute period X & Integrator +5% 1 year
(ii) daily x ~~
Module Tewmperature (°C) x Thermocouple +0.5°C 1 year
Volume of water (ml) in .
(i) ten winute period x x See Table 3.4 +2% each test
(ii) daily x x +2% 3 mounths
Static head (wm) x X Well dipper +1X each test
Pumped head (m) X x Preseare gaugd +1X or 1 year
Voitage (Volts) x Volimeter +1% each test
Current {(Awps) X Amgieter or +1X each test
Current shunt
& millivolt-
weter
Electrical Energy (MJ) in
ten minute period x Energy Meter +1% each test

Table 3.2. Summary of paraweters to be measured and accuracy required




Array
conversion

loss Motor/pump
Solar conversion
energy loss
(Pyranometer)

Useful

Electrigal hydraulic
energy T energy
h.J v flowmater
energy + well dipper/
meter pressure gauge
Pyranometer PV Array
Q‘ =
. Pressure

Gauge (friction
fﬂ:?p head) ‘ijtowmeter-_.
—

T 7770077

Enezgy metsr

T

Static head (well dipper)

A b
Yotor/pump
Figure 3.1 Pecsition of instrumentaticn used on th tast
proceduras.
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then be corrected to the rated power output at reference conditions
of a solar iradiance of 1000 w/m and a cell temperature of 25°C.

Short Term Svstem Test. The objective is to deterwine the
efficiency of the PV Array, the motor/pump subsystem and the
overall system as a function of solar irradiance, These

efficiencies are defined as

/

PV Array efficiency '= array power output (2)

solar irradiance x array cell area

Subsystem = water flow rate x oumped head x g (3)

efficiency array power output

' 2
with g = gravitational acceleration (9.81 m/s )

System = PV water flow rate x pumped head X g (&)

gfficiency snlar iradiance x array cell area

Each test point is measured over a ten minute period to give
time integrated measurements. These are then turned into
averages (by dividing by the time period). Hence the Iollowing
measuraments must be made:

solar irradiation
water volume
pumped head

0O 0 0o O

electrical energy

If information on component performance is not raguirad it is

nNot necessary to measura the PV array electrical snergy output.
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Long Term Svstem Test. The objective of this test is to

determine, the average daily useful volume of watar pumped as a
function of average daily solar irradiation for periods of cne

month.
The following measurements must be made:

sojar irradiation
volume of water
static head

Measurements should be made at daily intervals. Comparisons
between the Long Ter:m and Short Term Tests give a measurement of
how well the potential output of the pump is utilized.

3.2.4 =Errors

There are three sources of error that will arise in the
tests

0 Systematic error due to the instruments - The typical
error in a calculated parameter (such as efficiency) is
given by the sguare root of the sum of the squares of the
error in each measurement. For example using instruments
of the accuracy given in Table 3.1, arrag power can be
measured to a typical accuracy of 1 + 1 =1? = 1.48%.
(Since array power is the product of voltage and current).
Similarly other calcuiated parameters can be measured to

the accuracies given in Table 3.3.

o random error due &t experimental technique. This can be

rh

reduced by taking a statistically significant number o
measuraments. For this reason a minimum number of
measurements ar= sctipulatad £or cach tast.
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o erzors due to variations in eavironmental conditions
Since cell temperature has some effect on the efiiciency
of the array there will be errors due to changes in air
temperature and solar irradiance. This will be shown up
by scatter on the efficiency characteristics and is not an
experimental error as such. However it governs the
confidence limits in the efficiency for a particular

solar irradiance.

Likely estimates of the overall error bounds are given in Table 3.3.

Tast Parameterx Systematic Error Estimated
overall Error
Bound

PV Rating Power + 1.4% 10%
Irradiance + 5.0% 5%

Short Term PV Efficiency + 5.1% 7%
Subsystem efficiencyy + 3.0% 63
System efficiency + 5.7% 10s
Irradiance * 5.0% 5%

Long Term Water volume + 2.0% 5%
Irradiation + 5.0% 5%

Table 3.3. Estimated Systematic and Overall Error Bounds for
each parameter

3.3. Instruments and Calibration

This section specifies the type of instruments and measursment
tachniques that should be used to achieve the instrument accuracy
given ia Table 3.2. Alsoc calitration procedures and iatervals

ara discussed.




3.3.1. Measurement of solar irradiance and ir-radiation.

The instrument for the measurement of sclar irradiance
should be a WMO Class A pyranometer such as the instrument shown
in Figure 3.2. t should be mounted such that the detector is
located in the plane of the array. Prior to testing, the
transparent cover should be cleaned.

For measurament ‘of solar irradiation an intagrator with an
accuracy of + 1% should be used with the pyrancmeter. The
pyranometer should be calibrated by returning the instruments to
the manufacturer (or sending it to a national meteorolegical
institute with calibration facilities) at annual intervals,

3.3.2. Measurement of temperature.

Module temperature must be measured for the PV Array Rating
Test. I- should be measured to an accuracy of 0.5°C using
thermocouples such as copper/constantan, iron/constantan
chromel/alumel. The thermoccuple should be calibrated at three
monthly intarvals over the range 0°C to 100°C by comparison
against an accurate mercury in glass themometer.

The thermocouples should be mounted on the rear of the modulse.
3.3.3. Measurement of volume of watar.

Fluid flow rate should be measured to an accuracy of withia
+ 2%, It is recommended that the f£low meter is calibrated before
each short term test and at intervals of 3 months for long tarm
tasts. The calibration can be undertaken with the flcw meter in-
situ by diverting the water flow to a vessel and measuring the
volume of water delivered in a measur=d time period. A container
of suificient volume to nold watar for a =a2n minute periocd snould

se used.
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Figure 3.2 A Pyrancmetsr with an accuracy to "0 Class A.



The flow meter should have a low head loss and be rasistant
to dirt particles. Table 3.4 summarises the properties of the main
types of flowmeter. It is essential that the flowmeter is fitcnad
so that the flowmeter pipe always runs full of water., Figure 3.3
shows some of the main types of flowmeter.

Type Min flow Head Loss Particle
,for 2% acc @ 2.7 1l/sec Resistance
/
(1/sec)
In-line Turbine 0.25 Good 0.2m Good
Pelton Wheel 0.22 Poor 2.5m Medium
Positive 0.03 Poor 3m Poor
displacement
Paddle Wheel 0.17 Negligible Good

Table 3.4 Properties of the main types of flowmeter

3.3.4. Measurement of pumped head.

Head is the most difficult parameter to measure since pumps
are usually submerged and borsholes cften enclosed. The total
opumped head comprises the static lift plus the head leoss in the
pipes plus the velocity head at the outlet.

2

R = h +h_+v (3)
D s
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7o ba drawn

Alesrmative types cf Ilcowmetar.

30



where

= pumped head
= gtatic head
= head loss in the pipework due to friction

‘c

(S S 2 (R ]

v /2g = velocity head at the outlet

= velocity of the water at the outlet.

Three options are given below for measuring pumped head:

(i)

(ii)

(iii)

The preferred method is to place pressure

transducers on the inlat and outlet of the pump and
measure the pressure increase across the pump (See Fig
3.4a). This pressure increase is equal to the static
head plus the head loss in the pipework. The velocity
head must be calculated. Hence, if possible, pressure
taps should be fitted to the pump prior to installation.

If there is only a small static head above ground
level a pipe may be brought to the surface to measure
the pumped head as indicated in Figure 3.4b.
Altérnatively an electrical pressure transducer can be
£itted to the pump outlet and electrical wires brought
to the surface. The water level must also be measured
and the velocity head must be calculated.

IZ it is impossible to place a pressure tap down the
borenole, a pressure gauge can be fitted in pipewirk
above ground (Figure 3.4c). However this method will
not racord the pressure loss in the rising main and a
correction must be made as shown in Appendix 3. The
water level must be measured and the velocity head
calculated.
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Tor cases (ii) and (iii) the water level must be measured
using a well dipper or by inserting an air pipe into the borehole

as indicated in Figure 3.4d.

Wnere the static head only can be measured the head loss in
the pipework may be estimated as shown in Appendix 3. 1In all
cases the velocity head is not measured by pressure transducers -
it must be calculataed from the flowrate and pipework size and
added onto the stacié head and the head loss in the pipes.

3.3.5, Measurement of electrical energy, voltage and current.

Electrical energy, voltage and current can be measured
relatively easily and accurately by commercially available
equipment. These parameters should be measured to an accuracy of
+ 1% and the instruments must be recalibrated annually.

3.4. PV Rating Test

The objective of this tast, which is carried out under a
Level 3 Test Schedule, 1is to determine the rated power output
of the PV array to within 10% accuracy and compare the measurement
with the manufacturers specification. This test will indicate
any malfunction in the PV array. It does not give information
that is used for water cost calculations or for calculation of
the utilization factor. The test is undertaken by taking
measurements otf

(i) array current and voltage near the maximum power point

(ii) solar irradiance for the above current and voltage

(iii) cell tamperature (measured at the r=ar orf the module)

(iv) short circuit currant and open circuit voltage and the
corrasponding solar irradiance.
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Measurament of head.

3.4a The static head
+ friction head is
measured by placing
pressure transducers
on the inlet and
catlet of the pump
and reading the
diffarence:-

hs * hf = hz - 'n1

3.4« A pressure
guage is placed in
pipeworl at the
surface. It measures
the friczion head
downstream of the
guage plus the
static liftc betwaen
the pump outlet and
guage. The pump
depth must be known
and the friczion
head is

h. = h, = h

2 TP oAy
where h, is the fri=-
cgion head in the
rising main (esti-
matad).
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3.4 -The friction
head is measured by
bringing an open
pipe above the
surface., The water
level must also be
measurad.

3.4d., The static
head (hs) can be

detarmined from

hs = B =y
The pressure at the
bicycle pump is
increased uncil is
is equal to a
@aximum value (h,)
and h, can be reid
directly from the
pressure gauge. The
pipe length (h,)
must be measured at
installation.



The maximum power peint is found by varying the resistive
load on the PV Array. Figure 3.5 shows the elactrical charac-
taristics of a Photoveltaic Array. The current/voltage curve
varies wi&h incident solar irradiance. At any given solar
irradiance there is a particular electrical lcad which will give
a voltage and current on the curve corresponding tec a maximum
power. During the test it is necessary to vary a resistive load
(a potentiometer) until the maximum power is found.

Since photovoltaic arrays have a rated gutput at reference
conditions of a solar irradiance of 1000 W/m and a cell
temperature of 25°C it is necessary to correct the measured output
to the reference conditions. The procedure is outlined below.

A" a solar irradiance (G) the maximum power output is given

by
P a Vv I (6)
max max max
where P = maximum power
max i
= 7oltage at maximum power
max .
I = current at maximum power
max

The power output given by equation (6) differs from tae

rated power output because the short circuit current and open
circuit voltage change with solar irradiance and cell
temperature. If measurements of short circuit current (I ) and
cpen circuit voltage (V ) are made at a solar irradianceS?G),
together with a measureggnt of cell tzmperature (T ) they can
be corrected to reference conditions by applving sggé ard

equations (see equations 15 and 1l6) i.e.

(8)

<
1}
th
<:

Q)
3

Qco oc “cell



The array is rated at this
point with a cell tempercture

lrrudiatz'lca Ceoll temp of 25°C. The power output is
W/m ¢ the product of current and voltage.
8- 1000 56-6
] 800 ar.a Locus of
7 d i L maximum
] power points
800 51-3
6-4
. 700 486
P 5.
2 600 45-9
a -
E a4l 500 433
T
2. 400 40-6
3 ¥
300 379
2-
200 35-3
l
h 100 326
o l Y T T f : —
| 20 4 e s 100 120 /140
Voltage (voits)
intersection here is Open circuit
the shart circuit current voitage
Figure 3.5 Electrical characteristics of a Photovoltaic Array.
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Where I is the reference short circuit current and Vv is the
sco ) ) oco
raference open circuit voltage both at a cell tamperature

of 25°C and a solar irradiance of 1000 W/m .

To f£ind the rated power output the rafarence short circuit
current and open circuit voltage is simply multiplied by the £ill

factor (FF):

P a FF x I X Vv (9)
rated , Sco oco

/
where (FF) is defined as the ratio of maximum power to the

product of open circuit voltage and short circuit and can
be calculated from the measurements as:

’F =2 V I (10)

Instruments

- Potentiometer (see note 6 for estimation of resistance.
range and current rating.)

- Voltmeter

- Ammeter or current shunt and volimeter

- DPyranometer

~ Thermccouple and digital thermometer

- 2 x 1 meter cables rated at the array currrent

- <¢lipboard and blank fcrmat sheets (Table 3.35)

Procedure
l. Wirs the potentiometer, volcmeter and ammeter to the

array under test as shown in Figure 3.6. Easure that
the power is disconnected whilst wiring the circuie,



Bt

PV RATING TEST - FORMAT FOR DATA ANALYSIS

Array Date

Tester
Time - Module Temperature 47.2 °c
Voltage (Volte) 56.5 55.1 54.0 52.6 52.0 51.4 49.0 48.4 48.0 47.6
Current (Aupa) 17.74 18.8 19.7 20.4 20.5 21.0 22.1 22.7 21.7 21.5
Array Pover (Watts) 1000 1035 1066 1070 1066 1077 1078 1097 109) 1023
Irradiance W/m2 930 931 984 431 925 936 929 - 945 988 971
Power = L3 1.07 1.11 .08} 1.15 1.15 i.15 1.16 1.16 1.10]  1.05
Irradiance G

Irvradiance G 900 W/u’ Short Circuit Current: 30.0 Ampas  Open Circuit Voltage: 70.0 yolrs
Maximum Power/lrradiance 1.16 Maximum power at G 1044 Watts Fil! Factor: 0.50

Relerence Short Circuit Current; 34.8 amps.

Reference Open Circuit Voltage: 71.8 volts

Rated Power: 1249

Watts,

Table 3.5. Format Sheet for recording PV Rating Test




Clean the surface of the array.
Position the pyranometer in the plane of &the array.

The test should be carried out under clear sky
conditions between 11.00 and 13.00. The irradiance in
the plane of the array must exceed 800 W/m .

Determine the approximate resistance corresponding to
the maximum’ power by trial and error. This can be
achieved by making measurements of voltage and current,
and calculating the power. Change the resistance such
that the power increases until a maximum is found.

Record the voltage, current and irradiance at 10
resistance values close to the maximum power point using
the format sheet (Table 3.5). Ensure that the power
output passes through a maximum. A recommended way of
doing this is to start at a voltage above (or-below) the
voltage corresponding to maximum power and change the
voltage (by varying the potentiometer resistance) until
the voltage is below (or above) the maximum power point,
Since the irradiance is likely to vary slightly during
this procedure it is easier to find the position of the
maximum power point by calculating the ratio of power to
irradiance and lookiag for a maximum value of this
ratio.

rray voltage does not vary significantly over a small
irradiance range. Hence it is useful to look for. the
array voltage that corresponds to maximum power and take
readings on either side of this voltage.

Record the short circuit currant (I ) and the open
) . sc
circuit vol:tage <Joc) at a solar ir-adiance (G).
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Pyranometer

N
@
Ambient
temperature
sensor
CI Ammeter
{ V ) Voltmeter
.. /
Potentiometer

Figure 3.6 Test circuit to determine PV Array Rating.
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10.

Measure the cell tamperature at the rear of the module.

Carry out the analysis given below to determine the
array rated power.,

Repeat steps 6-9 four times to give four values of the
array rated power. These results should be averaged
using the procedure given below.

Data aralysis.

Use the format sheet (Table 3.5) to carry out the analysis given

below.

Table 3.5 has been ccmpleted using example data to

illustrate the analysis.

ll

For each test point calculate the array output power
given by

Array power = array current x array voltage (11)
At each test point determine the array power per unit
solar irradiance (I'/G)

P/G = array power/solar irradiance (12)
Determine the maximum value of the power to irradiance
ratio (P/G) . For example, this wvalue is 1l.16.

max
Calculate the maximum power output (P ) at the

] ) . max
solar irradiance (G) that corresponds to the
measurements of short circuit current and open
circuit voltage.

P = (2/G) G (13)
max max

41



In the example (Table 3.5) the irradiance corrasponding
to the short circuit current/open circuit vol:tage
measurement is 900 W/m . The maximum power at 900 W/m
is (1.16 x 900) = 1044 Watts.

From the manufacturers specification determine the
following module characteristics. (Assume the values
given in brackets if it is not possible to obtain
these).

3 = rate of change of short circuit currant
with cell temperature (0.002/°C)

1 = rate of change of open circuit voltage
with cell temperature (0,08 v/°C)

= exponent governing the rate of change of
opan circuit voltage with irradiance (0.6)

(see Note 4).

Calculate the Array rated power using the f£ollowing
procedura:

5.1. Determine the measured £ill factor (F¥):

T = P /(v xI ) (14)

For the example cthe £ill factor is 0.5

5.2. Determine the short circuit current at reference

conditions (I )
sco

H

sco sc I cell
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Assume that the cell temperature is equal to the rear
module temperature.

For the example, a value of = = 0.002 has been used
which, together with a cell temperature of 47.2°C gives
a reference short circuit current of 34.8 Amps,

S.3 Determine the open circuit voltage at reference

conditions:

v =v + 3 (T
AV 4 (o

-25) +3 log(1000/G) (16)
oco oc vg

al’

For the example values of . = 0.08 ands = 0.6 have
v v

been used giving a refersnce open circui% voltage of

71.8 volts.

5.4. The array rated power is thea given by:

= I xzV X5F (17)
rated SCO oco

for the example the rated power is 1249 Watts
The procedure is repeated four times to give four valuas

of the rated power. The average of all the tasts should
be calculated.

i=4
Average Rated Power ? a ® (18)
ratad 2 ratedi
i=
where 2 . 1s the ith test result,
ratedi

An estimate of the random error in the average ratad
power is . given by twice the standard deviation:
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i=4

_ 2
Random error = 2 S (P - p B (19)
R rated ratedi
i=l
3

If the random error is greater than + 103% the result
should be rejected.

Nectas.

1. The array rated pbwe: is defined as the maximum output from
the array under a solar irradiance of 1000 W/m when the cell
temperature is 25°C.

2. Under actual operating conditions the cell temperature may be
350°C to 60°C. Since array power decreases by approximately 0.3%
per °C change in cell temperature the drop in array power from
the reference condition (25°C) to actual operating conditions
(50°C) can be 12%, - Hence it is necessary to correct the power
measvred under actual conditions.

3. -t is assumed that the rear module tamperature is aqual to

the cell temperature and that the change in open circuit voltage
and short circuit current with cell temperature is linear. In
practice cell temperature may be 2 - 3°C greater %than rear module
tamperature but this will only introduce an error of less than 13,

4. The open circuit voltage is assumed to change logarithmically
with irradiance, i.e. the open circuit voltage 2t an irradiance G
is:

]
<

]
&

log (1000/G) (20)
oc oco ' vg

where 3 is a coastant
vg
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5. The fill factor is assumed to be constant over the range of
the test, i.e. the fill factor under operating conditions is the
same as the fill factor under reference conditions.

6. The resistance range of the potentiometer can be found as

follows:

Determine the manufacturers specification for array power (P)
nominal operating voltage (V) and reference short circuit

current
Calculate the array current I = P/V
Calculate the resistance at maximum power R = V/I

The potentiometer should have a range 0.5R to 2R and a
current rating equal to the reference short circuit current.

Interpretation of Results

The measured output of the array should be within +10% of
the manufacturers rated power. Power ratings below this indicate
that there is a fault in trs module connaction or in the module

itself.
3.5. Short Tarm System Test

The objective of this test, which is carried out as part of
Lavels 2 or 3 Tast Schedules, is to determine the operating
efficiency of the PV Array, the motor/pump subsystem and the
overall system as a function of solar irradiance. By integrating
the efficiency/irradiance characteristic with typical daily solar
irradiance profiles, it is possible to obtain an estimata of the
volume of watar pumped as a Zunction of daily solar irradiation.
This can %hen be used -9 astimaca the unit watar cost for a



particular location and combined with a Long Term Test allcws a
calculation of the Utilization factor,

The test is undertaken by taking measurements of:

solar irradiation in a ten minute period

PV Array energy cutput in a ten minute period
volume of water pumped in a ten minute period
pumped head at the start and finish of the ten

o 0o o o

minute period

If infermation on component performance is not requirad,
measurasments of PV Array energy area not necessary.

A ten minute period is used to allow £cr the thermal time
response of ‘the solar cells (typically 5 minutes). This period
ensures that <he output from the system corresponds to the input.

Since &three of the measurements made are integrated values
(i.e. irradiation rather than irradiance, volume of water rather
than flow rate, electrical energy rather than power) they must
be divided bv the time period (10 minutes) to determine the

average values of

irradiance
2V array power output
Slow race

Prom these the PV array efficiency, the subsystem efficiency

and the overall system efficiency can be calculated using
equations 2 to 4.
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Instruments.

- Pyranometer and integrator

- Integrating flow mater

- Energy meter

- Pressure gauge(s) and/or well dipper.

- Clipboard and blank format sheets. (Tables 3.6 and 3.7)

- Watech
Procedure.

1. Connect the instruments as indicated in figure 3.7. The
pyranometer should be in the plane of the photoveltaic array.
The flow meter should be installed in a straight run of
pipework at the outlet side of the pump. Allow at least ten
pipe diameters on either side of the flow meter. For open
wells the static head is easily measured using a well dipper.
For closed boreholes a prassure §auge and airpipe may be used
to determine the head as shown in section 3.3. The delivery
head should be measured using a pressure gauge or open pipe as
shown in Figure 3.4. Where the delivery pipes are short and
lass than 2m above ground level the delivery head can be
estimated as shown in Appendix 3. '

2. Clean the surface of the array

3. The test should be carried out over a complete day, under
clear sky conditions. Results should be recorded on the
format sheet shown in Table 3.6.

4. The objective of the test is to obtain 10 minute average
perZormance data for a range of solar irradiance from start up
to at least 800 W/m‘. The solar irradiance must not change by
+ 50 W/m during the period of a 10 minute test.
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SHORT TERM SOLAR PUMP TEST

DATA SHEET

l.ocation:

Latitude: Date:
Tester:
Tiwe Pyran- Pyran- Energy Energy Flow Flow Static | Static Friction | Friction
ometer ometer Meter Meter Meter Heter Head Head Head llead
Reading | Reading | Reading| Reading | Reading | Reading | Reading | Reading |Readiug Reading
Start Start Start Finislh Start Finish Start Finish Start Finish
Table 3.6. Format Sheet for recording short terw pgrformance data




SIORT TERM SOLAR PUMP TEST

Location:

latitude:

Date:

Array make and rvating:

Tester:

Motor wmake and raling:

Cell Area:

Pump make and rating:

Water Rest Level:

Time

Irradiance

H/m2

Array Output

W

Flow

i/sec

llead

liydraulic
power
W

Array
efficiency
%

Subsystem
efficiency

%

Systed
efficiency
%

Table 3. - Format sheet for presentation of short te

rm test data




5., When the pump starts to pump water record:

(i)
(ii)

(iii)

(iv)
(v)

the
the
the
the
the

time

pyranometer reading

flowmeter reading

energymeter reading

pressure gauge and/or water level,

Make a note of the irradiance at which the pumps starts.
Take a further set of readings 10 minutes later.

6. Take repeat readings at intervals throughout the day such

there is a minimum of 10, ten minute test points, i.e. a

minimum of 20 readings.

Data Analysis

1. The data should be analysed and recorded on the format

sheet shown in Table 3.7.

2. For each 10 minute test point calculate

Q
o)
Q

Where

the average irradiance = (H_ - Hl)/0.167 W/m2
the average array output power = (Z_ = El)/0.167 W
the average flow rate = (Q2 - Ql)/0.6 lit/sec
the average head. = (h _+h _+v.+h _+h_ _+ 1) 9,5 m
Sl £l s2 £2 =2
29 .
H is the solarimeter resading in Wh/m
E is the energy meter reading in Wh
Q is the flowmeter reading in cubic meters
7 is the static head inm
hi is the head loss in the pipes inm

(]
v is the velocity of the water at the pipe outlet and

is given by



v = 4V (21)
ﬁaz

3
with V the flow rate in m /sec
d the pipe diameter in m

The subscripts 1 and 2 refer to. the reading before and after
the ten minute pericd raspectively.

3. Calculate the hydraulic power using the equation

Hydraulic Power = flow rate x pumped head x g watts (22)
with g the gravitational acceleration (9.81 m/s )

4. Calculate the following efficiencies

Array efficiency a Array cutput power (23)

irradiance x cell area

Subsystem efficiency = hydraulic powar (24)

array output power

System efficiency = Hydraulic Power (25)

irradiance % cell area

NB. IS array power has not been measured only the system
2Zficiency can be calculated.

3. Plot graphs of efficiency versus irradiance using the
format sheet shcwn in Figure 3.8.

Notes

L. The rasponse :time of the module temeperature to changes in

irradiance is typically Zive miautas. =Zence it is mora
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appropriate to measure ten minute average performance, than

instantaneous performance.

2. The array and system efficiency are based on the array cell
area since this is a more representative parameter of the
physical performance of the system. An alternative definition of
array and system efficiency would be toc base them on gross array

rea.

3. The subsystem efficiency is an important characteristic of
the pump because it determines the size of array that is requirad
to perform a given hydraulic duty. The definition given in
aquation 24 means that power conditioning losses are included in
the subsystem.

4. The array efficiency is not simply a property of the array -
it also depends on the subsystem since the operating point on the
current/voltage curve (and hence array efficiency) is dependent
on the load on the array. A well matched subsystem will lead to
a more efficient array.

Interpretation of Results

1. Subsystem efficiency should peak at between 35% and 40%.
Measured values significantly below this indicate that thers is a
fault in the subsystem or that it is not well matched to the 2V
array. A well matched motor/pump subsystem shouldé have a
relatively constant subsystem efficiency.

2. Array efficiency should be 8 - 10% sr greater. Values below
this indicate that the array is not operating near its maximum
power point and that the motor is not well matched to the array.
If the array power output measured in the "PV Arrav Rating Test"
is not satisfactory then there is a fault with the PV arrav.



3. The potential volume of water pumped in a day should be
astimated using the formula:

i = 24

3
Volume (m /day) = 2 ) G. x A At (26)

. i cell
' 8ys

i =1

< X g X systei head

With G, the solar irradiance at hour i - standard values for
lﬁ hour days with 2-6 kWh/m2 solar irradiation are
given in Table 3.8. 5
A is the array cell area (m )

cell . . . .
is thez system efficiency at the irradiance G, and is

| sys i
Iogtained from the measured performance (Figure 3.8)
9 is the density of water (1000 kg/m )

J is the gravitational acceleration 9.81 m/s

At is the number of seconds in an hour

The numeractor in eguation 2. is the hydraulic energy outzut of the
punp in a day.

4. The volume pumped per day can be_calculated for solar
irradiation levels between 2-6 liWh/m . A plot of potential
volume pumped per day versus solar irradiation should be made
using the format sheet given in Figure 3.9. This gives the
charactaristic performance curve for the solar pump which can be
used to determine the unit water cost (section 3.7).

3.6. Long Term System Test

The prime objective of this test, which must be carcied ouc
for all Tast Schedules, is %o detarmine the characteristic curve

(¥]]
ul



Solar Irradiance
Solar
Irradiation 2 3 4 5 5
(kWh/m )
d0UR
1 .0 .0 .0 .0 .0
2 .0 0 .0 .0 .0
3 , 0 .0 .0 0 .0
4 .0 .0 .0 .0 .0
5 .0 0 .0 .0 .0
6 1.0 1.0 1.0 1.0 1.0
7 57.0 81.0 105.0 160.0 154.0
8 118.0 173.0 229.0 286.0 343.0
9 177.0 267.0 357.0 447.0 537.0
10 232.0 352.0 471.0 589.0 708.0
11 271.0 410.0 548.0 686.0 824.0
12 285.0 431.0 576.0 721.0 865.0
13 271.0 410.0 548.0 686.0 824.0
14 232.0 352.0 471.0 589.0 708.0
15 177.0 267.0 357.0 447.0 537.0
16 118.0 173.0 229.0 286.0 343.0
17 57.0 81.0 105.0 130.0 154.0
18 1.0 1.0 1.2 1.5 1.0
19 .0 .0 .0 0 .0
20 .0 .0 .0 .0 .0
21 .0 .0 .0 .0 .0
22 .0 .0 .0 0 .0
23 .0 .0 .0 .0 .0
24 .0 .0 .0 .0 .0
Table 3.8. Specification of standard days, showing hourly values

of sclar irradiance in W/m“ for a range of daily solar

irradiation levels.




of the solar pump ralating useful volume of water pumped per day
to daily average solar irradiation for a month. This performance
curve is dapendent on the system head and is strongly dependent
on the location. The curve is used to calculate the unit water

cost as shown in section 3.7.

A further objective is to collect data on reliability,
maintenance and durability of the solar pump.

The test is undertaken by taking measurements at daily
intervals of:

o0 solar irradiation
o volume of water pumped
© static head

Instruments

- Pyranometer and iategrator

- Integrating {low meter

- Well dipper or air pipe and bicycle pump
- Log book.

Procedure

1. The flowmeter and pvranometer are coniigured in exactly the
same way as f£cr a Short T=rm Test.

2. A local site operator should be trained to rsad the
instruments and shown how to measure the static head. Adeguate
¢ime should be allowed for explaining the procedure, learning to
use the instruments and generally to beccme familiar with the
systams. Financial incentives should be given to the sit=

cperator whera appropriate.



3. The PV Array surface should be cleaned at weekly (or less if
appropriate) intervals. The site operator must be iastructed not
to let the.stcrage tank overflow since this will distort the
measurement of useful volume of water.

4. A log book should be provided at the site such that the site
operator can record maintenance visits, failures etc.

5. The flowmeter and, pyrancmeter should be rzad each day and

the static head measured by the site operator. A format sheet for
recording the results is given in Table 3.9. Only menthly
readings are used in the analysis; however, taking daily
measurements minimises the chance of missing a reading.

6. Site visits by graduate engineers should be made at intervals
of 3 months at which time the flowmeter should be recalibrated.
Data should be ratrieved and the system inspected Zor durability:

inspect cells for discoloration

ensure that module sealant is still intact
inspect glass covers for cracks

ensure pump Seals are not leaking

check motor bearings for wear and noise
check pipework for corrosion

check condition of connecting cables

0O 0 0O 0 0 0 O

Analysis
l. For each month determine the average caily volume
of water pumped, the average daily solar irradiatioa and the

average 3tatic head.

3
Average volume (m day) = (Q2 - Q1)/N (27)
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Location: Latitude: Mounth:’
System description:
Date Pyrancmeter Flowmeter Static Solar Volume
Reading Readiag Bead Irradiation sumped
o kWhLQZ o3
}
I f |
! | |
’ |
i
|
l
l
|
l
|
|
I
I | I
[ I
l I
[ [ I
l i
I i l l
Average monthly solar irradiation MJ/mZ/day

Average daily water pumped

Table 3.9. Data Sheet for recording Long Term Performance
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2
Average solar irradiation (xWh/m ) = (32 - El)/N (28)
i=N
Average static head = . i . hi/N (29)
1 =

with Q@ = flowmeter reading in m 5
H = pyranometer integrator reading in kWh/m
h, = ith daily reading of static head
N = number of days in a month

2. Plot a graph of daily volume of water pumped versus daily
average irradiation using the format sheet shown in Figure 3.9.

Interpretation of Results

l. A comparison between the estimates of volume of water pumped
from the Short Term Systam Test and the measurements made during
the Long Term System Test should be'made. The utilization factor
can be calculated from

tilization factor = Qyr
i =12
= Q @)y, (30)
i=1

Where Qyr is the useful volume of water pumped in a year as
measured bv the Long Term Test.

Q(Hi) is the average daily volume: of water pumped

for a month with average daily solar irradiation H,

as determined from the Short Term Test. The summaéion
should be made using the twelve monthly values of solar
irradiation that were measured on the Long Term Test.

¥, is the number of davs in month i.
i
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Figqure 3.9 Volure of water pumped versus solar irradiation (The
user should scale the y axis as apprcpriace to the
solar purp under tesk).
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A low utilization factor will be due to either:

(i) a degradation in the performance of the system. This
can be checked by carrying out a repeat Short Term
Tast.

(ii) A low utilization of the water - the pump is
oversized for the application.

2. Using the measured daca Calculate the unit watar cost as
shown in the following section.

3.7. Cost appraisal

One of the overall objectives of this test and evaluation
procedure is to determine a measure of the cost effectiveness of
the pump under test. The procedure given below shows how to
calculate the unit cos: of water from the measured performance.
It takes into account all the identiZyakle costs, but ignores the
benefits gained by the users of the water. Consequently it does
not indicate whether the water pumping system is aconomically
viable per se (for example whether additional CIOpPs grown using
water supplied by irrigation are worth more than the cost of the
water provided). However, the Procedure can be used to make a
comparisen with alternative pumping systems by comparing the unit
watar cost.

The procedurs will be carried out either:

(i) Using potential volume/irradiation data calculated
from a Short Term Test in which case an estimate of
the utilization factor Will have to be mada.

(ii) wusing useful volume/irradiation data measursd during a

Long Term Tasz,



Data required

Capital cost Cc
Annual maintenance and operating cost Com
Replacement cost of mecdules crm
Replacement cost of subsystem Crs
Lifetime of modules ¥m
Lifetime of subsystem ¥s

Volume of water pumped as a fianction of
irradiation for monthly pericds Q (Hi)

Monthly average solar irradiation for a

period of 12 months, for the location

under consider=tion. (This is measured

on the Long Term Test). H

Analysis

The unit water cost can be calculated using the following
orocedurz, Life cycle costs over a period of Y years ara
analysed. Costs are discounted to the prasent at a rata of 4s,
The recommended values for Y and 4 are 15 years and 5%
raspectively.

1. Determine the number of replacement modules (N¥m) and

sybsystams (Ns) required in the period of analysis. From :=his

determine the prasent worth of the raplacements:
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1=Nm . i=Ns

i¥m i¥s
C_=C__ 31/ (l+d) + C S 1/ (1+d) (31)
r rm, 1 rsi 1
A =

2. Calculate the present worth of the operating and maintenance
(O & M) costs:

C =C Pa (32)
a om

whera Pa is the present worth factor obtained from Table
3.10. It is equal to 10.4 for a 15 year period at 5%
discount rate.

Present Worth Factor for given number of years

Discount Rate

0 5.0 10.0 15.0 20.0 25.0 30.0

4.3 7.7 10.4 12.5 14.1 15.4

w

10 3.8 6.1 7.8 8.5 9.1 9.4
15 3.3 5.0 3.9 6.3 6.5 6.6
20 3.0 4.2 4.7 4.9 5.0 5.0

Table 3.10 Present Worth Factors
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3, Calculate tha life cycle costs:

Life cycle cost = capital cost + present worth of replacements
+ present worth of 0 & M costs.

ICcC=C+C +C (33)
r a
4. Calculate the annual equivalent of the life cycle cost (ALCC)
ALCC = LCC/Pa (34)

Sa. If the unit cost is calculated from a Short Term Test then
estimate useful volume of water pumped in a year:

i=12
er o - QE ) N, (35)
i=1

with Q (H ) the average daily volume of water pumped for a
monté with solar irrzadiation H, and is obtained from
Figure 3.9. -

N. is the number of days in tae month i
Q;r is the annual volume of water pumped
K" is the Utilization Factor which must be estimated.

Sb. £ the unit cost is calculated from a Long Term Test then
determine the volume of water pumped in the year.

6. The unit water cost is

C = ALCC

w D
Q (386)
yr

with Q the useful volume of watar pumped in a year.
vr



3.8. Presentation of Results

The format sheet given in Table 3.1l should be used to present -he
results obtained from the three test procedures and the cost
appraisal. The fcrmat is split into five parts:

(L)

(2)

(3)

(4)

detils of system supplier; finance and cost etc.

manufacturers specification,

rasults of the PV Rating test (Level 3 Test Schedule

only (and Short Term Test (Level 2,3 Test schedules only).
The output in cubic meters per day should correspond to
the same head and solar irradiation as given in the
manufacturers specification. This allows a diract
comparison between the measurements ‘and the manufacturers

specificaticn.

Cost analysis ob:ained from data collected on a Long
Term Test, showing the useful volume of water pumped and
the Utilization Factor.

Comments -~ should be used for observations on water use,
cost effactiveness of system, maintenance raquirements
reliability etec.

The following data should be appended when presenting the

results of the tests:

PV Rating test - 4 completed data sheets (Table 3.3)

Short Term Test - completed analysis sheet (Tabie 3.7)

- ccmpleted efficiency grapoh (Fig. 3.8)
- ccmpleted potential performance graph (Tig 3.9)

o)
[ 1
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Long Term Test - complaeted analysis sheets (Table 3.9)
- completed useful performance graph (Fig.3.9)



PHOTOVOLTAIC SOLAR PUMP

PERFORMANCE EVALUATION

COUNTRY:

Supplied by:
Installed by:
Financed by:
Maintained by:

LOCATION:

Data Installad:

Capital Cost:
Maintenance Cost:

MANUFACTURERS SPECIFICATION
Array Rating: Wp

Output: m3 per day @

m head @ .kWh/mz

TEST RESULTS

Date(s) of Test(s):

Taest Engineer(s):

Data of last calibratiou of solarimeter:
flowmeter:
prassure gauge:

Array ratiag: Wp

3

Qutput: m~ per day @

m head @ kWh/m2

COST ANALYSIS

Period of amalysis years

Module lifetime years
Annual water pumped

Units Watar cost

Discount Rate
Subsystem lifetime

Utilization factor

years

COMMENTS.

Signature of tast angineer(s):

Data:

Table 3.11.
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4, APPLICATION TO MALI
4.1. Photovoltaic systems in Ma;i

Growth of the use of photovoltaics in Mali has been rapid
and effective. Following the installation of the first pumping
system at Koni in 1977, approximately 100 installaticnms,
comprising pumping, lighting, refrigeration and communications now
exist in the field, with a total power capacity exceeding 100 kW
A list of installations, compiled by LESO, is presented in
Appendix 1.

There are four organisations that install 2ad maintain solar

pumps in Mali:
o LESO
o Mali Agqua Viva

© EIf Mali- installed systems on behalf of the Department
of Water Resources (Direction Nationale des Hydrauligue
Energie, hersafter referred to as l'Hydrauligue) but has
now closed down.

© Scmimad - represents the solar pump ccmpany Solarforce.

Most of the solar pumps in Mali have been donatad and
maintenance comes under the responsibility of one of the above
organizations. Mali Aqua Viva and l'Hydraulique require that the
villagers pay for maintenance - the method of collecting the
money varies from village to village (see sectior °.2).
L'Hydraulique proposes a charge of 5 CFA (0.1 cents) per 20
litres for the watsr, aquivalent to 250 CFA ($0.50) per cubic
me=er. While the solar pumps are under warranty (2 vears {rcm
iastallacion), the villagers do not pay for maintenance.



A- present LESO does not requirz payment for maintenance but
will do so in September 1985 at the end of the AID Renewable Energy
Project.

LESO under the AID Renewable Energy Project, has installed

o 4 photovoltaic pumps and Samanko, Camp Modibo, Dilly,
and Mopti

© 4 solar refrigeratonrs in dispensaries at N'torosso,
Nioro, Ansongo and Qulessebougou

o 7 lighting systems and 5 solar rechargeable battery
flashlights in villages among the 20 under the LESO

survey program since 1980,

Unéder the present phase of work, due for completion in 1985,
LESO will install:

o ¢4 solar refrigerators.
© 4 photovoltaic pumps (in the Nioro and Gao regions)

© 1 photovoltaic powered 3-HP grain mill with a capacity of
300 kg/day (designed and assembled by the Laboratory)

O 6 original lightiag systams designed and as:embled oy the
Laboratory.

© an uninterruptable power supply to counteract the
possible negative impacts of national electric grid
system power failures on sensitive Laboratory electronic
devices and on micro-computar ecuipment.
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21f is also responsible for:

o 2 photovoltaic pumps (at Magnambougou and Quelessebougou)
o a portion of the Kolokani hospital lighting system, and

o follow=up of 10 photovoltaic pumps recently installed in
the Bougouni and Kolokani regions.

Mali-Aqua Viva (MAV) is very dueply involved with
photovoltaic pumps. ’‘Like LESQ, MAV has a well-trained and well-
equipped taam for follow-up and maintenance of the PV pumps they
install, which number approximately 50 and are all in the region

of San.

The rapid growth and acceptance of photovoltais technologies
by the users is clear evidence of a well-adapted technology which
offers operatiocnal advantages over conventional technology
ootions. The economic attractiveness of photovoltaic systems is

less clear.
4.2. Techno-econcmic evaluation of selected solar pumps in Mali

Six solar pumping sites were visited in order to tIy out the
tast proceduras and to evaluate the performance of the selected
solar pumps. The sites, their characteristics and a summary of
the resul:s obtained are given in Table 4.1l. The data collscted
is presented in Appendix 2, ia accordance with the test procedursa,

During the visit, four Short Term Tests and four PV Array
Rating Tests were carried out. The weather conditions wera not
ideal since thers was a large amount of dust in the atmosphere.
Consequencly only two of the PV Array Rating Tests are acceptable
(since =he solar irradiance was toco low on the other two). The
Short Term Test proved to be very =2asy to caIry out while som
problems wera encouncarad with the 2PV Ratiag ta2sts as cdetailad in



the draft methodnlogy. Hence the PV Rating test was ravised

accordingly.

Table 4.1 shows that three of the five pumps tested (i.e.
Nonsombougou, Tioribougou and Tiemena) had an acceptable technical
performance. A Short Term Test was carried out on the solar pump
at Samanko (this pump was funded b§ USAID), but the efficiency-of
the motor/pump subsystem is well below an acceptable figure and
this site requires further maintenance. A P.V. Rating Test was
carried out at Babougou but it was not possible to do a short
term tests because the pump would not cperate. No test was
carried out on the sixth site (Yangasso) because it was not
pumping water during the visit.

It is significant that the three sites that were performing
well wera installed in the last two years and that the other three
ra between three and seven years old.

Details of the individual sites and results ars give below.
Tioribougou

This system was financed by UNDP and installed by ElI Mali
on benalf of l'Hydrauligue who are now responsible for maintenance.
I« is one of tan Photowatt systems purchased by UNDP. The
Photovoltaic Array is rated at 1056 Watts and the motor/pump unit
is submersibple. The system supplies domestic water for a wvillage
of approximately 500 people and also supplies irrigation water
ﬁor several small gardeus.

This installation was subjected to an acceptance test by
CRES (Cantre Regional De l'Energie Solaire) and LESO on 22nd June
1983. The perZormance was thought to be acceptable. Since the
systam was iastalled the submersible motor has had to be replaced
(undar guarantas).
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Site Year use (2) | lead | Manufacturers Spec. Measured Performance | Capital] Unit
Installed n Array Out put Array output Cast Water
Rating m @ 3 Rating m @ 3 Cast
Wp 6 kWh/m Wp 6 kWh/m (1) (3)
9 $/m
Tioribougou 1984 p,1 24 1056 22 890 22 18350 .¢.35
Nonsombougon]| 1984 D, I 20 1816 122 - 122 85000 | G.22
Tiemena 1984 b,L 25 1400 40 - 25 15000 0.20
Samanko 1982 p,1 19 1300 1 30 1088 10 33000 1.59
Babougou 1980 D 10 250 - 170 - 14000
Yangasso 1979 D 19 1300 - - -
Hotes: (1) at year of installation (3) The unit water cost is Lased on irradiation data for
(2) D = domestic Bamako (annual average 5.3 kWh/m”, the measured output
L. = livestock the actual capital cost, and assumed wmaintenance cost of
1 = irrigation $100 p.a., over a 15 year period at 5% discount.

Table 4.1. Summary of sites uuder test.



The village has a committee who decide on priorities for the
water and there is a 'Gardien' who supervises the solar pump and
is paid directly by l'Hydraulique. From 8.00 to 12.00 the watar
is used for domestic purposes ~ there is no charge. From 12.00
water is sold in 200 litre drums at 50 CFA ($0.10) per drum
(equivalent to 250 CFA ($0.50) per cubic meter). This water is
used for construction. Water for irrigation is sold at S CFa "
(S0.01) per sguare meter of garden per month, in the afternoon.
At this price congiderable profit cn be made by growing vegetables.
For example 528 m of land growing potatoces yields 1300 kg and
this can be sold in the market for 259000 CFA ($510). The cost
of water to irrigate this in the four month growing season is
10560 CFA ($21.12) or 26CFA ($0.05) per cubic meter).

The tests carried out show that the pump was performing
satisfactorily. The unit cost of water, based on the measured
performance is $0.35 per cubic meter.

Nonscmbougou

This Sclarforce system was financed by FED (the European
Development Fund) 2and is maintained by l'Hydraulique. 1I% has a
surface motor and submerged pump with a France-Photon Array rated
at 38l6 Watts. The water is managed by a committee - water will
be sold at the following rates: (at present the svstem is under
warranty so there is no charge for the water).

500 CFA ($1.00) per person per year
200 CFA ($0.40) per animal per year (for villagers)
25 CFA ($0.05) per animal (for outsiders)
25000 CFA (£5.00) per hec:are per vear

Nota that the cost of water for irrigation will be 1/24th of

the cost at Tioridougou anéd is considerably below the aczual
cost., There is a large 1.3 ha vegetable plct cwned bdDv one man
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who uses most of the watar.

This system was found to perform exceptiocnally well. Two
short term 'tests were performed - one with dust on the modules
and one after the modules had been cleaned. The effect of dust
was found to reduce the performance by 33% in this case.
Normally the PV Array is cleaned once per week but since there
was a strong wind and the system is close to a laterite road the
dust had been particularly bad.

The cost of water from this system is $0.22 per cubic meter.
Tiemena

This system was installed and is maintained by Mali Aqua
Viva and appears to be used largely for cattle watering. It has
a 1400 Watt Arco Solar Array and a submersible a.c. Grundfos

motor/pump.

The system was found to perform well and based on the
measured performance, the unit water cost is $0.22 per cubic

metar.
Samanko

This Solarforce system with a surface motor/submerged pump
and 1300 Wat:t France Photon arrazy was installed and is maintained
by LESO. t was funded under the AID Renewable Energy Project.

A PV Array Rating tast was carried out = the power output is
acceptable. However the short term test gave very low
efficiencies for the motor/pump subsystem; the ocutput is a third
of its potential psrformance. Some maintenance work is requirad
to detarmine the cause and rectiiy the fault.

~}
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Babougou

This system, made by Briau, was installed under the
UNDO/World Bank "Small Scale Solar Pumping Project"” by LESO/IT
Power/Balcrow. Tests were made in 1979 and in 1982, On both
occasions the system was found to perform well. The wuter is
used for drinking and washing for a seed growing establishment.
At the time of the visit the svstem would not pump water. It had
functioned well until;November 1984, after which it had been
turned off because it was thought that there was not enough sun
to operate the pump.

On inspection it was found that one of the electrical
connectors on a PV module was faulty. When this was repaired a
PV Rating Test was carried out = the rated output was found toc be
170 Watts compared to the original 250 Watts. However two of the

module glass covers nad been smashed )
. (clearly by stones) which

would reduce the cutput. A further two module covers had minor
racks probably due to thermal stresses. (There are 16 modules
in total).

There were several other faults with the systam:

0 The rising main flexible pipe was badly worn. Since the
pump is at ground level and operates on suction, no
water could be pumped because the system could not be
cleared of air.

o] the on/off switch was faulty

o the float switch was broken

c the drive belt had been broken but alsoc rapairad.

Since this systam has had no maiiltsnance siice it was



installed it has performed commendably well.
Yangasso

This pump, manufactured by Solarforce, was installed by Mali
Aqua Viva in 1979. It was tested under the UNDP/World Bank Project.
Test results were obtained in 1979 and 1982. On the latter
occ¢asion the performance of the motor and pump had degraded by,
50%. The system was repaired by Mali Aqua Viva at a cost to the
villageers of 45000 CFA ($90.00) - this was paid from local taxes.

During the visit it appeared that another fault had
developed because although the pump was turning, no watar was
being pumped and the Chef said that there has been a problem over
the last two days. The delivery pipe from the outlet of the pump
to the water storage tank had been disconnected; it was clear
that when the pump was in cperation water was wasted because
there is effectively no storage.



5. CONCLUSIONS AND RECOMMENDATIONS.
5.1. Application of the test procedure in Mali

The PV Array Rating and Short Term Tests have been modified
and applied successfully in Mali. They are both relatively
easy to use and since LESO has a strong ability in this £ield,
LESO has the capability to use the‘methodology in the future. It
is recommended tha: all photovoltaic pumps installad by LZESO
undergone the 3V Rating And Short Term Tests.

Of the five sitas tested, Tioribougou, Nonsombougou and
Tiemena were performing well and producing water at $0.35, $0.22,
$0.20 per cubic meter respectively. These costs are based on the
measured performance and actual system costs. The system at
Samanko (funded by AID) had a problem with the motor/pump and was
oaly working at one third of its potential perfermance. The
syst2ms at Babougou and Yangasso were not operating.

t is significant that the sites that were perifcrming well
wera installed in the last two years whereas the others are
betwean 3 and 6 years old. An effective system of maintenance
checks need to be set up of the'technology is to operate
satisfactorily.

5.2. Further Development and use of tue methodology

As notad above this methodology is now in use in Mali, and
the indications are that it is suitable Zfor application in the
country with useful rasults being generatad. Of course scme of
the measurements are made over a period of time longer than the
duration of the project, and so more time must elapse before the
Zull utility of che methodology can be determined. (Note that
funding is reguired for LESQO to continue applying the methodology
as commenced under this project).
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Results are sufficiently encouraging for recommencdations to
be presented on the further development (iI necessary) and use of

the methodqiogy.

Knowledge on the real performance of photovoltaic pumps and
how they compare with alternative technolcgies, should be sought,
not only from Mali, but from other countries where photovoltaic
pumps have been installed, or wnere there are indications that
there would be an appropriate method of water lifting. Now that
a properly documented'methodology has been prepared this should
facilitate the collection of the necessary data. This of course
requires that potential usars are provided with the methodology.
But prior to this it is believed the views of other experts
should be sought and if found necessary the methodology should be
modified or extended. This can best be achieved by firstly
circulating the methodology together with sample results to a
number of other organizations installing and/or operating
protovoltaic pumps, and seeking their comments. This would be
followed by a workshop to develop a consensus among experts on
the methodology. The participants in this exercise could be
selected from AID projects cnly, or more broadly. The end results
would be agreed methodology which would be applied within AID
projects involving photovoltaic pumps (which are several in
number) or if other donors and projects wers well rspresentad an
iaternational standard methodology would be the outcome. This
latter approach is racommended.

Some agencies and organizations who are currently involved
Wwith pnotovoltaic pumping and who could particpate in this
process are listed in Table 5.1.

An effective method of getting the methodology into use and
generating and exchanging useful rasults would be through a
network. Therz ara alrsady networks dealing with gasifiers,
fuelwood production and woodstoves, and a windpump network in
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COUNTRY ORGANIZATION DONOR AGENCIES
(funding pv

pumps)

Botswana Botswana Technology Centre

Botswana Renewable Energy Froiect USAID
Mali Laboratoire de l'Energie Solaire USAID
Morocco Centre de Developperent des

Energies Renouvelables (CEEK) UsaID
Zimbabwe Institute of Agricultural

Engineering
Egypt Egyptian Electricity Authority USAID
Philippines Energy Research & Development GT2Z

Divisicn - PNOC
Pakistan National Agricultural Research

Centre
Thailand Asian Instutute of Technology Various

Table 5.1. Organisations and Agencies actively
involved with photovo.taic pumping.
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ombrionic form (see Klein, 1984). Because of the large number

of photovoltaic pumps installed and operated within donor agency
programs it should not be difficult to bring network members into
active co-operation. Obviously if an expert workshop were held
this could also suggest the network establishment and the workshop
participants could become the nucleus of the network.

The network could be established by AID (or another agency)
taking the lead in setting up the network (perhaps initially
among users of AID fuﬁded photovoltaic pumps) and then inviting
others to jein in. An alternative aproach might be Zor AID to
call a meeting of donors and developing countries interested in
photovoltaic pumping, to discuss the question of whether to
establish a network and make decisions cn who might take on the

task.
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Appendixz 1. ?HOTOVOLTAIC PUMPING & MICRO-EILECTRIFICATION SYSTINM.

IN MALL
l. Wager Pumps.
sTTE DATE ORGANISATION  TECH. CHAAACTERISTIC PINANCE
INSTALLED  RESPONSILZ PONER  H4EAD FLOV  AMOUNT SOURCE
rox
MAINTENANCE (¥p) (a)  (a%74) x10%ry

& FOLLOU=07

NABASSO 1977 , MAY 900 - 21,13 20 CEc/zDr
XONt 1 t9rs ' " : 900 - 19.6 20 "
IMINTIAN 1 1978 " 1.300 - 33.6 20 cero/sor
YANGASSO 1973 " 1.300 - 22.4 13 "
SAH hospical 1979 " 900 - 14.6 16 FAC/CEC
YANGASSO 2 1979 " 1,300 - 156.8 20 "
DIENNA 1980 " 1,300 - 28 15 USA/MAV
KIMPARANA 1980 " 1,300 - 47.3 18 mvJ/cec
.1 4 1980 " 1,300 - 19.6 20 Afvp/cze
SAFOLO 1980 " ) 1,300 - 22.4 20 CZC/S08=-3
BAN MARKALA 1980 " 1,300 - 36.8 - creucr/
MAV/Village

TEZRIYAZ0UGQU 1980 " 900 - 150 18 cHDT/FED
(sur BANI)
WoRo (sur 1981 " 5,200 - 350 - DP Canada
3ANT)
T10N 1380 " 6Q0 - 17.4 22 CEAOQ
BOSSONT 1980 " 1,300 - 32.5 - czz
KORO 1980 " 1,300 - 14.3 20 oY
dASSASSO 1980 " 1,300 - 39.2 20 MAV/¥illagae
400530 1981 n 1,300 - 39.2 22
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SITE

KOTORE
¥iougoesso
woLonl
SINZARA
TOMINIAN 2
NTIESSO
NTOBA
SORONTCHA
TOMINIAN 3
TIORLI30UGOU
OIDIENI
MAUTA
SIAAKOROBA
DOUSALA

KOLOKANI
(hospital)

ROLORANI
(3ark(t)

DAMBA DIAWARA
CAF MODIBZO
RARADIE

rocm:

SI3EXORO 2

OATS
INSTALLED

1981
1981
1981
1981
’
l9st
1982
1982
1982
1983
1981
1983
1983
1983
1983
1981

1983

1981
1983
1984
1984
1984

ORCANI3IATION
REIPONSIBLE
roR

MALNTENANCE
& FoLLQWU=yP

34

11-15:
POWER

(Wp)

900
1,300
1,300
1,800

800

900

900

200

600
1,086

792

660

792
1,188

510

1,718

1,800
2,600
3,000
1,300
1,300

CHARACTIRISTIC
HEAD rLow

(a) (ad/a)

- 20.2
- 28

- 39.2
- 56

- 44,8
- 23.2
- 23.2
- 7.8
- 78.4
- 4.9
- 3.6
- 2.9
- 3.0
- 5.5
23 )

25 ]

- 60

- §0

- 120

- 30

- 30

FINANCE
AMOUNT souxce
x10ler

- MAV

- 308-¢
- cMDT

- cMOT

- cHDT
18 cMOT

- NI

- pvi

- uNoP

- uND?

- uNDP

“ uNDe

- uxDp

- FAC/ARME
- US-AID
- US-AID
- tor

- zor

- tor

- zor



NIONSONBOUGOU

MADINA EAGORG

DALLY
MAGNAMBOUSOU
SAMANKO
MENAKA

TIN AG IL 8ADJ
EABARA

BANKASS

MOPTI

YASSA (near
de BONI)

GAO (hospical)
KOLONDIEZBA
KOLOGO
FARAGOUARAN
MANANKORD
KILZITA
WELZSSZBQUGIU

BA30QUGoU
(DIORO)

DATE
INSTALLED

1984
1984
1984
1981
1982
1982

1978
1981
1980
1979

1982
1983
1983
1983
1983
1983
1983
1983

ORGANISATION
RESPONSISLE
rToR

MAINTENANCE
& FOLLOW=-yP

ASEN
LZSO
ILZS DI ralx
ILZS DE PuIX
oMM
oDEN

HAY

ASEZN
ASEN
ASEN
ASEN
ASEN
ASEM
LIso

as

TICH.
POWER

(¥p)

2,600
2,000
1,300
1,300
1,300
1,300
1,200
5,200

3,000
1,584
1,056

792
1,056
1,183

292

CHARACTERLISTIC
HZAD TLOW

(2) (237 d)

100

93
160
150

FINANCE
AMOUNT  SOURCE
x10°rr
- £or
- Tor
- oy
s SNEA
- US-AID
40 mvy
- tor
i "
10 USALD
23 USaId
- 312D
ZURO-ACTION
uNDP
uNDP
cHDP
uNDP
uNDp
BELVETAS
SHEA
USAID



SITE DATE
MICROELECTIRIFICATION
SAN (hospical) 1979
RIMPARANA 1980
(school) ;
ROLOKANT 1981
(hospical)

ROLOKANT 1982
(macernite
eclairage)

ROLORANT 1981
(maceraite
refrigeration)

17,34 -
ANSONGO 198)
(eclairage)

SOQUREM [N ALY 1982
DIOILA 1982
(Dispensary)

NICRO 1983
(eclairage)

NIORO 1982
(eclairags
cefrvigeractaeur)

SOMO0 (eclair 1982
ecols)

NTOROSSO 1983
(eclairage)
NTORQSSO 1983

(ceafrigerat)

INSTALLED

ORGANISATION
RESPONSIALE
roe :

MALNTENANCE
& FOLLOW=-TP

M.A.V.

ASEM

ENL
LESQ

ILEZS JE PALX

LIso

LESQ

36

TECH.

CRARACTI2ISTIC
POWER

(Wp)

8,300
160

2,280

66

260

40

5,760

40

132

132

132

PINANCE
AMOUNT SOURCE
xiadrr

135 TAC/COMES
- mMvy
17 sNZA
2 cIDA
- uNTCET
$1,350
63 FAC/AFME
TAC/AFME
1.320 USALD
USAZD
1.320 USALD
1.320 USALD

Q4



517t 2A7TE ORGANISATION TICH., CHARACTEIRISTIC FINANCE

INSTALLZD RESPONSIALE POWER AMOUNT SOURCE
RATATENANCE (¥p) xio’rr
& FOLLOW~UP

ZANTIEBOUGOUD 1983 40 1.320 USALD
TORAKORO 1983 LESO 40 USAID
1 er Arroandt. 1982 - 100 - -
2 ewme Arrondt. 1982 - 100 - -
3 eme Arroadc. 1982 - 100 - -
4 eme Arroudt. 1"931 - 100 - -
5 eme Arrvonde. 1982 - 100 - -
6 eme Arroadt, 1932 - 100 - -
Comm. KOULOUBA 1982 - 100 - -
Aetoport SENOU 1982 - 100 - -
Ex-Yase 1982 - 100 - -
seriaenae
Police Spec. 1982 - 100 - -
Ch.de Ter
Ecole de 1982 - 100 - -
Police
KIDI2A 1982 cm 33 0.49 e
DIBOLI 1082 cm™ 33 0.48 M
AH;IDED! 1982 cm 33 0.5¢ cryM
DAIMOU 1982 crn 33 0.49 c
MARINA 1982 cm 132 1.56 crn_
WALIA 1982 cm 33 0.43 cm
TOUKOTO 1981 cm 66 0.384 cry
RASSARO 1982 cm 3 0.51 oM
NAFADIZ KOOURA 1982 cm 3 0.48 c™
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NEGALA
RATL
Siege BANAKO

Key ASEM
LESO
CIDA
ENI
SNEA

obzn
I3RD
cm

OATZ ORGANISATION TICH.
INSTALLED RES?PONSIALE

FOR
MAINTEIRANCE
& FOLLOW=-U?

1982 cm

1979 cm

- cm

Associatior Solaire E1f Mali
Laboratoire de l'Enaevrgia Salaire

CHARACTERISTIC
POWER

(¥p)

33
12
k]

Canadian laoternationsl Development Agency

Zecole Mational D'logenieur
Societe Yacionale ZLlZ AgQL'taine
Operation Mils Mopci

Operation

International Bank for Reconstruction § Daveiopment
,Chemin de Yer du Hali

FINANCE
AMOUNT  sOURCE
x:0%7r
0.51 cr
0.10  cry

- cm

ON
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PHOTOVOLTAIC SOLAR PUMP

PERFORMANCE EVALUATION

COUNTRY: “ali LOCATION: Tioribougou

Supplied by: Photowatt Date Installed: 1383

Installed by: E1f Mali

Financed by: UNDP Capital Cost: 8410000 CFA

Maintained by: E1f Mali Maintenance Cost: Not known
(L'Hydraulique)

MANUFACTURERS SPECIFICATION
Array Rating: 1046 Wp

Qutpuc: 25 m3 per day @ 24 @ head @ 6 kWh/m2

TEST RESULTS
Date(s) of Tast(s): 22-23 Feb, 1985 Test Engineer(s): JPK, !
Date of last calibration of solarimeter: 23 Feb, 1985

flowmecer: 23 Feb, 1985
pressure gauge: Not used

Array rating: 890 Wp

Quctput: 22 m3 per day @ 24 @ head @ & kWh/mz

COST ANALYSIS

Period of analysis 15 years Discount Rate 5 P

Module lifecime 13 years | Subsystem lifecime 7.5 years
Annual vater pumped 6052m’ Ucilizaction factor . 10C%

Units Water cost $0.35/m’

COMMENTS.

Signature of test engineer(s): Data: 2 March, 1985

‘Summary Sheet - Tioridougou
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SHORT TERM SOLAR PUMP

TEST

l.ocation:

TI10HIBOUGOU

l.atitude: 130

Date: 22-23 Feb 85

Arvay wake and rating:

FRANCE PHOTON 1056 Wp Tester: Jpg, MD
Motor wmake and rating: Submersible Cell Area: g.0% o
Pump make and rating: Submersible Water Rest Level: 23 g
Time Irradiance Arvay Output | Flow lleau Hydraulic Array Subsystem System
2 pover efficiency | efficiency efficiency
H/m W 1/sec m %] % % %
11.%0 n2 576 0.83 24.7 20 8.94 34.7 3.10
1H.10 644 516 0.%2 30.3 154 8.85 3G6.0 2.65
L. 30 610 462 0.58 24.5 140 8.37 30.3 2.53
15.40 520 408 0.3% 30.2 102 8.51 25.1 2.13
16.00 502 3a8 0.29 24.4 70 7.66 20.2 1.584%
09.00 490 342 0.40 23.8 94 7.71 27.1 2.09
09 .30 616 480 0.69 24.1 164 8.61 34.1 2.94
10.00 741 624 0.94 24.7 226 9.30 36.2 3.36
10.30 866 762 1.11 25.0 272 9.72 35.7 3.46
11.00 946 804 1.14 25.3 282 9.40 35.1 3.24
11.30 975 834 1.02 31.2 311 9.45 37.3 3.52
11.40 1003 8134 1.19 25.5 296 9.19 37.2 3.42
SHORT TERM PERFORMANCE - TIORTROUGOU
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PHOTCVOLTAIC SOLAR PUMP

PERFORMANCE EVALUATION

COUNTRY: Mali LOCATION: Nonsombougou

Supplied by: Solarforce Date Installed: 1984

Installed by: Elf-Mali

Financed by: FED Capital Cost: 32632550 CraA

Maintained by: EZlf-Mali Maintenance Cost: Not known
(L'Hydraulique)

MANUFACTURERS SPECIFICATION -

Array Rating: 3816 Wp

Qutput: 132 m3 per day @ 20 wmhead @ 6 kWh/nz

TEST RESULTS

Dace(s) of Test(s): 21-22 Feb, 1985 Test Engineer(s): jPK,¥D
Dace of last calibration of solarimeter: 22 Feb, 1985
flowmecter: 22 Feb, 1985
pressure gauge: Not used

Array rating: - Wp

Qutput: 122 m3 per day @ 20 mhead @ & kWh/m2

COST ANALYSIS

Pariod of analysis 15 years | Discouat Rate 3 .
Module lifetime i3 years | Subsyscem lifatime 7.3 years
Annual water pumped 40515m Utilizacion factor  100%

Units Water cost Su.22/m’

COMMENTS.

Signature of test engineer(s): Dace: 3 March, 1985

Summary Sheet - Nonsombougou
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SHORT TE®M SOLAR PUMP TEST

Array make and rating: FRANCE PHOTON 3816 Wp Tester: JPK, ML
Motor wake and rating: Alla X Cell Area: 29.96a°
Pump make and rating: Alta X Water Rest Level: 10 m
Time Irradiance | Array Output | Flow lead Hydraulic Avrray Subsystem Syz.iu.am
2 pover efficiency efficiency efficiency
. W W 1/sec m W % % %
14.05 34 1010 2.42 18.9 448 6.31 44.3 2.79
14.27 523 998 2.33 18.9 433 6.39 43.3 2.75
15.00 518 Q61 2.20 18.9 408 6.19 42.4 2.62
15.30 470 842 1.80 18.8 332 5.98 39.4 2.35
16.00 3LH6 605 0.87 18.5 157 5.66 26.0 1.47
AHRAY CLEANED
9.40 422 1241} 3.20 19.0 GO0 9.80 48.7 a4.77
10.00 497 1484 3.68 19.1 690 9.75 a47.5 4.63
10.30 580 1794 4.53 19.4 662 10.31 48.0 4.985
11.00 675 2009 4.7 19.48 2928 9.92 46.2 4.58
11.30 ‘145 21156 5.03 19.9 982 9.46 46.4 4.39
12.00 7949 2178 5.07 20.1 1000 9.14 15.9 4.20
12.30 815 2003 3.71

SHORT TERM PERFORMANCE — NONSOMBOUGOU




iciency

)

f
N — i ———
- ——— ™ o e » -+ . - 4.)--.--~
i . " Y S
) S W PG T CHHE - -
R I R - - e wempml o
wtiam——t apomioe | b Y L-—-f-_...- v e
. I =y rt"“""""""r.k“',"‘"“'
ey i - - """"'.‘""‘.""f'l’.‘? r I i o -
3

e rer o o b o mar s femmer wi o b -
-.PI..',,,..:F. ;
bsnnen. bee

JéélfsTEM (4rrar creaming)

b e b =

I N e T ...,.}.‘..',,... . rebetes apr o
. R r,- IIL—.Lﬁ’J‘* {r'L

-hr—l.'..
D L

E CLEANING)

t
™
1
|
':
hx"ﬂ
'
.‘ 458
AP o AR
lE

o om— 4 -
. Ll l 4 -
" + ‘r_ v 1 -—e ®
: + i ; — ™
. gt dems b -e.-’.f..r‘---.. (oo it ”"'L""""f' [RY Spupepey. -
dasgd xS AR TR RSL 7 AEAR S [ SRS NI T S
i et AR | L 2 e = oo b g r— (oot -t e & !
3 s A A e I R N Iy H
. P e oo o oy om 9o b0 am m—ve pu -—7-'-.7. 3 - R R ok B , oy
BE R e~ L-~,-;ﬁ. - » L’-Ll— r-'.-.—- il - '.:- e i
— - . ‘ - . . b o
s e o v
Ve —fr
[PV PR SO S A s =g p 0= e fo e e formpepafems t ¢
R - tein e fa—e o o - — o o g - - Pt ¢ A a2
[ T P pes dei —aee e gep
o fp me wwe - Qe G ¢ w b -
2
[ SNSRI SHUSEIRS Sppupm o
. . - -
R ] L SP . N e s os [EUSY SppEetes r..-».;
- - + e oo o pot o be bamcen uam oo dibef ne b
R . i . . ‘ - .4
. - oa - evanratmin gefuos fo o [URTREG NINEELISSY Nyty NPy M SypRy PRV
. ; I .
o= . = ARRAY (apr L
. G e~ el AFTER CLEANING
b oo phrr e e fser o P LI ] ' . . - . 0
e e eetapafeseminn. L....*—-p'_.-—..—l...;j...n..—!. ""‘"""‘j.""‘_"_—"'""

! = - y, , "'rsa:r!_c:_.mxmq)
T [ e R e SRS T, FTER CLEANING)
:.'.‘:::f:i:. Sl E e EyraEN nzr_,L.«mNc.)

P Al .‘-.,__r-.., pratirativerls
0 200 400 600 800 IOOO

Solar irradiance (W/m?)

22liciency versus solar irradiance for Noasambougou

96



120 e

;1-_--;.‘—-t—-——: nj Lo od oo . . . e e et med

- - - - “ ove [P L XX .
15 ' P i i -!. ' Y
. LI B [ i v
. P I ECRY Y B ‘e IO ' ‘ . e v e
SRR SIS TRED SRR LRy DI RPN SRR e e e i) mimecnd
O S
- ‘-

YRR RS
e v b bl b
‘e et s
“ e “hee

—r
=
=
LS
E
——
=
QL ”
Q. : Lo i fifie g - .
E ) IR HIKER B N . ISRy IRy AQ IDERPIINE ) :
. . YEPUS) D Saialy Sui SARQUIS-S8 SNDEPORY IDF SR ) eder]
- ) et |+ b maf e §4es v e bt «.m r: e b ey
Q - 4 . denme SR P s I
T : T T _‘__".'? o ' [
[ . gl . % - Sl | il o) L s B dRiadl R 1o oadbdl SRARAead | -
Q E-&-O‘q&“-::-l Qo-fQJ--?- Cgt - '-..1{--... (1 e :l‘-;-
R - R R okl ‘q-loo e v b bis st e fio gt e d bt
(=1 N ";"H'*"j*';"' [Ny SQuETy SN SRR IR R
3 o | oy s | g ._,..L.‘.J. 4= Y s it Bt o pmm——
; : po % RRCERIFIN iy 1 . P e A s B
40 JAFTEEE SSPTINEYE WEILINY IRPEUPS S X TR i wmd [ me r e f e nmemet s e fimban i
g K
=] ST IRCEE EESRE FEAER B S FSREE IKESE RSRAN INARA REnk:
QL N IR Epany §mwwy gy wy Py SN R o S e o &
E . - - -‘ e bep proic g i @awyd o am. ¢ v awd e ¢ mow cumy
a j"—td--qf—- g e o f oo - — -4 o § meen o .
- -y ..;._..:..4.,_._'.........'.1 Shejomt e ie g foe i mr——]
oy -} = ..;_,..—- 1—+—- o 11 ete tbw fumm v eprte lipfums s mwme—d
c bed o R e L B Jl) 'R Vb e e e s e b R

[ TR S R /3 SN R Y DR SR |

i SIS Uneh O (RODEDAETS JEEI) O 7. D ERE RS N ! vl oie.

.. ","I —é';'-"l"i'."." B ‘:’T.LQ‘Z- pow y b e gy Lo ) .o

|..§l -} .!L,l. EEEEEERRE IREN N EEEEE NN

o oo '-J.f XD B AR ) [ A R o R i

.-ua.ssT.o.:- I [ .o . [—" f o
R PUSHPES S .o b ¢

15 00 28

Solar irradiation (MJ/m*/day)

A4 -
Volume of water pumped versus solar irradiation for Nonsombougou

97



PHOTOVOLTAIC SOLAR FUMP

PERFORMANCE EVALUATION

COUNTRY: Mali

Supplied by: Grundfos
Installed by: Mali Aqua Viva
Financed by:

Maintained by: Mali Aqua Viva

LOCATION: Tiemena

Date Installed: 1984

Capital Cost: 7500000 CFA
Kaintenance Cost: Not known

MANUFPACTURERS SPECIFICATION

/

Array Racing: 1400 Wp

Qucput: 4ac m3

ner day @

25 mhead @ & kWh/m®

TEST RESULTS

Dace(s) of Test(s): 27 Feb, 1985

Date of last calibration of solarimecter: 23
flowvmecter: 27

Test Enginear(s): JPK, MD

Feb, 1985
Feb, 1985

prassure gauge:

Array rating: - Wp

Output: 25 m3 per day @ 25 m head @ 6 RWh/mz

COST ANALYSIS

Period of analysis 15  years Discount Rate 5 <.
Module lifatime 15 yvears | Subsyscam lifecime 7.3 years
Annual water pumped 36lam’ Utilizacion factor 100%

Unics Water cost 3C.20/m’

COMMENTS.

Signature of test engineer(s):

Data: 3 March, 1385

Summary Sheet - Tiemena
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SHORT TERM SOLAR PUMP TEST

Location: TIEMENA Latitude: 12.5 Date: 27 Feb 85

Array make and rating: ARCO SOLAR M5 Tester: JPK, MD

Motor make and rating: GRUNDIFOS SUBMERSLDLE Cell Area: 9.9 y?

Puuwp make and rating: GRUNDIFOS SUMBERSIBLE Water Rest Level: 26 g

Time Irradiance | Array Output | Flow Head Hydraulic Array Subsystem Systc.zm

2 pover efficiency | efficiency efficiency
W/w ¥ 1/sec o W % % %

12.35 707 666 0.85 27.7 231 9.5 34.7 3.3
13.00 713 678 K). 85 27.7 231 9.6 34.1 3.3
13.30 670 636 0.83 27.6 225 9.6 35.3 3.4
14.00 637 606 3. 78 27.6 212 9.6 35.0 3.4
14.30 556 534 ). 725 27.6 196 9.7 36.7 3.6
15.00 486 462 ). 65 27.4 175 9.6 37.8 3.6
15.30 389 366 [).525 27.4 141 9.5 38.5 3.6
15.5%% 2806 270 ). 36 27.3 96 9.5 35.5 3.4
16.15% 243 216 ).23 27.2 62 9.0 28.8 2.6

SHORT TERM PERFORMANCE - ‘T1EMENA
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PHOTOVOLTAIC SOLAR PUMP

PERFORMANCE EVALUATION

COUNTRY: Mali LOCATION: Samanko

Supplied by: Solarforce Date Installed: 1982
Installed by: LESO ]

Financed by: A.I.D Capital Cost: 11300000 CFA
Maintainad by: LESO Maintenance Cost: Not known

MANUFACTURERS SPECIFICATION
Array Rating: 1360 Wp

Qutpuct: 30 m3 per day @ 30 m head @ 5 kWh/nz

TEST RESULTS
Date(s) of Test(s): 19-20 Feb, 1985 Test Engineer(s): JPK, MD, 0S
Date of last calibration of solarimeter: 20 Feb, 1985

flowmeter: 19 Feb, 1985

prassure gauge: Not used

Array rating: 1088 Wp

Qutput: 10 m3 per day @ 30 m head @ 6 kWh/mz

COST ANALYSTS

Period of analysis 15 years | Discount Rate 3 2.
Module lifetime 15 years | Subsystem lifetime 7.5 years
Annual wacar pumped 2336 Utilization faector 10C%

Units Water cost S1.59/m’

COMMENTS.

Signacura of test enginear(s): Date: 3 March, 19885

Summary Sheet - Samanko
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SHORT TERM SOLAR PUMP TEST

l.ocation:

Samanko

l.atitude:

12.

F,0

Date: 19-20 Feb 8%

Array make and rating:

France Photoun 1300 Wp

Tester: JPK, MD, GS

Motor make and ratiug: Alta X Cell Area: 9.52 o
Puup make and rating: Alta X Water Rest Level: 13 m
Time Irradiance | Array Output | Flow llead liydraulic Array Subsystem System
2 pover efficiency | efficiency | efficiency

W/m W 1/sec w W % % %
13.26 621 492 0.26 17.05 43 8.32 8.84 0.73
13.41 675 534 0.32 17.05 63 8.31 9.97 0.83
14.00 643 504 0.26 18.05 46 8.23 9.13 0.7
14.30 564 445 0.09 20.00 17 8.29 3.97 0.33
15.00 451 366 0.008 20.00 1.6 7.83 0.45 0.03
10.00 453 336 0.C> 18.06 9.7 7.79 2.89 0.22
11.30 680 $34 0.27 19.30 51 a.25% 9.50 0.78
12.00 740 562 0.48 18.00 85 8.26 14.6 1.20
12.30 767 s82 (.60 18.00 106 7.97 18.2 1.45
12.40 751 582 0.68 13.5 90 8.14 15.5 1.26
13.00 745 576 0.62 13.5 82 8.12 14.2 1.156

SHORT TERM PERFORMANCE - SAMANKO
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PHOTOVOLTAIC SOLAR PUMP

PERFORMANCE EVALUATION

COUNTRY: Mali

Supplied by: Briau
Installed by: LESO
Financed by: UNDP
Maintained by: -

LOCATION: Babougou

.Date Installed: 1980

Capital Cost: 7000000 CraA
Maintenance Cost: Not known

MANUFACTURERS SPECIFICATION
!
Array Raning: 250 Wp

Qutpuct: m3 per day @

@ head @ kWh/mz

TEST RESULTS

Date(s) of Test(s): 26 Feb, 1985

Test Engineer(s): JPK, MD

Date of last calibration of solarimeter: 23 Feb, 1G85

flowmeter: Not used
pressura gauge: Not used
Array cating: 170 Wp
Qutput: m3 per day @ @ head @ kWh/mz
COST ARALYSIS
Period of analysis years | Discount Rate ~
Module lifetime years | Subsystem lifetime years
Annual water pumped Utilizacion factor
Units Water cost
COMMENTS.
Signature of test enginaer(s): Date: 3 March, 1983

Summary Sheet
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Appendix 3. CALCULATION OF FRICTION AND VELOCITY HEAD

Velocity head

The velocity head is not measured. It must be calculated and
added on to, the static and friction head. The velocity head is
given by

h, = v? (AL)
7 3g
where hv is the velocity head in meters
v'is the velocity of the water at the pipe o&tlet in m/s
g is the gravjtational acceleration (9. 8/m/s®)

The velocity 2f the water at the pipe outlet is calculated from
the measured flow rate

Vo= 4 (A2)
rTa?

whera Q is the flow rate in m3/s
d is the diameter of the outlet pipe in m

Priction head

Where possible the friction head should be measured. However if
measurement is not possible the friction head can be estimated
from <he Darcy equation:

h. = 64£1Q% (A3)

2911247

wheres h= is the friction head in meters

“is the pipe length in meter§

is the water flow rate in m~/s

is the pipe diameter in meters

is the gravitational acceleration (9. Blm/s
is the Darcy coefficient

na A0 n-—o

The Darcy coefficient depends on the rcughness cf the pipes.
Plastic and aluminium have low roughness and a Darcy coefficient
in the region of 0.02; steel pipes have medium - high friction
and a Darcy coefficient in the region of 0.03.

Pipe fittings can be taken into account by assuming an equivalient
straight langth as shown in Table Al.

107



Pipe size (mm) 50 75 100

Length 'of strajght pipe with a similar head loss (m)
2lbows and bends 1.25 1.75 3.0

T-junction 3.0 4.5 6.0

Table Al. Head loss in pipe fittings.
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