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FOREWORD

This draft report presents the findings of an evaluation of stand-alone
photovoltaic (PV) projects that have been installed in developing countries
over the past several years. Key technical, institutional and financial factors
that impact the performance of these systems have been determined. A set of
application criteria are proposed for each of the following PV applications:
pumping, agri-processing, communications, refrigeration, 1ighting, and village
electrification.

This draft is intended to serve as a basis for a round table meeting of
project participants, to take place in November 1985 in Washington, D.C. The
objectives of the meeting are to: (1) review and verify the results presented
in the draft report; (2) obtain recommendations on the application of PV in the
developing world; and (3) discuss the future of PY in terms of technological
breakthroughs, economics and market acceptance. Following the round table meeting,

a final report will be developed to incorporate comments and suggested revisions.
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EXECUTIVE SUMMARY

INTRODUCTION
BACKGROUND

Photovoltaic (PV) systems have been installed in developing countries
over the past 10 years to supply power for communications, 1ighting, refrigeration,
water pumping and other basic development needs. During this period, a number of
projects and development programs have been undertaken to demonstrate and
evaluate the viability of photovoltaic systems as a remote energy technology
option for developing country applications.

This draft report presents the overall findings associated with these
systems. In addition, a set of definitive applications criteria is proposed for
the use of photovoltaics in developing countries as a remote energy technology
for pumping, agri-processing, communications;, medical refrigeration, 1ighting and
viliage electrification. This evaluation is based on a review of the experience
associated with over 450 systems in 35 countries (a partial listing of these
systems is included in Appendix A). Information has been collected from published
reports and articles, questionnaires, and interviews with key experts around the
world who have had significant developing country experience in the application
of photovoltaics. Site visits were not within the scope of this evaluation.

This work has been performed for Sandia National Laboratories (SNLA),
located in Albuquerque, New Mexico, and has been supported by the U.S. Agency for
International Development (USAID) and the U.S. Department of Energy (USDOE).

The report has heen prepared by Meridian Corporation with the sub-
contracted support of IT Power, Inc., who performed a specific evaluation of

PV-powered refrigeration systems.



APPROACH

The overall study approach consists of four primary activities. First,
the technical, institutional and financial performance experiences gained from the
operation of photovoltaic systems in developing countries were summarized. Key
factors that may impact the performance of PV systems were determined from this
summary. Next, current designs and costs were obtained, since past projects may
not accurately represent current technology. Then, comparative analyses of
conventional energy sources were performed. Lastly, the viability of PV for the
reviewed applications was considered, and a set of application criteria was
proposed. These criteria specify conditions, based on life-cycle costs in
developing countries that indicate when PV will be a viable option costs compared
with conventional energy technologies. A life-cycle cost approach was chosen
to account for technical performance over the life of each alternative system.

The applications chosen fcr review in the initial phase of this study
were selected based on the number of systems installed, the amount of performance
data available, and their likely potential for financial viability. Particuiar
attention was given to water pumping and agricultural product processing applications
because they represent "productive end-uses" of energy. That is, they produce a
quantifiable product with potential commercial value. Project experience was
evaluated, and key factors w~ere determined for each application. These factors
are the technical, institutional, and financial factors that are most likely to
have an impact on the relfable and cost-effective operation of a system, The
viability of PV for all applications was considered compared to the costs of

conventional enerqv sources (e.g., diesel generators and kerosene).

DATA COLLECTION RESULTS

Project experience was obtained from three principal sources: reports

and articles; interviews; and questionnaires. Project reports by NASA-Lewis

it



Research Center (NASA-LeRC) were particularly important to the evaluation of
refrigeration, grain grinding, and village electrification applications. The

1983 UNDP/World Bank report on small-scale solar-powered pumping systems provided

a suhstantial amount of background information to the PV pumping evaluation.

Also, a publication by Intermediate Technology Power, Ltd. (IT Power), in association

with Sir William Halcrow and Partners, Handbook on Solar Water Pumping, was a

principal reference. Significant interviews were conducted with: Anthony
Ratajczak and Richard DeLombard of NASA-LeRC; Terrence Hart, N'To Diarra, and
Richard Campbell for their experience at the Mali Solar Energy Laboratory; Bernard
McNelis and Anthony Derrick of IT Power; and Douglas Danley of Science Applications
International Corporation and Richard McGowan of Associates in Rural Development
for their independently-conducted work in Botswana.

Questionnaire responses emphasized positive and negative aspects of
each application. Approximately 30 responses were detailed enough to provide
valuable comments (thesc comments are tabulated in the applications sections of
this report). Particularly pertinent information was obtained from Papua New
Guinea, Belize, Ecuador, and several international manufacturers and dealers of
PV and PV-related equipment. Exhibit E-1 indicates the volume of system experfence

represented in this report.
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EXHIBIT E-1 PV SYSTEMS EXPERIENCE

(Reports, Questionnaires, Interviews)

Number Number
of Systems of Countries

Pumping > 140 8
Agri-Processing 1 1
Communications 40 6
Village

Electrification >1000b 10
Refrigeration 178 38
Lighting > 772 11

Does not include system experience in Papua New Guinea (PNG) because no numbers
were provided.

Includes 22 household systems in Zaire and more than 1000 systems in French
Polynesia.



OVERALL TECHNICAL, INSTITUTIONAL AND FINANCIAL FINDINGS

The evaluation of photovoltaic systems in each application area in-
dicated a number of significant common findings. These common findings were
that compared to conventional energy sources, photovoltaic systems provide
power more relifably and offer the least-cost alternative for small, continuous,

loads.

TECHNICAL

Photovoltaic Arrays

The evaluation of photovoltaic arrays considered the reliability
and performance of photovoltaic modules and array wiring. Overall, experience
was reported across all applications that the arrays are highly reljable. Data
collected by NASA Lewis Research Center on 58 systems installed worldwide between
1979 and 1984 (totalling 77.i1 kW and representing 735 system-months of operating
history) confirm the overall reliability of arrays. Questionnaire responses
consistently support this field experience.

Available relfability data have not been sufficient to discinguish
whether the primary cause of array failures have been module faflures or array
wiring failures. However, questionnaire responses have indicated that since the
modules appear to perform within manufacturers' specifications, attention should
be directed towards improving the ability of array wiring to withstand extreme
moisture conditions.

Power Conditioning Equipment

Comments from the questionnaires support the fact that carly systems
(1975-1982) had problems with power controllers, Since that time, improved and

lower-cost cquipment has been used successfully throughout the world, Neverthe-



less, the critical importance of voltage regulators, battery charge controllers,
and maximum-power-tracking electronics requires that these components receive
careful examination. These components should be chosen based on their demonstrated
field experience and the availability and cost of replacement parts. Therefore,
power conditioning equipment performance has been designated as a key factor in

PV system applications.

End-Use Devices

The performance of pumps, refrigerators, 1ights, and other end-use
devices has been the most common source of problems in PV-powered systems. Many of
the problems have related to quality control and improper application and/or misuse,
rather than serious design flaws. Also, failures have rarely been related to PV
as a power source, but they refiect generic operating experience with the load
equipment under developing country conditions. Over the last three years, new
products with better performance and durability have become available. Proper
selection and support of these load devices enables quality systems to be obtained
in all application areas.

INSTITUTIONAL

There are two overriding institutional factors in the application
of PV in developing countries:
(1) Technical expertise in the specification and application of systems,

(2) Management of technical support and procurement of spare parts for
operating systems,

Technical expertise and, more generally, application experience with PV
systems in a particular country, is the most important fnstitutional factor
relative to the viability of photovoltaic applications in developing countries.
For cxample, pumping and refrigeratfon systems, more than any other applications,
require knowledge of available cquipment, 1ts field performance record, and the

characte - of the solar resource and the Yoad, PV, unlike diesel or kerosene
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energy sources, is site- and load-dependent. Project experience shows that

few developing countries have the experience to perform resource and load assessments,
write system specifications, issue tenders and make component or system choices.

These activities should be performed by in-country engineering personnel since

they will have the most direct access to the best information relative to the site
and operating envirorment of a system. These institutional barriers are being
resolved as technical assistance and training are provided in-country personnel

to assist their management of an increasing number of installed systems.

The management of technical support and procurement of spare parts is
important for the long-term reliable operation of a PV system. Although PV systems
require less support than other remote power technologies, responsive technical
assistance with correct replacement parts is vital to any significant application
of PY in developing countries.

FINANCIAL

Current designs of PV systems in each application were compared with
a conventional alternative to determine the least-cost solution. For a given
financing rate and term, the comparison considered the average capital cost and
annual operation and maintenance cost. The results of the comparison were used
to identify when PV systems provided a viable, least-cost, application. Overall
PV systems were found to provide the least-cost alternative for low loads in
each application. Results of cach comparison are shown in Exhibit £-2.

Current PY pumping systems compared with diesel systems, showed that
PY systems provide the lecast-cost alternative at loads below 1400 md, delivering
water at a cost of $0.006/m4. Current PV agricultural processing systems compared
with diesel systems, showed that PV systems provide the least-cost alternative

at loads below 2.0 kWh/day, processing grain at a cost of $1.10/kg. Current PV
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EXHIBIT E-2 Comparison of PV Systems and Conventional Alternatives

APPLI- PHOTOVOLTAIC SYSTEM CONVENTIONAL SYSTEM FINANCING
CATION Capital Annual Least-Cost Capital Annual Fuel Type Rate Term
Cost 0& M Alternative Cost 0&M and Cost
($/Wp)  Cost Load Cost Cost (Pct) (Yrs)
1
Pumping $12 $ 80 1400 $0.006/ $1200/  $400 Diesel 10 20
m4 m kW $3.00/gal
1
Agricul. $17 $200 2.5 $1.10/ $1800/  $300 Diesel 10 20
Process. kWh/day kg kW $3.00/gal
1
Communi- $11 $100 2.5 $1.00/ $120)/  $200 Diesel 10 20
cations kwh/day  kWh kW $3.00/gal
2
Refrig-  $11 $150 16,000 $0.05/ $ 400 $853 Kerosene 10 15
eration doses dose each $1.67/gal
2
Lighting $16 $ 15 1000 $0.13/ $ 50 $175 Kerosene 10 5
lumens lumen each $1.67/gal
1
Village $15 $ 60 2.5 $1.50/ $1200/ 3400 Diesel 10 10
Elect. kWh/day kWh kwh $3.00/gal

1. Exclusive of fuel and labor costs.

2. Includes fuel costs, but neot labor costs.

communications sy<toms compared with diesel systems, showed that PV systems offer
the least-cost alternative for loads below 2.5 kWh/day, delivering power at
$1.00/kWh, Current PV refrigerators compared with kerosene units, showed that PV
systems of fer the least-cost alternative for more than 16,000 annual doses,
supplying vaccines at $0.05/dose. Current PV lighting systems compared with
kerosene units, showed that PV systems of fer the least-cost alternative for

10ads below 1000 lumens, delivering lighting at a cost of $0.}3/lumen, Current
PV village electrification systems compared with diesel systems, showed that PV
systems offer the least-cost alternative for Yoads below 2.5 kWh/day, delivering

power at $1.50/kkh,
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APPLICATION KEY FACTORS AND FINDINGST

Based on the information collected from the reviewed projects, key
performance factors have been identified. These factors are specific to each
application. They are the technical, institutional and financial factors most
11kely to negativ. y impact the application of PV in developing countries. In
addition, findings on the viability of PV in each application area were obtained.
These are summarized for each application and form the basic input to the proposed
application criteria provided in the concluding part of this summary,
PUMPING

PY-powered pumping is Vikely to be less costiy than diesel-powered
pumping for applications that have a volume-head product (the volume of water to
be pumped times the vertical distance it must be raised) less than 1000 nd. In
some locations and under certain conditions, PY has heen shown to be the least-
cost technology up to equivalent energy demands of 3000 md,

This conclusion shows a much higher range of applicability for PV
punpirg than previous studies have indicated. For example, PV pumping experts
agree that tne findings of the UNDP/World Bank report of June 1983, Small Scale

Solar-Powered Pumping Systems, by Sir William Halcrow and Partners in assocfation

with 1T Power, Ltd,, are now conservative. That report stated that PY pumping
systems were viable up to hydraulic energy demands equivalent to 250 md for

rural water supply and up to 150 m3 for frrigation app)ications.
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EXHIBIT E-3 Key Factors for Pumping

The performance of subsystems (pumps, motors, and power con-
ditioning equipment) will most 1ikely have an impact on the
reliable operation of the system.

The availability and proper use of accurate solar and water
resource data is vital to achieving predicted successful
performance.

The involvement of the end-user and the availability of
technical support is necessary for the acceptance and
success of these systems.

Financing is a significant impediment to the application of
pumping systems in developing countries.

AGRICULTURAL PRODUCT PROCESSING

The use of PV as a remote power source for agri-processing

(i.e., grinding, cutting, drying, etc.) is technically and institutionally viable.
Comparative analyses to diesel systems show that PV can be financially viable for

regular energy demands of less than 6 kWh/day, where the agri-processing operation

is carried out year-round in order to maximize the use of produced energy.

This latter parameter may weigh a decision in favor of diesel or gasoline for

most applications.

EXHIBIT E-4 Key Factors for Agri-Processing

Agri-procectsing equipment should be carefully selected to
ensure product quality, production rate, and process
efficiency.

The control systems must be simple and reliable.

Local management of the system and production facility is
key to successful application.

The availability of technical support and replacement parts
is vital to successful operation, especially during seasonal
periods of peak demand.

The high capital costs of stand-alone PV power systems
necessitate full use of available power. The continuous
availability of feedstock is critical to least-cost opera-
tion.




COMMUNICATIONS

PV communications systems are technically, institutionally and finan-
cially viable for small one- and two-module systems and for larger remote tele-
communication systems. PV is likely to be the least-cost energy source for
single-system energy demands of less than 2.5 kWh/day and for remote commercial
applications up to 10 kWh/day.

EXHIBIT E-5 Key Factors for Communications

1. The reliability of voltage regulators, battery charge
controllers and related electronic components is less
than PV array reliability.

2. Battery life influences the 1ife-cycle cost significantly.
Simple maintenance and an awareness of state-of-charge
and electrolyte levels by the user are important.

3. Financing of systems where they are competitive with conven-
tional remote power systems is the limiting factor for in-
creasing the number of applications.

REFRIGERATION

There are no significant technical barriers to the application of PV
refrigeration systems, if care is exercised in the sizing and selection of the
equipment. Cost analysis work in The Gambia shows that PV and kerosene refriger-
ators are comparable in cost on an annualized basis. PV refrigerators, however,
are more cost-effective because of their higher reliability. This results in
more efficient use of vaccines and thus a lower cost/dose, taking into considera-
tion vaccine program overhead costs. Since the refrigerator cost/dose is small
compared with overhead cost/dose, use of the more efficient PV vaccine refrigerator

is often justified.
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EXHIBIT E-6 Key Factors for Refrigeration

1. The accuracy of array and battery sizing is the key technical
factor,

2. Proper use of the system, and hence user training, has been
determined to be important to system performance. Close
coordination of applications with in-country health organiza-
tions is the principal means of dealing with this issue.

3. The cost-effectiveness of PV compared to kerosene refriger-
ators is most apparent when considering total cost/dose in-
cluding program overhead.

LIGHTING

The application of PV for individual 1ighting needs is technically,
institutionally and financially viable compared with kerosene 1amps, which are
widely used throughout the developing world. PV lighting systems are competitive
with kerosene lamps when PV systems can be financed at 10% for 5 years and kerosene
costs at the village level are $0.75/1iter or more. In addition, PV lighting
provides at least 5 times the quantity of 1ight as does a typical kerosene
lamp. Based on reports from Papua New Guinea (1980) and Zimbabwe {(1984), paybacks
on PV lighting systems range from 2 to 7 years.

EXHIBIT E-7 Key Factors for Lighting

1. The reliability and efficiency of the DC ballasts for
fluorescent tube fixtures is an important factor in lighting
systems,

2. The availability of spare parts, especially 1ight bulbs
0* tubes, is vital to system operation.

3. The ability of consumers to secure financing for the pur-
chase of individual lighting systems is a main impediment
to the widespread use of PV lighting systems.
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VILLAGE ELECTRIFICATION

The use of PV for village electrification using small individual
systems appears to be completely viable. This statement is based, in particular,
on the successful application of over 1000 systems in French Polynesia, policy
decisions in Fiji, and more than 2000 systems in Spain representing approximately
1 MW of installed PV power.

EXHIBIT E-8 Key Factors for Village Electrification

1. Failures of power conditioning equipment (e.g., inverters
in AC systems) have been significant.

2. The choice of small individual systems (30-1000 watts)
versus larger centralized systems (primarily AC) appears to
depend on the capability of institutional support.

3. Widespread use of PV for village electrification is most
dependent on the comparative costs and availability of con-
ventional remote energy sources (i.e., diesel, gasoline,
kerosene, and prim:~y batteries) and the full use of the
available power.

Financial analysis comparisons with diesel systems show that for
areas with good insolation levels and for diesel capital costs of $1500 or

more, PV systems are competitive for average loads of up to 2.5 kWh/day.
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APPLICATION CRITERIA

The costs of currently available PV systems for the applications
evaluated were examined and compared with the conventional energy alternative.
Diesel engines were the alternative for pumping, agri-processing, communications,
and village electrification; kerosene refrigerators were the alternative for
refrigeration; while kerosene 1amps were the alternative for 1ighting. These
cost analyses have been combined with the key technical and institutional
factors to develop a set of specific applications criteria. The criteria,
provided in Exhibit E-9, are intended to answer the basic question of whether
PV should be considered as an energy source for a given energy demand.

These criteria are general and are intended to help developing country
and donor agency personnel. They are provided for each major appiication area
of PV and cover general technical, institutional, and financial considerations.
If a considered application appears viable, it should be investigated by contacting
industry, application experts and knowledgeable program/project personnel to

perform a specific technical, institutional and financial analysis.
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EXHIBIT F-9 Application Viabiiity for PV {n Developing Countries

APPLICATION

VIABILITY CRITERIA

PUMP ING

The volume of water to be pumped times the vertical distance it must be raised 1s less than
1000 w4 (for certain remote applications with good solar resources, energy demands up to
3000 W4 have been shown to be cost-competitive with diesel).

There {s a high demand for water by the {mmediate user(s), and basic mechanical and electrical
skills necessary for water pumping exist nearby, or can be contacted easily from the site.

Financing or funding {s available to permit the capital cost of PV to be carried over at least
10 years.

AGR1-PROCESSING

The daily energy Jemand {s less than 6 kiWh/day, and the zverage solar resource is at least
5 kih/ml-day.

There {s a regular supply, year-round, of agricultural product to be processed.

There exists a 1ocal organization to manage and operate the agri-processing facilitv, and they
can perform basic mechanical repairs.

The cost of diesel at the processing location {s more than $0.80 per liter, and 10-year
financing 1s avaflable.

COMMUNICATIONS

The daily energy demand {is less than 2.5 kWh/day for single dedicated use systems or less than
10 kWh/day for remote commercial communication power needs.

Radio equipment has a proven record in the enviromment.

Financing 1s available for at least 5-year periods.

REFRIGERATION

The solar resource is known to average at least 5 kwh/me-day throughout the year at an
inclination equal to the latitude of the site.

There is an ongoing vaccination program that requires a “cold chain” for vaccines.
The cost of kerosene {s more than $0,70/11ter, ard more than 10% of the vaccines are damaged

over a program perioc because of the faflure of (the) existing (kerosene) refrigerator{s) to
maintain required temperatures,

LIGHTING

— .

The solar resource fs equal to at least 5 kiWh/mZ-day throughout the year at an finclination
equal to the latitude of the site.

The existing demand for Yighti~a fs mct by herosene, and users are willing to pay more for
better quality lighting.

The costs of kerosene at the village ¢re at least $0.75/11ter, usage is above S0 liters per
year/family, and S-year financing at 10% 1s availabdle,

VILLAGE
ELECTRIFICATION

The solar resource 1s equal to at least 5 kWh/m2-day at an inclination equa)
to the latitude of the site, and tota! dafly load s below 2.5 kWwh/day,

Users are satisfied with Individua) power systems and are likely to accept
1imited energy use when required.

The capital cotts for a wmall home dfese) generator are above $1500 and the cost of diese)
fuel {3 more than $0.40/11ter, Financing at 103 for JO yesrs {s avallable.




REMAINING WORK
The intent of this report is to summarize the status of study findings
regarding key performance factors, current designs a4 costs, as well as comparing
PV applications with conventional alternatives. A set of application viability
criteria are also proposed to aid developing country and donor agency decision-
makers., The next step in the study will be a review of study findings and pro-
posed criteria by industry, applications experts and donor agency off.cials at
a llounda Table Meeting. Following the meeting, comments received will Le incor-

porated into the final report.

xvi



SECTION 1.0
INTRODUCTION
1.1 BACKGROUND

In the past ten years, photovoltaic (PV) systems have been installed
in developing countries for communications, lighting, refrigeration, water
pumping, and other basic needs. Application projects and programs have been
undertaken to test, evaluate and demonstrate the performance of PY as a remote
energy technology for the developing world. Efforts have concentrated on
evaluating the technical and institutional merits of photovoltaic systems.
Principally, these projects have been sponsored by qovermments, donor agencies,
and non-profit organizations. Today, partly as a result of this field "devel-
opment” work, there are two basic perceptions about the viability of PY for
remote energy supply: the first is that PV systems are reliable; the second is
that they are too expensive. Both statements are correct, but only ¢n given
contexts. There are applications where PY has been observed to be technically
and financially competitive with conventional remote power sources,

A strong demand exists for a comprehensive and objective evaluation
of the viability of PV for various applications in developing countries, How-
ever, until now, no attempt had heen made to systeratically collect and analyze
the performance data and caperfence associated with such systems, This report
presents fnttial findings and conclusions of such an evaluation being conducted
for Sandfa National Laboratories, under the auspices of the U5, Agency for

international Developrent (USKID) and the U5, Department of [nergy (USDOLY),
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1.2 PURPOSE AND OBJECTIVES
The purpose of this study is to provide a clear indication of the via-
bility of PV systems for various developing country applications.
This work has been based on achieving the following objectives:
o Collecting and evaluating PV project performance data and ex-
perience and identifying key technical, institutional, and finan-

cial factors that cortribute to PV system performance.

e Obtaining current PV system technical and cost data for similar
applications.

e Performing comparative cost analyses to conventional alternatives,

o Developing a set of criteria for the application of PV for developing
countries.
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1.3 APPROACH

This work began by considering the type of PV applications to be eval-
uated. The general criteria used to select the applications were the number of
systems installed, the availability of data and the potential for econamic via-
bility. In this regard, special attention has been given to pumping and agri-

cultural product processing because these are “productive end-uses," or those
where the potential exists for generating income from products of the system in
order to pay for the system. The comparative cost to conventional alterna-
tives is used to determine the viability of PY for each application. Only PV
stand-alone systems were considered. A "PV system” is defined to include the
array, power conditioning camponents (controller, inverter, switches. etc.),
storage (principally battery) and end-use devices such as a water pump,
refrigerator, lights, radio, grain mill, etc.

The study is being conducted with the understanding that field perfor-
mance data are limited and what little exist are of questionable accuracy. It
1s also understood that past projects are not completely representative of
current system designs and costs, in that certain design and cost improvements
may have been rcalfzed since system installation. Therefore, the study incorpo-
rates these design improvements and past field experience, in order to estimate
current systom performance.

Performance informaticn has been collected fram three principal
sources: 1) project reports and articles, 2) end-users and/or participating
fn-country personne); and 3) manufacturers and other key individuals. Question-
naires were sent to over 300 organizations and individuals with emphasis on ob-
taining fiedd performance data and end.user perceptions about the viability of
PY. fram this information, key factors of performance have been establighed.
Key factors are those technical, tnstitutional, or financial aspects of a Py
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application that are 1ikely to have a negative impact on the reliable and cost-
effective operation of a system. Based on past project experience, current system
designs and costs for each of the major application areas were conceptualized as
"point" designs. Lastly, criteria for application viability were established
based on the comparative cost and performance of other remote energy energy

technologies.
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1.4 PROJECT EVALUATION CRITERIA

Projects have been evaluated on three basic performance factors:
technical, institutional, and financial. PV systems are considered viable if
they are more reliable, simpler to operate, and cheaper in 1ife-cycle cost than

the most common alternative. Exhibit 1-1 details these criteria.

EXHIBIT 1-1  PROJECT EVALUATION CRITERIA

RELIABLE SIMPLE CoST
PERFORMANCE OPERATION COMPETITIVE
(TECHNICAL) (INSTITUTIONAL) (FINANCIAL)

e Operating o Demand exists for e Capital cost
reliability specific product/ o 0 & Mcost
o Meets demand service e Production
e Ease of operation, o Operator skill e Life-cycle
maintenance, level matches that cost/benefit
and repair required e Competitive
e Existence and per- with conven-
formance of technical tional tech-
and administrative nology cost/
support benefit.
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1.5 PV PROJECT EXPERIENCE
The experience associated with approximately 450 systems has been

incorporated into this study. From these, 29 specific projects were selected

for detailed review based on their representative nature, the amount of available

data, or their importance to understanding the key factors of PV system perfor-
mance in particular applications. Performance summaries and lessons learned for
these projects are provided in this document. In some cases, a "project" con-
sists of many similar systems (e.g., the NASA-Lewis refrigerator field tests
total 29 systems, but they are treated as one project).

Proiect experience attests to the reliability and performance of PV
to the extent it is a determining factor in the successful operation of a
system. Degradation, delamination, corrosion, oxidation, module breakage, and
dust accumulation have not posed significant problems, indicating that current
modules have been improved. The reputation of PV in both reliability and per-
formance under a variety of conditions is justified. The performance of the
photovoltaic array, as a separate component of the systems, is not regarded as
a key factor since it is unlikely to negatively affect system performance. By
array performance, reference is made to the operating efficiency of the array

over a range of insolation and temperature,
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1.6 REPORT STRUCTURE

The remainder of this report is organized by each application under
examination. Each chapter includes an application description, current designs
and costs, comparative costs, key factors that impact system per‘ormance and
the detailed reviews of specific projects. The appendix provides summary

information regarding the questionnaires that have been received to date.
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SECTION 2.0
PUMPING

Water is a basic development need for a large proportion of the world's
rural population. The majority of this population lives in remote sunny areas with
relatively shallow water resources. They need potable water for human and animal
consumption and for irrigation. The development and application of photovoltaic
water pumping systems have been supported by many donor agencies and governments
as a technology with a strong potential for meeting these needs. A review of the
experience with more than 140 pumping systems indicates that this potential is
being realized.

Project experience has been reviewed to determine the key factors that
most influence the performance, and ultimately the viability, of PV water pumping
systems. The key technical factors have been found to be (1) the reliable per-
formance of the subsystems, such as the power control units, regulators, pumps
and motors and (2) the availability and proper use of accurate solar and water
resource data. Historically, there have been very few PV module-related failures.
Early systems exhibited some subsystem quality control problems, poor envirommental
protection, and some misapplication problems. Electronic and pump component
design improvements have occurred in the last several years. Several field-
proven systems are now available. The most significant technical factor 1s
the quality of site-specific solar and water resource data. Individual systems
have exhibited poor performance resulting from errors in these basic data. As
experience with systems accrues in a country or region, solar and water resource
information will be better understood.

The key institutional factors are the involvement of the end-user and
the availability of technical support. The simplicity of PV and the standard
technology of pumps has been shown to be casily understood by involved users
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and host-country technical organizations. Institutional barriers are primarily
a function of lack of experience. As such, they are being resolved as the number
of systems installed in a country increases.

The most critical factor to the current application of PV for pumping
systems is financing. The high capital costs of PY have been referenced in many
questionnaires. Cost-competitive applications will need financing to pemit
rea]izafion.

The results of this review indicate that PV water pumping systems are
reliable and likely to be cost-competitive to <iesel for low-flow and low-head
applications where the product of volume and head is less than 1000 m?. However,
project experience has indicated viability in certain locations where demand is as
high as 3000 m*. The major impediments to the widespread application of PV
water pumping systems are awareness of the technology, application experience,

and financing.



2.1 APPLICATION DESCRIPTION

A photovoltaic-powered water pumping system consists of three basic
components: the PY array, which converts solar energy to electricity, the pump,
and the drive motor. These components are designed to operate together to max-
imize the overall operating efficiency of the system. A controller is often used
to regulate and condition power and to protect individual components. Energy
storage; most commonly thought of in the form of batteries, is seldom considered
for PV water pumping systems because of the losses in efficiency and higher
system costs. Water storage is usually the best means of energy storage for
periods of 1ow insolation and high peak demands.

The design of a system and choice of components is determined as a
function of the solar and water resource and the demand for water. In general,
well depth and water demand determine pump and motor choice. Array size and
power conditioning requirements follow from total energy demand, motor design,
and solar resource. There are four basic types of pumping systems. They are
depicted in Exhibit 2-1.

Photovoltaic water pumping systems 1ike those depicted in Exhibit 2-1
have been developed and field-tested for the past 10 years. Estimates are that
approximately 1200 are installed worldwide. A benchmark study was performed for
the UNDP and World Bank on PV pumping systems from 1979 through 1982. The study
[(Ref. 1], which is reviewed in this report, concluded that PV pumping is cost-
competitive to conventional fuels for low-flow and low-head conditions. Two
important field-based demonstration projects in Mali and Botswana are to be
concluded in 1985. These two projects represent over 6 years of field test
experience with over 100 PV pumping systems. Final project reports on this work,
expected in the fall of 1985, will provide more detailed findings and background.
The Mali and Botswana experiences have been reviewed through interviews conducted
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Submerged motor/pumps with centrifugal pumps, often consisting of several
impellers and therefore termed "multi-stage."

A submerged pump with surface-mounted motor. Figure b shows a centrifugal
pump, although this could equally be a positive displacement pump, in the
form of a reciprocating piston pump or progressive cavity pump.

Floating motor/pump units with centrifugal pumps.

Surface mounted pumps with a self-priming tank. Positive displacement pumps
have better self-priming characteristics than centrifugal pumps.

EXHIBIT 2-1 [Ref. 2]
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with key engineering managers from these projects.
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2.2 CURRENT DESIGMS AND COSTS

PV-powered pumping system technology has improved significantly since
the extensive work by Sir William Halcrow & Partners and Intermediate Power
Technology in 1983 [Ref. 3, 4]. Efforts have concentrated on simplifying
components, increasing reliability and reducing costs. For many pumping
applications, these endeavors have been quite successful.

Improved power conditioning has achieved better matching of the array
and pump/motor operating characteristics. Battery use has been limited to only
those installations where pumps require high surge currents to start. Experience,
thus far, has shown that low-head apnulications are the most reliable and cost-
effective applications of photovoltaic pumping systems. Some small pump systems
have adopted DC brushless motors, either surface-mounted or floating, driving
single-stage centrifugal pumps. The effort to develop larger, submersible DC
brushless motors for larger-head applications has had limited success. Thus,
for large-head applications, manufacturers have turned to synchronous AC motors
driven by DC-to-AC inverters, achieving a very good record of reliability and
performance.

The prices of PV pumping systems have dropped dramatically from about
$30/Wp in 1978 to as low as $12/Wp for systems procured in Mali {n 1983 [Ref. 5].
Exhibit 2-2 is a selection of PY pumping system specifications and costs that

were obtained during the course of this study.



EXHIBIT 2-2 PV Pumping System Prices! [Rev. 6, 7, 8, 9]

Performance Pump/Motor Array Size Insolation Cests Specific
Requirement Type (Peak wWatts) (kwh/m/day) ($) ($/Wp) Capital
(volume head) Cost (ScC)2

230 m3/day,  Centrifugal, 516 6 7100 13,7 1550
2 meters Single-Stage,

NC Brushless
13 m3/day, Centrifugal, 85 6 1000 11.8 2612
3 meters Single-Stage,

DC Brushless,

Floating
76 m3/day, Centrifugal, 770 5 9000 11.7 1097
11 meters DC Motor Drive,

Surface Mounted
70 m3/day, Centrifugal, 1500 - 20000 13.3 1078
27 meters Multi-Stage,

AC Submersible
30 m3/day, Centrifugal, 1500 - 20000 13,3 1045
65 meters Multi-Stage,

AC Submersible
25 m3/day, Jackpump 8n0 - 11000 13.8 1318
34 meters DC drivern

Average 12.9 1450

1. Based on system prices from 1983 to 1985,
2. Specific Capital Cost = (system cost)/(pqVH)

There ard two useful parameters to consider when evalyating the cost
of PV water pumping: (1) the high capital costs required for purchasing the
system and (2) the Vife-cycle costs.  The Handbook on Solar Water Pumping (Ref,

10) uses a Specific Capital Cost (5CC) value a4 an indication of the puyrchase

costs and a Unit wWater Cost (UWC) for the Vife-cycle cost of pumped water,
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C
SCC = "pgVH , where

[
| ]

installed cost of the system

density of water

)
n

gravitationa)l constant

L7=]
]

V = average volume of water pumped per day

H

averaqge head

The SCC results in a cost per unit of hydraulic energy, It is depen-

dent on the cost of 'he PV array, the insolation at tne particular site, and
the demand characteristics. It fs a useful factor for comparing the capital
costs at one site with another and for comparing PV against other power sources
for pumping applications. In a similar manner, a UWC value ($/m*) can be

produced as a function of insolation and assumed life-cycle cost parameters,
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2.3 COMPARATIVE COSTS

The costs of PV-powered water pumping have been compared to diesel-
powered water pumping for various loads and equipment costs (using a 10% discount
rate and 0t inflation), Exhibit 2-3 details the parameters used to generate the
curves in Exhibit 2-4,

Exhibit 2-4 can be used to determine actual water cost, in terms of
§/md, by multiplying the UJC ($/m}) by the head associated with the given applica-
tion, The graphs show that beyond a hydraulic energy requirement (the volume-head
product) of 600 m%, the UWC for PV systems becomes independent of the load. At
very low loads, both Py ang dvesel pumping costs rise because the financing costs
must be recovered over a relatively smaller amount of delivered water, However,
PV coste increase at a <lower rate than diresel costs because Py, unlike diesels,
can be procured in very <311 and specific power Capacities,

1O 1s appartent that ot lowe hydraulic énerqgy demands, below BUO m‘, the
capttal cost of both Fy and dtecel equiprent 19 a determining factor in the
CHotCe Betmern i and Mecel,  tnfortynately, very 110tle fleld data 15 available
on the price of ¢mall diesel engines and pu=ps, Lata o2V lested during the Course
of this stydy 18 respurie Lo She questiunnatres 15 provided ta famibte 2.4, The
Tahle <home Uhal There 14 a3 wide vartation tn dtese) couty Crom one counlry toO
another,  The lack ot any Alesel data on yatte Ve than ! bu cOrresponds to the
Vimited comewrctal avattabtdiey of smallasugzed diecels,

SeiAg cott oatuygtilions af Y1000 and $1000 (low and hIgh, respectively)
for drese) pumptrg Systere and cytrent by osystees prices of §17/up, 8 C1ovs-0ver
Between diesel ard by wicury 3t demands of apprarimately jouvo mr, belue this
demand level, o owtl) most Yoeely e the least-cnust teehnolagy, Abuve JOUH i
demand, Mesel widl ottt Tbely fe the leastaend?t technnlogy, U 1S teportant to
AGle thatl 1hadependent, fleld tacted, cost analyses of by versys diesely per formed
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EXHIBIT 2-3 Cost and Performance Parameters for Pumping Systems

PV_System
Cost ($/Wp) Life 08M4
Projectedl  Average? High3 (Years)  ($/Year)
PV Array 6 8 10 20 50
Pump/Motor> 2 3 4 7 30
Installation 1 1 )|
Total 9 12 15

1. Target cost achievable within the next 2 years.

2. Based on no batteries, minimal instrumentation and no well contruction costs.
3. Based on small volume orders.

4. O08M 1s irrespective of labor.

5. 40% efficiency based on UNDP testing results ranging from 25% to 45%.

Diesel System [Ref. 11]

Cost Life 0&M! ($/Year)
Low High (Years) Low High
2.5-kW Diesel? (§) 1000 3000 73 200 400
{IncY, pump, diesel
and installatfon)
Fuel ($/9al) 1.50  3.00

1. 08 fs frrespecti  of labor
2. Operating efficiency s 61 for low case and 91 for high case.
J. Life ot the diesel and pump,
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EXHIBIT 2-4

COMPARATIVE UNIT WATER COSTS
PV System Costs ($3.00,’Wp)
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EXHIBIT 2-5 Diesel Engine Prices As Recieved From Questionnaires

Location Capital Cost ($) Size (kW) Cost ($/kW)
Antigua 2960 7.5 395
Belize 5000 4 1250
Botswana 1170 3.4 344
Djibouti 1525 4 381
Lesotho 900 6 150
Lesotho 6000 20 300
Lesotho 2510 10 251
Senegal 1710 7.5 228
Zaire 3000 4 750
Zimbabwe 4700 7.5 627

by McGowan in Yemen [Ref. 12] and Danley in Botswana [Ref. 13], showed PV to be
the least-cost pumping energy technology for demands of 2500 m? and 3000 md,
respectively. These results serve to emphasize how parameters such as insolation,
diesel engine costs, diesel fuel costs (including transportation charges), and
maintenance and repair costs are highly country- and site-specific.

In summary, PV pumping is 1ikely to be less costly than diesel-powered
pumping when the hydraulic energy demand is below 1000 m?, In some locations
and under certain conditions, PV has been shown to be the least-cost technology

up to equivalent energy demands of 3000 mA,
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2.4 KEY FACTORS

The performance of PV water pumping systems is dependent primarily on
the reliable function of the equipment and the cost of the delivered water.
Many PV-powered pumps have performed well in the field. Common to these systems
has been the use of field-proven pumps, simple controls (if any), and the active
involvement of the user. However, there have been many other PV pumping systems
where problems have been experienced. Based on the experience with PV pumping
systems over the past years, certain key technical, institutional and financial
factors that are most likely to have a negative impact on the cost-effective
operation of PV water pumping systems have emerged. They are as follows:

® Reliability and performance of subsystems, principally of the control
electronics and pumps

e Solar and water resource character - determines ability to design
a system to meet demand

o VUser participation and expectations

e Communications and management infrastructure to provide technical
support and spare parts

e Cost and availability of conventional fuels or electricity

2.4.1 Reliability and Performance of Subsystems

Pumps and Motors

Althouch most pump/motors used in PV applications have been custom-
designed to be used 1n conjunction with PV, these components have been the major
source of faflures, Bearings, seals, running dry, overloading, drive shaft
vibration (submerqed centrifuqal or progressive cavity), impeller clogqing,
breken push rods, packings, and qland seals are the most common fajlures, Most
can be attribut-d to any or all of the following:

e Insufficient wel) yield

o Quality control of the ecquipment or installation

o Misapplication of pump



These problems are not indicative of significant PV pumping technoloqy problems.
Rather, they are typical of standard pump operating experience [Ref, 14], Field
experience shows that with technical supervision during application and installa.
tion, pump/motor sets will generally perform to user satisfaction.

Actual performance, on the other hand, often has not met manufacturs

ers' claims. In some cases, pump performances have been observed to be from )0

to 20 percent below manufacturers' pump curves, according to recent experience in
Mal{ and Rotswana [Ref, 15, 16]. The specific reason for this i< not known at this
time, but sources indicate it will he discussed in their documentation that is
scheduled to be completed this fall, These performance findings are not unique

to PV pumps and qgenerally typify field performances of commercial pumps powered by
conventicnal power sources.

Low-head centrifugal pumpe (Exnibit 2-1 ¢ or d) that are directly
connected to the array have performed well,  Jackpumps, on the other hand, require
some form of power conditioning to match the array to the motor, Cornentls have
been made that sophisticated electronics are too high of a reliatility rishk and too
costly to warrant wide usage [Ref, 17),  However, an investigation by Danley [Ref,
1B) showed that a4 mysimum power tracker 14 ecconomically Justified on o Yfe-(yole
cost analysfe ysing 4 postive dreplacement puma,  Felfability daty are, sfeverthe-
less, presently inoufficient to draw any conclustons,  Jacipumps and other pusitive
displacement pumps such a0 gear-type or progressive cavily compete favorably on a
technical basiy with subrersibles in deep-wel) applications because of high
efficiencies,

The most wignificant technical developtent for BV pumbing Ly stems has
been tne dovelopment of high eftictiency DU hrygshless Patars,  These motors yse
DC power direct freom the array and have no matntenance assoctated with them sinfy

they have no bryshes,
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DC brushless motors are becoming more available (in larger sizes),
reliable, and cost-competitive. DC brushless motors are electronically commutated
and at least two manufacturers offer low-head, low-flow PV pumping systems (300
md at $12 to 14 per Wp). The use of DC brushless pumps should continue to in-
crease over time,

Two significiant factors contributing to common pump failures are over-
loading and "running dry." The first condition is caused by sediment in the
water or other restrictions that increase the load on the motor. It has resulted
in broken components, overheating, and motor burnout. Increasingly, manufacturers
are providing overload and high temperature protection on pump motors.

Pumps that lose suction may overspeed or overheat. For directly
coupled arrays and pumps, the highest demand generally occurs at solar noon.

Well capacity must be capable of matching this regulated demand. Low water level
protection is a method of protection against this condition; however, this feature
has not been commonly offered with pumping systems. Accurate and PV-specific well
yield tests should be performed where the systems are designed to operate near
well peak y1é1d rates. Protection against low water level should be considered.

2.4.2 Solar and Water Resource Character

Pump performance is heavily dependent on the character of the solar
and water resources. The relation between solar insolation, the dynamic and
static water levels of the well, and the water demand determines the cost and
production of a pumping system. This cost is most often dictated by the required
array size.

Array sizing is a function of accurate solar data. It represents a
key factor in the viability of PV pumping systems. Erroneous estimates of insola-
tion have resulted in underpowered or overpowered systems, This fact has caused
some systems fail to meet the demand or to be excessively {and unnecessarily)
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costly. Relative to PV system cost, solar and water resource evaluation is
almost always justified.

Predicting the performance of a PV pumping system and evaluating
manufacturers claims are difficult tasks. Performance claims are best
evaluated against actual country-specific operating data. For example, in Mali,
a considerable amount of PV pumping performance data has been collected that now
serves as a performance data base to specify and evaluate systems.

2.4.3 User Participation and Expectations

The involvement of the end-user has proven to be an important factor
in the maintenance, troubleshooting, and water management of the system.
Feelings of ownership and responsibility are key to successful systems. “Experience
shows that the more the local community can be involved in the installation and
running of a system, the more committed it is likely to become to the project's
success.” [Ref. 19] The users expectations are also a key factor in the success
or failure of a system. For example, the use of drip irrigation versus flood
frrigation requires the user to adjust to new irrigation methods along with a new
technology. The distinction between the two often is not understood by the user
(the fact that water is dripping and not flooding is perceived to be a failure of
the PV, not an alternate irrigation method). The effective management of PV
energy requires the user to understand the 1imits of 1ts supply. The use of
pumped water for irrigation or village water supply is a socio-political issue
for any installation.

2.4.4 Management and Communications Infrastructure

The ownership and organization of a new facility requires cooperation.
Especially in communities with 1ittle history of "managing communal projects
sufficient time should be allowed to work out a scheme that will assist the

community to deal with issues of implementation and management." [Ref. 20)
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It has been observed that PV pumping systems suffer under the same in-
frastructure problems as do other remote power technologies. Management of
technical support and spare parts is the most key factor to successful continued
operation of remote power systems. Under equally poor infrastructure, PV systems
are most likely to be more reliable because of the small amount of maintenance
required and the reliability of PV arrays [Ref. 21]. In the development and
testing world in which PV pumping systems presently exist, the most relfable
systems have been those placed under the responsibilfty and funding of renewable
energy laboratories or universities.

Communications from site to technical support are crucial. Incorrect,
inadequate and unresponsive technical support, resulting from poor communication
between system suppliers and the us2r or field technicians has resulted in down-
times of more than one year.

2.4.5 Costs and Availability of Conventional Energy

PV pumping systems have been installed for two principal reasons: (1)
testing and evaluation, and (2) the unavailability or the cost of competing
energy. Most performance information is available on those systems used within
labs or testing facilities where the cost-effectiveness of the system was not a key
factor in the purchase decision. Funding in these cases was obtained from govern-
ment sponsorship, grants or donations. Many other applications have occurred
because PV was the least expensive option, within the user's 1ife-cycle perspective
or because the supply of fuels is unreliable. However, performance data does
not exist on such systems as to the amount of water delivered under a certain
range of conditions.

As stated carlier, final reports from Mali and Botswana are expected
to he out in Fall 1985, and from these, performance predictions of pumping systems
may be more accurately detrrmined. At this time, a 15 percent performance reduction
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estimate is proposed to be applied to estimating output of current systems under
a specified set of conditions.

Financial comparisons of PV systems with diesel are understandably
site-specific. In Botswana [Ref. 22], in areas with hydraulic energy require-
ments as high as 3000 m, PV has been evaluated to be the least-cost alternative.
The study was based on field operating experience with diesel and PV pumping
systems. In other circumstances, PV is the only reasonable power available, as
in the Somalia famine relief refugee camps [Ref, 23].

Pertaining to comparative costs, a report by Sir William Halcrow and
Partners [Ref. 24] states that "the important point is to recognise the true
value of recurrent costs, the problems they impose on aid recipients and their
impact on the success or failure of a project.... Solar energy may offer the
best option provided that efficiently managed credit is available to defray the
capital costs of this technology."” A final important point is made pertaining to
the impact of potentially lower future costs for PV systems. As the cost differen-
tials between PV and other energy technologies decrease, the field experience of
their social impacts will be an increasingly decisive aspect of technology appraisal.

There 1s general agreement that the UNDP/World Bank report of 1983 is
now conservative in its range of economic viability for PV pumping. Estimates
by Richard McGowan of Associates in Rural Development [Ref. 25] are that PV should
be considered when demand is any amount lesstian 1000 M (e.q., 35 m3/day at 35
meters head). Bernard McNelis of IT Power, in a recent briefing to the World Bank
(Ref. 26], stated that photovoltaic pumping systems are economically attractive up
to about ? kW. This translates to a hydraulic energy demand of about 1700 m4.

It should be noted that this will most 1ikely apply in low-head (less than 5

meter) applications.
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2.5 REVIEW OF SIGNIFICANT PROJECTS

This review of the field performance of PV water pumping system is
based principally on the project reports and interviews with key personnel
on the performance of pumping systems in Mali, Botswana, India, Eqypt and the
significant pumping evaluation work performed for the UNDP and USAID. It is
also based on comments received in the questionnaires on 29 pumping systems in
16 countries.

The following pumping projects have been reviewed in detail for this
report:
UNDP Pump Tests
Mali Solar Energy Lab
Sadat City, Eqgypt--Desert Development Project
Botswana PV vs. Diesel Study
Remote Village Pumping System in India

Mali Aqua Viva Program
Questionnaire Responses

2.5.1 UNDP Pump Tests [Ref. 27, 28]

A major pumping evaluation was performed from 1980 to 1983 on photo-
voltaic pumping systems by Sir William Halcrow and Partners with Intermediate
Technology Limited. The studv, which was funded by the UNDP, also resulted in a

1984 publication Handbook on Solar Water Pumping, which describes the technology,

1ts application, and its economic viability. The following quote is taken from
this handbook, based on installed system costs of $15 to $23 per Wp.

"As a general approximation it can be shown that solar pumping
systems for irrigation are beginning to become cost competitive
compared to diesel pumps in situations where the peak daily water
requirements are less than about 150 m® (for example 30 m3/day
through a head of 5m) and where the minimum monthly average solar
irradiation is greater than about 15 M)/m¢ per day [4.2 kWh/ml-day].
For windy locations where the minimum minthly average wind speed {s
greater than 3 m/s a windpump would be a cheaper option.

“Similarly for rural water supply applications solar pumping
systems are becoming cost competitive compared to diesel pumps
where the average dafly water requirements are less than about
250 m¥ (for example 25 m3/day through a head of 10m) and where the
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monthly average solar irradiation is greater than 10 MJ/m per day
[2.8 kWh/m-day). Windpumps are generally cost competitive at
17cations with minimum monthly average wind speeds greater than 2.5
m s."

2.5.2 Mali Solar Energy Lab [Ref. 29, 30, 31]

During the past five years, a subtantial amount of field work has been
performed by the Mali Solar Energy Lab and related organizations in Mali, Over
80 photovoltaic pumps have been installed in Mali. Unfortunately, few publicly
disseminated reports have come out of the lab. An interview was conducted with
N'To Diarra, the former head of the PV research group at the lab.

Mali experience has concentrated on centrifugal pumping systems, both
low- and medium-head. No jackpumps have been evaluated according to Mr. Diarra.

There rave been very few problems with PV arrays. Most performance
difficulties have come from the pumps and electronics. In multi-stage vertical
turbine pumps, vibration in the connecting drive shaft (surface-mounted motor and
submerged pump--Exhibit 2-1b) has caused at least one broken shaft. For shallow
well applications, centrifugal pumps are preferred since they provide the best
electrical match to the array. Direct electrical coupling is desired in order to
avoid sophisticated electronics. Data on the peak yield of the well and low-
level water controls are two of the most important system design requirements,

Maintenance and technical support 1s most hampered by inadeguate and un-
responsive communications from the site to the manufacturer. Emphasis must be
placed on training engineers in PV pumping system technology to perform trouble-
shooting, repair, an¢ maintenance management.

There have been no user rejections of the systems, Demand is usually
more than supply and this fact tends to lead to user dissatisfaction. Furthermore,
because of the common failure to perform a “full system design,” which incorporates
sanitation considerations, users perceive problems with storage tanks, distrihution
systems and runoff systems as beinqg failures of the PV system,
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On performance and costs, a 1983 tender attracted bids of US $10 to $12
per Wp CIF Bamako. This included array, pump, structure, and wiring for an instal-
lation to produce 30 meters head at flows of 20 to 30 m3/day. This results in
a specific capital cost of $0.016 to $0.013 per m? at volume-head products of
600 m¥ to 900 m4. This is more than twice the upper 1imit of the “viable"
range specified by Halcrow; however, Mr, Diarra indicated that the decision to
install pumping systems was of a political nature to show “real development,”

The chofce of PV was necessary because of the unavaflability of any other fuel,

2.5.3 Sadat City, Eqypt - Desert Development P oject [Ref, 32, 33, 34, 3%]

The Desert Development Demonstration and Training Program utilizes an
8 feddan area (10 acres) for renewable enerqy/agricul tural development worh, The
site has been entirely powered by a 10-kkWp and a 3-kWp photavoltaic array since
1981, The 10-kWp array supplies 220-volt, 50-Hz power throuch a KOYA inverter
to the headquarters building and an AC submersible pump at 43 meters of head,

It includes RA.B tWh of Exide hattery storage, The 3-kWp system provides power
exclusively to a positive displacement deep-well pump with DO motor and a booster
pump for frrigation.

The array has performed reliably with average datly conversion efficiency
of 7.2?2 percent, The decp-well AT submersidle pump has aleo performed well, The
positive displacement screw puap has run reltably without fatlyre since mid.) 9464,
Prior to that, escessive mechantical vibrations tn the drive shaft of the pump
prevented continuous operation and resylted tn a number of pump fatlyres, Addi.
tional drive shaft stahiliring bearings were added and the pu=: operates with an
averaqe of 6UT efficiency. Significant esperience wit aleo obtlatned with the
hattery systems, Mr, fadel Assabghy, who (s responsible for the PV power Systéenms
at Sadat City, has fndicated that battéry mafntenance myst be tended to with

unfailing reqularity,
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2.5.4 Botswana [Ref, 36, 37]

A study was performed, based on actual field data, on the question of
the economics of PV versus diesel for water supply in rural Botswana. It was
based on more than 3 years of actual field experience in the maintenance and
operation of diesel-powered water supply systems,

Fuel usage, the cost of reqular maintenance, the initial costs of the
system and the replacement of individua)l components were considered, The study
compared a 6-4W single-cylinder diesel engine and rotary screw pump with a photo-
voltaic power system and permanent magnet DU motor powering the <ame pump., The
study found that “there are no significant mechanical obstacles to the introduction
of PY water pumping into the country..,.The one question...is cost.” [Ref. 14)

The study pointy out that a significant technical consideration for
the application of &4 14 the Dorehple peab yledd character, In a typical applica-
Lion, 4  astmum Jevant of ¢ te b mPOne wil) occur at solar noon on ¢ear days.
Borenule yreld tecty often Indicate thatl this rale 15 higher than the weell recovery
rate, and trye tre well wiuld dey ooty well fead yrtelds may 1n fact Be a ¢ighy-
frcant dimvnrrg factor o the applications of by systeme,

Arother pertinent destgn fartor 15 The yir Gf ealsting pu=py and welly
to capitatize on avy equtieent tefrasteycture,  The dedign offort to do 10, however,
regilres Gur? corvunlcation belween Whe ciqutpeent Sybbliers ard the ncm, -

L Contiegoys Ayscnyunting’ titeatycle cust analygets, based oh a ¢ percent
rPEA) Aticnunt Fate art A SUsyear 1ife, chowedt that B4 Ve ecoronically competitive
with dicte! enjire ¢yiteme 3t the bFeient Uime, Hlesel cosle ranged fro= $5.2)06/m)
for Jiun e roarautve datly efergy deard o §0 0rlomt for 1600wt kparagdic
Bally ercrgy demar?l, (emparalive cotts for Py were $0,099 00! ang §5,300 000
respectively.  The repart alio tlateds that "3l of the yRIt costy {BV) ercept for

the desert vitlage D000 rﬁ} wite helow The Cutreht (¢ e tharged for waléer 3ng

ol
»
"]
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there are no associated labor costs.” [Ref, 15] This covered an analysis of
borehole volume-head products of 150 m% to 1368 m*, PV initial capital costs for
the system were $13 to $14 per Wp for 150 m* to $11 to $12/Wp for 3000 m*, (This
range of economic competitiveness is significantly higher than any previously
reported werk and 1t may be due in part to the use of existing pumps and infra-
structure to desiqgn, produce and i1nstall the systems,)

2.5.5 Remote Village in India [Ref, 38)

The installation of a photovoltaic pumping System (from 1979-1982) in a
rural ]ndian village ratsed many i{mportant socio-economic {ssues. These involved
byreaucratic and agministrative problems, villager integral participation, and the
ownership and management of faciif{ty and water,

The choice of the Py system was Dased on the past esperfence and tech-
nical Yimite of other water puaing technologies, Two villages in the ared had
dresels, but high incidende G breabdomn and irreqular fue)l avaflability outweighed
the value of the a=nuot of pu=pet water,  Fullocks could not be used because the
waler Cebth wis 15 ometere,  RHionac would require cattle to be coralled to collect
matyre ard the recyulting questions of enerdy ownerchip and dfstrihution were
Levere,

The Systere was 1nctalled following a Yorg and gV fficult buregycratic
ang ad=tarcteative strygyle,  Trancpirt of the equipaent, tysto=s, drilling of
the wrll, testing of the yield, and well caving were 3 few of e tashy that
progresied stomly, TR oGre pltastioh, maragesent Groble=s and tribe rivaley
resylted 1a violerce, Tre folliming conglysions were feathe!t

"Lytk A protert (euld fiever e sufcecsfyl withogt the ¢lose

folloming and constant pressure of people alten to the village
but fully accepted by 18,,., & stlar waler Managesent commit-
tee cace 1nta bietng by consentys for the best and fatrest A6~

tribytian of solar water and has Mmanaged Lo Satisfy contradgice
tory neéeds”
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At the published time of this article, the systen had provided irrigation for
one successful winter crop.

2.5.6 Mali Aqua Viva Program [Ref, 39]

In May 1974 the Mali Aqua Viva program started in cn effort to provide
some forage for animals and water supply for the local minister., In 1984, over
900 manual pumps, 4 diesels, and 30 PV-powered pumps were installed and operating,
The thirty pumps deliver more than 800 m3 per day from a depth of 20 meters. The
peak installed capacity of PV power is over 48 kW. The following table gives the

type and number of the installed systems:

30 pumps 39,0 kW

Hospital Power 8.6

4 Refrigerators 0.6

Classroom Lighting 0.2

Religious Mission Lighting 0.1
Total BT kW

Based on the operating experfence with the pumping systems 1t has been
calculated that the cost of water from the PV pumps for one year was 3.1 Ff/m3
(0,34 $/m3) compared to the manual pumps (foot operated) of 1.42 Ff/m3 (0.16 $/m3),
The cost of the solar pump waes six times that of the manual pump. However,
the volume of water produced was not comparable, The PV system produced 30
m3/day and the foot pump & to b ﬁ]/ddy; therefore, more foot pump installations
would be necessary. Also no cost was associate with the manual pumping lahor,

The most {mportant information to come out of this work thus far has
been the cost of Infrastructyre, on a unit pump bhasis, for operation and main-
tenance, For the Py pumping systems, 4R70 Ff/year/pump (530 $/year/pump) was the
¢ost of matntenance and operation for 30 pumpes,  The costs are expected to he
able to e redyced to 1008 ol /ycar/pump (330 S/ycar/pump), which ¢ six times more
than manual purp, but Ao ylelds sis times the volume of water, Therefore, the
indication 14 that per equal voluyme of water, PV and manual pump systems require
the same cast level af sypporting infrastructure,
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Comparisons to diesel were performed. The results were that at the size
of a 5.2-kW system, PV water pumped from 10 meters depth costs 0.65 Ff/m3 (0,07 $/m3)
at a rate of 350 m3 per day while diesel-pumped water costs 0.50 Ff/m3 (0.06 $/md)
at a rate of 50 m3/hr. The level of maintenance was not included in the comparison.

2.5.7 Questionnaire Responses

Questionnaire responses provided 1ittle field operating data on systems
such as amount of water pumped and insolation over a given period. Manufacturers
performance claims were often referenced,

Exhibit 2-6 presents the comments received from the questionnaires
that pertain to PV systems and components for the three areas of evaluation,

Based on the small sample size and specific nature of the comments, the only

valid information that can be understood is the number and nature of comments in

one area conpared to another. On this basis, one can see that respondents mentioned
the relfability of PV more often than any other comment, The majority of negative
technicayl comments were related to controls, requlaters, and inverters--in other
words, the electronics. Other comments were seen to reinforce what were already
perceived to be key factors., These are technical and management support for

repairs, procurement of spare parts, and operator training,
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EXHIBIT 2-6 Questionnaire Comments Pumping Systems
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10.

11.

12,

13,

14,

PUMPING REFERENCES

Sir William Halcrow & Partners and Intermediate Technology Power Limited;
Small-Scale Solar Pcwered Pumping Systems: The Technology, Its Economics
and Advancement-Main Report; UNDP Project GL0O/80/003 executed by the
WorTd Bank; Swinden, United Kingdom; 1983,

Intermediate Technology Power Limited and Sir William Halcrow & Partners;
Handbook on Solar Water Pumping; UNDP Project GL0O/80/003 executed for
the Wor d Bank; Swindon, United Kingdom. February 1984,

Ibid.

Sir William Halcrow & Partners and Intermediate Technology Power Limited;
Small-Scale Solar Powered Pumping Systems: The Technology, Its Economics
and Kdvancement-Main Report; UNDP Project GLU/BU/U03 executed by the

World Bank; Swindon, United Kingdom; 1983,

Diarra, N'To; former Head of the PV Research Group of the Mali Solar
Enerqy Laboratory; interviewed on April 30, 1985,

Solar Electric International Inc., Pump mode) SE! 43 MS, May 198%,

Solar flectric Internatfonal Inc., Low-cost PV pump system demonstrated
at 6th furopecan Photovoltaic Solar Enerqy Conference, April 1985,

A.Y. Mchonald Mfq, Co. pump system, referenced by Scott Faiia, Assistant
Director, CARE-Haiti, in comments about 3 solar pumping systems installed
ir 1983,

Jacuzzi, Grundfos and TriSolar pump systems, referenced by N'To Diarra,
formerly of Maly Solar Enerqgy lLab, as 1983 procurements,

Intermediate Technology Power Limited and Sir William Halcrow A Partners;
Handboo['on~5q[gr Water Pumpina; UNDP Project GLO/BO/003 executed for
the World Wank: Swindon, United ¥ingdom, February 1984,

Diese) systey cost range based on reports by D, Danley [See Ref, 2?2),
R, McGowen [See Ref, 141, and 1T Power and Sir William Halcrow A
Partners {[See fef, 2J: a verba)l quotation from Alban Fnqgine Company
(May 1985); and questionnaire responses,

McGowan, Richard and Burrill, George; “Current Developments fn Photovoltalc
Irrigation in the Developing World”; Associates in flural Development,
Inc,; 1ah,

Danley, Dounlas R, Pho tovoltafcs vs. Diese ],j_ A Grounded fconomic
§t9d_WQfviﬁlfﬁmnﬂﬂgf"q“fﬂﬁ{Qﬂﬁ”(quﬁﬁf&iin“3 Macsachusetts Inctitute

of YechnoTogy ) Cambirfdae, Maseachusetts; 1904,

McGowan, Richard and Burr1)), Georqe, “Current Developments §n Photovoltadc

Irrigation in the Developing World™, Acsoctates {n Rural Development,
Inc.; 1945,
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15,

16,

17,

18.

19.

20.
21.

22,

23‘
24,

25,

26.

27,

28,

29,

Hart, Terence; Project Engineer and Chief of Party of Renewable Energy
Project at the Mali Solar Energy Laboratory; interviewed in London in
April 1985,

McGowan, Richard; Senior Engineer, Associates in Rural Development;
interviewed in July 1985,

Diarra, N'To; former Head of the PV Research Group of the Mal{ Solar
Energy Laboratory; interviewed on April 30, 1985,

Danley, Douglas R.; Design and Evaluation of a Positive Displacement
Photovoltaic Water Pumping Systen for Botswana; Massachusetts Institute

of Technoloqy, Cambridge, Massachusetts; 1384,

Sir William Halcrow & Partners; "Technology Appraisal for Rural Water
Supply - Socio-Economic Aspects of Solar Pumping"; Swindon, United
Kingdom,

Ibid.

McGowan, Richard and Burrill, Georqe, "Current Developments in Photovoltaic

Irrigation in the Developing World;" Associates in Rural Development
Inc; 1085,

Danley, Douqlas R.; Photovoltaics vs. Diesel: A Grounded Economic
Study of Water Pumping Options for Botswana; Massachusetts Tnstitute

of YechnoToqy: Cambridqge, Massachusetts: 1084,

Matlin, Ron; Briefing to the World Rank; June 13, 10HE,
Sir William Halcrow & Partners  “Technoloqy Appraical for Rural Water
Supply - Socio-Fconomic Aspects of Solar Water Pumping”; Swindon,
United ¥ ingdonm,

McGowan, Richard; Senfor fnginecr, Assoctiates in Rural evelopment,
fnterviewed in July [0k,

McKelio, Bernard;, "Photovoltatc Systems--Costs and fconomics™,
Arfefing to the World Pank;, Jyne V30 19HE,

Sir William Halcrow A Partners and Intermediate Technology Power
Limfted; Small-Scale Lolar Powered Pumping Systems:  The Technoloqy,
lts fconomice and Advancement - Waln Report;” GNP Project G G7FD7003
executed by the World fank; Seindon, United v tngdom; von1,

Intermediate Technnlogy Power [ imited and Sir Willtam Halcrow & Partners,
Handhook on Lolar Kater Pumping, UNDY froject GL0O/HU GO
executed for the WorTd Tanl™ Taindon, Untted vingdom;  Fehrgary L9Hd,

Hart, Terence;, Project Ingtneer and Chief of Farty of Renewalile [ neregy

Project at the Malt Solar Inerqy Laboratory, Intérviewed 1A Londos 1A
April 046,
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31.

32.

33.
34.

35.

36.

37.

38.

39.

Diarra, N'To; former Head of the PV Research Group of the Mali Solar
Energy Laboratory; interviewed on April 30, 1985.

Campbell, Richard; PV Instrumentation Consultant of the Mali Solar
Enerqgy Laboratory; interviewed multiple times from February to June 1985.

Assabghy, Fadel; "Applications of Renewable Energy Technologies for
Desert Development"; The American University in Cairo.

Assabghy, Fadel; interviewed during site visit of Sadat City; May 1985,
Assabghy, Fadel and Derrick, Anthony; "Experiences with a Deep Well

Solar Powered Irrigation System for Desert Development"; Energy for
Rural and Island Communities 111: Proceedings of the Third In%er—

national Conference Held at Inverness, Scotland; September 1983.

Lesnick, Peggy, "Residential Photovoltaic Applications in Egypt--
A Successful Integration of Tradition and High Technology"”; Photovoltaics,
The Solar Electric Magazine; July/August 1983.

Danley, Douglas R.; Photovoltaics ve. Niesel: A Grounded Economic
Study of Water Pumping Options tor Boiswana; Massachusetts Institute

of Technology; Cambridge, Massachusetts, 784,

Danley, Douglas R.; The OTSE VDC Solar Borehole: A Case Study in
Decentralized System Design; Reston, Virginia; 1984.

Amado, P. and Blamont, D.; “Implementation of a Solar Pump in a
Remote Village in India: Economical and Socio-Cultural Consequences.
Three Years of Working Experience”; Energy for Rural and Island
Communities II11: Proceedings of the Third International Conference

Held at Inverness, Scotland; September 1983.

Chevillard, N.; "Evaluation du Programme Energie Solaire de Mali
Aqua Viva"; Afrique Industrie; March 1985,
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SECTION 3.0
AGRICULTURAL PRODUCT PROCESSING

Developing remote energy sources suitable for processing agricultural
products (agri-processing) has been given a high priority by donor agencies and
development organizations because agri-processing constitutes a “productive end-
use" of energy (i.e., a quantifiable product is produced that may have commercial
value). Photovoltaics as a power source for agri-processing has been successfully
demonstrated over the past 6 years with the operation of the Bourkina Fasso
(formerly Upper Volta) PV grain mill and water pump.

The key factors in the applications of PV-powered agri-processing
equipment have been determined on the basis of the Bourkina Fasso project.
Reliance on this one project experience is possible only because of the quality
and camprehensiveness of the technical and institutional information produced
by the managing contractor, NASA-Lewis Research Center in Cleveland, Ohio.

The Bourkina Fasso system achieved an average availability of over
93% for four years of operation. The support by NASA-Lewis undoubtedly con-
tributed to this fact. Technical difficulties occurred with the PV array and
control components. Since current technology has been improved in these areas,
it is expected that PV systaems used for powering DC motor-driven agri-processing
equipment will exhibit equally high reliability, even given a lower quality
of technical support.

Local management of the operation and maintenance and the existence
of technical support for trouble-shvoting and procurement ot repair parts were
the most key institutional factors.

Finally, the high cost and capital-intensive nature of PV appears to
be a significant impediment to the application of PV-powered agri-processing
cquipment., Life-cycle cost calculations, using energy and grain production
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data fram Bourkina Fasso, suggest that systems of that size will only be cost-
competitive with diesel-powered mills if they are fully utilized throughout the
day and year. In addition, the inherent and demonstrated reliability of a
PV-powered agri-processing system may be offset by the cyclical nature of
loading (i.e. grain availability). A more detailed investigation is currently
being conducted by the Mali Solar Energy Lab (MSEL) using a PV grain grinding
system design that is based on the experience in Bourkina Fasso. A report on

that project is expected to be produced by the MSEL in the fall of 1985.



3.1 APPLICATION DESCRIPTION

For purposes of this evaluation, agri-processing is defined as a
mechanized rural operation for processing agricultural product or crop residue
into productive and potentially commerical forms. It includes grain grinding
and the drying and cutting of harvested crops and crop residues. Any agri-processing
equipment that uses, or that can be adapted to use, an electric motor (mec’anical
or manual drive) can be powered by PV. Thus far, PV has been demonstrated only
as a power source for grain milling. In this application it replaces the
manual labor or the fuel associated with dies21-driven grain mills,

The design and operation of a PV-powered agri-processing system fis
similar to a battery charging system. The same basic components can be applied

to any motor-driven, stationary, agricultural implement.

CONTROLLER AGRI-PROCESSING
LOADS
PV ARRAY ___| o Battery Charging |
e Load Control e DC Motor Driven
]
BATTERY
STORAGE

EXHIBIT 3-1 Basic Components of a PY-Powered
Agri-Processing Power System

Exhibit 3-1 outlines the basic components of an agri-processing sys-
tem. The PV power system consists of a PV array, batteries, controls and instru-
mentation. The array is sized to supply the predicted load, which is a function
of the agricultural process, the desired product quality and the availability
of product for processing. Batteries are a necessary component in order to
maintain motor speed, provide for load surges, and permit operation for four to
five hours during periods of poor insolation. The control system regulates
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the system voltage and the battery charge, and it may control load voltage to
maximize operating efficiency of the agri-processing equipment. The rate of
processing (e.g., grinding), and hence the motor loading, is primarily controlled
by the operator through observing a simple ammeter.

The basic PV power system design shown in Exhibit 3-1 can be applied
to drive any agri-processing equipment that uses, or can be modified to use, a
DC motor (the cost and relatively low reliability record of stand-alone inverters

dictates the need for DC drive motors).
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3.2 CURRENT DESIGNS AND COSTS

There are no commercially available, off-the-shelf, PV-powered grain-
milling systems being marketed today. However, grain mills, diesel and
gasoline engines and hand-operated mills have been sold in the developing
world for many years. Standard burr and hammer grain mills were used in
Tangaye. They were belt driven by a DC motor that used a two-stage motor
starter. The DC motor was driven by the PV/battery power system.

Small PV/battery DC power systems have been used successfully in naviga-
tion, communication and other small electric load applications for over 10
years. These systems are suftable for driving any equipment that can be
operated by a DC motor. The principle components are as follows:

e PV array as the power source

e Control system for battery charge and load control

o Battery system to provide better motor speed, control of load

surges, and minimal energy storage

The battery system should be sized large enough to balance energy
supply and demand, support starting surge currents and provide 4 to 5 hours
of energy storage. In terms of storage capacity, 1t {s imporcant to recognize
that the storage system consists of not only the batteries but also the
processed commodity (e.g., ground grain). Effort should be made to keep
battery size to a minimum and grain storage to a maximum in order to keep
system costs down.

It was suggested by NASA-Lewis engineers that speed control of a grain
mi1l through a solid-state electronic controller may be worth considering in
order to uptimize operating efficiency of the mill, At a minimum, the control
system should be of proven design and should provide for identification of battery

condition and load current(s).
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The technical viability of small PV power systems suitable for operating
agri-processing equipment has been demonstrated. The cost of the system {s
dependent on the cost of delivered energy in $/kWh and the efficiency of the
mill., Data from the Tangaye system are provided in Exhibit 3-2. They have
been used to indicate a system size and average milling efficiency. Using this
information, the $/kWh and $/kq of grain have been determined.

Based on the data provided fn Exhibit 3-3, current milling costs for a
PY-powered grain mill are $0.06/kq in areas with an average solar insolation of
6 kwh/m2-day, assuming installed PV power system costs of $13/Wp and average

dafly production of over 100 kg/day.
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EXHIBIT 3-2 Operating Data for the Tangaye System [Ref. 1, 2]

Date

September 1979
March 198}

May 1981 - June 198)

(Array size doubled
to 3.6 kkp to meet
demand; also, the
hammermill was
changed)

Hammermil) Data

Total Running Hours

Rated Current

Actual Average Current

Total Amp-hours Used

Total Energy Used

Total Grain Ground

Grain Grinding Rate

Average Operating Efficiency
Average ELnerqy Use/Day

Total Running Hours

Motor Current

Total Amp-hours Used

Total Energy Used

Total Grain Ground (reported)
Total Grain Ground (estimated)
Grain Grinding Rate

Average Operating Efficiency
Average Enerqgy Use/Day

3-7

1639 hours

21 amps

14.4 amps

23,649 amp-hours
2,838 kwh

48,86] kg

30.2 kg/hr

17.2 kg/kWh

5.2 kwh/day

5021 hours

13.1 amps

65707 amp-hours
7885 kWh

74,820 kg
111,094 kg
22.13 kg/hr
14.09 kg/kkh
10.4 kwh/day



3.3 COMPARATIVE COSTS

Exhibit 3-3 provides the assumptions used for the comparative-cost
analysis between PV and diesel. These parameters are used to construct Exhibits
3-4 and 3-5, Exhibit 3-4 compares the energy costs, in $/kWh, annualized over
the l1ife of the equipment, of PV and diesel power system options for daily
encrgy demand levels representative of Tangaye. Under the most optimum PV
cost and the worst diesel cost scenario, a PV-powered system 1s competative
with diesel when energy demand i¢ helow € kWh/day. As a reference pnint, the
average enerqy demand for the lanqaye system was 5 kWh/day.

This cost analysis for PV and diesel assumes full use of the equipment,
This assumption is critical for a PY system because its costs are independent
of whether 1t 15 operating. Therefore, 1t must be fully utilized to compensate
for the high initfal capital costs. Diesel power system costs, on the other
hand, are mostly dependent on the cost of diesel fuel and maintenance, which
are functions of operating time, For agri-processing applications, the design
for full) usage of a power Systam may not he practical., This fact would sway a
decisfon {n favor of diesel under most circumstances,

Exhibit 3-% uses the power systan costs from Exhibit 3-4 and the milling
efficiency of Tangaye to calculate a qrain milling cost. There s a slight
difference In the cost of qrafn mills for the PY and diesel systems, A diesel-
powered qrafn mil) would most lkely be driven directly from the engine and,
therefore, would not require the DE electric motor and controls associated with

PY-powered mill,



EXHIBIT 3-3 Cost Analysis Assumptions for Grain Milling
Array Size and Battery Capacity

Load (kWh/day)

2 4 6 8 10 12
Array Sizemswp)l
3 kwh/mé-day 810 1630 2440 3260 4070 4890
4 kWh/m-day 610 1220 1830 2440 3060 3670
5 kwh/ml-day 490 980 1470 1960 2440 2930
6 kWh/m-day 410 B10 1220 1630 2040 2440
Battery Capacity (kWh) 6 8 12 16 20 24

1. Array size estimated using 90% power tracking efficiency and 50% of
the produced enerqy passing through the batteries, which are 80%

efficient,
PY System Data
Cost Life (Years)
PV Array ($/Wp) 10 20
Battery (S/thI 100 10
Grain M{1) ($) 2000 10
'nstallation & Warranty (3/Hp) 2
08M Power System ($/year) 100
0AM Grain Mi11 ($/year)?2 100

1. Grain mi)) efficiency of 17 kqg/kWh.
2. O08M is frrespective of lahor,

Diese) System Data (2.5-kW diesel) [Ref. 3]

Low High Life
Cost Cost (Years)
Diesel Engine {S) 1000 3000 7
Grain M1 ($)1. 2 1500 1500 7
Fuel ($/gal) 1.50 3.00
Operating £ffi 'enc 0.20 0.15%
08M Dfiesel ($/year) 200 400
08M Grafn Mi11 ($/year)3 100 100

1. Grain mil) efficiency of 17 kqg/kWh,

2. Assumes diese) engine directly drives grain mil), resulting in lower
cost for mil),

3. 0&M 15 {rrespective of labor,
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EXHIBIT 3-4

Annualized Costs ($/kwh)

EXHIBIT 3-5

Costs ($/k3)
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3.4 KEY FACTORS

The key factors for using PV as a power source for processing agri-
cultural product are largely based on the results of one project--the photo-
voltaic-powered grain mill and water pump in Tangaye, Bourkina Fasso. Reliance
on this one project for the identification of key factors for PV-powered agri-
processing applications is made possible only by the quality and comprehensive-
ness of the technical and institutional information generated by the project.

Project searches and questionnaire responses identified only one
other PV-powered grain mill project. Located at the Mali Solar Energy Lab, it
will be installed in 1985 and has been designed based on the experiences in
Tangaye.

The key factors that may adversely affect the viability of PV for
agricultural processing are as follows:

o Agri-processing equipment selection

o Complexity of the power and load control system

e Management of the PV system

e Infrastructure

o Capftal Costs

3.4.1 Agri-Processing Equipment Selecticn

The chofce of aqri-processing equipment must be carefully considered
to ensure the appropriate product quality, production rate and process efficiency.
At Tangaye, the qrinding mill was chanqed twice--once for fineness and once for
production and qrinding efficiency. Since process efficiency directly affects
the energy demand on the power system, the chofce of equipment Influences PV

system design user satisfaction and eventually end-product unit cost,

3-11



3.4.2 Complexity of the Power and Load Control System

It was observed in Tangaye that the complexity of the original
control system intimidated the technicai support staffs of the in-country
participating institutions. It is important to simplify the controls and in-
strumentation for PV-powered agri-processing equipment. Simplified control
systems, from the user's perspective, have been developed and proven to be
reliable and cost-effective ir the field,

Only the basic levels of power conditioning and system control are
necessary. These levels are voltage requlation and battery charge protection.
Similarly, instrumentation should be limited to system voltage and array and
load current meters. Experience in Tangaye showed that operators are able to
manage the operation of the system, conserving energy when necessary and increasing
use when permissable. Operators also self-requlate the load (current demand of
the mill motor) to prevent overload,

3.4.3 Management of the PV System

The most {mportant factor that can be identified as contributing to
the success of the system {5 the effectiveness of local management in operating
the system, The Tangaye system was established to capigalizo on the existing
positive practices of cooperative management {n the village, The successful
local management of the Tangaye system resulted in g senge of “ownership,”
Genuine interest and consern for the success of the project was exhibited,
Wherever possible, local forme of management should be cvaluated and used with
the application of PY-powered aqri-processing systems,

3.4.4 Infrastructure

Manaqgueent of technfcal support and procyrement of repair parts {9 a

weak link in all technology applications fn remote areas of developing countries,

This includes the quality of “sfte to support” commynications, operatirg and
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repair manuals, the time and cost invoived in procuring parts, and technical
training. These real factors of system performance must be considered prior to
the application of PV for grain grinding, thrashing, cutting or any other agri-
processing work,

J.4.5 Capital Costs

The high cost of PY and battery technology appears to preclude the
cammerciz) application of PV for most agri-processing applications, This
conclusion is based mainly on the mismatch between the seasonal nature of agri-
processing loads and the need for ful) utilization of the PV power to offset
high initial cap.tal costs. However, if an agri-processing systan eaxists that
1s fully utilized throughout the day and year, PV pTwer can be more cost-effective

than diesel,
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3.5 REVIEW OF SIGNIFICANT PROJECTS

As noted, only one significant project has been evaluated. Questionnaire
responses did not identify any similar agri-processing applications, although some
are beljeved to exist in India.

3.5.1 Bourkina Fasso [Ref. 4, 5, 6, 7, 8, 9]

Bourkina Fasso (formerly Upper Volta) is the site of the first stand-
alone PV system project managed by NASA-Lewis under contract to USAID. It consists
of a 3.6-kW array, 540 Ah of battery storage, a water pump and grain mill., Instal-
led in 1979, NASA-Lewis has monitored the system closely and made several design
and equipment changes. The array has been doubled in size to provide greater mil)
ing capability. The controller that NASA-Lewis designed and built was changed to a
commercial solid state "black box" version to improve relfability and iser
satisfaction. The grinding mill was changed from a burr to a hammer and then
again to another hammer mill to meet the demands for fineness of grind, equipment
durability, and efticiency of the milling process. OQver 90% performance
reliabi ity for the first four years has made it a success in the eyes of the
villagers. Proceeds from milling are enough to pay an operator and yenerate
capital for maintenaice and special operational support.

Historic problems were with module thermal stress failures, the
controller, the grain mill (fast wearing of burr mill plates because very fine
grind was desired), and the pump. The controller was designed by NASA. The
designated govermmental institution for technical support was "intimidated" by
its camplexity. The controller was changed to a cammercial voltage regqulator/
controller. One isolated pump system failure occurred when the jackpump pushrod
bent on a downstroke in the shallow well, Use of the systeam has been successfully
manayed through a grain mil1 cooperative cstablished specifically for that
reason. The village, which was dispersed, is now centralized around the service
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points of water pumping and grain milling. Building an attitude of "community

mil) ownership" was important to the success of the system.

The development of tie system has been continuous over the past five

years. Effici‘ency improvements may yet be made by using a voltage regulator for

the mi11 to control speed and thus operate the mill at its optimum grinding rate.
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SECTION 4.0
COMMUNICATIONS

PV-powered communication systems have a proven record of technical and
financial success in the developing world. The application ranges from relatively
large telecommunication systems operated by aovermment or private companies to
small, one module, one battery VHF radio systems used in health program radio net-
works. Information on over 40 systems in more than 7 countries has been reviewed
to determine the key factors of performance. In general, there are no technical
or institutional barriers to the widespread use of PV for remote communication
systems. The genera) awareness and increased use of PV for commercial, governmental
and private telecommunications indicate a high degree of viability for many appli-
cations in developing countries.

The key technical factors were observed to be the reliability of voltage
regulators and battery charge controllers; the durability of radios and radio
equipment; and the life of the batteries. Improvements in electrcnic controls
(1.e., environmcntal protection by encapsulation) have occurred in the last two
years so that proven and quaranteed equipment is now available., Battery life,
which 1s dependent on proper charge requlation and user maintenance, can greatly
affect the life-cycle cost of a system. There are no institutional barriers for
small systems because of their simplicity and relfability. Larger, more complex
systems are generally handled by in-country telecommunication companies and
organizations experienced in power electronics. The reliability (i.e., frequency
of repair) has been very low in thesc larger systems as well,

The initial capital cost of PV communication systems is the key factor
that currently limits widespread applications. A recent evaluation showed that
PV {s financially competitive with conventional remote power systems up to 500

watts continuous load,
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4.1 APPLICATION DESCRIPTION

Communication systems in developing countries have traditionally been
powered by grid electricity, stand-alone generators, and/or batteries. Problems
of unreliable supply, poor quality and the high cost of these energy sources have
restricted the operation of smail systems and severely impacted the performance
and expansion of telecommunication networks in developing countries. Photovoltaics
is often regarded as the best and most cost-effective energy supply for remote
communications. It is estimated that the total number of new PV communication
installations is approaching 10,000 per year worldwide [Ref. 1].

Photovoltaics has had more commercial success in communications-related
applications than in any other remote power application. A typical example 1is
in Guyana, South America. Although some repeater stations have both grid and
diesel power, the poor quality of the grid and the unreliable supply of diesel
fuel have resulted in the use of PV. Also in Guyana, a two-way radio network
has been established to link remote health centers throughout the country. The
costs and logistics of transporting diesel fuel to operate small engines for
charaing the radio batteries had been determined to be the highest cost of
operating the radio [Ref. 2]. PV has been used for several years with no major
problems, Similar sftuations exist worldwide.

There are three general kinds of communication applications in deve-
Yoping countries that have heen powered by photovoltaics.

(1) Two-way Radios (VHF, UHF, mobile radios)

- Health care, rural commerce, political organization, and
social interaction

(2) Televisions
- Education, entertainment

(3) Repeater Stations, Telephone Exchanges, and Satellite Earth
Stations

- Telecommunications departments, commercial companies
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A photovoltaic power system for each of these applications operates as
a2 simple battery charging system. The basic components are thc PV array, battery
storage, and power controls, The complexity of power control may vary from no
control at all, as with some single-module and small-load systems, to controls
that optimize system performance by controlling individual components. Remote
telemetry may also be part of a system, permitting remote control and monitoring.

| Some telecommunication applications are hybrid systems of PV, diesel,
and/or wind power technologies. The technical advantages of hybrid systems are
the ability to reduce the amount of effective battery capacity required and to
operate equipment at its optimal loading (i.e., diesel at its peak, full-load
efficiency at infrequent, but regular, intervals). This reduces both mintenance
and fuel requirements. The relative size of the PV array, battery and diesel
is dependent on the cost of the PV, fuel and batteries and on the character of
the loads.

A generic system configuration 1s shown in Exhibit 4-1.

DIESEL, WIND
GENERATOR |
(Hybrid System)

. !

|

l CONTROLLER

PV ARRAY

o T

o ATTERY
STORAGE

LOADS

L

EXHIBIT 4-1 Basic PY Communication Power System
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A recent evaluation by an established PV systems company showed that for contin-
uous loads of less than 500 watts, PV alone is the least-cost choice [Ref. 3].
From approximately 500 watts to 700 watts, a hybrid of PV and diesel (assuming
minimal wind potential) offers the best performance. These ranges depend on

the capital and operating costs of PV and diesel systems.
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4,2 CURRENT DESIGNS AND COSTS

The design of a PV system dedicated to operating a radio, television
or commercial cammunication load is straight forward. Exhibit 4-1 shows the
basic camponents. For continuous loads below 300-500 watts, a system would
consist of the PV module(s), controls and battery storage. Above that range, a
Pv-diesel hybrid system should be considered, as a function of cost and the
required reliability for the load.

A1l equipment components should have a demonstrated record of perfor-
mance in the environment in which they will operate. The two most important
camponents in this respect are the electronic controls and the batteries.
Systam controls (i.e. electronic controls) should provide fail-safe protection
of the battery against overcharge and extreme discharge. In order to minimize
maintenance and contamination, the battery should be either sealed or designed
for low water usage.

The cost of small Pv-powered systems (DC) is approximately $15 per
peak watt., It is estimated that volume orders would provide quotes of $13/Wp.
For daily energy 1oads above 2 kWwh/day, the cost of PV-produced encergy will
range fram $1 to $2/kwh, depending on the solar resource. For loads below
2 kwWh/day, the cost of PV energy does not vary substantially, for PV systems
can be designed to meet exact load requirements, On the other hand, diesel
engines, which are only available in discreet sizes, are not commercially

produced in small-capacity sizes.
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4.3 COMPARATIVE COSTS

The costs for energy produced by diesel or gasoline engines for low-
load applications is highly site- and country-specific., To a large degree, the
costs depend on the capital cost of small diesel engines. In addition, the
remoteness of the site (and, therefore, the price of diesel fuel and associated
maintenance) and the daily energy demands of the load significantly impact
operating costs.

Exhibit 4-2, developed fram PY and diesel system data provided in
Exhibit 4-3, can be used to estimate the cost of delivered energy from PV systems
for small cammunicaiion loads., It can be stated that for daily energy loads up
to 2.5 kWh/day, a PV-powered systan will likely deliver energy for less cost
than a diesel (where the capital cost for a diesel 1s between $1000 and $3000,
and fuel costs are $1.50/gallon or more). In extramely remote locations, PV is
cammonly replacing primary batteries and diesel generators for commercial
canmunication loads up to 10 kWh/day.

In summary, for small cammunication and education requirements (such
as radios and televisions), PV is likely to be the least-cost remote energy
source for dafly loads less than 2.5 kWh/day. For romote commercial communication

applications, PV should be considered for loads up to 10 kWh/day.
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EXHIBIT 4-3 Cost Analysis Assumptions for Communication Systems

Array Size and Battery Capacity
Load (kWh/day)

Array Size (wp)!

3 kwh/ml-day 0.20 0.41 0.61 0.81 1.0 1.2
4 kWh/m-day 0.15 0.31 0.46 0.61 0.76 0.92
5 kWh/mZ-day 0.12 0.24 0.37 0.49 0.6] 0.73
6 kWh/mZ-day 0.10 0.20 0.31 0.41 0.51 0.61
Battery Capacity (kWh) 1 2 3 4 5 6

1. Array size estimated using 90% power tracking efficiency and 50% of the
produced enerqgy passing through the batteries, which are 80% efficient.

PY System Data

Cost Life (Years)
PY Array ($/Wp) 10 20
Battery ($/kWh) 100 10
Installation & Warranty (T/Hp) 2
0&M Power System ($/year) 100

Diesel System Data (2.5 kW Diesel) [Ref.4]

Low High Life
Cost Cost (Years)
Diesel Engine ($) 1000 3000 7
Fuel ($/9al) 1.5 3.0
Operating Efficlonc¥ 0.2 0.5
08M Diesel ($/year) 200 400
1. OAM is irrespective of labhor,
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4.4 KEY FACTORS

The key factors that affect the performance of PY for communication
systems are related only to technical and cost issues. No significant user-
related problems have been experienced with PY-powered communication systems.
Maintenance is limited to checking and adjusting battery electrolyte level in
vented batteries. In fact, most remote telecommunication systems have been
designed to be unattended.

In general, it has been found that the performance of remote PV-powered
communications systems, as compared to other remote energy technologies, has been
reliable and cost-effective., There have been isolated failures of voltage regqu-
lators, control electronics, and radios, but the failure rate of these components
s not significant. The general awareness and increased usage of PY for commercial
and government-operated telecommunication networks indicate the overall viability
of PV for communications. The factors that are most likely to impede the applica-
tion of PY for communications are as follows:

¢ Voltage regulator/battery charge controller reliability

¢ Radio equipment durability

o Rattery life

o Financing of systems

4.4,1 Yoltaqe Requlator/Battery Charqe Controller Reliability

Statistical data on the numher of faflures of charge controllers and
voltage regulators s unavaflable, However, hased on experiences with early
sol{d-state charqge controllers and {solated reports, {f there are faflures, they
are most likely to be {n the voltage requlator or charqe controller, The trend
by manufacturers to encapsulate electronic components suqgqgests that environmental
conditiony (e.q,, humidity) have been the principal cause of the faflures that

have occuyrred,


http:Rfl~lJla.tor/natt(\.rt

4.4,2 Radio (Video) Equipment Durability

Similarly to voltage requlators and charge controllers, radios and
other load devices must he capable of operating under site-specific environmental
conditions. Maintaining a clean operating environment is not often possible in
remote areas of developing countries.

4.4.3 Rattery Life

The life of a battery has significant impact on the life-cycle cost of
a communication system, Battery life is dependent on temperature, the number of
cycles and the number of deep discharges. Since batteries are the only component
requiring maintenance, user awareness of the state-of-charge and electrolyte
Tevel 1s fmportant to ensure maximum hattery life. Comparative cost analyses
must include hattery replacement costs during the 1ife of a system,

4.4.4 Financing of Systems

The most imporvant factor that impedes the application of PY communica-
tion systems 1s the high inftial cost. The cost of powering a radioc by PV i{s
often less than by diesel or primary batteries, since fuel supply or battery
replacement in remote arcay {< both costly and unreliable, Nevertheless,
qovernment and private company bhudqet procedures are not oriented to capitalizing
long-term (20-year) operating expenses in order to purchase PV for comunication
power requirements,  Therefore, financing rechaniosme for commercial systems are
necessary, For small oyqtems, the comparative costs are often <o much less
than replacing hattertes or running qacoline or diesel generators that - to

J-year paybacks may permit ysers to purchase systems directly.
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4.5 REVIEW OF SIGNIFICANT PROJECTS

The following communication projects have been reviewed in detafl
for this report:

o Micro-Wave Telecommunications in Papua New Guinea

o Telecommunications Systems in Austrailia

e Niger PV-Powered Televisions

e Tunisia Relay Power Systems

o Gabon Telecommunications Relay

o NASA-Lewis PV Medical System Radios

® Health Care Communication Systems

e Questionnaire Responses

4.5,1 Micro-Wave Telecommunications in Papua New Guinea [Ref. 5)

In Papua New Guinea (PNG), repeaters are located primarily on mountafn
tops and are accessible only by helicopter. Traditionally, repeaters in PNG
have been powered by primary batteries. FPrimavy batteries must be replaced on
a reqular basis, disposed, and {mported (i.e., supply {5 subject to political
and cconomic policics of foreiqn countries).

On June 13, 1976, a PV-powered repeater system was commissioned on
Mt. Namshamati, The PV powers a microwave repeater that carries both domestic
and international traffic and that fs a vital link in the Trans-PNG Telecommuni-
cation Network,

The system consists of nine, 12-¥, 1.65-A, 26-W modules (Solar Power
Corp.), three {n serfes. Because of the required reliability, the system was
oversiyed by 50 percent (f,e,, only 6 modules were really needed),  The hatteries
are nickel-cadmium with a4 total of 240 A-h capacity. To operate at the nominal

voltage of 36 v, 74 cells were connected fn serfes and float charqed at 4] v,
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Performance as of October 1978 was as follows:

system functions well except for one faflure in the voltage regulator
dust accumulation on the array is minimal

water consumption by the batteries 1s negligible

maintenance was non-existent

There are no institutional difficulties, as the management of parts
and technical personnel is performed by a skilled, established organization,
Maintenance and repair frequency have been reduced considerably compared to
conventional systems.

Cost analyses of PV systems (at a price of $26 per Wp) versus primary
batteries showed a one and a half to two-year payback in 1978. High costs for
maintenance fn primary battery systems and for transport to the site makes the
choice of PV inevitable,

Six more PY-powered telecommunication routes were to have been
installed by 1981:

(i) Boroko-Lae

(2) Lae-Goroka-Madang

(3) Goroka-Mt. Hagen-Wewak

(4) Lae-Raboul

(5) Boroko-Altoan

(6) Boroko-Mt. Hagern

4,5.2 Telecommunications Systems in Australia [Ref. 6)

Although Australia 1s not a developing country, its experience with
PV-powered communications systems in remote sites are still applicable to this
study.

Telecom Australia has been fnstalling systems of up to 2000 Wp (300 W
continuous) in rural and remotc arcaes ot Australfa since the 1970s, On the order
of 75 to 100 PV-powered repeaters are currently installed. Plans for 1100 more 1in
the next few years are in progress.

0f the major systems installed, there have been no system faflures.

Telecom Australia has bcen obtaining “gratifying results” for over 10 years.



PV has been proven "extremely reliable and economical for telecom-
munications loads in the range of 1-306 watts continuous." For systems greater
than 300 W, they plan to use hybrid systems of PV and wind or diesel (a demon-
stration project is underway).

4.5.3 Niger PY-Powered Televisions [Ref. 7]

In Niger, more than 1000 PY-powered television sets have been instal-
led. PV technology was chosen because it is compatible with rural village
conditions--isolated villages and precarious roads. The televisions serve as
a valuable educational tool. The systems have been successful and the program
is continually expanding.

4.5.4 Gabon Telecommunications Relay [Ref. 8]

A 650-Watt PV unit powers a relay station in Gabon. Installed in 1981,
it nas taken the place of either a kerosene turbogenerator or gasoline thermo-
generator. In 1982, the conclusion of the French program SEM] was that this power
level represents the upper 1imits of use in isolated villages. It is a pilot
system still in the R&D stages. The costs of the system were two times that of
a comparable thermogenerator. The system has run satisfactorily since its
fnstallation.

4,5.5 NASA-Lewis PV Medical System Radios [Ref. 9)

Radios were installed as part of the loads in five remote medical
systems in Guyana, Ecuador, Kenya, and Zimbabwe. The radios were STONER VHF
radios. They were designed to be powered from a 12-volt source., Each radio
has a bipolar antenna. The radios performed without difficulty and provided
good communications across distances of more than 200 km, However, a problem
was expericnced in Kenya where two radios were installed 30 km apart at two medica)
health centers--4.a Kibwezi and Jkutha, Kenya, The radio frequencies were found to

be in error and not matched to each other, After the radios had been returned



to Nairobi and the antenna positions had been changed, the quality of the trans-
mission only improved a small amount. The conclusion was that interference
from the terrain and other local transmissions were at fault.

4.5.6 Health Care Communication Systems [Ref. 10]

The importance of two-way radio communications to medical programs
can be described using examples from the Africa Medical Research Foundation and
Guyana. The benefits and problems associated with maintaining a rural health
communication system are explained at length in Reference 9. Comments relative
to the power system are as follows:

"Power supplies are a persistent technical problem. In locations
with an existing power source (perhaps a town power supply or a
generator for a hospital), voltage regulators may be needed to
prevent damage from power surges. If voltage is much below speci-
fied output, 1t may not be possible to use local power to run the
radio or recharge its batteries."

"A common self-contained power source for two-way radios is a standard
12-volt DC automobile storage battery, recharged by a small diesel
generator that must be properly cleaned and maintained. The costs

and logistics of transporting diesel oil to remote locations--often

it must be flown in--can make this one of the highest costs of operating
a radio system. In contrast, solar panels can serve as the recharging
source and can ~1iminate the need for generators and fuel. Although at
present [1980] their capital cost is higher, they are becoming less
expensive, and they require 1ittle maintenance until replacement {s
necessary. Field tests do not indicate any major problems with solar
panels, but none have been in use long enough for definitive evaluation.”

4.5.,7 Questivnnaire Responses

A summary of questionnaire responses are provided in Exhibit 4-4,
Comments on cost are consistent with other references reviewed for this study--PY

1s less costly than conventional alternatives.
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SECTION 5.0
REFRIGERATION AND MEDICAL SYSTEMS

Refrigeration is a vital component of health care in the developing
world for storing vaccines and producing ice in hospitals and health centers.
Generally, there is no electricity in rural areas where these hospitals and
health centers are located, or at best, fuel and power supplies are erratic and
unreliable. Photovoltaic-powered refrigerators have often been claimed tc
offer better performance, lower running costs, better reliability and longer
working 1ife than kerosene or bottled gas refrigeration. In the past seven years,
the USAID, the World Health Organization (WHO), the Center for Disease Control
(CDC) and other government and health agencies have sponsored PV refrigerator
development, principally through demonstration projects. Over 600 systems have
been installed worldwide to date.

A review of significant PY refrigeration projects, representing over
175 installations in 38 countries has been performed. It shows that the tech-
nology has only recently matured. Early systems expericenced some relfability
problems, primarily with the refrigerator unit and controls., Photovoltaic
array sizes and battery capacities were found to be insufficient under actual
field conditions due to siz2inq errors and/or overloading of the system by the
user., System reliability averaqed about 80 percent, Systems that have been
{nstalled recently are teing found to be more reliable, particularly those from
suppliers that have had previous experience. The key factors that may have an
adverse impact on the performance of PY systems have been determined to be
accuratc array and hattery sizinq; user training; close coordination with the
end-user organization; and the comparative cost of PV refrigerators to berosene-
powered tefrigerators, The most significant finding of this evaluatfon work
fs that there are no signfficant technical barriers to the application of Py

6l


http:fgnfffc.nt

refrigerators. In addition, in a recent financial comparison in The Gambia, PV

refrigerators were found to be competitive with kerosene-powered refrigerators.
The performance of PV refrigerators is therefore dependent on the

use of proven equipment that is suitably matched to the location and more

importantly, on the user's understanding of the operation (i.e., proper loading)

of the system,



5.1 APPLICATION DESCRIPTION
PV refrigeration systems consist of a PV array, voltage regulator,

small set of batteries and a refrigerator unit. Exhibit 5-1 shows a schematic

of a typical system,

SOLAN PAKIL or
Patovelialc Arvey -
Regulator »—J Batterton Reguletas
Broputatan
\ g, S }
sl [ ]
Lty Thorm.elot
BOLAS BUM-SYITIN MATIERY S-IVETIN AEFNICRAATUS Lo RVMTIN

Exhibit §8-1  Schematic of a Solar-Powered Refrigerator
(Source: 1T Power)
Currently, only photovoltaic compression refrigerators sre com-
mercially available as suftahle for vaccine storage. A typical system has a
refrigerator/freezer compartment with & ysahle vaccine storage capacity of
approximately )0 Yiters and an fce-pack freezing capacity of 1 to 7 kg per day
to permit dafly transport of vaccines to remote clinics. The energy consumption

of the unit fs approximately <00 to 1000 W-h per day. The refrigerator
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powered by a 12- or 24-VDC motor/compressor unit from batteries. The photovoltaic
array, normally with a peak power of 100 W to 400 W, charges the battery via a
regulator, Refrigerator/freezer cabinets cost $1000 to $3000 per unit, and
total system costs are typically $2000 to $5000 FOB, or about $15 to $30 per Wp
FOB.

Photovoltaic refrigeration systems are often part of larger PV-powered
medical systems. For example, the NASA-Lewis Research Center, under contract
to USAID, managed the application of 5 remote PV medical power systems in 1983.
These consisted of the PV array, batteries, refrigerators, electrochemical
sterilizer, lights and radio. This project and similar projects have been
evaluated in this section of the report with emphasis placed on the performance

of the refrigerator,
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5.2 CURRENT DESIGNS AND COSTS

Significant design parameters for PV-powered refrigerators are the size
and use of the refrigerator, as they relate most directly to the energy demand on
the PV/battery power system. Refrigerator capacities vary widely, from 3.6 to
200 liters.

The need for solar refrigerators is greatest at peripheral health
centers serving populations of 20,000 to 100,000. The quantity of packed vaccines
needed to fully immunize 150 infants and their mothers is approximately 4 1iters
[Ref. 1].

There 1s no agreement, however, on the be:t size for a PY vaccine
refrigerator. Opinions differ on the quantity and volume of other biologicals
that might be stored in the health center refrigerator and many peopla believe
that a larger cabinet will have a wider market. It is also important for the
system to have the capacity o freeze ice packs, which are used when transporting
vaccines from the health center to the field for immunization. The ice production
capacity is the significant 1oad on the system. As such, it will influence the
PV array size, and hence the systan cost, significantly,

In 1981, the WHD {ssued an outline specification for photovoltaic-

powered refriqerators. The minimum requirements are summarized 1n Cxhibit 522,

Exhibit 5-2  WHO 1O Out)ine Specification for Photovoltaic Refrigerators [Ref. 2)

Net Vaccine Capacity 30-40 Yitres (top opening)
lce-Making Performance: Minfmum ] kqQ/24 hrs fn +370 ambient
Refrigerator Performance: No part of the vaccine <torage area
to exceed +B80C or drop below -30C in:
{a ) 430 amhient temy
(b ) «320C ambient temg
{c ) 4100 day time/+1450C nighttime

cycle,
Hold=0Over Time: More than G hours below 1000 when
power cut mu? tn «43100 oyteidge temp
Externa) Casing: Kon-corrodable
Minimym fattery
Maintenance Interval; One year
Insulation; Rinig polyyrethiane

b



The basic performance requirements have been modified over the past
years as a result of field experience. The requirements are currently under
review, but can be summarized as follows [Ref. 3]:

1. The system should be sized to enable continuous operation of the
refrigerator and freezer (1oaded and including ice-pack freezing)
during the lYowest periods of insolation in the year.

2. The design of the system should permit a minimum of five days
continuous operation when the battery is fully charged and no
sun is available. The refrigerator and the freezer should be
maintained at +320C throughout the test and for a minimum of
12 hours before the test.

3. Refrigerator/Freezer. In continuous ambient temperatures of
. an ., the internal temperature of the refrigerator,

when stabilized, should not exceed the range +00 to +80C,
This range should be maintained when, in an ambient temperature
of +320C the maximum recommended load of ice packs containing
water at +320C is inserted in the freezer and frozen solid
without adjustment of tne thermostat. The recommended load of
ice packs should freeze 1n less than 12 hours and will weigh at
least 1 kg without the materfial of the pack.

4, Photovoltaic Arrav., Modules should meet the latest applicable
specifications Tald down by the Jet Propulsion Laboratory (USA)
ur CEC (Joint Research Center, lspra, Italy), Array structures
should be designed to withs tand wind oads of +200 kqg/m’ and
should he provided with fixings for either ground or roof mounting,
Annvopridto photovoltafc-type sealed connectors, fncorporating
prr ' e )it boyg)ee o an TR FITEE 4 ST AN
who oL b e ey, e T e .
systems and less than 40 meters long fov ?4 volt systems,

5. Battery Set, The batterfes <hould be sealed or non-Yiguid ¢lectro-
Tyte decp discharge type (minimum 1000 cycles to 507 discharqe),
Aytomotive hatterfes are specifically unacceptable for this
application, The batteries should he housed within the refr {qerator/
freezer cabhinet or In o cabinet separate from the refrigevator,

In efther cate, they should he lockalble,

6., Yoltage Requlator, One shoyld be provided, |t shouyld meet the
"TTTcu-f[uﬂpevatuvc vequitements of the selected battery and
should cut offt the lagds when the battory has reached 4 state-pfs
charge that can be repeated to g minimgm af ] 000 cycles,  The
Toad shuyld be automtically rteconnected when the system voltage
reécovers, The clrcytt boards shoyld be tropicalized, and the
regqulator haysing shoyld he sealed,
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7. Instrumentation, An LED alarm should be installed to warn that
power to the compressor has been cut by the regulator. An
expanded scale voltmeter or an LEC alarm should be installed to
warn the user when the battery 1s in an unusually low state-of-charge
to give adequate advance warning. The warning should be clearly
marked "DO NOT FREFZE I1CE PACKS" in the appropriate local language.
If an external reading thermometer is provided for the refriqerator,
it should be marked clearly in green between 00C and +BO(,

A thermostat or a defrost switch should be provided, but no other
power switches should be installed,

Circuit breakers or cartridae fuse holders .nould be fitted;, a
polycthylene baqg holding 10 spare fuses should be supplied, and
special attention should he qiven to corrosion of fuse mountings.

A summary of the characterystics ot the principal PV-powered refrigera-

tors currently available 14 Jiven In fahitat “od, 1t should be appreciated

that

101

There are many other 10-yvolt 0 cpomered retfr1gerd®ors available and yn yse

Yetoure apnlicattons sgoh o ay for By o and hogts, However, thete have heen

desigred for Vowm 1010131 canttal ot without conglderatiun uf enetdy consymption

($1]

by,

inerngl Temeratygre vartalion, Tty s tems o Aalthogah ealtly adastanle to

Aate nol wuttabile for vacctes wtarage,  Hefrtgecatorsy destgnet tor BV piwer

hut not foe oo tme %ot age P Vade Thonve of Aretio et gedt yn ot

duct

o wi ot

puttrebey sendge U et e sheete, oo lysion of 3 pro-

1R el et mpaniy That Sauet ot The 140 ponatioe 400 ecrjiet tenhi e avallanle ]

WHOLEED ke pent 0 g cnrgtdered Lyt tatde o fre ol That o factitytiona!

purchacers gererally select equip=ent from these theels,
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The 1985 edition of the product information sheets will include the
solar-powered refrigerators listed in Exhibit 5-4. Non-inclusion of a refrigerator
system supplier should be considered significant. It is recommended that for
vaccine storage, only the systems listed in Exhibit 5-4 should be used unti)
others have independently been observed to pass the criteria and the laboratory
test protocol of WHO, and have had satisfactory field trial experience.

Laboratory testing continues in Cali, Colombia on hehalf of WHO and
ft is foreseen that a number of models presently being tested there will be

included in any revised WHO product information c<heet.

Exhibit -4 “olar Refrigerators Approved for the WHO/EP] Cold Chain

System Supplier Refrigerator/freezer
Arco Solar (U5A) Polar Products RR?

BP Solar (i) LEC EV

Leroy “omer (France) Leroy Somer 40

Polar Products (USA) Polar Products RR?
Solares (U5A) (a) Polar Products RR?

(b) Marve) 4RD
Solavolt (USA) {a) Marvel an7D

{h) Polar Froducts RR?

The avatlatility (f.e. retfabidity of the refrdqgerator) 15 as {mpor-
tant In the econatice of refriqeration for vaccine starage as the capital cost
of the systie.  Syelem Capital cocte are dependent upon location, a4 the photos
voltale drray <ize rtequited 1o dependent gpon the <1te Snsotation, arhfent
temperatyre, and sy<tem ghe,

Nur tng the course of thie ctydy a1l the bnown syppliers of photovoltaic

refrigerators for vaccine storaqge wete contacted for yp to date price information,
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However, such price information 1s, in many cases, unreal when it 1s known that
there is no immediate sale prospect. The most real cost information is that
from actual tenders. Exhibit 5-5 summarizes the cost data from the tenders for
the supply of solar refrigerators for an area of the South Pactific. These
costs are mainly for European-manufactured equipment. However, US-manufactured
equipment is within the same range [Ref. 4]. Two situations were considered:

Specification A: a requirement for 15 to 30 1iters of vaccine refrigeration,
given a worst month solar frradiation of 14 MJ/m/day.

Specification B: a requirement for 60 to 100 liters of vaccine refrigeration
plus ice production, given a worst month solar irradiation
of 16 MJ/m/day.

Exhibit 5-5 Current Photovoltaic Refrigerator Costs (April 1985) [Ref. 5]
(From Tenders)

SPECIFICATION A B
Refrigerator Size (Liters) 15-30 60-100
Freezer Requirement (kg/day) NIL 1
Worst Month Insolation

(MJ/m? /day) 14 16
TENDERS :
Krray Power Range (Wp) 108-297 180-594
Battery Capacity Range (Ah) 100-456 420-912
F.0.B. Unit Cost ($) 1500-5500 1800-10,500
Typical Unit Cost ($) 3000 4000
F.0.B. Unit Cost ($/WP) 9-25 11-25
CIF Cost ($/Wp) 10-40 11-30

{incl. monitoring
fnstruments)
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5.3 . COMPARATIVE COSTS

The main motivation for the procurement of PV refrigerators 1s general-
ly to overcome the widespread problems of fuel shortages and distribution djffi-
culties associated with maintaining kerosene-fueled vaccine refrigerators in
remote and sometimes inaccessible locations. Hence, a photovoltaic refrigerator
competes directly with kerosene refrigerators in the market. At present, there
are no other realistic options for remote clinics (available diesel generators
are grossly oversized, and wind-powered refrigerators, although technically
feasible, are not commercially available).

It 1s important for potential users to ensure that investment in
photovoltaic vaccine refrigerators represents a sensible use of development
funds when compared with the costs of an existing kerosene-fueled system.
Therefore, it is essential to be able to present a rational analysis of the
economics of switching to solar. The WHO/EPI program is not an “economic
activity,” and it 1s not possible to carry out a cost-benefit analysis. The

only meaningful quantifiable results relate to the relative costs of the option

and also their 1ikely influence on the achievement of immunization program

goals [Ref. 6]. This latter point is particularly important since the fixed
overheads for any immunization program are generally large compared with direct
vaccine refrigeration costs. It is only upon taking these costs into consideration
that the financial benefits of PV refrigerators become apparent.

An analysis reluting to an actual immunization program in the Republic
of the Gambia has been used as an example. Refrigerator performance in this
example 1s based on climatic data from the Gambia. Although the data used were
from a particular site, the results are considered widely applicable. Variations
in Yocation will result in sizing changes. However, these changes are considered

minor when compared to the size of the program overhead and the improvement {n pro-
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ductivity to be expected.
It 1s assumed, on the basis of data recently collected [Ref. 7], that:

(a) The overhead cost of the vaccination program is between $8000 per
refrigerator (1ow-cost case) and $16,000 (high-cost case).

(b) The kerosene refrigerator is 85% reliable; (1.e., 15% of the
vacines are lost). The capital cost is based on an Electrolux
model RAK660. ($348 f.o.b). The kerosene refrigerator consumes
6 1iters of fuel per day at a cost of $0.77/11ter. Delivery of
the kerosene costs $0.44/11ter. The annual cost of spare parts
1s $136.

(c) The PV refrigerator is between 90% (high-cost case) and 100%
(Yow-cost case) reliable (1.e., 0 to 10% of the vaccines are
Tost). This assumption is based on the fact that early instal-
lations have been 95-99% reliable. The energy consumption of
the refrigerator is 0.5 to 1 kWh per day and it requires a
200-300 Wp PV array plus a 6-10 kWh battery bank. The low-cost
case {s based on a PV modvie cost of $5/Wp; a battery cost of
$180/kWh; a BOS cost of $1.25/Wp and a refrigerator cabinet
cost of $500. The high-cost case is based on a PV module cost
of $7/Wp; ¢ battery cost of $240/kWh; a BOS cost of $2.5/Wp;
and a refrigerator cabinet cost of $900. In both cases, system
integration, shipping and installation is another 21%.

(d) On the basis of 1983 figures, 19666 vaccines are delivered to
each refrigerator. 15% (2,950) are broken on arrival, and a
further percentage are lost due to the unreliability of the
refrigerator (b and c above).

On the basis of these assumptions, Exhibit 5-6 shows the resulting unit dose

costs that are calculated using a 10% discount rate over a 15-year period. It

can been seen that:

(a) The overhead cost per dose is reduced by 6 to 7 cents by using
a PV refrigerator because of the better relifability. Thus, the
overhead finance is used more effectively.

(b) The refrigerator cost per dose {s small compared with the over-
head cost per dose and not significantly different between
kerosene and solar for both low-cost and high-cost cases.

(c) The overall cost per dose 1s cheaper for the PV refrigerator,
even where the PV refrigerator capital cost is high. It s
important to note that periods when vaccinations cannot take
place result in incompleted, and hence ineffective, courses of
vaccinations. This effect is difficult to quantify but favors
a refrigerator with high relifability.
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EXHIBIT 5-6 Summary of Comparative Costs for Kerosene and Solar
Refrigerators (based on actual data in the Gambia) [Ref. 8]

Assumptions

Low Cost . High Cost
Case Case
Kerosene Solar Kerosrne Solar

Installed Capital Cost (§$) 400 3,424 400 8,856
Recurrent Costs ($ pa) £53 150 853 150
Avatlability (%) 85 100 85 90
Program Overhead Cost per

Refrigerator ($) 8,000 8,000 16,000 16,000

Results

Useful Dose per Annum 14,208 16,716 14,208 15,044
Annualfized Cost for Refrigerator ($) 913 564 913 1,478
Refrigerator Cost/Dose ($) 0.06 0.05 0.06 0.08
Overhead Cost/Dose ($) 0.56 0.48 1.13 1.06
Total Cost/Dose ($) 0.62 0.53 1.19 1.14

In conclusion, PV-powered vaccine refrigeration is technically more

reliable than kerosene-powered vaccination refrigerators and under certain

conditions less costly on a cost/dose basis.
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5.4 KEY FACTORS

The most significant finding 1s that there are no significant technica)
barriers to the application of PV refrigerators. Based on recent financial
comparison in The Gambia [Ref. 9], PV refrigerators were found to be financially
competitive with kerosene-powered refrigerators on a cost-per-dose basis. The
following are the key factors of performance:

¢ Accurate array ard battery sizing

e User training and support

o Close coordination with the end-use organization

o Cost-competitiveness with kerosene

5.4.1 Accurate Array and Battery Sizing

The most significant information generated by the NASA and WHO
field-trial programs is the number of systems that have experienced times when
the refrigerator internal temperature was outside the required 1imit. Reasons
for unsatisfactory performance include inadequate array/battery sizing and
fncorrect estimation of the load. These errors result in costly systems due to
overdesign or in systems with poor performance due to underdesign.

IT Power recently evaluated the tenders submitted for the supply of
23 solar refrigerators/freezers for the Pacific Islands on behalf of the South
Pacific Bureau for Economic Cooperation (SPEC). Sizing calculations performed
by IT Power demonstrated that some suppliers had tendered with photovoltaic
array sizes/battery capacities that would have been {nadequate. It is often
not understood that the solar regime {n some countries can vary considerably
according to topography.

Specii{ic operating experience with a number of units in a given

environment provides valuable design information for future applications. Thus,
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systems installed by suppliers with previous experience are found to be more
accurate in the sizing and estimation of loads.

5.4.2 User Training and Support

User training in both the capabilities of the system and how to
obtain the best results has been shown to be inadequate. A number of users
have been placing large amounts of warm material into the solar refrigerator at
the end of the day, causing the internal temperature to rise above the accept-
able 1imit. Although design modifications of the refrigerator compartments
may be made in order to restrict their use to only vaccine vials, user training
is the mast critical aspect in dealing with misuse.

Indications from the field are that improved user training in main-
tenance and trouble-shooting, coupled with adequate documentation and spare parts,
could have reduced the "down-time" of a number of installations. Back-up and
support has varied from project to project, but there have been examples of users
having to wait for instruction manuals after the installation of the solar
refrigerator and waiting long periods for spare parts.

5.4.3 Close Coordination with the End-User Organization

The importance of working with appropriate host-country organizations
and implementation agencies should be recognized. In this respect, the WHO/EPI
field trials, which involved working with donor agencies, regional offices and
local health authorities, provide an excellent network for reporting field
data. Similarly, the NASA-Lewis program identified appropriate host-country
organizations in their field trials sponsored by the Center for Disease Control
and AID.

A number of 12sser projects, however, have fajled in meeting their

objectives because the responsible agencies in the field have not been familiar
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with the end-use. Often there is a tendency to work with academic or energy-
related organizations rather than those familiar with rural health care.

5.4.4 Cost-Competitiveness with Kerosene

Very little work has been undertaken to compare the cost of solar
refrigerators with conventional kerosene units. Most work has concentrated
on the technical and institutional performance of PV refrigerators. As pro-
ducts have been refined and positive experience accrues with PV refrigerators,
the comparative costs of PV and kerosene refrigerators will be a key factor in
the decisfon to use PV-powered refrigerators. Realistic and responsible compara-
tive analyses must be developed.

The pre-investment study [Ref. 10] on photovoltaic application for
The Gambia used field experience and data for kerosene and photovoltaic refri-
gerators. The study shows that photovoltaic refrigerators could effectively
reduce the cost per dose of refrigerated vaccine if photovoltaic refrigerators
are substituted for kerosene refrigerators. Based on this analysis and on the
technical performance of recent systems, it appears that photovoltaic refrigeration
should be considered a viable option for vaccine refrigeration in developing

countries.
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5.5 REVIEW OF SIGNIFICANT PROJECTS

Project reviews incorporate the experience associated with more
than 170 systems in 32 countries. The most significant work to date has been
that performed under the direction of the World Health Organization and by
i/ASA. The formal development and field demonstration programs conducted by
these organizatfons have led to increased operating knowledgé and subsequently
improved system designs. Most recentiy, a significant cost analysis project
was conducted in The Gambia on the competitiveness of PV with kerosene. That work
1s detailed in this section. Other work has been done by UNDP, UNICEF, AFME
(France), GTZ (Germany), ODA (UK), Oxfam, ICRC and SWASO. However, the collec-
tion of detatled information on these projects is difficult as many are using a
single or few refrigerators. Many of these projects are not being monitored,
and there is 1ittle information available.

In the near future two additional projects should provide well-founded
and statistically significant operating data on ?V refrigerators. Projects are
currently underway to install 100 systems in Zaire and 20 in the South Pacific,
both funded by the European Development Fund. Because these have not yet been
documented, they have not been summarized in this report. The separately bound
report by IT Power does contain details of these projects.

The following refrigeration and medical system projects have been re-
viewed in detail for this report:

® NASA-LeRC 35 R/F Systems

® NASA-LeRC Medical Systems

o World Health Organization (WHO) Field Trials

e Senegal Medical Cystems

® Immunfization Program in The Gambia

o Questionnaire Responses
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5.5.1 NASA-Lewis 35 R/F Systems [Ref. 11, 12, 13, 14, 15, 16, 17, 18]

PV-powered refrigerators for vaccine storage were installed by NASA-
Lewis at 35 sites around the world from 1981 to 1983. The packaged systems in-
cluded a PV array (160 to 363 wWp), R/F, and battery bank. Each R/F was instru-
mented with a thermograph and alarm to indicate internal compartment temperatures.

From October 1981 to July 1984 the refrigerator/freezers in the NASA
trials accumulated almost 500 system months of operation. The refrigerator/
freezers are reported to have operated correctly (i.e., maintaining internal
temperatures within the required temperature range) for slightly more than 80
percent of the time. Although this is not an acceptable level of relifability
for vaccine refrigeration, it is comparable with that of kerosene refrigerators.
More significantly, all of the problems experienced are believed to be avoid-
able in future installations.

Systems in the Dominican Republic, The Gambia, Guyana, India, Mal{
and Thailand have experienced times when the internal refrigerator temperature
was outside the required 1imit. Reasons cited for inadequate performance
include:

- defective components (e.g., temperature controllers, thermostatical-
ly controlled air doors, voltage regulators)

= 1{ncorrect setting of the thermostat

- excessive amounts of warm material (e.g., food and drinks) being
put in the refrige-ator

- array shadowing

Exhibit 5-7 details component relfability in the NASA field tests.
0f the varfous component failures encountered, none occurred consistently
across the systems, and most were not considered serfous. From a NASA-Lewis
report, "...there have been no known PY system problems.... The R/F have been
relatively problem free with no compressor problems.,.. A few problems [have
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occurred] with compressor electronic control modules (ECM)....Instrumentation
has been a mzjor problem.” In particular, instrumentation problems were en-
countered with the pyranometers and amp-hour meters--instruments that have

been used successfully in many other projects.

SPC/ADLER BARRER SOLAVOLY/ SOLAVOLT/
MARVEL POLAR PRODUCTS
SYSTEMS INSTALLED 19 5 L)
SYSTEMS REPORTING 19 2 2
PHOTOVOLTAIC 1 - lvory Coast
MODULE (remained
functionsl)
VOLTACE i = Indonesia 1 - 8t. Vincent
REGULATOR (lefore
installation)
CASLE CONNECTOR 1 = ladonesia

1 = GCuyana
! - lvory Coast

BATTERIES Minor corrosion
enporienced
ELECTRONIC Fuse blown - lndonesia 1 = Jordan
CONTROL UNIT Puse blown - Cuyans
ECU failure - lvory Coast
COMPRESSOR miL
REFRIGCERANT ) unit received Jowv
Loor on (reon in Naldives
AN } = lvory Coeast 1 = Nondurae
(belore
installation)
Al DOOR nL 1 = T™ailend

THERMOSTAT/ALAN } = Alare incorrectly 1 = Nondutas
vired by SPC delivered (before
to Lcuedor tnstallation)

EXHIBIT 5-7 NASA-LEWIS FIELD TRIALS - COMPONENT RELIABILITY
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The systams operate with 1ittle operator support. Misuses of R/F
(e.g., for cold drinks, meat storage, etc.) has been observed on several systems,
The thermograph incriminates the user. Some R/F have yet to be used for vaccines
because the health programs or the vaccines themselves are not available,

The cost of current PV R/F systems ranges from $3500-6500 and is
dependent on the location, system design and supply point of the R/F. World
Health Organization specifications of 100-liter capacity are being modified for
specific requests. Designs can currently be obtained that 1imit access to the
cold space for anything other than vaccine viles. ECM failures are not substantial
enough to consider relfability a serious concern,

5.5.2 NASA-Lewis Medical Systems [Ref. 19, 20]

Included among the 35 NASA LeRC R/F systems were five stand-alone PV-
powered medical systems installed in four countries--Guyana, Ecuador, Kenya (2),
and Zimbabwe. The 1.5-kW PV systems were designed to supply power for R/F,
1ights, sterilizer, and radio. All materfals and load devices, excluding concrete
and fencing, were supplied as a package. Ecuador's system was 3 kW and in-
cluded a dental drill and inverter. Guyana's system included a water pump. The
systems were heavily instrumented to produce detajled data on load use, resource
availability, and equipment performance.

A1l five systems have functioned reliably regarding array, battery, and
contro) functfon. However, the systems have produced 1ittle useful data due to
fnstrumentation faflures. The automatic data acquisition systems were customized
for the project. Some electronic “loqic card” problems were experienced with the
controller, The sterilizer (electrochemical) failed to perform properly in all
the systems, Subsequent analysis has shown that electrochemical technology does
not meet medical sterflization specifications, (Since sterilization fs as {mpor-
tant as vaccine refrigeration for rural health care, other ster{lfzer technologfies,
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such as electric steam heat, are being investigated.) Several flourescent 1ight
ballasts and R/F fuses have blown. Spare 1ight tubes are not available beyond
those supplied with the system. One R/F has had an electronic control module
(ECM) faflure. Radio performance in Kenya has been poor because of terrain and
other radio interference.

No problems have arisen with respect to the azceptance and use of
the systems. However, Guyana has yet to place vaccines in the R/F. Difficult
battery access resulted in acid spillage in Guyana. Maintenance and technical
support in Ecuador was not continued because the trained technicians left their
positions or the support organization went on strike. In addition, the electric
grid has reached the village and the health center 15 no longer dependent on
PY. Plans have been made to move the system to the Galapagos Islands. One
system in Kibwezi, Kenya was installed next to a 20-kW diesel engine that has
since broken down. Passive interest in the PV system has changed to active
support as dependency has switched.

Design of these basic systems today would replace the electrochemical
sterilizer with a stean/pressure sterilizer, omit the instrumentation, and use
a state-of-the-art controller. With total loads of 1.5 to 2 kW, the current price
for such a system, including end-use camponents, would be $25,000-30,000 installed.
5.5.3 World Health Organization (WHO) Field Trafls [Ref. 21, 22, 23, 24)

The WHO Expanded Program on Immunization has sponsored laboratory
tests (1980-1983) and field trials (installed in 1983 and 1984) of PV-powered
refrigerators for vaccines. A total of twenty field trials were inftiated in
Ghana, Kenya, Tanzania, Columbia, Yemen Arab Republic, Indfa, the Philippines
and the South Pactfic Islands.

Based on laboratory tests and inftial field tria) results, four
refrigerator models have heen approved by WHO for vaccines (Polar Products RR2,
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LEC EV570, Frigesol 4G and Marvel 4 RTD). Others tested by WHO were rejected
based on characteristics such as high energy consumption, lack of ice-making
capability and unacceptable holdover time.

Te?hnical problems encountered with the field trials include improper
sizing of the array/battery and instrumentation failures. A number of systems
in the Philippines have undersized arrays. There is also concern over the array/
battery sizing of six systems in India and one in Yemen Arab Republic. WHO
has found that energy consumption in the field does not match that anticipated
based on laboratory tests. Discrepencies are most 1ikely due to the fact that
their strictly controlled laboratory tests did not account for misuse of equipment
in the field.
5.5.4 Senegal Medical Systems [Ref. 25]

A 670-Wp medical power system was installed at Mt. Rolland in the
Theis region of Senegal in 1982, The system provides for loads up to 56 watts.
The PV system competes against the following alternatives to supply basic
medical service power:

e The use of gas or butane for refrigerators and 1{ghting (relfability
of these refrigerators had been poor)

e The supply of distilled water with medical supplies obtained from
administrative headquarters

e Ironing of laundry with charcoal-heated irons

o Microscope work during the daytime with sun reflection 1ights

e Human-powercd water pumping

e Little or no ventilation

The PY system provides 1ighting, improved vent{lation with the use of
fans, and high-quality power for use with lahoratory {nstruments. Overall {t
made a decisive improvement in health service effectiveness. Each dispensary
deals with 10,000 1nhabitants, providing 100 to 150 consultations per day.
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The system costs 200,000 Ff (US$20,000--1985 conversion). The
system is experimental and the price includes R&D work., Tne system was oversized;
430 Wp would have supplied the load. Oversizing was the result of a load
overestimate.

5.5.5 The Gambia [Ref. 26]

An analysis relating to an actual immunization program in the Republic
of The Gambia, 1s given by way of example in Exhibit 5-8. The analysis assumcs
that the solar vaccine refrigerator will be 90-100% relfable, compared with
‘kerosene refrigerators being only 85% relfable (i.e., 90-100% of the vaccines
stored are usable from solar refrigerators but only 85% from kerosene units).
This assumption {s based on the field experience in The Gambia and the experience
with other PV refrigeration systems around the world.

The methodology used for the financial analysis entails calculating
1{fe-cycle costs for each option by taking the summed present values of their
respective cash flows. These are annualized to obtain relative annual running
costs, discounted to the present using a 10 percent discount rate.

The total program overhead is $400,000 or approximately $14,000 per
health center. For the purposes of analysis, both a low program overhead and a
high overhead have been used for comparison. These are $8,000 and $16,000
respectively. Similarly, for the solar refrigerator a high-cost and low-cost
case are considered as given in Exhibit 5-8,

It was assumed in the analysis that (on the basfs of 1933 figures)
14,208 doses per refrigerator per year would he administered using kerosene,
while 15,044 to 16,716 would be administered from the same supply of vaccines
{f solar refrigerators were used, These fiqures reflect 851, 901 and 100%
refrigerator avaflability (for kerosene, solar high, and solar low, respectively).
It can be seen from Exhibit 5-8 that the proqram overhead per dose ranges from
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$0.98 with a kerosene refrigerator down to $0.93 to $0.84 using more reliable
solar units. Of course, this is not a cnst-saving as such, but it does draw
attention to the substantial overhead involved in giving a vaccination over and
above the costs of the refrigerator and its operation and maintenance. A small
increase in refrigeration costs could be acceptable if it allows significantly
better use to be made of a relatively expensive infrastructure. Therefore, the

benefit consists of improved cost-effectiveness rather than reduced costs.

Kerosene Solar Low Solar High
Capital cost (installed) $ 400 3,424 8,856
Recurrent costs $ 853 50 150
Annualized 1ife-cycle costs $ 913 564 1,478
Availability (assumed) % 85 100 90
Doses per annum per 'fridge 14,208 16,716 15,044
Refrigerator direct cost/dose $ 0.06 0.05 0.08
Program o'head/fridge: LOW $8,000 HIGH $16,000
Kerosene Solar Solar Kerosene Solar Solar
Low High Low High
Program o'head/dose $0.56 0.48 0.53 1.13 0.96 1.06
Direct cost/dose $0.06 0.04 0.10 0.06 0.04 0.10
Total cost per dose $0.62 0.52 0.63 1.19 1.00 1.16

EXHIBIT 5-8 Summary of Comparative Costs for Kerosene and Solar
Refrigerators (based on actual data in The Gambia)

5.5.6 Questionnaire Responses

Questionnaire responses show a concentration of negative remarks
on refrigeration controls and infrastructure support, both for health vaccine

ana technical support for the system. Exhibit 5-9 is a tabulation of comments.
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EXHIBIT 5-9 Questionnaire Comments Refrigeration Systems
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SECTION 6.0
LIGHTING

Photovoltaics for individual and community 1ighting applications is
emerging as a very significant application for PV in the developing world. The
demand for 1ighting in rural areas of developing countries {s commonly supplied
by kerosene, paraffin, or candles. Lighting from these fuel sources is of poor
quality and is expensive. A kerosene lamp provides one-eighth the 1ight of a
20-watt flourescent tube. In Papua New Guinea a typical household will spend
over $200 per year to operate two kerosene lamps. Due to these high prices,
the market for single module PV lighting kits is estimated to be 15 MW in
Papua New Guinea alone. Thus, PV-powered 1ighting systems appear to have a
high potential of being viable for widespread application based on their
comparative quality, reliability, and cost.

The review of PV lighting as a viable application for PV in developing
countries has been based on projects referenced in the questionnaires (77 systems
in 8 countries), and on the significant and detailed work performed in Papua New
Guinea and Zimbabwe. In addition, small PV 1ighting system experience {s perhaps
most prevalent throughout the South Pacific and more specifically in Fiji and
French Polynesfa. Significant work in these countries is discussed in Section
7.0, Village Electrification.

The key factors in the use of PV 1ighting systems have been determined
to be (1) the relfability of charge controllers and DC ballasts (2) the avail-
ability of spare parts and (3) the abflity of consumers to secure financing for
the purchase of individual lighting systems,

The conclusions of these evaluatfons show that PV 1ighting for indf-
vidual homes 1s technically relfable and cost-competitive with 1ighting from
kerosene lamps. Paybacks hetween 2 and 7 years have been reported in separate
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studies conducted in Papua New Guinea and Zimbabwe. The only barrier to the

widespread application and private sale of systems appears to be financing.



6.1 APPLICATION DESCRIPTION

Jver the past 5 years, PV-powered 1ighting systems have become readily
available. Systems have been designed for two basic applications: area lighting
and individual use 1ighting. Area 1ighting systams are used for community
1ighting, street 1ights, and security lighting purposas. These systems consist
of a PY module; battery; simple voltage regulator; timing controls; and an
efficient fluorescent, low-pressure sodium or mercury vapor lamp. Several
companies offer complete self-contained units equipped with 1ight poles and a
weatherproof container for the battery and controls. Exhibit 6-1 is a diagram
of a typical system. The costs range from $1,000 to $2,500 depending on the
supplier and the 1ighting 1evel. 1he lamp pole represents a significant portion
of the cost of a system. Therefore, some manufacturers supply only the PV,
lamp, and related electrical equipment, permitting the user to supply the pole
and in some cases the battery.

The second basic application for PV-powered 1ighting 1s individual use
1ighting. These are typically one-to-two module systems operating two-to-four 20-
40 watt fluorescent 1ights in a private household or community buflding. Such
systems may be portable. This type of 1iohting has usually been combineu with
other end-use devices such as refrigerators and radios and operated from one
PV/battery powar system. The performance and viability of dedicated PV 1ighting
systems is similar to the performance of these components in combined systems.

Most PV equipment companies today offer small PV 1ighting systems,
A typical layout is shown in Exhibit 6-2. In general, a system consists of the
PY module(s), simple voltage regulator and controller for battery protection,
and DC fluorescent lamp(s). The cost of a small two-lamp (20 watts each)

system 1s approximately $300 to $500 in a developing country.
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EXHIBIT 6-1 Area Lighting System EXHIBIT 6-2 Individual Lighting

Common to both area lighting and individual 1ighting systems is the use
of gas vapor lights (i.e., fluorescent). The performance of these lights {s {mpor-
tant to the effi..ient and reliable opcration of the system. Fluorescent lamps
require a high-frequency electric charge to excite the gas molecules. After
this "starting" charge the lamp requires a relatively lower power and frequency
to produce 1ight. This function is performed by a "ballast.” The difference
between an AC and a DC flourescent light 1s mercly the ballast. Therefore, in
order to maintain the same size tube and saw on fixture costs, developing

countries may simply purchase the DOC ballast and convert their cwn AC fixtures.



6.2 CURRENT DESIGNS AND COSTS
Currently available 1ighting systems consis* of small systems for home,
medical services, and rural businesses. Area 1ighting systems are also offered

for roadway, security, and community 1ighting. A typical dedicated home 1ighting

system, comparable to kerosene 11ghting practices used throughout developing
countries, 1s detailed in Exhibit 6-3.

EXHIBIT 6-3 Dedicated PV Lighting System [Ref. 1]

Specifications Life Guaranty Price
(Years) (Years) ($)

1 PV Module - 40 Watts, nominal >15 10 $ 300
1 Battery - 100 Amp-hour capacity 5 3 70
2 Fluoresent Lights - 20 and 7 watt 1.5 1 70
Charge Controls 5 1 50
Packaging, Handling, Freight, Profit _10
Total 600

Such a systam would provide from 144 to 192 watt-hours/day of useful
1ighting enerqgy in a solar regime of 4.5 to 6.0 kwh/day (battery and system
conversion efficiency of B0%). A typical usaqge pattern would be for the 20-watt
1amp to be used 3 to 5 hours per night for general activities (e.g., cooking,
reading, working) and the 7-watt lamp to be used 8 to 12 hours for night 1ighting
and security. Approximately three days of storage would be available,

An important design aspect of small 1ighting systems s portability,
In rural houses 1n developing countries, kerosene lamps are used both inside and
outside, for a variety of purposes. The cost of the lamp plus fts low lighting

Teve! requires that 1t be portahle so that ity 1ight can be dedicated and

6-5



concentrated. In Papua New Guinea, a fluorescent lantern using a nickel-cadmium
battery has been developed and tested to compete with kerosene lamps.

Area 1ighting units powered by PV are also available from several

manufacturers. Generally, these units use high-efficiency lamps such as low-
pressure sodfum vapor (LPSV) or mercury halide lamps. Exhibft 6-1 shows a
typical design. Units that cost $1000 will provide adequate area {llumination
for vehicular traffic, security, and general purpose community activities,
However, LPSV lamps create a yellow cast, which may deter widespread acceptance
for community activity 1ighting.

PV-powered area 1ighting systems are a relatively new product. As
such, they do not directly replace a specific product. Therefore, comparative
cost analysis is not possible. The systems are most applicabhle for security,
safety, and community 1ighting needs where the cost of extendirg conventional

power lines or operating a dedicated generator may be relatively high,



6.3 COMPARATIVE COSTS

Conventional 1ighting practices in developing country villages involves
the use of kerosene-fueled lamps. Lighting is used for evening activities such
as cooking, reading, simple work, or social relaxation. During the night, a
lamp {s kept 1ighted for security and safety. A typical household may have a
pressure lamp (Coleman Variety) and one or more "hurricane" lamps (a wick lamp
with from 0.5 to 1 liter capacity, most commonly made in Korea or China). The
costs of lighting, for an average family, may range from $50 to 250 per year
depending on the price of kerosene, their usage, and the costs of lamps and
repair parts. The costs of kerosene 1ighting, over a range usage levels and
kerosene prices, has been compared to the costs of a small PY 1ighting system
designed to satisfy similar lighting practices and demands. The results indicate
that when a PV 1ighting system can be financed for approximately 5 years at 10%
per year, the required annual payment will be less than the annual costs for
kerosene 1ighting,

Kerosene lighting costs for Papua New Guinea, were studied in detail
fn 1980 by Kipa Maleva [Ref. 2]. The 11ighting practices for rural village
houses described by Maleva are considered to be similar to kerosene lighting
practices in the developing world. He found that, in a rural village, a typical
household (4 adults and 6 children) uses one pressurized lamp and one hurricane
lamp, At villaqe prices for kerosene of $0.80/1iter, which Maleva notes was
twice the price for kerosene offered at service stations in Port Moresby,
monthly weighted expenditures of 28 households averaged $9.69, or slightly more
than 12 liters per month., Capftal and replacement parts for lamps averaged
$4.90 per month or 501 of the monthly kerosene costs. Using this data, fam{l{es

were spending an average amount of $175/year on kerosene 1ighting,
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As an initial comparison, the capital cost of a 40-Wp PV 1ighting
system including two lamp replacements during the first years 1s $620. Using a
10 percent discount rate, 5-year financing period and no salvage value for the
PV module, the resulting yearly payments of $164 would be less than the yearly
costs of kerosene 1ighting. In actuality, the module would most 1ikely retain
a value tied to the current costs of new modules. A more accurate financing
period might be 10 years; however 1t is not felt that loans would be made for
that time span by commercial lenders.

The above comparison is 1imited because i1t is based on one level of
kerosene usage and cost, and 1t does not consider fuel cost changes or the
quality and amount of Yighting provided. A more useful comparison is possible
by considering the yearly costs of kerosene lighting over a range of usage
levels (25 to 150 Viters/year) and prices ($0.20 to 1.00/11ter). The costs of
lamps and repair parts are estimated to be 502 of the cost of kerosene on an
annual basis. The lighting level provided by a pressurized kerosene lamp is
estimated to be 200 lumens (A lumen is a standard measure of 1ighting intensity).
A kerosene hurricane lamp 1s estimated to provide from 80 to 100 lumens of
11ght. For a general indication, a 20-watt fluorescent lamp produces on the
order of 5 times the amount of light as a pressurized kerosene lamp. At prices
for kerosene above iU.75 per liter, the payback for a PV system to operate a
20-watt fluorescent 1ight for comparable perf{ods 1s less than five years,

Exhibits 6-4 and 6-5 have been constructed to permit rough comparisons
between the cozt of kerosene 1ighting to PV-powered 1ighting. Exhibit 6-4 1s
used to determine the annualized cost of kerosene 1ighting as a function of
kerosene price and consumption level. The price of kerosenc represents a
levelized price over the period of analysis, which, in this case, 1s five years.

Using an estimated consumption level, an annualized cost for kerosene lighting
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can be calculated. If this cost were applied as an annual payment for a PV
system, supplying the same demand, the maximum affordable cost for a PV system
could be determined. Exhibit 6-5 uses the annual cost for kerosene to provide
the maximum permitted cost of a PV system, as a function of insolation, the
financing period and the interest rate. If PV systems can be installed for
less than this maximum cost, shorter-term or higher-rate financing can be used
or a larger system can be purchased without exceeding the equivalent annual
kerosene expenditures. Similar graphs can be constructed using different
financing plans and relationships between kerosene price and annualized cost.

In summary, 1t is apparent that on the basis of existing data on
kerosene lighting practices and the assoctiated costs, PV 1ighting systems are
competitive with financing periods of 5 years and interest rates of 10%, where
kerosene costs at the village level are $0.75/1iter. The degree of competitiveness
is a function of kerosene costs, PV system costs, and financing. Each of these
factors are highly country- and site-specific. This evaluation shows that PV
11ghting should be seriously considered on the bacis of cost and quality of
11fe benifits,
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6.4 KEY FACTORS

The key factors that affect the performance of PV 1ighting systems are
as follows:

e Reliability of charge controllers and DC ballasts

e Spare parts availability and distribution

e Customer financing

6.4.1 The Reliability of Charge Controllers and DC Ballasts

Experience in Papua New Guinea [Ref. 3, 4, 5] is typical of fsolated
failures experienced with early solid state charge controllers, especially with
those installed in tropical enviromments. Current charge controllers are highly
reliable devices, based on number of units installed and the low reported failure
rate. Careful attention must be given to the selection of controllers that have
had proven records in the environment in which they will be used.

The reliability and efficiency of ballasts used in PV flourescent
light systems is an important performance aspect, as the cost of a of DC ballast
may represeht up to 75% the cost of the fixturc. The 11fe and performance of DC
ballasts used to operate fluorescent tubes appears to be less than 5 years,
based on approximately 60 DC fluorescent fixtures installed as part of the five
NASA-Lewis PV Medical Systems [Ref. 6, 7]. A DC ballast manufacturer claims a
ballast life of 7 to 10 years. Warranties are valid for one year. Because of
the relatively high replacement costs, durability testing under ffeld conditions
appears to be warranted. In addition, the development of efficient ballasts for
high-pressure vapor lamps {s needed and justified according to a report from
Mobil Solar Corporation [Ref. 8].

6.4.2 Spare Parts Availability and Distribution

The institutional factor that has the greatest impact on the performance
of PV lighting systems is the supply of spare bulbs and ballasts. Cost and in-
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frequency of failure preclude a user from stocking his own replacement parts. An
infrastructure of spare parts and repair{technician support is required for
widespread application.

6.4.3 Customer Financing

PV lighting was determined to be cost-competitive with kerosene in Papua
New Guinea in 1980 [Ref. 9]. The economic conditions that are necessary for PV
1ighting exist in many countries. The main deterrent to the growth of PV lighting,
however, is consumer financing. At least two governments, French Polynesia and
Spain, have established policies for remote rural electrification that subsidize

PV 1ighting and other small power systems either through low-interest loans or

direct subsidy.
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6.5 REVIEW OF SIGNIFICANT PROJECTS

The following 1ighting projects have been reviewed in detail for this
report:

® Papua New Guinea Lighting Systems

® PV Versus Kerosene Lighting - Papua New Guinea

o Zimbabwe Lighting Systems

o Mali School Lighting

® Questionnajre Responses

6.5.1  Papua New Guinea [Ref. 10]

The field operating experience with PV systems in rural applications in
Papua New Guinea has provided important technical and economic conclusions.

Charge controllers were found to be complex in circuit design and operation and
were unrelfiable, In 1980, full “tropicalized" charge controllers were made
available and have since been proven reliable. A policy has been adopted for
village and government patrol post 1ighting to use 12-volt DC PV 1ighting systems,
The reasons were for safety and reliability. As to the quality of 1ighting, a
20-watt fluorescent provides a 1ight intensity of 100 Jux at one meter below the
lamp. A kerosene pressure lamp provides 12 lux, measured one meter below the

1amp and outside the lamp's shadow. In addition to these obvious improvements in
quality, the high costs of kerosene (about 1 $/)iter) result in paybacks of from
two-to-four years for simple PV 11ghting kits.

A number of PV systems have been installed in Papua New Guinea for
communications, 1ighting, water pumping, and medical refrigeration. The total
installed capacity in 1982 was approximately 50 kW. Over half of the amount was
for telecommunfcations systems. The remaining systems were for mission radios and
1ights, mobile radios, village water pumping, and village house 1ighting. The
potential for village house 1ighting systems over the next 10 years was estimated
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at 500,000 single module units (35 watts), or 17.5 megawatts.

In related work, the Appropriate Technology Development Institute of
the University of Technology in Lae, Papua New Guinea has started testing fluorescent
tube “lanterns" powered by rechargable Ni-Cad batteries. The lanterns are designed
to look like their kerosene counterparts but to be charged with PY. A photo is
provided in Exhibit 6-3.

6.5.2 PV Versus Kerosene Lighting - Papua New Guinea [Ref. 11]

A survey was conducted among thirty village houses to assess the cost
components of kerosene-fueled 1ighting as experienced in rural villages. The
cost and performance of a comparable PV 1ighting system was analyzed over a
five-year period.

A typical household was found to use two kerosene powered 1ights, a
hurricane lamp and a pressurized lamp. The cost of operating these lamps was
found to be 196 Kina (1981 prices) for the first year. A five-year expenditure
of 817 Kina could be anticipated, using a 10% discount rate.

The comparative PV system was a single ARCO panel (ASI 16-2000), a Delco
2000 battery, a regulator and two 20-watt fluorescent lamps. It was capable of
delivering 160 watt-hours/day. The array was guaranteed for five years and the
batteries for three years. The installed cost of the PV system in 1981 was 655 Kina,

The following excernts were taken directly from the reference:

"...the PVC kit 1s less expersive to operate over a 5-year period.

It would take under five years to recover {its cost through savings

on kerosene 1ighting. Undoubtedly this may be too long a period

for a villager to pay for a commodity which does not in return

derive an income for him, with unknown performance and relfability.

However costs alone should not be used to determine the favour-

ability of efther of the lighting systems., Hence other compara-

tive criteria are taken into account.

“Quality of Lighting

...with the PYC 11ghting quality at least five time better than
the kerosene 11ght there 15 reason to pay extra money....
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“Initial Lighting and Convenience

«..the PYC kit merely provides 1ight at the flick of the switch.

For the kerosene pressure lamp it takes at least five minutes

to refuel the tank, clean the glass and then to actually light ft....

"...the costs and benefits are compared [and] it is clear that

benefits out-weigh the costs. Thus from a national point of

view, the replacement of kerosene 1ighting of the type

described with a PVC kit and hurricane 1ighting is worthwhile,

although the high capital requirement for the PVC kit makes

it unlikely that many people will take up the PVC option."”

The reference suggests that the government should finance and encourage
lending institutions in Papua New Guinea to provide loan opportunities to customers
willing to purchase PV kits.

6.5.3 Zimbabwe [Ref. 12]

A 1983 report by PTA Consulting Services of Harare, Zimbabwe was pro-
vided by a representative of the Ministry of Energy as an example of the only
“serious” work done on the question of the economic viability of PV for water
pumping and lighting.

A comparison is made of 1ighting by candles, gas, or paraffin to a
single PV module, battery and two fluorescent lamps (40 watts each). The cost to
a family for conventional lighting were between $24 and $144 per year depending
on the affluence of the residents. The capital cost of the PV system was $660,
Portability of the lamps was stressed as an important design parameter. Six-to-
seven year payback perfods were noted. Another comparison was made between
a 500-watt petrol generator and PY system to supply equal amounts of lighting.

The capital cost of $2000 for the PV system was compared to the $550 initial cost
and $975 annual! running cost of a petrol generator. Payback of less than two
years was calculated.

The report does not provide sufficient detail for an analytical critique.
However, it is probable that the operating assumptions used for the petrol generator
relate more to actual conditions than to {deal.
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6.5.4 Mali School Lighting [Ref. 13]

In November 1980, a classroom received fluorescent 1ighting for use for
evening classes. The competing alternative is gas lamps. PV has performed well
and with 1ittle maintenance; however, the reference stated that despite the risks of
bottled gas, the use of PV could only be regarded as an interesting experience.
The conclusion reached was that the use of PV cannot be developed further unless
there is a substantial reduction in the cost of systems and/or a substantial
fncrease in the budget devoted to rural education.

6.5.5 Traffic Lighting - United Arab Emirates [Ref. 14]

Twenty-one PV-powered street 11ghts and a high-mast, traffic-circle
1ight. were installed in June 1983 in Dubai, United Arab Emirates by Mobil Solar
Energy Corporation. Each street 1ight consisted of a 20-watt fluorescent tube,
two 35-watt modules and a 12-VDC ballast. T'e high mast 1ight consists of eight
400-W, high-pressure sodfum vapor (HPS) lanips powered by a 15-kW array.

During the design of the street 1ights, five commercially available tubes
were tested. The test results showed large differences in efficiency (lumens per
watt). The most efficient ballast was chosen. The customer has been pleasantly
csuprised at the illumination delivered by the 20-W fluorescent systems. The light
level is sufficient to read a newspaper while standing on the roadway, 18 feet
bencath the lamps. Through the first 10 months of operation, the street lighting
performed rel{ably.

There were initial problems with the HPS 1ight because of the inherent
difficulty with operating HPS lamps with modified square-wave inverters. The
solution was to use a ferroresonant inverter at 771 efficiency compared to a 90%
efficienct, modified square-wave inverter, Development of high-efficiency,
high-power, DC ballasts for these lamps was men.ioned as vital to optimfzing

these PV ighting systems.
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6.5.6 Questionnaire Responses

Comments fram the questionnaires received indicate “negative" comments
related most to lamp failires and "positive" remarks concentrated on the cost-
competitiveness with kerosene and on the unavailability of other sources of 1ighting
fuel. In general, comments were positive, and lamp tailures did not appear to
significantly impact the perception that PV-powered lamps are technically and

economically viable. Exhibit 6-7 tabulates the comments from the questionnaires.
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SECTION 7.0
VILLAGE ELECTRIFICATION

Village electrification has been considered an important potential
application for PV because of the number of unelectrified remote villages in
the developing world. A number of projects have been implemented, ranging from
a few hundred watts to over 25 kilowatts. Two basic types of systems have been
demonstrated: 1) a "centralized" system (generally AC) providing service to an
entire community, and 2) smaller {ndividual household systems (generally DC)
that are dedicated to end-use applications such as Yighting kits, water pumps,
radios, television and radio power. A review of several of these projects, as
well as comments received on 33 systems in 7 countries through questionnaires,
indicates that the individual, dedicated end-use systems have better performance
records and acceptance than centralized systems, especially those that provide
AC power,

The key factors that affect the viability of PV power for village
electrification have been determined to be: 1) reliable operation of power
conditioning equipment (primarily the inverter, but including DC voltage requlators
and battery charge controllers); 2) the choice of electrification strategies
(centraltized versus decentralized); and 3) the comparative costs of conventional
and remate power technologies,

The preliminary conclusions, hased on the success and acceptance of
PY in French Polynesia, Fijl, and Spain with small-scale lighting, communica-
tion and refrigecation systems, are thot small PY systems are technically, in-
stitutionally and most 1ikely financia'ly viable for rural cammunity electrifi-
cation plans, The experience thus far of the Gabon and the Utirik systems
support these technical conclusions, On the other hand, larger centralized AC
systems do not appear to of fer the same degree of viahility due to the requirement
for an existing infrastructure to manage the power facility, collect revenue, and

trouble-shoot inverters,
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7.1 APPLICATION DESCRIPTION

Village electrification systems power a variety of end-use components
such as pumps, refrigerators and communication equipment. As such, village
electrification systems incorporate both the positive and negative aspects of
the individual applications. The distinction between a village electrification
system and one that provides, for example, only 1ighting and pumping lies mainly
in the administrative infrastructure that surrounds the system. For example,
village electrification systems generally involve distribution, metering and
billing systems and/or wide-scale electrification of a single community.

The viability of PV village electrification is being debated in the
larger context of rural electrification. In particular, two strategies are re-
ceiving the most attention--one centralized system for ar entire village versus
many small individual household systems [Ref. 1]. The centralized systems have
been more widely publicized, as typically they have been significant projects

of development organizations.

VILLAGE ELECTRIFICATION

LOADS
PV ARRAY CONTROLS | B
e Water Pumps
e Communication Equipment
N o Lights (street, residen-
e - tial, medical)
BATTERY o Vaccine Refrigerators
STORAGE e Fans
e Battery Chargers

EXHIBIT 7-1 Basic Components of a PV-Powered
Village Electrification System

Exhibit 7-1 15 a schematic of a village electrification system that {s

typical of both the centralized and dispersed systems, The di fference between
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the two system types is in the magnitude of the array, the use of DC versus AC
loads (and hence the need for an inverter and its added complexity), instrumenta-

tion, battery storage and loads.



7.2 CURRENT DESIGNS AND COSTS

There are no commercially marketed PV-powered “"village electrification”
systems, A series of demonstration projects form the foundation for considering
current designs for village electrification systems. Experience from past
photovoltaic projects points to decentralized DC power systems rather than more
centralized AC power systems for rural electrification. The technical and
institutional factors surrounding this i{ssue are discussed in otner sections of
this chapter. It is perhaps sufficient to state that DC/AC inverters have had
a miserable performance record in developing countries and that the infrastructure
to centrally manage a remote village power system does not exist at this time.
A typical list of loads is provided in Exhibit 7-2, referenced from a report by
Michael Starr that discusses the econamic performmance of small decentral{zed
power systems for rural electrification.

EXHIBIT 7-2 Typical Electric Loads for Rural Households [ tef. 2]

Load Power Duration Energy

(W) (hrs/day) (wh/day)
Lights 3 x 20 = 60 5 300
Fans 2 x 60 = 120 8 960
Television 60 4 240
Radio/cassette 10 5 50
Total 250 1550

A PY systom to provide these loads would need to produce approximately
2 kWh/day, accounting for control, battery, and related losses and {nefficiencies.
A nominal PV array size to supply 2 kWh/day {n a 6 kwh/m’-day solar resource
would be approximately 350 Wp. Hattery storage capacity of 7 days and maximun
depth-of-discharge limited to S0 15 equivalent to 6.7 kiWh of storage (]1.55 Wiwh/day
x 2 days # 508 DOD).  This corresponds to evening operation and minimal bachup
during perfods of Yow insolation, Presunably, individual households would accept
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some periods of energy conservation campared with the costs associated with
higher system availability.

The installed price for such a system in 1985 is approximately $15/Wp,
including loads. It is estimated that, for volume orders, a price of $13/Wp
could be obtained, assuming user installation under minimal supervision. This
would represent a capital cost outlay of $4550. Assuming the consumer puts
down 10%, and obtains financing for the remaining portion at 10% interest for
10 years (note that the modules are the highest cost item and have a guarrantee
of 10 years), the annual payment would be $666 or $55/month. In addition to
the loan payment, a monthly charge of $5 is applied to cover normal load main-
tenance (1ight bulb replacement) and labor for inspecting and cleaning the
system. The total cost of energy would be $1.30/kWh. Although this is high,
comparative costs for diesel-generated electricity from a 2.5-kW diesel are in

the same range (See Section 7.3).
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7.3 COMPARATIVE COSTS
Diesel costs are summarized in Exhibit 7-3. Exhibit 7-4 has been

developed based on these costs and on the PV system design and financing plan
described in Section 7.2.
Exhibit 7-3 Diesel Costs (2.5-kW diesel; 7-year 1ife) [Ref. 3]
Low Cost High Cost

Capital Cost ($) 1000 3000
Fuel Cost ($/gal) 1.50 3.00
Operating Efficienhcy 0.20 0.15
0 & M ($/year) 200 400

For the PV system, the 1ife of the batteries is 10 years--equal to
the PV array. It is conceivable that a financing program could be designed
to permit the PV array costs to be carried over a longer period (e.g., 20 years)
while the B0S, including the battery, be financed over 10 years. The purpose
of such a scheme would be to lower the consumer's monthly payments.

An examination of Exhibit 7-4 shows that for good solar resource
areas and for'diesel capital costs above $1500, PV power systems are competitive
with diesels for loads up to 2.5 kWh/day. Comparisons to gasoline engines,
which are available in smaller power ratings than diesels, would show the cut-
off for PV cost-campetitiveness to be at lower daily energy loads, owing to the
reduced capital costs for the gasoline engine.

In summary, it appears from this rough analysis and from the experience
worldwide, that small decentralized PV power systems are becomming a marketable

commodity for rural populations.
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7.4 KEY FACTORS

The following items represent the most significant factors in the
performance and viability of PV for village electrification today.

e Power conditioning reljability

o Small decentralized versus larger centralized systems

¢ Comparative costs of conventional technologies

7.4.1 Power Conditioning Reliability

The most significant technical factors have been the reliability and
complexity of the power conditioning subsystems, not the performance of the PV.
Fajlures in inverters and, to a lesser extent, in battery charge regulators have
been a problem in several systems. Some problems have been related to quality
control and most 1ikely would have been discovered had "burn-in" testing been
performed. Other problems have been related to environmental factors (e.g., heat
and humidity) or user operating errors. For all inverters and controllers,
only proven equipment should be selected. Factory testing should be included
as part of the purchase specifications. Referring to operator errors, complex
operating procedures and oversophistication of meters and dfagrams associated
with inverters and controllers placed in developing countries have been a
problem. Although state-of-the-art equipment s moving toward more simple
design, there 1s still room for {mprovement. As for the technical performance
of the end-use components, refer to the chapters on the other applications,

7.4.2 Small Decentralized Versus Larger Centralized Systems

The decision to procure one centralized system or many dispersed
systems {s a key policy {ssue [Ref. 4], Traditionally, centralized systems have
been preferred by funding organizations since their performance {s more easfly
monitored, However, some qovernments, such as Papua New Guinea and French
Polynesia, have made commitments to promote small {ndividual systems. These
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small systams do not require a distribution system throughout the village; they
do not need metering systems; system failures impact one household, not the
entire community (failures are more common in central systems as a result of
overloading due to unauthorized connections); and they can be mounted on roofs,
rather than dedicating valuable land to a large systan. The management of

power is much more complex fn a centralized system, as the interests of the
entire community must be integrated. However, centralized systems develop a
sense of conmunity. With either type system, an infrastructure must be developed
to support the repair and supply of spare parts. Either type of system would
require some administrative support--a billing system in the case of the central-
1zed system or a financing program in the case of individual systems involving
subsidies such as those typically provided for other energy technologies.

7.4.3 Comparative Costs of Conventional Technologies

Comparative 1ife-cycle cost analyses of PV-powered systems to conven-
tional power have most commonly been performed for larger systems. Most reports
find that diesel remains the competitive choice. Capacity factors, administrative
costs, technical support and billing efficiency are a few of the serious issues
that influence village electrification costs for both energy technologies.

On the other hand, small decentralized systems, as analyzed in Section 7.3,
may provide service at a lower cost than diesel or PV central systems, due to
the virtual absence ot the issues mentioned above. The centralized systems
have lower initial capital costs than the dispersed systems. However, it
appears that over the li{fetime of the systems, once administrative and operational
problems are factored in, the {ndividual systems cost less [Ref. 5].
The success and acceptance of small PV systems in Fiji, French Polynesia,

Papua New Guinea and Spain for DC Vighting, communications, and refrigeration

71-9



viable for rural communities. Furthermore, a significant part of the purchase
and operating costs associated with these systems is covered by the users

themselves.,



7.5 REVIEW OF SIGNIFICANT PROJECTS

Village electrification projects at the following locations have
been reviewed in detail for this report:

o Tunisia

o Gabon and the Marshall Islands

o Basajsa Village - Egypt

o Charsarati, West Bengal, India

o Niaga Wolof Energy Centre - Senegal

e French Polynesia
7.5.1 Tunisia [Ref. 6, 7, 8]

A village electrification project of PV, wind, and solar heating has
been operating since February 1983. The PV system consists of a 29-kW, 220-volt,
50-Hz system to serve public and commercial sectors of a village of 120 persons.
Additionally, a 1.4-kW remote farm system for l1ighting, R/F, TV and radio and two
1.4-kW drip frrigation systems were installed. Operation and evaluation is the
responsibility of the Societe Tunisienne de L'Electricite et du Gas (STEG).

There {s very 1{ttle instrumentation on the system, although there are kilowatt-
hour meters on the system and for individual users. Users are billed for specific
consumption. Project participants believe that STEG has been recording basic
production data,

There have been inverter faflures, Some array wiring has deterforated
due to ahrasfon and sunlight damage. It {s suggested that the wrong wire sheathing
was specified or prrocured.

7.5.2 Gabon and the Marshall Islands [Ref. 9, 10, 11, 12]

Significant village electrification projects have been performed by
NASA-Lewis Research Center over the last two years, These are a 27-kWp system {n
Tunfsfa (see previous project review), an B-kWp, 120-VDC system in the Marshall
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Islands on Utirik Atoll, and a series of 17 separate community service DC systems
in Gabon for water pumping (0.7 - 3.2 kWp), education (560 Wp), community light
(80 Wp), and a health dispensary (640 Wp). The Utirik Atol) system and the Gabon
systems became operational only recently--in 1984 and 1985, respectively. So
far, both PY systems have had 100 percent availability. Minor problems have
occurred with control systems in Gabon and with street 1ight inverter ballasts

in the Utirik system. The Gabon system is heavily instrumented, and collected
data over the next few years will provide a valuable indicator of that system's
overall performance.

7.5.3 Basaisa Village - Eqgypt [Ref. 13, 14, 15]

A PY village electrification system was introduced in Basaisa in November
1977 under the sponsorship of the American University in Cairo and the National
Science Foundation. The initial 33-Wp system powered a 12-inch screen black and
white television, a 12-V radio cassette recorder and a 12-V manual slide projector.
The storage system consisted of a 12-V car battery. In December 1978, another 33
¥p was added to power a 12-V loudspeaker and a 12-V, 60-W emergency light, In
1981, solar pumps were added for irrigation.

The village has established a community cooperative, community club,
technical center and community clinic., A fee is charged for membership in the
cooperative or cluh, Members of the cooperative may use the community AV,
emergency 1ight and frriqation pumps, Members of the club may use the TV, AV
equipment and light, The technical center uses the AV equipm it and pumps.

The clinic uses the Vight, ﬁewhers of the cooperative and club must pay rent
for the pumps and AV equipment during times of use.

As of Septembher 1983, the system was operating satisfactorily., The
{nftia) pump that was used in the system was not designed well for the given
application--low 11ft pumping, However, a new pump was developed and was 1in
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use as of September 1983, Operation and maintenance activities include cleaning
the array every two weeks and monitoring battery state-of-charge with a multi-
meter and hydrometer,

Operation, maintenance and repair is performed by volunteers in the
community. In the case of system breakdowns, the villagers first attempt to
correct the situation thamselves; the project team only intervenes if the
villagers cannot fix the system. The energy cooperative not only provides for
the basic energy needs of the community but it also establishes an educational
atmosphere and a type of community spirit. There has not been much conflict over
the use (and scheduling of the use) of the various equipment. Some farmers still
prefer using their animals to carry water for irrigation rather than the PV-powered
pumps.

7.5.4 Charsarati, West Benga)l, India [Ref. 16)

In December 1980, a 200-Wp PY system was installed to power a community
center, One of the main functions of the center {s to provide adult education.
The loads for this system {nclude a 65-W television, two 40-W fluorescent lamps
and one 20-W fluorescent lamp., A DC-DC converter (24-110V) is used for the
television, and an inverter (24VDC-150VAC) s used for the lamps, Storage
consists of two 12-V, 120-Ah lead-acid batteries. In October 1981, a 300-Wp
water pumping system was installed for irrigation. The pump is a DC centrifugal
rated at 96 V and 400 W. A maximum power point tracker and five 42-v, 60-Ah lead-
acid batteries are included in the system., This project was originated ar{ is
admini{stered by the University of Kalyani, A1)l modules were supplied by CEL.

As of 19R4, the system seemed to be operating smoothly, The princips)
investigator of PV projects at the University of Kalyani feels PV systems have
been proven technically feasible in [ndia, [n this project, some modules
failed after three years due to cracking of cell {nterconnections., Motor-pump
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set problems were encountered, mainly with the carbon seals and commutators.
In 1984, the community center was economically viable. BOS costs (per
peak watt) are less in India than in the U.S., due to cheap labor. The cheaper

BOS costs allow for the use of low efficiency (5%) solar cells.

This project has generated "tremendous enthusiasm,”" even attracting
people from neighboring villages in the evenings. The villagers manage security,
operation and maintenance on a cooperative basis. There have been problems

when modules have failed in that they could (as of 1984) only be replaced by
physically taking them physically to CEL.

7.5.5 Niaga Wolof Energy Centre - Senegal [Ref. 17]

Niaga Wolof 1s a village of 1500 inhabitants. In February 1983, a
PY-Wind hybrid system (5 kW PV; 4.5 kW Wind) began powering a public 1ighting
system., In April 1983, a water pump (20 to 25 m3/day) was connected to the system.
The system was offictally considered operational in January 1984, after 9 months
of preliminary tests., By January 1984, the system also powered two refrigerators
and two fluorescent tubes. The system is intended to also eventually supply resi-
dential lighting, a cammunal TV, carpentry and sewing equipment, a grain mill and
an {ce maker,

As of October 1984, no problems with the PV portion of the system had been
reported. According to the reference, the system has “confirmed the reliability
of photovoltaic solar encrgy.” The system has also demonstrated that a full-time
system operator is not necessary and that perfodic inspections suffice.

The cost-competitivennss of this system versus diesel has not been
determined yet since the grid is stil) underqoing expansion and more accurate
fnstrumentation 13 needed,

The system {5 located near Dakar and is thus close to technical support.
Users of the system are Lilled accarding to an established tariff structure.
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Residences are billed at the cheapest rate. A tourist center in the village fs

charged a higher rate.

7.5.6 French Polynesia [Ref. 18, 19]

The activity in PY applications in French Polynesfa is significant. Over
1000 home power systems have been installed to provide 1ighting, television, and
fans for individual houses. The efforts are supported by the French Atomic Energy
Commission (CEA), the French Agency for Energy Management (AFME) and the Government
of French Polynesia. The program in which systems are being provided 1s similar
to that practiced worldwide for rural electrification--subsidization. Studies
as long ago as 1980 showed that 1t would be more cost-effective to support the
fntroduction of PV power systems than to extend the grid.

A typical system consists of three 13-watt 1ights, an 80-watt televi-
sion, fan, and small refrigerator. The cost of the system {s approximately
17,600 Ff ($2000), 1ncluding taxes. The modules are 50 percent subsidized by the
program. End-users can pay the balance up-front or over a five-year period at
9 percent interest. The conclusions of the recent work are that PV is economically
Justified where the user is more than 200 meters from the grid. By 1982, 50 kW
(representing 300 huts) had been installed under this program. Another 120 kW
were expected in 1983, representing 25 percent of French PV production at that
time. The South Pacific Commission was encouraged by this program and has proposed
the development of such a rural electrification scheme throughout the South
Pacific.

7.5.7 Questionnaire Responses

Comments in the questionnaires reflect the reliability of photovoltaic
arrays and the problems associated with inverters. Exhibit 7-5 tabulates responses

under each area of evaluation and denotes them as heing positive or negative.
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EXHIBIT 7-5 Questionnaire Comments Village Electrification Systems
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APPENDIX A
SUMMARY OF QUESTIONNAIRE RESPONSES

This appendix includes statistical information on the questionnaires (Ex-
hibit A-1); copies of the two questionnaires that were distributed; a Questionnaire
Summary Response Table (Exhibit A-2); a 1isting of all projects referred to in
the questionnaires; and a reference 1ist of the persons or organizations who
responded to the questionnaires.

Questionnaires were sent to over 300 indfviduals, organizations, and govern-
ment agencies for the purpose of collecting PV project field performance experience.
Two similar questionnaries, labled “Project Field Questionnaire" and “Project
Questionnaire," were sent to two basic participant groups: end-users and
manufacturers. The end-user group included USAID Missions. Missions were
requested to distribute the questionnaire to pertinent host-country individuals,
organfzations, and government agencies that may have direct field experience
with photovoltaic applications.

The “ficld" questionnaire concentrated on questions pertaining to user
acceptance, fnstitutional performance, and incountry costs for conventional fuels.
It was also directly sent to specific key fndividuals and organizations in
developing countries who had been identified as having significant field experience.

The “project” questionnaire was directed at manufacturers in both developed
and less developed countries in order to solicit field experience an current
cost information on PV systems.

Exhibit A-1 details response statistics as of September 30, 1985. The USAID

Mission response, 1f considered separately, was 40%.
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Exhibit A-1 Questionnaire Statistics

Field Questionnaire Project Questionnaire
# Sent 162 141
# Undeliverable 0 6
Effective # Sent 162 %
# Answered Through Interview i 2
# Returned 36 22
Effective # Returned (% of eff. # sent) JI7 (23) 27 (18)
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PV PROJECT FIELD QUESTIONNAIRE

To the person filling out this questionnaire: please provide the following
information. )

Your Name

Mailing Address

Telephone No. ({f available)

Telex No. (if available)

Position

Role with Respect to
PV System or Project

Please fil]l in the following questionnaire to the best of your ability, or pass
it to the appropriate individual. 1If you feel you cannot answer a question
please vrite in "Do Not Know" or "DNK"



PROJECT DESCRIPTIONS

Please provide a simple description of photovoltaic projects in your
country. Describe PV systems which represent the general design and
observed performance of systems in each of these application areas:

wvater pumping, grain grinding, refrigeration (vaccines), communication,
lighting, village electrification, and water desalinization and puri-
fication. Explain the purpose of the system (such as demonstration, Ré&D,
training, commercially viable, etc.). Where possible, reference or pro-
vide reports on specific projects.

1. Project Title/Location

Application

Pur pose

Sponsoring/Funding Agency

In-Country Participating Agency

Installation Date Equipment Supplier

PV Array Size Watts

Current Status of System: Working Not Working

Explain:

2. Project Title/Location

Application

Purpose __

Sponsoring/Funding Agency

In-Country Participating Agency

Instsllation Date Equipment Supplier

S o s ——

PV Array Size Watts

Current Status of System: Working Not Working

Explain:
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Project Title/Location

Application

Purpose

Sponsoring/Funding Agency

In-Country Participating Agency

Installation Date Equipment Supplier
PV Array Size Watts

Current Status of System: Working Not Working

Explain:

Project Title/Location

Application

Purpose

Sponsoring/Funding Agency

In~Country Participating Agency

Installation Date Equipment Supplier

PV Array Size Watts

Current Status of System: Working Not Working

Explain:

Project Title/Location

Application

Purpose _

e — s oo

Sponsoring/Funding Agency

In-Country Participating Agency

Installation Date Equipment Supplier

S o s

PV Array Size __ VWatts

Current Statum of System: Working __ Not Working .

et — o ———

Explain:
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11. PERFORMANCE OF SYSTEMS
A Technical

What has been the observed technical performance of photovoltaic energy systeams
installed in your country? Consider and describe experiences in each major
spplication area. Where possible, explain both problems and positive experiences
with systems and individual components such as PV array, batteries, controls,
instrumentat ion, and loads (pumps, refrigerator, lights, grain sille, radfos,
etc.). Use additional paper if necessary.

1. Reliability

2. Operating Performance (If possible provide specific performance data such
as asount of water pumped and head, grain ground, number of vaccinations,
etc, for example aystems.)

3. Maintenance and Repair

4, Have any proble.s emerged with user acceptance of PV systess’

3. Mave any problems been emperfenced that relate to in-country fnatitutionsl
capability (technical and administrative) to operate and repsir resote
photovoltaic systemss?
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Financial

To the extent possible, please provide the financial data specified below. Use
any recognized currency and provide currency year (for example, 1980 dollars).
Please be as detajled as possible and ident ify those numbers that are estimates.
When data is not available in the units indicated, please provide any relevant
information. For example, "Currently a Honda 400 Generator Model MD-4 f{s
$900.00" or "10 liters of diesel fuel cost 12 Zimbabwe dollars in Harare {n

May 1984" or “40 Watt PV modules in Gaborone are $396.00 (V.S.)."

l.

3.

4.

I1f available, wvhat is the current commercial capital cost of PV power
in your country? (Modules, packaged system costs, by application, etc.)
Use recent projects (vithin the last year) as examples {f necessary

What operating costs are associated with PV systems (number of persons,
capability and pay, rate, hours/months in operatfon or support)?

What s the monetary value of the following products in rural areas of
the country?

o Water (from what depth?)
o Cround grain (what grain? grinding costs only.)

o Rlectricity (from what aource? organization?)

Comparative energy costs in rural locstions (circle correct units)
Blectricity per kilowatt~hour

Diese]l Fuel per liter or gallon

Kerosene Fuel =~~~ per liter or gallon

Casoline Fuel per liter or gallon

Wood _~~ per pound or kilogram

Nusan Labor _ per day or hour (indicate type of work)

Animal labor _ per day or hour (indicate type of work)
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c.

1.

Capital costs and expected lifetime for other technologies:

Diesel Engines: Cost Size Expected Lifetime
Gasoline Engines: Cost _  Sfze _  Expected Lifetime
Portable Cenerator: Cost Size Expected Lifetime
Kerosene Lamps: Cost Size Expected Lifetime
Refrigeration (kerosene): Cost __ Size __ Expected Lifetine
Water Pupps: Cost Size Expected Lifetime

How does PV compare on a life-cycle cost basis to other remote energy
technologies in use in your country? (Provide portions of recent energy/

economic analyses. Where such data are not available, perception and
Justification are requested.)

Inatitutional

How have local communit jes received the installatfon and use of PV systems?

To what extent have {n-country personne) and local operating staff pertici-
pated in the conceptual design, installation and start-up of PV systems?




3. Based on the observed or perceived technical, institutional, and cost
performan:e of PV energy systems, what is the current viability of PV
for remot : energy supply in each area of application in your country?

D. General Comments

Your cooperation and assistance in filling out this questionnaire §s greatly
appreciated. Pleane indicate below {f you wish to recefve a sumnary of the
resulting report and to whom §t should be addressed.

Yes No

Address _

o A TR ) T e
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PV _PROJECT QUESTIONNAIRE

To the person filling out this questionnaire: please provide the following
information.

Your Name

Mailing Address

——— o o— — — —

Telephone No. (4f available) _

Telex No. (1f available)

Title/Position e _
Role with Respect to 1.
Specific PV Systems or
Projects 2, o .
3.
4, -
5.
6.

Please £111 {n the folloving questionnaire to the best of your ability, or pass
it to the appropriate individual.
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I.

PROJECT DESCRIPTIONS

Please provide a description of significant photovoltsic projects with
wvhich you or your company have had direct field experience. Select and
describe PV systems wvhich represent the general design and field perform-
ance of systems in each of these application areas: water pusping, grain
grinding, refrigeration (vaccines), communication, lighting, village
electrification, and water desalinization and purification. Explain the
purpose of the system or project (such as demonstration, R&D, training,
coamercially viable, etc.), and wvhere jossible, reference or provide
reports and contacts for specific projects.

1. Project Title/Location

Application

Purpose

Sponsoring/Fund{ng Agency

In-Country Participating Agency

Installation Date Equipment Supplier
PV Array Size Watts

Current Status of System: Working Not Working

Performance Detafils:

2. Project Ti{tle/Location

Application

Purpose

Sponsoring/Funding Agency

In=Country Participatin, Agency

Inets]lation Date _ Equipment Supplier
PV Arreay Size Watte

Current Status of System: Working ___ Not Working i}

Performance Detalls:

- T R = T T ez



http:photovolt.ic

3.

4.

Project Title/Location

Application

Purpose

Sponsoring/Funding Agency

In-Country Partic{pating Agency

Installation Date
PV Array Size

Equipment Supplier

Watta

Current Status of Systen:

Performance Detafls:

Working

Not Working _

Project Title/Location

Application

Purpose

Sponsoring/Funding Agency

In-Country Participating Agency

Installation Date
PV Array S{ze

Equinment Supplier

Watts

Current Status of System:

Performance Deta{ls:

Work{ing _— Not Working
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5. Project Title/Location

Application

Purpose

Sponsoring/Funding Agency

In=Country Participating Agency

Installation Date Equipment Supplier

PV Array Size Watte

Current Status of Systea: Working Not Working

Performance Details:

6. Project Title/Location

Application

Purpose

Sponsoring/Funding Agency

In=Country Participating Agency

Installation Date Equipment Supplier

PV Array Size VWatts

Current Status of System: VWorking Not Working

Performance Detalls:

R r o

g
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I1. PERFORMANCE OF SYSTEMS
A. Technical

In general, vhat has been the technical performance of PV systems in developing
countries? Consider and describe experiences in each of the major application
areas as identified in Part 1. Where possible, explain both problems and
positive experiences with systems and individual components such as PV array,
batteries, controls, inverters, instrumentation, and loads (pumps, refrigerators,
lights, grain mills, radios, etc.) according to the technical criteria liated
below. Use additional paper 1f necessary.

1. Reliability

2. Operating Performance (Provide specific performance data vhere possible,
such as amuunt of water punped and head, grain ground, number of vaccina-
tions, referencing systems described in Section 1).

D e T S S, ——— —

3, Maintenance and Repnrir

o e o
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B. Institutional

1. Have &ry problems emerged with user or community acceptance of PV systems?

2. Have any problems been experienced that relate to in-country institutional
capability (technical and administrative) to operate and repair remote
photovoltaic systems?

3. To what extent have in-country personnel and local operatinrg staff partici-
pated in the conceptual design, installation and start-up of PV systenms?

4. Describe any other institutional or user related aspects which were sig-
nificant to PV system overall performance.

c. Finan-{al (Current System Costs and Performance)

The {inanciul performance of{ PV systeas s principally a function of the in-
stalled capital costs and the amount of product produced (life-cycle costing
factors being held constant). The changing nature of the world wide PV {ndustry
precludes using past system performance as completely representative of current
system performance. Therefore {inancial svaluations of PV systems will be
considered using current eystem designs, equipment, and costs. Judgements on
performance and reliability will be based on past system experience and the
reasonable fmpact of any design changes proposed. With this background and
based on your experfence in the desiyn, app.ication, and/or operation of PV
systems and their current costs, please ansver the followving questions ae
completely as possible. Please provide cost/performance information on PV
systems {or euch major spplication area an provided in Section 1. Where thie
is not possible, plense provide current component costs.

A=lh
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2.

3.

For similar applications as those detailed in Section I, what design
changes if any would you make to the lylt!ll! What equipment choices
would be different?

——— e —

Based on )., wvhat is the current capital cost (including spares) of such a
“point” designed system? ("Point” design refers to a specific insolation
and load character) Provide recent installed cost/performance quotes 1if
possible for similar systems, representative of typical application
environaents in developing countries.

What {s the elpcctod output of the system in an average solar insolation
of a 5 KWh/ml/day, specified in KWhra/day, gallons of cubic seters of
water pumped per day (etate average head), or kilograms of grain ground
per day (state fineness)?

L S o
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EXHIBIT A-2 Questionnaire Summary Response Table
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QUESTIONNAIRE PROJECT LISTING
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L & 37 STALLA- IN-COUNTRY
MmECTY PRACECT TINNLE/ APPLICATION/ SYSTEM TI10m FUND ING PARTICIPATING
RIRER LOCATION PURPOSE SPEC OATE AGENCY AGENCY
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Erergy Praject/ and irrigation water (ARCD, Jucuzzd b4
Molapcuada Long, supply
Bctsana
22/8 Botswana Remevall- ‘dater Pumping/Criming 1376 & July, USAID WRUA
frergy Praject/ end {rrigation water [ARCD, Jucuzr! |'B4
Mochudi, Sotssana supply
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¢
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233 [Tpartisaro, Xenyas Hater Pumping/lattle (1400 ¥ Mar ‘SS]DANIDA Rura) Development

Fund
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i
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Powering a village

Salar fForce,
Leroy Somer
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26/2  [Icole Des Mime<’ edter pumping for 4,320 Nov ‘85/USAID/Rabat, Morocco|CDER/Ecole des Mines
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173 Shirat! {rrigation Water Pumg’n)/Plot 280 Sep ‘81 |[Mennonite Centrsl --
Schame/Tanzanis lrrigation SEI W 5250 Committee
System
27/8 atily Mealth Centre/ |[L'ghting and Refri- 930 W Oct °B848ORND NORAD
erys geration to replace Arco, Polar
diesel generstor Products,
Fisher Karpark
215 Moguis Church/TanzaniajLighting 640 W May ‘85/Mary Knoll Fathers [Mary Knoll fathers
Arco, REC, FX!
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gﬁiiiiitii : IN-
NI . STALLA- IN-COUNTRY
MJITY AOJELT TITLL i Arp. LCATION SYSTEM TION FUNDING PARTICIPATING
wBiz | LOCATION ? PLPOLE SPEC DATE AGENCY AGENCY
81 ;!Sehrwuse “lanser- fHoaseho‘a tlectrifica-}1728 W Jan ‘84|Government of Through Solar
,erese”/Salzvurg, tior Demy., #4D, Com~ AfLG-Telefunken Salzburg (Province) jvoltaics
JAgstria ;mercial vigdle JVARTHA, Solar
: jvolzaic (Sv)
405 Sereind Pumz/ ?Solar/im: dater Pmp-{Zbl o Nov *B3[Solar Voltaics Through Solar
JSmiversitly cf dienna® |i1n3/RAD Helios Techn., ,"o-;uny voltafics
. 5 SV, University
5 y vienna
2383 Sen pamp/Argenting (Selar weter Pumping/ iSZ:) ] Mmov '81{Solar voltaics Agro Solar, Mr. Gold
% ; Demo . Siesens, Company (agent)
; Grundfos
231 ;Solar-Cwmotic-lrrig.- "lrrigatiofUDEIO.. RAD [Each 3 or 18 Hi!ov ‘B3iSolar Voltaics 7 different agents
;System {Agromet; Ql¢ i Solavplt, AGE,;Jun '84 Company
versign)/Mertcd, Yere-: SV
cwela, Sraztl, Argen-
21ma, JSA [R2;, Pera, |
iIni.e
i :
2845 ScTar-Osmotic-lrr. - ilrrigation/RED 163 W Mar ‘85]Solar Voltaics ARPE-PLAST, Austria
iSyst {%ew Y2rsign)/ ARFE-PLAST, Company
Ii’;léers. Austria Sr., Helios
; Techn,
H
S Sumpump/Dominican Solar water Pumping/ (8B40 W May '85{INDOTEC*, Santa Sir William Halcrow
Jleoadlic 840, Dewo., Training, {lontec, Domir.go & Partners, G.B.
i jCs:-n. viadle Grundfos
i

*Dosinican I=stitute of Incusirial Technology
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RPRL R/ STALLA- IN-COUNTRY
reQECT PRQUECT TITLE/ APPLICATION/ SYSTER TI10M FUNDING PARTICIPATING
Wt R LOCATION PUFPOSE SPEL DATE AGENCY AGEMCY
ra 731 Central CommynicationsCommunications $-330 W Jun ‘B2|United Planters Central Communice-
linc. Repeaters Repeater Stations Solarex Cocorut Bamk tfons, Inc.
S systems)/PRillip- |Power Supply/To prec-
pimes vide reliadle power
supply
372 3‘6 Solar Powered Communications/To $-120 W Jun 'B3|Ministry of Human Ministry of Human
Nepesters (S systems)/|provide reliadle power|Solarex Settlements Sett) ements
Paillippines supply {n remote
mountain tops
2973 Horthern Samar Ryral Communications/To 560 ¥ Sep 'Sl]Australfan Devt. Northern Samar Rural
!1ategrated Devt. provide relisdle Solarex Assistance Bureaw Integrated Devt.
Project/ Wt. Adga, power to a repeater Project Office
Caldeyog, Samar, Pr{l-|station
lippines
re J{ } Watfomal lrrigation Yelemetry, Commynica- {2 x 384 ¥ Mar ‘B2jvorld Bark Loan Natfonal Irrigatfon
Adminfstration Ricro- [tioms/To supply power [Ricrosiesamic Administration
sfesmic and Flood to resmote areas where istations
Warning System {12 euipment 1s located. |10 x 84 W
systems) Magat Dam. Siren flood
11sadela, Paillippines warning
: systems
Solarex
3/ E1ise0 Lizada's Lighting/Replacement |42 ¥ Sep 'B2|Mr. Eliseo Lizada Wr. El{seo Lizada
Lighting/TY System/ of 600 ¥ casoline Solarex

P{l{lda, RizaY,
Millippines

genrerator to avold
nofse and air
pollution,
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Y, STALLA- 15-COUNTRY
MROUECT PRECT TINY APPLICATION/ SYSTEM TI10M FU I PARTICIPATING
A LOCATION PURPOSE SPEC DATE AGEWCY AGENCY
/¢ F.o Solar Refrigerator Refrigeration (Vac- SH w Jun ‘B4luorld Health Buresu of Energy
cines)/Tetting Demo. {Solarex Organization Devt. Mintistry of
solar refrigerators Manila Office Energy, PNOC
2977  (#i1lot Selar Pump PlantiVillage Elactrifica- {13 k¥ village |Fed ‘Bl |Germany RMinistry of |Buresu of Energy
and Po2owoltalic Flelditicon and several smallelectrifica- tconmmic Cooperation |Development Rinfsery
{asboratory azplicetizns/RRD, ticn of fnergy, PNOC-ERDC
; Demonstraiion, Test- |7 td smal) (Ph11. National Of)
img spplications Co.-Inergy Rescarch
ALG, Tele- § Development
funken Center)
X711 sl Pumping System/ [diter pumping/Fara 400 w Mar ‘B1]None None
iun:m_ Pakistan irrigation
|
X272 defrigeratioa System/  Refrigeratica/ 180 w Aug ‘83 }None None
glﬂml, Lemya Yaccines, Other
3 aedical
I ?Ye&:a Project/ Cathodic Protection/ {790 W rar “R3{None wone
aerstield, Protection of under-
Lalifornia, USA grownd pipelines
xse ir-n:,--i- Palms mil{tary “village® 1l o Oct '82{U.S. Govermnment U.S. Kaval Wespons
[regject/Tumaty-aine flectrification/
ralms, Californias, USAiLighting, Refrigers-
' tioa, Commenications
etc.
X7 fomres Project/ CaamgnicationMicro- (8,158 W Oct "81{U.S. Govermment U.S. Afr Force
Castern Bevada, USA wve repeaters coa
ramote hilltops
Xo/% Llumiso] Light/Various jOutdoor Lighting/High 166 W various|None None

locatices

efficiency outdoor
space lighting
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gt/ STALLA- TN-COUMTRY
g whilg PRANCT TINLEY APLICATI™NY SYSTEM Ti0m FUNDING PARTICIPATING
weRER LOCATION PURPOSE SFEC DATE AGENCY AGENCY
311 iwmegical S2lar Se2 of 100 smal) (Sun-12 W {311 ) Oct ‘8)|Prolea Wedical s omp
Imgrgery /] intadwe Watt #F-2) PY Dattery Services
‘ crargers/To recharge
TV SAMr legd-acid oel-
cell batteries for re-
‘mu oedica) clinic.
nnr Flimstrip Projection [PV wpdyles to recharge (S W [$20]) Dec "BajuWorld Neighbdors varies
tits/Shipped worldeiae 127 Dattery pack for to
slide projectors/ present
ltducational tool for
resote areas of Jed
wmrld,
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ey | ! STALLA- 18-COUNTRY
(4 7\t g MY TINg/ MNPLICATION/ LYsTmm T10w FusD G PARTICIPATING
wRRER AT IOM J PAEPFCS ML DATE AGEWCY AGENCY
nn iitxn! {nergy Cestres’ [Villaoe Ligmting, 20 W Dec "M UNDP/UNDTCD Director Genersl
Sebrarshmet, Khan, fars, Pumping/ Setarforce Energy Resources
:m. rok 1% _bncmtrnlu
Rt jlsﬂ‘l {oergy Cestres/ |Villgoe Lighting, 10w For ! -- .-
" lapry, Siag, famy, Pumping/ ARCD ngy ‘85
gnusm {demcestration :
X/ dgrel fmergy Ceatres/ {Willace Liohting, {5 w For UMDP /UNDTCD oa&ER
‘thartera, Saluchittas {Fans, Pumping/ gy ‘BS
e 1sten 1Dempestratics :
] !
32/6 srctotypes i= Remsw- Vapour Compression s v For
ﬂn;‘c {rerygy /Aty Desaliration of Ses- ALL TELEFUMKEW!Jum 85 0DP/UNDTCD Ministry Electricity
‘Tncsen, Tef Ses Gover-lwaterDemcestration ! snd Crergy
ns ??ret:tm in Reapw- Solar W Jelecommuni- {1040 o Sep "8 UNDP/UNDTCD Minfstry Electricity
goale Loerzy Teet cation/amonitration B2 Zoler and Erergy
e g'ln solar prolects fa
‘maldives, Camdis,
Womgolia, PO Yemen,
Seychelles.
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OPRANTY Y PPITY TiniYs ] PP ITATION! 1 TYsiw TINETALLATION FuNDIEG PARTICIPATING
1w, D aTeatIoe ! roerty | e U v | amecy { AGENCY
| ; H i i : r
1 ORI T degtoeritett Waler | Ligetling v Telewiyfomys L Py TED ¢ Directorate | Directorate
" | ellyWempmals, | Demoeitralion, Tteld tett, | Tidelans. | | Cemeral for ) General for
[ e | amramg, wote) etzeriente et L EX 5d ! I flectric fleceric
mawiiy : i i | Fower Power
b3 Fod Crwrtresitatic hetler | Fefetperplinm, lithling ' ! " Directorate Directorate
P let iy Tomob o, ™2 Telewiiiom foe Temote ! “ | General for General for
Yates Corilp, C et te) Memomytratios, z i ‘ [lectric {lectric
Iliatiias o SF P freld e, oty ; ; ¥Fower Fowe-
: ; ptTerlenie et ; :
X U dmgtresitetc holes | 19pttiag 0%t Telewtitom? 'l i Directorgte NMrectoratle
] Lot Tal e, L T lratize, duels ey, 1 g wonergl for eneral for
4 Lemgumg Trowitce, | wn ¥l stieslanie tett ‘» ! [legtric leceric
1 Tametra, Inammerte : i i Srwer P ower
i} v 1 *
8 D aweuzitatc Woter | satee Tampion e Sried (ng 1 M4 ‘ 2ordl °E? Directorate Directorate
Uit Tantenms, ! oiler temoilrptton, flela R S ool W1 | 3 teneral for Ceneral for
D Epmtyr, w1t Jeve,’ teil, 1X1eY slcenlance ‘ 16 2K ; {lectric flectric
| Intomeite I Tt ; : Fower Foweer
k ; { !
b3 Vo] P Anruresitetc Wl L lNgRltes and Telewlytoms 180 o ' langary ‘F&] Directorele L Directorate
L telnyy | Temcrmileatiom, Tiele test, | aprn ety | Lenera) for ! Leaseal for
EARY TS N L aore) sttertemie tert ! | I Tlettric ! flegteic
t Mettyr, Tatt Jeea. H ! | Power | Power
5oswfime i e i1 1 4
f, | | i |
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REFERENCE

NUMBER/ IN-COUNTRY
PROJECT PROJECT TiTLE/ APPLICATION/ SYSTEM INSTALLATION FUNDING PARTICIPATING
NO. LOCATION PURPQSE SPEC DATE AGENCY AGENCY
40/1 IMSS/Mexico City, Remote Clinfc/DC lighting 140 # '82 IMSS (Mexican ARCO Solar,
Mexico and communications ARCC Soctfal Inc.
Security)
40/2 AC Remote Power to Lab Facility and 13.5 kW '82 American Egyptian
Electrification/ Water Pumping/Sacredrip ARCO University at Government
Sadat City, Egypt irrigation project. Move Cairo
people out of populated
areas between Cafro and
Alexandria into desert
40/3 Microwave PY Power to 6 Repeater 5.25 kW ‘84 Itallel Antel-Uriguay,
Repeater/Atachama Statfons/Replace diesel ARCO, and ARCO Solar,
Desert, Chile generators and frequent Italtel Inc.
maintenance
40/4 Radio Telephone/ Telephone Communications/ 80 W '79 Post telephone | Papua New
Papua New Guinea Link outer villages to ARCO and telegraph Guinea
world Government
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REFEREMCE

NUMRER/ IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM INSTALLATION FUNDING PARTICIPATING
N, LOCATION PURPOSE SPEC DATE AGENCY AGENCY

41/ PY-Powered Water Water Pumping (Potable 1.8 kW March '79 USAID USAID
Pump and Grain Water) and Grain Grinding/ (fncreased
Grinding System/ Support Study of “socio- to 3.6 kW
Tangaye, Burkina economic effects of reducing | in °'81)

Faso time required by women to
draw water and grind cereal
grain

4172 Tunisia Renewable - ¥illage Power - 29 kW February USAID/Tunisia Societe
Energy Project/ - Water Pumping - 20,4 kW | ‘83 Tunisienne de
Tunisia - Farm House Power - 1.4 kW 1' Electricite

Solar et du Gaz
Power (STEG)
Corp.,

and Tri-

Solar

Corp.

41/3 Medical Systems Rural Clinic Systems/ 1.4 kW February - | USAID Ministries of
in Developing Demonstrate use of PY to each June ‘83 Health
Countries/Guyana meet electrical needs except
(1), Ecuador (1), of rural health Ecuador
Xerwa (2]}, facilities which
Zimbabwe (1) Gadbon ts 2.8 ku

{4)

Solarex
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REFERENCE

NUMRER/ IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM INSTALLATION FUNDING PARTICIPATING
NO. LOCATION PURPQSE SPEC DATE AGENCY AGENCY
41/8 PY-Powered Vaccine | Refrigerator, Freezer
Storage Refri- Yaccine Storage/Field test
gerator-Freezers PY-powered refrigerator
for vaccine storage
Pucara, Peru 248 W October coc
Solar ‘82
Power
Corp.
(seC),
Adler-
Barbour
(AB)
Bocas Del Palo, 284 W August ‘82 | AID
Columbia SPC, AB
Las Tablas, 284 W August ‘82 | AID
Dominican Republfc SPC, AR
Tierra 8lanca, 248 W October AID
Guatemala SPC, AB ‘R2
Guaimaca, 200 W January AID
Honduras Solavolt '84
Int'l., AB
Anse-A-Yeau, 288 M September AID
Haitd SPC, AB ‘82
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REFERENCE

MPWER/ IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM INSTALLATION FUNDING PARTICIPATING
. LOCATION PURPOSE SPEC DATE AGENCY AGENCY

40/4 Schepmoed, Guyana 284 W September AID
{cont'd) SPC, AB ‘82

Comuna Cobos, 284 September AID

Ecuador SPC, AB ‘g2

New Sandy Bay, 200 W January AlID

St. Vincent & Svl, ‘84

the Grenadines Marvel (M)

Cancuan, St. 160 W January AID

Vincent § the Svl, Polar| '84

Grenadines Products

(ppP)

Waramyri, Solarex February AID

Guyana* (Sx}), AB ‘83

Pedro Yicente SX, AB February AlID

Maldonado/Ecuador® ‘83

Kaur, Gambia 2 6 320w January coc

Gunjar, Gambia SPC, AB '83

Niofouin and 2 @ 355 W | February coc

Zaranou, lIvory SPC, AB '83

Coast

®* R/F is part of larger clinic

system
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NPRER/ IN-COUNTRY
PROITCY PROJECT TITLE/ APPLICATION/ SYSTEM INSTALLATION FUNDING PARTICIPATING
w. LOCATION PURPOSE SPEC DATE AGENCY AGENCY
41/8 Wen~e, Ivory Coast 280 W February coc
{comt d) Svi, PP ‘sa
Orodara, Burkina 200 W February AID
fFaso Svl, PP ‘84
Sexh™n, Lideria 390 W October AlD
SPC, AB ‘84
Kiorzo, Lideria 355 ¥ February AID
SPC, AB ‘83
Chists, Zimbadbwe 284 W February AlID
SPC, AR ‘B3
Ouelessebougou, 200 W February AlID
el Svl, PP ‘sa
Kibweri and SX, AB May '83 AlD
Itutha, Xenyp*
Chikwatwa, SX, AB May ‘83 AlD
1iaadwe*
Mowagar, Jordan 160 W June ‘84 AID
Svl, m

* R/F is part of larger clinic system
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REFLRENE

ey IN-COUNTRY
PRQIILCY PROJECT TITLE/ APPLICATION/ SYSTEM INSTALLATION FUNDING PARTICIPATING
. LOCATION PURPOSE SPEC DATE AGENCY AGENCY
41/4 fg-Smirat and Bir 2 8240 W | February AID
(con2 ¢)] Amama, Tunisia SYI, PP, M| ‘B4
Eogadoute, Morocco 355 W October AID
SPC, AB ‘83
Hammen Biadha, SPC, AB January AlID
Tunisia® ik
Kuluduffushi, 284 W May AID
wpldives SPC, AB ‘82
1 Smoordaral, India 355 W Oc tober AID
SPC, AB ‘81
Cityng Rylangand 2 8320 W | April AID
Satujaya, Imdonesia SPC, AR ‘82
Temdon Tha Thong, 200 w Novewher AlID
Thatland SVI, M ‘83

® R/F 13 part of larger clinic system




10,
11.

12,

13.
14,

15.
16.
17.
18.

19

20.

REFERENCE LIST PROJECTS:

ANTIQUA, Caribbean Agricultural Research and Development Institute
(CARDI). Laxman Singh, Tachnical Coordinator.

BELIZE, Robert Nicolait & Associates Ltd. Robert Nicolait, President.

BOTSWANA, Botswana Renewable Energy Technology (BRET). Jonathan Hodgkin,
Engineer.

BURUNDI/USAID. Yealth/Pop Officer, Project Manager.
DJIBOUTI, Republic of, ISERST/VITA. Abdoulkarim Moussa, Technician.

DOMINICAN REPUBLIC, CODETEL. Rafael L. Zorilla, Gerente Mant. Sist.
Transmision.

DOMINICAN REPUBLIC, Direccion General de Telecomns. Bartolome Rosarfio,
Rural Telecommunication Project Chief.

DOMINICAN REPUBLIC, Oficina Regional de Salud 1. Ing. Hanna El{as,
Regional Engineer.

ECUADOR/USAID, Instituto Nacional de Energfa (INE). Victor Castallanos,
Consultant, Solar Energy Unit.

HAITI/USAID, Foundation CARE. A. Scott Fajfa, Assistant Director.

KENYA, AMREF. Dr. Sam Kazibwe and Dr. Christopher Wood, Senfor Medical
Officer.

LESOTHO, Appropriate Technology Section (ATS), Ministry of Co-ops &
Rural Development. B. Kanetsi, Acting Head of Section.

LESOTHO, Senakangoel{ Solar Systems. Gary Klein, President,

LESOTHO, Swedish Teiecomns. International. John Blaxland, Project
Manager,

LIBEKRIA/USAID. Robert C. Braden, Liberia Civil Engineering Advisor.
MALI/USAID, LESO. Chefckna Traore, Director, LESO.

NIGERIA. Lary van Zee, Church and Community Developer.

SENEGAL, C.E.R.E.R. Ibrahima Lo, Engineer,

ZAIRE, Republic of. Pauline Chambers, M.D., Medical Director Samuled
Hemoria! Hospital.

ZIMBABWE, Ministry of Energy. C. Mzezewa, Research Officer,

A=49



21.
22.

23.

24,

25.
26.

27.

28,
29.
30.

31.
32.

36.
7.
8.
9.
40.
4.

REFERENCE LIST PROJECTS:
(CONTINUED)

A.Y. McDonald Mfg. Co., Iowa, USA. John Eckel, Manager of Energy Products.

Associates in Rural Development, Inc. (ARD), Vermont, USA. Richard
McGowan, Senifor Engineer.

GRUNDFOS International a/s, Demmark. Michael Arbon, Product Line Manager,
Solar Pumping Systems.

Kyocera International, Inc., Japan. Koreyuki Taketani, General Manager,
Sakura Plant.

Moteurs Leroy Somer, France. Dominique Mercier, Engfineer.

Research Triangle Institute, North Carolina, USA. Alan Wyatt, Technology
Specfalist,
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