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Foreword

Improvements in the efficiency of solar photovoltaic (PV) energy technologies and
reductions in their costs are providing new opportunities to expand electrification in
developing countries, particularly in areas remote from national and regional electrification
grids.

This report on the experiences of several Pacific island countries provides a clear
indication that in small, remote villages, off-the-shelf solar PV technologies are providing
reliable power at costs less than those of the more commonly used diesel systems for
households running a few electric lights and a TV/VCR. Elementary as these uses may
seem in developed countries, they represent vital access to light and information for isolated
peoples. The report also confirms another point made repeatedly in our recent energy
sector work: appropriate technical choices need to be complemented by effective
institutional approaches. The Pacific island experience demonstrated that the success of
solar PV programs depended not merely on the choice of technology but on adequate
training of maintenance personnel, good fee collection systems, and careful financial
management. The report indicates that for solar PV systems installed in areas where
managerial and technical expertise is scarce, ownership and maintenance of the systems by
local, cooperatively owned utilities appears to be the soundest option.

The solar PV programs discussed in this report were singled out from a broader
review of experience with renewable energy technologies in the Pacific islands, out of
which solar PV emerged as one of the few options that proved both economically and
technically successful in the local context. The economic viability results from solar PV's
competiveness with conventional small-scale diesel power in remote locations. The
technical viability reflects the relative robustness of currently available household-size
systems, which require only limited maintenance. In addition, solar PV is environmentally
attractive at both the global and local levels, and the systems are most efficient in tropical or
subtropical regions, which have levels of incident solar energy per square meter twice those
of many industrial countries. On several counts, then, the solar PV approach appears
highly promising for small-scale applications in developing countries.

This report is among the first in a new Energy Series within the ongoing World
Bank technical papers volumes. The new Energy Series technical papers will replace the
Industry and Energy Department's "pink" series energy working papers. We are making
this shift to take advantage of the World Bank's global distribution network for what we
believe are publications of significance and widespread interest.

Rich Stem
Director
Industry and Energy Department
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Abstract

The successful experience of the Pacific islands in using and maintaining solar PV
systems indicates that such systems could come to play a substantial role in the
electrification of rural areas in many developing countries. In particular, the Pacific island
experience suggests that present-technology household-sized PV systems can provide
reliable power at costs less than those of the more commonly used diesel systems in small,
remote villages for consumers with a limited number of appliances, such as a few
household lights and a TV/VCR. It also suggests that the long-term success of solar PV
programs will depend on the establishment of effective institutional approaches for
maintaining the systems, and it indicates that ownership and maintenance of the systems by
utilities appears to be the soundest option.

In the Pacific islands, solar PV programs encountered a variety of difficulties in
their early phases. Most of the early systems suffered from technical deficiencies-
stemming primarily from unreliable controllers, batteries, and appliances rather than the PV
panels themselves. The lesson drawn is that systems must be appropriately designed, use
reliable even if initially high-cost components, and be properly installed and adequately
maintained. At the institutional level, the experience of the islands indicates that among the
diverse approaches tried so far (including local cooperative ownership and government
ownership and service), the one with the best record and greatest promise appears to be the
provision of PV-based electricity by a utility on a fee-for-service basis.

Tuvalu provides a case study illustrating the potential effectiveness of solar PV
systems in remote areas for rural electrification under appropriate institutional
arrangements. The Tuvalu Solar Electric Cooperative Society (TSECS), formed in 1984,
appears to have been successful because it has maintained a well-trained technical staff with
local and visiting technicians; fee collection through an outside agency that prevents
diversion of funds to other projects; local user committees to communicate with the utility;
and an exclusive focus on PV systems, along with a variety of appropriate configurations.

A comparison of solar PV and diesel systems on the basis of life-cycle costs of
providing the final services that the customer desires for a number of years (e.g.,
household lighting, refrigeration, or video) shows that the life-cycle costs of solar PV
systems are marginally lower than those of diesel systems for households in remote rural
areas. The difference in overall costs is about 1 to 14 percent, with the higher savings
applicable to households with low energy consumption and lower savings applicable to
households with higher energy consumption.
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Preface

This report draws on and extends the results of a Pacific regional energy
assessment conducted by the World Bank in cooperation with the UNDP/ESCAP Pacific
Energy Development Programme, the Asian Development Bank, and the Forum Secretariat
Energy Division. The assessment reviewed the issues and options associated with the
development of the energy sector in 12 Pacific island countries: Cook Islands, Federated
States of Micronesia (FSM), Fiji, Kiribati, Marshall Islands, Palau, Papua New Guinea
(PNG), Solomon Islands, Tonga, Tuvalu, Vanuatu, and Westem Samoa.
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Ah Ampere-hours

CF compact fluorescent

DC direct current

ESU Energy Studies Unit, University of the South Pacific

FSM Federated States of Micronesia
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Executive Summary

Poor experiences with conventional power systems and a desire to restrict
petroleum imports have led most Pacific island countries to experiment with solar PV
systems for rural electrification. Overall, our study found, the experience of the Pacific
islands indicates that household-sized PV systems can be cheaper than diesel systems in
small, remote villages for consumers with a limited number of appliances, such as a few
household lights and a TV/VCR. This success, albeit on a limited scale, suggests that solar
PV systems could play a substantial role in the electrification of rural areas in many
developing countries, especially those in which electricity services are needed in isolated
pockets of low load densities, where the viability of diesel-based systems is questionable.

Despite their promise, solar PV programs encountered a variety of difficulties in
their early phases. In the Pacific islands, most of the early solar PV systems suffered from
technical deficiencies-mostly stemming from problems with the reliability of controllers,
batteries, and appliances, though generally not with the PV panels themselves. The
principal causes were basically (a) the unreliable components; (b) inappropriate design,
such as undersized PV panel arrays; (c) improper installation, so that the systems did not
produce the expected amount of power; and (d) poor maintenance.

Although equipment failures plagued early PV systems, the technical aspects now
appear to be well understood, and solar PV systems are now providing a reliable supply of
energy at a price that householders find attractive; this is particularly evident in Tuvalu, as
discussed below.

The experience of the Pacific islands in general indicates that the technical success
of solar PV systems will be more likely if the systems are appropriately designed, use
reliable though initially high-cost components, and are properly installed and adequately
maintained. Thus, the main challenge for their proper maintenance and expansion in the
Pacific islands may be the development of an appropriate institutional approach, and it is
this aspect of the problem that forms an important focus for the present paper.

Current Institutional Approaches for Introducing Solar
PV Systems

The institutional approaches currently used to introduce PV systems in the Pacific
island countries can be classified into six basic strategies, which have met with widely
varying degrees of success.

a. Village-cooperative-owned and -maintained individual home systems, government
installed, with government technical support. This approach was first used in Fiji
in 1982-84 in three village cooperatives. By the fifth year of the project, two
villages had no functional systems and the third only a few.

1



2 Solar Energy

b. Government owned and installed, basic maintenance by owner, with energy office
technical assistance on call. This is a common approach and has been used in the
Cook Islands, Papua New Guinea (PNG), Tonga, Palau, Federated States of
Micronesia (FSM), Fiji, and the Marshall Islands. In no case have the PV systems
consistently performed as intended by the governments or as expected by the users.
The systems have been abandoned, are operational at reduced capacity, or have had
unacceptably high maintenance costs.

c. Commercially sold, vendor- or user-installed, user-financed, -owned, and
-maintained systems with commercial maintenance available on call. All Pacific
island countries have some domestic rural installations of this type, with Fiji,
Kiribati, and PNG having the largest number. In general, these systems were
undersized because of the purchasers' desire to keep initial cost at a minimum.
Maintenance by individual owners has been poor and the cost of commercial
maintenance unaffordable, so personally owned and installed systems have not
been successful.

d. Commercially installed and owned, commercial maintenance on call. In 1983-84, a
foreign owned, private company reported installing nearly 200 lighting systems in
rural Fiji under a leasing arrangement that included a monthly fee and free
maintenance on call. This business failed, partly because the maintenance costs
proved higher than anticipated.

e. Commercially installed and owned, periodic commercial maintenance. In a pilot
project for a new commercial company, a rural village in Fiji was equipped with
well-designed, high-quality individual lighting systems, with lighting provided
through the insertion of a plastic "key" purchased from the village store. Users
appeared to like the systems, but the business did not have adequate financing, and
it failed before the approach could be evaluated properly.

f. Cooperative-owned, -installed, and -periodically maintained systems with fee
collections by the cooperative. This approach, used by the Tuvalu Solar Electric
Cooperative Society (TSECS), has been successful in providing rural members
with solar lighting, despite technical problems in the early years. It is discussed in
detail below. A variant of this approach is being used by Kiribati, with the
difference that the Kiribati solar utility is a government-owned corporation rather
than a cooperative.

The Tuvalu Experience

Tuvalu's experience with solar PV power indicates that solar PV systems can be
used successfully in remote areas for rural electrification (see Annex 1 for a brief
description of Tuvalu). In Tuvalu, the chief agency responsible for developing solar PV
energy is the Tuvalu Solar Electric Cooperative Society (TSECS), formed in 1984.
TSECS is a commercial enterprise, registered under Tuvalu's Cooperative Society Act,
with a charter to promote solar electricity for household lighting on the outer islands.
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After several years of trial and error, TSECS is now able to provide reliable PV-
based electricity for lighting needs on a fee-for-service basis to about 300 households on
Tuvalu's outer islands. Solar lighting kits have also been installed on eight community
meeting houses. At present, the membership in TSECS is limited by the availability of new
PV units and not by the willingness of households to join.

TSECS is governed by a Management Committee, which consists of one member
from each of Tuvalu's eight larger islands and reports directly to the Registrar of
Cooperative Societies. Although the Management Committee sets the user fees, a
Management Team located in Tuvalu's capital (Funafuti) handles the day-to-day operations
and project implementation. The team consists of a manager appointed by the Management
Committee and three technical/support staff who are appointed by the manager.

Each island has its own branch of the cooperative, and members of the Management
Committee are elected annually to their posts by their respective branches. On each island,
TSECS has a branch technical agent, who is responsible for the day-to-day maintenance
and monthly fee collections. Each island also has a Branch Committee, which is composed
of local cooperative members. The Branch Committees act as arbiters of local disputes and
makers of policy for their specific island.

Maintenance and fee collections are performed monthly by a branch technical agent,
who is a full-time TSECS employee. These technicians have received formal training.
Further, senior technicians visit every site at least twice a year. Spare parts are stocked
both at the main office and by the branch technicians; inventory control is managed by the
main office.

In 1992, the initial cost of membership in TSECS was A$50 (US$40), with a
monthly fee of A$6.25 (US$5.00) for a single-panel system, and A$7.60 (US$6.10) for a
two-panel system. TSECS earned roughly A$1.00 per month (out of the single-panel
A$6.25 charge), a level of tariffs that provides for operation and maintenance (O&M) costs
but not for the expansion or the replacement of the solar panels at the end of their useful
life.

The main ingredients of TSECS' success appear to be (a) good maintenance,
provided by local technicians and visiting senior technicians; (b) good rate of fee collection
by an impartial organization based outside the community and exclusive use of the fees for
the project; (c) local user committees, which can arbitrate disputes between users and
technicians about fee collections, disconnections, and poorly functioning systems, and
keep the users informed about the functioning of the enterprise; (d) TSECS' exclusive
focus on PV systems; (e) availability of systems of different sizes to meet the varying
electrical needs and financial resources of the users; (f) a continuing and competent internal
and external training program; and (g) readily available external technical support to assist
with system design and training development.
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Institutional Lessons Learned

The experience of the Pacific island countries-given the constraints associated
with the low population density, low skill levels, and remoteness of the rural
communities-suggests that the institutional approach most likely to succeed is provision
of PV-based electricity on a fee-for-service basis by a utility rather than through the sale of
hardware. This fee-based approach would require the utility to retain ownership and to
maintain the small-scale systems installed in its customers' premises. Trained staff would
visit the customers regularly to maintain the system, carry out repairs, and collect the
service fee. The aim of the fee would be recovery of the utility's operating costs, including
a capital recovery charge. A headquarters office would manage the accounts, inventory of
spares, training, and procurement.

Solar PV and Diesel System Costs Compared

Solar PV and diesel systems should be compared on the basis of life-cycle costs of
providing the final services that the customer desires for a number of years (e.g.,
household lighting, refrigeration, or video). In particular, solar PV and diesel systems
should not be compared on the basis of the cost per kilowatt hour of electricity produced
under the two systems because such a comparison fails to account for the major operational
differences between solar PV and diesel systems. The three broad components of life-cycle
costs are (a) initial and future replacement costs of customer end-use appliances; (b) initial
and future replacement costs of generation equipment; and (c) O&M costs.

Design Considerations

One critical design parameter is the reliability of the system, because the costs tend
to increase sharply as the reliability of the system is increased to high levels. Another key
parameter is the number of hours for which electricity will be available. A decision to
supply diesel-generated electricity on a 24-hour basis will raise unit labor costs significantly
for diesel systems but not for PV systems, almost all of which are equipped to charge
batteries that provide power on a 24-hour basis. Hence, the power supply system should
be designed so that it strikes a balance between the level of reliability consumers wish and
the level of costs they can afford.

General Cost Considerations

Solar PV has an advantage over diesel-based power when (a) there is no existing
power grid; (b) access to land is a problem; (c) diesel fuel is costly or reliable transportation
for fuel is unavailable or costly; (d) there is high peak load for a short time; (e) the user
population is likely to increase over time; (f) noise or air pollution is a concern; and (g) it is
difficult to train and retain technicians for diesel systems.

However, solar PV is at a disadvantage over diesel systems when (a) village
demands for power are high; (b) dense vegetation or high levels of cloudiness limit
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insolation; and (c) the special appliances or power conversion equipment necessary to
operate with the DC electricity provided by PV systems are unavailable or expensive.

Life-Cycle Costs

Based on data and assumptions that appear appropriate for the Pacific islands, the
life-cycle costs of solar PV systems are marginally lower than those of diesel systems for
households in remote rural areas. The difference in overall costs is about 1 to 14 percent,
with higher savings applicable to households with low energy consumption and lower
savings applicable to households with higher energy consumption. One of the principal
conditions for this result to hold is that diesel generation (fuel, labor, and parts) costs are
high, in the range of 50 to 65¢/kWh, because of the small scale of operations in the rural
areas, high fuel costs, and high transportation costs. Where diesel generation costs can be
realistically expected to be lower than this range, the life-cycle costs of diesel systems are
likely to be less than those for the solar PV systems. This conclusion may change,
however, if-as expected for PV panels in particular-the capital costs of solar PV
components decline.

Another assumption in the life-cycle cost calculations is that both diesel and solar
PV systems are maintained adequately. In remote rural areas, however, it may be easier to
maintain the solar PV systems and preferable to install them. To begin with, routine
maintenance of the relatively less complicated solar PV systems is simpler. Similarly,
long-term maintenance is easier because PV systems do not need the kind of intricate
repairs and periodic overhauls that diesels require. In addition, because diesel systems
provide power centrally, inadequate maintenance can lead to outages that affect many
consumers and thereby reduce utilities' revenues commensurately. Finally, poor
maintenance curtails the working lives of the expensive diesel gensets. Solar PV systems
thus may hold a distinct edge when resources for maintenance are limited.

The life-cycle cost comparison assumes that the average consumer load and number
of consumers remain constant over the entire period. It is relatively easy to install
additional solar PV systems when the number of consumers increases because solar PV
systems are largely modular; in contrast, the initial capacity of the diesel systems has to be
sized to take account of anticipated load growth. Therefore, the cost advantages of solar
PV systems will be higher than indicated in the life-cycle cost calculations if the number of
consumers increases steadily over time.

Organization of the Paper

The paper is organized as follows: chapter 1 is a brief introduction; chapter 2
sketches solar PV power in the Pacific islands and derives lessons from this experience
about the institutional conditions conducive to the successful development of solar PV
systems; chapter 3 compares the costs of solar PV and diesel systems; and chapter 4 offers
some conclusions. Technical details appear in three annexes.





1

Introduction

Following the oil crises of the 1970s, energy experts began to explore whether
solar-based power generation held potential as an alternative to petroleum-based fuels.
Development of solar power has progressed considerably since then, yet its record of
performance has been mixed, and it has not come into widespread use in either
industrialized or developing countries. In the United States, for example, solar power
generally is confined to niches such as highway signs, remote facilities, or vacation homes
that are expensive to serve by conventional grid-based electricity supply. In the developing
countries, solar power may have greater potential, since many of these countries receive a
substantial amount of sunshine but do not already have extensive systems of grid-based
electricity supply.

The experience of the countries in the Pacific islands indicates that for electrification
in areas with low load density-usually found in rural districts with mainly house lighting
loads-and where the load is not expected to grow rapidly, individual solar photovoltaic
(PV) systems may be cheaper than the more typically used small diesel systems. Costs
vary from case to case, but household-sized PV systems can be cheaper than grid-based
diesel systems in small remote villages for consumers with a limited number of appliances,
such as a few household lights and a TV/VCR system. Such situations are expected to
account for a growing share of rural electrification, particularly when electricity services are
expanded into isolated pockets where the economic viability of diesel-based power
generation is questionable.

Successful experience with solar PV power for rural electrification in the Pacific
islands, although on a limited scale, suggests that solar PV may have the potential to play a
substantial role in the electrification of developing countries. This report describes the
evolution of solar power programs in the Pacific islands, derives lessons for the successful
development of solar PV power in these and in other developing countries, and highlights
the factors that determine the potential role of solar power.

7



8 Solar Energy

The Energy Sector in the Pacific Islands

Pacific island countries' interest in energy matters surged in response to the oil price
shocks of the 1970s, which had significant impacts on these open and fragile island
economies. (See Annex 1 for a brief discussion of the economic conditions in the Pacific
islands.) In the early 1980s, field missions and expert reports began to indicate that
renewable energy technologies were becoming technically and economically viable and that
the Pacific islands' energy environment-remote locations, small demands, high costs of
petroleum imports, and abundant indigenous supplies of solar, biomass, hydro, wind, and
oceanic resources-was ideal for the new technologies. I

Despite this focus on renewable sources of energy, during the 1980s petroleum
product demand in the Pacific islands grew at an average annual rate of nearly 5 percent.
That rate is projected to increase to 7 percent during the 1990s.2 Imported petroleum
remains the chief source of primary commercial energy; the main alternative is hydropower,
and solar PV systems are seen as having only a limited role.3 Approximately two-fifths of
the imported petroleum, mainly in the form of automotive diesel oil (ADO), is used for
power generation. In aggregate, thus, the dependence of the Pacific island countries on
petroleum has not been reduced appreciably, and it is not likely to be reduced over the
coming decade.

Rural Electrification

In many of the Pacific island countries, a substantial part of the population is
already being supplied with electricity. Data are not available for all the countries, but more
than 50 percent of the population in the Cook Islands, Marshall Islands, Palau, Tonga,
Tuvalu, and Western Samoa has been provided with electricity. In most of the countries,
however, grid-based publicly distributed electricity is provided only on the main island,
and the supply of electricity to rural areas and outer islands is very limited.

1. The efforts to develop indigenous energy resources in the Pacific islands encompassed a wide
range of demonstration and investment projects, using a variety of technologies: large- and small-scale
hydroelectric power, biomass-based steam power, biogas from animal dung, biomass gasifiers, alcohol fuel,
solar thermal, solar photovoltaic, wood and charcoal stoves, and wind systems. Preliminary studies have
also been carried out on geothermal, ocean thermal energy conversion (OTEC), tidal power, and seawave
potential in several countries. Although most of the proposed projects were never implemented, those that
were implemented were mostly funded by external donors.

2. Data from the Pacific regional energy assessment conducted by the World Bank in cooperation
with the UNDP/ESCAP Pacific Energy Development Programme, the Asian Development Bank, and the
Forum Secretariat Energy Division.

3. Biomass, collected mainly on a noncommercial basis in the Pacific islands, accounts for
approximately half of the total energy supply, and is extensively used by households for cooking, for copra
drying in coconut plantations, and as fuel in a variety of agro-industries, including sugar mills, and coffee-,
cocoa-, and rubber-processing plants.
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Failure of the Conventional Approach

The conventional approach to rural electrification-establishment of isolated diesel
stations operated by public works departments or national utilities-has yielded
disappointing results. Despite considerable external assistance, a large proportion of rural
power supply schemes are in decrepit condition and provide an unreliable supply, far
below the standards required to stimulate economic development or even to meet the
modest household needs of the consumers. This is largely a consequence of a lack of
sufficient funds to cover operating costs, caused by the governments' inability to provide
funds on a regular basis, external donors' reluctance to provide funds for operational
expenses, and absence of adequate organization and incentives to collect revenues from the
customers. Another principal cause is the difficulty of attracting and keeping technically
skilled staff to operate and maintain the schemes.

Potential of Solar Photovoltaic Systems

Their poor experience with conventional power systems and their desire to restrict
petroleum imports has led most Pacific island countries to experiment with renewable
energy resources for rural electrification and with solar photovoltaic (PV) systems. Most
of the early renewable energy projects failed to provide a reliable supply of energy at a
reasonable cost, and the solar PV systems experienced many problems during their
introduction in the Pacific islands.4 However, many of the problems associated with solar
PV systems appear to have been overcome, and, on an overall basis, the experience of
solar PV systems indicates that under the right circumstances they can be an economical
alternative to diesel generation for the electrification of remote rural areas.

4. Among the main reasons for this failure are the following: (a) inappropriate projects:
Frequently, project ideas have originated from those interested in carrying out the project rather than from an
objective assessment, and often the proposals have been marred by overoptimistic assumptions about costs,
reliability, replicability, and the skills required to manage the proposed projects. (b) Donor preferences:
Frequently, donors prefer short-term funding commitments (I to 3 years) for capital costs of projects, rather
than longer-term support (5 or more years) for institutional development. (c) Lack of training, support, and
commitment: Most of the renewable energy projects did not adequately train the local people in system
operation and maintenance and did not include adequate support for local organizations to plan, operate,
maintain, manage, finance, expand, and evaluate the projects. (d) Problems associated with remoteness:
The physical remoteness of the islands has made it difficult to supervise projects, provide maintenance and
spare parts, and attract high-quality consultants and contractors. Further, the remoteness has also meant that
there is a limited understanding of the social, economic, and geographic characteristics of the area.
Information from Pacific regional energy assessment.
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Solar Energy in the Pacific Islands

In general, the remote areas of the Pacific islands receive a high amount of
sunshine, with few long cloudy periods and high levels of solar radiation on clear days
because of the clean air. However, detailed measurements and records are limited
regarding the amount of sunshine received at specific situations, such as the average bright
day or the average cloudy day.5

History and Prospects

About 4,000 small-scale stand-alone PV systems have been installed in the Pacific
island countries, typically involving two to eight panels for household lighting, water
pumping, and refrigeration. 6 Most of the countries have about 50 to 200 household
systems each (Palau, FSM, Marshall Islands, Western Samoa, Vanuatu, Cook Islands,
Solomon Islands, Kiribati, Tonga, Wallis-Futuna, and New Caledonia), with more in
PNG, Fiji, and Tuvalu, and considerably more (2,500 estimated)} in French Polynesia.
Several countries have ambitious plans for PV expansion. Tonga, Kiribati, Tuvalu, and
the Marshall Islands are considering PV as the primary technology of choice for future rural
electrification. The draft development plan for the Marshall Islands, for example, calls for
1,500 future household PV lighting installations.

Past Technical Problems

Most of the early solar PV systems suffered from technical deficiencies, and most
countries had problems with the reliability of controllers, batteries, and appliances,
although generally not with the PV panels themselves. The experience of the early rural
village cooperatives in Fiji is representative. Of the 100 household systems installed in

5. See Annex 2 for a technical discussion of the amount of sunshine received.

6. In addition, solar PV systems have also been used extensively for interisland communications
systems.

11
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1983, only 11 were functioning in 1991, most of them well below design levels. The
principal reasons for the technical failures of the PV systems have been as follows:

a. Inappropriate design. In the early stages of solar PV development in the Pacific
islands, the PV systems were not designed so that all the components (PV panels,
controllers, wiring, and batteries) matched and so that the overall capability of the
system matched the electrical needs of the users (see Annex 2 for a discussion of
the technical aspects of solar PV systems). For example, premature battery failures
were often caused by the use of panel arrays that were too small to meet the actual
users' needs. In another case, poorly designed discharge controllers caused rather
than prevented early battery failures.

b. Unreliable components. The reliability of components is very important in the outer
islands of the Pacific island countries because transportation is infrequent and
expensive. Problems with unreliable batteries, controllers, and light fixtures were
frequent.

c. Improper installation. Improper placement of PV panels by inexperienced
technicians reduced the power actually available to less than the potential capacity.
In addition, voltage losses were common because of poor connections or
undersized wire; many installers did not realize that the wiring specifications for
1 2V DC systems are quite different from 1 20V or 240V AC systems.

d. Poor maintenance. Untrained users and technicians did not know how to maintain
PV systems. Frequently, they misused batteries, misdiagnosed problems as
battery-related even though the problem was elsewhere, and used automobile
batteries as replacements, even though they were not suitable for solar PV systems.

Future Challenge

Equipment failures were important problems with PV systems in the past, but the
technical aspects now appear to be well understood, and Tolar PV systems are now
providing a reliable supply of energy at a price that households find attractive. The
experience of the Pacific islands indicates that the technical success of solar PV systems
will be more likely if the systems are appropriately designed, use reliable even if initially
high-cost components, and are properly installed and adequately maintained. Thus, the
main challenge in the Pacific islands for the proper maintenance and expansion of the PV
systems will be the development of appropriate institutional approaches.

Institutional Approaches for Introducing Solar PV Systems

The institutional approaches used to introduce PV systems in the Pacific island
countries can be classified into seven categories, which reflect issues such as ownership of
equipment, manner of technical support, and so on:

a. Village-cooperative-owned and -maintained individual home systems, government
installed, with government technical support. This approach was first used in Fiji
in 1982-84 in three village cooperatives. Although people in each village were
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trained as maintenance technicians and carefully instructed regarding the need for
consistent fee collection to pay for repairs, fees were not properly collected after an
initial period, and maintenance soon became nonexistent. Funds that had been
collected during the first year were quickly spent on other village projects, since PV
system repairs had not been needed, and it appeared that the fees would not be
needed. By the fifth year of the project, however, two villages had no functional
systems and the third only a few.

b. Government-owned and -installed systems, withi basic maintencance by owner and
energy office technical assistance on call. This is a common approach that has been
used in the Cook Islands, PNG, Tonga, Palau, FSM, Fiji, and the Marshall
Islands. Projects range in size from more than 200 systems in Fiji to a few units
for technical trial in PNG. In practice, the users did not provide the proper basic
maintenance, and government assistance in maintenance was generally sporadic, of
widely varying quality, and with long repair delays common. Fee collections, if
ever begun, were generally discontinued after a few months. Designs generally
were inadequate in size to meet the real demands oi users. Moreover, because of
the common government requirement of purchasing based on lowest quoted cost,
low-reliability equipment-in particular lighting fixtures and controllers-was often
provided. In no case have the PV systems performed consistently as intended by
the governments or expected by the users. The systems have been abandoned, are
operational at reduced capacity, or work but have had unacceptably high
maintenance costs because of frequent battery replacements.

c. Cotnmercially sold, venidor- or user-inistailled, itser-finan7tced, -ownied, and
-maintained systems with commerc ial maintenlance available on call. All Pacific
island countries have some domestic rural installations of this type. Fiji, Kiribati,
and PNG have the largest number. Companies sold these systems to two main
types of customers: religious institutions and private individuals. In general, the
systems were badly undersized because of the purchasers' desire to keep initial cost
at a minimum. The installation of the systems was often poor, particularly for those
installed by individual owners, with common problems including poor panel
orientation and placement, inadequate wire size, and poor connections-particularly
at the battery. Early battery failures have been common, and replacement batteries
purchased by individual owners were usually of evern lower cost and quality than
those originally supplied, which in turn resulted in even more frequent failures.
Maintenance by individual owners has been generally quite poor and the cost of
commercial maintenance unaffordable. Hence. these personally owned and
installed systems usually operate only a few months to a few years and then are
either abandoned or used only on special occasions. Many systems purchased by
religious institutions have suffered the same sorts of problems, with the notable
exception of institutions that have a competent general maintenance man on staff
whose duties and aptitudes include PV system maintenance. Indeed, the oldest
successful rural PV systems in the Pacific are at outer island missions, showing that
such systems can work with proper institutional support.
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d. Commercially installed and owned, with commercial maintenance on call. In 1983-
84, a foreign-owned private company reported installing nearly 200 lighting
systems in rural Fiji under a leasing arrangement that included a monthly US$15 fee
and free maintenance on call. That business failed, partly because the maintenance
costs proved higher than anticipated, largely because of undersizing and resulting
early battery failures. Also, the systems were dispersed over a wide geographic
area, which made it necessary to have many field agents who had to travel
extensively. Finally, the company had a poor collection rate for the monthly fee
partly because of problems with field agents and partly because customers were
unwilling to pay for a level of service below what they were told to expect.

e. Commercially installed and owned, with commercial periodic maintenance. In a
pilot project for a new commercial company, a rural village in Fiji was equipped
with well-designed, high-quality individual lighting systems that were self-
contained and sealed. The systems provided 24 hours of lighting after insertion of
a plastic "key" purchased from the village store. This feature was specifically
intended to imitate the common household practice of each day purchasing only
sufficient kerosene for the night's lighting needs. Users appeared to like the
systems and purchased the daily service "keys" as expected. Unfortunately, the
business lacked adequate financing and failed before the approach could be properly
evaluated. The majority of the systems continue to function, although the key
interlock has been bypassed and no maintenance has been performed in the past
three years.

f. Cooperative-owned, -installed, and -periodically maintained systems with fee
collections by the cooperative. This approach, used by the Tuvalu Solar Electric
Cooperative Society (TSECS), has been successful in providing rural members
with solar lighting, though there were technical problems in the early years. It is
discussed in greater detail below.

g. Solar-utility-owned, -installed, and -periodically maintained systems with fee
collections by the utility. This approach is being used by Kiribati and is patterned
closely on the TSECS. The main difference is that the organization providing the
services is a government-owned corporation rather than a cooperative, and as a
result it has better access to capital and support services although generally it can be
less flexible in its operations. The Kiribati Solar Energy Company is structured as
a rural electrification utility and is presently implementing its first village project in
association with the Japanese International Cooperation Agency (JICA). Future
projects are firm for three more villages and tentative for an additional five within
the next three years.

The Tuvalu Experience

The experience of Tuvalu in the development of solar PV power is instructive
because it indicates that solar PV systems can be used effectively to tap the solar resource
(see Annex 1 for a brief description of Tuvalu). In Tuvalu, the chief agency responsible
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for developing solar PV energy is TSECS, which was formed in 1984 by the Save the
Children Foundation (USA) with seed money from the U.S. Agency for International
Development (USAID). TSECS is a commercial enterprise, registered under Tuvalu's
Cooperative Society Act, with a charter to promote solar electricity for household lighting
on the outer islands.

Initially, TSECS installed 170 single-panel 35 Wp PV systems intended to provide
minimal household lighting. The systems were scaled based on estimates from user
surveys, but actual use turned out to be higher than the estimates, so the systems were
undersized in practice. In addition, they did not include charge/discharge controllers for the
storage batteries (see Annex 2 for technical details on sizing a system, controllers, and
batteries). This lack caused battery failures, often within six months of installation. In
1985, a European Community (EC) project provided an additional 150 units. Although
these units had charge/discharge controllers, the poor design of the controllers caused
problems. Moreover, even with the 42 Wp panel provided, the systems were still
undersized. Finally, the battery chosen for the EC project proved unsatisfactory. The
component problems and design flaws of these initial systems were overcome through a
French government grant, which provided 200 replacement batteries and controllers,
thereby making all the systems operational.

The other problematic aspect of the system was the customers' frequent complaints
that the single-panel systems provided inadequate power. Independent studies by the
Pacific Energy Development Programme (PEDP) and the Energy Studies Unit (ESU) of the
University of the South Pacific confirmed this. Hence, on the recommendations of PEDP
and ESU, the EC agreed to upgrade the initial 170 single-panel systems to two panels of 42
Wp each and to provide replacements for the poor-quality controllers, lights, and batteries
received under the 1985 scheme. Now that the upgrade project is complete, nearly all the
TSECS systems have two PV panels, a reliable 100 Ah battery, and a charge/discharge
controller that has been well proven in thousands of Pacific island installations.

Thus, after several years of trial and error, TSECS is now able to provide reliable
PV-based electricity for lighting needs on a fee-for-service basis to about 300 households
on the outer islands. Solar lighting kits have also been installed on eight community
meeting houses. At present, the membership in the cooperative is limited by the availability
of new PV units and not by the number of households willing to join TSECS. Though
technical problems have kept many systems from performing to the full expectations of the
users, the high on-time fee collection rate and the waiting list for new installations indicate
that customers generally are satisfied. At present, TSECS does not have the capital to
provide new installations and must rely on donors. The EC will be providing an additional
175 systems in 1993-94, bringing the total TSECS customer base to nearly 500.

Management

TSECS is governed by a Management Committee, which consists of eight
members, one from each of Tuvalu's eight larger islands. The Management Committee is
directly responsible to the Registrar of Cooperative Societies located in the Ministry of
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Finance, Commerce, and Public Finance. As a result, all project funds to TSECS are
channeled through this ministry. In a few cases, this channeling appears to have
introduced significant delays in the needed expenditure of TSECS funds for maintenance.
Hence, some streamlining of the ministry's TSECS budget approval process may be
needed.

The Management Comrnittee sets the user fees for TSECS. Day-to-day operations
and project implementation are the responsibility of a Management Team (located in
Tuvalu's capital, Funafuti). The team consists of a manager appointed by the Management
Committee and three technical/support staff appointed by the manager. Each island has its
own branch, and members of the Management Committee are elected annually to their posts
by their respective branches. On each island, TSECS has a branch technical agent, who is
responsible for the day-to-day maintenance and monthly fee collections. Each island also
has a Branch Committee, which is composed of local cooperative members. The Branch
Committees act as arbiters of local disputes and makers of policy for their specific island.

Maintenance and fee collections are performed monthly by a branch technical agent,
who is a full-time TSECS employee. These technicians have received formal training.
Further, senior technicians visit every site at least twice a year. Spare parts are stocked
both at the main office and by the branchi technicians; inventory control is managed by the
main office.

By the end of 1993, it is expected that more than 500 households will have lighting
kits installed. The market for rural households desiring and able to afford PV lighting is
estimated at 600 to 700 of the approximately 1,000 households in the islands, and this
market is expected to be reached before the year 2000. In view of the growing energy
demand from the consumers, a trend toward more powerful PV systems, capable of
operating VCRs and household refrigerators, is expected to begin after 1993 and to come
close to its full potential by 2000. In 1993, for example, three-panel expanded lighting
systems and eight-panel lighting/video/refrigeration systems are being introduced on a trial
basis and are intended to be offered to members at a monthly fee level appropriate to the
O&M cost of the larger systems.

In 1992, the initial cost of membership in TSECS was A$50 (US$40), with a
monthly fee of A$6.25 (US$5.00) for a single-panel system, and A$7.60 (US$6.10) for a
two-panel system. TSECS earned roughly A$ 1.00 per month (out of the single-panel
A$6.25 charge), a level of tariffs adequate to meet O&M costs but insufficient to permit
expansion or replacement of the solar panels at the end of their useful life. The fees are
expected to remain fixed until the 1993/94 addition of three-panel lighting systems and
eight-panel Lighting/Video/Refrigeration systems, when fees will be generally restructured.

Reasons for Success

The main ingredients of TSECS' success appear to be (a) good maintenance,
provided by local technicians and visiting senior technicians; (b) good rate of fee collection
by an impartial organization based outside the community and use of the fees exclusively
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for the project; (c) local user committees, which can arbitrate disputes between users and
technicians about fee collections, disconnections, and poorly functioning systems and keep
the users informed about the functioning of the enterprise; (d) TSECS' exclusive focus on
PV systems; (e) availability of systems of different sizes to meet the varying electrical needs
and financial resources of the users; (f) continuing and competent internal and external
training; and (g) readily available external technical support to assist with system design
and training development.

Lessons Learned

Based on the experience of the Pacific island countries, the main institutional
lessons learned are as follows:

a. Maintenance. In the Pacific outer island environment, user maintenance of PV
systems is rarely successful, and frequent visits by trained maintenance personnel are very
important. Although "handymen" working in churches, schools, and hospitals have been
successful to some extent in maintaining their institutions' PV systems, rural householders
generally lack the skills to diagnose PV problems and make effective repairs.

b. Fee collection and management. These should be from outside the community,
because collection is lax with local organizations, and the collected funds are often spent on
non-PV projects in the early years when the need for repair and replacement funds appears
relatively low.

c. Spare parts. These must be readily available in the field. The substantial
expenditure required to maintain such stocks is necessary to prevent the long delays
associated with ordering parts from headquarters or overseas.

d. Technical assistance. Field technicians should have ready access to technical
assistance and continuing training programs.

e. Local arbitration. An arrangement for local arbitration should be made between the
users and the external services supplier, particularly as regards disconnection for failure to
pay fees.

In conclusion, to overcome the constraints associated with the low density, low
skill levels, and remoteness of the rural communities, the institutional approach most likely
to succeed appears to be the provision of PV-based electricity on a fee-for-service basis by
a utility rather than through the sale of hardware to individual consumers. The fee-based
approach would require that the utility own and maintain the small-scale systems installed
in its customers' premises. Trained staff would visit the customers regularly to service
systems, carry out repairs, and collect a service fee. The aim of this fee would be the
recovery of the utility's operating costs, including a capital recovery charge. A
headquarters office would manage the accounts, inventory, procurement, and training.
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Solar PV and Diesel Systems Compared

Given the easy availability and widespread use of stand-alone diesel systems for
rural electrification, it is necessary to compare the relative costs of solar PV and diesel-
based systems. These costs depend on common factors and on site-specific conditions.
Hence, the focus here is to develop some general principles that apply in a variety of
situations.

A comparison of the costs of solar PV and diesel systems should be based on the
life-cycle costs of providing the final services the customer desires (e.g., household
lighting, refrigeration, or video) for a given number of years. In particular, the comparison
of solar PV and diesel systems should not be based on the cost per kilowatt hour of
electricity produced under the two systems because this fails to take into account the
different core parameters for diesel and PV system designs-peak load in the case of
diesel, and watt hours per day in the case of solar-as well as the fact that, in general, the
DC appliances commonly used with solar PV systems are relatively energy efficient and
require fewer kilowatt hour for the same service than the conventional AC appliances used
with diesel systems. At the same time, DC appliances also tend to have a higher initial cost
than AC appliances, and this difference should be taken into account, as well.

The broad components of life-cycle costs are as follows:

* Customer. These include initial costs of end-use appliances and future replacement
costs of end-use appliances.

* Generation equipment. These comnprise initial costs of the equipment used to
provide electricity to the customers and future replacement or overhaul costs of the
generation equipment.

* Operation and maintenance (O&M) costs.

Design Considerations

The costs of diesel and solar PV systems depend, in part, on decisions made in
specifying the technological parameters that are used to design a power supply system.
One critical design parameter is the reliability of the system, because the costs tend to
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increase sharply when the reliability of the system is increased to high levels. For example,
in a diesel system, a high level of reliability may imply the installation of a backup genset
that would be used only when the first genset was not available. Similarly, in a solar
system, a high level of reliability may imply the installation of a high-capacity battery and a
large number of PV panels, some of which will be necessary only during an extended
period of cloudy days.

Another key parameter in the design of a power supply system is the number of
hours for which electricity will be available. For example, in a diesel system, the use of a
refrigerator requires that electricity is supplied on a 24-hour basis. At the same time, for
most of the households, the demand for electricity (based on lights, video) may be
concentrated in four to six evening hours. Hence, a decision to supply diesel-generated
electricity on a 24-hour basis will raise unit labor costs significantly. This will not be so,
however, for household PV systems, which are designed to charge batteries for power
delivery on a 24-hour basis.

Overdesigned systems may raise both capital and O&M costs, but undersized,
unreliable supply systems give rise to frustration among consumers, some of whom may
continue to maintain their own backup systems. Therefore, care must be taken to design
the power supply system to strike a balance between the level of reliability consumers wish
and the costs they can afford.

General Cost Comparison of Solar PV and Diesel Systems

In general, solar PV has an advantage over diesel-based power when the following
conditions obtain:

a. There is no existing power grid. The cost savings of not having to build an
expensive grid, particularly for communities with widely separated houses, tend to
make solar PV competitive with diesel.

b. Access to land is a problem. Solar PV does not require land for equipment or
rights-of-way for transmission and distribution lines.

c. Dieselfuel is costly, and reliable transportation forfuel is expensive or unavailable.
Solar PV requires no fuel.

d. Peak loads are high for short periods. Since the peak-Watt capacity available from
a PV system is determined by the capability of the battery-not the panel-to
deliver power, individual solar PV systems operating from batteries can provide
very high power levels for short periods. For example, a small individual PV
system of only 120 Watts in peak-panel generation capacity (Wp) can be used to
power a movie projector drawing as much as 1,500 Watts for at least a few hours
per week, since the battery has been accumulating power for a week before the
power is withdrawn. A diesel system, however, must be sized initially to generate
and distribute the full 1,500 Watts even if it is used at that level for only a few
hours at a time.
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e. The number of customers is likely to increase over time. Individual solar PV
systems can be added as needed, whereas central systems may have to be sized
larger than initially necessary in anticipation of future load growth.

f. Noise or air pollution is a concern. Solar PV creates neither; diesel systems
generate both.

g. Qualified maintenance workers are not readily available. Training for solar
maintenance is less complex, lower in cost, and more likely to succeed among rural
persons with limited formal education than is training for diesel maintenance.

However, solar PV is at a disadvantage over diesel systems under the following
circumstances:

a. Village demands for power are high. Diesel systems benefit from economies of
scale; solar PV does not.

b. The amount of sunshine is low. Dense vegetation around homes or high levels of
cloudiness may reduce the sunlight falling on the solar panels.

c. DC appliances are expensive or unavailable. In some situations, the DC appliances
or power conversion equipment necessary to operate AC appliances with the DC
electricity provided by PV systems may be unavailable or expensive.

These considerations are summarized in Table 3. 1.

Table 3.1. Comparison of Solar PV and Diesel Systems for Rural Electrification

Parameter Diesel central systems Solar individual systems

Initial capital Low initial capital cost, short useful Moderate capital costs (no grid), rapid
costs, machinery machinery life without proper installation possible, long PV panel life
life, physical maintenance, moderate bulk and but short battery life without proper
characteristics weight maintenance, shade-free area needed

Operations Rapid response to load changes, quick Immediate response to load changes
start-up, easy shut-down

Fuel cost, Imported fuel, high cost, availability No fuel requirements, good availability
availability, is good in urban areas but often poor subject to weather, storage battery required
and storage in rural areas, easy to store but storage to operate system at times of low sunshine

expensive in rural areas and night

Repair and Technicians expensive to train and Technicians not costly to train,
maintenance hard to retain, maintenance is costly at maintenance costs are moderate, operating

light loads efficiency changes little with load changes

Parts Large in number, readily available Few in number, easily available

Pollution Toxic fuel, noise, noxious smoke and Low environmental impact
smell

Prospects Factors making them suitable are Factors making them suitable are lack of
existing power grid, low on-site fuel an existing grid, high on-site fuel costs,
costs, high load requirements over an high peak loads for short periods, concern
extended period per day about air or noise pollution, load growth

from new customers or increasing demand
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Solar PV and Diesel Costs in the Pacific Islands

The life-cycle costs of solar PV and diesel systems on a per customer basis are
shown in Table 3.2, based on data from the Pacific islands (see Annex 3 for details). It
should be clear these costs will be different for other regions of the world and will vary
from site to site even within the Pacific islands.

Table 3.2. Life-cycle Costs in Dollars per Customer of
Solar PV and Diesel Systems

% Difference
Case Solar PV Diesel solar-diesel

Household Lights Onlya

Customer: initial appliance costs 132 51 159

Customer: future appliance costs 133 21 533

Generation equipment: initial costsb 741 750 -1

Generation equipment: future costsc 243 189 29

O&M costsd 137 593 -77

Total 1,386 1,604 -14

Household Lights & TVNCRb

Customer: initial appliance costs 732 551 33

Customer: future appliance costs 476 307 55

Generation equipment: initial costsb 2,216 1,719 29

Generation equipment: future costsc 454 432 5

O&M Costsd 137 1,255 -89

Total 4,015 4,264 -6

Household Lights & Refrigeratorb

Customer: initial appliance costs 1,332 953 40

Customer: future appliance costs 452 275 64

Generation equipment: initial costsb 4,436 1,875 137

Generation equipment: future costsc 1,461 472 210

O&M Costsd 137 4,335 -97

TOTAL 7,818 7,910 -1

Note: Discounted present value of costs in constant dollars for 15 years at a 10 percent discount
rate.

a For technical details of the appliances, see Annex 3; diesel system operates for six hours a day in
Lights Only and Lights & TVNCR cases, and 24 hours in Lights & Refrigerator case.

b For solar PV systems, cost of PV panels, batteries, etc.; for diesel systems, costs of generation,
distribution and reticulation equipment.

c For solar PV systems, replacement costs of batteries and controllers; for diesel systems,
equipment is assumed to last 15 years, with a major overhaul every five years.

d For solar PV systems, cost of maintenance provided by solar PV utility; for diesel systems,
variable generation (energy) costs.

Source: Annex 3.
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The costs are compared for three representative combinations of end-use
appliances. In the first case, the customer uses electr-icity for household lighting only.
With the solar PV system, the consumer uses three lights and a night liglht, but the night
light is not present with the diesel system, which is assumed to operate onlyv six hours a
day. In the second case, the customer has a TV/VCR in additioni to the lights, and the
diesel system is again assumed to operate only 6 hours a day. In the third case, the
customer has a refrigerator in addition to the lights, and the diesel systeml is assumiied to
operate 24 hours a day.

The market for the special DC-powered appliances used with solar PV systems is
much smaller than the market for the conventional AC-powered appliances used with diesel
systems. Consequently, in all of the cases, the initial and replacement costs of the
customer's appliances are higher for solar PV systems than for diesel systems. Further,
the initial and replacement costs of the generation equipment are higher for solar PV
systems than for diesel systems. This difference is caused partly by the fact that diesel
systems represent an established technology, whereas solar PV is an evolving technology
(whose costs are expected to decrease in the future). On the other hand, the O&M costs are
significantly lower for solar PV systems than for diesel systems, primarily because solar
PV systems require no fuel, whereas the cost of diesel fuel is high.

In all of the cases, on an overall basis, the life-cycle costs of solar PV systems are
lower than those of diesel systems. Thus, the lower O&M costs of the solar PV systems
relative to diesel systems more than compensate for their higher customer appliance and
generation equipment costs. However, the difference in overall costs is only I to 14
percent, which indicates that the result of lower solar PV costs is sensitive to the
assumptions underlying the calculations. In other words, solar PV systems may prove
more expensive than diesel systems if the specific circumstances underlying Table 3.2 do
not hold at a particular site.

Sensitivity Analysis and Other Considerations

The cost comparison developed above indicates a methodology that can be used to
compare the economic costs of solar PV systems and alternative energy sources such as
diesel systems. The overall numerical results of any such cost comparison are likely to be
sensitive to the particular values used in the analysis, such as the lifetimes and costs of
various components. Further, some other considerations have not been included in the
analysis, as detailed below.

Working Lives of Systems

The results of the cost comparison are sensitive to assumptions about the working
lives of the solar PV and diesel systems. In the analysis, it has been assumed that both
solar PV and diesel systems will be properly designed and installed and adequately
maintained, so that their actual working lives will not be shorter than their potential
working lives. However, this assumption does not reflect the historical experience in the
Pacific islands, where early failures of both solar PV and diesel systems have been
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common. The assumption is made because it is possible to attain the full working lives,
and it is difficult to predict the actual working lives of the systems at a particular site.

A major determinant of the working lives of the systems is the skill levels of the
technicians assigned to operate and maintain them. In the remote areas of the Pacific
islands, it may be easier to maintain and operate solar PV systems than diesel systems.
Although diesel systems represent a well-established technology and solar PV systems are
relatively new, both are new to most Pacific island rural areas, and it is unlikely that an
urban technician will move to take care of a village power- system. Thus, it is generally
necessary to train local residents to maintain the power systems. Only about two weeks are
required to train an uneducated rural village "handyman" 1o do proper PV maintenance, but
it takes months of apprenticeship to train someone adequately for diesel maintenance.
Further, once trained, diesel technicians often can find more attractive jobs in urban areas,
thus requiring frequent repetition of training programs. PV technicians, in contrast, are
much less likely to have a high turnover because they have almost no employment
opportunities outside the rural areas.

The difficulties of adequate maintenance of diesel systems are not unique to the
Pacific islands. A comprehensive World Bank analysis of diesel plants in the developing
countries concluded that "a typical diesel plant investigated during the study is characterized
by low production, low revenues, high costs, and short engine lifetimes." This study also
"found the lack of adequately trained operators and mechanics to be a major factor in the
poor performance and short life of diesel plants in developing countries, contributing to the
need for early plant rehabilitation or replacement. These plants, in fact, operated much less
reliably, for shorter periods of time, and at higher costs than projected."7

Although solar power systems, too, have suffered technical problems in the past
(see para 2.3), the experience of TSECS in Tuvalu indicates that it is possible to overcome
them in the Pacific islands (see para 2.9). Given the relatively short time for which TSECS
has been successful, it is not possible to conclude definitively that the actual working lives
of the solar electric systems will be near their potential working lives. However, on
balance, it appears that if the cost comparison is based on actual, rather than potential,
working lives, then the results are likely to be favorable for solar PV systems.

Diesel Generation Costs

The results of the cost comparison are also sensitive to the generation costs
associated with diesel systems. A key assumption in the above analysis is that the cost of
electricity generated by diesel systems, even with proper maintenance, is high by the
standards of the industrialized countries. In particular, the variable (fuel, labor, and parts)
costs of the diesel systems are assumed to be in the 50 to 65¢/kWh range, whereas the total
(variable and capital) cost of electricity in the industrialized countries is of the order of

7. "Core Report of the Electric Power Utility Efficiency Improvement Study," Energy Series
Paper No. 46, Industry and Energy Department, World Bank, 1991.
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0. 10¢/kWh. The specific values used in the analysis are notional, but they reflect the small
scale of operations in the rural areas, high fuel costs, and high materials costs that are
typical of remote Pacific sites (see Annex 3 for details).8 If the actual diesel energy costs in
any particular situation are significantly lower than the assumed values, solar PV power
will become less competitive in cost.

Reliability

One factor not taken into account in the above cost comparison is the likely
difference in reliability of service of solar PV and diesel systems. With a diesel system, all
consumers depend on a central system, so unplanned outages affect everyone.9 In
contrast, a problem with one or more solar PV components affects only the consumers
whose systems fail. 10 This dependence on a central system can be a major problem in the
remote areas of the Pacific islands because of the scarcity of qualified repair workshops in
rural areas. Consequently, in the Pacific islands, it may be necessary to send the entire unit
to an urban workshop for repair or overhaul; in some countries even urban workshops
cannot properly overhaul a small engine because proper cylinder boring equipment is not
available.

Load Growth

The cost comparison assumes that the load to be met will remain constant for 15
years. Although this assumption is made mainly to keep the analysis simple, studies of 5-
year load patterns in grid-connected rural villages of Fiji indicate that demand increases
very slowly, if at all, unless marked increases in household cash incomes occur. Any
anticipated load growth will tend to make solar PV systems cheaper than diesel systems
because either the initial capacity of the diesel systems will have to be increased or
expensive system restructuring will have to take place later to account for the load growth.
In contrast, PV systems, which are largely modular, can have system capacity added as the
load increases, particularly if most of the load growth comes from an increase in the
number of consumers.

S. In comparison, a 1991 survey of 71 rutral electrification diesel plants operated by the Public
Works Department in Fiji calculated the average operation cost to be F$0.99/kWh, equivalent to
US$0.7 1 /kWh. This average cost did not include capital and maintenance costs, which were met primarily
from government subsidies. The survey also found that miost were consumilers were paying in the range
F.SWIOU.00 to 1.50 per kWh. equivalent to US$0.72 to 1.08/kWh.

9. The 1991 Fiji survey oft71 rural diesel plants operatted by the Public Works Departimient
(I'WD) found that, on average, the diesel generators were n(ot operating for 77 days per schemile per year.
The most comimion cause of nonoperation. cited by 55 percent of the respondents, was "awaiting PWD for
repairs," followed by ''unavailability of diesel" ( 17 percent).

10. However, it should he noted that some problemss with solar PV systems, such as inappropriate
selection or maintenance ol hatteries, or undersized PV panels, also have the potential of affecting the
supply of energy to a substantial number of the consumners.
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Consumer Composition of an Actual Village

In an actual village, a variety of consumers will have to be provided with electricity.
In the remote areas of Pacific islands, at current levels of income and development, the bulk
of the households (70 to 80 percent) would fall under the Household Lights Only case,
though some of them may have fewer or more than the lights assumed in the analysis. This
would be followed by the Household Lights & TV/VCR case (10 to 20 percent). Only a
limited number of households (about 10 percent) would have the type of load assumed in
the Household Lights & Refrigerator case.

With such a consumer profile, a practical difficulty may arise in developing a rural
electrification program in strict compliance with the results of the cost comparison. For
example, in a particular situation, the cost comparison may show that solar PV systems are
cheaper than diesel systems for the Household Lights Only case and that diesel systems are
cheaper than solar PV systems for the Household Lights & TV/VCR and Household Lights
& Refrigerator cases. Yet it may be impractical to develop a diesel system separately for
the limited number of consumers in the Household Lights & TV/VCR and Household
Lights & Refrigerator cases while providing solar PV systems for the Household Lights
Only consumers.

Environmental Effects

The cost comparison does not take account of the fact the adverse environmental
impacts of solar PV systems are negligible, whereas diesel systems emit quantities of
potentially harmful pollutants. This difference should be evaluated in the context of the
rural areas where the systems are to be installed, however. The remote areas of the Pacific
islands have suffered little environmental degradation in terms of air pollution, and hence
the emissions from the diesel systems may have minimal adverse environmental effects
locally.

Effects of Capital Cost Subsidies

In the Pacific islands, the capital costs of rural electrification programs have often
been borne by some party other than the users, such as the government or donor agencies;
[or example, in Tuvalu, the capital costs of the solar PV program have been borne by
donors, such as IJSAID and the European Community (EC). From the perspective of the
users, if capital costs are to bc borne by external agencies, solar PV systems are particularly
attractive because of thei- low variable costs. Diesel systems, in contrast, have relatively
lower capital costs and higher variable costs.
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Conclusions

The experience of the countries in the Pacific islands indicates that for electrification
in areas with low load density, usually in rural districts that use electricity mainly for house
lighting, and where the load is not expected to grow rapidly, individual solar photovoltaic
(PV) systems may be cheaper than small diesel systems. This successful experience with
solar PV power for rural electrification, although on a limited scale, suggests that solar PV
could play a substantial role in the electrification of developing countries, especially those
in which electricity services are needed in isolated pockets of low load densities, where the
viability of diesel-based systems is questionable.

Equipment failures were important problems with the early PV systems in the
Pacific islands, but the technical requirements are now well understood and can be
addressed relatively easily. At present, solar PV systems are providing a reliable supply of
energy, if on a limited scale, at a price that households find attractive. The experience of
the Pacific islands indicates that the technical success of solar PV systems will be more
likely if the systems are appropriately designed, use reliable although initially high-cost
components, and are properly installed and adequately maintained. Hence, it is likely that
in the future, institutional considerations will be critical in determining the success of solar
PV systems, even though technical considerations (such as the choice of components and
the design and sizing of the system) will remain important factors in the development of
solar PV power for rural electrification, Thus, it is expected that the main challenge in the
Pacific islands for the proper maintenance and expansion of the PV systems will be the
development of an appropriate institutional approach.

A number of institutional approaches have been attempted in the Pacific islands, but
most them have failed to deliver reliable electric power to the consumers. In particular, the
experience with maintenance provided by the consumers themselves shows that this
approach has been unsuccessful. On the other hand, an institutional approach in which a
specialized agency or utility owns the solar hardware, installs it on the consumer's
premises, and maintains it on a fee-for-service basis has met with some success. This type
of agency can be designated as an "electric utility without wires." It is important that this
agency is run on a professional and commercial basis, have access to financing for capital
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needs, and is acceptable to the consumers. Thus, in some places, a cooperative may be the
best way to organize this agency; in others, this function could be better served by a private
or government-owned company.

A comparison of the costs of the solar PV and diesel systems should be based on
the life-cycle costs of providing the final services that the customer desires (e.g., household
lighting, refrigeration, or video) for a number of years. The broad components of life-
cycle costs are (a) customer costs, which consist of the initial and replacement costs of end-
use appliances; (b) generation equipment costs, which consist of the initial and replacement
or overhaul costs of the equipment used to provide electricity to the customers; and (c)
operation and maintenance (O&M) costs.

Based on data for the Pacific islands, the life-cycle costs of the customer's
appliances are higher for solar PV systems than for diesel systems. One of the main
reasons is that the market for the special DC-powered appliances used with solar PV
systems is much smaller than the market for the conventional AC-powered appliances used
with diesel systems. Furthermore, the initial and replacement costs of the generation
equipment are higher for solar PV systems than for diesel systems. This difference is
partly caused by the fact that diesel systems represent an established technology, whereas
solar PV is an evolving technology whose costs are expected to decrease only in the future.
On the other hand, the O&M costs are significantly lower for solar PV systems than for
diesel systems, primarily because solar PV systems require no fuel, and the costs of diesel
fuel are high.

Based on data from the Pacific islands, in terms of life-cycle costs, solar PV power
is competitive with stand-alone diesel systems for serving the small loads typical of rural
households in remote areas, although the difference in the overall life-cycle costs of solar
PV and diesel systems is less than 15 percent. Thus, under the right circumstances, solar
PV systems are marginally cheaper than diesel systems for rural electrification.

One of the principal conditions for this result to hold is that diesel generation (fuel,
labor, and parts) costs must be high-in the range of 50 to 65¢/kWh. Where diesel
generation costs can be realistically expected to be lower than this range, the life-cycle costs
of diesel systems are likely to be less those for solar PV systems. This conclusion may
change in the future, however, if the capital costs of solar PV components decline; this is
expected for PV panels in particular.

Another condition for the finding that solar PV systems will prove marginally
cheaper than diesel systems is that both diesel and solar PV systems are adequately
maintained. In practice, in remote ruLral areas it may be easier to maintain solar PV systems
because they have relatively simpler routine maintenance procedures and do not require the
type of complex repairs and overhauls associated with diesel systems. Moreover, lack of
adequate maintenance for diesel systems leads to outages that affect all the consumers and
significantly reduces the working lives of the diesel gensets. Therefore, the choice between
solar PV and diesel systems will be tilted more strongly toward solar systems at sites where
llinited resources and exper-tise are available for maintenance.
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The life-cycle cost comparison assumes that the average consumer load and the
number of consumers will remain constant over the entire period. It is relatively easy to
install additional solar PV systems when the number of consumers increases because solar
PV systems are largely modular; in contrast, diesel systems must be sized from the outset
to take account of anticipated load growth. Therefore, the cost advantages of solar PV
systems will be higher than indicated in the life-cycle cost calculations if the numllber of
consumers increases steadily over time.
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Annex 1

Economic Conditions in the Pacific Islands

The twelve Pacific island countries (Cook Islands, Federated States of Micronesia
(FSM), Fiji, Kiribati, Marshall Islands, Palau, Papua New Guinea (PNG), Solomon
Islands, Tonga, Tuvalu, Vanuatu, and Western Samoa) covered by the Pacific regional
energy assessment (PREA) have many features in common-for example, they all consist
of a number of islands-but they also differ in size, population, and physical
characteristics. I I The size of the islands varies considerably. For example, Kiribati
consists of 33 islands in three main groups, and Fiji has about 300 islands, though most of
the population and economic activity are concentrated on the two largest ones. All the
countries are far from the major markets in Europe, North America, and Japan, although
some are relatively close to two industrialized countries, Australia and New Zealand.

General Features

The total population of the Pacific island countries is approximately 5.6 million, on
a total land area of 530,000 square kilometers. Papua New Guinea (PNG) is the largest
country, with a land area of nearly 463,000 square kilometers and a population of
approximately 3.9 million. Thus, PNG has approximately 87 percent of the land mass and
70 percent of the population in the region. In size, PNG is followed by Fiji, which has a
land area of 18,000 square kilometers and a population of approximately 725,000. In
contrast, six of the countries (Tonga, Kiribati, Marshall Islands, Cook Islands, Palau and
Tuvalu) have a land area less than 1,000 square kilometers and a population less than
100,000. The smallest country covered by the PREA, Tuvalu, has a land area of only 26
square kilometers and a population of only approximately 9,500 (Table Al. 1).

11. This annex is based on the Pacific regional energy assessment and an World Bank issues and
options review for Tuvalu..
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Table A1.1. Physical and Demographic Characteristics of the Pacific Islands
(All figures 1990)

Population

Total land Total sea Density
arm arm Total (persons; Urban Urban

Country' ('000 km2) ('000 km2) ('000) km2 ) ('000) ('000)

Papua New Guinea 462.84 3,120 3,907.0 8 586.0 3,321.0

Fiji 18.27 1,290 725.0 40 282.0 443.0

Solomon Islands 29.79 1,340 318.7 11 n.a. n.a.

Western Samoa 2.94 120 157.9 54 31.6 126.4

Vanuatu 11.88 680 142.6 12 26.0 116.6

FSM 0.70 2,978 101.0 144 29.3 71.7

Tonga 0.70 700 95.9 137 65.0 30.82

Kiribati 0.69 355 72.3 105 25.2 47.1

Marshall Islands 0.18 2,131 46.2 255 25.2 21.0

Cook Islands 0.24 1,839 17.9 75 10.0 7.9

Palau 0.42 629 15.2 37 10.3 4.9

Tuvalu 0.03 900 9.5 363 3.0 6.4

Source: Pacific regional energy assessment, 1992.

The countries vary significantly in population density (persons per square
kilometer). Density is lowest (8/km2) in PNG, the largest country, and highest (363/km2 )
in Tuvalu, the smallest. Most of the population lives in rural areas, but a majority are urban
in Palau (67 percent), Tonga (67 percent), Cook Islands (56 percent) and Marshall Islands
(55 percent). Urban population is also substantial in Fiji (39 percent), Kiribati (35
percent), Tuvalu (32 percent), and FSM (29 percent). The average size of the household
(5.6 persons) is large compared with North American or Europen households, but it is
similar to that found in other developing countries.

The geographical fragmentation of the Pacific island countries, their remoteness,
and their small size are fundamental constraints on their economic development. The
average 1990 GDP per capita in these economies was approximately US$1,000, ranging
from $3,300 in Palau to $430 in the Solomon Islands. Except for PNG (which has
substantial exports of copper and gold, which account for more than 50 percent of its total
exports), their exports are significantly less than their imports, and the economies are
heavily dependent on remittances, external assistance, and borrowing (Table A1.2). Most
of these countries are unable to take advantage of all the potential external assistance that
could be available to them because they lack the skilled management and implementation
capacity to absorb it.
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Table A1.2. Development Indicators for the Pacific Islands
(All figures 1990 unless otherwise indicated)

GDP at Total
current GDPper Total exports Annual ODA per
prices capita imports (cif) (fob) ODA capita

Country (US$mil) (US$mil) (US$mil) (US$mil) (US$mil) (US$)

Papua New Guinea 3,013.7 828 1,060.5a 1 ,17 6 1b 381.0 93

Fiji 1,185.7 1,635 685.8 5 16 .1b 54.4 75

Solomon Islands 3 67 .0 b 430 10 3 .8c 6 7 .7b 58.3 183

Western Samoa 10 9 .4 b 693 7 4 .9 c 12.5b 31 lb 197

Vanuatu 140.4c 826 92.4 18 gb 39.3 276

FSM 144.7 1,520 6 7 .7 b 5 .4c 1 1 4. 4C 1,166
Tonga 100.5 1,048 56.9 9.0b 18*9b 197

Kiribati 40.1 555 22 Ob 5.2b 16 .3c 234

Marshall Islands 68 .7b 1,631 4 4 .4c 2.3b 44.7 1,013

Cook Islands 4 5 .7 a 2,589 43 .8c 2 .8c 12.0b 670

Palau 50.0 3,289 24.6c 0 .6c 31.6 2,079
Tuvalu 6.6 702 4 .4 7b 0 .2b 13*9b 1,471

Source: Pacific regional energy assessment, 1992.

a1987 estimate. b198 8 estimate. C1989 estimate.

The economic assets of these countries consist mainly of their marine resources,
fertile agricultural land, and potential for tourism. The larger countries have been relatively
successful at exploiting these resources. For example, Fiji is a middle-income country with
a diversified economy that has an internationally competitive sugar industry; a significant
industrial base; well-developed tourism; and good prospects for further development of
forests, fisheries, and agriculture.

Tuvalu

Tuvalu is composed of nine low-lying coral atolls in the Central Pacific Ocean with
a total land area of 26 square kilometers and an Exclusive Economic Zone of 0.9 million
square kilometers of ocean. The nine islands are scattered, with the northernmost island
more than 550 kilometers from the southernmost. The total population is about 9,000, a
third of whom live on the capital island, Funafuti. The principal natural economic
resources are coconut trees and fish.

Over the period 1986-89, the performance of Tuvalu's economy fluctuated
considerably. Real GDP growth was 3 percent in 1987 and 14 percent in 1988, but it
declined 13 percent in 1989. In 1990, GDP grew by an estimated 4 percent. With a
population growth rate of 1.5 percent per annum, real per capita GDP in 1989 was lower
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than in 1986. In 1989, Tuvalu experienced an international trade deficit equal to
approximately two-thirds of its GDP. This deficit was financed mainly by international aid
and remittances from expatriate workers. In 1989, fuel imports were approximately 16
percent of total imports, but they amounted to more than 400 percent of total exports.

Tuvalu's economy is supported by the Tuvalu Trust Fund, established in t987 with
grant aid totaling A$25 million; currently, the Fund's offshore investments are valued at
A$35 million. Withdrawal of monies from this Fund is restricted by its charter, which
requires that the Fund's value be maintained in real terms.

Some fundamental constraints on Tuvalu's economy are the limited natural
resources and the distances between the islands as well as between them and the major
international markets. In addition, in recent years, Tuvalu has been able to use only about
50 percent of the foreign aid offered for capital investment projects because of a lack of
skilled management and implementation capacity and cash-flow difficulties arising from the
requirement of some donors that the government provide initial project finance and then
seek reimbursement fi-om the donors.

In the medium term, Tuvalu's prospects for economic growth will depend on the
future of copra production and revenue from fishing, including licensing income from
international fishing companies. Assuming sound management of the limited resources, a
practical investment program, and technical assistance in selected areas, overall economic
growth of 3 to 5 percent per year is possible.

Imported petroleum products provide all of the commercial energy consumed in
Tuvalu. About half of the automotive diesel oil (ADO) is used to generate electricity, but
the remainder of the petroleum products are consumed directly in transportation, fisheries,
or household use (cooking and lighting). On the outer islands, most of the energy
consumption is based on traditional biomass products, but, as the main text of this paper
documents (e.g., chapter 2), the use of solar energy for lighting is increasing.

The management of the energy sector centers around the Office of the Prime
Minister (OPM) and the Ministry of Finance, Commerce, and Public Corporations. Within
OPM, in the Department of Foreign Affairs and Economic Planning, there is a an Energy
Planner, currently a member of the U.S. Peace Corps, who is the focal point for energy
planning, evaluation, and coordination. Electricity generation and distribution on the main
island of Funafuti is under the Tuvalu Electricity Corporation (TEC), incorporated in
December 1990. Before the incorporation, this agency was known as the Tuvalu
Electricity Authority (TEA) and was a division of the Ministry of Works and
Communications.
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Technical Details of Solar Photovoltaic Systems

Solar photovoltaic (PV) systems convert sunlight directly into electricity using
solid-state physical principles similar to those of transistors and integrated circuits. The
electricity produced by PV systems is direct current (DC). Because the electrical power
provided by PV panels is indistinguishable from electricity produced by any other source,
any electrical device can be powered by PV panels in principle, although it may be
necessary to convert the output of the PV panels to other voltages or to alternating current
(AC). In practice, it is generally uneconomical to use PV panels for high-load appliances
such as electric cooking ranges, air conditioners, and heaters.

Components of Solar PV Systems

The appliances often used in rural areas-such as lights, TV/VCR, and radios-
require relatively small amounts of electrical energy that can be provided by PV systems.
PV panels sometimes may be used to power appliances directly, but since most consumers
want electric power to be available at all times rather than just when the sun is shining,
most PV panels are used to charge storage batteries, which then can provide power to the
appliances at any time. PV systems used for rural electrification typically consist of the
following components:

* Solar photovoltaic panels

* Storage batteries

* Battery controllers

* Wiring, fuses, and switches

* Appliances.

Solar Photovoltaic Panels

Solar PV panels produce electricity in amounts directly proportional to the amount
of sunshine falling on the panel's surface and on the size of the panel (i.e., the area
exposed to the sun).
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A PV panel is made up of a number of cells. Individual silicon PV cells, no matter
how large, produce an output of about 0.5 Volts when exposed to sunlight. In order to
generate an output sufficient to charge a 12 Volt (V) battery, many cells (usually 33 to 36)
have to be connected in series to form a panel whose output is rated to exceed the voltage of
the battery. 12 If a 24 V battery is used, then two PV panels are connected together in series
to produce the necessary voltage.

PV panels usually are rated in peak Watt (Wp) output. It is important to realize that
this rating is useful mainly for comparing relative sizes of panels; in practice, many
factors-such as the type of load connected and the intensity of sunlight-will affect the
panel's actual power output in Watts. The peak Watt rating may be considered the effective
maximum power that a panel can produce under ideal conditions. Further, since domestic
rural electrification PV systems have the appliances connected to a storage battery and not
directly to the panels, the peak Watt capacity of the panels has no relationship to the
maximum Watts that can be delivered to appliances in a solar-powered home. Thus, a PV
system with a 50 Wp panel could be used as the power source for an appliance, such as an
electric iron or a film projector, with a power demand of 1,500 Watts.

Solar panels and conventional diesel-powered generators have very different
generation characteristics. For example, PV panels may be continuously short circuited
without damage, whereas this would destroy a rotary generator by overheating it. Further,
a change in the load resistance causes the voltage of PV panels to change without
significant changes in the current produced, whereas a change in the load resistance
connected to a rotary generator causes significant changes in the current produced but not in
the voltage. These technical differences mean that persons familiar with conventional
electrical systems but without specialized training in PV technology can often make serious
errors in the electrical design or maintenance of PV systems.

Storage Batteries

Electrical storage is usually provided by lead-acid batteries similar to those used in
automobiles. However, automobile batteries are designed to produce a high current for a
short period to start the engine, whereas consumer appliances typically require a steady
current for a long period. Thus, batteries have been specifically designed for solar PV
systems, and it is preferable to use them.

Most small PV systems, particularly ones used exclusively for radios and lighting,
use 12 V batteries, since both the batteries and the appliances are readily available. Larger
systems, such as those intended for refrigerators and video systems, often use 24 V
batteries to keep wire size small and to minimize system losses.

12. Cells are said to be connected in series when the positive terminal of one cell is connected to
the negative terminal of another cell; the overall voltage is the sum of the voltages of each of the cells.
Connection in series is the usual method in which batteries are connected in household appliances (e.g.,
four batteries of 1.5 volts each may be placed in a flashlight to produce 6 volts).
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Technically, a typical lead-acid battery is made up of a number of physically
separate cells connected in series so their cell voltages are added together. All lead-acid
batteries are made up of individual 2 V cells. Thus, a 6 V battery has three cells connected
in series, a 12 V battery has six cells, and a 24 V battery has 12 cells. Further, to get 12 V,
one can connect two 6 V batteries in series; to get 24 V, one can connect two 12 V batteries
or four 6 V batteries.

Battery capacity is usually stated in Ampere-hours (Ah), which can be converted
into Watt-hours (the most common measure of electrical energy) by multiplying the Ah
value by the battery voltage. Thus, a 100 Ah 12 V battery stores 1,200 Watt hours of
electrical energy when fully charged, whereas a 100 Ah 24 V battery stores 2,400 Watt-
hours when fully charged.

Note that although it is technically possible to connect many small batteries in
parallel to increase total Ah capacity, it is best in practice to use a single battery that is
capable of providing the total capacity desired rather than connecting several batteries of
smaller capacity in parallel. 13

Battery Controllers

Batteries can be damaged by consistent overcharging, so an automatic device called
a charge controller is usually provided to sense the battery's charge and reduce or switch
off the charging current before damage can occur. Small PV systems may not need a
charge controller, since the small currents provided by one or two PV panels are not likely
to damage good-quality batteries, even though more frequent maintenance may be
necessary to replace water lost from the batteries because of mild overcharging.

Batteries also can be damaged by excessive discharging, so an automatic device
called a discharge controller, similar in operation to the charge controller, is usually
installed. The discharge controller continually senses the battery's charge and disconnects
the appliances when the battery's charge falls below a set limit. Small systems in particular
need the protection of a discharge controller, since it is easy to discharge the battery
excessively by using appliances heavily.

It is common practice to combine the functions of charge and discharge controllers
in a single device.

Wiring and Fuses

These components are interconnected with wiring of the same type used in grid-
connected homes, although generally a larger-diameter wire is needed because of the lower
voltage and higher currents being delivered to the appliances. Fuses or circuit breakers are
used to protect the equipment against short circuits.

13. Connection in parallel implies that terminals of the same sign in different batteries are
connected together (i.e., positive to positive and negative to negative). This type of connection does not
increase the overall voltage but instead increases the available current (Amperes).
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Appliances

The key reason for installing a solar PV system is to power appliances. In the
domestic settings considered here, these usually are limited to lights, radios, stereos, TVs,
VCRs, fans, and refrigeration appliances, although other small appliances such as
computers, pumps, or radio-telephones may be connected as well. In general, it is
preferable to use appliances specifically designed for use with solar PV systems, because
they are energy efficient and can be connected directly to the battery without expensive-
and often inefficient-power converters.

Determining the Size of the System and its Components

Sizing of solar photovoltaic systems is critical: If the system is too small, it will not
provide sufficient energy, and the customer will not receive the services desired; if it is too
large, the cost will be excessive.14

Apart from a general technical understanding of the functioning of PV systems, the
designer of the system also needs information that is specific to the site where the PV
systems will be installed.

First, it is necessary to estimate the type of appliances the consumer will install and
the number of hours the appliances will be operated per day. This information is used to
calculate the energy load the PV system will have to meet.15 If the load is likely to vary
from month to month or season to season, then this information must also be available.
However, it is often difficult to estimate the daily usage for the appliances before the
systems are actually installed because the availability of PV systems itself often brings
about a significant change in the energy use of the households.

Second, it is necessary to estimate the amount of sunshine the site receives.16

Technically, this is measured by the insolation level, which is often stated in units of
kilowatt hours per square meter per day (kWh/m2 /day). Some measurements made in

14. The sizing of photovoltaic systerns is more complex than that of small diesel systems. To
size a diesel system, the number of Watts required to operate each appliance must be determined. These
values are added together to determine the maximum demand the diesel generator must provide. For
example, if a 150-Watt refrigerator, a 100-Watt TV, and five 40-Watt lights are to be operated, the diesel
generator must be capable of providing at least 450 Watts of power.

15. The solar PV system must be sized to meet the energy requirements (measured in Watt-hours),
not power (measured in Watts only), of the appliances. The energy requirements depend on the power
(Watts) demanded by the appliance as well the number of hours of use. Therefore, sizing of a PV system
requires knowing both the Watts required to power each appliance and the number of hours per day each
appliance will be used.

16. The earth's atmosphere receives a nearly constant supply of approximately 1.4 kW/m2 of
solar radiant power, but atmospheric absorption means that any particular site on earth is likely to receive a
lower level. In southwestern United States, for example, where the sun generally shines clearly, the average
maximum solar irradiance at ground level has been measured at approximately I kW/m2 .
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Tarawa, the capital of Kiribati, indicate a solar insolation of 5.9 kWh/m2 /day, but it should
be noted that long-term weather patterns and seasonal changes in the length of the day
combine to create major changes in insolation from season to season.17 For this reason,
average insolation measurements are not sufficient for designing solar PV systems. If the
PV systems are being installed in remote rural areas, it is unlikely that long-term insolation
data will be available, so that estimates based on experience in similar locations will have to
be used. The insolation level is a major determinant of the "generation coefficient" (see
Step 3 under the heading Sizing the System below).

Third, it is necessary to have a sense of the desired reliability of the system. One
characteristic that is important in determining the reliability is the ability of the system to
meet the consumer's load despite a number of consecutive days with poor insolation levels.
Technically, this is termed the days of autonomy. It is common to design PV systems with
five days of autonomy.18 In practice, this specification implies that a fully charged battery
will provide for normal appliance use for at least one week of cloudy weather, because the
panels do recharge the battery partially even in cloudy weather. Further, if seasonal
variations are expected in consumer load, insolation levels, or both, it is also necessary to
determine whether the system should be designed to meet all contingencies or whether a
failure to provide the adequate power under some conditions may be acceptable. To design
the system so that it can provide reliable power under worst-case conditions of insolation
and user demands will often require systems three to four times larger and more expensive
than smaller systems that provide adequate power most of the time but may impose some
restrictions in power use when weather patterns are unfavorable or demand is unusually
high.

Sizing the System

Given the uncertainties about the likely consumer load and the insolation levels, in
practice, the initial determination of the system size is usually carried out using some simple
rules of thumb. Then, the actual performance of the system is monitored, and the system is
modified as necessary.

In the Pacific Region, the South Pacific Institute for Renewable Energy, in
cooperation with the Pacific Energy Development Programme, has developed a six-step
technique for the initial sizing of domestic PV systems. Although quite simple, the

17. The maximum and minimum insolation values for some cities can provide some perspective:
El Paso, Texas, 7.78 (April and May) and 5.43 (December); Seattle, 6.06 (July) and 1.16 (December);
Mexico City, 7.99 (March) and 4.58 (June); New Delhi, 7.31 (March) and 4.20 (July); and Nairobi, 6.89
(February) and 3.81 (July). See Stand-Alone Photovoltaic Systems, SAND87-7023, Sandia National
Laboratories, New Mexico, 1990.

18. This specification of five days of autonomy is equivalent to saying that, on average, the
battery will discharge only one-fifth (20 percent) of its total capacity each day. Since the battery life
becomes shorter as the daily fraction of discharge increases, this five-day capability is appropriate even for
sites that rarely have cloudy periods of more than two or three days' Juration.



42 Solar Energy

technique is based on long-term measurements of actual power delivered by PV panels for
charging lead-acid batteries and on the use patterns in existing domestic PV systems. The
technique has been in use since 1987 and has reliably provided system sizes that are
consistent with more complex design methods. The specific numbers shown below for
solar panel performance are generalized for atolls and the "dry sides" of tropical
mountainous islands in the Pacific and are appropriate for tropical sites that have little
seasonal differences in length of day and a high percentage of partly cloudy days but few
periods of extended cloudiness. For use in other climates or on the "wet sides" of
mountainous islands, the estimated panel output should be adjusted to compensate for the
climatic differences from the parameters used as the calculation base.

The system-sizing technique is illustrated below for design of a typical 12 Volt
system that is used to power three lights. It is assumed that there is (a) one light of 12
Watts that will be used 6 hours a night; (b) another light of 10 Watts that will be used 4
hours per night; and (c) a third light of 10 Watts that will be used 5 hours per night. It is
also assumed that the system will be powered by PV panels rated at 47 Wp and that the
only available batteries are rated at either 50 Ah or 100 Ah capacity at 12 V. A second
example is shown in Box 1. Note that the design parameters (number of panels and battery
capacity) derived by this technique represent the minimum acceptable values; in practice,
the systems may be oversized based on other considerations such as anticipated load
growth.

Step 1: Estimate the Total Daily Appliance Energy Requirements. For
each appliance, compute the Watt-hours per day expected to be consumed. This is done by
multiplying the Watt power demand of the appliance by the average number of hours per
day the appliance will be using electricity.

For example, for the three lights described above, the total appliance load per day,
on average, will be as follows:

First light: 12 Watts x 6 hours = 72 Watt-hours

Second light: 10 Watts x 4 hours = 40 Watt-hours

Third light: 10 Watts x 5 hours = 50 Watt-hours

TOTAL LOAD 162 Watt-hours per day.

Step 2: Estimate the Total Energy per Day that Must Be Delivered by
the PV Panels. Like conventional AC systems, solar PV systems suffer losses (the
battery never delivers as much energy as goes into it, wires and connections lose energy,
controllers use energy, and so on). Hence, it is necessary to take account of these losses in
determining the energy that must be delivered by the panels. Losses are likely to be in the
10 to 30 percent range, with the lower value applicable to newer systems using high-quality
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batteries. However, as systems age, the internal efficiency of their batteries falls, and
losses may exceed 30 percent. Hence, a conservative but reasonable estimate of the system
losses is 30 percent. This is taken into account in calculating the total energy that the panels
must deliver by multiplying the total appliance load (from Step 1) by 1.3.

For example, the three lights above are expected to require 162 Watt-hours per day
(Step 1), so the panels must be capable of delivering 162 x 1.3 = 210.6 Watt-hours per day
to cover the losses and still have sufficient power for the lights.

Step 3: Estimate the Energy per Day Produced by One Panel. The
energy produced by a panel depends on many factors, with its capacity, measured in peak
Watts (Wp), and the insolation level having the greatest effect. To obtain the energy
produced by a solar PV panel in a particular site, it is necessary to calculate a "generation
coefficient," measured in Watt-hours/day per rated Wp of the panel. This generation
coefficient is site-specific and is based on measurements of actual battery charging by a PV
panel at the site or on experience at similar sites. The generation coefficient summarizes all
the factors related to energy production by a PV panel except the Wp rating. The generation
coefficient is multiplied by the Wp rating to determine the Watt-hours/day energy output
produced by a particular panel. For the typical small Pacific island environment, the
generation coefficient has been estimated as 3.43.

For example, in an installation with 47 Wp rating panels, the estimated energy
output from a panel for battery charging will be 47 x 3.43 = 161.21 Watt-hours per day of
energy.

Step 4: Estimate the Minimum Number of Panels Needed. The number of
panels needed is determined by dividing the total Watt-hours/day requirement (result of
Step 2) by the Watt-hours/day output of one panel (result of Step 3), and rounding up the
requirement to the nearest integer.

For example, the total energy that the panels must deliver is 210.6 Watt-hours/day
(Step 2), while one 47 Wp panel is estimated to produce 161.21 Watt-hours/day (Step 3).
Thus, the number of panels required is 210.6/161.21 = 1.31 panels. This is rounded up to
two panels, which can deliver 161.21 x 2 = 322.42 Watt-hours/day. Thus, with two
panels there will be a potential excess capacity of 322.42 - 210.6 = 111.82 Watt-
hours/day. 19

Step 5: Estimate the Ampere Hours (Ah) per Day that Must Be
Delivered by the Battery. Since Amperes equals Watts divided by Volts, the Ampere-
hours per day equal Watt-hours per day divided by the battery voltage. Note that the

19. It is also possible to calculate the panel requirements in a slightly different manner. In the
alternative manner, the panel size is calculated by dividing the daily energy requirement by the generation
coefficient (e.g., panel requirements = 210.6/3.43 = 61.3 Wp). Thus, a single 62 Wp panel or two 31 Wp
panels would be theoretically just sufficient to meet the load. However, if only 47 Wp panels are available,
then two of them must be used.
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battery delivers power directly to the appliances, so only small losses will occur (less than
5 percent), mostly in the connecting wires. Therefore, the value of Watt-hours per day
which is used here is the actual requirement of the appliances (Step 1), not the amount that
includes the 30 percent system losses (Step 2).

For example, the appliances are estimated to require 162 Watt-hours/day (Step 1),
and assume that a 12 Volt battery is used. Therefore, the battery must deliver 162/12 =
13.5 Ah/day.

Step 6: Estimate the Minimum Battery Capacity Needed. So that the
system can meet the load even during cloudy periods, the battery size has to be larger than
the daily requirement. The battery size is determined by multiplying the daily requirement
(Step 5) by the specified days of autonomy.

For example, with a specification of five days of autonomy, the 12 V battery must
have a capacity of at least 13.5 (Step 5) x 5 = 67.5 Ah. If only 50 Ah and 100 Ah
batteries are assumed to be available at the site, then the 100 Ah capacity battery will have
to be selected, which will give an excess capacity of 32.5 Ah/day, equivalent to 32.5 x 12
- 390 Watt-hours/day.

Thus, for a household to use three lights for 4 to 6 hours per day, the system will
require, at least, two 47 Wp panels and one 100 Ah 12V battery.2 0 However, there is a
surplus of both battery and panel capacity. The excess panel capacity (111.82 Watt-
hours/day) is less than the excess battery capacity (390 Watt-hours/day), so the excess
capacity of the system is 111.82 Watt-hours/day. This implies that, in principle, another
appliance, such as a radio rated at 10 Watts, could be operated II hours per day in addition
to the lights without overloading the system.

20. The major assumptions used in example are the 30 percent system loss, the generation
coefficient of 3.43, and the specification of five days of battery autonomy.
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Box 1
The following steps illustrate the calculations to determine the minimum number of solar
PV panels and battery capacity needed to meet the needs of a rural consumer who has a
limited number of appliances. In this example, we assume that the consumer has (a) one
150 Watt TV/VCR combination operated 2 hours per day; (b) one 12 Watt light operated 6
hours per day; (c) two 10 Watt lights operated 4 hours per day; (d) one 60 Watt
refrigerator whose compressor runs 10 hours per day; and (e) one 10 Watt radio/cassette
player operated 8 hours a day. Further, assume that only 55 Wp panels are available and
that the system is to be operated at 24 Volts.

Step 1: Estimate the total appliance energy requirement Watt-hours
(Wh)/day

TVNCR 150 Watts x 2 hours/day = 300 Wh/day
Large light 12 Watts x 6 hours/day = 72 Wh/day
Smaller lights (2) 10 Watts x 4 hours/day = 80 Wh/day
Refrigerator 60 Watts x 10 hours/day = 600 Wh/day
Radio/cassette player 10 Watts x 8 hours/day = 80 Wh/day

TOTAL = 1,132 Wh/day

Step 2: Estimate total energy per day to be delivered by the PV panels
Total appliance load (from Step 1) = 1,132 Wh/day
Compensation for losses (30% of load) = 339.6 Wh/day
Total energy needed = 1,471.6 Wh/day

Step 3: Estimate the energy per day produced by one panel
Panel capacity (Wp) = 55

Generation coefficient (Wh/day per Wp) = 3.43

Energy supply (capacity x generation coefficient) = 188.65 Wh/day

Step 4: Estimate the minimum number of panels needed
Total energy needed (from Step 2) - 1,471.6 Wh/day
Energy supplied by one panel (from Step 3) = 188.65 Wh/day
Panels needed (1,471.6/188.65) = 7.8
Panels needed, rounded up = 8

Step 5: Estimate the Ampere-hours/day (Ah) to be delivered by the
battery

Total appliance load (from Step 1) = 1,132 Wh/day
Battery voltage = 24
Ah needed per day (1,132/12) at 24 V = 47.17 Ah/day

Step 6: Estimate the minimum battery capacity needed
Ah needed per day (from Step 5) = 47.17 Ah/day
Specified days of autonomy = 5
Battery size needed (47.17 x 5) = 235.85 Ah at 24 V

This battery capacity can be achieved by connecting two 12 V batteries or four 6 V
batteries in series.
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Annex 3

Life-cycle Costs of Solar PV and
Diesel Systems in Rural Electrification

This annex provides the details of the calculations of life-cycle costs of the type of
solar PV and diesel systems used in rural electrification. Although the costs are calculated
separately for three cases, the basic principles and assumptions underlying the calculation
are the same in all three instances. The particular values used in this analysis are based on
estimates for the Pacific islands. These values should be considered as merely illustrative
of the cost calculation methodology; the actual values will vary from site to site.

The total costs are calculated as the discounted present value, at a discount rate of
10 percent, of the cost components, measured in constant dollars, of providing the end-use
service that consumers want for 15 years. This time horizon and discount rate are
commonly used in planning the supply of electricity.

It is assumed that solar PV power and diesel-based electricity is provided to
customers on a fee-for-service basis by a utility. For solar PV power, this implies that a
utility agency owns the solar generation equipment, installs it on the customer's premises,
and provides maintenance and that the customer incurs the cost of the end-use appliances
(e.g., lights, video sets, and refrigerators). It is assumed as well that the solar PV systems
are properly designed, installed, and maintained. Similarly, it is assumed that the diesel
systems are properly designed, installed, and maintained.

In order to calculate the economic costs, rather than the financial costs to the utility
or customers, the focus of this analysis is on the total costs of providing the end-use
service that customers want, rather than the cost of electricity alone. This approach is
particularly important in a comparison of the costs of solar PV and diesel systems because
of the differing cost structures and energy efficiencies of the appliances that customers use
with solar electric systems (DC power) and diesel systems (AC power). In general, the DC
appliances are relatively more energy-efficient, but they also cost more than comparable AC
appliances.

47
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Cost Categories

There are three broad categories of costs:

a. Customer appliance costs. These reflect the costs of the appliances used by
customers. Apart from the initial purchase of appliances, these costs also take
account of the future costs of replacing the appliances over a 15-year period. Since
some of the appliances may still have some usable value at the end of the 15 years,
it is necessary to take account of this residual value. For analytical simplicity, a
linear depreciation schedule is assumed, so that the residual value at the end of 15
years is based on the fractional remaining life of the equipment.

b. Generation equipment costs. These reflect the costs of the hardware needed to
provide a reliable supply of electricity to the customer. As with customer appliance
costs, both initial and replacement costs are taken into account, and a linear
depreciation schedule is used to calculate residual values at the end of 15 years.
Included also are engine and generator overhauls, which are assumed to take place
every five years for diesel systems but are not needed for solar PV systems.21

C. O&M costs. These reflect costs of operations and maintenance of the solar
generation equipment installed at the customer's premises. They are based on the
wages and travel costs of the utility's agents who periodically visit the customer's
premises, the costs of stocking parts and equipment, and the wage costs of diesel
system operators and maintenance personnel. Utility overhead costs are also
included. The O&M costs associated with the customers' appliances are assumed
to be minor and are ignored in this analysis.
Since the analysis is conducted on a 15-year basis, the future costs of generation

equipment, end-use appliances, and operations and maintenance over this time period could
come into play. For analytical simplicity here, however, it is assumed that these costs will
remain unchanged in constant dollars over 15 years.

Three Cases

Three different combinations of representative appliances are considered:

a. Household Lights Only. In this case, it is assumed that the customer's only
appliances are three household lights. A night light is added for solar PV systems,
but not for diesel systems, which will be operated for only six hours a day, thus
precluding the use of a night light. This low level of demand for electricity is
appropriate for the majority of rural households in the Pacific islands.

21. Any small internal combustion engine, under the best of conditions, will require a major
overhaul at around 5,000 hours of operation. For a power system operating 6 hours a day, the need for an
overhaul will occur in less than three years; for a system operating 24 hours a day, the period is about seven
months. Thus, a conservative assumption is that the diesel engines and generators will require a major
overhaul every five years.
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b. Household Lights & TV/VCR. In this case, it is assumed that the customer has a
TV/VCR set in addition to the lights. For this case, it is assumed that the diesel
system will be operated for only six hours a day.2 2 About 10 to 20 percent of the
households in a typical rural Pacific island village would fit into this case.

c. Household Lights & Refrigerator. In this case, it is assumed that the customer has
a refrigerator in addition to the household lights. For this case, it is assumed, as it
must be, that the diesel system will be operated 24 hours a day, and that the
customer uses a night light also. About 5 percent of the households in a typical
rural Pacific island village would fit into this case.

For all of the cases, it is assumed that the load remains constant over the entire 15-
year period. This assumption is made mainly for analytic simplicity, although it has been
shown in Fiji that rural domestic load grows slowly if at all, and other Pacific island
countries appear to follow this pattem.

Design and Costs of Solar PV Systems

The design and costs of the generation equipment depend on the number, load
characteristics, and usage of the appliances by the customer. The load characteristics and
usage of the solar PV appliances are shown in Table A3. 1. Based on these values, the
average load per day is about (a) for the Household Lights Only case, 125 Watt-hours, (b)
for the Household Lights & TV/VCR case, 425 Watt-hours, and (c) for the Household
Lights & Refrigerator case, 850 Watt-hours.

Table A3.1. Characteristics of Customer Appliances,
Solar PV Systems: All Three Cases

Daily usage Daily load Working life
Appliance No. (hours) (Watt-hours) (years)

11 Watt lighta 1 6 66 5
7 Watt light b 2 4 56 5

0.25 Watt night light 1 12 3 5
80 Watt color TV 1 2.5 200 7
40 Watt VCR 1 2.5 100 7

220 liter refrigerator 1 24 720 10
Source: Authors' estimates.
aProvides 600 lumens of light. bProvides 400 lumens of light.

22. Broadcast television has not yet reached the rural areas of the Pacific islands except in French
Polynesia. If this changes, the use of television sets can be expected to rise beyond that envisaged here.
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Summary of Costs for All Three Cases: Solar PV Systems

The various elements of costs for the three different cases are summarized in
Table A3.2.

Table A3.2. Life-cycle Costs per Customer in Dollars,
Solar PV Systems: All Three Cases

Lights & Lights &
Cost element Lights Only' TV/VCR Refrigerator

Customer appliance costs 265 1,208 1,784
Initial costs 132 732 1,332
Future costs 133 476 452

Generation equipment costs 984 2,670 5,897
Initial costs 741 2,216 4,436

Future costs 243 454 1,461

O&M costs 137 137 137
Based on monthly cost 1.50 1.50 1.50

TOTAL $1,386 $4,015 $7,818

Note: Present discounted value of costs in constant dollars for 15 years at a 10 percent
discount rate.
Source: Tables A3.3 to A3.8, this annex.

Details of Cost Calculations: Solar PV Systems

Customer Appliance Costs

The customer appliance costs consist of the initial and replacement costs of the
appliances. The initial costs of the appliances are shown in Table A3.3, while the
replacement costs are shown in Table A3.4. Based on these tables, the discounted present
value of customer appliance costs are as follows:

a. For the Household Lights Only case, a total of $265, consisting of initial costs of
$132 and future costs of $133.

b. For the Household Lights & TV/VCR case, a total of $1,208, consisting of initial
costs of $ 732 and future costs of $ 476;

c. For the Household Lights & Refrigerator case, a total of $1,784, consisting of
initial costs of $1,332 and future costs of $452.
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Table A3.3. Initial Customer Appliance Costs per Customer, in Dollars,
Solar PV Systems: All Three Cases

Item No. Unit cost Total costs

Lightsa 3 40 120

Night light 1 12 12

TV/VCR 1 600 600

Refrigerator 1 $1,200 $1,200

Source: Authors' estimates based on 1991 and 1992 vendor quotes and Pacific
island equipment purchases.

aOne Il-Watt light, two 7-Watt lights.

Table A3.4. Future Customer Appliance Costs per Customer, in Dollars,
Solar PV Systems: All Three Cases

At end ofyear Light costsa TV/VCR costs Refrigerator costs

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0
5 132 0 0

6 0 0 0

7 0 600 0
8 0 0 0

9 0 0 0
10 132 0 1,200

11 0 0 0

12 0 0 0

13 0 0 0

14 0 600 0

15 0 -514.29 -600

TOTALb $132.85 $342.78 $319.02

Source: Authors' estimates based on 1991 and 1992 Tuvalu and Kiribati cost
data.

alncludes lights and night light. bPresent value at discount rate of 10 percent.
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Generation Equipment Costs: Solar PV Systems

In general, the generation equipment required (such as PV panels and batteries) will
vary with the load characteristics and usage of the customer's appliances. All of the
appliances are assumed to operate on DC power, so an inverter is not needed. (See Annex
2 for a brief explanation of the technical aspects of solar PV systems.)

The costs used in this analysis are based on the use of high-quality components that
can be expected to provide a reliable supply of electricity under the conditions prevailing in
the Pacific islands. Cheaper components are available (e.g., batteries), but their frequent
failure, short life, or both makes it difficult to provide a reliable supply of electricity, given
the lags involved in procuring and installing the spare parts. Further, the working lives of
the components are based on the provision of proper installation and adequate maintenance.
Without these services, the working lives of the components may be diminished
significantly (e.g., frequent early battery failures occurred in the initial phases of the
introduction of solar PV systems in the Pacific islands when inexperienced users attempted
maintenance).

Household lights only. A single 55-Watt (Wp) solar PV array and a 12-Volt,
100-Ah battery are sufficient to meet the load implied by the usage and load indicated in
Table A3.1, for a generation coefficient of 3.43 Wh/day per Wp. The costs of this and
associated equipment are shown in Table A3.5.

Table A3.5. Initial Generation Equipment Costs per Customer, in Dollars,
Solar PV Systems: Household Lights Only Case

Working life
Cost item No. Unit cost Total costs (years)

PV Panela 1 350 350 15

Batteryb 1 135 135 4

Controller 1 120 120 8

Support structure 1 100 100 15

Installation (hours) 12 3 36

TOTAL $741

Source: Authors' estimates based on 1991 and 1992 Tuvalu and Kiribati cost data.

a55 Watt peak (Wp). bl2-volt, 100-Ah.

The battery and the controller will have to be replaced before the 15-year time
period is over. The replacement costs and their discounted present value are shown in
Table A3.6 for all three cases. Based on Tables A3.5 and A3.6, for the Household Lights
Only case, the total generation equipment costs are $984, consisting of initial costs of $741
and future battery and controller costs of $243.
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Table A3.6. Future Generation Equipment Costs per Customer, in Dollars,
Solar PV Systems: All Three Cases

Battery costs Controller costs

At end of Lights Lights & Lights & Lights Lights & TV/VCR and
year Only TV/VCR Refrigerator Only Lights and Refrigerator

I 0 0 0 0 0

2 0 0 0 0 0

3 0 0 0 0 0

4 135 0 0 0 0

5 0 0 0 0 0

6 0 480 1,800 0 0

7 0 0 0 0 0

8 135 0 0 120 200

9 0 0 0 0 0

10 0 0 0 0 0

11 0 0 0 0 0

12 135 480 1,800 0 0

13 0 0 0 0 0

14 0 0 0 0 0

15 a -33.75 -240.0 -900.0 -15.0 -25.0

TOTALb $190.12 $366.44 $1,374.14 $52.39 $87.32

Source: Authors' estimates.
aReflects the residual value of the remaining life of the component, based on a linear
depreciation schedule.
bDiscounted present value at a discount rate of 10 percent.

Household Lights & TVNCR. Four 47-Watt (Wp) solar PV arrays and four 6-
Volt, 160-Ah batteries, equivalent to 24 Volts at 160 Ah, are sufficient to meet the daily
load implied by the usage indicated in Table A3. 1, given a generation coefficient of 3.43
Wh/day per Wp. The costs of this and associated equipment are shown in Table A3.7.

The batteries and the controller will have to be replaced before the 15-year time
period is over. The replacement costs and their discounted present value are shown in
Table A3.6. Based on Tables A3.6 and A3.7, for the Household lights & TV/VCR case,
the total generation equipment costs are $2,670, consisting of initial costs of $2,216 and
future battery and controller costs of $454.

Household Lights & Refrigerator. Six 55-Watt (Wp) solar PV arrays and
twelve 2-Volt, 435-Ah batteries, equivalent to 24 Volts at 435 Ah, will meet the daily load
implied by the usage indicated in Table A3. 1, given a generation coefficient of 3.43
Wh/day per Wp, The costs of this and associated equipment are shown in Table A3.8.
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Table A3.7. Initial Generation Equipment Costs per Customer, in Dollars,
Solar PV Systems: Household Lights & TVNCR Case

Working life
Cost item No. Unit cost Total costs (years)

PV panelsa 4 325 1,300 15

Batteriesb 4 120 480 6

Controller 1 200 200 8

Support structures 2 100 200 15

Installation (hours) 12 3 36

TOTAL 2,216

Source: Authors' estimates based on 1991 and 1992 Tuvalu and Kiribati cost data.

a4 7 Watt peak (Wp).

b6-Volt, 160-Ah (Batteries connected in series; system voltage: 24 V). This
capacity is greater than the minimum required to allow for future load growth.

Table A3.8. Initial Generation Equipment Costs per Customer, in Dollars,
Solar PV Systems: Household Lights & Refrigerator

Working life
Cost item No. Unit cost Total costs (years)

PV panelsa 6 355 2,150 15

Batteriesb 12 150 1,800 6

Controller 1 200 200 8

Support structures 3 100 300 15

Installation (hours) 12 3 36

TOTAL $4,436

Source: Authors' estimates based on 1991 and 1992 Tuvalu and Kiribati cost data.
a5 5 Watt peak (Wp).

b2-Volt, 435-Ah (Batteries connected in series; system voltage: 24 V). This
capacity is greater than the minimum required to allow for future load growth.

The batteries and the controller will have to be replaced before the 15-year time
period is over, and their replacement costs and discounted present value are shown in Table
A3.6. Based on Tables A3.6 and A3.8, for the Household Lights & Refrigerator case, the
total generation equipment costs are $5,897, consisting of initial costs of $4,436 and future
battery and controller costs of $1,461.
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O&M Costs: Solar PV Systems

The O&M costs are based on an estimated monthly cost of $1.50/month, which
appears to be adequate in the conditions prevailing in the Pacific islands. For analytical
simplicity, the annual O&M cost of $18 is assumed to be incurred at the end of the year. At
a discount rate of 10 percent, the discounted present value of the O&M costs per customer
is $136.91. These costs apply to all three cases since the technician time needed to
maintain a one panel, a four panel and a six panel system is about the same and there is little
administrative penalty for larger individual system sizes.

Design and Costs of Diesel Systems

As with solar PV systems, the design and costs of diesel generation equipment
depend on the number of the customer's appliances and on their usage and load
characteristics (see Table A3.9). It is assumed that the household will use a mix of
compact fluorescent (CF) and conventional incandescent lights, as is typical in urban
households of the Pacific islands. The luminous output of these lights is about the same as
that of the considerably more efficient lights listed under the PV cases. Based on Table
A3.9, the average load is about: (a) for the Household Lights Only case, 300 watt-hours
per day, rounded to 10 kWh per month;, (b) for the Household Lights & TV/VCR case,
740 watt-hours per day, rounded to 25 kWh per month; and (c) for the Household Lights
& Refrigerator case, 3,000 watt-hours per day, rounded to 95 kWh per month.

Table A3.9. Characteristics of Customer Appliances,
Diesel Systems: All Three Cases

Daily usage Daily load Working life
Appliance No. (hours) (Watt-hours)-- (years)

16 Watt CF lighta 1 6 96 10

11 Watt CF lightb 1 4 44 10

40 Watt lightc 1 4 160 1

1 Watt night light 1 12 12 1

110 Watt color TV 1 2.5 275 7

65 Watt VCR 1 2.5 162.5 7

180 Watt refrigerator 1 24 2,700 10

Note: CF = compact fluorescent.
Source: Authors' estimate.

aRoughly equivalent to a conventional 60 W bulb.
bRoughly equivalent to a conventional 40 W bulb.
CConventional bulb.
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Summary of Costs for the Three Cases: Diesel Systems

The various elements of costs for the three different cases are summarized in
Table A3.1O.

Details of Cost Calculations: Diesel Systems

Customer Appliance Costs

The customer appliance costs consist of the initial and replacement costs of the
appliances. The initial costs of the appliances are shown in Table A3.11, and the
replacement costs are shown in Table A3.12. Based on these tables, the discounted present
value of customer appliance costs are as follows:

a. For the Household Lights Only case, a total of $72, consisting of initial costs of
$51 and future costs of $21.

b. For the Household Lights & TVNVCR case, a total of $858, consisting of initial
costs of $551 and future costs of $307.

C. For the Household Lights & Refrigerator case, a total of $1,228, consisting of
initial costs of $953 and future costs of $275.

Table A3.10. Life-cycle Costs per Customer, in Dollars,
Diesel Systems: All Three Cases

Lights & Lights &
Cost element Lights Only TV/VCR Refrigerator

Customer appliance costs 72 858 1,228
Initial costs 51 551 953
Future costs 21 307 275

Generation equipment costs 939 2,151 2,347
Initial costs 750 1,719 1,875
Future costs 189 432 472

O&M costs 593 1,255 4,335
Based on kWh cost 0.65 0.55 0.50
TOTAL 1,604 4,264 7,910

Note: Present discounted value of costs in constant dollars for 15 years at
a 10 percent discount rate.
Source: Tables A3. 11 to A3.14, this annex.
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Table A3.11. Initial Customer Appliance Costs per Customer, in Dollars,
Diesel Systems: All Three Cases

Item No. Unit cost Total costs

CF lightsa 2 25 50

Lightb 1 1.10 1.10

Night lightc 1 2 2

TV/VCR 1 500 500

Refrigerator 1 900 900

Note: CF = compact fluorescent.
Source: Authors' estimates.
aOne 16-Watt light, one 11-Watt light.
bConventional 40 W bulb.
cExcluded from Lights Only and Household Lights & TV/VCR cases
because of limited hours of operation.

Table A3.12. Future Customer Appliance Costs per Customer in Dollars,
Diesel Systems: All Three Cases

At end of CF light Night light TV/VCR Refrigerator
year costs Light costs costs costs costs

1 0 1.1 2.0 0 0

2 0 1.1 2.0 0 0

3 0 1.1 2.0 0 0

4 0 1.1 2.0 0 0

5 0 1.1 2.0 0 0

6 0 1.1 2.0 0 0

7 0 1.1 2.0 500 0

8 0 1.1 2.0 0 0

9 0 1.1 2.0 0 0

10 50 1.1 2.0 0 900

11 0 1.1 2.0 0 0

12 0 1.1 2.0 0 0

13 0 1.1 2.0 0 0

14 0 1.1 2.0 500 0

15 -25.0 0.0 0.0 -428.57 -450

TOTALa 13.29 8.10 14.74 285.65 239.26

Note. CF = compact fluorescent. Source: Authors' estimates.
aDiscounted present value at a discount rate of 10 percent.
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Generation Equipment Costs: Diesel Systems

In general, the generation equipment needs will vary with the number of customers
as well as the load characteristics and usage of the customers' appliances. It is assumed
that a stand-alone diesel system will serve 40 households arranged in a compact village,
with usage characteristics as shown in Table A3.9. The costs used in this analysis are
based on the use of high-quality components that can be expected to provide a reliable
supply of electricity under the conditions prevailing in the Pacific islands. Further, the
working lives of the components are based on the provision of proper installation and
adequate maintenance. In particular, it assumed that the entire diesel generation and
distribution equipment will last 15 years, with a major overhaul every five years.23

Without proper maintenance, the working lives of the diesel components may be
significantly lower. The costs for all the three cases are shown in Table 13. As expected,
the capital costs per customer increase as the average load increases, but at a rate less than
the growth in average load because of economies of scale.

Table A3.13. Generation Equipment Costs per Customer,
Diesel Systems: All Three Cases

Lights and Lights &
Costfactor Lights only TV/VCR refrigerator

Per customer demand (watts) 100 250 300
Number of customers 40 40 40
System demand (kW) 4 10 12
Loss/reserve/expansion need (%) 150 150 150
Total system size (kW) 10 25 30

Initial capital cost per kW ($)a 3,000 2,750 2,500
Initial total capital cost ($) 30,000 68,750 75,000

Initial capital cost per customer ($) 750 1,719 1,875
Future capital cost per customer ($)b 189 432 472

Source: Authors' estimates.

aGeneration, reticulation and connection costs.

bDiscounted present value of overhaul costs.

23. For simplicity, the same working life of 15 years is assumed for all the three cases analyzed,
even though the diesel set is assumed to operate for only six hours a day in the Household Lights Only and
Household Lights & TVNCR cases, and 24 hours a day in the Household Lights & Refrigerator case. The
cost of a major overhaul is assumed to be 25 percent of the cost of a new engine/generator combination.
The overhaul cost is designated as a capital cost because it is relatively large, infrequent, relates to basic
capital equipment, unlike other, more random, simple and frequent maintenance costs such as oil changes.
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O&M Costs: Diesel Systems

The O&M costs for diesel systems consist of fuel costs, and other operating costs,
including parts and materials, such as oil, filters, and belts, and the labor required for
operation and maintenance. In the remote areas of the Pacific islands, the delivered costs of
diesel are significantly higher than in the industrialized countries. For example, the PREA
concluded that the financial and economic prices of diesel in many remote locations of PNG
were likely to exceed 85 toea/liter [81¢/liter] delivered by local retailers, accounting for
transportation costs.2 4 Similarly, in 1991, the retail price of diesel in the Northern Group
islands of Cook Islands was 82¢/liter. These financial prices are reasonable close to the
economic costs since government taxes and duties on diesel are low in the Pacific islands.
Thus, it is reasonable to assume that the economic cost of diesel in the remote areas of the
Pacific islands is 80¢/liter or higher, depending on the circumstances.

The small gensets envisaged here are relatively inefficient in fuel consumption. For
the twelve countries analyzed by PREA, the average fuel consumption was about 0.3
liter/kWh, with significantly higher values reported for some of the outer islands; for
example, the average fuel consumption in the Kiribati outer islands was 0.46 liter/kWh.
Thus, it appears reasonable to assume fuel consumption will be in the range of 0.30 to 0.40
liter/kWh in the remote areas of the Pacific islands. Thus, the economic cost of the fuel
used in diesel generation in the remote areas of the Pacific islands is in the range 24-
32¢/kWh.

The labor costs in remote areas of the Pacific islands are likely to be significantly
higher than those normally encountered with grid-based electricity supply. Based on data
for Tuvalu, it is estimated that the monthly labor cost for a diesel set with 24 hours-a-day
operation, as in the Household Lights & Refrigerator case, will be US$700 for 4
operator/mechanics and a manager/accountant. With an average monthly consumption of
95 kWh per month (Table A3.14) for 40 consumers, the unit labor costs are about
18¢/kWh. For 6 hours-a-day operation (as in the Household Lights Only and Household
Lights & TV/VCR cases), the monthly labor costs are estimated to be US$ 160, which
implies unit labor costs of 40¢/kWh for the Household Lights Only case and 16¢/kWh for
the Household Lights & TV/VCR case. Thus, unit labor costs have the potential of
increasing at the point where a change is made from 6 hours-a-day operation to 24 hours-a-
day operation, though it is expected that unit labor costs will decline as the scale of the 24
hours-a-day operation increases.

The parts/materials costs in the remote Pacific islands areas are also likely to be
relatively high because of the small scale of operations and the high transportation costs.
Based on Tuvalu data, it is estimated that for the Household Lights & Refrigerator case the
monthly costs will be about US$200, equivalent to 5¢/kWh. The unit parts/materials costs
are expected to rise as the scale of operations decreases, and may reach a value as high as
15¢1kWh for the Household lights only case.

24. Pacific regional energy assessment/World Bank data.
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Based on the above data, the unit O&M costs in the remote Pacific islands are
45¢/kWh or more, depending on the scale of operations as well as site-specific
circumstances, such as transportation costs, wage rates, and skill levels of the operators.
In order to illustrate the effect of the scale of operations on unit costs, it is assumed that the
unit O&M costs are 65¢/kWh for the Household Lights Only case, declining to 55¢/kWh
for the Household Lights & TV/VCR case, and to 50¢/kWh for the Household Lights &
Refrigerator case. As for solar PV systems, for analytical simplicity, the annual O&M
costs are assumed to be incurred at the end of the year.

Table A3.14. O&M Costs per Customer,
Diesel Systems: All Three Cases

Lights and Lights &
Measure Lights only TV/VCR refrigerator

Energy use per month (kWh) 10 25 95

Unit cost (¢/kWh) 65 55 50

Annual O&M cost ($)a 78 165 520

Total O&M costsa 593 1,369 4,335

Source: Authors' estimates.
aDiscounted present value of costs in constant dollars for 15 years at a discount
rate of 10 percent.
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