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Abstract

-'This report provides a comprehensive review and financial analysis of photovoltaic
power systems for remote applicatiors in developing countries. Volume I, the Execu-
tive Summary, provides an overview of all findings; Volume II, the Technical Report,
covers the methods of analysis used and the results obtained. Five application areas are
included: water pumping, communications, vaccine refrigeration, lighting and i:cine
power, and multi-use systems. Findings are based cn qualitative reviews of more than
2700 systems in 45 countries. Information was collected from published reports,
questionaires, and interviews with key experts 3i‘e vigits were not within the scope of
this evaluation. The intended audience of this report are development agency officials,
manufacturers, and users. Based on “lessions learned” from past projects, recommen-
dations are provided for project implementation. In addition, financial analyses allow
decision makers to use their own assumptions to obtain a first-order indication of the
financial attractiveness of photovoltaic aystems for each application. This report also
provides industry witn an assessment of product performance and suggested areas for
additional improvements.
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CHAPTER 1
INTRODUCTION

1.1 Background

Photovoltaic (PV) systems use solar cells to generate:clean, feliable
electricity directly from sunlight. These systems can be used for a large variety
of applications that require electrical power ranging from a fraction of a watt

to several megawatts.

In the past 10 years, PV-powered systems have been installed in
developing countries to provide power for water puﬁping, communications,
refrigeration, lighting, and other basic necessities. These systems have
brought electricity to people and areas that have never had puwer before.
Photovoltaic projects have been principally sponsored by governments, donor
agencies, and nonprofit organizations to test, evaluate, and demonstrate the
performance of PV as an energy technology for remote areas of the developing

world.

Despite the increased use of PV-powered systems, no attempt has been
made to systematically collect and analyze the performance data and experience
of PV systeme across all predominant developing country applications. Similarly,
comprehensive financial assessments of PV~powered syatems have not previously
been performed. Therefore, a comprehensive and objective evaluation of the
viability of PV systems for various applications in developing ccuntries was
deemed appropriate. Officials in industry, development agencies, and developing
countries, many of whom have.sponsored past PV projects, requested such an
assessment (References 1-1, 1-2 and 1-3). It is toward this end that this

evaluation was conducted.

The evaluation is based on a review of the experience associated
with over 2,700 systems in 45 countries. Information was collected from published
reports and articles, questionnaires, and interviews with key experts in the
applicaticn of photovoltaics in developing countries. Site visits were not

within the scope of this -evaluation.



A Round Table Meeting was held on November 20, 1985 to review interim
study findings. The 48 participants of this review included industry represen-
tatives, applications experts, and development agency officials (see Appendcix C). .
Discussion was directed toward validating technical and financial findings and
identifying the broader institutional factors that impact PV system implementation.
Following the meeting, additional technical and firancial analyses were performed
in response to reviewer recommendations.” Institutional issues raised during

the course of the meeting have been incorporated into Chapter 14, "Institutional

Factors."

This work was performed for Sandia National Laboratories (SNLA) and
was supported by the U.S. Agency for International Development (USAID) and
the U.S. Department of Energy (USDOE). The report was prepared by Meridian
Corporation with the assistance of IT Power, Inc., which performed a separate

evaluation of refrigeration systems for vaccine storage.



1.2

Purpcese

The purpose of this report is‘tw@fold:,'

,(1) To review the qua11tat1ve exper1ence assoclated wlth PV-powered

systems in developing country appllcatlons.

(2) To educate decision-makers on the viability of PV systems

for various developing country applications,

PTiﬁ“méeting this dual purpose, the report provides the fdlloﬁfng:‘

';Q”A summary of the field experience of PV power/load systems, including

the identification of key factors that affect system implementation.

'?;' Current technical and cost data for PV power/load systems as well

. as data for competitive technologies (e.g., diesel, gasoline, and

kerosene power systems). While this report contains basic system
configurations and sizing procedures, it is not intended to serve

as a design manual.

@ Financial analyses comparing the life-cycle costs of PV- and

conventional-powered systems on an application by application"b
basis. These analyses are based on the financial assumptions

typical of development agency projects.



1.3 Approach

The primary sudience of this report s officials €rom federal (USAID) e
and multilateral development agencies. Ihis reb6rt is also directed at users
and manufacturers of photovoltaic equipment and systems throughout the world.

The World Bank is the primary source of world development funds and most
developing country loans tend to follow World Bank standards. Therefore, this
report provides the typical information required by the World Bank decision 7
process. World Bank project appraisals involve six areas of analysis listed in
Exhibit 1-1 (Reference 1-4).

EXHIBIT 1-1. World Bank Project Appraisal Analysis Steps

1. ANALYSIS OF THE SECTORAL FRAMEWORK

2. MARKET ANALYSIS

3. TECHNICAL OR ENGINEERING ANALYSIS => SECTION 11

4. MANAGEMENT, MANPOWER AND =$ SECTION 1V
ORGANIZATIONAL ASPECTS

5. FINANCIAL APPRAISAL @ SECTION 111

6. ECONOMIC APPRAISAL

This report focuses on the technical and financial aspects of systems
implementation and briefly addresses the insctitucional concerns of project
management, planning, and training. These areas correspond to steps 3, 4, and 5
as noted in Exhihit 1-1. Steps 1, 2, and 6 are no: within the scope of this report.

The evaluation was conducted in three phases:

,fpz Review of field experience with PV systems in developing countries.,f

'§ Identification of current designs and costs for both PV~ and conven-

tional-powered systems.,

e Performance of life-cycle cost analyses for comparing PV systema;

to conventinnal alternatives.

1-4



1.3.1 Review of Field Experience

The initial phase of this evaluation involved selecting the PV applications

to be examined. It was decided that those selected must be significant stand-alone

applications for developing countries, as determined by the number of systems
installed, recommendations by applications experts, and the availability of data.
Based on these criteria, the following applications were selected for evaluation:
water pumping; communications; vaccine refrigeration; lighting and home power;
and multi-use (e.g., load centers and mini-utilities) systems. Each of these
applications is described in detail and analyzed individually in both the

technical and financial sections of this report.

The experience associated with more than 2,700 PV power/load systems
was incorporated into this evaluation. (A PV power/load system is defined to
include the array, power conditioning equipment, energy storage, and end-use
devices.) From these 2,700 systems, 29 specific projects were selected for
detailed review based on their representative nature, the amount of available
data, and/or their importance to understanding the key factors of PV system
performance iu particular applications. (In some cases, a "project” consists
of many similar systems; for example, the NASA-Lewis refrigerator field tests
total 28 systems, but they are treated as one project.) Performance summaries
and lessons learned from these 29 projects are provided in later sections of

this report.

Performance information was collected from three principal sources:
project reports and articles, end-users and/or participating in-country personnel;
and manufacturers and other key individuals. Questionnaires were sent to over
300 organizations and individuals to obtain field performance data and end-user
perceptions about the viability of PV in developing countries., Twenty percent
of those receiving questionnaires responded. This evaluation was conducted
with the understanding that quantitative field performance data are limited,

and what little data exist are of questionable accuracy.
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1.3.2 'Identifyihg Current Designs and Costs .

Because photovoltaxc systems have been- rap1d1y 1mprov1ng ia both
performance and cost, past systems may not be completely representatlve of
today's technology. To facilitate a comparison of PV. to other systems for
possible future ponects, it was necessary to identify recent system 1mprovements
and current costs, Toward this end, this report identifies base-case coneeptual 5
system designs in each application area for both PV and the’ most 11ke1y
conventional alternative. Current costs were obtaxned d1rect1y from selected »t:f

manufacturers and system suppliers.

1.3.3 Financial Analyses

The last phase of the evaluation was the performance of financial
analyses. First, a methodology was developed fcr estimating the net present .
value life—cycle cost of remote power systems. The methodology and its atcendaht;

assumptions are based on World Bank standards and are representative of a

typical developing country loan. Next, this methodology was applied to eachli |
selected application (see Exhibit 1-2) to compare PV systems to the most 11ke1y u?;i
conventional alternative using "'base-case" assumptions (see Exhibit 1-3) SR

Third, sensitivity analyses were conduct=d Lo demonstrate the 1mpact key

parameters have on system life-cycle cost, (A graphic depxctlon of these



?fﬁ*ﬁlﬁiifﬁ?&}fﬂi@éhnbiééiééfCoﬁpérgd in‘Life-Cycle Analyses

APPLICATION

POWER SOURCE L J

~ |7PV | DIESEL | KEROSENE | BATTERLES.

'JfWBter Pumplng

X

‘| ‘Communications

-Vaccine Refrigeration ' |

_Lighting and Home Power|

,;yuLti-Use

' EXHIBIT 1-3; ‘Load Specifications for Base-Case Analysep : =

APPLICATION

SPECIFICATION

!Water Pumping

VQ-VVillage drinking water syétém

- @ 25-meter head

‘¢ 50 m3/day annual average water
demand ,

Communications

‘e Microwave repeater application
e 7.2 kWh/day constant, continuous
load

| Véccine Refrigeration
N R S e Two cases:

e Vaccine Refrigeration

- Swall (24 liters)
- Large (68-80 liters)

f‘fL1ght1ng and Home
~Power '

| ® Medium - two lights

Three case:
.@ Small - one light

e Large - two lights and a radio

??, ® 10 kWh/day annual average

- electricity demand over a
- period of 12 to 15 hours




sensitivity analyses is provided to allow readers to make a fifst-order estimate
of PV gystem viability over a range of loads.) Finally, best- and worst-case
analyses were conducted to show a range of financial viability for PV systems.

A distinction should be made between financial ahdleconomic analyses.

Financial analyses address the costs and benefits of ome project. Economic
analyses address the broader impacts of technology use on- developing countries
using such quantitative methods as shadow pricing. The assessments in this.

evaluation are restricted to financial analyses.



1.4 . Report Organization

The body of the report is divided ‘into the following: sections: -

”7$eéfi&ﬁ:l{"lhérdadetioh;“prbyideefbégké%oﬁnd}ihfpfﬁgtiéh;;

“;Sectlon 11, Techn1cal Rev1ew, 1nd1v1dua11y examines each of the ‘

:lappllcaCLOna under conslderatlon, covering current system deslgna
Ae(both for PV and comparative technologies) and field experlence.

“It also includes basic sizing considerations for each appllcatlon.

Le jSectlon I1I, Financial Analyses, consists of life-cycle cost
‘1Wfanalyses that compare PV to competing technologies using base-case
f system designs for each application. Sensitivity analyses are’

, also included to show the effect of varying assumptions.

e_eSectlon IV, Institutional Factors, discusses 1nst1tut10nal L

jconslderatlons, including the broader infrastructural. factors

;related to the implementation of PV power/load systems.

.-®, Section V, Conclusions, presents the conclusions of thie evalhe;ion.

'eSectlon VI, Appendices, prov1des backup data and 1nformat10n on
the questlonnalre responses, s1gn1f1cant prOJects, and the technlcal

and§f1nanc181 models used to perform the evaluatlon.,




- CHAPTER 2

"BV SYSTEMS OVERVIEW

~ This 1s the first of six chapters pertainin”“to theékechnical’hSpects
1of PV power systems. It provides a brief outline of the;typev ;applications“ﬂg

and components of PV power systems.

The five chapters that follow focus pn'eééh’of the applications
reviewed for this evaluation. The significance, éhrrent designs and field
experience associated with PV-powered water pumping, communications, vaccine
refrigeration, lighting and home power, and multi-use systems are presented.
Current designs for the most common conventional power sources for each of the
applications are also described. The review of field experience was based on
questionnaire responses, published reports and articles, and interviews with.

key experts in the application of PV in developing countries.

In many instances, photovoltaic power systems have been shown to be
an éppropriate technology solution to rural electrification, resolving fuel
supply uncertainties and maintenance problems associated with remote engine
generators. They offer the advantages of high reliability, low maintehance,

short construction periods, modularity and envirommental acceptability. .

2=l



Photovoltaics (PV) is a solar energy technology that converts sunlight ‘
directly into electricity. PV power systems are capable of supplying electrical
loads ranging from a fraction of a watt to several megawatts. PV power has
been proven feasible and reliable for a variety of applications. These applicah‘.

tions can be categorized by three system types:

. @ Stand-alone systems
° Grid-connected systems

e Consumer products.<

Stand-alone systems are those systems not linked to utilityegrids.
These can be remote applications where power is otherwise unavailable or
unreliable. Remote applications include navigational aids, communications,

vaccine refrigeration, cathodic protection, central village power, lighting,

home power and water pumping.

In grid-connected systems power generated by the PV array 1is
conditioned to operate parallel to the electric utility.- Applications range
from small residential systems to multi-megawatt central station generation
plants for utilities. 3

Photovoltaics has been effectively used in consumer product applica-
tions as replacements for batteries and as battery chargers. In these applications,
PV is used to power watches, calculators, small toys and trickle-chargers for

rechargeable batteries.

This evaluation focused’ on systems that have the greatest significance
for developing countries--remote, stand-alone systems. In particular, water '
pumping , communications, vaccine refrigeration, lighting and ‘home power , and
multi-use systems were selected for analysis. Multi-use systems include load
centers (power for agricultural product processing, medical clinics, schools,
etc.) and miniutilities. These applications were selected based on the number
of systems installed in developing countries, the recommendations of application

experts and the availability of data. ‘ ‘ D



2.3 . Photovoltaic Poner‘System Components

A-stand-alone PV power system generally conslsts of the followlng

components

Th ":‘f,,f,i'?,i.i‘di‘vi_'hs'"éé’c'ﬁiojn,s i-'dééc]r'ibé:‘ these’ components.

The basic: bu11d1ng block of a PV array is a photovoltalc module.g;
When llght strlkes the modules, a direct e1ectr1c current 1s genersted.. The,
modules are wired in series and parallel configurations to: achleve the voltage

and current needed to meet the load requirements.

This evaluation considered only flat-plate systems made using
crystalline silicon technology, since they are the type most commonly found in
developing country applications. Flat-plate modules can use both direct and
diffuse radiation and are available in sizes ranging from about 5 to 180 peak
watts. For most applications, modules in the 30-to-50-watt range are used.

(A peak watt is defined to be the power output of a PV module under standard

,ratlng condxtxons--lOOO W/m? insolation at 25°C cell temperature.,

72Q§;Zﬂfyetédpport Structures

, - The selection of an array support structure depends on the module
type chosen and the intended application. Flat-plate modules are generally
mounted on fixed structures. In remote applications, simple, easily erected
rack structures made from aluminum, steel, wood and/or concrete have typically

been used.



2.3.3 Battery Storage

Secondary batteries are used for PV applications as energy storage L ‘
devices to offset periods of low insolation or peak energy demands. Batteries '
also provide the high starting currents required by some motors. Batteries can
be classified as having deep or shallow discharge characteristics. Deep diseharge’
batteries are designed specifically for large usable capacities (approximately
80%), whereas shallow discharge batteries are designed for about 20%Z discharge.
Discharging the battery beyond these capacities can result in permanent damage.
Either type can be used for PV applications, but deep discharge batteries are
the predominant type used based on their charging/ discharging characteristics
and larger capacity. Shallow discharge batteries have usually been used in

conventional-powered systems,

Battery life is generally 1dent1f1ed through a cycle life, where a
cycle is designated as the: d1scharge and subszquent recharge of battery capaclty
to its initial level. . Cycle 11fe (i.e., the number of cycles a battery can-
undergo before failure) is a strong functlon of the percentage of d1scharge that

occurs in each cycle.

Batteries are availabie in both sealed and vented designs. Sealed
batteries do not require a significant amount of maintenance. Vented batteries,
although less expensive than sealed, require the regular addition of water
(approximately every 3 to 6 months in average humidity environments). To
minimize the concentration of gases discharged from vented batteries during

charging, outside air circulation must be maintained.

2.3.4 Power Conditioning Subsystem

In stand-alone applications, the power conditioning subsystem cOntrdis,,
matches and, in some cases, manages the distribution of power to the loads and
batteries, This control function maybe performed by voltage regulators, maximum
power tracking devices or other similar components. A maximum power point
tracker is a sophisticated piece of equipment relative to other PV system
components. It continually samples and adjusts PV array power output to ensure ?
that it is maximized. The type of power conditioning needed in a system depen635| /

on the intended application.

J\



In a DC system, the power conditioning subsystem may consist only of a
voltage regulator. In addition, many small DC pumping systems without battery.
storage do not use or require a voltage regulator (i.e. theo array is directly
connected to the pamp motor). In an AC system with storage, the subsystem - \
consists of a DC-to-AC inverter and a charge controller. Power cond1tlon1ng
subsystems can be deaignedvto“any level of sophistication. However, a PV power
system should be kept as a1mp1e as possible since each step 1n the power cond1t10n1ng
process reduces system efflclency and each degree of aoph1at1catxon increases

cost and risk of failure.

‘Voltage Regulators/Charge Controllers

Voltage regulators provide constant voltage to the loads/batteries.
Charge controllers regulate power output and have array management capabilities
to control power supplied to the batteries. The controller manages the array
output by dropping array strings (parallel array circuits) to reduce power
going to the batteries as they reach a full state-of-charge. As an option,
controllers can also include load management functions that allow the user
to prioritize loads so that when the batteries are at low state-of-charge, the

system powers only the most critical loads.
Inverters

An inverter is uaed to convert DC power to AC power 80 that 1t can
1nteract with AC loads. The precxslon w1th whxch th1s conversLOn takes place
dictates the cost of the equipment. The prec1810n requlred by the syatem is

determined by the loads.

The primary indication of the quality of the power output is its wave
form. Perfect AC is in the form of a sine wave. Inverters produce a quasi-sine
wave or sine-wave AC. The selection of a wave form depends on the loads. For
resistive elements and some motors, simple square-wave AC is acceptable, For
turntable motors and precision equipment, sine-wave AC is necessary. In cases
where the user wants to link to a utility grid, only sine-wave quality AC is
acceptable. Because the prices associated with the inverters that produce
these wave forms vary significantly, it is important for purchasers to recognize

the minimum acceptable quality of power for their loads.

2-5
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Manufacturers often offer specialized circuits and switches for their
inverters. For example, some manufacturers of fer circuits designed for motor

start-ups, applications that often require high peak currents. Others offer
automatic or/off switches that eliminate power consumption when not in use.

Control functions and maximum power tracking may also be offered.

DC~to~-DC Converters

A DC-to-DC converter is used to step DC voltage up or down. For
example, 1f the PV array produces 12 volts DC but the load requires 24 volts

DC, a DC-to-DC converter can be used. In general , a PV power system should

be designed (through the series-parallel configuration of its modules) ao_that{}

a converter is not necessary since it adds to cost and detracts from~effi§igﬁ¢j;;v



CHAPTER 3
" WATER PUMPING
3.1 Overview

Water is a basic development need for a léfge poftion of the
world's rural population. The majority of tﬁisipopulation iiVes in remote
sunny areas with relatively shallow water resohrces. They need potable wafér
for human and animal consumption and for irrigation. The development and )
application of photovoltaic-powered water pumping éystems have been supported
by many donor agencies and governments as a technology with a strong potentia;

for meeting this need.

The principal power sources for rufal water pumping systeﬁs in
developing countries have been diesel generators, human labor and animals.
PV-powered systems can provide the same amount of power as these sources without
requiring any fuel, the principal cost element of a diesel system, or extensive
maintenance, another major diesel cost element. Another advantage of using a
PV-powered system is that in situations where human labor or animals are the
principal source of power, it may allow people time to pursue more productive
activities and may avoid th: so-called "milk and meat loss" associated with the

use »f farm animals as a power source.

Photovoltaic-powered water pumping systems have been developed and
field tested for the pest 10 years. A benchmark study on PV-powered pumping
systems from 1979 through 1982 was performed for the United Nations Development
Programme (UNLP) and World Bank. The study (Reference 3-1), which is reviewed in
this report, concluded that PV-powered pumping is cost-competitive to conventional
sources under low-flow and low-head conditions. These conditions imply water
demands of 250 m4/day and 150 m4/day for rural water supply and irrigation systems,
regpectively (where m4/day refers to the product of the volume demand and head).
A 250 m*/day demand is equivalent to a rural water supply of 10 m3/day, through
a 25 meter head, for up to 500 people (20 liters/day per person). Experiences
with PV-powered pumping systems in Mali and Botswana have also been reviewed
fer this evaluation through interviews with key engineering managers from
projects in those countries. These two field-bhased projects alone represent

over 5 years of test experience with over 100 PV pumping systems,
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It is estimated that there are more than 2000 PV-powered pumping
systems installed worldwide (Reference 3-2). Review of the project experience
assoclated with approximately 200 of these PV-powered pumping systems led to .
the identification of key factors that influence the performance and, ultimately,
the viability of such systems. Successful PV-powered pumping systewms have
incorporated reliable subsystems, such as the power control equipment, pumps
and motors. The avallability and proper use of solar and water resource data
for the siltes were also key to successful system implementation. Other important
factors for successful PV-powered pumping systems included a high level of
end-user participation and the availability of technical support. The simplicity
of PV and the standard technology of pumps have been shown to be easily understood
by involved users and host-country technical organizations. Many users have
found PV~-pow:red pumping systems to be cost-competitive to diesel-powered
systems, particularly in low-flow, low-head applications.



3.2 Current Designs

The following sections describe basic design considerations for PV-
and conventional-powered water pumping systems. Typical system configurations,
component options, operation and maintenance requirements, and rough sizing

procedures are discussed.

3.2.1 PV-Powered Systems

PV-powered pumping systems have been used for irrigation and for
prd&iding clean and safe water for human and animal consumption and washing,
Thi§ section describes basic design features and considerations for such systems

and presents a basic system sizing procedure.

The design of a system and the choice of components is determined as
a function of the water demand and the characteristics of the solar and water
resources. In general, well depth and water demand determine pump and motor
choice. Energy demand, motor design and solar resource determine array size
and power conditioning requirements. The maximum ratio of energy demand to
insolation over the year indicates the array size required for highest avail=-
ability (approaching 100%). PV array size may be reduced from this "peak size"
by using adequate water storage, conservation or by tolerating short periods

of reduced water supply.

The simplest PV power/load systems for water pumping applications
consist of two basic components: the PV array and a motor/pump set. When a
DC motor/pump set is used, power conditioning is not required, although a DC-DC
converter can increase efficiency. If an AC motor is used, an inverter must
also be provided. Battery storage is seldom considered for this application
because storage of water is normally more economical than storage of electrical
energy. Battery storage is sometimes used for motor start-ups. Exhibit 3-1

illustrates the configuration of a typical system.



EXHIBIT 3-1. Configuration of a PV-Powered Pumping System

PV ARRAY

- CONVERTER | AG OR'DG
" OR'INVERTER |~ | MOTOR

¥

Pumps

Pumps used in photovaltaic-powered systemhfaanbeEGEGidéd"hE§1§ﬁ6fﬁ

major types (References 3-3 and 3~4):

(1)

(2)

Centrifugal Pumps: water enters the center of a rotating impeller,

and centrifugal force then discharges the water through diffuser
blades. Pumps with more than one impeller are referred to as
multi-staged. .These pumps are designed for specified heads,
with flow increasing with rotational speed. They have been
shown to be most efficient at flow rates greater than 25 m3/day

and lifts of up to approximately 50 meters.

Positive Displacement Pumps: also referred to as volumetric pumps,

they come in two types: rotary and reciprocating. The most common
type used in PV applications has been the jack pump (reciprocating).
Jack pumps operate on a piston system that displaces a volume of
water almost equal to the piston displacement. Because positive
displncement pumps are cyclical loads that do not match well

with the constant PV power supply, they require more complex

power conditioning equipment than centrifugal pumps. Positive
displacement pumps are good for low-flow applications with lifts

from approximately 15 to 300 meters.

3-4
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Motors

There are three types of motors available for PV-powered pump1ng

systems: DC brush, DC brushless and AC. Because PV arrays produce DC power,

there are certain benefits to using a DC motor' namely, no 1nverter 18 requ1red};
However, DC motors with brushes, the predominant type of DC motor, do requ1r¢ﬂ.fﬁ
brush replacement at certain intervals (Reference 3-5). While DC brushleés“:}>
motors do exist, they have a higher initial cost and are available only in the.
smaller size range. Despite these cost and availability limitations, the use

of brushless motors is appealing particularly in cafes that require submersible
motors. These motors are becoming more reliable, less expensive and available
in larger sizes. The use of these motors is expected to increase over time.

1f DC brush motors are used in these situations, the motor must be periodicaliy
pulled from the well to replace the brushes. AC motors do not have brushes,

but they tequ1te the ‘ugse of an inverter to convert the DC power produced by the

array.

. System Configuration and Sizing

- ‘FExﬁiBit 3-2 outlines foht;Basic éonfigutations for PV-powered motor/pump
sysiéﬁs, Approximate sizing of a PV-powered pumping system can be determined from
Exhibit 3-3. The model from which these graphs were generated is included in
Appendix D. Exhibit 3-3 can be used as follows: assuming an average water
demand of 50 m3/day and a head of 25 meters, it can be seen from (a) that the

average hydraulic energy demand is 3.4VkWh/day.

A peaking factor of 1.5 times the average hydraulic energy demand is
used to size the PV array. This is based on considering the maximum ratio of
hydraulic energy demand to insolation to be 1.5 times the average ratio over the
year. Based on the average hydraulic energy demand from (a) and an average
insolation of 5 kwh/m2-day, it can be seen from (b) that a PV array size of

approximately 2.3 kWp is required.

Operation and Maintenance

Operation and maintenance (O0&M) items for ?V-powe:ed\pumping applica-

tions are minimal. Assuming the syétem is debighéd‘fOt_automatic starting (a
3-5
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EXHIBIT 3-2. Typical Pump/Motor Cogf;gurhcibns (Reference 3-1).

a.

b.

Ce

d.

cable

Level of
woter tabid

Elactric
cable —

Flooting
unit

Submerged centrifugal pump and motor. Often the pump is multi-

staged.

Submerged pump with surface-mounted motor.
depicts a centrifugal pump, a positive displacement pump could

also be used.

Arroy .
Motor
——==Water E
,(_ outlet Viater outist . ..
I
T
K Pump drive
; - shaft :
s Riging
3 main
? wall
g casing Leve! of
8 woter table
o ;
]
M—— Submerged Submerged
{ I pump
Motor

{a) {b)

Priming chomber

Water outlet

4
"/
Motor kMotor Pu:p\_
Electric | O &
Pump cable

(c) (d)

Floating pump and motor using a centrifugal pump.

Surface-mounted pump with a self-priming tank.
pumps have better self-priming characteristics than centrifugal pumps. .
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EXHIBIT 3-3. Sizing of a PV-Powered Pumping System

HYDRAULIC ENERGY DEMAND

(a) 15

v Pump Head
10 metern

25 meters
50 meters

"AVG HYDRAULIC ENERGY DEMAND (kWh/dey)

7. -50% Pump Efficlancy

BV ARRAY S8 Gonp)

... . Insolation

- KWh/m2~day
“+ 6§ kWh/m2—day
o 6 kWh/m2-day

,jjo‘v‘ - T ‘l;f T, - l l T - ’l‘  |; T T T T T Y
AVG HYDFAULIC ENERGY DEMAND (kWh/day)
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common feature), no operator is requiredr Maintenance 18 necessary only on the

motor/pump set and batteries (if they are provided). Maintenance for the

motor/pump set includes such items as the lubrication of parts and brush | ‘ ‘
replacement (if a DC brush motor is used). Batteries are provided only in the

case of motors requiring high starting current. If the batteries are sealed no
maintenance 18 required; if they are vented batteries, regular addition of

water 1s necessary.

The costs of PV-powered pumping systems (both initial and recurring) are |
presented in Chapter 9., '

3.2.2 Conuentional-Powered Systems

Traditionally, pumping systems in developing countries have been
powered by motorized pump sets, human labor and animals. Comparing PV-powered
systems to the use of humans and animals must take into account the value of
human time and the "milk and meat loss" assoclated with using animals for
labor. It is not within the scope of this evaluation to address these issues;
thus, the comparative analyses focuses on the use of engines to power pumping -

systems.

System Configuration

 There are two basic configurations_for;engineipoueredfpumpingﬂéygtems:.

) Mechanically coupled the engine is connected directly to the

pump.  Mechanical power generated by the engine is used to drive l

the pump.

e Engine-generator sets: the engine is linked with & generator,

forming a "gen-set."” The generator converts the mechanical power

of the engine into electricity, which ieeds into a motor used to -

"drive a pump.

~This evaluation concentrates on the gen-set configuration, reported :.

to be commonly encountered in the field (Reference 3-6) rhe output of a ~-73'
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gen-set is AC power, so a typical engine-powered pumping system incorporates

both an AC motor and pump.

System Sizing

Exhibit 3-4 provides an example of the sizing of an engine-powered
pumping system. The sizing model used to generate these graphs is preseated

in Appendix D. The graphs are used as follows: using an average water demand
of 50 m3/day and a head of 25 meters it can be seen from (a) that the maximum .
hydraulic energy demand (HED) is 5 kWh/day. Using this HED value, it can be  :

seen from (b) that the engine size required is 6.4 kW.

A maintenance schedule for diesel engines’is'ouﬁiiﬁéaxih’Ekﬁiﬁit53-5.
Similarly to the PV-powered system, motor/pump set mainﬁenhnéé;‘such #é-lubrica-
tion of parts, is also required. Brush-related maintenance is not a factor in
the diesel-powered systems, because AC motors are used. The costs asgsociated

with the items required for maintenance and repair are outlined in Chapter 9.

EXHIBIT 3-5. Maintenance Schedule for Diesel Gen-Sets (Reference 3-7)

ONAN DIESEL SERVICE-MAINTENANCE LOG FOR MODEL SERIAL #
OPERATOR CRITICAL®
PERFORM ALL ITEMS INDICATED WITH A 8 [ o4 D E
SHADING IN HOUR COLUMNS 8 50 100 200 500 1000
HOURS HOURS HOURS HOU'RS HOURS HOURS
Inspect Plant e Ce

Check Fuel
Check Oil Level
Check Coolant Level

Check Alr Cleaner
Check Battery
Check Oil Level®®

Ciean Governor Linkage

Clean Breather

Clean Air Cleaner .

Change Crankcase Oil (Air-Cooled Units Only)

inspect and/or replace anti-flicker and centrifugal switch breaker points.
Clean Primary Fue! Filter (Strainer) & Repiace Oil Filter
Change Crankcase O}l (Water-Cooled Units Only)

'%N"!'

Clean Commutator and Coi'ector Rings

Inspect Generator Brushes

Check Valve Clearances

Check Starting & Stopping Systems

Clean Buildup Relay Contacts (025X Magneciter Onty)

Clean Coo_li_ng System & Inspect Water Pump Rotor (Replace if Necessary)

Clean Generator (Grease Gencrator Bearing if not Sealed Type).

Remove and Clean Qil Base, Check Injector Nozzle Pressure and Spray Pattern

Grind Valves and/or Remove Carbon as Required.
Clean Oil Passages and Replace Secondary Fuel Filter

*Critical maintenance must be performed by qualified personnel. Consult your Onan Service Dealer.
**Change oil, gap valves, torque head bolts. APerform at 2000-hour inspaction intervals.
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(a)

(b)

MAX HYDRAULIC ENERGY DEMAND (kWh/day)

'ENGINE GENERATOR ‘SIZE (kW)

EXHIBIT 3-4. Sizing of Engine Gen-Sets for Water Pumping

HYDRAULIC ENERGY DEMAND

PUMP HEAD:
010 meterse

. +25 moters
- Q80 meters

Max Demand = 1.5 % ).vg'.,“b‘oﬁlﬁq': '

T —T —1 T
o o 1000 200 |
| AVERAGE WATER DEMAND (m3/dsy)

. ENGINE GENERATOR SIZE

0% Pump Efficlency
76% Max. Load Factor

35 m3/hr Max. Pumping Rate .

st I I ! 1 I I

| MAX mrnmumc 'ENERGY DEMAND (kWh/day)
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3.3 TField Experience

A detailed review of the field experlence asaociated. w1th more “than- 34
PV-powered pumping systems was conducted for this evaluation, A aummary of -

these water pumping projects is presented in Exhibit 3~ 6.< AB part of’ the’?f

evaluation, questionnaires were mailed to over 300 organ1zat10ns and 1nd1v1duals.
Responses from the questionnaires addressed more than 160 pump1ng aystems. :
Exhibit 3-7 provides a summary of the questionnaire responses. More detalled B

information on the significant projects and systems referenced in the quest10nna1tes

can be found in Appendices A and B.

Many of the PV-powered pumping systems reviewed have performed well
in thg‘field. Evaluation of these systems led to the identification of factors

common to successful system implementation. These common factors are as follows:

e Reliability and performance of subsystems, particularly, the

~ control electronics and pumps | . f“
o “Availability and credibility of solar and watef,reéqutgéiggﬁgrﬁ‘
.§; End-uaer participation v ' '

Q'HInfraatructure to provide technical'éupport and'ébaféfﬁhftéi

§;3;1i}itiRé1iabi1ity and Performance of Subsystems

The use of field-proven pumps and simple controla9(if qny) has been
~common to most successful systems. Despite the fact that several different
types of pumps/motors have been designed for use with PV, these components have
been the weakest link of the system. Reduced system performance has commonly
occurred with bearings, seals, push rods and packings. These failures have

been caused by four major factors:

& Poor quality control of the equ:pment and/or 1nsta11at10n.fi
o H13app11cat1on of the pump. =~ _ ' A ‘ -
F.i Insufficient well yield. For d1rect1v coupled arrays and pumps,
~ the highest draw from a well generally occurs at solar noon.
‘Well capacity must be capable of matching this demand; otherwise,

.pumps can lose suction, causing the motors to overspeed or overheat.

3-11
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EXHIBIT 3-6.

PV-Powered

Water Pumping System Significant P:ojeq£s 

PROJECT TITLE NUMBER AND/OR TReF ¢
AND LOCATION | APPLICATION CAPACITY OF COMMENTS (DATE OF
SYSTEMS REF.)
Punping Centrifugal >80 systems |e Most performance difficulties have come from the pumps and 3-8 (1985)
Systems pumping sys- electronics. ‘ 3-9 (1985)
tems to provide e Data on the peak yield of the well and low-level water controls 3-10(1985)
Hali water. are important design requirements. .
e Trained engineers are needed to perform troubleshooting,
repuir, and maintenance management.
e Choice of PV was neceasary because of the unavailability of any
other fuel.
Pegert Systems have 2 systems e Pump failures resulted from mechanical vibrations in the drive [3-11
Development provided (10 xwW, 3 kW) shaft of the pump, Additional drive shaft stabilirzing bearings}3-12(1985)
power for re- wvere added, and the pump operates with an average of 60% 3-13(1983)
Egypt newable energy/ - efficiency. 3-14(1983)
agricultural @ Array has performed reliably.
development e Battery maintecnance must be tended to with unfailing
work aince 1981 regularity.
PV versus PV versus >1 systen o Well peak yields may be a significant limiting factor to the 3-15(1984)
Diesel for diesel pumping application of PV systems. 3-16(1984)
Water Supply [field study. o Use of existing pumps and wells to capitalize on any equipment
infrastructure is snothar design factor.
Botswana e A "continuous discounting” life-cycle cost analysis (2% real
discount rate, 20-yr life), showed that PV is economically
competitive with diesel engine systcms at the present time,
Water Pumping |PV-powered 1 eystena e HMany important pocio-economic issues were raised: bureaucratic 3-17(1983)
watar puaping and administrative problems, the need for integral participa~
India system for re- tion by villagers and the ownership and management of facility
mote village and water.
installed from e Choice of PV was based on the past experience and technical
1979-1982, liaits of other water prmping technologies (diesels had high
incidence of breakdown and irregular fuel availability).
e DBy consensus, 8 solar water management committee came into
being for the distribution of water. It has managed to
gatiafy contradictory needs.
3-18(1985)
Mali Aqua Vive|PV water pump~ {30 aystems e Cost of PV pump was six times that of the manual pump, but it
Program ing aystems in=-|39 kW total ylelds almost six times the volume of water.
atalled in 1984 e Por the size of a 5.2-kW system, PV water pumped from 10 metera
Mali depth costs 0,09 $/m3 at a rate of 350 m3/hr. The level of
maintenance was not included in the comparison.
o Por the PV pumping systems, 536 $/year/pump was the cort of
maintenance and operation for 30 pumps. The costs are expected
to be able to be reduced to 330 $/year/puvp.
3-1 (1983)
e Solar pumping systems for irrigation are beginning to become 3-5 (1984)

UNDP Pump Test

Evaluation per-
formed (1980~
1983) on PV~
powered water
pumpa.

cost-competitive with diesel pumps in situations where peak
daily water requirements are less than about 150 v%/day and
where the minimum monthly average solar irradiation is greater
than sbout 15 MJ/m? per day.

Solar pumping systems for rural water supply are becoming cost-
competitive with diesel pumps where the average daily

water requirements are less than about 250 m“/day and where the
monthly average solar irradiation is greater than 10 MJ/n2 per
day.
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EXHIBIT 3~7. Summary of Questionnaire Responses
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.Thué, accunrace and PV-specific well-yield tests should be performed
in situations where systems are designed to operate near well

peak-yield rates. While protection options for low water ylelds

have not been offered as a standard part of pumping systems, they
should be considered when site preparations are performed.

e Motecr overloading. This condition is caused by sediments or other
restrictions that increase the load on the motor. It results in
broken components, overheating and motor burnout. Increaaingiy; ' 
manufacturers are providing overload and high-tcmperature protec:ibn:

on pump motors.

Actual pump performance has often not met manufacturers' claims.
According to recent experience in Mali and Botswana (References 3-8, 3-19),
performance has been 10 to 20 percent below pump curves provided by the
manufacturers in some instances. Such findings are not unique to pumps used in
PV-powered systems; they also typify field performance of pumps powered by con-
ventional power sources. These findings may indicate that relative adjustments
in pump size are required in order to achieve necessary field performance.
However, pump field performance data must be carefully evaluated because it 1is

difficult to duplicate manufacturer performance rating tests undei field conditions.

Another factor common to successful PV systems 1s the simplicity of
controls. Low-head centrifugal pumps that are directly connected to the array
have performed well. Comments have been made about the sophistication of power
conditioning electronics used with jack pumps to match the array to the motor.
According to one particular source (Reference 3-9), current maximum power devices
represent too high a reliability risk and are too costly.to warrant wide usage.
However, another investigation (Reference 3-15) showed that a maximum power
point tracker (typically used with jack pumps) is financially justified on a

life-cycle cost basis.

3.3.2 Solar and Water Resource Character

The performance of a PV-powered pumping system depends heavily on the
character of the solar and water resources. The relation between solar insolgtion,
the dynamic and static water levels of the well, and the water demand determines

the cost and production of a pumping system. ‘
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Array sizing is a function of credible solar data. It represents a
key factor in the viability of PV pumping systems. Erroneous estimates of
insolation have resulted in underpowered or overpowered systems, causing sbmey“
systems to fail to meet water demand or to be excessively (and unneceééatiiy);f

costly.

Predicting the performance of a PV-powered pumping systeﬁ and evaldaﬁing
manufacturers' claims are difficult tasks. Performance claims are best evaluated
against actua! ccuntry-specific operating data. An example of where'this has been
done is in Mali, where a considerable amount of PV-powered pumping per Eormance
data have been collected and now serve as a performance data base to specify

and evaluate systems.

3.3.3 User Participation and Expectations

The involvement of the end-user has proven to be an important factor
in the maintenance, troubleshooting, and water management of PV-powered water
pumping systems. Feelings of ownership and responsibility are key to successful
systems. "Experience shows that the more the locgl community can be involved
in the installation and running of a system, the more committed it is likely to

become to the project's success (Reference 3-20)."

The user's expectations are also a key factor in the success or
failure of a system. For example, the use of drip irrigation versus flood
irrigation requires the user to adjust to both new irrigation methods and a new
technology. The distinction between the two types of irrigation is often not
understood by the user (the fact that water is dripping and not flooding is
perceived as a failure of the PV system, not as an alternate irrigation
method). The effective management of PV energy requires the user to understand
the limits of its supply. The use of pumped water for irrigation or village

water supply is a socio-political issue for any installation.

3.3.4 Management and Communications Infrastructure

The ownership and organization of a new facility requires cooperation,

especially in communities with little history of "managing communal projects....
3-15
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Sufficient time should be aliowed to work out a scheme tiiat will assist the

community to deal with issues of implementation and management (Reference 3-%0)."

| o
Management of technical support and spare parts is the predominant

factor for successful, continued operation of remote power systems. PV-powered

pumping systems experience the same infrastructure problems as other remote

power technologies. However, under an equally poor infrastructure, PV-powered

systems are likely to be more reliable than conventional systems because of the

small amount of maintenance required and the reliability of PV-powered arrays

(Reference 3-21).

Comnunications from the system site to technical support personnel
are crucial. In some cases, incorrect, inadequate or unresponsive technical
support caused by poor communication between system suppliers and the user or

field technicians has resulted in significant downtimes.
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CHAPTER 4

COMMUNICATIONS g
4.1 Overvigb‘

PV-powered communications systems hﬁve a provén commercial record of
technical and financial success throughout the world. The total number of new
PV-powered communications installations worldwide is now approaching 10,000 per
year (Reference 4-1). Their applications range from relatively large tele-
communications systems (operated by governments or private comparnies) to small
(one-module, one-battery) radio systems used in health care communications

networks. Typical applications are outlined in Exhibit 4-~1.

EXHIBIT 4-1. Typical Telecommunications Applications (Referencé 4-1)

EQUIPMENT TYPE TYPICAL APPLICATION

VHF/UHF Microwave Repeatérs High-capacity radio over 50 MHz for
TV/phones

Radiophones VHF/UHF | Single-channel radio with PABX interface
Cablephones PV powers subscriber unit in mountains
HF Radio Inexpensive low-quality rural radio
TV Translators Redirect TV Broadcasts into valley areas
Fiber-Optic Cable System Data transmission
Mobile Radio VHF/UHF Personal, vehicle or cellular radio

While this chapter addresses the full-range of communications appli-
cations, Chapteg 10 (communications financiasl analysis) concentrates on the
larger loads. It is assumed that small loads (e.g., high-frequency radios,
televisions, etc.) would be incorporated as part of a home power or multi-use

system.

Traditionally, communications systems in developing countries have
been powered by grid electricity, stand-alone generators (e.g., diesel and

gasoline engines) or primary batteries, These systems have been plagued by

4-1
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unreliable fuel/parts supply, poor quality power and/or high costs. These
factors have severely impacted the performance and expansion of telecommunica-

tions networks and restricted the implementation of small systems. ’

As a result of advancements in electronics and in the design of trans-
mission systems, power requirements for telecommunications equipment have de-
creased significantly over the years. A system that may have consumed 500 con-
tinuous watts in 1970, today requires less than 100 watts (Reference 4-2).

However, at the same time, networks are requiring more capacity to meet expanding

demands.

This evaluation reviewed information on over 1100 PV-powered communi-
cations systems in more than a dozen countries to determine the key factovs
affecting system performance. Designs of successful systems have incorporated
reliable charge controllers as well as field-proven radio equipment. Because
of the simplicity and reliability of small systems, there are no technical
barriers to their implementation. Larger, more complex systems are generally
handled by telecommunication. organizations, which have extensive experience in

power electronics. The reliability of these larger systems has also been high,



4,2 Current Designs

In most communications systems, one cannot afford to have the system _f
fail. Reliability is critical due to the difficulty and cost involved in fre-
quenting the site and/or the intangible costs of not having a communications 1link
Therefore, most systems are designed for high reliability, often incorporating
redundant components. The following sections describe the basic configurations

of PV~ and conventional-powered communications systems.

'4.2,1 .MPV-Poweredisystems

) Photovoltaic-powered communications systems have been regarded as a

' viable alternative to conventional systems. A typical example is Guyana where

some repeater stations have both grid and diesel power, but the poor quality of
'che grid and the unreliable supply of diesel fuel have resulted in the decision
to use PV (Reference 4-3).

‘ - A photoveltaic power system for communications applications operates
as a simple battery charging system (Exhibit 4-2). The basic components are
the~PV array, battery storage and power conditioning. The power conditioning
fmay vary from a simple voltage regulator (as in some single-module, small-load
systems) to controls that optimize system performance. The more complex systems
may also include remote telemetry, allowing for coatrol and monitoring from a

distance.

EXHIBIT 4-2. Basic PV-Powered Communications System

POWER CONDITIONING
o Charge Controller
o Remote Telemetry I

.LOADS
‘ o Radio
e o 1 o Television
- PV ARRAY . BATTERY o Transmitter,
R STORAGE receiver or other

commerclal com-
munications loads
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Some telecommunications systems are hybrids of PV, diesel, battery
and/or wind technologies. The technical advantages of hybrid systems are the
ability to reduce array and battery capacity and to operate equipment at optimal
loading (e.g., running a diesel infrequently but at full load). Hybrid designs
reduce both maintenance and fucl requirements. The relative sizes of the PV
array, battery storage and diesel depend on the cost of the PV, batteries and
fuel and on the character of the loads. Hybrld systems were not within the

scope of this evaluation and, therefore, will not be discussed in further detall.

In order to perform a comparative cost analysis, a‘system size must
be obtained. Exhibit 4-3 can be used to determine PV array size and required
battery storage capacity, given a certain load and insolation. The choice of
load and insolation should be such that the ratio of these parameters is the
maximum experienced over the year. Assuming a constant load of 7.2 kWh/day
and a lowest month daily insolation of & kWh/m?-day, it can be seen from (a)
that a 2.3-kWp PV array is needed. Using the same energy demand and 7 days of
battery storage, it can be seen from (b) that 63 kWh of battery capacity is

needed. The model used to construct these graphs can be found in Appendix D.

Because most remote PV¥powered communications systems are designed to
be unattended, they are desighed.for minimal maintenance and repair. This v ‘
requirement often leads to the use of sealed batteries (to eliminate the periodic
addition of water and to increase safety). If vented.batteries are used, |
maintenance includes checking and adjusting battery electrolyte level. The . -

costs associated with maintenance act1v1t1es are provided in Chapter 10.‘:.g*3

4.2.2 Conventional-Powered Systems

Grid e1ectr1c1ty is the pr1nc1pa1 power source used for telecommun1cat1ons
applications. However, diesel generator systems have been used in remote locat1ona
of developing countries with loads of more than 200 continuous watts. In some o
situations, two and sometimes three diesels are run in tandem. For the smaller
size range, diesel engines, gasoline engines, primary batteries, thermoelectric

generators, and closed-cycle vapor turbines have been considered (Reference 4-2).




EXHIBIT 4-3. 8izing of PV-Powered Communications Systems

PV AFRAY SIZE

)

" 80% Battery Efficlency
~. 80% Battery Use Factor .

PV rrey Size (kWp) |

o +

Inoo‘lnlon
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6 kWh/m2-day
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»
-'.-;.
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400 —
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0 4 day»
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Comparative analyses (Cnanter 10) focus on the diesel generators because
diesels are used over a broad loéd range; however, it is important to point out |
a fow considerations regarding the other technologies. Primary batteries ‘
cannot be recharged, so regular replacement is necessary. The assoclated costs
of replacement can be significant especially at remote sites accessible only by
helicopter. The use of thermoelectric generators and closed-cycle vapor turbines
is hampered by the fact that the necessary bottled gas is often difficult to

transport to the system site.

The basic configuration of an engine-powered generator is outlined
in Exhibit 4-4. Battery storage is included for use during short periods of
generator downtime. The engine can recharge the batteries when they are at a
low state-of-charge through the use of a battery charger. A battery charger
is basically a charge controller and rectifier that allows AC produced by the
generator to charge the batteries, which require DC. Systems with two or three
engines sometimes use redundant battery chargers and battery banks, depending .

on the required reliability.

EXHIBIT 4-4, Basic Configuration of an Engine-Powered Communications System;f

.| BATTERY
* CHARGER

ENGINE | | mATTERY COMMUNICATIONS
GENERATOR | ~ | STORAGE | Loap

The sizing ‘of an engine generator system based on the maximum energy
demand is shown in Exhibit 4-5, Assuming a maximum energy demand of 7.2 kWh/m -day,
:1t can be seen from (a) that a 0.5-kW engine generator is needed. From (b), it
:*‘can'be Begn that for the same energy demand and 1 day of storage, a battery
_ bank of 9 kih 1s needed.

‘The smallest diesel generators available of f-the-shelf today are rated

_-at about 3 kW. Thus, for the example given above illustrating the use of Exhibit 4-5,

| ‘.lithough a 0.5-kW generator is required, it would be necessary to use a 3-kW diesel O

\,{,g/



EXHIBIT 4-5. Sizing of an Engine Generator System for Communications

ENGINE GENERATOR SIZE

(a).

75% Max. Load Factor
24-hr. Avg. Engine Operation
24~hr. Max. Engine Operation

/ Englne Generator Sine. (kW) -

0 'z 4 8.8 10 12 14 186 18 20
“mmpm:'ﬁhety.nemmd (kWh/dey) S

* GEN-SET BATTERY CAPACITY

Days Storage

0 0.5 daya

+ 1.0 days

¢ 2.0 daya
1 T T T 7 T T7T
10 12 14 16 18 20

“ﬁa’xﬁnum Energy Demand (kWh/dey)
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because that is the smallest size available. These generators are lérge for
typical telecommunications systems; however, because they are all that are
available, they are belng used in these mismatched applications. "Due to the
light loads involved, high maintenance and operating costs become"thé rule

rather than the exception (Reference 4-2)."

For systems that require the use of tandem generators (for reliability
purposes}, each gen-set must be capable of meeting the maximum energy demand.
Thus, in the sizing example provided on page 4-6, two 0.5-kW gen-sets would be

needed for a tandem system.

Diesel and gasoline engines require a constant supply of fuel and
spare parts. The costs of these items are very site- and country-specific.
Batteries in these systems are frequently discharged due to engine downtime
resulting from unreliable fuel supply and/or equipment failure/maintenance.
This frequent discharging significantly decreases the lifetime of the batteries.
This is not a problem with PV-powered systems since they are designed specifically
to charge the batteries, and thus have protection measures against overdischarge.
The operation and maintenance schedule for diesel gen—ééts used in communications

applications is the same as that outlined for pumping systems (Exhibit 3-6).



4,3 " Fleld Experience

Kéi'faétors impacting sYstem implementation were identified based on
the review of past projecté. In total, the éxperience associated with more
than 1,100 systems was examined. The experience assoclated with significant
projects 1s summarized in Exhibit 4-6. More specific information regarding
these projects can be found in Appendix B. The experience associated with other
systems, as ascertained through the questionnaire responses, is summarized in
Exhibit 4-7. Additional information on the questionnaire responses can be

found in Appendix A.

In general, the performance of remote PV-powered communications systems,
as compared to other remote technologies, has been found to be reliable and
cost effective. While there have been fallures of voltage regulators, charge
controllers, other control electronics and radios, the failure rate of these
components 1s not significant. Successful PV-powered communications system

designs have taken the following into account:
e Charge controller reliability
e Radio equipment durability

s Battery life.

4.3.1 Charge Controller Reliability

’ The selection of reliable charge controllers is critical to successful
syétem implementation. While early systems experienced performance difficulties
resulting from environmental conditions, the fourth and fifth generation equipment
currently being placed in the field has been much less susceptible to failure.
Because the charge controller is usually a small percentage of the system capital
cost, but potentially a high maintenance item, purchasers of successful systems
have been willing to pay a higher price for reliable, field-proven equipment.
Commercial communications companies have been particularly successful in implementing

PV-powered systems, due to purchasers' familiarity with electronic equipment.



EXHIBIT 4-6. Communications Systems Significant Projects
PROJECT TITLE NUMBER AND/OR REF, f
/LOCATION APPLICATION |CAPACITY OF SYSTEMS COMMENTS (DATE OF REF.)

Microwave Tele~|PV-powered re~ | one 234-W systes e Traditionally, repeaters in PNG d=4
communications |peater system have been powered by primary (1978)
installed in batteries,
Papua New 1976, e PV system functions well,
Guinea (PNG) ® HMaintenance was nonexistent.
e No institutional difficulties.
o Coat anslysis shows l-1/2 to 2
yeer payback versus primary
batteries.
o B5ix more telecommunication
routes were to have been
installed by 1781,
PV~Povered Educational >1000 sats e PV technology was chosen because &5
Televisions tool, of 1ts coopatibility with rural (1985) . -
village conditions. a0
Niger e The systens have been successful
o The program i{s continually
expanding.

Telecommunica~ |Pilot PV=- ona 630-watt ¢ 1n 1982, conclusion was that A=S
tions Relay powsrad ralay syatsn this pover laevel repressents (1983) -
systes, in- upper limit of use in isolatad

Gabon stalled in villages.
1981, re- o The coats of the PV aystes ware
placing a 2 times that of a coaparabla
kerosens or thermogenerator,
gasoline e Syatem has run satisfactorily
ganerator. aince its installation,
PV-Powerad Two-way radios | thrae 1.5-kW e Radios in Guyana performed with- =6
Medical Systan [installed as syatems {(radios out difficulty across distances (1983) -
Radios part of the raprasant a amall of more than 200 km,
NASA-Levis portion of load) |e Radio frequencies in Kenya sys-
Guyana, Kenya [medical aystems tems (50 km apart) not matched
to each other. Kenya radios
were sent to Nairobi for correc-
tions, but transmission improved
only slightly.
o Conclusion sbout problems with
the Kenya radios was that inter-
ference from terrain and other
locsl transmissions were at
fault.
Haslth Care Two~way radio o Coomon power source for 2-way =7
Communications |comsunications radioa is s car battery charged (1980)
. for medical by a small diesel generator.
Africa and programs. o Costs and logistics of trans~-
Guyana porting fuel for o conventional
cystem can be the highest cost
of & radio eysten.
e PV systens require little main-
tensnce until 1t is necessarv
to raplace components.
, o Field tests have not revealed
' major problems with PV, but {t
is too early for a definitive
atatement.

Telecoanunica- |PV-powered 75 to 100 aystems |® No syctem failures among the 4-8
tions Systens [repestars in~ of up to 2000 W, major systems in over 10 years. (1985)
stalled since sach (300~w o PV proven reliable and cost-

Australia the 1970s. continuous load) effective for loads up to 300
(Although not a watts continuous.
developing o For systems with loads greater
country, its than 300 W, they plen to uss
experience hybrid systems of PV and wind or
with remote diesel. ' \
coamunications
ayatens {a
relevant)
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EXHIBIT' 4-7. Summary. of Queétionnaire Responses

IRSTITUTIOMAL

»

" Belise (Nobert Wicolait & Aswoc.)

" Dtbouts (ISERST/VITA)

Dominican Rapublic (CODETEL)

Dominican Repudlic (Pireccion
Ceneral de Telacomns.)

‘Lesotho (ATS)

- Lasotho (Swedish Telecomme. Iat'l)

United Mations

o Reliskbility exception-
ally good

e PV 18 well suited for
casmunication field

e 100X relisbility——ilo
sarvice interrwption
since installstion

1002 excellent pear-
formancs

e Systema are vary
relisble

o Excellent ralisbilicy

Vandelisn damage(rocks)

With full moco and
clowdless sky the array
powars the 2x2 way
Tepester

@ PY powar supply is very
reliable

o Quality and relfability
of AC power was poor;
now it 1is very good

PY systems ll.'l very
reliadle

® Raliability has been
good

BATTERIES

FINANCIAL

OPERATI
& REPAIR

MAINTERANCE

COsT

Only problass detected
ware at block circdt
relay

Balsoce of system cow—
poneats ars such is—
proved now {coo~
trollers, fowerters
batteries), and the
latest {wverters snd
contrellers should

be used

Paulty inetallation
and wite sizing

Defective regulator

Regulator fallure
sfzer lightning scrike

Typhoon damaged

antenna

o Cood PV potential to
charge batteries, as
throw-awvay dry cells
are bought i{n large
quantities in lLasotho

e With nev sealed batter-
ies, mininal main-
tensnce {8 required

Iscolated inatances of
deterforstion of steel
wownting equipeent

Pezfornance 1s good i 7

Japanese engineer will

sssist end train durisg
first yr. local steff

to eperate and wsintain
system

Few opersting dif-
ficulties

In Chile, aite visite
ware cut from monthly
to twice yearly

Regulator repair 1
trowblesome in remote
areas--technical ex-
pertise 1is mot available

®» Delsys in proceremest.
cof r-plu—cnu R

® IV 18 vigble—present
aquipsent for comsmn-
ication and trsnapor-
tation systems sre
fnad ¢ and davad

® PVs are lesst~cost energy
source for ramote comsun-
icatioes applications

o Covernment budget can't
afford PV systems be-
cause of high cost

o PV 1s currently vigble
only where commarcial
power i3 not svailable

Initial installation cost
extramely high

PY systems sre cost
effective in remote sreas
for low-power applice~
tions

Por low-load telecom.
purposss PV is chaaper on
per watt basis compared
to diesel genarators in
both investsent mainte-
nance snd fuel costs

e Intial cost is high




4.3.2 Radio Equipment Durability

Like power electronics, radios and other load equipment must be

capable of operatiug under site-specific environmental conditions. While the
durability of load equipment for PV-powered telecommunications applications is

no different from that for conventional-powered systems, attention must he

given to selecting field-proven components.

4.3.3 Battery Life

Batteries are a major cost in PV-powered telecommunications systems.
In systems where reliability is critical, as is the case iﬁ-most telecommunications
applications, the technical performance of the batteries 1s crucial to system
success. Because batteries are the only component requiring maintenance, user
awareness of the state-of-charge and electrolyte level is important to ensure

maximum battery life and reliability. The use of low-maintenance (e.g., sealed)

and deep-discharge batteries is encouraged.

4=12
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CHAPTER - 5
'VACCINE REFRIGERATION
5.0 Overview

Refrigeration is a vital component of health care 1in the developing
world. It is needed for storing vaccines and freezing ice packs in hospitals

and'health centers.

The need for solar refrigerators is greatest at peripheral health
centres serving populations of 20,000 to 100,000 with about 150

live births per month on the average. The volume of packed vaccire
needed to fully immunize 150 infants and their mothers is approximately
4 litres (Reference 5-1).

These refrigerators serve as the final 1link in the Cold Chain, which is
identified as the transport and storage of vaccines from the time and place of

manufacture to several months later actually vaccinating someone thousands of

miles away.

Generally, there is no electricity in the rural areas where these
hospitals and health centers are located, or, at best, fuel and power supplies
are erratic and unreliable. It has been claimed that photovoltaic—-powered
refrigerators offer better performance, lower operating costs, better reliability
and longer working life than those fueled by kerosene or bottled gas. In the
past 7 years, the U.S. Agency for International Development (USAID), the World
Health Organization (WHO), the Centers for Disease Control (CDC) and other
government and health agencies have sponsored PV-powered refrigeration projects
in order to analyze these claims. To date, approximately 600-800 PV-powered

refrigeration systems have been installed around the world (Reference 5-2).

A review of significant PV-powered refrigeration projects, representing
more than 105 installations in 43 countries, was performed for this evaluation.
Early system reliability averaged approximately 80 to 85 percent (Reference 5-2).
Systems recently installed were found to be more reliable (95 to 99%), particularl:

those from suppliers with previous experience (Reference 5-2). The successful
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performance of such systems was shown to depend on the use of proven equipment
suitably matched to the location and, more importantly, to the end-user's

understanding of the operation (i.e., proper loading) of the system.

I~



5.2 vfcaf:ene,nepigns

There are two main fypes of refrigefators: compression and absorption.
These refrigerators produce a cooling effect as a result of heat being absorbed
by a liquid (the refrigerant) as it evaporates. The two refrigerator types
differ in the way they condense the refrigerant gas after the evaporation
rocess.
P A

Electrically-driven refrigerators use a vapor compression cycle tq
mechanically compress the refrigerant gas, thereby raising its temperature,:

As 1t cools back to ambient temperature, the gas condenses.

With vapor absorption refrigerators, the refrigerant is absorbed'By
a liquid (or sometimes a solid) called the absorbent. The refrigerant 1is
eventually boiled off che absorbent (and subsequently condensed) using heat
produced by a generator. The generator produces heat through the burning of
kerosene or propane or the use of an electrical heater. There is also a solar-

powered refrigerator that uses heat generated by the sun.

A vide range of refrigerator sizes are available, from 3.6 to 200 liters.
While WHO states that only about 4 liters of packed vaccines are needed per
month in villages with approximately 150 births per month, there are other
biologicals that health centers need to store (Reference 5-1). Thus, the

optimum refrigerator size is still somewhat under debate.
It is important that the'system be capable of freezing ice packs. These
are used in transporting vaccines from the health center. to the field for

’,immunization. This requirement represents a significant load on the system.

.5:2.1 . PV~Powered Systems

PV-powered refrigeration systems consist of a PV array, a charge
'econtroller batteries and a refrigerator unit. Exhibit 5-1 shows a schematic
of a typical system. Exhibit 5-2 is a cut-away diagram of a vaccine refrigera-
tion unit used in PV applications. Currently, the only type of PV-powered
refrigerator commercially available and suitable for vaccine storage is a

compression refrigerator.



EXHIBIT 5-1. Schematic of a PV-Powered Refrigeration System

CHARGE CONTROLLER

PV ARRAY BATTERY STORAGE

l 'REFRIGERATOR |

EXHIBIT 5-2. Vaccine Refrigerator Used in PV Applications

Magnetic gasket
~ |
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Cold storage eutectic
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Self-closing lid
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rtsvg, |

ABS plastic inner lid liner

Full length stainless
steel hinge

————

" Reefer

‘Freezer —

Polyurethane
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Fiberglass-reinforced
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Front vent grill
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The WHO Expanded Program on Immunization (EPI) issues technical
specifications for Cold Chain equipment and subsequently tests equipment that is
submitted to it. DBased on test results, EPI regularly publishes product infor-
mation sheets. An example of one of the product information sheets 18 presented
in Exhibit 5-3. Inclusion of a product in these sheets means that based on "'7
the information and experience available to EPI, the product is considered suitable
for the Cold Chain. Institutional purchasers generally select equipment from
these product information sheets. PV-powered refrigeration systems considered

by EPI to be suitable for the Cold Chain must meet the specifications outlined
in Exhibit 5-4. o

The 1985 edition of the product information sheets (Reference 5-3)
includes the PV-powered refrigerators and supplieré listed in Exhibit 5-5. The
suppliers offer complete packaged systems. Two of the suppliers (Solarex and
Solavolt) offer the choice of two refrigerator models. Until others have
passed the specifications outlined in Exhibit 5-3, WHO recommends only those
systems and suppliers listed in Exhibit 5-5 for vaccine storage.

’ There are many other 12-volt DC-powered refrigerators available and
'in use. However, these systems, although easily adaptable to PV, have been
used only for recreational purposes and are not suitable for vaccine storage
due to internal temperature variations. A summary of the characteristics of
PV-powered refrigeration systems accepted by WHO i8 given in Exnibit 5-6. 1In
an effort to identify additional systems that meet its refrigeration criteria,
WHO is continuing refrigerator testing in Colambia.

The reliability of PV-powered refrigeration systems has improved
with increased field experience. Réliability can be quantified in térms of
avallability, where the availability is defined as the percentage of time
that the refrigefator operates within technical specifications. Early instal-
latiors had an availability of 80 to 85%, while recent installations have
been 95 to 997% available (Reference 5~2). In tems of vaccine refrigeration,
avallability is critical. Not operating within technical specifications means
the temperature is not maintained within the proper range, which results in

the loss of vaccines.



EXHIBIT 5-3. Example of a WHO EPI Product Information Sheet (Reference 5-3)

UNIPAC/ DESCRIPTION P.I.5 8B53/08

Photovoltaic solar system
Refrigerator & freezer solar system

COMPANY NAME 8 ADDRES3S

SULAREX

1335 Piccard Drive
Rockville
MD 20850

UsA

Tel/Tex: 301 948 0202 / 248358 solx ur

S1IZE Refrigerator: Frreezear:
Manufacturara gross volume. 93 Lts Manufacturers gross volume. 18 Lts
Vaccine storage capacity... 80 Lts Vaccine storage capacity... 10 Lts

External dimensions of rofrigerator/freezor...HxWxL... 91 x 82 x 87 Cm

PERFORMANCE @t..:ccccecccacaneos32deglC... e 13degC

Icepack freezing, kga. par /No. hours.......... 2.1/24 Kgs/hr 2.1/24 Kga/hr
5

Internal refrigerator temperatures, minimum.... DegC -2 DegC
maximum.... 8 DegC 8 DegC
Holdover time during power Cut....cocerevesrens 20 Hours 16 Hours
Power consumption par 24 hours.....electricity. 0.53 Kwh 0.83 Kwh
(with icepack freeziug ) kerosene.... NA Litres NA Litres
LP gas. ... NA Kgs NA K¢gs
Minimum C and Maximum C recorded during day/night (43/13C) tests
SYSTEM COMPONENTS A B MODREL
Refrigerator/freezer.....coe 1 1 Qty Marvel RTD 4
Photovoltaic panels.....cosee 5 4 Qty Solarex model SX-42 @ 44Wp
Battery systuRB...ocosevroone 8 6 Qty GNB Absolyte 1260 @ 60Ah
Power regulator......ccooe0es 1 1 Qty Included with 4 RTD
Array cable.....covvnncervenns 20 20 m #6 AWG, 2 cond.type 820
No. shipping packages........ 3 3 .
Overall volume.....convsvencs 1.4 1.1 m3
Gverall weight......cco0vsens 305 235 Kgs
Accessories......co0 000000000
COMPLETE SY¥STEM PRICES %$US Qty:1—-9 10-99 100+
System A ;: Areas receiving 3.5-4.7 Kwh/m2/day :
8 days no-sun BECUritY. . vcververaansansses. 5507 4782 4292
System B : Areas receiving 5.8-7.0 Kwh/m2/day
5 days no-sun BECUritY..vevvenvssoonassssesecd78l 4115 3674

Both systens normal operation with icemaking, no-sun period without icemaking
Note:l Kwh/m2/day = 86 Larngleys = B6 gm cal/ca2/day= 3.6 ml.Joules/sq.m/day

COMMENTS Revision date: 22,/705,/856

Report references: CCIS/85.4

Countries where this company has installed refrigerator/freezer systems:
United States, Australia, Guyana, Ecuador, Kenya, Zimbabwe, Zaire,
Nigeria and Sierra Leone.

Worldwide Solarex distributor, contact sbove addrese for further
information.




VEXHIBIT 5-4. WHO EPI Specifications (Reference 5-~3)

sttem. The system is sized to enable continuous operation of the refriger-
ator and freezer (loaded and includes ice-pack freezing) during the lowest
periods of insolation. It is designed to allow a minimum of 5 days, continuous
operation when the battery is fully charged and the PV array is disconnected.
During this time, with the external temperature at a minimum of +320C, the
internal temperature of the refrigerator will be maintained between 0°C and
+8°C.

Refrigerator/Freezer. In continuous ambient temperatures of 20°C, 32°C and
430C, the internal temperature of the refrigerator, when stabilized and
fully loaded with empty vaccine vials, will not exceed the range 0°C to +8°C.
In an ambient temperature of +32°C, this range will be maintained when the
maximum recommended load of ice packs containing water at +32°C is placed in
the freezer and frozen solid without adjustment of the thermostat. The
recommended load of ice packs should freeze in less than 24 hours and will
weigh at least 2 kg, excluding the pack material.

Photovoltaic Array. The PV modules meet the latest applicable specifications

of the Jet Propulsion Laboratory (USA) or ISPRA (Italy). Array structures

are designed for either ground or roof mounting and will withstand wind loads

of 20 kg/mz. Approprlate photovoltaic-type sealed connectors, incorporating ‘
proper strain relief, will be provided for the array cable. Lightning protection
devices will also be provided.

Battery Set. Either sealed, low water-loss, or nonliquid electrolyte deep-
discharge batteries are used (minimum 1000 cycles to 50% discharge). Auromotive
batteries are unacceptable for this application. The batteries are housed
within the refrigerator/freezer cabinet or in a separate cabinet. In either
case, the cabinet is lockable. Dry cell batteries should not be used to

power instruments au . controls.

Charge Controller. The charge controller meets the charge/temperature
requirements of the selected battery and will cut off the loads when the
battery has reached a state-of-charge that can be repeated to a minimum of
1000 cycles. The load will be automatically reconnected when the system
voltage recovers. Lightning protection is provided.

Instrumentation

- An 1ED alarm wa"ns the user when power to the compressor has been cut by
the controller. An expanded scale voltmeter or LED alarm warns the user
when the battciy is at an unusually lcw state-of-charge, giving adequate
advance warning. The ninimum voltage warning light should be clearly
labeled "DO NOT FREEZE ICE PACKS" in the appropriate local language. If
an external reading thermometer is provided for the refrigerator, it
should be clearly marked in green between 0°C and +8°C.

- A thermostat or a defrost switch is provided; no other power switches
should be installed.

- Circuit breakers or cartridge fuse holders are fitted with a polyethylene

bag holding 10 spare fuses. Special attention should be given to corrosion
of fuse mountings.

4



EXHIBIT 5-5. PV-Powered Refrigerators and Suppliers Approved by WHO
(Reference 5-3)

SYSTEM SUPPLIER REFRIGERATOR
AEG (W. Germany) Polar Products RR2
BP Solar (UK) LEC EV
Leroy Somer (France) Leroy Somer 40
Polar Products (USA) Polar Products RR2
Solarex (USA) (a) Marvel 4RTD

(b) Polar Products RR2
Solavolt Internat:ional (a) Marvel 4RTD
(USA) ) (b) Polar Products RR2
5.2.2 -Conventional-Powered Systems

Traditiohally, refrigeration in developing countries has been achieved:
using kerosene or bottled gas to fuel absorption refrigerators. It is‘estiﬁeﬁed
that in rural areas of developing countriee, 75% of the refrigerators are kerosene-
fueled and 257 are gas-fueled (Reference 5-5). The reliability of these conventional
systems'has been a serious concern. According t:. a recent report from the WHO
(Reference 5-4), whose product information sheets (Reference 5-3) include

conventional-powered refrigerators,

Absorption refrigerators using kerosene or bottled gas have not

proved to be the viable, or the reliable answer for vaccine storage

they were once thought to be. The logistical problems of maintaining

a continuous fuel supply are so great that for most of these units that
have been purchased for use in outlying regions, continuous operation
over any extended period of time is extremely difficult to impossible.
The reliability of these systems has been further hampered by the lack
of spare parts and by maintenance problems, especially in the case of
kerosene-fueled units, due to the poor quality of the kerosene available
in most of the countries of the developing world.

WHO's concern with reliability can be quantified in terms of the avail-
ability (percentage of time that the refrigerator is in the correct temperetefe'
range) of kerosene-fueled refrigerators.. The availability has varied widely,
from 20% to 80%Z. An availability of 50% has typically been experienced (Reference
5-5).



EXHIBIT 5-6. Characteristics of PV-Powered Refrigeration Systems Approved by WHO ;'

(References 5-3 and 5-4)

SUPPLIER

VACCINE STORAGE

CAPACITY (Liters)|HOLD-OVER SYSTEM AZ SYSTEM B3 POWER CONSUMPTION -

TIMEL

(Hours) BATTERY NO “ICE-PACK

(kwh) ICE-PACK

* ARRAY
(Wp)

FREEZER ARRAY

(Wp)

BATTERY

REFRIGERATOR
- (kwh)

- 90

33

312

3.6

195

2.4

0.5

0.62

BP Solac -

o297 |

5.5

198

5.5

0.35

M

Leroy Somer i

400

s

320

o

NA-

Polar Products

ﬂ;f?fzisfii

172

2.4

ols

Solarex

(a)
(b)

80

90

(a)f 10
(b) 33

(B &

152295E

168

3.6

(a)
(b)

oo |

f'(a)
*V(b)

Solavolt
International

(a)
(b)

80
90

(a) 10
(b) 33

(a) 20
(b) 4

280

. 200"

ey

(a)

[« N~

(A>'
(b)

Time refrigerator will hold internal temperature when power is cut, given ambient temperature of 32°C.

System A upplies to areas receiving 3.5-4.7 th/m -day.

no icemaking during periods of no sun.

System B applies to areas receiving 5.8-7. 0 FWh/mz-day.,

no icemaking during periods of no sun.

'Inélqdeéi5f&ai9fbf?qbesﬁh«gésgg;;y;if

_ Includes 8 days of no~sun security.

Assumes L

Assumes

Power consumption in kWh per 24 hours, with and without ice—pack freezing, given an ambient temperature of

320c,

NA - Data not available.




Exhibit 5-7 shows a schematic of a kerosene-fueled refrigerator.

Exhibit 5-8 summarizes the characteristics of kerosene-fueled refrigerators.

EXHIBIT 5-7. SCHEMATIC OF A KEROSENE-FUELED VACCINE REFRIGERATOR
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EXHIBIT 5-8.-

fcheféttetisiicé'of Rerosene-Fueled Refrigeration Systems (Reference 5-3)

REFRIGERATOR

VACCINE STORAGE CAPACITY

(Liters) HOLD-OVER FUEL
MODEL ' ‘ TIMEL CONSUMPTION2
REFRIGERATOR FREEZER (Hours) (Liters/day)
Electrolux RC 65 1423 1423 5.0 1.8

Electrolux

S 160 |

Electrolux

Electrolux

Sibir S§2325

1.

2.

Time refrigerator will maintainf,nternal temperature when power is cut,

ambient temperature of +32°C. =

Fuel consumption per 24 hours, given an ambient temperature of +32°C.

Model can be used either as a refrigerator or ‘as a freezer.




5.3 Field Experience

The project reviews conducted for this evaluation reflect the experience

associated with more than 105 systems in 43 countries. The most significant

work to date has been that performed under the direction of WHO and that conducted
by NASA. The formal development and field demonstration programs conducted by
these organizations have led to increased operating knowiedge and, subsequently,
improved system designs. Exhibit 5-9 summarizes the significant projects

reviewed for this evaluation. Detailed reviews can be found in Appendix B.
Exhibit 5-10 presents responses from questionnaires completed in the course of

this effort. Additional information on the questionnaires is provided in
Appendix A.

A0 reviewing past project experience, certain factors emerged as’

being essential to successful project implementation. They are:
e Accurate array and battery siiing‘
e User training and support |

e Coordination with end-use organization.

5.3.1 Accurate Array and Battery Sizing

Successful systems have generally been implemented by suppliers with_
previous experience with PV-powered refrigeration systems, particularly in a “
specific region. Specific operating experience with a number of systems in a |
given enviromment has provided valuable design information for later applicatidne.
This experience has allowed such suppliers to avoid costly systems resulting ’

from overdesign and poor performance due to underdesign.

Underdesign has been one of the major reasons for systems experiencing
internal operating temperatures outside the acceptable range. Tenders submitted
for the supply of 23 solar refrigerators/freezers to the South Pacific Bureau
for Economic Cooperation (SPEC) exhibited significant variance in photovoltaic

array sizes and battery capacities (Reference 5=2).

s
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EXHIBIT 5-9. Refrigeration Sy'stgms’smnificant Projects -

gerator versus
kerosene
refrigeratora.

reduced costs. )
Analysis assumes that the solar vaccine refrigerator will b
90-100% reliable, compared with keromene refrigerators being
only 85% relisble.

| PROJECT TITLE NUMBER AND/OR REF §
AND LOCATION | APPLICATION CAPACITY OF COMMENTS (DATE OF
SYSTEMS REF.)
NASA-Lewis PV-powered 28 systems The refrigerator/freezers (R/Fe) have maintsined internal 5-2 (1985)
R/F Systems refrigerators temperstures within the required tempersture range for slightly|5-6 (1984)
for vaccine more than 80% of the time. This level of relisbility is com- |5-7 (1982)
23 Countries |ctorage were parable with that of kerosene refrigerators. All the problems |5-8 (1983)
installed from experienced are believed to be avoidable in future installa- 5-9 (1984)
1981 to 1983. tions. 5-10(1983)
0f the various component failures encountered, none occurred 5~11(1982)
consiatently across the systems, and most were not considered 5-12(1985)
serious. - 5-13(1985)
There have been no known PV power eys :em problems.
The R/Fs have been relatively problen {ree with no compressor
problems.
A few problems were encountered with the compressor electronic
control module.
Inatrumentation has been a major problem (in particular, with
pyranometers and smp-hours meters—instruments that have been
o used successfully in many other projects).
o Misuse of R/Fs (e.g., for cold drinks, meat storage, etc.)
' has been observed in several systenms.
Some R/Fs have yet to be used for vaccines because the health
programs or the vaccines themselves are not available.
The cost of current PV R/P pystems ranges from $3500-6500 and
is dependent on the location, system design and supply point
of the R/F.
World Heslth |Laboratory -120. field Four refrigerator models have been approved by WHO for vaccines|5-l (1981)
Organization |teats (1980~ triala (Polar Products RR2, LEC EV 570, Frigesol 40 and Marvel 4RTD). |5-2 (1985)
(WHO) Field 1983) and field Others were rejected due to characteristics such as high energy|5-3 (1985)
Trisls trials (In=- consumption, lack of ice-making capability and unacceptable 5-4 (1985)
stalled in 1983 holdover time. 5=14(1982)
Ghana, Kenys |and 1984) of Improper sizing of the array/battery and instrumentation
Tanzania, Co- [PV-powered re=- failures were encountered.
lumbia, Yemen |frigerators for Energy consumption in the field does not match that anticipated
Arasb Republic,|vaccines. based on laboratory tests (strictly controlled laboratory teste
Intia, the did not account for misuse of equipment in the field).
Phillippines,
and the South
Pacific
Islands
PV versus An immunization|Approx. 28 Results of life-cycle cost analysis for PV and kerosene refri- 5-15(1985)
Kerosene program finan- |systems gerators indicats that the total cost per dose ranges from
Refrigerators [cial anslysis $0.62 to $1,19 with a kerosene refrigerator and $0.53 to $1.14
of PV=powered using the more reliable solar unita.
The Gambia vaccine refri~ The benefit consists of improved cost~effectiveness tather than

WY
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EXHIBIT 5-10. Summary of Questionnaire Responses
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In some instances, countries that planned to install a number of
refrigeration systems initially purchased only a fraction of the units. These o
sample systems have been used for training purposes and/or to ensure the appropria;é;
sizing of the system under the particular field conditions in which it will
operate. For example, in Zaire, a program is currently underway to install 100
PV-powered refrigeration systems. Twenty are being installed initially. Once
they have performed to the satisfaction of the Health Ministry, the remaining'
systems will be purchased and installed (Reference 5-2). '

5.3.2 User Training and Support

Successful systems have been those with user training that provides
the user with an understanding of the operation (i.e., proper loading) of the
system. Ineffective training programs have resuited in system misuse--users
have often placed large amounts of warm material into the refrigerator at the
end of the day, causing the internal temperature to rise above the acceptable

limit.

Reports from the field indicate that improved user training in
maintenance and trouble-gshooting, coupled with adequate documentation and spare
parts, could reduce the downtime in a number of installations. Back-up support
has varied from project to project. While some suppliers have been thorough in
providing this support, others have caused users to wait for instruction manuals
after system installation. Thus, for vaccine refrigeration, which requires a
highly reliable power system, using a supplier who will provide adequate training
and support is critical.

5.3.3 Coordination with End-Use Organizations

Working:with appropriate host-country organizations and implementation
'agencies is an important element of successful system implementation. The WHO

- field trials, which involved working with donor agencies, regional offices and
‘local health authorities, are an excellent example of a successful network for
reporting field data. Similarly, the success of the NASA-Lewlis program can be

tied to their identification of appropriate host-country organizations in their
field trials sponsored by the CDC and USAID. While these programs were successful,
a number of lesser projects failed to meet their objectives because the responsible

5-15
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agencies in the field were not familiar with the end-use. Often, there is a
tendency to work with academic or energy-related organizations rather than with
those organizations familiar with rural health care.

5-16



CHAPTER 6
LIGHTING AND HOME POWER SYSTEMS -

Photovoltaic power for area lighting and home power systems is emerging

as a significant technology in the developing world. For example, in French

Polynesia, more than 1,000 of these systems were installed over a three-year

period. This application includes one-to-two-module systems used in individual .

households as well as systems used to provide area lighting. The small household

systems have been primarily dedicated to lighting, but they can also be nsed to -
power radios, televisions, refrigerators and/or water pumps. Area lighting

systems have been used for community, street and security lighting purposes.

‘The demand- for lighting in rural a;éas of.devéloping countxiesvhés
typically been supplied by kerosene, candles or primary batteries. Lighting from
these sources is often expensive and of poor Quality. For example, a kerosene
pressure lamp provides about 12 lux of light, while a 20-watt fluorescent tube
with reflectors will provide 100 lux (Reference 6-1). Lighting is used for
evening activities such as cooking, reading, simple work and social activities.

During the night, a Jjamp is often kept lit for security and safety reasons.

This evaluation's review of PV-powered lighting and home.power
systems in developing "ountries was based on projects referenced in the question-
naires and on significant projects being conducted in Papua New Guinea, Zimbabwe
and French Polynesia for a total of more than 1,260 systems in 14 countries.
Successful PV-powered lighting and home power systems used both reliable charge
controllers and DC ballasts and/or ensured adequate availability of spare parts
and technical sﬁpport. PV-powered lighting and home power systems were shown
to be technically reliable. Many users also found such PV-powered systems to
be cost-competitive with kerosene-fueled lamps, the predominant technology

currently employed.

(o
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6.2 Current Designs

6.2.1 PV-Powered Systems

As discussed in Sect1on 6 1, llghtlng and home power systems include
area lighting systems and one-to—two-module systems primarily dedicated to home

lighting. This section descrtbes,;he&des1gn of such systems.

A light consists of three major components: a luminaire (or bulb or
tube), a ballast and a fixture. Lighting applications identified for developing
countries use gas vapor lamps (e.g., fluorescent, low-pressure sodium, mercury
vapor and metal halide). These lamps require a high-voltage electric charge
to excite the gas molecules, thus producing light. Once initiated, lighting
can be maintained with lower voltages. The charge is sparked and the operating
frequency is regulated by a ballast--a high frequency inverter and transformer that
controls the current flow into the lamp. The ballast and lamp are mounted in a

fixture. The only difference between an AC and DC light is the ballast design.

Exhibit 6-1 depicts a typical area lighting system. These systems
consist of one or two PV modules, battery storage, a simple charge controller,
timing controls and a light. Several companies of fer self-contained units (ﬁhe
type depicted in Exhibit 6-1) equipped with light poles and weatlarproof containers
for battery storage and electronics. Area lighting systems represent a relatively

new product in the developing world.

Home power systems are typically one-to-two-module systems operating
two-to-four fluorescent lights (10 to 40 watts each) in a private household.
This type of lighting is usually combined with other end-use devices (g.%% as
refrigerators, radios, televisions, fans, etc.) operated from the same PV power

system. The basic configuration of such a system is outlined in Exhibit 6-2.
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EXHIBIT 6-1. Area Lighting System
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. In rural areas of developing countries, kerosene~fueled lamps are used
both indoors and outdoors. Therefore, an important design aspect of small lighting
systems can be portability. In Papua New Guinea, this issue has been addressed
by using PV to charge nickel-cadmium batteries for fluorescent lanterns (Exhibit

6-3). These systems have been developed and tested to compete with kerosene~fueled

lanterns.

Exhibit 6-4 presents sizing graphs for a PV home power system. The
choice of energy demand and insolation should beasuchvtnat the ratio of these
parameters is'the maximum experienced over the year. Given a maximum energy
demand of 0.24 kWh/day and a respective insolation of 4 kWh/m2-day, it can be
seen from (a) that an 0.078 kWp PV array is needed. Using the same energy demand -
and 2 days of battery storage, it can be seen from (b) that a battery capacity
of 0.6 kWh is needed. The model used to generate these graphs is described in
Appendix D.

Maintenance on the aystem is restricted ‘to the batteries and loads. If‘
the batteries are vented distilled water muat be added on regular basis. Fluoreah
cent tubes must be replaced aa they burn out. Ballasts must be replaced approxi—».
mrtely every 3tyears., The coats associated with these items are provided in

Chapter 12,

6.2.2 Conventional-Powered Systems

Conventional lighting practices in rural areas of developing countries
usually involve the use of kerosene-~fueled lamps; A tybical‘household:nay |
have one or more hurricane lamps or lanterns (wick lamps with a capacity of 0.5
to 1 liter of kerosene), and sometimes a pressurized lamp (e.g., the Coleman
variety). Electrical loads, such as radios, are powered by automotive batteries
that are recharged by engine generators. Primary batteries (e.g., throw-awav
batteries) have also been used to power electrical loads, but they will not be

discussed in this evaluation.

Conventicnal-powered systems can be sized in terms of the number and
type of kerosene lamps and the number of automotive batteries. Socio-economic
data and fuel consumption information from Papua New Guinea were used as the basis

for the conceptual design of three conventional home power systems. These systems

64
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Portable PV-Powered Lantern (Reference 6-2)

‘EXHIBIT 6-3.
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(b)
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EXHIBIT 6-4. Sizing of PV-Powered Home Power Systems
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are outlined irn Exhibit 6-5. Technical assumptions for the components of such
systems are outlined in Exhibit 6-6. While these desta were comprehensive in
characterizing lighting and home power fuel and cost requirements, no additional
information was available to determine how typical these systems are in developing

countries.

Operation and maintenance of the kerosene lamps requires regular
cleaning, fuel addition and replacement of parts.z In: Papua New Guinea, standard
operating procedure for a kerosene pressure lamp is described as follows
(Reference 6-1):

seolt takes at least 5 minutes tc refuel the tank, clean the

glass and then actually light it. When there is no alcohol

to heat the generator and the mantle, one would have to use

kerocsene. In this case it takes longer to light. The pressure

in the lamp frequently runs low (hence low lux) and would
require repumping at least once every half hour.

Replacement of parts was shown (Reference 6-1) to be necessary at
intervals ranging from every month to every 3 years, depending on the part,
The generator of a pressure lamp has been shown to be the most frequently
replaced part. Costs associated with fuel consumption and parts replacement
are outlined in Chapter 12,

EXHIBIT 6-5. Typical Conventional-?owered Home Power Systems

e ’ SYSTEM SI1ZE
. COMPONENTS
SMALL MEDIUM LARGE
Kerosene-Fueled Hurricane Lamp - 1 1
Kercsene-Fueled Pressure Lamp 1 1 ‘ 1
12-Volt:Automotive Battery* - e R

* Battery is used to power electrical loads such as a radio, teievision
~or other lights.
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EXHIBIT 6~6. Technical Assumptions for Components of Conventional-Powered

Home F . wer Systems

LIFE FUEL CONSUMPTION
COMPONENTS (Years) (Liters/year)
Kerosene-Fueled Hurricane Lamp* 3 40
Kerosene-Fueled Pressure Lamp* 3 115
12-Volt Automotive Battery 2 it
* Reference 6-1
s

A$



6.3 - Fleld “Experience

In conducting this evaluation, the experience associated with more
than 1,260 iighting and home power systems‘wus reviewed.. This nﬁﬁber includes
systems, or groﬁps of systems, categorized as significant proiects and systems"
discussed in the quesfionnaires. The experience associated wlth the significant
projects is summarized in Exhibit 6-7. More detailed information on these systems
can be found in Apﬁendix B. Responses from the questionnaires are tabulated in
Exhibit'6-8;v Appeqdix‘A contains more extensive information on the questionnaire

responses.

' "Based on the review of past projects, certain factors emerged. as

being'critiéal to the ihplementatioh‘of successful proiects. - These fagfgfs are:

e Reliablé charge controllers
' Ao, Available spare parts and disttibd;idr@i system

o Customér.financing policy.

6.341 Reliable Charge Controllers

A range of experience has been encountered with charge controllers.
In early systems, charge controllers were often a weak linku;ﬁ system pérformance.
However, as product development has progressed, increased précaution has been
taken by the manufacturers to protect components from environmental conditions.

As a result, improved performance has been experienced.

While the charge controller is often the leaét cost of a system and
improved products gre'available, care should be taken to select a reliable,
field-proven component. Successful implementation of large numbers of systems
has also been made possible through the availability of replacement charge

controllers.



EXHIBIT 6-7. Lighting ‘and Home Power System Si'gn‘ificantv Projects

atalled since
sbout 1980,

studies that it would be more
cost-effective to introduce PV
than to extend grid. PV
Justified wviere user ic more
than 200 meters frow grid.

PROJECT TITLE . NUNBER AND/OR REF. ¥
AND LOCATION APPLICATION _|CAPACITY OF SYSTEMS COMMENTS (DATE. OF REF.)
Rural Lighting | l=to=2-module | 2.5 kW total PNG established policy to use 6=3 (1982)
systeas for PV for patrol post lighting. ’
Papus New patrol posts Tvo-to-four-year payback froa
Guinea (PNG) and village PV lighting kits. .
lighting kits. Fstimated potential of. 17.5 MW
for PV lighting kits by 1992.:
Fluorescent lanterns powerad by
Ni~Cad batteries charged by PV
are being developed and tested.
PV versus Kero-| l-module PV 35~V aysten Less than S-year payback for PV | 6=1 (1981)
sene Lighting systen varsue lighting.
Burvey tvo kerosene Quality of PV lighting is st
lsaps for least five tizes better than
rural villages from kerosene.
. PV kit provides light instan-
Papus New taneously. For kerosane pres-
Guinea sure lanp, it takes at least $
minutes to get light.
Reference suggests Papua New
Guines Government should finsnce
or encourage lending institu-
tions to provide loan opportuni=
ties to pay for PV kits,
PV versus Con= | l=module 30-40-W systes Portability of lamps stressed 6=4 (1983)
vantiorsl system versus | as important design parameter )
Lighting candles, gas 8ix to saven year paybacks were
or paraffin. noted for PV versus conventionsl
Z4imbabwe 1lighting.
When comparad to petrol genera-
tor, PV showed payback of less
than 2 years.
School Li‘ .ing| Fluorescent Cuwpeting alternative is gas =5 (1985)
: lighting in- lamps.
Mall stalled in Despite risk of bottled gus,
: 1980 to pro- use of PV could only be re-
vide light for garded as interesting experience
evening. Need substantial reduction in
PV cost and/or increase in rursl
education budget,
Traffic PV=powerad 0 21 70~watts Customer pleasantly surprised 6~6 (1984) |
Lighting stredt light- syatess at the 1llumination delivered
ing systems; [0 ] 15-kiW system by PV. )
United Arsd inatalled in Initially, problems were en-
Enirates 1983, countersd operating high-prese=
ure sodium vapor lsaps from
modified square wave inverters.
Once corrected, system hss
performed reliably,
High-efficiency, high-powered
. DC ballasto were mentioned as
: vital to optimizing PV lighting
systens.
Home Power Systeas to 21000 aystems PV=povered rural electrification| 6-7 (1985)
Systens provids light- prograns subsidized by the French| 6-8 (1985)
ing, tele- Atomic Energy Commission,
French vision and French Agency for Enargy Manage-
Polynesis fans for mant and Govarnment of French
individusl Polynesis.
houses in- Program developed based on
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EXHTBIT 6-8.

Summary of Questionnaire

Pesponses

IRSTITYTIOML

Beltse (Reders Mcelatt & Assec.) '

{Setsuane (32T}

(Gov’c. ot 3

Selar Dectric Istarnstisnal

o Smlishtlity saceptisaally
pood

nH-la.-M:
e Good relisblicy

@ Sultabtlity is ecellest

le Pusals have Migher owtpwt
A2 vissut off with werew
durisg tatuettse sessss

jo Sane probloss with wser
accoptance dus to boltef
1is seentsts a7ees thet
esler pessls attrast
AMghtaing

jo Byr.tem 20 werted wil

o Mo protles with PV acvey

‘L.Hlpt--um
Taliskle

e Escallent perfornence

¢ A1} IV syotsas ere rwmming :

e Baliskility gessTully en=
callsat=¥ i botter - -

[ Bystan dees previde lighe

1AMPS

OFERATION RATWTEMARCE

5 REPAIS

jo Sefficultios with
seltags regulsters

e Bs prapescs of veltage
ragalscer ia syten

o Oaly eas favertsr fall-
we in ) mers of sy-
tan spurstise

e Worst probloms are
with electre-
Sschanicsl leed

@ Preblans s asvigactoeal |o
31ght systema wich bird
- dropninge

o Preblans aiaimined with jeo
soti-bird assting Tede

o .Prodions with sutdvor o
Lighea

® Boers lach wnderstemding [o
of sad-ves energy con-
oumpties oad how this |o
affects systam ateing
ond Sohovier

o Froblans with rplacisg
3 tubee

o Prodlems dus ta
bettory Life

o Sifficaltine weh 3¢
hattery

battery

e Preblens with
leck of hattery
malstesmce
(Saud1 arebis)

presocters - -

o Replaced ose -7

e Flestencont Lanp bos .

Onderstanding of limtte
of PV systemes 1s lacking

Operstars sre campetest -

Substeatial lacal parts-
cipation with tamcal~
laciea & start wp

o specisl salstesance is

Bo predblase with fn-
cowntry tnstitetissal
capability

Couceptus] desige,
testellatien, sad start~
op done by Indonestan
parsoans)

anug by villagers

virtually no

6 Patential adesaistrative
problome with Jovindsc-
tien sad respeasibdilicy

Tralead leca! stoff

Alssgt all :nvltul'
»y

@ 11-¥ flestescon: lights
are sxtranely relisble

;m-l—- m-'
with capsbilicy

Requires pestily se-site
chech-up sad mmaitarisg
dws ta foulty hattery
pretecters

Coverment dees sot have
tachatcal , commercial,
asr conceptual beck-
ground ta meistein PY
syuteme

Small msteraity lighting

. yitens Wil recaived

Prodlame with mesting
anst damend for mmtra
lighte

Almest a» meintsesace sad
repair reqeired

Bettery wmtering ke
bess frrggulsr

te dote

@ Problews with cremepert
oad accevs te Tmets
sites

o Piene 1o tost sreeptemes

® Very little im-cewarty
perovensl participation
1o eyatam design, 10~
stallstlas, sad start-wp,
although repesiedly
rogaseced (Sawdl Aradis)

@ Systeme zre privecaly
ownad

o Regtrictive lowéing/
berTewing cr~Jitieons
exiet

o PV ligh*irg a-d TV life-
time conls afe rempeti-~
tive it lov pwmr levels

¢ Lowar meintensace cost
thes comventional exergy
zechmelagios

o Righ copltal cest

jo Cont of gotting ts rmmote
Jecations 18 & mwoblm

@ Snall syeteme ars very
vishle

@ WMo dete ea 1ife-cycle
cont

@ Mo eperating coste

® PV eppests te cepate
Loversbly o » ife—cycle
baets to gommline and
41enel sngines dus to the
latter’s shmry 1tfe and -
[

v ¥ Jighting 18 campatl-
tive with comvemgionsl
Secimslegles

o Ketosese aupply 18 met
reliable—P¥ 13 west

wishle

v

w
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6.3.2 Available Spare Parts and Distribution System

Essential to the successful implementation of PV-powered lighting
systems is ensuring an adequate supply of spare lamps and ballasts. An

infrastructure of this type is necessary for the widespread application‘

of any technology.

6.3.3 Customer Financing Policy

In 1980, PV-powered lighting was determined to be cost-competitive
with kerosene in Papua New Guinea (Reference 6-1). As‘a‘fgéult of government
policies, conditions for the viability of PV-powered lighting exist in many
other countries as well. At least two governﬁents, French Polynesia and Spain
(although not a developing country, Spain's experien¢e with home power systems
is applicable to this evaluation), have established policies that subsidize the
use of PV for rural electrification in remote areas (References 6-7, 6-8, 6-9,
and 6-10). (These policies involve either direct subsidy or low-interest loans.
French Polynesia and Spain have successfully encouraged the implementation of

thousandc of PV-powered home power systems in the last few years.
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CHAPTER 7
- MULTI-USE SYSTEMS
7. ‘Overview

Multi-use systems are conéidered én impoftant application for PV
because of the large number of unelectrified villages in remote locations of
the developing world. Traditionally, needs for power in developing countries
have been met through conventional means such as diesel- and gasoline-fueled

engines, kerosene-fueled refrigerators and lights, and batteries.

Multi-use systems include mini-utility systems and load centers.
A mini-utility system consists of a centralized generator that provides service
to an entire community through a distribution network. A load center system is
designed to powef a variety of loads at the site of application. 'Lbad.centers
include medical clinics, agri-processing éenters (e.g.; for grain grinding),

and educational facilities.

The concepts of mini-utilities and load centers represent two different
strategles for rural electrification: using one centralized system (PV-powered
or a conventional system) and forming a grid network versus using many dispersed
systems at points of power demand. This latter concept can be extended to home

power systems, which were discussed in Chapter 6.

Key factors of performance were developed based on a review of more
than 42 systems in 22 countries. The reliability of power cohditioning equipment,
principally inverters, was shown to be critical to the success of such systems.
Another factor affecting the implementation of multi-use systems is the policy

decision concerning whether centralized or dispersed systems are preferable.



7.2 Current Designs

7.2.1 PV-Powered Systems

PV-powered multi-use systems range in size from a few hundred watts to
over 25 kilowatts. As discussed in Section 7.1, multi-use systems are categorized
in two ways: mini-utilities and load centers. The major differences between
these two system types lie in the magnitude of the array, the complexity of the
power conditioning subsystem and the need for an administrative infrastructure.
Th2se distinctions are detailed in Exhibit 7-1. Schematics of typical multi-use
systems are outlined in Exhibits 7-2 and 7-3.

EXHIBIT 7-1. Distinctions between PV-Powered Multi-Use Systems

MULTI-USE SYSTEM TYPE

CHARACTERISTIC LOAD CENTERS MINI-UTILITIES
Array Size <5 kW > 5 kW (up to about 30 kW)
Type of Power Output AC or DC AC
Power Conditioning e Charge controller (with|e Charge controller
load~shedding capabil- e Inverter (with load-
ities) shedding capabilities)

o Inverter (if AC loads) je Metering

Power Distribution Only within 6ne facilityle Throughout entire
System village '
‘ e Metering

Supply of spare parts
System repair

Billing system

Power management

Infrastructure‘, ':ﬂ_ e Supply of spare parts
“ © " |e System repair

Ca

Q\



EXHIBIT 7-2. Schematic of a PV-Powered Load Center System
(Centralized Loads)

N INVERTER |
 CHARGE CONTROLLER “[¢if Ac loads)

LOADS
Water Pumps
Communications
Equipment
Lights
Refrigerators
Fans

oo

o0 0o

Agri-Processing
Equipment

| PvaRRAY - 'BATTERY STORAGE

-fExniB;gj?-3;‘ Schematxc of a PV-Powered M1n1-Ut111ty Syatem
(Decentralized Loads)

' CHARGE |

: INVERTER
'CONTROLLER
|_METER 1 | | _METER 2 | |METER N_|
| | BATTERY USER 1 I USER 2 | USER N
| |_sToRAGE LOADS LOADS | LOADS
1-3"



PV-powered multi-use systems can be designed to produce AC or DC
power. Mini-utilities are traditionally AC since AC is a more efficient means
of distributing power over lar_e distances. Both AC and DC systems have been
designed for the load centers. Applications experts have agreed (Reference 7-1)
that systems should be designed to be DC whenever possible. The basis for this
consensus 1s the fact that using an inverter increases system complexity and
hence the risk of system failure. Load availability is the critical factor in
determining the viability of designing a DC system, as DC loads are currently
available only for specialty markets. Items such as lights, fans, refrigerators
and some audio-visual equipment are available in DC, making DC power systems
appropriate for load centers such as schools and remote health clinics. However,
for multi-use systems with a mixture of appliances, such as stereos, televisions,
small hand tobls, and more complex medical equipment (for centralized health

centers), AC power systems are the only real option.

A peaking factor of 1.5 times the average energy demand is used to size
the array. Exhibit 7-4 presents sizing curves for PV-powered AC multi-use
systems. Using an average energy demand during the year of 10 kWh/day and an
insolation of 5 kWh/m?~day, it can be seen from (a) that a 3.9-kWp PV array is
needed. Using the same energy demand, and 2 days of battery storage in (b),
the required battery capacity can be seen to be 38 kWh. The model used to
develop these curves is described in Appendix D. The inverter is sized according
to the maximum power demand and rounded up to the next kilowatt size rating.
Maximum power demand is set at 1.8 times the average power demand where average

power demand is equal to the average energy demand divided by 12 hours.

7.2.2 Conventional-Powered Systems

Mini-utilities have traditionally been powered by engine generator sets
(gen-sets) that produce AC clectricity. Back-up power for these systems have
generally been in the form of another engine generator (i.e., a dual-engine system).
Load centers have typically been powered by diesel- or gasoline-fueled generators,
often in combination with kerosene for vaccine refrigeration at health centers

or with manual labor for water pumping, grain grinding or other mechanical work.



(a)

w

“:PV.ARRAY.SIZE (kWp)

BATTERY CAPACITY (kWh)

EXHIBIT 74,

PV ARRAY SIZE

Sizing of a PV-Powared AC Multi-Use System

80% Battery Efticloncy
30% Battery Use Factor
Max Demand=1.6xAvg. Demand

o iday
"'+ 2 Days

, ,‘D‘”ivyo Storage

o 6Days ..
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Typical engine—powefed multi-use systems ara depicted in Exhibits 7-5
and 7-6. Using the average energy demand, the size of an engine-powered system
can be determined from Exhibit 7-7., Fcr an average energy demand of 10 kWh/day,

it can be seen from this exhibit that a penerator size of 1.5 kW is needed.

'EXHIBIT 7-5.  Schematic of an:Engine~Powered: Load: Center System

AC LOADS

o Water Pumps
Communicatlions

Equipment
Lights
Refrigerators
Fans
Agri-Processing
Equipment

(]

l GEN-SET ’
-t

O 0O 0 O0

£JiExHIBin7;6{;TS¢Hemdﬁicfbffaﬁ:EﬁgiﬁeéPqﬁéfEd Hiﬁi@ﬁﬁiiiﬁiﬁS&é;éq

| METER 2 |' | _METER N_|
' USER 2 T UsER N
LOADS . LOADS
7-6



EXHIBIT 7-7. Sizing of an Engine~Powerad Multi-Use System

3.6
3 - T78% Max. Load Factor . . R
Max. Power Demand= 1.3 x Avg. Power Demand -
2.5
2 -~

ENGINE GENERATOR SIZE (kW)

S 6 8 10 12 14 16 18 . 20
| AVERAGE ENERGY DEMAND (kWh/day)

Diesel gen-sets are only available above 3 kW. If the loads require engines
below that size (as in the example above) and a diesel ger-3ef is desired, a 3-kW
diesel engine operating at a lower load factor must be used. This graph was

constructed based on the model presented in Appendix D.

Maintenance mu oe regularly performed on conventional-powered multi--use
syastems. The operation and maintenance schedule for the multi-use gen-set is the

same as that for the pumping and communications applications (See Exhibit 3-6).

gl



7.3 Field Experience

In performing chis evaluation, the experience associated with
approximately 42 systems wus reviewed. Projects of particular interest include
those managed by NASA-Lewis: the grain mill projéct in Tangaye, Bourkina Fasso
(formerly Upper Volta), five medical clinics in four developing countries and a
mini-utility system in Tunisia., The findings ftom'these and other significant
projects are summarized in Exhibit 7-8. More detailed project descriptions are
provided in Appendix B. Responses from the questionnaires are tabulated in

Exhibit 7-9. Supplementary questionnaire information can be found in Appendix A.

Key factors in the implementation of PV-powered multi-use gygtaeme

were determined to be:

. Reliability and Complexity of Power Conditioning Equipment
¢ Infrastructvie for System Management

® Rural Electrification Policy.
Since multi-use systems have a combination of various end-uses, the key factors
affecting the system implementation of the individual applications (as outlined

in Chapters 3 through 6) should also be taken into account.

7.3.1 ‘Réliability and Complexity of Power Conditioning Equipment

Field experience has shrwn that the reliability of power conditioning
equipment is critical to successful systems. While both inverters and charge
controllers have been identifiec as potentiully weak links in the PV-powezed
systems, charge controllers are considered further along in the product development
process (Reference 7-1). Some system problems have been related to quality
control and most likely would have been discovered had "burn-in” testing been
performed. Other problems have been related to environmental factors (eeg.,
heat and humidity) or user operating errors. Only proven equipment should be
selected for all inverters and controllers. Factory testing should be inclunded

as part of the purchase specifications.
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EXHIBIT 7-8,

Multi-Use Systems Significant Projects

“FROJICT TITLL WUNBLR ANDJOR REF ¢
AND LOCATION | APPLICATION CAPACITY OF CoNENTS (DATL oF
$YSTENS NF,)
Village Povar [Gne syatem 4 systans: ® Operation and evaluation of the systesa fa the vesponaidiltey [7-2 (1983)
and Tarm Youse[(29 &VW) inm 9 W of er fn-country orgsnigstion, 7= (1984)
atalled in 1983 ).,4 k¥ o Usere are billed for specific conoumption. . T=4 (190%)
Tunisia serves village .4 WV o Down-time of 29-kV systes wes the result of operations srror 1=5 (1983)
of 120 pereona.| 1.4 bV that resultad in sn inverter faflure (improper ewitch so-
Additionally, quencing during wsnual etart-up).
a fara house o Nussrous problace with l=kV imverter of fars~eyster and extan~
systes and two aive time required for ropairs.
drip {rrigstion
systams vere
jnetalled,
Villsge A PV=povered 17 systens o 8o far, both PV village electrification projects have had 100 |7-4 (1983)
KElectrifica- |water puap, for a total parcant sveiladiliey, 7=7 (1980)
tion school sysces, (of 12 kv o The fategral fnvarter for sach fluorescent lamp in the Gabonose|7=8 .
comsunity (Cabon) coamynity service eystams hes ezperienced o failurs rate ,
Gabon and the [1ight, and proporiionsl to outdoor storags time in the mofst tropic en-
Mershall lasith diapen= {1 8<kW systen =iroement Wefore installation {inverters tiax wera fostsiled ‘
lTslands 18ty vata in=  |(Ucirik diractly 1n fixtures have mot Aad any failures).
#talled 1n sach{Atoll, Mar-
of & vemote eshall
Cabonese 1slands)
villages from
Mov, ‘84 to
Yeb. '83.
The Utirik R
Atoll aystes
for village
slsctrification
becane cpera-
tional 1n 1984,
Village Rlec= [The PV systen |} syetem (S8|s The village hae esteblished & commmity cooperative, community {7-9 (198))
trification installed 137/«[oot tmcluding elub, technical centsr aol coamunity clinic. There is & fae T1=10(1984)
1981, powers powur for for meaberships I8 thase. Members wust pey reat for the pusps |7=11(198))
audiec viewl water pusde) and suéio visual equireent durirg tiwes of wee.
aquipuent, » e Oparation, maintenance and repaits sre performed by volunteers
yhr, and in the romounity (the project tuss only intervenes 1f the
vater psmpe for villagars cannot fin the aystem in the case of braskdowns),
irrigation, ® The arorgy cooparative not only provides for the basic snergy
nseds of the commmity, but ft slec establishes an sducstions!
&tmosphere and a typc of comsunity epitit,
® There has not besn much tonflict over the use (and ech-duling
of the use) of the various eguipment.
Comunity In 1980 s PV 200 ¥ and {e Although tome modulss failed after 3 yaars due to cracking 7=12(1984)
Center ond syates wvas 300 U of cell {interccnnections and motor-puwp set probless were
Ierigstion inatalled to encountered (mainly with the carbon seals and commutstors),
Project POVLT 2 commu~ thr eystes avewed to be operating esoothly as of 1984,
aity center. @ 1n 1984, the coamurity center ¥so economically visble,
Wear Bongal, {1n 198], & JOOW o [OS costs (par pesk watt) are less In India then §n the U.5.
India woter pumpiog dve to chesp lsbor.
eyniem wae e Thie project has generated tremandous enthusissm.
inatalled for e The villrgers manage sacurity, opirszion and maintesance on &
irrigation, eooperative basis. i
Nisge Wolof The PV-¥ind S RV PV @ Mo problems with the PV portion of the system. Te13(1984)
Isergy Contre |hybrid eystes, o A full~tise systes cperator is not meceseary. : I
instslled 1983~ ¢ The syates {s cloae to technical support,
Benegal 1984, povers ® Users of the eystem s7e billed sccording to an estadlished
ghting, a teriff structure.
water pump, and
refrigerators. .
Agricultural |PY-povered 3.6 k¥ o Systam had over 901 perforsance reliabilicy 1a £12t & yaars, |7=14(190%)
Product Pro~ |water pucp and ¢ Procesds frou milling are used te puy an-operator and for 1=15¢1982)
cossing grain uill wafntanance ond specia) onerational support snd other 1=1¢(1982)
installed in villege development projects. 1=-17(1982)
Bourkina Fasso]1979, ¢ The complexity of the original controller (slthough very relie=|7-18(1979)
ble) intimideted in-country technics) support staff snd was T=19(198%)
replaced vith a wimple pachaged control module,
® local cocparative formed to mansge the PV systss vas o sajor
factor contributing to the success of the aysiem (genuine
interest and concern Jor the project's success were sxhibited
by villagers),
s o Infrastructure nesded to eupply technicsl support and spate
: parte.
® The village, which vas dlapersed, 13 nov cencralised around the
sarvice pointe of vater pumping and grein nilling.
MASA-Levis PV medicel S aystens ® ALl five eystews have functiorad reliably regarding acray, 7-20(190%)
Nedical oystems wupply |ranging in bettery, and con.rol functions. T=21(190%)
Systens power for R/F, [else from ¢ Automatic dsts scquisition eystams did mot work,
lights, oters~ (1.3 to I k¥ (o The eteriliger (elactrachenicel) never performed properly in
Cuysnas, lisers, and sll the systems (no health problems resulted, howeve:).
Tcusdor, tadfo and were o Spare light Lubes are pot availedble Leyond thoss eupplied with
Kenys, installed in the o .
sdabwe 1982 e Vith total loads of 1.5 to 2 k¥, the current price, including
end-use componenta, would be $2%,000-30,000 fnetalled.
Medical PV eystex 0 v ¢ Rach dtapensery deals with 10,000 inhabitante, providing 100 1-22(198%)
Systems installed tn to 130 consultations per day.
1982, powers . ® The svetes coot US 620,000 (price Lncludes RAD work),
refrigetators, & The svaten was oversized os a result of overastimstion
lighting, fans, of the load,
and laborstory
instroments.
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EXHIBIT 7-9. Questionnaire Responses ~ Multi-Use Systems

TECRNICAL INSTITYTIONAL
" GPLNATIOW RATNTIRANCE

”” BATTERITS POMER CONTROL DWITS DD-Us? MVICES 4 kEPAlR BARACTIRAT COST OTRZR

o Melisdilicy predless s Clialce sem valuctast
with fridgae ts absmdos olé fridges

(smr/vism)lt o Goad reltshilicy o Iaverter prodiene o List:ed repeir expertise
wit, ferertiar

. . ® 100¥ L . N partictpatism 1 o PY syetams are wore
N festal . oe, start-up snd visble thes ether toch-
.. Y . o . Ssintena. o Sslagies especially for
Tt Lo . low-pemns spplicatises
N B . . e Samz local pazticipstiea tn (€ 2 aY) aad 18 sites far
desige onl seanfactwrs of irtew pablic elsctrical
sraten maryy ssutces

aaye h -n'nuﬂ- B R ' e Rerilimr does ast ® Little naintanance required (o Mo spares ovsiliedle
® Pow Joca! techmicisms

[Benagal (CTXR) e PU sreey 18 vexry re=
12able

tegulatsr tn systen ebtaiond ts shosace of comventisn~
Al esargzy sswrces
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At the Round Table Meeting held in November 1985, applications experts
agreed that low power inverters present a weak link in a multi-use system (both
in terms of reliability and efficiency losses). Inverter problems have driven
‘syétem designers to install DC systems whenever possible. Since mini-utiliﬁies
are“traditionally AC (AC is a more efficient means of distributing power over ‘
ﬂiarge distances), the applications experts agreed that PV-powered mini-utilities

offer limited viability at this time.

Complex operating procedures and over-sdphistication of equipment
and documentation have caused system implewentation problems in deVeloPing
countries. For example, in the grain mill and water pumping system'in Tangaye,
Bourkina Fasso, it was observed that the compiexity of the original control
system intimidated the technical support staffs of the ih-éountry participating
institutions (Reference 7-14). Although state-of-the-art equipment is moving

to simpler designs, there is still room for improvement.

7.3.2 Infrastructure for System Management

The most important factor impacting the success of a multi-use
system is the effectiveness of local management in operating the system.
A sense of "ownership" results in a commitment to system success, ensuring an

adequate supply of spare parts and availability of technical support.
As the systems get larger in size and/or consist of a larger variety
of loads, effective management becomes more critical since the interests of a

larger number of people must be integrated.

7:3.2 Rural Electrification Policy

The.Aecision to procure one ceutralized system as opposed to many
dispersed systems is a key policy issue (Reference 7-23). Traditionally,
centralized systems have been preferred by funding organizations since their
performance is more easily monitored. However, some governments, such as

Papua New Guinea and French Polynesia, have made commitments to promote small
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individual systems (as discussed in Chapter 5). Although these government
policies referred to home power systems (mini-load centers), the trade-offs

also apply to the load centers discussed in‘thia chapter.

Load centers do not require a distribution system thrbﬁghout_tﬁewbm 
village or metering systems. Also system failures impact a smaller sector of
the population (e.g., sometimes only one household) than would be the case of
a large centralized system. In the case of home power and other small systems,
the PV modules can be mounted on roofs rather than dedicating valuable land to a
large system. The management of power is much more complex in a centralized
system since the interests of the entire community must be integrated and

administrative support must also be available to coordinate a billing system.

7-12
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CHAPTER 8
OVERVIEW OF FINANCIAL ANALYSES

8.1 ~ Introduction

This section presents life-cycle cost comparisons of PV-powered

systems and the most likely conventional alternative system in each of the five
application areas (water pumping, communications, vaccine refrigeration, lighting
and home power, and multi-use). These comparisons are intended to give the
reader a firet-order indication of when a PV-powered system should be considered
for a particular application. The financial analyses are tailored to the »
declsion~-making perspective of development bank or borrowing country project
officers. Thus, the financing parameters used in the analyses (amount financed,
debt term, discount, and interest rate) are consistent with those for development

bank loans, as opposed to those for commercial loans.

The cost comparisons are presented on two basic levels. First,
detailed net present value life-cycle cost analyses are presented as 20-year
cash flows comparing the conventional alternative to PV using specific base-
case assumptions. Next, sensitivity analyses are presented that explore system
comparisons as certain base-case assumptions are varied. In each case, the
sensitivity analyses cover a range of possible application loads. A graphic
presentation of these sensitivity analyses allows readérs to estimate the
comparative viability of PV versus conventional alternatives based on particular

country-specific parameters.
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8.2 Methodology

In each apnlication area, conceptual designs are developed for PV~
and conventional-powered systems to meet "base-case” load requirements. Each
base case 1s intended to be representative of a typical application for which
PV systems might bz used. These two base-case systems are compared using a
20-year life-cycle cost analysis, whose ocutput is the net present value (NPV)
of the system's total capital and operating costs over the period. Thé NPV cost
is presented as the annualized cost for each system. In cases where the same
load(s) can be used for the PV~ and conventional-powered systems, only the
power systems are compared (i.e., load costs are not included). This is the
case for communications, multi-use and the radio load in home power systems.
Where different loads are required (pumping, refrigeration and home power .
system lights), comparisons are made between power/load systems. The assumptions

used in each analysis are detailed in the following sections.

Sensitivity analyses were performed to determine how the NPV cost

varies from the base case as the following key parameters changed:

Equipment capital cost
Conventional fuel cost (diezel or kerosene)

°
°

¢ Discount and interest rate ‘ _

e Expected lifetime for cunventional equipment (diesel)
°

Insolation.

In some applications, additional sensitivities were examined, such as the varia-
tion in refrigeration life-cycle cost as a function of fhe number of vaccine
doses per year or the operating availability of kerosene-fueled refrigerators.
The results of these analyses are presented in graphic form in Chapters 9
through 13. These graphs provide the reader with an initial level of comparison

between PV~ and convent.onal-powered alternatives.

Finally, graphs were constructed for each application to show overall
PV best~ and worst-case viability over the given load range. These graphs were
developed by compounding the extreme sensitivity parameters as follows: for the
best-case PV viability, a.curve was generated using the lowest discount and interest

rate, bighest fuel cost, shortest conventional system lifetime and highest
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insolation of the sensitivity parameter range. The worst-case curve was developed

using the other extreme of the range.

8.2.1 Common Base-Case Assumptions

This section outlines the assumptions that are common to the base-case
analyses in all five application areas. Assumptions unique to a particular

application are detailed in the appropriate analysis chapter (Chapters 9 through 13).:

Financial Assumptions

Common financial assumptions are outlined in Exhibit 8-1, and

explanations of each parameter are provided below.

EXHIBIT 8-1. Common Base-Case Financial Assumptions

PARAMETER ASSUMPTION
Debt Service e 100% of system initial capital CIF.cost
. e capitalize CIF cost '

e 20-year term 4 _ e A

e 10% per year (compounded at the end of the year)
Salvage Value e included
Installation Costs e not included
Operating Labor e not included
Diesel Fuel Cost e $0.50 per liter
Kerosene Fuel Corct e $0.70 per liter
General Inflation e 5% per year
Nominal Discount e 10%
and Int2rest Rate
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All costs for customs, insurance and freight are capitalized in the
total system cost. The CIF value (cost, insurance and freight) is assumed to
be 25% more than the FOB (Free on Board) manufacturer system cost (Reference
8-1). Installation costs are not included since these costs vary widely,
according to the country and specific site. It is assumed that all systems are
100% financed for a debt term of 20 years at an interest rate of 10% per year,
compounded at the end of each year (this is typical of a developing country
loan). This assumption is made even for cases where expected equipment lifetimes
may be much shorter than 20 years, such as diesel engiue generator sets ("gen-sets'").
Because the zommon analysis period of 20 years is desired, the initial capital
cost in such instances is assumed to be 100% financed by the development loan;
any subsequent capital replacement costs are represented as pure cash outlays

at the end of each estimated equipment lifetime.

Maintenance parts costs are generally specified as a percentage of
the initial capital cost. Tor the most part, maintenance costs appear as
recurring annual costs, although some systems such as diesel gen-sets also
require periodic major maintenance overhaul. These overhaul costs are estimated
as a percentage of the original capital cost and are assumed to occur at a
specified frequency throughout the 20-year analysis. Operating labor is not
included as a recurring project cost because this cost varies widely, even

withii the same country.

Nominal fuel costs are assumed to be $0.50 per liter for diesel and
$0.70 per liter for kerosene. These numbers are based on values cited in the
questionnaire responses (15 citations for diesel fuel costs and 13 for kerosene

fuel costs), values listed in the World Bank's Domestic Petroleum Product

Prices (Refereance 8-2) and discussions with principals from major refrigeration

programs (Reference 8-3).

All operating costs (including fuel) are escalated at a general
inflation rate of 5% per year for all base-case life-cycle analyses. In
addition, recurring costs ar: appropriately inflated for the year of their
occurrence. A 10% nominal discount rate was used to obtain the net present

value (NPV) costs of all base-case cash fiows.



Technical Assumptions

Specifications such as the power system size reﬁuired for the typical
system in each applicatibn area were developed as part of this evaluation. -
Thesebépecifications are discussed in Chapters 3 through 7 of this report. »fhé 
key technical assumptions common to the base-case analyses are identified iﬁi

Exhibit 8-2 .

EXHIBIT 8-2. Common Base-Case Technical Assumptions
(References 8-3, 8-4, 8-5 and 8-6) '

SYSTEM TYPE

SPECIFICATION PV DIESEL KEROSENE
Component Life (Years)

- Array 20 NA NA

- Gen—-Set NA : 6 1 - NA

- Power Conditioning . .10 ‘ 10 . NA

- Batteries : 5 5 2% : :

- Loads .5 5 10 - refrig.

‘ ‘ 3 - lights

Major Maintenance : R '

- Engine Overhaul NA every 3 years [ NA

NA - Not applicable
* - Batteries used in conventional home power syatems

The availability of power/load systems is defined as the percentage
of time the system operates within technical specifications. Potential causes

of system unavailability include:

e Scheduled dow.time and regular maintenance

Downtime for repair (including unavailabiliiy_of spare parts)

)
o No fuel
o No sun
® Operating outside of specifications (e.g., a refrigerator

operating outside the appropriate temperature range or a power
system providing energy to the loads outside the voltage range

at which the loads can function).

The availability values that were chosen for the PV- and conventional-
powered systems in each application are outlined in Exhibit 8-3. These values
are discussed in more detail in the individual analysis sections (Chapters 9

through 13). The values are based on an uninterrupted supply of fuel (except

8-5
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in the case of kerosene refrigeration). This 1s an optimistic assumption,
particularly for conventional power systems. If, for example, there 1is no
diesel fuel for 1 month out of the year, diesel system availability would
decrease by an additional 8%, raising the NPV cost for diesel-powered systems

approximately 9%.

EXHIBIT 8-3;1. System Availability

APPLICATION  AVAILABILITY (%)
PV CONVENTIONAL
Pumpingl 95 95
Communications?2 99.9 99.9 (2 diesels @ 97.5)
Refrigeration! 95 S50*
Home Power NA NA
Multi-Use?2 97.5 97.5

l. Availability of power/load system.

2, Availability of power system.

* — Tncludes unavailability of fuel,

NA - Not applicable (i.e., system-specific availability not
determined but assum~d {o be equal).

The availability values also do not quantify the availability of spare parts
and operation, maintenance and repair services. Clearly, all analyses depend
on the reasonable availability of parts and service; otherwise, the assumptions

of system liretime and availability should be adjusted downwards accordingly.

Gasoline gen-sets are not examined in the comparative cost analyses.

However, the following information is provided as reference material (Reference 8-5):

e Gasoline gen-sets are available in sizes ranging from 300 watts to
100 kilowatts, although systems in the low end of that spectrum
(< 3 kW) are predominantly used.

e Gasoline gen-sets in the low size fange offer the advantage of

increased portability.

e Gasoline gen-sets have lower initial capital costs than diesel gen—-sets.

In the less than 3-kW range, gasoline gen-sets cost $400 to $900 per kW.

8-6
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The minimum size diesel gen-set is approximately 3 kW and costs

approximatly $1800 per kW.

e Gasoline fuel is more expensive (by approxlmately 50% to 100%) on

a $/liter basis than diesel fuel. For example, in Sudan, diesel

fuel costs $0.51/liter, while‘gasol1ne costs $1.02/1liter.

;e,4Gasol1ne gen-sets have a higher fuel consumptlon rate than diesel-:
| fgen-sets. Full-load fuel consumptions were determined to be
fl 11ter/kW/hour (in the 0.5 to 3-kW range) aud 0.4 liter/kW/hour
(1n the 3 to 25-kW range) for gasoline and diesel gen-sets, respec—

ft1ve1y.

,§~ Gaaol1ne gen-sets have a much shorter 11fet1me than diesel
:,gen-sets (3000"5000 ‘hours veraus 20, 000 hours).

Chaprers 9 through 13 present the fipancial analyses performed for
1each of the applxcatxons. The models used to perform the technical s1zxng and

h‘11fe-cvc1e cost’ comparisons are described in Appendix D.

-~ Credibility of Financial Analyses Assumptions

- This discussion addresses whether the financial assumptions used in
jthieie&aiuetion result in conservative or optimistic assessments of PV system
finaheiel'attractiveness. Overall, it is believed that the assumptions balance
eech other out, resulting in an unbiased analysis for .the development loan

scenario,

Conservat1ve ‘assessments of PV financial v1ab111ty reaulted from the

following - asaumptxons.e

'ae.'The‘anaIyses'db not include the labor costs aeeoeieted“with opera-
) (tton, maintenance and repair becauee they are country- and site-
fspeclfxc. This assumption is consldered conservatlve because

fconvent1onal systems generally require more of these services than

_ PV-powered systems.

P



e The supply of spare partstand*fuelfk ;:sumed ‘to be un1nterrupted‘

Field reports 1nd1cate that the unre11eb1eusupp1y of these 1tems5;<

N
has been a maJor cause of: conventmnal-powered system unava11ab111ty. , 0

®» No price reductions are'assumed.for system componentsr Because
the conventional power systems represent a stabilized market,ﬁg' N
price reductions are not anticipated. However, because PV powerff"
systems involve developlng technologies and 11tt1e mass productlon,lg
component pr1ces are expected to decline over ‘the years, thus
making the replacement costs used in the analyses,h1ghr

0pt1m1st1c assessments of PV £1nanc1a1 v1ab111ty resulted from the

follow1ng assumpt1ons.

o No system design costs are included. PV-powered systems generally

‘involve more costly design phases, s1nce packaged systems and

standard designs are not yet available across all applications.

For some assumptlons, 1t is uncerta1n whether they have a conservatlve,
optimistic or neutral effect on;Pstystem flnanc1a1sv1ab111ty. These assumptlons'
include: B ' E A o
. Because the evaluatlon involved a f1nanc1a1 analysls, macroeconom1c
cons1deratlons such as shadow pr1c1ng “and tax revenue are not

"addressed.

B ,inhe(implication of tax benefits to the system owner isfuneiéarékgia"

:Host?hosts are based on the purchase of one system. It 1s recognlzed

.thatvth“”block purchases typ1ca1 of institutional procurements

{”'jresult 1n's1gn1f1cant system cost reductlons for PV systems. Data

“‘fon the effect of convent10na1 system block purchases was unava11ab1e.

: 20-year PV array 11fe is assumed.. Whlle accelerated 11fe test1ngﬁh3”;
‘}j1nd1cates that current PV arrays have 11fet1mes greater than 20

”‘wiyears, these arrays have not yet been 1n the £1e1d for 20 years.

B\



The assumptions used in the financial analyses were based on development
bank loans. For commercial loans, the assumptions for loan term and percent of
Q the loan financed are considered high, Thus, the financial results show greater

PV viability than would exist under a commercial setting.
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CHAPTER 9
. WATER PUMPING ANALYSIS

3 Theif1nanc1a1 analys1s presented in this chapter compares PV-powered
:twater pump1ng systems to diesel-powered systems for rural water supply,

fassumlng development agency financing. The analysis shows that PV-powered J%f
‘isystams are the least-cost option at demands of up to 25 m3/day at a head of ;

25 meters (625 m4/day), even under unfavorable financial assumptions (see .

Exhibit 9-1). When the financial parameters are more favorable, PV~powcredt3¢,

systems are competitive up to 550 m3/day (13,750 nf/day).

The graph in Exhibit 9-1 depicts the ratio of PV- to diesel-powered
phmping'system net present value costs for the best PV case and worst PV case
scenarios. Both scenarios assume 20-year life-cycle costing and development
agency financing. At an NPV cost ratio of 1.0, PV and diesel system life-cycle
costs are equal. Under the best PV case scenario, the five parameters shown on
the graph are adjusted to "reasonable extremes" that favor PV systems. An
opposite ad justment is made under the worst PV case scenario. The area between

the two curves represents a reasonable range of f1nanc1a1 assumpt1ons.

This range 1nd1cates that PV-powered pumplng systems are the least-
cost optlon at loads much greater than shown by a 1983 UNDP/World Bank study
(Reference 9 1).: .It showed PV systems to be campetltlve up to 250 m4/day as
‘opposed to the 625 to 13,750 m4/day demonstrated in this report. The major
.preasons for this difference are: (1) the assumption of 20-year development bank
financing; (2) the consideration of diesel system inefficiencies when the
| system is operated substantially below rated capacity, and (3) recent improve-

ments in the cost and performance of PV systems.

Exhibit 9-2 depicts the various cost elements of PV- and d1ese1-powered
pumping systems. The sensitivity analyses presented in thls chapter indicate
that diesel lifetime, fuel cost, discount and 1nterest rate, 1nsolat10n, and

pumping head all have a atrong impact on the cost analysls. f_f:lﬂ,f"



EXHIBIT 9-1. Sensitivity of Water Pumping Costs to Best and Worst 6bﬁdi£¥§ﬁ§?
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9.0 . bescription of the Base Case

Based on fleld experxence w1th pumping applications, the base-csse
load requlrement chosen for th1s ana1ys1s is an average daily water demand of
50 m3 to be pumped through a 25-meter head. This load is representatlve of a
v111age dr1nk1ng water- system that supplies vater to approxlmately 1, 250 to
2,500 people (based on 20 to 40 liters per’ person per day). It is assumed that
the load varies throughout the year, reaching a maximum that is 50 percent
higher than the average, or 75 m3/day. It 1s further assumed that the well 1s

capable of yielding the volume and the pump flow rate demanded of 1t.

The conventional a1ternatiye<chosen for this analysis is a diesel
engine with a generator set connected to an AC motor and pump. For both the
PV- and conventional-powered systems, it is assumed that water is pumped into
a storage tank. Thus, the total head included an assumption of some vertical
distance to the tank height. Because the weil and tank are considered to be the
same for both systems, their costs are not ineluded in the analysis. The PV and
diesel systems are further described,beiow, including diocussions of system

cost determinations.
The availability of both pumping systems is assumed to be 95%. This
figure is considered conservative for the PV-powered system, and, since it does

not.include unavailability of fuel, it is optimistic for the diesel—powered system.

9.2.1_'~:'PV-Pouered System Description

’ng:The PV-powered pumplng system des1gn chosen for the base-case analysls

-leonsisted of the follow1ng primary. component8°? 5

PVHarray (23 kup)
DC motor/centrifugal pump

Voltage regulator

Wiring, valves, etc.




No batteries were included because a low starting current for the motor is assumed
and because storage for periods of low insolation can be inexpensively provided
by a water tank sized for more than 1 day of storage. The average insolation o ‘
incident on the array during the period of maximum demand 1s 5 kWh/m2-day. It R
is assumed that the pump automatically starts with the sun (i.e., no operator)a
The system is sized according to the:graphs presented in Section 3.2, Excess f
water pumping capacity beyond the annual demand 1is disregarded when performing

cost calculations.

9.2.2 Diesel-Powered System Description

The diesel-powered pumping system chosen to meet the base-case pumping

requirements consists of the following primary components:

o Diesel gen-set (6.4 kW)
e AC motor/pump

o kWiring;‘valves, etc.

The diesel-powered pumping’sYBtem is speoified.to operate during one
period of the day at a maximum load factor of 75%. This load factor is based
on user and manufacturer recommendations for optimum use to ensure maximum
diesel engine life. The duration of the daily pumping period is based on the
time required to pump the average daily volume requirement into the storage
tank at 75% diesel load factor. It 1s further specified that the diesel gen-set
operate for at least 1 hour per day. Because diesel gen-sets are not commonly
avallable in sizes less than 3 kW, a 3-kW diesel gen-set must operate at less
than 75% load factor in cases of small pumping demands in order to meet the

l1-hour requirement.
The pump has a maximum flow rate capability of 35 m3/hour. This flow

rate minimizes the time needed to operate the diesel over the range in demands

analyzed.
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9.3

9.3.1

System Costs

PV-Powered Pumping System Costs

The FOB manufacturer costs of PV-powered pumping”éysfeﬁé‘héVe:droppeaff"

dramatically from approximately $30/Wp in 1978 to less than $10/Wp in 1986

Assuming several systems are purchased at a time, current

(Reference'9-2).

installed system costs range from about $11/Wp to $14/Wp.

range as a function of the pump selected, site-specific conditions and other

options.

Costs vary over this

Exhibit 9-3 lists some of the PV-powered pumping system costs obtained

during the course of this evaluation. The costs shown include CIF and installation

1. Based on system prices froﬁvl983 ﬁ9;i985;5" i

costs.
EXHIBIT 9-3. PV-Powered Pumping System Costsl
PERFORMANCE PUMP/MOTOR ARRAY SIZE | INSOLATION |INSTALLED| REFERENCE
REQUIREMENT TYPE (Wp) (kWh/m2-day)| COSTS
(VOLUME, HEAD) ($/vWp)
230 m3/day, Centrifugal, 516 6 13.7 9-3
2 meters Single-Stage
DC Brushless
13 m3/day, Centrifugal , 85 6. | Mmoo
3 meters Single-Stage, ‘ o T e
DC Brushless, el
Floating SR .
76 m3/day Centrifugal, 770 }fs37 - 9-5
11 meters DC Motor Drive, BTN E
Surface Mounted .
70 m3/day, Centrifugal, 1500“:j‘ fF 9-6
27 meters Multi-Stage, :
AC Submersible -
130 n3/day, Centrifugal , 1500 | .= 9-6
65 meters . Multi-Stage, R :
AC Submersible
25 m3/day, Jack pump, 800 'z 13.8 |  9-6
34 meters DC driven L ‘ L
Average 12.9



A summary of the costs assumed fovr the base-case PV-powered pumping

system is presented in Exhibit 9-4. An initial capital cost of $10.5/Wp (not

including installation costs) was selected for the base case. This value is
considered consistent with the installed costs presented in Exhibit 9-3. It is
assumed that the motor/pump set, voltage regulator and valves will be replaced
during the 20-year financial analysis period. These components are assumedAtb
have a 5-year life and an FOB manufacturer cost of approximately $1,635 in'yéaf
one (Reference 9-7). In the cash flow, this cost is escalated 5% per year (the
assumed general inflation rate for all the base cases) to the year of replacemenﬁ.
The only other cost assumed for‘PV—powered pumping systems is the annual main-
tenance and repair cost. This éost is for items not included in the regular
replacement of components (e.g., lubrication of pump parts, replacement of
brushes if necessary, etc.). For the base case, thes¢ costs amount to 1% of

A

the initial capital cost (Reference 9-7).

EXHIBIT 9-4. Base-Case PV-Powered Pumping System Costs .

SPECIFICATION oo b cost
Initial Capital Costs (FOB manufacturer) | :
- PV Array (2.3 kWp) S o $18,149
- Pump/Regulator/Valves 1,635

Total Capital Cost {819,784

Recurring Capital Costs (FOB manufacturer) AL RS
- Pump/Regulator/Valve Replacement .| $1635 every 5 yearsk:

Other Recurring Costs
(% Initial Capital Costs) T T S TR Bt
- Maintenance and Repair oo 1% yeark o

oo

* Plus the appropriate escalation due9t9fgehé}§i iﬁf1§£i6§

-r
.

2

9.3.2 Diesel-Powered Pumping System Costs

Capital Costs

Initial capital costs (FOB manufacturer)“for‘dieéel gen-gets are .
provided for generators ranging in size from 3 to 25 kwv(Reférence 9-8).

(Diesel gen-sets are not commonly available below 3 kW.) A regression analysis_“
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was performed on the available cost data to obtain a continuous curve of capital
cost over the size range. Exhibit 9-5 presents this cost regression. It is

' assumed that the diesel gen-set will be replaced every 6 years.

EXHIBIT 9-5. Diesel Gen-Set Costs (Reference 9-7)

Unit Power Costs (§/kW) -
(Thousands) .
[-] -
O ™ m
11

Diesel Genvet Rated Power Capaoily (kW)

5 Initial costs (FOB manufacturer) for AC motor/pumps to be used in

 conjunction with the diesel gen-sets for various flow rates at different heads

;‘g:e provided in Exhibit 9-6 (Reference 9-8). It is assumed that the AC motor/
pump and valves are replaced every 5 years. For this particular analysis, the

cost for these items amounts to $1,564.

EXHIBIT 9-6. AC Pump Costs (Reference 9-8)

AC PUMP COSTS
(Actual Data)
“] Flow Rate Head Cost
__ (m3/hr) (ud) ($)
0.6 10 325
0.6 25 325
0.6 40 359
3.0 10 325
3.0 25 325
3.0 40 550
12.0 10 822
12.0 25 822
12.0 40 1,713
35.0 10 1,564
35.0. 25 1,564
. 35.0 40 1,983
9-7



Operating Costs

Operation, maintenance and repa1r costs are szgn1f1cant in dxesel- o

powered pumping systems. These include the costs assocxated w1th fuel, eng1ne

overhauls, and miscellaneous ma1ntenance and repair 1tems.

Fuel consumption rates vary as a function of the sizehof‘thé7é;§{3é;5Z 
the engine's efficiency, the number of hours the engine runs, and the load factor
at which the engine operates. Exhibit 9-7 presents fuel consumption rates (in =
liters/hour) at 1/4-, 1/2- and 3/4-load for gen-sets ranging in size from 3 to
25 kW (Reference 9-9). For each comparative financial analysis, the average load
factor is calculated, then the appropriate fuel consumption rate is selected.

The average number of operating hours is also computed, which allows the total

annual fuel cost to be determined.

EXHIﬂIT'9-7. Fuel Consumption Rates (Reference 9=9) _

20 | S | ) Y T v T T T T Y Y

" Dicsel Genset Rated Power Capacity (kW)

Engine overhauls were assumed to be performed every 3 years. The cost
associated with an overhaul was estimated to be equivalent to 15% of the initial
capital cost of the engine. Miscellaneous maintenance and repair for the system

are assumed to be equivalent to 2% of the system capital cost (Reference 9-7).

The operating and capital costs associated with the base-case diesel-

powered pumping system are outlined in Exhibit 9-8, ‘
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#XHihiTﬁé;B:finése-Case Diesel-Powered Pumping System Costs

SPECIFICATION e cOST
Initial Capital Costs (FOB manufacturer) ) .
- Diesel Gen-Set (6.4 kW) - . $6,754
" = Pump/Valves SR 1,564
Total Capital Cost ' - $8,318
Recurring Capital Costs (FOB manufacturer)_f‘m e -
- Diesel Gen-Set Replacement ©ovo.0].§6,754 every 6 yearsk
- Pump/Valve Replacement T R ¢$1;564 every 5 years¥
Other Recurring Costs R ;
- Engine Overhaul I “‘15% of initial gen-set cost
: every 3 years*+
- Maintenance & Repair | 2% of initial system cost per year*
- Fuel Cost (1,104 liters @ $0. 50/11ter) $552/year* ; : .

* Plus appropriate escalation due to general inflation.
+ Engine overhauls not perf.rmed during replacement vears.




9.4 Twenty-Year Life-Cycle Costs

Using the base-case assumptions, 20-year cash flows are estimated. The .
cash flows for the PV- and diesel-powered pumping systems are shown in Exhibits
9-9 and 9-10, respectively. The results of the cash flows are expressed as the
total net present value cost for PV- and diesel-powered systems (assuming
50m3/day pumping volume and a 25-meter head). For the base case, these cash .
flows demonstrate that PV is a slightly more cost-effective option: the NPV
cost for PV was $31,166, and the NPV cost for diesel was $38,021. '

The complete technical and financial model used to generate theﬁe‘cgqhi
flows and the sensitivity analyses presented in the following sections-is,é?ovidgdi

in Appendix D.
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EXHIBIT 9-9. PV-Powered 'Pum'pi'.ng“ System Twép;yé?e’gi:'j"cdsh -;l?ll.:dlvy";:(‘Bé'sg_;'%@5’&) -

Yer (0 12 3 45 6 7T 8 % BIn R B WS 7 18w
Debt Service £2,905 $2,905 2,705 62,903 $2,905 52,905 2,905 $2,05 42,505 42,05 82,905 £2,%05 $2,905 $2,%5 12,905 82,05 62,905 £2,%05 82,905 £2,%5 £24,729

Operating & Maintenance Expenses:

Mowl Maistenasce 208 S28 229 W S22 SBS 9T 2% S0 2 OB N5 N ORI MRS M S0 25 12,50

? Recurring Capital Costs: ‘ _ ‘ RO HEE N

= Pusp, Reg, Valve Cost  $0 80 0 #0280 80 ® 0 0,3 0 0 40 \'Asoj"u,zkiv SN m 480'1; 80 $0 £3,920
Salvage Value $0 % $0 0 S0 $0 $0 $0 S0 0 $0 'so_:‘.fgo- '-*fs‘of s 80 so ’ so 0
Total Cash Dutflow: $3,112 5,125 £3,134 3,145 $5,76h 3,170 §3, 163 $3,197 3,212 $6,556 §3,203 $3,260 $3,278 $3,296 $7,563 $3,537 3,358 43,361 43,405 13,430

Discaunt Factor (DF)  0.9091 0.8264 0.7513 0.6830 0.4209 05645 0.5132 0.4645 0.4241 0.3855 0.3505 0.3184 0,2897 0.2633'0.‘239510.2176 0.1978 0.1799 0.1435 0,1486
DF = 17({1+DR)*Y) )

NPY Streas $2,829 $2,381 $2,354 $2,148 $3,580 31,789 $1,633 $1,491 $1,342 $2,528 $1,137 $1,037 $949 ¢B4S §1,B11 $726 4564 3408  $557  $S10
TOTAL NPV OF CASH OUTFLON $31,168

Ancual Water Pusped (a3) 17,338 17,338 17,338 17,338 17,358 17,338 17,338 17,338 17,338 17,338 17,338 17,338 17,338 17,338 17,338 17,330 17,330 17,338 17,338 17,558
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EXHIBIT 9-10. Diesel-Powered Pumping_s.',-"s.l:;em Twenty-Year Cash Flow (Base Case) .

Y 0 1200y [ S O TR O T R WO RO SR T ARSI CAON TON | AN B R
Debt Service $1,220 $1,221 $1,221 $1,220 $1,221 $1,220 $1,221 $1,220 $1,221 31,221 $1,221 $1,221 $1,221 $1,220 $1,220 $1,220 $1,221 $1,221 $1,221 $1,221 $10,398
Operating & Maintenance Expenses: J
Annual Maintenance S175 SIB3  SI93 $202 $212  $223 S23F S246 4238 $271 265 €299 431 $329 S366 363 €381 $400 $420  S4AL 82,116
Diesel Engine Overhaul $0 $0 $1,173 $0 $0 $0 0 $0 $1,572 $0 0 $0 $0 $0 $2,106 $0 t $0 $0 0 $2,052
Fuel S50 $609 $639 STL ST0S  4TAD STTT SBU6 4SS B9Y  $VAA  $991 $1,041 $1,093 $1,148 $1,205 1,265 $1,328 $1,395 $1,45 $7,020

Encerrine Capital Replace Cost:

Puag, Reg, Valve Costs $0 $0 $0 $0 $2,495 $0 $0 30 $0 43,184 $0 $0 # $0 $4,004 $0 $0 $0 $0 $0 $3,7%
Diesel Gan Replace Cost $0 $0 $0 $0 $0 811,314 0 $0 ] $0 $0 413,162 $0 E $0 $0 $0 $20,319 $0 $0 $14,372

Salvage 000 0 0 0 90 0 0 N 0 0 0 0 0 K 0 0 0 40 2478 82,08
Total Cash Dut#low: 1,976 52,013 43,225 $2,09 $4,653 $13,498 52,252 42,263 43,07 $5,576 $2,450 $27,678 $2,576 82,604 $0,635 2,789 £2,848 423,249 83,057 ($11,507)
Biscount Factor (IF)  0.9091 0.8264 0.7513 06650 0.6209 0.5045 0.8132 0.4645 o'.izu'_o.;m"q'.,m 0,318 52897 0.2633 0,239 0.2176 01978 01799 0.1635 0,148
WO Strean LTI $1,660 82,000 S1L ST 47,609 81,08 sx.msx.mn,isosmss,m S S 2,00 0 ST SLIE AT (1,72
TOTAL NPV OF CASH OUTFLON 38,021 A BT Bt T

Aanual Water Pusped (s3) 17,338 17,338 17,338 17,338 17,338 - 17,538 17,338 17,338 17

17,538 17,598 17,338 17,538 17,58 17,338 17,338 17,338




9:5 Semsitivity Analyses

The graphs on the follow1ng pages demonstrate the proJected senslt1v1ty£

of ‘the: net present value (NPV) 11fe-cyc1e pumplng cost’ as a funct1on of- changes

,1n slxﬁkey var1ab1es--cap1tal cost, d1scount and’ 1nterest rate, fuel cost,

'h'dlesel system lifetime, insolation and pumping head. The general re1at10nsh1p
' shows diesel-powered systems becoming more cost-effective at 1arger demands.
" This relationship is due to the decreasing costs ‘of d1ese1—powered systems -

versus the almost linear costs for PV-powered systems on a cost per unit volumef

~basis.,

The graphs present data in terms of the ratio between the PV- and
d1ese1-powered system life-cycle costs. Therefore, when this ratio is less
_than 1.0, the PV-powered system is projected to provide lower life-cycle costs.
| for;the’capital cost sensitivity, the NPV costs are presented individually for

']”PV and diesel (i.e., not in ratio form).

The base-case ana1ysls assumes & head of 25 meters.: NPV 11fe-cyc1e

‘bcosts are con31dered va11d for systems where the average pu'p/motor f£1c1ency is

f‘SOZ and pump/motor costs are similar to that used 1n thls analysls. skhﬂ

?Siﬁ;iqf”j Sensitivity to Capital Cost

This section examines the effect of chanéing'capital'costvestimates
for both diesel~ and PV-powered systems. The effect is modeled as a'"cost

multiplier," which is examined at values of 0.75, 1.0 and 2.0, vith 1.0 equaling
the base-case estimate. The range of multipliers is intended to account for

system capital cost variations. These variations can result from different

cost, insurance, and freight (CIF) equipment costs and can account for installation

costs, which are very country- and site-specific. This sensitivity is depicted

individually for PV- and diesel-powered systems in terms of their NPV costs in

Exhibits 9-11 and 9-12.
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EXHIBIT 9-1). Sensitivity of PV-Powered Pumping Costs to Capu:aICoa:

PV Capital Cost
R - Multipller
004 o 075
+ 1.0
v 2.0

PV NPV COST ($)
(Thousands)

-AVERAGE WATER DEMAND (m3/day)

e | RN VRS



EXHIBIT 9-12. Sensitivity of Diesel-Povered Pumping Costs to Capital Cost

Gless! Capital
© - Cost Multiplier
o 0.76

+ 1.0

v 2.0.

DIESEL NPV COST ($)
(Thousaends) .-~

40 —~
04 o

204"

A . "AVERAGE WATER DEMAND (m%/dey) '
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9.5,2 Sensitivity to Discount and Interest Rate

This analysis (Exhibit 9-13) examines the chahgee that occur in
comparative life-cycle pumping costs as the discount and interest rate applied o
to each cash flow is varied between 5% and 20%. As the rate increases from the
10% base-case rate, the obvious effect on both systems is a decrease in overall
life-cycle costs. However, the diesel pumping cost shows a greater decrease than
that of the PV system. This occurs because the diései'cdsh flows have a highé: '
proportion of escalating recurring costs versus the level payments'forfdebt o
services. Therefore, the effective reduction of this escalating diesél cost
burden at higher discount and interest rates produces a greater net present -
value cost reduction than in the PV cash flew, which is dominated by ita_1§rgéff

proportion of levelized debt service.

The graph in Exhibit 9-13 demonstrates this diaptopartionatelimpééﬁ.1‘ 
At a 20% discount and interest rate, PV systems hold an NPV cost advaﬁtage'forl
pumping loads only up to 40 m3/day, whereas at a 5% discount and interest rate, ’
PV pumping systems appear to have an advantage up through approximately 112 m3/day

of pumping demand.

EXHIBIT 9-13. rSenaitivityjqf,PumpingfCoats to Discount-éndfinfefeéffkﬁﬁe:ff?

l-B o ‘ “J",v /' - : . B

1.7 -
1.8 -
1.5 -
1.4 -
134
1.2
1.1 -

1
0.9 -

0.8
L 0.7 -

0.6 -

0.5 -

0.4 -

0.3 -

0.2

0.1 - o cop v

o BT | Lo T ‘ T T

0 S 1000 200 o

. AVERAGE WATER DEMAND (m3/day)
9-16 .

Discount and Interest Rate
S o 6%
o 20%

" PV/DIESEL NPV COST RATIO

AW



f§;5§5iﬂi&“9ehsitivity to Diesel Fuel Cost

. ‘This section examines the changes that occur in domaafativellife-“ ,
cycle pumping costs as the cost of diesel fuel varies from $0.25 paryliter to-

' $0.75 per liter (i.e., 50% lower and 50% higher than the Baae-éaaé'price of
$0.50 per liter). Exhibit 9-14 ghows that for the base case of $0.50 per ‘
liter, diesel-powered life~cycle pumping costs become lower than PV-powered o
costs at pumping loads of approximately 70 m3/day or higher. At $0.25 per
liter, this crossover occurs at 57 m3/day, and at $0.75 per liter, not uatii‘
90 m3/day. Clearly, the higher the diesel fuel cost, the larger the pumping :

demand range over which PV-powered systems have a financial advantage.

EXHIBIT 9-14. Sensitivity of Pumping‘Cos:s to Diéael’Fuei Cost

7€gfhi. f

g - |

-8 //  Fuel Cost |

;E_ 0 $0.25/tr

e ¥ 80.60tx
o $0.75Atr

S0 100 - . =00 300
i ' AMEEAGE‘WAJTEID!JUUGJ(nnsﬁdqy) '
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9.5.4 Sensitivity to Diesel System Lifetime

It has been debated that the lifetime expeétations for diesel
power systems can vary widely as a function of the quality and frequency of
maintenance in developing countries. This section explores the effect on
pumping costs of assuming diesel lifetimes of 3 years and 9 years, as compared
to the base-case assumption of 6 years. The financial impact of varying this
agsumption appears as more or less frequent diesel system replacement costs in
the cash flow projections. While Exhibit 9-~15 shows the base-case diesel |
system becoming less costly at pumping loads of approximately 71 m3/day or
higher, for a diesel 1life of 3 years, this crossover occurs at about 115 m3/day,

and at 9 years it occurs at only 54 m3/day.

 EXHIBIT 915, Semsitivity of Pumping Costs to Diesel Lifetime. :

1o
e

a2
11

0.9 o

0.8
07
0.6

0.5 -

Diesal Litetime

O 3 years

PV/DIESEL NPV COST RATIO
-

0.4
_ O 3 4* + (4] years )
0.2 - ¢ 9 years A
0.1 -
0 - T T
o

' AVERAGE. WATER DEMAND (m3/day)
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\9.5;5”7}ff32h3i£{$i£y‘tb Ihéoiétiohi

s Exhlblt 9-16 preaents a graph compar1ng the life-cycle costa of PV-‘
and dlesel-powered aystems over a ‘range of pumplng demands (m3/day) and at -
varylng insolation levels. For the base-caae ‘average daily 1nsolat10n of
5 kWh/mz-day, the break-even point between PV and diesel costs is about
70 m3/day.‘ By varying the 1nsolat1on to as low as 4 kWh/mz-day and as hxgh aa
6 kWh/mz-day, the break-even poznta range from approxlmately 50 m3/day to 90 m3/day

respectively.

(EXHIBIT 9-16.  Sensitivity of Pumping Costs to Insolation =

K- R
5 KA R
RIS W R
SRR B O
T X DO
: 1.1 -1 .

- 0.9
0.7 -

0.6 e
0.6 - : R “Insolation
0.4 -/ 2 B 4 kWh/m2-—dey

03 | - 4 - 6 KWh/m2~day
BT | o € KWh/m2-day
Qs s T 100 200 800

' AVERAGE WATER nz:mu\m (m:;/d,yJ

 PV/DIESEL NPV COST RATIO
—
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9.5.6 “'Sessitiiity to*Pumping Head

Exh1b1t 9 17 presents a graph comparlng the 11fe cycle c0sts of PV- ”

and d1ese1-powered systems over a range of pumping demands (m3/day) and at
varying pumplng heads (meters) For the base-case pumping head of 25 meters,”
the break-even point between PV and diesel costs is approximately 70 m3/day.
As pumping head is varied to”as low as 10 meters and as high as 50 meters,

the breakeven points range from approxlmately 125 w3/day to 45 m3/day,
respectively. This sens1t1v1ty follows the general relation between energy
demand and PV system financial viability since pumping head times volume

is directly related to energy. PV system financial competitiveness compared

to diesel increases with decreasing energy demand.

'Exhibit 9-17. ‘Sensitivity of PumpinQICOsts tO“Pdmping‘Hesd.'t>”

1.9 .
1.8
1.7 -
1.6 -
1.6 4
1.4 -
1.3
1.2
1.1 -

0.9
0.8
0.7 <
0.8 -
. 0.5
0.4 -

i "“Mlﬂo Hnd "
\v',‘" n A lO meum‘
+ 25 metera

_ PV/DIESEL NPV COST RATIO
=

0.3 1 o 50 metera
0.2 - . f .
0.1 - _

0 . — | T T T T

ey ' AVERAGE WATEE DEMAND (m3/day)
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CHAPTER 10
' COMMUNICATIONS ANALYSIS

The finaﬁcial analysis preséhted in thié chaptér cbmpares PV- and b
diesel-powered microwave repeater systems assuming development agency finanCiﬁg.j
The analysis shows that PV-powered systems are the least-cost option at daily
energy demands of up to 5 kWh, even under unfavorable financial assumptions
(see Exhibit 10-1). When the financial parameters are more favorable, PV-powered
systems are competitive up to 24 kWh per day. These results are consistent
with the substantial number of commercial PV applications that are in place

today.

The graph in Exhibit 10-]1 depicts the ratic of,PV- to dieéel-ﬁbwered
communications life-cycle costs for the best PV case and worst PV case scenarios.
Both scenarios assume 20-year life-cycle costing and development agency financing.
At an NPV cost ratio of 1.0, PV and diesei system life-cycle costs are equal.
Under the best PV case scenario, the five parameters chown on the graph are
adjusted to "reasonable extremes” that favor PV systems. An opposite adjustment
is made under the worst PV case scenario. The area between the two curves

represents a reasonable range of financial assumptions.

Exhibit 10-2 depicts the various cost elements of PV~ and diesel-
powered microwave repeater systems. PV life-cycle costs are equally divided
between debt service (initial system cost) and battery.replacemenc, suggesting
that battery life and cost are important parameters. The cost of diesel-powered
systems 1s heavily dependent on fuel cost. Based on this information and the
sensitivity analyses presented in this chapter, the major cost parameters in
this analysis were determined tc be battery life and cost, fuel cost, and

diesel system lifetime.

The remainder of this chapter discusses the analyses and assumptions

leading to Exhibits 10-1 and 10-2.
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EXHIBIT 10-1. Sensitivi:y’of»""Coﬁﬁi:u‘nicat‘i‘onq Costs to Best and Worst Conditions

1.9 4 WORST FV CASE g
. 1.8 4 4 kWh/m2-day
1.7 4 20% Discount Rate : N B
1.€ | 20% Interest Rate S ey B
9 1.5 - $.26/liter Fuel Cost : R WU o I
3 .
:& 1.4 OYR Dieael Life
» 1.3 &
I -2
O g4 ¥
B 1 -
Z 0.9
v ‘o8 N
L 07+
S 28 BEST PV CASE_
a 0.5 e 6 kWh/m2-day
0.4 - e ce 6% Discount Rate
0.3 - LA 6% Intereat Rate
0.2 1 $.76/itor Fuel Cost
0.1 | 3YR Dieael Life
o v
) 1 T i i i 1 i 4 T i ] 1 4 4 i | 1 L
.0 2 4 G 8 10 12 14 16 18 20
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10.2 fivfﬁe55§iptioh ofefhefﬁaseycdse

The application considered for the base-case communications syéteﬁ <"
was a DC-powered microwave repeater station. The repeater itself was assuﬁed‘i
to be idencical for both the PV- and conventional-powered systems. . Therefore,
the financial comparison is performed only between power systems, excluding
any ioad costs. The base-case power requirement chosen for the typical load is -
a constant 7.2 kWh/day. Maximum daily load is equal to the constant daily load.

Continuous 24-hour operation is assumed to be a critical design parameter.

The base-case conventional power system is a tandem diesel generator
system. It is assumed that the supply of dieselvfuel and PV and diesel spare
parts is never interrupted. The PV and diesel power systems are discussed in

detail in the following sect1ons..

10.2.1 PV Power System Description

» The components for the base-case PV power system for communlcat1ons
b*‘app11cat1ons include: ‘ -
e PV array (2.3 kWp)

o Charge controller

o Battery storage (63 kWh).
Battery storage is sized for 7 days.* The lowest-month dally insolation
incident on the array is 4 kWh/m2-day. ANaLIab111ty of the PV power system is

assumed to be 99.9% (Reference 10-1).

10.2.2 Diesel Power System Description

The diesel power system chosen to meet the base-case requ1rements
N:compr1ses the following components: ‘ '
" o Two diesel gen-sets (@ 3 kW each)

e Battery charger PEvE

e Battery storage (9 kWh).
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The two diesel gen-sets operate alternately for 12-hour periods. Ba:tery
storage is included for short periods of diesel downtime (1 day) caused by

dual failure or time needed for maintenance.

Diesel power system availability, not including breaks in fuel supply,
is assumed to be 99.9%. This high availability 1is the result of having a tandem
generator set, where unavailability is the square of a single gen-set unavail-

ability. Thus, assuming a 97.5% availability of one gen-set, the availability of
a tandem set is [1 - (0.025)2], or 99.9%.
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10.3' - -System Costs

10.3;1« ,PV”fbﬁef“Syétém Costs

The initial capital cost for the PV power system’represents three
components--the array, batteries and electronics. Recurring costs are those
associated with component replacement, maintenance and repair. The PV power
aystem cost breakdown for the communications base case is summarized in

Exhibit 10-3. All the costs presented in this chapter refer to FOB manufacturer,

EXHIBIT 10-3. PV Power System Costs for Communications Base Case

SPECIFICATION S COST

Initial Capital Cost (FOB Manufacturer) . .
- PY Array (2.3 kWp) o $18,182
- Controller ‘ ‘ 909
- Battery (63 kWh} . 9,450

Total Capital Cost $28,541
Recurring Capital Costs (FOB Manufacturer)
- Battery Replacement $9,450 every 5 years¥
- Controller Replacement 909 every 10 years*

Other Recurring Costs
(% Initial Cap. Costs) 4 :
- Maintenance and Repair ’ : ‘ 0.05%/year*

* Plus appropriate cost escalation due .to general inflation.

PV module costs range from $6 to $8 per peak watt as a function of the
magnitude of the order and the potential, in the eyes of the manufacturer, for
future sales. Mounting hardware (e.g., support structure) and array wiring
costs (area-related balance-of-system costs) amount to an additional $0.50 to
§1 per peak watt. For the base case, a value of $8 per peak watt is used as

the total of module and area-related balance-of-system costs (Reference 10-2).

The bacieries used for communications applications are sealed, deep-
discharge batteries, The cost for these batteries is approximately $150 per kWh
and the cost of the electronics is approximately $0.40 per peak watt., (Ref. 10-4).
The batteries are assumed. to need replacement every 5 years and the control

electronics every 10 years., The only additional recurring cost is for annual
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maintenance and repair, which is 0.05% of the total system’isitiai capitzl cost

(Reference 10-2).

10.3.2 Diesel Power System Costs

The capital cost of the diesel"poﬁ
two diesel gen-sets, a battery charger an
for both initial and recurring costs 1s detslleyku_f

presented are FOB manufacturer.

EXHIBIT 10-4. Diesel Power System Costs for:Communications Base Case

SPECIFICATION e R » -COSTS- -

Initial Capital Costs (FOB Manufacturer) A '
$9,541

- Diesel Gen-Sets (2 @ 3 kW)
- Battery (9 kWh)/Charger v 1,350
Total Capital (.1ost»'f”i 5 $10,891 |

Recurring Capital Costs (FOB Manufacturer)3
- Diesel Gen—-Sets Replacement i
~ Battery/Charger Replacement

/541 evéry 6 years® &
' $1,350 every. 5 years¥

Other Recurring Costs

-~ Maintenance and Repair 2% of system cost per year*
-~ Diesel Fuel (6816 liters @ $0 50/1liter)] $3,408/year*

- Engine Overhaul : :f 3?152 ‘of engine cost every 3 years*{

* plus appropriate escalation due to general inflation.
+ Overhauls not performed during engine replacement years.

Although the maximum load requirements can be met with 500-watt
gen-sets, it is necessary to assume the use of 3-kw gen-sets since d1ese1s are -
not commonly available below that size. Costs are based on the same data
assumed in the d1ese1-powered pumplng system (Exhlblt 9-5 from the prev1ous'*f;w

chapter). The engines need replacement every 6 years.

Batteries for the diesel power system are of the sealed deep-dlscharge
variety. The battery charger price is included in the battery prlce, for a
total of $150 per kWh of battery capaclty.- These components sre sssumed to

need replacement every 5 ‘years.
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Fuel consumption rates are based on the same figures ocutlined in
Exhibit 9-6 of the pumping section (Chapter 9). Engine overhauls are assumed -
to require an expenditure equivalent to 152 of the engine capital cost every 3 T
yehrs. Annual maintenance and repalr costs are assumed to be equivalent to .

2% of the capital cost of the system (Reference 10-3).
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10.4 Twenty-Year Life-Cycle Costs

Using the assumptions outlined in the prev'ous sectmns, 20-year cash ‘

flows are presented in Exhibits 10-5 and 10-6 for the base-case PV and d1ese1
power systems, respectively. The results are expressed as the total net presenL
value (NPV) cost for PV and diesel power systems to provide an average of

7.2 kWh/day over tuenty years with 99.9% reliabiity. This base-case value EYIES
$59,230 for PV and $86,529 for diesel. These base-casé values show that at,thef‘
assumed energy demand, the cost of the PV power system is less than that of‘thei
diesel system. Thus, for communications loads less than 7.2 kWh/day (300 watts -
continuous), PV power systems are more cost effective than diesel power systems.
(The model used to develop these NPV cost figures and ;h§.sensitivityianalyseﬁl

that follow is provided in Appendix D.)

. 10-8
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- EXHIBIT 10-5

 Year - 1 e 271314 7 18 139 »
‘ . L - — - - A
Dett Service ©$A,190 $A191 $A191. 94,191 84,191 $4,191 84, 191.$4; 190 $4,151 4,191 84 isi’ss‘iéxi‘ls’s,;éx}y.1911 $5,191 $4 91 $4,191 $4,191 84,191 $35,676

Operting & Maintenance Expenses:

Annual Maintenance $1I5  $16 SI7  SI7  S18 $19 28§21 $22 623 R4 26 427 28 - 430 31 33 S $B 4B 8181

Recwrring Capital Costs:

Battery Replace Cost S0 80 53 $BSIS0T6 D s S8 SO S19M1  $3 4§80 sBSASST S $0 B 3 40 422,65
— Controller Replace Cost 3@ ¢33 $@ 9 8 $0 88 59 SI,B51 $8 9 $B @ 8 88 0 88 8@ $74
T Salvage Value 9 0 8 s 9 s 8 9 s 9 8 @ s ¢ 9 0 W0 8 s8 8 Y
AV}
Total Cash Outflow: $4,285 $4,206 $4,207 $4,208 $19,285 $4,210 34,211 $4,212 $4,213 $25,386 $4,215 $4,216 $4,217 $4,219 822, 778 4,222 $4,223 34,225 $4,227 #4,228

Discount Factor (DF) 89,9731 8.8264 8.7513 0.6839 0,609 @.5645 6.5132 0,4665 8.4241 8,355 8,355 0. 3185 6.2897 0.2633 .2394 B.2076 €.1978 @.1793 8.1635 0. 1486
DF = 17((i+DR}*Y)
N Stream $3,823 $3,476 43,161 $2,874 811,974 $2,376 $2,161 $1,9S $1,787 $9,757 $1,477 $1,343 $1,222 $1,111 $6,689 $919 €835 $760 8691 629

TOTAL NPV OF CASH QUTFLDW  $59,238

PV Systes Generation(kdh/yr) 2,625 2,625 2,625 2,625 2,625 2,625 2,625 2,625 2,625 2,625 2,625 2,625 2,625 2,625 2,625 2,625 2,625 2,625 2,655 2,625



01-01

HIBIT 10-6. Diesel-Powered Communicatio'nsv System Twenty-Year Cash Flow (Base Case)

Year (V) IR SR T

15 16 17T 18 19 @

Dett Service $1,599 $1,599 41,599 $1,599

Operating & Maintenance Expenses:

finnual Maintenance $229 $240  $252 8265
Diesel Engine Overhaul .48 $9 41,657 $8
Fuel $3,578 $3,757 $3,945 $4, 142

Zecurring Capital Replace Cost:

Battery Replace Cost $9 $9 ] $2

Diesel Sen Replace Cos 49 ) $0 $2
Salvage 2 $9 2 9
Total Cash Outflom: $5,485 $5,597.$7,453 $6,006

Discount Factor (DF)  @.9891 0.8264 J.7513 8.6838
DF = 17({1+4DR)*Y)
NV Sireas $4,915 $4,625 $5,600 $4,162
TOTAL NPV OF CRSH OUTFLOM $86,529

Diesel Sys ben (kih/yr) 8626 2,626 2,626 2,626

NV (S

$1,599 1,599 $1,599 $1,599 $1,599 1,599 $1,599 $1,599 $1,539 $1,599 $1,599 $1,599 $1,599 $1,599 $1,599 $1,599 $13614

$278 292 $307 $322 4338 8355 $373 8391 $411 $431  $AS3 #A75  $ASS 526 $550  $S578 2,778
$9 $1,918  $8  $0 $2,229 S0 38 $2,578 80 89 $2,975 S8 S $3,4Mk 8 $8 $5,428
4,350 $4,567 #4,735 $5,835 85,287 $5,551 $5,629 $6,128 $6,425 $6,748 $7,985 $7,439 $7,811 $8,282 $8,612 £9,042 $A3,342

$2, 154 0 $8 80 83 27 W $9 s 9 $3,508 s8  $0 %0 10 $8 $3,237
$9$1593 $8  $3 39 9 382,419 80 40 $8 8 $8 $23,703 Y 0 21,009

$9 9 $@ $9 49 9 ® 0 49 49 $9 $9 49 8 $0 $19,265 42,864
$8,.380 $24,359 $5,781 $6,935 49,444 $19,254 $7,001 $32,108 $8,436 $8,778 $15,621 $9,514 $9,910 $42,473 $18, 761 ($8,846)
9.6203 @.5645 8.5132 € 4565 @.4241 0.3B55 8.3535 9.3186 0.2897 0.2633 9.2354 €.2176 8.1978 38,1799 @.1635 6.1486

$5,204 $13,799 $3,439 83,245 $4,880 33,953 92,734 418,228 $2,444 $2,312 $3,739 $2,07@ $1,951 $7,639 $1,768 (1,196}

2,626 2,626 2,626 2,626 2,626 2,626 ‘2,625 2,626 2,626 2,626 2,626 2,626 2,626 2,626 2,626 2,626




10.5 Sensitivity Analyses

For communications systems,,senéffivity analyées dembﬂétrate ‘the .

effect of varying the capital cost, dlscount and interest rate, d1ese1 fuel

cost, diesel lifetime and insolation on the 11fe-cyc1e NPV cost comparlsons

between PV and diesel power systems. . In each of the following sensitivity: _

analyses except capital cost, the ratlos of the life-cycle NPV ,onts for the o

two systems are plotted against a range of energy demands at several values for
the sensitivity parameters. In the capltal cost analysis, the actual NPV costs

are individually presented for the PV and d1ese1 power systems.

10.5.1 Sensicivicy'co.Capicai?coscg;~»

’ The sensitivity of the life-cycle costs 6f5PV- énd dieaéi—powere&‘
‘communications systems to the capital costs for equipment is compared using
capital cost multipliers ranging from 0.75 to 2.0, where Ehe base case is 1.0.
The sensitivity of communications cost to PV and diesel power system capital
costs is illustrated in Exaibits 10-7 and 10-8, respectively. For the PV
pbwer system, NPV cost is directly proportional to energy demand as shown in

- Exhibit 10-7. The NPV cost for the diesel power system is presented as a
function of a load range (in kWh/day). The use of a multiplier represents the
effect of dlfferent cost, insurance and fre1ght (CIF) equipment costs and

' accounts for 1nstallat10n costs, whlch were not »ncluded in the base case. .

10-11
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EXHIBIT 10-7. Sensitivity of Communications Costs to PV Power System

PV NPV Cost ($)
(Thousands)}

Capital Costs

400 : :
350 - ' RN o
PV Capital Coet RSRA

Multiplier

300
u] 0.75
+ 1.0

250 - -3 2.0

200 ~

150 ~

100 +

80 -
0 2 4 a8 12 14 ‘18 .18 20

EXHIBIT IOfBQ Sens1t1v1ty of COmmun1cat10ns COsts to D1ese1 Power System

Diesel NPV Cost ($)
(Thousands)

Cap1ta1 Costs

210
200 -
190
180

Diese! Capltal Cost
Munliplier

o 076
170 4 + 1.0
o 2.0

3

150 -~
140 -
130 —
120 —
110
100 ~

80 -

70 ‘IT ¥ I i 4 1 I ) i 1 1 1 I I I ¥ 1 l‘ ’;_l

Maximuvin Energy Demand (kWh/day)
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10.5.2 Sensitivity to Discount and Interest Rate

Exhibit 10-9 shows that as the discount and interest rate incfeases,
the demand range over which PV power systems are fin#ncially favorable becomes
smaller. The base case, with 10% discount and interest rates; shows the croabové?
between PV and diesel power systems to occur at about 11.0 kWh/day. .At a rate_ A_L
of 5%, PV is financially moré attractive up to 13.4 kWh/day, while at a 208

rate, the cross-over is at 7.8 kWh/day.

As discussed in the pumping analysis, this shift in the crossover
occurs because of the nature of the PV and diesel cash flows, in terms of |
recurring versus capital costs. The diesel cash flow has a higher proportion
of recurring costs that are subject to annual escalation. The base-case PV
cash flow, on the other hand, is less affected by cost escalation since its
proportionally larger debt service component is levelized over the entire
20-year life of the system. However, since the PV system also has large
recurring costs due to battery replacement, the NPV cost ratio is less

sensitive to discount and interest rate in this application than the others.

_EXHIBIT 10-9. Sensitivity of Communications System Costs to Discount aﬁdﬂlnﬁeregt Rate

2

© 1.9
1.8
N B 2
S W I PR
B BN B
144
1.2+

W

: .0.9 4
0.8

PV/Diesel NPV Cost Ratio
[y

0.7 - interest Pate
0.6 - |
0.5 - a o%
0.4 + 10%
0.3 4 & 20%
0.2 -
0.1 -
. Y I I J i 1 H i 1 1 1 I 1 ¥ H 1 1 LI ) ) :
o 2 4 6 8 10 12 14 18 18, 204,

- Maximum Energy Demand (kWh/day)
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10.5.3 Sensitivity to Diesel Fuel Cost

This analysis examines the effect of varying fuel cost from the base-case '
value of $0.50 per liter. Exhibit 10-10 shows the impact of using fuel costs of
$0.25, $0.50 and $0.75 per liter. While the base case of $0.50 per liter shows
the PV system to be more cost-effective up to demands of 10.9 kWh/day, at $0.25
per liter, the crossover between PV and diesel occurs at about 7.9 kWh/day.
When using the higher cost of $0.75 per liter, PV is the more cost-effective
option up to demands of 13.8 kWh/day. |

EXHIBIT 10-10. Semsitivity of Communications System Costs to Diesel Fuel Cost'

1.9 -
1.8 -
1.7 -
1.6 -
1.5
1.4
1.3 -
1.2 -
1.1 -

094 R Fuei Cost
0.8 - // . O $0.26/liter

0.7 ~ :
0.6 - + $0.50/liter
0.5 - ‘ o $0.76/liter
0.4 - .
0.3 -
0.2
0. v
’ ° T T T )l‘, —T T T T T T 1 e
o 2 4 6 '8 10 12 14 16. 18 20

Mnxlmum Energy Demand (kﬂ'h/dﬁy)‘

PV/Diesel NPV Cost Ratio
[ ]
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10.5.4 Sensitivity to Diesel Lifetime

Exhibit 10-11 demonstrates the effect of using a 3-, 6~ and 9-year
diesel lifetime on communications system life-cycle costs (the’base case uses
6 years). A diesel with a 3-year life results in the PV system showing a Eost;f
advantage up to demands of 14.2 kWh/day. With a 9fyeaf life, this crr)qdve?
occurs at 9.6 kWh/day. | ‘

EXHIBIT 10-11. Semsitivity of Communications System Costs'to Diesel Lifetime

1.8
1.8 -
1.7 4
1.6 -
1.5 -
1.4 -
1.3 -
1.2 -
1.1 -

0.9
0.8 -
0.7 A
0.6 +
0.6
- 0.4 4
0.3 +
0.2 4

PV/Diesel NPV Cost Ratio® =
[ ]

Diesel Lifetime
O 38yras
+ 8 yra -
] 2 yra

Y I 4 ' 1 lb LI ' 1 A I 4 1 ' ' 4 I ' ,\

© 2 4 6 8 10 12 14 16 18 20
Maximum Energy Demand (kWh/day)

. 1,0-11,5 »
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10.5.5 Sensitivity to Insolation

The ratio of communications system costs is somewhat insensxtxve ‘
to changes in insolation. Exhibit 10-12 showa that by varying 1nsolatxon .
from the base-case lowest-month daily 1nsolat10n of 4 up to an insolation 1eve1
of 6 kWh/m -day, the crossover between PV and diesel system attractiveness
ranges from 10.8 to 12.6 kWh/day. This relatively low sensitivity to insolation
variation is due to the fact that the PV power system costs for communications

are heavily influenced Dy battery capacity, which is not directly related to

insolation.

EXHIBIT 10-12. Sensitivity of Communications System Costs'to Insolation -

0.7

PV/Dieacl NPV Cost Ratio
Q
0 -
|

_Insolation
2 4 kWh/m2-day
§ kWh/m2—day
¢ 6 kWh/m2-day

+

0 Ty T T T T Tt
o 4 4 6 a8 10 12 14 16 18 20

Average Energy Demand (kWh/day)
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CHAPTER 11
VACCINE REFRIGERATION ANALYSIS
11.1..©  Overview

The financial analysis presented in this chapter compares PV-powered
vaccine refrigerstion systems to kerosene-fueled refsigerators, assuming
development agency financing. The analysis shows that there is no clear-cut
range of viability for either PV or kerosene systems (see Exhibit 11-1),
PV-powered system viability, for both small and large systems, is always in the

break-even range (or very dependent on case-specific parameters).

The bar charts in Exhibit 11-1 depict the ratio of PV- to kerosene-
powered vaccine refrigerator life-cycle costs for the best PV case and worst PV
case scenarios. Both scenarios assume 20-year life-cycle costing and development
agency financing. At an NPV cost ratio of 1.0, PV and kerosene system life-cycle
costs are equal. Under the best PV case scenario, the five parameters shown on
the graph are adjusted to "reasonable extremes" that favor PV systems. An

opposite ad justment is made under the worst PV case scenario.

The sensitivity analyses in this chapter, and the life-cycle cost
elements illustrated in Exhibit 11-2, indicate which are the most important cost
parameters when comparing PV-powered and kerosene-fueled refrigerators. The
most critical assumptions are related to vaccine wastage, which is a function
of the annual vaccin: dose requirement and system operating availability (the
percentage of time the system operates within the proper temperature range).

It is assumed that because vaccines are a critical item, any vaccines lost due

to system unavailability must be replaced through pure cash outlays. For the
PV-powered systems, the most dominant costs are debt service and replacement

costs, indicating that refrigerator and battery lifetimes are importent parameters.
For the kerosene-fueled refrigerators, the overwhelming cost is vaccine wastage,

due to the low availability of kerosene units.

The remainder of this chapter discusées=the'qﬁhlyses1qn§ assumptions

leading to Exhibits 11-1 and 11-2.
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EXHIBIT 11-1. Sensitivity of Refrigeraticn Costs to Best and Worst Conditions
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11.2 Description of the Base Case

_Thé base-case vaccine refrigeration comparison is between PV~ and
kerosene-pvowered unita. System specifications are taken directly from World
Health Organization (WHO) product information sheets (References 11-1 and
11-2). The cnergy consumption estimates are based on test data at an ambient
temperature of 32°C, with no ice~pack freezing. Although all of the units 4
analyzed are capable of freezing, comparable energy consumption data with freezing
were not available. While system specifications are based on test conditiona,if B
they are considered valid for field operatiou assuming that adequate user

training is provided (Reference 11-3).

An important aspect of system performance is operating availability.
For vaccine refrigeration, availability is the percentage of time the system is
operating within the prescribed temperature range. When availability is less
than 100%, there are both quantifiable and unquantifiable costs of lost vaccines.
The quantifiable portion is the actual cost of the vaccines that are wasted.
From WHO data (Reference 11-1), it was determined that an average liter of
vaccine costs approxim:tely $19. Section 11.3 compares the impact of this
cost for both PV and diesel systems. The unquantifiable impact of lost vaccines
is the potential human cost of not maintaining a reliable supply of vaccines in

developing country health programs.

In the fipancial analysis, the cost of wasted vaccines was quantified

based on the following assumptions:

e A liter of packed vaccines costs $19.

e Fifty liters of vaccines are needed per year. This figure is
equivalent to vaccinating the children and mothers within a village
of about 45,000 people (Reference 11-1). (It is important to keep
in mind that remote health centers that serve 20,000 to 100,000
people have been identified as having the greatest need for solar-

powered vaccine refrigeration (see page 5-1).)

11-3
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The gselected PV~ and kerosene-powered refrigeration systems and their
life-cycle cost comparilsons are described in the following sections. The
comparisons are made on the basis of the net present value (NPV) life-cycle

coat in dollars per liter of refrigerated space.

11.2.1 pv-Powered System Description

The two PV-powered refrigeration systems used in the analysis a:.'e"’baa""‘d;i‘j '

on data provided by BP Solar Systems, assuming a. LEC EV 5750 refrigerator, and
Solarex Corporation, assuming a Marvel 4RTD refrigerator. R

These suppliers have already sized systems for WHO vaccination prograﬁ
specifications. It is assumed that the average insolation incident on the PV
array 1c between 5.8 and 7.0 kWh/mz-day. Battery capacity is sized fcr 5 deys of
n: sun. Both systems included the following components: '

PV Array
Charge Controller
Battery Storage

Refrigerator.

Technical specifications for these two systems are outlided in Exhibit:ll;ﬁgi
The availability (i.e., the percentage of time operating within the feﬁdifédf
temperature range) of PV-powered refrigeration systems is assumed co_ﬁe‘9sz,;
(Reference 11-4). Co

EXHIBIT 11-3. Base-Case PV-Powered Refrigeration System Specifications*
(References 11-1 and 11-2) :

SYSTEM REFRIGERATOR ARRAY BATTERY POWER
SUPPLIER VACCINE STORAGE SIZE SIZE CONSUMPTION

(Liters) (Wp) (kWh) |(kWh/24 hours)
BP Solar 24 198 5.47 0.35
Solarex 80 | 168 3.60

* Basged on 320C ambient temperature, an insolation ofysjwi“~ w;,ﬁ»
5 days no-sun security, and no freezing. A e

11-4




li-‘2‘.2°" _ Kerosene-Powered S; vstem Description

Kerosene-powered refrigeration systems are self-contained units. The
two units selected for this analysis are an Electrolux RCW 42 EK and Sibir 82325.
The technical specificarions for these two systems are outlined in Exhibit ‘11-44“.'
The availability of these systems is assumed to be 502 (Reference 11-4). o

EXHIBIT 11-4. Base-Case Kerosene-Fueleu Refrigeration System Specifications*
(Reference 11-1) . o

- SYSTEM REFRIGERATOR FUEL

SUPPLIERS VACCINE STORAGE CONSUMETION
(Liters) (Liters/24 Hours)

Electrolux 24 0.2

Siber 68 0.7

* Baged on 32°C ambient temperature and no freezing.

\k\\



11.3 System Costs

11.3.1 PV-Powered Refrigeration System Costs

The costs for the PV-powered refrigeration systems were prOVIdEd by
their suppliers in Che WHO product information sheets (Reference ll l) and are
outlined in Exhibit 11-5. The small PV-powered refrlgerator un1t (BP Solar)
selected for analysis costs $3,500, while the large unit (Solarex) costs $4 781
(Reference 11-1). | ' : o

EXHIBIT 11-5. ?VfPoﬁéfe&;Refrig¢r§£{6ﬁ¥8yéieﬁ‘C08£§f(R§féréhcg7Lf¥I);;{

REFRIGERATOR ' COST (FOB MANUFACTURER)

SREEUPRA VACCINE STORAGE (Based on the purchase of 1~-9 units)
SUPPLIER (Liters)
ST SYSTEM A* ' SYSTEM B**
AEG . | 90 e $5,800 84,700

BP Solar . | 24 $,300 | $3,500

Leroy Someri i _$9,628”gui¥;7;,

Polar Produétg : H AT ‘ $5;6z5Q;ﬂ”

Solarex | (a) 80 ' (a) $5,507

() 90 | (b) 86,458
Solavolt (a) 80 | (a)$5,335 1 ta) $4,386
International | (b) 90 ‘ (b) $6,861 . (b). $5,912

* System A applies to areas receiving 3.5-%4.7 kWh/m -day.
Includes 8 days of no~sun security. Assumes no ice-making durlng
periods of no sun. ‘

*% System B applies to areas receiving 5.8-7. 0 kWh/m -day. .‘, ~
Includes 5 days of no-sun securlty. Assumes ‘no 1ce-mak1ng durlng
periods of no sun. : Lo . o [ R
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The PV array has a lifetime of 20 years. The batteries must be

replaced every 5 yeare. The refrigeratbr and electronic controls are assumed to

have a 1life of 10 years (Reference 11-4),
components, the array cost of $8 per peak watt and battery costs of $150/kWh,
are subtracted from the total system cost. Thus, values of $1,096 and $2,897

. are assigned to the refrigerator and controls replacement costs for the BP

To obtain replacement costs for these

Annual maintenance and repair costs
Exhibit 11-6 provides the cost
(Reference 11=5)

Soiar and Solarex systems, respectively.
are equivalent to 1% of the total system cost.

breakdown for the PV-powered refrigeration systems.

EXHIBIT 11-6.

PV-Powered System Costs for Refrigeration Base Case

COST

SPECIFICATION SMALL SYSTEM | LARGE SYSTEM
R BP Solar Solarex (Marvel)
Initial Capital Costs (FOB Manufacturer)
- System Cost $3, 500 $4,781
Recurring Capital Costs (FOB Manufacturer)
~ Battery Replacement $821 every 5 | $540 every 5

’ years* years*
- Refrigerator/Controls Replacement . | 1,096 every $2, 897 every
o 10 years* 10 years*

Other Recurring Costs S S
(% Initial System Cost)
= Maintenance & Repair 1%/year* ~ 1%/year*

*Plus appropriate escalation duef:o general inflation. - '~

Kerosene—Fueled Refrigeration System Costs ‘:

1132

Coats for these systems. are provided by their manufacturers in the
WHO product information sheets (Reference 11-1). System costs are outlined in
' Exhioit 11~7. Based on the purchase of one system, the Electrolux unit used in
the analyais costs $552 and the Sibir unit costs $458.

assumed to need replacement every 5 years (Reference 11-4).

These entire units were

Fuel consumption rates are outlined in Exhibit 11-4, A fuel cost

of $O 70 per liter is used, as outlined in Section 8.2.1.
and repair is equivalent to 10% of the initial system cost (Reference 11-4).

Exhibit 11-8 outlines the kerosene-fueled system costs used in the comparative

Annual maintenance

analysis.‘
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EXHIBIT 11-7. Kerosene-Fueled Refrigetatot System Coste*
(Reference 11-1) K

REFRIGERATOR
REFRIGERATOR VACCINE STORAGE COST
MODEL (Liters) (FOB Manufacturer)
Electrolux RC 65 142 725
Electrolux RCW 65 32 1213
Electrolux RCW 42 EK 24 552
Electrolux RCW 42 EKG 21 775
Siber 52325 68 458

*Baged on the cost of oneyeystéh-ﬁ  “

EXHIBIT511;5§11gérosgné-FuglédfS}&ﬁéﬁfcdﬁ%;ﬂfgf”Réftigération Base Case

SPECIFICATION

COST

SMALL SYSTEM

LARGE SYSTEM

- System Cost

- System Replacement

Initial Capital Costs (FOB Hanufactuter)

Recurring Capital Costs (FOB Manufacturer)

Elextrolux RCW 42 EK
$552

$552 every 5

Sibir
$458

$458 every 5

*Plus appropriate escalation due to geners.

11-8

years* years*
Other Recurring Costs
- Maintenance & Repair 10%/year* IOZ/year*
- Kerogene Fuel (@ $0.70/liter) $51/year* $179/year*
inflation.
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1.6 ¢ ettyéieéiiLifeQCyeie Costs

Twenty-year cash flows for the small and large: PV- and kerosene-
powered refrlgeratlon systems are presented in Exh1b1ts 11-9 through 11 -12,
_In the small case, . the NPV costs for the PV- and kerosene-powered systems are
,$8 252 and $9 406, respectively. The large units hayeLNPV costs of $10,757 fors
the PV system and $10,569 for the kerosene system. Note that, for the large

‘un1ts, capac1ty is 80 liters for the PV system and 68 for the kerosene.

v - The significant financial impact of lost vaccines becomes clear upon
examlnlng the "vaccine wastage'" line item in each of the cash flowas. For the
base case, 50 liters of good vaccines are required per year (i.e., for children
and mothers within a village of approximately 45,000 people). If vaccines are
wasted, they must be replaced at a cost of $19 per liter. 1In the first year,
the PV systems' 95% availability results in losses of only $50. Alternatively,

the kerosene systems' 50% availability produces a first-year vaccine wastage of

$499.

It should be pointed out that the unquantifiable cost of lost vaccines
(i.e., the human cost of not have vaccines when needed) is not included in
this analysis., This cost could significantly alter the comparison of PV to
kerosene. In this analysis, kerosene-fueled refrigerators are marginally less
expensive in some of the sensitivity cases presented.. However, the vaccine
loss from kerosene systems is substantially greater (10 times higher) than that
for PV systems. Therefore, if the unquantifable costs could be quantified, it

would most likely sway many specific analyses in favor of PV systems.

119t
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EXHIBIT 11-9. Small PV-Powered Refrigeration System Twenty-Year Cash Flow (Base Case)

Year (V)" DR B 7. 9 @

- Y COPS
Debt Service $514 8 $514 8514 $S14 8514 4,375

Operating ¢ Maintenance Expenses:

finnual Maintenance 837

89§52 $54 57T 68 . $76 880 $84 488  $93  $MS

Recurring Capital Costs:

.'F Battery Replacesent 9 9 0 0 0‘1,309' $5 ) $9 $2 $1,671 $9 9 $9 ﬂﬁ, 1R 3 9 ] $0 $9 $1,9%7
Py Refrig/Contr Replacement $9 $3 $9 $9 L) $9 9 $9 $8 $2,232 $9 9 0 $9 $3 $8 42 83 $2 $8 4868
Vaccine daste: $50 32 $55 58 6l toh  $B7 $78 874 877 s8] $80 $90 454 499 s184 4189 $114 61290 $126 4694
Total Cash Outflow: $601 $685 $689 6614 $1,928 $62% 4630 8635 642 $4,550 6655 $6E2  $669  $677 42,818 $63  $703 $M2  $72  $733
Discount Factor (DF) 8.9891 @.8264 @.7513 8.6830 8.6209 0.5645 8.5132 8. 4665 8.4241 8.3855 0.3585 0.3186 8.2897 8.2633 8.239% 8.2176 0.1978 @.1739 0. 1635 0. 1486
PD;V—Szr/-e(::M) ! $546 S5O0 8458 8419 ¢1,197 e32 $33 $297 6272 $1,754 4230 4211 $194 4173 4675 8151 $139 ¢128 118 319
TOTAL NPV OF CASH QUTFLOW (PWNPY) =  $8,252
Refr Vaccine Storage Capacity (PVSL) = 24.9 liters
-~
<
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: EXHIBIT 11-10 . Small Kerosene-Fueled Refrlgeratlon System'lhenty-‘[ear Cash Flow g
e - .. (Base"- Case) S : EE I : :

tor T

Debt Service o mmm oo s mmmm B W s s s sl s s %R
Dperating & Maintenance Expenses: v o | | -
Areual Kaintenance 81 S ST SD SA WB M2 M6 S 9 S S8 SIS SIS S SIZT ST SIN s ST
Fuct 50 S56 S SR2 %65 S0 $T2 W5 49 $B3 ST SR $3 S8l s106 SU2 SUT $123 129 $1% 650

Recurring Capital Replace Cost:

Total Systes %eplacewent 2 B s2  $B 381 83 s8  $0  sHSLI2N ® @ $L,A3L 82 89 @ s3 481,304
Vaccine Waste: ) $499 S50 $S58 577 4606 637 $668 782 737 T4 $B12 $BS3  $896 $940  $9A7 $1,937 $1,889 $1,143 $1,200 $1,260 5,841
Total Cash Outflow: $691 722 $7SA 788 81,704 $860 $B99 $940  $983 2,152 $1,875 $1,125 81,177 $1,232 €2,724-$1,35 $1,413 $1,488 $1,550 $1,623

Discount Factor (DF) 8.9091 8.8264 9.7513 8.6830 0.56289 8.5645 8.5132 @, 4665 0. 4241 @, 3855 @, 3585 8.3185 8.2897 0.2633 0.2394 .2176 6.1978 8.1795 0. 1635 8. 1486

:;s:r/-g:m " $629 8537 4566 4538 $1,058 485 $AG1 $A38  $AI7 4830 $377 4358 s:m $324  $652 $234 8288 8266 3253 241

TOTAL NPV OF CRSH OUTFLOM (KNPV) =  $9,406

Refriger Storage Capacity (KSC) = 24.9 liters Refrig Space
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EXHIBIT 11-11. Large PV-Powered Refrigeration System Twenty-Year Cash Flow (Base Case)

Year (1) Mo 13w 15 1% 7 18 19 8

Debt Service s e TRATI ST SRR ST VMR WTRR ST STRR  STRR 85,976

Operating & Maintenznce Expu.;n h

Annual Maintenance 50 33

S5 458
Recurring Capitai Costs:
Battery Replacement 3% $8 9 $0 4861 8 8 9 $2 61,109 ] ] ] $8 $1,403 %9 9 ] ] 43 $1,295
Ref/Contr Replacesent ° $9 9 9 ] ® 9 9 $8 5,899 8 9 . ) $2 ) $ 2 ] $8 42,274
Vaccine Maste: $50 $52  $50 $58  $61 oA $67 $78 74 $77 sB1 $85 498 $94 499 s104 4109 S114 4128 126 4604

Total Cash Qutflow: $802 887 $812 4818 $1,685 4838 $836 4843 4850 $7,830 $855 4873 4882 4891 92,323 4910 9320 931 $U3 $K5
Discount Factor (DF) @.9891 @.8264 B.7513 @.5830 8.6269 8.5545 8.5132 ©.4565 B8.4241 9.3855 8.3585 9. 3186 0.2897 0.2633 8.23%4 0.2176 8.1973 @.1799 &. 1635 €. 1486
zv-s::::nm h $729 8667 8618 8559 81,8456 $AE8  $429 5393 4360 $3,829 4303 €278 €55 4235 $301  $198 6182 168 $ISA  sl42

TOTAL NV OF CRSH OUTFLOW (PWNPV)=$18, 757

Refr Vacc Storage Capacity (PVSC)= 8.8 liters

-V COMPS

$61 066 $57 S71 T4 STB 82 S8 890 $95 39 $104 SUE $115 $121 $127 4688
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' EXHIBIT 11-12. Large Keroseme-Fueled Refrigeration Sysi

igpfIyept};Xeafngéﬁifléwz.

(Base Case) e DR

Year (V)

19 2 .

. , , , Y COS

Debt Service 67 1 T 1 ST ST ST ST S61 S6T S6T ST T 61 67 %61 86T 861 ST 67 8513
Operating & Maintenance Expenses:

frwal Kaintenance $8 S50 SS3 955 58 s61 S6h 6B STl $T5 478 s 6 91 835 4100 S105 10 S16 $122 $SE2

Fuel $188 $197 2 S21T S8 S S22SB4 2T 291 36 SR 3N SN ST SIN SAIR SN $AS2  $ATS 2,275

Recurring Capital Replace Cost:

Total Systes Replacesent  $9 $3 $9 $3 731 ’ 9 $9 $8 4933 ®? “ 3 $9 $1,190 9 $9 33 $9 $9 $1,038
Vaccine Maste: $493 3524 $55@ 4977 o686 4637 668 4782 4737 4774 $812 €853 4896 $34@  $987 $1,037 $1,889 $1,143 $1,209 $1,263 $5,041

Total Cash Outflow: $632  $839 $877 4918 $1,691 $1,085 $1,852 ¢1,181 $1,153 $2,139 $1,264 $1,324 $1,387 $1,453 $2,712 $1,594 $1,671 $1,751 $1,835 $1,924
Discount Factor (DF} ©.9091 0.8264 8.7513 0.6839 0.6209 0.5645 8.5132 0. 4665 8.4241 8,3855 9.3585 8.3186 8.2897 0.2633 8.23% @.2176 8.1978 8.1779 8.1635 0. 1485
g’vlzs:rl'g:m) " $729  $693  $659 4627 $1,850 $567 4940 #5014  $483 8825 $443 $A22  $AB2  $382 $649 8347 $331 $315 €3 4286

TOTAL NPV OF CASH OUTFLOW (KNPV)= $18,569 .

Refriger Storage Capacity (KSC) =  68.0 liters Refrig Space



11.5 Sensitivity Analyseé"'

Sensitivity analyses demonstrate the effect that varying certain 0
parameters has on the life-cycle éost of tefrigefation systems. The parameters
include capital cost, discount and interest rate, kerosene fuel cost, liters of
vaccines needed per year, and kerosene system operating availability. Sensi- _
tivity analyses are performed on the basis of NPV levelized annual cost per
unit liter of capacity to account for different capacities in the large
refrigerator system comparison. A sensitivity analysis was not performed on
insolation because the system specifications were based on insolations :angingi

from 5.8 to 7.0 kWh/mZ2-day.

11.5.1 Sensitivity to Capital Cost

' The effect of varying the capital cpsﬁ of PV and kerosene reffigeration
systems is depicted in Exhibits 11-13 and 11-14, respectively. In each graph,
the NPV cost is shown for variations in the capital cost of 0.75, 1.0, and 2.0
times the base case for both small and large refrigerator systems. The range
of multipliers is intended to account for system CIF capital cost variations.
These variations could result from different cost, insurance, and freight (CIF)

equipment costs and can account for installation costs.

11-14
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11.5.2 Sensitivity to Discount and Interest Rate

Exhibit 11-15 presents the sensitivity of refrigeration costs to
discount and interest rate. As discount and interest rate decrease,
PV-powered refrigeration systems become more cost effective than kerosene

fueled systems beginning at rates between 10% and 20%.

EXHIBIT 11-15. Sensitivity of Refrigeration COvav“ta to Discount Rate

1.9+ B Discount and -
1.84 Lo Interest Rate

T L TR 2] ox%

Lo~ s Y 10%

1864 T ;:."' 20%

PV/Kerosene NPV Cost Ratio

\\\
>
LSS S
I/ Z
NN
N\
AR

"N\ ///éy
NN

N (00

.\7/
V,
7

4

7

7 44///'/
74/
///////;
777

/i

N

Re!ﬁgérntnr Size

e



11.5.3‘¥"Sensitivigy to Kerosene Fuel Cost

This section examines the effect that varying the cost of kerosene
has on refrigeration costs. Exhibit 11-16 presents the ratio of the PV to
kefobéne'NPv costs For kerosene fuel costs of $0.50, $0.70 (the base case) and
-$1;00 per liter, The graph shows that fuel cost does not play a significant
role in the system NPV costs. In all cases, even at a fuel cost of $0.50/1iter,
PV-powered refrigeration systems are shown to be more cost-effective than

kerosene-fueled systems.

EXHIBIT 11-16. Sensitivity of Refrigeration Costs to Kerosene Fuel Cost

Fuol Cost

7] 80.50 fiiter
53] 80.70 /iiter
$1.00 /liter

- o / / A N Y
7/(//’// /. / NN 7
. N
/////// - N \

PV/Kerosene NPV Cost Ratio
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s / /ﬂ NN :',

N

Refrigerator Size
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11.5.4 Sensitivity to Required Liters of Vaccines per Year

For the base-case analysis, it 1s assumed that 50 liters of vaccines ‘
are needed per year. Thus, vaccines lost due to the unavailability of the
system need to be replaced through pure cash outlays. Exhibit 11-17 graphs
the impact of varying the liters of vaccines required each year from 25 tb 100
liters, by 25-1liter intervals. This range corresponds to vaccinating the
children and mothers of villages that have populations of 22,000 to 90,000
people (Reference 11-1). The graph indicates that between 25 and 50 liters per
year, both PV-powered systems become financially more attractive. This resuit
is due to the lower availability of kerosene-fueled refrigerators. Lower "
availability results in higher vaccine wastage and thus higher recurring coste to
replace the lost vaccines. The unquantifiable cost of lost vaccines 1s not ,fi
included in this analysis.

EXHIBIT 11-17. Sensitivity of RefrigerationvCosts,to:Required Liters of'_
Vaccines per Year IR R : S

Doses Required
771 25 litersiyear
Y] 50 liters/year
FZ3 5 Iters/yecer
K] 100 lNters/year

PV/Diesel NPV Cost Ratio ~
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11.5;5’ E Sensitivity to Kerosene System Availability

:‘This sensitivity is closely related to the sensitivity tO“tequifed; f
vaccineé per year (Section 11.4.4), in that it has a stroﬁg impact on vacciﬁé{'
wastage. Exhibit 11-18 demonstrates the effect ofi?arying'kérosene systenm
operating availability’from 20% to 80% on refrigeration comparative costs
(the base-case operating availability is 50%). Increasing kerosenes system
availability from 50% to 80% has a greater impact on the PV/kerosene NPV cost
ratio than decreasing system availability from»soz to 20%. Obviously, as - ;

kerosene system availability decreases from the base case, the attrac;ivengs“ :

of PV-powered refrigeration increases.

EXHIBIT 11-18. Sensitivity of Refrigeration Costs to Kerosene System' Availability:

R
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CHAPTER 12

" LIGHTING AND HOME POWER ANALYSIS
12.1 Overview =~

The financial analysis presented in this chapter compares PV and
conventional (kerosene lamps and batteries) systems for home power, assuming
Jevelopment bank financing. The analysis shows that PV-powered systems are the
least-cost option for small systems under all financial scenarios. Conventional
home power systems of medium and large size are least cost only under the
worst conditions for PV system viability: discount and interest rates between
10% and 20%, insolation of 4 kWh/m? and kerosene fuel cost of $.50 per liter
(see Exhibit 12-1)., The high degree of financial viability of the PV-powered
systems suggests that shorter loen terms (applicable to individual, private
users) would still show PV system attractiveness. For example, in French
Polynesia, 5-year loans to finance these types of systems have resulted in a

substantial expansion of the PV home power market.

The bar charts in Exhibit 12-1 depict the ratio of PV- to kerosene-
powered home power system life-cycle costs for the best PV case and worst PV
case scénarios. Both scenarios assume 20-year life--cycle costing and development
agency financing. At an NPV cost ratio of 1.0, PV and. diesel system life-cycle
costs are equal. Under the best PV case scenario, the four parameters shown on
the graph are adjusted to '"reasonable extremes' that favor PV systems. An

opposite adjustment is made under the worst PV case scenario.

As depicted in Exhibit 12-2, the life-cycle cost of,PVnhpﬁa ppwef
systems is dominated by debt service, reflecting high installed systam costs,
Kerosene-powered sy:tem life-cycle costs are daminated by fuel expenses.
Because PV systems are the least-cost option for all the base casersystems

evaluated, sensitivity analysis graphs are not included in this chapter.

The remainder of thls chapter dxscusses the analyses and asaumptlons

leading to Exhibits 12~ 1 and 12-2.
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EXHIBIT 12-1. Sensitivity of Lighting and Home Power Costs
to Best and Worst Conditions
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12.2 Description of the Base Case -

The base-case analysis concentrates on home power systems, the maJor
components of which are lighting. While de31gn1ng comparable PV-»and conventlonal-‘
powered lighting and home power systems, it is "difficult to' select a unit for )
financial comparison. A common unit for comparlson, in terms of equivalent
lighting power cost, is a net present value levelized annual cost in dollars.
per lumen, where the lumen corresponds to a source light’ intensity. Lux or
lumens/=quare meter is the standard unit of illumination (i.e., 100-200 1ﬁx5,‘"
is a typical level required for reading or working). While lumens or lux may
guide purchasing decisions in industrialized countries, it is believed that

people in developing countries buy on a dollar-per-work-station basis.

‘ Although users generally do not compare lighting systems on the Bésis
of 1umeﬁs, the improved lighting quality (a function of higher lumens) does have
»anfimpact on purchasing decisions. A 20-watt flourescent tube has been shown
toiprovide approximately 100 lux, while a kerosene-fueled pressure lamp will
provide about 12 lux on the same surface (Reference 6-1). 1In developing countries,
this fact is an important qualitative benefit that is not easily quantifiable

in temms of purchasing decisions.

Entire home power systems often involve a m.xture of couventional power
Lsoﬁ:ces.v For example, a typiéai household may use kerosene for lighting and a
car battery to power a radio. This combination of power sources further compli-
cates the selection of a comparison unit. To accommodate these issues, cohventional
home power systems are examined and their associated costs are compared with
-;he'costs of three PV-powered systems (small, medium and large) that could be
used to replace the conventional systems. Lights are replaced on a unit basis
(i.e., one kerosene-fueled lamp is replaced by one PV-powered fluorescent
light). Thus, the increased quality of light produced by using fluoresent lights
is not quantified. For each of the three typical system designs, the financial
analysis compares the life-cycle costs of conventional and PV systems on the
basis of net present value (NPV>-CObt. The conéeptual system designs are

described in the following sections.
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2.1 PV-Powered Home Power System Descriptions

Conceptual designs for three PV-powered systems were developed based

on meeting the demand for typical small, medium and large conventlonal home power
systems. (Conventional home povwer systems are described in Sectlon 12 2 2 )

The PV-powered system components and operating assumptions are as follows. f',rff'
e Small - one 10-watt fluorescent light 0perating‘for 12lh¢hf§fp¢r’day;

o Med1um - one 20-watt and one 10-watt fluoreacenc lxght, operatxng for

6 and 12 hours per day, respect1vely.

o Large -~ one 20-watt fluorescent light operating for 9 hours per day,,
' '1”one 10-watt fluorescent light operating for 12 hours per day,“
and . a 12-watt continuous electrical load (e.g., rad1o)

operating for 9 hours per day.
Each of the PV-powered syatems,cogprise ;he'followlnglcomponenta;i"

e PV array:

e Battery storage

~ o Loads (When calculating the cost of . load dev1ces, only the cost of o
lighting components is used because. other devices, i.e., the
radxo, cost the same as those used in the convent1onal powered

system) .

The batteries are assumed to be a deep-d1acharge type that are replaced every h
5 years. Battery storage is sized for 2 days. "The lowest-month da11y 1nsolat1on
incident on the array is 4 kWh/m2-day. : o . B

S

12.2.2 Conventional Home Power System Descriptions o

Three representative levels of lifestyle/power requirements are established

for the conventional-powered systems. These levels are outlined in Exhibit 12-3.
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EXHIBIT 12-3. Typical Conventional Home Power Systems

COMPONENTS SMALL MEDIUM LARGE
Kerosene Hurricane Lamps - 1 1
Pressurized Kerosene Lamps 1 ‘ . 1 1
12-Volt Car Battery - T 1
‘(esg., for a radio) Tl

, Usage patterns are based on the results of a study performed in Papua
New Guinea (Reference 12-1). This study determined that owners typically keep
one pressurized lamp 1it from early evening until the morning. Those who own
a second lamp (assumed to be a hurricane lamp for the base case) keep it 1it

from early evening until midnight.
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12,3 System Costs

12.3.1 PV-Powered Home Power System Costs

The small, medium and large PV-powered systems are assumed to be
one-, two- and three-module systems. (The method for determining the sizes Qf“

the PV array and battery bank is presented in Section 6.2.1.)

Costs for the three base~case PV home power systems are'outlined'in‘ ‘;
Exhibit 12-4, PV array costs are assumed to be $8/Wp. A simple charge ¢6ntr611er,
typical of home power applications, costs $50. Fluorescent lights cost approximately
$40 each. The batteries are small deep~discharge batteries, such as those used o
in golf carts, and cost $66 per kWh of capacity (Reference 12-2). The maintenance
and repair costs include the replacement of bulbs and ballasts. Battery, con-

troller and light replacement is assumed to occur every 5 years.
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EXHIBIT 12-4,

Small System

Base-Case PV-Powered Home Power System Costs (Refereuce 12-2)

SPECIFICATION

Initial Capital Costs (FOB Manufacturer)
- PV Array (39 Wp) A
Battery Storage (0.3 kWh)

Charge Controller .
Fluorescent Light (1 @ 10 W) .

Recurring Capital Costs (FOB Manufacturer)

- Battery/Controller/Light Replacement . .|

Other Recurring Costs .
(% Initial Capital Costs)
= Maintenance & Repair ‘

Total Capital Cost

Medlum System -

SPECIFICATION

Initial Capital Costs (FOB Manufacturer)
-.PV Array (78 Wp) 4

- Battery Storage (0.6 kWh)

- = 'Charge Controller

- Fluorescent Lights (1 @ 20W; 1 @ 10W)

, Total Capital Cost

Recurring Capital Costs (FOB Manufacturer)
- Battery/Controller/Light Replacement

Other Recurring Costs
(% Initial Capital Costs)
= Maintenance & Repalr

$170 every 5 years* |

Large System.

SPECIFICATION

Initial Capital Costs (FOB Manufacturer)

- PV Array (132 Wp)

- Battery Storage (1.02 kWh)

= Charge Controller

- Fluorescent Lights (1 @ 20W; 1 @ 10W)
Total Capital Cost

Recurring Capital Costs (FOB Manufacturer)
- Battery/Controller/Light Replacement

Other Recurring Costs
(% Initial Capital Costs)
- Maintenance & Repair

9157 every 5 yesras

4%/year%

* Plus appropriate escalation due to general inflation.

12-7
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12.3.2 Conventional-Powered Home Power System Costs

The costs of conventional-powered systems are based on a study per-
formed in Papua New Guinea (Reference 12-1). In this study, the initial cost O
of hurricane and pressurized lamps is cited as $5 and $40 apiece, respectively.
Average spare parts costs are $20 per year for hurricane lamps and $40 per year
for pressurized lamps. Fuel consumption (based on the usage patterns described
earlier) is 40 liters per year for a hurricane lamp and 115 liters per year for

a pressurized lamp. The lifetime of these lamps is 3 years.

The large system includes one automobile-~type battery, with an initial =
cost of $65 (Reference 12-2). Annual recharging costs are equivalent to lQdef”:Ff
the initial cost, or $6.5 per year. A summary of the conventional-powered

system costs used for the base-case analysis is presented in Exhibit 12-5.‘5

12-8
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Exﬁ131f112-5. Base~Case Conventional Home Power System Costs

Small System . . ‘
SPECIFICATION —C0STS
'Initial Capital Costs (FOB Manufacturer) o
'~ Pressurized Kerosene Lamp , $40

t ‘Recurring Capital Costs (FOB Manufacturer)
- Lamp Replacement o e

.Other Recurring Costs

7§40 every 3 yearst |

* $40/year*

- Maintenance & Repair ’ o r
- Kerosene Fuel (115 liters @ $0.70/liter) $81/year*
Medium System
SPECIFICATION COSTS
_initial Capital Costs (FOB Manufacturer)
' = Pressurized Kerosene Lamp $40
- Kerosene Hurricane Lamp )
Total Capital Cost $45

-Recurring Capital Costs (FOB Manufacturer)
- Lamp Replacement

-Other Recurring Costs

$45 every 3 yeara*‘

~ Maintenance & Repair | $60/ year*
- Kerosene Fuel (155 liters @ $0. 70/11ter) $109/year*
Large System
SPECIFICATION COSTS
Initial Capital Cost (FOB Manufacturer)

~ Pressurized Kerosene Lamp $40
- Kerosene Hurricane Lamp 5
- Battery 65

: Total Capital Cost $110

Recurring Capital Costs (FOB Manufacturer)

- Lamp Replacement
- Battery Replacement

Other Recurring Costs
-~ Maintenance & Repair
o Lamps
0 Battery
- Kerosene Fuel (155 liters @ $0.70/1iter)

$45 every 3 years*
$65 every 2 years*

$60/year*
$7/year*
$109/year*

* Plus appropriate escalation due to general inflation.
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12.4 Twenty~Year Life-Cycle Costs

Using the base-case assumptions thaf: have been outlined, ZO-year‘cash .
flows were developed for the small, mediumvahd large PV- and conventional—powered
systems. The results of these cash flows are expressed as the annualized net
present value (NPV) life-cycle cost in dollars per year, as summarized in Exhibit

12-6, The actual cash flows are presented in Exhibits 12-7 through 12-12.

EXHIBIT;12‘6? Summary of Base-Case Life-Cycle Cost Analysis

““iSYSTEM?$;3   | Twenty-Year NPV COST ($)
SMALL MEDIUM LARGE
Py 1,002 1,796 2,674
Conventional | 1,797 2, 447 3,087 .
12-10
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EXHIBII‘ 12— smalli‘-V—Pow System‘l\vem.y-YeatCash Fllorw (Base Case)

Year (V) 19 8

WPV COMPS

Debt Service e s

62 862 $525

Operating & Maintenance Expenses:
fnnual Maintenance $18 19 $$0 2 45 s2l4

kecurring Capital Costs:

HBLT 80 T8 8 s8 40 167

Batt/Ctrl Replace Cost 49 9

80799 W

Light Replacesent 0 0 W RSO I u . B 8 R W R W %

Total Cash Outflow: $79  $88 81 $82 $258 m sas G s S35 6 SR s9 S35 s3SI S10 SR SIG  $166
Discount Factor (F)  0.9091 €.B264 9.7513 9.6830 6.6209 0.5645 6.5132 0.4355 3.241 0.3355 0.3505 ©.3186 .2097 0.2633 0.23% 0.2176 0. 1978 & 1799 0.1635 8. 1485
$v=s::/£:m " 2 %66 61 856 SID M3 e m AW Ma s s 7 85 81 s w0 S18 $I7 86

TOTAL NPV OF CASH OUTFLOW $1,082
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EXHIBIT 12-8. Small Conventional Home Power System Twenty-~Year Cash Flow (Base Case)

Year (V) 9 18 n 5. 16 1718 19 2
Debt Service % %% %6 % %% % % %6 s
Operating & Maintenance Expenses: S | (

Rrual Maintenance M2 H6 M) ISl IS $% ST S w8 e s 79 SA3 67 TSR 4% 4181 S166 s111  eS2

Fael WS 9 S 69 SG M08 SU3TSII9 SIS 6131 M SHS IR SIS) MIGT MI76 - 203 214 81,82
Recurring Capital Replace Cost: » - ' b : , ‘ «

Lamp Replacement Costs 68 $0 458 #0667 M0 OB S0 S0 s %0 . S0 SIh 0 S0 $121 88 49 419

Total Cash Outflom: $132  $141 8286 $155 © $1G2 ’ 237 $178 $187 274 205 15 $316 $C37 S48 8365 6273 287 s422 8315 €331
Discount Factor (DF)  @.9991 8.8264 ©.7513 .6830 0.6209 0.5645 8.5132 8. 4665 @. 4241 @, 3855 9.3505 0.3186 0.2897 8.2623 &.23% ©.2176 0.1978 0, 1799 . 1635 0. 1486
OF = 17(1+4DR)*Y)
NV Streas $128 8116 4155 8106 6101 8134 431 87 U6 $79 ¢76 sief $63 865 887 $99 57 ¢ s 449

TOTAL NV OF CRSH OUTFLON  $1,797
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| EXHIBIT 12-9.. Medi

Year (V)

19 28

Debt Service ‘$116

$116 - $116
Operating & Haintenance Cxpenses: . ' 7
Rrrual Maintenance 3 T S

Recurring Capital Costs:

Batt/Ctrl Replace Cost 80 0 80 40 $3 ° 0 8w sie HO# RB R W w®
Light Replacesent I T T T R R S I T R T S T - S Y T S

Total Cash Outflow: $149  $151 $133  $154 $A27 6158 S160 S163 S165 8513 178 8173 6176 S179 8622 185 €188 1R

-NOV COMPS

$116  $116 987

80 84 sée
®? #® %15
8 8 R

$1% $28@

Discount Factor (DF)  @.9991 9.8264 8.7513 @.6830 0.6209 0.5645 9.5132 0.4665 @, 4241 @, 3855 9.3585 @.3186 0.2897 ©.2633 @.23%4 .2176 90,1978 @.1799 0.1635 @, 1486

DF = 1/7(14DR)}*Y)
NN Streas $136 $125 $115 $165 265 B9 482 $76 $7 $198  s6@  $55 S50  S47 $149 49 837 435

TOTAL NPV OF CASH QUTFLOW $1,796

2 3



EXHIBIT 12-10. Medium Conventional _Home Power System Twenty-Year Cash Flow (Base Case)

Year {Y) B, 19 29

-NPV COMPS

Debt Service M wow e w e e e w w s 9 s %
" Operating & Maintenance Expenses:

Rnmwal Maintenance $63 869 $73 477 480 sB4 489 993 438 4183 168 113 119 $125 $131  $138  $144 8152 $19 8167 753
Fuel $114  $128 126 $132 6138 $145 $153 $168 168 $177 186 $15 A5  $215 $226 8237 4249 4261 6274  $288 $1,3%0

Recurring Capital Replace Cost:

71-C1

Lamo Replacesent Costs 8 8 865 9 8 5 2 8 887 $9 9 si01 $9 0 s117 ) 9 3135 2 8 213

Total Cash Outflow: $184 il%v 70 215 $225 $312 28 9260 $368  $286 4308 $415 4333 $346 $ABB 381 $400  $554  S44D 462
Discount Factor )  0,9091 8.8264 8.7513 0.6830 0.6209 0.5645 8.5132 0.4665 0.4241 0.3855 8.3585 0.3186 @,2397 0.2633 @.23% 8.2176 0.1978 @.1799 8.1635 O. 1486
DF = 1/7(1+DR)*Y)
NV Streax $167 $162 4203 $147 $140 $176 $127 121 $153 $110 185 8132  $%  $S1 $1i5  $83  §79 $18@ $72 59

TOTAL NV OF CASH OUTFLON  $2, 447




. EXHIBIT 12-1

Year (V) 5 YT w19 @

NPV COPS

Debt Service “e184 | SIBA S1BV SIBA  SIBH  SI1B4  $164 $1,554

Operating & Maintenance Expaas: -

Poocal Maintenance 853 435 45 Y seo ST s;bé SIS M2 T uB
— Recurring Capital Costs: T ; S B -
E Batt/Cirl Repl Cost ~ $8  $0. 80 88 SI&7 88 40 " R R -
Light Replacesent 80 0SB S128 S0 D S0 S8 SIE3 S8 S8 40 50 K60 W 8 0 9 8
Total Cash Outflow: 26 $239 K22 U5 2 $S1 S350 S350 K61 G661 SCEI S27h 7B 283 sA01 $233 $299 304 310 317
Discount Factor (DF)  6.9091 8.8264 @.7513 0.5638 @.6209 0.5645 0.5132 0. 4665 0.4241 2,355 ©.3505 8. 3186 0.2897 ©,2633 8.23%4 8.2176 ©.1978 0. 1799 . 1635 0, 1486
o Streaa RIS $I157 $182 $IST SU9 S12 $130 S0 SI1 ST $3h ST SBl STA MR S5k 4S9 4S5 651 7
TOTAL NV OF CASH OUTFLON 82,674 ! |



EXHIBIT 12-12. Large Conventional Home Power System Twenty-Year Cash Flow (Base Case)

g %8 17 1819 2

WV COPS

Debt Service $6 816 8 <816 $16 $16 $16 816 $137

Operating & Maintenance Expenses:

Anmsal Maintenance SR ST7  s81 485 489 s34 338 103 i@

$125 $132 8138 SIS 8152 160 166 $176 $185 885
Fuel $114  $128 $126 $132 4138 $145 $153 160 168 $195 M5 215 226 8237 49 €261 4274 208 91,39
~ Recurring Capital Replace Cost:
]
|
o Battery Replace Cost 9 19 59 899 8 189 63 $120 S S1X $B $146 S $161 8 S177 S8 $1% 9 89 W73
Lasp Replacesent Costs 80 6@  $65 $9 $0 875 8 s $87 s s tiel 9 %0 SII7T 9 $3 6135 W s s2a3
Total Cash Outflow: 200 $382 1288 $332 S244 439 $267 $408 $380 $A39 321 $583 S3R 4530 $584 583 $425 STVE  $AET 489
Discount Factor (DF)  8.9¢91 @.B264 9.7513 0.5830 9.6209 8.5645 8.5132 9.4665 0.4241 8.3855 &.3505 @.3186 9.2897 @.2633 0.233% @.2176 9. 1978 8.1799 2.1635 . 1486
IF = 1/(1+DR)*Y)
MWV Strean $182 3250 $216 6227 8151 248 S137 8186 $161 $169 S113 S186 182 $1AD $121 127 s34 $140 $76 473
TOTAL NPV OF CRSH QUTFLAM 3,087
s -
-~
~




12.5 sensi‘t'iiii g;y‘Anains es

Sensitivity analyses are provided to determine the impact of vatying

capital cost, discount and interest rate, kerosene fuel cost and insolation.

In the ranges of parameters selected the PV-powered systems are always more
cost-effective for small systems. Medium‘sizerconventional systems would be

least costly at discount and internal rates of 17.7% and higher or at insolation =
levels of 2.5 kWh/m2 ~day and lower. Large PV systems were found to be moreucost-t
effective up to discount and interest rates of 13.5% at fuel costs of more than i
$0.48/1iter and for insolation levels above 3.3 kWh/mz-day. Thus, the approach
taken was to show the extreme conditjons under which conventional systems will k

have a cost advantage. Exhibit 12-13 identifies those extremes.

EXHIBIT 12-13. Assumptions Necessary for Conventional Home Power System :

Cost-Effectiveness®
PARAMETER SMALL MEDIUM ~ LARGE N B
Discount and 27 177 13;5y”efif¥l':‘
Interest Rate (%) R
Kerosene Cost 0.15 ‘;** “.0.48,@;5”"
($/1iter) ' » e
Insolation 1.6 25 Tl

*Any single assumption will result in conventional system cost-effectiveness

‘**NPV cost ratio leveled out before conventional systems ‘'showed financial
attractiveness.

- Exhibits 12-14 and 12-15’showithe sensitivity of home power costs to

the.capital costs of PV- and eonVentionai-powered systems, respectively.

12-17°
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EXHIBIT 12-14. Semsitivity of PV-Powered Home Power Coets to Capitsl Cost

PV Capital Cost
Muitiplier

1 rZ o.vs
. N 1o
7% 20
8 / / 2/
3 N/ %
2N BN 7N
N Q\é' 7 N \\/<2> /// ’ A
SMALL MED LARGE -

SYSTEM SIZE

EXHIBIT 12-15. Se@éiﬁiﬁit&;offConvencional Home Power COs;qyﬁ;t¢§gigéigC6gf?’

T e
@ 4 /% gf’s
2 7/ 2.0
g \Y/ .
7N BN
NN
7NN BN
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CHAPTER 13
MULTI-USE ANALYSIS
13.1° Overview

The financial analysis presented in this ghapter compares PV-:andv
diesel~powered multi-use Bystéms, assuming developmehf agency financing, The
analysis shows tnat PV-powered systems are the least-cost option at dai}y
energy demands of up to‘2 kWh, even under unfavorable financial aasumptions
(see Exhibit 13-1). When the financial parameters are more favorable, bV-

powered systems are competitive up‘ﬁo 16 kWh per day.

The graph in Exhibit 13-1 deplcts the ratlo of PV- to dlesel-powered
multi-use system 11fe—cycle costs for the best PV case and worst PV case
scenarios. Both scenarios assume 20-yeaf life-cycle cost1ng and development
agency financing. At an NPV cost ratio of 1.0, PV and diesel system life-cycle
costs are equal. Under the best PV case scenario, the five parameters shown on
the graph are adjusted to '"reasonable extremes" that favor PV systems. An
opposite ad justment is made under the worst PV..case scenario. The area between

the two qurves represents a reasonable range of financial assumptions.

Exhibit 13-2 depicts the various cohtiélemenﬁs of PV- and diesel~-
poweréd multi-use systems. As expected, PV life-cycle costs consiat primarily
of debt service. The diesel life-cycle cost ié dqminated by fuel cost.
~ The sensitivity analyses in this chapter indicate that.discount and interest

rate and fuel cost are the most sensitive parameters when comparing PV-powered

multi-use systems to diesel-powered systems.

The remalnder of thls chapter d1scuases the analyses and assumptlons

leading to Exhibits 13- -1 and 13-2.1

S13-1



EXHIBIT 13-1. Sensitivity of Multi-Use Systems Costs to Best and Worst Conditions

3 Wornt PV Case

2.8 1 4 kWh/m2-day.

2.6 - 20% Disc.and Int.Rate
8.28/iiter Fue! Cost
8Yr. Diasel Lite

2.4 -

e ; " ce
5 1.8 4‘ . .Best PV Case
o
@ 6 ‘é‘ 6 kWh/m2-dsy
E S 8% Disc. and int.Rate

1.4 7 $.78/Fuel Cost
E 1.2 3 Yr Dieset Lite
B 14

.8

g 0.8
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o |
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13.2 Description of the Base Case

The base-case multi-use load is predominantly a deytime’and'evehing
load typical of commercial, academic or administrative schedules; Load devices _
include AC lights and small AC appliances such as radios, televisions, micro-computers
and small refrigerators. The loads are identical for the PV~ and conventional-powered
systems. The annual average energy demand is 10 kWh/day. The maximum energy .
demand is 50 percent higher than the average demand, or 15 kWh/day. ’

The financial comparison presented in this chapter is performed
between PV and diesel power systems. It is assumed that the supply of diesel
fuel and PV/diesel spare parts is never interrupted. '

13.2;1f§',PV'Power'System Description

'An AC PV power system 18 used for the base case. fThefeyetemfincludes

the following cdmponents:

PV array (3.94 kWp)

Charge controller » -
Battery storage (37.5 kWh)Qiﬁj’
Inverter (2 kW). o

~ Battery storage is sized for 2 days. The insolation incident on the arrey is 5
kWh/mz-day. The system is sized according to the graphs outlined in Chapter 7.
PV power system availability is 97.5% (Reference 13-1),

13.2.2 Diesel Power System Description

The base-case multi-use conventional power system consists of a 3-kW
diesel engine. The diesel is used for an average of 12 hours per day and a
maximum of 15 hours per day. No back-up is provided. Diesel gen-set availability
is 97.5%, assuming uninterrupted fuel and spare parts supply.

,13;35"



13.3 System Costs

13.3.1 PV Power System

System costs for the PV—powered mu1t1-use base case are outllned in
Exhibit 13-3.. The PV power system cost in multi-use appllcatlons conslsts of
the PV array, battery storage, control electronics and inverter costs. Base-case
array costs are specified as $8 per Wp. Batteries are assumed to be deep-discha;ge
type, costing $150 per kWh of storage capacity. The controller cost is $0.40/Wp;

and the inverter cost is $1,000 per kW of power demand (Reference 13-2).

EXHIBIT 13-3. Base-Case PV-Powered Multi-Use System Costs .'

SPECIFICATION | o2 'CO8T -

Initial Capital Costs (FOB Manufacturer) s
- PV Array (3.94 kW) e T $31 521
- Battery (37.5 kWh) TP A R 5,625
- Controller oo b 1,576
- Inverter (2 kW) A 2,000

Total Capital'Coét N $40,722
Recurring Capital Costs (FOQB Manufacturer) ;
- Battery Replacement ~ $5,625 every 5 years*
- Controller Replacement .| 81,576 every 10 years¥*
- Inverter Replacement o] $2,000 every 10 years*
Other Recurring Costs
(% Initial Capital Cost) o . ,
- Maintenance & Repair R 0.1%/year*

* Plus appropriate escalation;dﬁéffﬁféédéral'inf13tion-

13.3.2 Diesel Power System

Costs associated with the base-case diesel power system\are outlined
in Exhibit 13-4. The capital cost breakdown for the diesel gen-set is based on
Exhibit 9-5 from Chapter 9. Once again, a 6~year life is assumed. Annual
maintenance and repair costs are projected to be equivalent to 2% of the capital
cost per year. Overhauls are performed every 3 years and cost an equivalent of

15% of the initial gen-set cost (Reference 13-3).

13-4




EXHIBIT 13-4. Base-~Case Diesel-Powered Multi-Use System Costs

SPECIFICATION COST

Initial Capital Costs (FOB Manufacturer) » _ o
~ Diesel Gen-Set (3 kW) s

Recurring Capital Costs (FO3 Manufacturer) R e TR ROEE T S
-~ Diesel Gen-Set Replacement ‘every ‘6 years*

Other Recurring Costs e T NS T S
~ Maintenance & Repair S ) 2% of gen—set cost per year

~ Overhaul Lo . |15% of gen-set cost every 3 years*+
- Fuel (3,408 liters at $0.50/1liter) - : $1,704/year*
* Plus appropriate escalaticn due to general inflation.

No overhaul during diesel replacement year.

+

Fuel requirements are taken from Exhibit 9-7 (of Chapter 9) and are
based on a 3-kW diesel operating at 28% average load factor. It can be seen
from the exhibit that fuel consumption for a gen-set of this size under such
conditions is 0.78 liters per hour or 3,408 liters per year.

13=5

4



13.4 Twenty-Year Lifenyclé Costs

Tne base-case 20-year~1ife-cyc1e cost analyses project net‘present"
value (NPV) costs of $67,715 and $41,486 for PV and diesel power systems,

respectively. The cash flows used to determine these costs are presented in"f

Exhibits 13-5 and 13-6. The crossover between PV and diesel power system costs,

for the base-case conditions, occurs at 6.2 kWh/day average energy demand.

13-6



L-€T1

o/

Year 1 2 3 4 5 6 7T 8 9 w u @2 13 W 15 K- 18 19 2@

NPV COMPS

————

Debt Service $5,979 45,979 45,979 $5,979 45,979 £5,979 5,979 $5,979 85,979 45,979 $5, 979 $5,979 45,979 45,979 5,979 45,979 6,979 45,979 $5,979 45,979 $59, 9
Dperating & !E;intaunce Expenses:

Annual Maintenance $43 A5 S47 w9 2 $55 657 s &3 $66 $78 $13  s7 sal $85 $89 $33 698 103 18 4518
Recurring Capital Costs:
Controller Replace Cost E 9 40 2 2 9 9 E $0 33,209 $9 9 9 9 ] $9 30 8 4 $0 41,237
Battery Replace Cost 9 ] 9 $0 48,974 %@ 9 E €3 $11,453 E 9 40 $Q $14,617 $@ 40 $0 $9 $9 $13,487
Inverter Replace Lost 9 $9 $0 ) 9 $0 $@ $9 $9  ¢4,072 9 3 40 9 $3 30 $3 $9 $9 $ $1,579
Salvage Value 9 9 $2 $9 $0 $9 $9 $9 $9 $2 °? 29 ] $9 $0 $@ ] ) $Q $9 $0
Total Cash Outflow: 6,822 46,824 $6,026 46,828 $15,005 16,034 6,835 36,039 $5,042 424,700 86,049 6,852 46,0856 $6,060 $29, 681 $6,068 $6,072 $6,077 $5,082 36,887

Discount Factor (DF) 8.9091 8.5064 ©.7513 0.6839 €.6289 8.35645 8.5132 @, 4665 0.4241 0, 3855 8,385 6.3186 @,2897 8.2633 ©8.2394 @.2176 @,1978 0.1799 8, 1635 . 1486
DF = 17({1+DR)*Y)

N Streas 5,474 $4,978 $4,528 94,118 $9,317 $3,406 83,098 $2,817 $2,562 49,554 42,128 $1,920 1,754 $1,59% $4,951 $1,32] $1,20]1 $1,093 4994 4945
TOTAL NV OF CASH QUTFLOM ~ $67,715

PV Systew Bereration(kih/yr) 3,559 3,59 3,59 3,559 359 3,59 3,99 3,59 3599 359 359 359 339 3T 3,59 3,59 3,5M 3,59 3,59 3,59



8-¢1

EXHIBIT 13-6. Base—Case Diesel-Powered Multi-Use System Cash Flow

Year (Y} 1 2 3 4

0 ou .o’ B3 W

15 6 07 1B 19 2

Debt Service $S700 $78 TN 70
Operating & Maintenance Expenses:

fnnual Maintenance ti08 8185 s110  $il6

Diesel Engine Overhaul ] $9 81,836 9

Fuel $1,789 81,879 $1,973 42,071
Recurving Capital Replace Cost:

Diesel Ben Replace Ccs $3 $3 ] $8
Salvage $? %9 $9 ]
Total Cash Dutflom: 42,590 $2,684 43,819 2,888
Discount Factor (DF)

DF = 17({1+DR)*Y)
NV Stream

9.9091 8.8264 9.7513 0.6838
$2, 34 $2,218 92,869 81,972
TGTAL NPV OF CASH OUTFLON $41, 486

Diesel Sys Gen (bh/yr) 3,559 3,559 3,559 3,559

$708 708 $798 ST 4700

$122  $128  $134  $141  $148
$9 81,199 8 9 1,388
2,175 $2,284 $2,39 $2,518 $2,643

0 $7,9% W W W

) ® W 9 W
| $2,997 $12,302 $3,232 $3,359 %4, 800
0.6209 ©.5645 85132 0. 4665 0.4241

$1,861 $5,944 $1,659 $1,567 $2,069

3353 339 3,359 3,39 3,599

$700 ST

$155 8163 $171 180 $189
9 89 31,606 88 %0
2,776 $2,914 43,069 $3,213 $3,374

9 0807 8 %

9 8 s s8 %0
$3,632 $3,778 $16,248 $4,094 $4,263
0.3855 0.3505 @.3186 8.2897 0.2533

$1,400 81,324 $5,177 81,186 $1,i23

3,359 3,39 3,399 3,599 3,559

$708 $790 3700

WV COWPS

$700 4700 $704 7T ST $780 $5,93

$198 208 219 4238 $24 253 81,213
$1,6A0 $8 9 $2,153 s 89 $3,387
$3,543 $3,722 $3,96  $4,101 $4,306 $4,521 $21,671

? $8 $9 $14,352 9 $9 $18,585

80 38 $0 s $8,439 $1,254
$6,381 $4,628 $4,825 21,535 $5,248 ($2,964)
8.23% 0.2176 0.1978 0.1799 9.1635 9.1485
$1,500 $1,007 $355 43,873 $858  ($441)

3,59 3,59 3,559 3,59 13,5545 3,559



.13;5g_: i Sensitivity Analyses

‘ The aen31t1v1ty of multl-use ‘system costs to several varlables,f
‘1nc1ud1ng cap1ta1 cost, dlscount and 1nterest rate, d1eae1 fuel coct, d1ese1?h
11fet1me and 1nsolat10n 1s analyzed. The senalt1v1ty graphs are expressed asgf
the ratlos of the net present value 11fe—cyc1e costs for PV and diesel power;{

aystems over a range of electr1c1ty load demanda.

13;55Lfi: Sensitiaityfto-Capital'Costs .

R To demonstrate the sens1t1v1ty of mu1t1-use system 11fe-cyc1e cost”“
to cap1ta] costs, capital cost mu1t1p11era are 8pplled to the PV and d1ese“5’
hpower systems. The mu1t1p11ers vary from 0.75 to 2. 0.' The 1.0 mu1t1p11er,f
.corresponds to the base-case syatem. Varlatlons in cap1ta1 ‘r08ts can. resultﬁ?
from different equipment, customs, insurance, freight or installation costs;z
Installation costs are not ineluded in the“base case. Exhibits 13-7 andtl3+8iﬁ
present the net present value life-cycle costs for the PV and diesel'mnitieuse;i

power systems, respectively.

13-9

oy
\ i



EXHIBIT 13-7.

Sensitivity of PV Multi-Use System Costs to Power
System Capital Costs

450
400 -
350-.
300 -~
250 -
200

150 +

PV NPV COST ($/kWh)
{(Thousands)

100 4 -

PV Capltal Cost
Multiplier

0 0.75
+ L0 i
L6 BO . i

| AVERAGE SNKRGY DEMAND (kWh/day)

s Systm Capital Cos ts

- Dlase! Capital
cogt Multiplier

o 075
+ 1.0
¢ 2.0

-

Sensitivity of Diesel Multi-Use Syatem Costs toi'Power

3 o Y0 -
CH
3
B €01
2
=

.-
<]

80

AVEKAGE ENERGY DEMAND (kWh/dsy) -
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13.5.2 Sensitivity tc Discount and Interest Rate

Exhibit 13-9 demonstrates the effect vstxous dlscount and interest
rates have on the cost of multi-use systems. If a 5% dlscount and 1nterest
rate is used, PV power systems are flna"qlslly advantageous up to demands of
app; oximately 8.0 kWh/day., At a 20% dxscount rate, PV power systems are f1nanc1ally
advantsgeous up. to demands of only 4 0 kWh/day.

EXHIBIT 13-9. *'sen‘s'itiv'ify of nulci-f:uséiAs‘ys’;éq{c’osés to Discount and Interest Rate

- ze
L ze-
24
2.2 -
':fldiﬁifﬂf
1.8 -

e -J i

" lz-"

CoBd - %" Discount and

. 06 - . / 1. intetest Rate
1 o ok

04~ ‘ o+ 10%
0.2 i m v

0 T T T T T T T
e 2 4 6 B 10 12 .14 16 18 20

AVERAGE ENERGY DEMAND (kWh/day)
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13.5.3 Sensitivity to Diesel Fuel Costs

Exhibit 13~10 demonstrates the impact of diesel fuel price changes
the attractiveness ° PV-powered multi-use systems. Varying the diesel fuel

price of $0.50 per litur (the base case) to $0.75 per liter causes the value

below which PV sysiems appear more favorable to move from approximately 6.2

T @

kWh/day to 7.8 kWh/day. Moving to 50% lower than the base case (1.e., $0.25 .

per liter) drops the crossover to 4.6 kWh/day.'

EXHIBIT 13-10. Sensitivity of Multi-Use System Costs to;Diggélyfﬁéigdaﬁt

yo

. z8-
2.8 -
R4
22
el
1.8
1.6 -
C 14
S k-

‘ "Fuel Cost
0.8 / N 0 go0.25
b / A T+ $0.680
0.6 - . ¢ $0.78
0.4 -
0.2 ~

PV/DIESEL NPV COST RATIO

% U ) I 4 I T 1 | ! ¥ ¥ I | 1 1 1 ¥ “l_, B A
o 2 4 6 8 10 12 14 16 18 .20

AVERAGE ENERGY DEMAND (kWh/day)
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13.5.4 Sensitivity to Diesel Lifetime

Exhibit 13-11 shows the impact variations in the diesel gen-set life- B
time have on multi-use system costs. While the 6-year base-case lifetime reaulta
in PV systems having a cost advantage at energy demands leis than 6.2 kWh/day, the
crossovers for 3- and 9-year lifetimes occur at 8. 0 and 5. S kWh/day, respectively..

EXHIBIT 13-11, Sensitivity of Multi-Use System Costs to Diesel,ng—Se;ALifeciﬁg _
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13.5.5 Sensitivity to Insolation

Exhibit 13-12 shows the effect varying insolation has on the comparative
cost of PV and diesel multi-use systems. At 4 kWh/mz-day, PV retains a cost. -
advantage up to daily energy demands of approximately 5.4 kWh. At an insolation
of 6 kih/m2-day, PV is competitive up to 6.8 kWh/day.

EXHIBIT 13-12, Sensitivity of Multi-Use Systeﬁ Costs to Insolgtlbnf
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CHAPTER 14
INSTITUTIONAL FACTORS
14.1°  Intréduétion

In addition to the teéhniéal“énd‘finanéiai factors discussed in previoﬁa“

chapters, there are a number of broader institutional issues that may impact the

performance of PV-powered systems., Although these issues may not be readily
quantifiable, they play a major role in the successful installation, operation,
maintenance, and reliability of systems iu remote locations, across the range"
of end-use applications. Thus, they will need to be considered by USAID and

other donor agencies in the design and develcpment of future PV projects.

This thapter discusses the major institutional issues that have been .

identified in past and ongoing PV projects sponsored worldwide. It was not

within‘the scope of this evaluation to quantify or resolve these issues.

Although the issues have surfated in regards to PV-powered systems, it is

“important to recognize that they apply to conventional- and other renewable-

powered systems as well. Data sources used to identify these issues included:

e Responses to quehtioﬁnaires distributed to~oVef'3001indiQidu&ia‘f

involved in fV7projeéts worldwide (see Apbendii‘A)“‘“
«5iﬁﬁéview'of available reports and articles‘Oﬁﬂéigpificaht‘PV p:éjééﬁbf
e Results from the Round Table Meeting held on November 20, 1985;,

~which addressed broader socio-economiz and planning issues qadodi@tédl

with PV projects in developing countries.
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14.2 Key Institutional IssuesA;

The major institutional 1ssues relating t:b the implementation andj'operat:ion ‘
of PV-powered systems, as determined in this study, are presented below.~""'

14.2.1 Need for Targeted Decision-Maker/User Training

User tréining is one of the most critical componen;s_in the suécesq'bf
PV-powered systems. In particular, training is required in four areas: (1)
operation and maintenance; (2) repair; (3) system specification and abpligatibn; ;

and (4) system management.

Operation and Maintenance

According to evaluation results, there is only a miniﬁél requirement fof
training in general system operation and maintenance (0&M). In most countries,
there appears to be a suitable technical skills base to manage the day-to-day O0&M
requirements of the systems. The exception has been vaccine refrigeration systems,
where training in the capabilities and proper use of the systems has generally
been shown to be ineffective. Users have often placed food and beverages into
the refrigeratore, causing the internal temperatures to rise above the acceptable
limit for vaccines. Although design modifications of the refrigerator compartments
may be made in order to restrict their use to vaccine storage only, appropriate
user training is the preferable solution, from an institution-building perspective,

for dealing with misuse.

Regair

A major problem with system peiformance has been the inability of local
manpower to repair installed systems. In some instances, trained manpower was
unavailable in the area; in others, adequate provision for in-depth training of
local individuals was never made. Increased attention to training in the repair
of electronic equipment (e.g., controllers and inverters) and end-use equipment
(e.g., pumps, refrigerators, lights, etc.) is critical to the success of PV-powered

systems.
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" System Specification and Application

Technical expertise in the specification and application of PV-powered
systems to particular end-user needs 1s probably the most important training
factor in terms of the use and long-term viability of PV in developing countries.
In order for PV-powered systems to have widespread application in these countries,
it will be necessary for local personnel to become skilled in performing resource
and load assessments, developing system designs, writing system specifications,
‘and installing systems. Additionally, training will be required in the -types

and performance of available equipment.

System Management

The last major area in which user assistance is required is in the -
training of managerial-level personnel involved in planning and implementing :
PV systems. These individuals are responsible for the broader issues associated .
with system implementation, such as evaluating and determining the role for PV
in nationul and local energy programs; assigning and supervising technical
project personnel involved in the design, development, installation, operation
and maintanence of PV-powered systems; arranging for the su;ply of spare parts;
coordinating and administering the delivery of systems, components, and spare
parts to designated remote sites; and evaluating user acceptance of these .

systems.

14.2.2 Availability of Spare Parts

Another element crucial to successful long~term operation of PV

- 8ystems 1s the availability of spare parts. Although PV-powered systems require
less support than conventionally powered remote systems, responsive technical
agsistance witﬁ the required replacement parts is vital to any significant
application of PV in developing countries. In many cases. adequate funds for
parts replacement have not been budgeted in the project, resulting in system-

failures and substantial downtime.
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16.2.3  Availability of Financing .

A major impediment to the widespread ubse of PV in lesser developed ‘
countries (LDCs) is the availability of suitable financing for these systems
(most LDCs lack the foreign exchange necessary to purchase these systems on
their own). Although, in a number of cases, rural PV-powered systems are more
reliable and less costly than conventional alternatives on a life-cycle basis,,
the budgeting procedures of host-country government agencies, private firms,
and donor agencies are not geared towards the long-term (e.g., 20-year) capital-
ization of investments. Despite the fact that PV-powered systems have low O&M
costs, their high initial capital costs put them at a disadvantage to less
capital-intensive conventional alternatives. This occurs even though conventional
systems have substantial operation, maintenance, repair and replacement costs--

costs that are frequently not factored into procurement budgets.

14.2.4 Involvement of Local Manufacturers

On an increasing basis, developing countries are requiring that local
firms become involved in the manufacture of system components. This local
production contributes to increased growth in employment and income in these
countries and, in cases where these products are exported, leads to reductions
in trade deficits. Depending upon the skill levels in the country and the existing
manufacturing infrastructure, local production of PV-powered system components
can range from the development ={ batteries, support structures, and load devices
in less sophisticated countries to the manufacture of PV cells in the more

technologically advanced countries.

144245 Involvement of Key Organizations

o There are a number of organizations that should be'involved-iqjiéﬁigiﬂ
"‘menting successful PV projects in the developing world. ‘TheseforgahizAtiqﬁégv

include:

14-4
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e USAID - Within USAID, the Science and Technology Energy Division
should be responsible for informing other agency components and
host—-country governments of the general merits of PV and for performing
pre-investment studies for potential projects under consideration.
Regional bureau staff and missions should be responsible for educating
host-country personnel on specific PV project applications in their

countries and for conducting demonstration projects, as appropriate.

e Other Donor Organizations -~ These organizations, which include the
World Bank, United Nations, and regional development banks, should
play a role in the financing of PV projects. Like USAID, Lhey
maintain centralized energy offices that should be responsible for
informing other agency staff and host-country governments of

relevant PV applications.

- o Host-Country Officials - Both public and private sector individuals
within the host country need to be iunvolved in planning and implementing

PV systems to ensure long-term, widespread use of the technology.

To date, these groups have not worked in a coordinated uand effective
manner. Energy sector personnel at USAID and other donor agencies have not given
sufficient attention to educating other staff members and host—country ministries
on the merits of PV for supplying remote power needs. Education must be focused
on decision-makers in the end-use sectors where PV is a technically reliable
and cost-effective solution. These sectors include health, agriculture, commun-

ications, and water supply.

14.2.6 Existence of Market Imperfections’

A number of LDCs have intervened in the market process in their coun-
tries by imposing trade barriers and energy subsidies that distort the true
economic value of photovoltaics. Among the barriers imposed are tariffs,
excise taxes, licensing controls, foreign exchange controls, import restrictions,
and performance standards. Pricing subsidies are frequently provided for con-
ventional fuels (e.g., petroleum and petroleum products) to make these sources

artificially more affordable to host-country consumers. The result of these

14-5
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trade barriers and subsidies is a distortion of market prices, at both the
national and consumer level, that perpetuates inefficient use of energy in- .

the proponent countries.

14.2.7 Insufficient Resource Data

Credible data on solar insolation levéls‘are key to idéntifying PV
project opportunities in LDCs. This data does not currently exist in any
detailed or reliable form. Efforts by the U.S Govermment (particularly USDOE
or its national laboratories) to collect these data would assist U.S. firms,
donor agcocles, federal export assistance sgencies, and host-country ministries

and private firms in targeting PV markets and projects.
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14.3 Recommendations

Institutional factors play an important role in the successful performance |
of PV-powered systems. However, to date, PV activities have focused on- understanding
and resolving technical and financial issues associated with PV systems, giving |
little attention to the broader institutional issues. Significant advances
made over the last decade in mitigating PV technical problems and identifying
competitive applications for this technology have enabled attention to now
focus on critical institutional issues--the last major area related to successful

PV system performance.

This chapter has identified the major institutional issues affecting
PV systems in the developing world. Listed below are recommended activities that
should be undertaken by USAID and other key organizations to further comprehend

and address these issues.

14.3.1 Conduct Case Studies

Over the past few years, a number of countries, both developed and
developing, have established successful PV programs and projects that are
expected to significantly contribute to national development objectives. The
first recommended item in the institutional area is to conduct case studies of
these countries to identify critical institutional elements that influenced PV
program/project success. Data collected frcm the selected countries should be
cross-analyzed to determine a set of common institutional factors, which can then
be applied to other develnning countries to aid them in the design, development,

and implementation of PV systems.

Institutional data should be collected on: availability/performance of
govermment renewable energy institutions; availability/performance of national
energy plans incorporating renewables; existing policy measures that impact PV
technology investment and utilization (e.g., subsidies, tax credits, pricing
policies, investment allowances, and import restrictions); and existence of local
PV technicians, engineers, and equipment manufacturers. Among the countries to

be considered for study are Mali, Fiji, French Polynesia and Spain.
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14.3.2 Educate PV Decision-Makers and End-Users

Another important initiative required in the institutional area is
the widespread education of decision-makers and end-users concerning PV.
Specifically, decision-makers from national planning agencics (energy and
end-use sectors), donor organizations, and financial institutions need to be
informed about PV technical performance, economics, and applications; the true
economic cost to the country of using conventional energy systems rather than
PV in nmall-scale, remote applications; procedures for incorporating life-cycle
coet methodologies and broader socio-economic considerations into investment
analyses; and the impact various policy measures have on the use of PV in the
country. This information 1s necessary to ensure that decision-makers make
informed choices regarding the use of PV in their country. Data generated from
the case studies above should be used in preparing decision-maker educational

programs and materials.

Project managers, both mid- and senior-level, require training in
system selection, siting, monitoring, distribution, and spare parts management.
Local engineers and technicians need training in system design, installation,
operation, and maintenance. In-country manufacturers require assistance in
identifying PV system components that can be produced locally, as well as in

component production and processing.
Among the tools that could be used in this education process are:

o In-country training workshops for project managers, engineers,
technicians, and manufacturers (both formal classroom training
and on-the-job field training)

o U.S. site training for technical personnel and manufacturers
at U.S. national laboratories and U.S. photovoltaic manufacturing

firms

e Decision-maker seminars (both in the U.S. and at regional sites

overseas)
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iy;fbrochures on water pumping,

‘k“iPVMend-use application brochuresc(
and 1ighting/home power

medical refrigeration, telecommunications

| systems)

?o PV product catalogue(s)'of%available‘U. ’meqnipnentfandLservices;

1433

Provide r'inab'éi‘.ii"Anal‘ysié | é&bb‘éft B

'In addition to providing decision-makers in host-country, U. S. Government,
and donor agencies with key information for their investment analyses (Section
‘.14 3.2 above), there are a number of other activities that could be conducted by
EUSAID to assist in PV project financing. These activities include:

”; Identifying project opportunities in specific countries and working
with multilateral and financial institutions in conducting invest-

" ment analyses

lo. Arranging for financing for technically and economically viable

‘-;dprojects

o;'Arrangingijointfvéntnres bet@één;UlSéféﬁa}ﬁdﬁg%é&@ﬁﬁf&;gﬁﬁiirms.

f14.3743’ “Collect Solar Resource Data

' The 1ast institutional recommendation involves collecting site-specific
'y{resource data for developing countries. These data rould be used by U.S. Government
fdagencies U.S. photovoltaic firmms, donor agencies “and host-country public and
f;private sector organi*ntions in identifying project opportunities.

L Sinco original data collection is extremely expensive and time consuming,
yfresource data could he collected from secondary sources worldwide. Secondary
isources should include U.S. and foreign govermment agencies and private fimms,
Lmultilateral organizations (e.g., International Energy Agency, World Bank, United
$Nations, and regional development banks), and meteorological agencies. Data should
be collected for as many country locations as possible because solar insolation

readings are site-specific, varying significantly across a given country or region.
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In conducting thils task, USAID should work in cooperation with the‘U S. Department

of Energy and its national 1aborator*es.v;j~

Exhibit 14-1 identifies the institutional actors’a“"_QT?C?;Aﬁ‘/_ EQf?thé

above recommended activities.
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4.4 . - Conclusions

Institutional factors play a major role in. the selection application, ’
and performance of PV-powered systems in developing countries. Issues such as
training of system planners and users, availability of spare parts, access to
suitable financing, invelvement of local firms in the manufacturing of PV
components, participation of key organizations, mitigation of trade barriers,
and access to solar insolation data will determine the ultimate success or
failure of PV systems in developing countries. Therefore, it is imperative
that each of these issues be examined and addressed by USAID and other

goverment donor agencies through the proposed recommendations.
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. CHAPTER 15

 CONCLUSIONS .

15.1 Summary

independence from fuel, and minimal maintenance requirements. 'Mostiof;tﬁ

earlier technical problems associated with PV-powered systems have been

The major limitations to implementing PV systems in developing countries arelf;”
institutional support and the lack of long-term financing. ' L

The conclusions reached as a result of this evslﬁstioﬁﬂéeﬁjbéf,“ﬁmarized

as fol}ows:re

¢ -Technical: PV arrays are extremely reliable under all conditions.

"* . The performance of power conditioning equipment and load devices
has varied, but the careful selection of field-proven components
should ensure successful system operation.

o Institutionmal: The institutional support for PV-powered systems has
been the overall weak link in system implementation ir developing
countries. Because PV is a new technology, there is no established
infrastructure to support training, maintenance, and repair.
However, when institutional support is lacking for both PV and
conventional systems, the PV-powered systems are more successful
-due to their lower operation, maintenance, and repair requirements.

e Financial: When 20-year life-cycle costing is used, all five PV
applications are financially attractive at low power loads or in
cases when conventional systems operate inefficiently. This
conclusion is supported by the financial analyses presented in
this report as well as by case studies of programs that have
stimulated the widespread implementation of PV-powered systems
through financing.

N This report provides development agency officials with the infozmation
srequired to assess PV projects. Based on "lessons learned" from past projects,
recommendations are provided for project implementation. The report. also
provides industry with an unbiased assessment of potential applicationn for
their PV products as well as an assessment of product performanee»and suggested

areas for improvement.
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15.2 .  FinancialViability -

Each f1nanc1a1 aaaessment in th1s report ineludes a "best-case/worst-
casa" analyala in an attempt to identify the 11m1ts of f1nanc1a1 V1ab111ty

for PV-powered systems. These limits are summar1zed 1n Exh1b1t 15-1. These

analyses prov1de a general p1cture of when PV syatema are f1nanc1a11y attract1ve ;

for developing country app11cat10ne, uslng development agency f1nanc1ng. They
are, however, based on the cost of today 8 aystema'fthus, changes 1n system '

cost could subatant1a11y alter the v1ab111ty rangea.,f?”’

These viability rangea were deyelobedThyfninaitaneddely ya}yihgfthei

fcllowing parameters:

. o Discount and 1ntereat ‘rate (from 5% to 20%) e
e Fuel cost (from $0.25/1iter to.$0. 75/11terv‘or d1eae1 fuel and

hgifrom $0.50/1iter to $1.0/liter for keroaene fuel)

o. D1eae1 lifetime (from 3 to 9 years)

e Insolation (from 4 to 6 kWh/m? -day) - : e
e Kerosene refrigerator operating ava1lab111ty (from 202‘to 802)

o“Vachne requ1rementa (from 25 to 100 11ters/year) '{};fifﬁg.;f

These parametera were adJusted to thelr extremes in the PV best-caae acenar1o
and to their 0pp031te extremes in the PV worat—cast acenarlo. In Exhibit 15-1,
"PV Least Cost" 1nd1cates the load range at which PV is the least-cost option
even under the PV worst-case scenario. Similarly, "Diesel Least Cost" indicates
when diesel is the least-cost option even under the PV best-case scenario. The
"Break-Even Range" depicts the load range in whith either PV or the alternative

system could be the least-cost option, depending on the parameters listed above.

The v1ab111ty ranges in Exhibit 15-1 show that PV aystems can be the '

leaat-coat option at loada larger than those 1nd1cated by prev1oua studlea :

‘There are three. maJor reasons for this change:

o Recent improvements in the‘cdat and Perfbfhénéeﬂéffﬁv’BY?fémb[,

r~fejaThe aaaumption‘ofhdeyeidbnentﬁageﬁeyffinaneing
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e Careful consideration of the performance of diesei,andskeroseﬁe]

systems.

The following observa:iossfesnfalso:be;msdéﬂfor_esEhrspplicstisﬁ}f:7'

° Pumging' ‘EVen’ﬁndethh Vbxorst-case scenar1o, PV is the lesstF'
cost optlon at loads mor;wthan two t1mes greater than that c1a1med _

by a prevxous landmsrk study sponsored by the UNDP (Reference 15-1).

e Communications: PV-povered systems are competitive for many typical

applications—-a fatt that is not surprising since PV systems a:es

currently being used for commercial applications without favorable .

finaneing.

L) Refrigerstion:. The comparison of PV~ to kerosene-powered system is
always in the break-even range, largely due to the varied performante
- of kerosene refrigerators. This suggests that site-specific parameters

" must be carefully considered.

o Lighting and Homa Power: PV systems are the least-tost Optlon for

‘l'very small systems and are in the break-even range for a11 other’

" gseenarios considered in this evaluation.

o Multi-Use Systems: Smslf—si;e systems can be finapeisily’sisﬁie;‘jw 

One reason that PV systems éowpafe we11‘with'eos0estidsa1 hyégéﬁa ihnuiy-
this analysis is that the ipefficieqciesvof diesel gen-sets aretconsidered.v‘
While diesel gen-sets are not available below 3 kW in size, they are oftemn used
for much smaller loads. This inefficient operation of the gen-set results in
higher fuel consﬁmption, shorter lifetime, and higher maintenance requirements.
Although gasoline gen-sets are available at lower loads than diesel gen-sets,

the discussion in Chapter 8 indicates that these systems are probably more costly’ 

than diesel systems.
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15;3,p”;fiApplieation-Specific_Findings

15.3.1 watéeruﬁbigg«

::_n PV-powered water pump1ng systems (with centr1fuga1 pumps) were conserva-
t1ve1y determ1ned to be compet1t1ve to diesel-powered water pump1ng systems for‘i‘
demands of less than 25 m3/day at a 25-meter head. This is equ1va1ent to
demands of up to 625 m4/day, where m%/day refers to the volume of water pumped
multiplied by the head. The cutoff of 625 m4/day represents more than two
times the viability range determined in the UNDP/ World Bank pumping study
(Reference 15-1) for rural water supply. The UNDP/World Bank study, completed
in 1983, has been accepted by applications experts as being very conservative,

" For vater demands between 25 m3/day and 550 m3/day at a head of 25 meters

(i.e., for 625 m4/day to 13,750 m4/day), PV system viability is dependent on
case-specific parameters, the most sensitive of which are the discount and
interest rate and diesel pgen-set lifetime. Above this range, PV-powered water
pumping systems are not financially viable at the present time. While PV-powered
system costs have been dominated by debt service, diesel-powered system costs

are mostly dependent or replacement and fuel costs.

The overall viability of PV-powered systems isjalse'a.function of
technical and institutional performance. Successful systems have 1ncorporated
careful selection of pumps, motors and controls. The ava11ab111ty and pr0per
use of credible data on solar resource and well yield characteristics has
avoided significant over- and under-sized systems. It has been shown that
effective training corrects misconceived user expectatians and reduces system

downtimes.

15,3;2 Communications

_ ! Photovolta1c-powered commun1cat1ons systems have been proven re11ab1e
‘}and f1nanc1a11y viable, as evidenced by the recent substant1a1 growth in the number
‘of commercial systems. When compared to diesel-powered systems, PV-powered systems
are the least-cost option up to 5 kWh/day continuous load. Loads of 5 to 24 kWh/day
are identified as being in the break-even range, or dependent on case-specific
parameters. In this range, PV-powered system riability is most dependent on

diesel fuel cost and diesel gen-set lifetime. Viability is less sensitive to
- 15-5
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insolation since'Pv-pdﬁeféd?éiétéﬁ“cobts-are:heavily influenced by battery -

capacity. Life-cycle costs for PV-powered systems are split fairly evenly

between debt service and replacement costs. Although a sensitivity analysis
was not performed on battery life, the high percentage of replacement tosts
suggests battery life is an important parameter. Diesel-powered system-life-'f

cycle costs are dominated by fuel cost, followed by replacement cost.

Reliability of PV—powered‘communications systems depends on the .
careful selection of tharge controllers and load equipment that have been
field-proven under the environmental conditions of interest. Careful load
equipment selection is not unique to PV systems, but applies to tonventional

systems as well.

15.3.3 Vaccine»Refriggréﬁion

The financial analyses performed in this evaluatioh do ﬁot ihdiéate‘é“v
clear-cut raﬁge for PV-powered system viability at this time. PV-powered system )
viability, for both small and large systems, is always in the break-even range
(or dependent on case-specific parameters). The most eritical assumptions are
related to vaccine wastage, which is a funetion of the annual vaccine dose
requirement and system operating availability (the percentage of time'the system
operates within the proper temperature range).> It is assumed that betause
vaccines are a eritical item, any vaccines lost due to system unavailability must
be replaced through pure cash outlays. In the PV-powered systems, the most
dominant costs are the recurring capital costs (indicating that refrigerator and
battery life are important parameters) and debt service. For the kerosene-
powered refrigerators, the overwhelming cost is vaccine wastage (due to the
low availability of kerosene units). Assuming the vaceination program tan
support tha use of a large unit (i.e., have enough vaccines to keep the unit '
filled), the ldfger units show lower net present value life-cycle costs. The
relative viability of PV to kerosene units in the small and largé cases is

approximately the same.

PV-powered vaccine refrigération systems have demonstrated reliable

performance in many developing countries. Operating availabiliﬁy of the PV

systems has been significantly higher than that experienced with kerosene-fueled

units. Credible solar resource data and load power consumption data under field '
conditions are fundamental to system sizing.

15-6
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Iﬂs;i:utiehsl'support is critical to'the?success of PV-powered vaccine
refrigeratien'systems.' Effective user training must be-cenducted 80 ‘users
" understand the opeisting principles of the system,‘the‘consequences of pverlosdihgﬁ
the system, and the required maintenance ptoeedutes.! Also, complete coordinstiosjf
with end-user organizations results in an understanding'of the particular |

vaccination program, which leads to more efficient and appropriate system .

designs.,

15.3.4 Lighting and Home Poﬁes_,

~ 'For the typ1cal small systems exam1ned in th1s evaluatlon, PV—poweredf
systems are financially more attractive, even under worst-case conditions. For
medium and large configurations, PV-powered systems may be financially more
attractive, depending on specific technical and financial project parameters.
The conventional power system costs are dominated by fuel costs, followed by

maintenance expenses, The PV-powered systems are dominated by debt service.

The strong financial viability of PV-powered systems suggests that
shorter loan terms (applicable to individual, private users) would still show
PV system attractiveness., For example, in French Polynecia, 5-year loans to
finance PV systems have resulted in a substantial expansion of the PV home

power market.

* The most important‘fechnicsl factor in the successful use of PV-powered
systems is the selectlon of f1e1d-proven, ‘reliable charge controllers. -The
availability and d1str1but10n of spare parts for the loads and power conditioning

equlpment is a bas1c 1nfrastructural need for widespread system 1mp1ementat10n.

15.3.5 5 - Multi-Use Systems

Multi-use systems have been shown to be the least-cost option for
average energy demands of less than 2 kWh/day. Between 2 kWh/day and 16 kWh/day,
PV system financial viability is in the break-even range (dependent on case-
specific parameters). Above 16 kWh/day, PV multi-use systems are not viable.

In the break-even range, the discount rate and diesel fuel cost are the most
sensitive variables. In ‘general, PV system life-cycle costs are dominated by

debt service, and diesel system-life-cycle costs are dominated by fuel cost.
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Techn1c811y, photovoltalc mu1t1-use systems have been successfully TR
fielded. However, the re11ab111ty and complex1ty of power cond1t1on1ng equ1pment
mugt be rarefully cons1dered in the design of these. types of systems. Small o .

stand-alone inverters have had a relatively poor field performance retord. As

a result, applications experts have thosen to design DC systems whenever possible.
However, DC is not an option for mini-utilities. For load tenters, the detision

between AC and DC is based on the commercial availability of DC loads.

A local infrastrueture for managing power is required'for suctessful
application of multi-use systems. The power management strutture for PV-powgfed -
systems is similar to that for tonventional systems. The detision to design
one large (mini-utility) system or many decentralized systems (load centers)

is a major rural electrification polity issue.
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15.4 =~  Recommendations

Based on the revieé of past projects, the assessment of current
technology status, aﬁd the financial analyses, certain recommendations can be
made for implementing PV-powered systems in developing countries. These re-
commendations, which are summarized in Exhibit 15-2, cut across all five selected
applications. They are based on an assessment of those factors that were most
prevalent in successful systems and notably absent in unsuccessful systems.

These recommendations are oriented toward suppliers, users, and financial

institutions.

15.4.1 Technical Recommendations

Although most PV systems have performed reliably, there have been~somg.<
"lessons learned.” Factors that contributed to system failure included (1} com-f,
ponents that were not field-tested under similar conditions; (2) systems not . g
properly designed to meet the required load; or (3) improper system operation.

The following recommendations address these concerns.

Select Field-Proven Components

Major components include PV modules, balance-of-system equipment
(power conditioning and batteries), and load devices. Users have acknowledged
that flat-plate PV modules made from crystalline silicon have proven their
reliability and durability in the field. (Concentrators and amorphous silicon
modules were not examined in this evaluation due to minimal field experience
with these technologies in developing countries.) Successful PV-powered systems
have used simple, field-proven power conditioning devices that have been designed
to withstand specific environmental conditions. The type and capacity of
batteries were properly selected and loads were chosen based on their field-proven

durability.

Balance-of-system equi pment and load devices have not been as reliable
as PV modules. Therefore, these components should be selected based on their
demonstrated field experience and the availability of replacement parts. Many
of the problems associated with end-use devices have been related to poor quality

control and/or misuse, rather than to serious design flaws. The failures have

15-9
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TECHNICAL

Select field-proven
components

- Tested under similar -
conditions

Obtain and properly
use design data

- Load, solar,
weather data

Provide user-oriented px oénnf;"

engineering

- Design components for
simple user interface

- Anticipate operating
errors

EXHIBIT 15-2. Recommendations

FINANCIAL

e Evaluate viabilityl~:“
using life-cycle costing: -

e Utilize financing mechanisms
for developing countries

— Development agencies
and banks

INSTITUTIONAL

Establish field service
capability

Management of technical
support and spare parts

Provide training at all
levels

Operation and- maintenance
Fault detection
Repair- S

Coordinate activigiés'ﬁifﬁ?éndéusers

Local owmership and
responsibility ‘
Early involvement of users



under deve10p1ng ountry COﬂdlthﬂS-v Over the past 3 years, new

Obtain and Properiy'Use4besign Data

o Sutcessful systems depend on the ava11ab111ty and properiusef'
-“load;:resource, and’ meteorolog1ca1 data.' Load data are related to’ clther~use
'rdemand (m3/day, kWh/day, ett.) or equlpment demand (power consumptlon) Resource
’data refers to the solar inasolation and, 1n the case of pumping, the water ':p
characterlstlcs at the s1te. Meteorologlcal ‘data include insolation, temperature,ﬂg
hum1d1ty, and other weather c0nd1tlons. The meteorolog1ca1 factors can. lmpact '

equ1pment power demand.

, ‘ A11 uf these data are’ cr1t1ca1 to select1ng the most approprlate o
system conflguratlon. %uccessful cystem users ‘frequently mon1tor test 1nstallat10ns
to camp11e load performante and resourcte character1st1cs.to.gu1de aubsequent

system designs. Specific operating design experience with a number of systems

in a given environment has provided valuable design inlormation to aid in

avoiding tostly systems resuliing from overdesign and poor performance due to

underdesign.,

Provide User-Oriented. Product Engineering:

. User-orlented product engineering refers to deslgnlng components for

. an uncomp11cated user interface. - It involves us1ng m1n1mal 1nstrumentat1on and
“s1mp1e controls and anticipating potential operating errors. - Any 1nstruments and
‘ controls provided should be tlearly labeled in the appropriate local language.
‘While vast improvements have heen made, these produtt:engineering contepts must

ultimately be extended to total system design across all the applications.

15.4.2e ~ﬁInstitutiona1 Retommendations

The lack of strong 1nst1tut10na1 support for operatlon, malntenance,
repair, and tra1n1ng has been the weak link to successful PV system 1mp1ementat10n.

In part, PV systems suffer from the grow1ng pa1ns of a new technology. PV systems
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actually require less institutional support than most convent1onal power systems.

However, because it is a new technology, the m1n1mal support requ1red often 1s :

not available. This results in the inability to use an otherwise rehable - ‘
system and in the false perception that PV, as a technology, is not re11ab1e.3

The following recommendationc are 1ntended to help m1t1gate these concerns.,§$

Establisu Field Service Capsbriity--\ﬂi

The eff1c1ent management of techn1cal support snd the procurement of
spare pa.ts are essential to the long-term re11ab1e operst1on of PV-powered
systems. While field experxence has shown that ‘PV-powered systems requ1re 1ess
support than other remote technologies, responsive technical assxstance w1th s
the correct replacemeat parts is vital to any significant application of PV
technology in developing countries. The infrastructure necessary to support
the management of PV parts and expertise is the same as that needed to ggpébgt.ff
any other technology. In fact, under equally poor infrastructures, ?V7P0Véféa_u”
systems have been shown to be more reliable than conventional alternativesiduelipp

to lower requirements for operation, maintenance, and repair.

Provide Training at All Levels

Suppliers of successful systems have provided effective trsiningtto:
users and repair personnel., Suppliers of these systems, have ensured user. |
understanding of system operation and of the consequences.of system misuse.

Field reports have indicated that improved user training in basic‘maintenance['p
and trouble-shooting, coupled with adequate documentation (in the local lsnguage)
and spare parts, can reduce downtime. Technical personnel must be effectively '

trained to perform more complicated maintenance and system repairs.

, Coordinate Activities with End-Users

' The importance of working with the sppropristeihost:oountry‘séencies o
and local implementation organizations should be recognized,_%Ihis factor is
| reievant not only to the application of PV-powered systems,'but also to that
of other technologies. Frequently, these in-country organizations are in a
position to install sample systems, to assist in user training and to help

provide data needed for successful des1gn and equ1pment select1on.- _ o .
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Another factorlessentialito succegsful system implementation is a
feeling of local ownership andvresnonsibility among end-users. Successful
systems have also taken user expectations and cultural preferences into account
throughout the design‘ construction, and operation phases. Early involvement -

of the end-user in the decision-making process has allowed communities sufficient

time to plan for successful PV system implementation and management. While ~;;
this factor is critical to the implementation of any technology, user expectationhﬁ
' are more likely to be unrealistic when dealing with new. technologies. . i

15.4.3 :FinancialfRecommendations

The financial analysis presented in this report demonstrates that PV
systems can be the least-cost option on a life-cycle basis, even though initial «Vi
scapital costs are 50% to 100% higher for PV systems. Although this is not new
information, it 18 now being presented in conjunction with a substantial body of
information on the cost and performance of PV and conventional systems. For PV :j
systems to gain wide acceptance in developing country applications, two actions H
must occur. First, those responsible for selecting developing projects must
use life-cycle costing in their financial assessment. Second, those responsible
for developing PV projects must utilize the many financing mechanisms  that are

" available for developing countries.

Evaluate Viability Using Life—Cycle”Costing 'l

As‘compared to remote conventional technologies, PV power systems
generally have a'high initial capital cost; however, assuming financing can be
~ obtained, PV-powered systems have been shown to be more cost-effective on a
life-cycle basis for significant load ranges in each application. For all
applications except communications and lighting and home power systems, institu-
tional loans, as opposed to commercial loans, are required. Government policies
for subsidized loans for lighting and home power systems have allowed indivi-
duals to become purchasers. The intensive nature of PV system iritial capital
cost is exemplified through the sensitivity of the net present value life-cycle
cost to the discount rate. At high discount rates, PV systems are less attrac-
tive because their costs are dominated by a large proportion of levelized debt
service. Conventional systems, on the other hand, are dominated by recurring

costs, which are reduced at higher discount rates.
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Utilize Financing Methanisms for Developing Countries

Most significant development projetts in developlng countr1es arev'

funded by long-term loans under favorable terms. These loans are generally:f"

provided by development agencles establlshed to promote progress 1n certa ny“

areas of the world.

Photovoltalc-powered systems have been shown to be a valuable tool fo:v
promoting progress in the underdeveloped areas of the world. The f1nanc1al analyses.;
presented in this report show that small PV systems are generally the least- cost |
option from the viewpoint of development banks, even though their 1n1t1al
capital tosts are much higher than those of convent10na1 systems. While thereff;
has been uncerta1nty and disagreement over the status of PV systems in the past,l-

a substantlal body of information now exists to address most of these earlier .
uncertainties. Th1s information, Wthh is summarized in this report, should
stimulate the use of PV systems in 81tuatlons where their appllcatlon is the.U"

best thoice, technlcally, financially, and institutionally.
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"APPENDIX A: ~SUMMARY.OF QUESTIONNAIRE RESPONSES
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This appendix intludes statistieal information on the questionnsires

(Exhibit A-1); vopies of the two questlonnalres that were d1str1buted, a

Questionnaire Summary Response Table (Exh1b1t A-Z), a 115t1ng of all prOJects

experiente. Two s1m1lar quest1onna1res, 1abe1ed¢;PrOJect F1e1d Ques 1om

"projest Questlonnalre," wer sent to two- baslc part1c1pant groups.i:fJ

and manufacturers. The end-user group 1nc1uded USAID M1ss10ns.; M1ss1ons were
requested to dlstrlbute the "f1e1d"'ouestxonna1re to pert1nent host-oonntry_i
1nd1v1dua1s, organlzatlons, and government agenties that may have d1r"3geiﬁi‘33
experience w1th photovoltalc appllcatxons.s

The "proJeLt" questxonnaxre was d1rected ‘at manufacturers 1n both develo“ed

and less developed countr1es in order to solxcxt f1e1d experxence_and current cost

information on PV systems.
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Exhibit A~l Questionnaire Statistics

Field Questionmaire Project Questionnaire
# Sent - 162 14l
i# Undeliverable SRR 0 6
Effective # Sent o 162 S135
# Answered Through Interview : ?! SRR | 2t

# Returned i S 36
Effective # Returned (% of ef £ # sent:)‘,b.\,~ 537
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PV PROJECT FIELD QUESTIONNAIRE

To the person filling out this questionnaire: please provide thg fd;ipé;pgj; 
information. . T T

Your Name

Mailing Address

Telephone No. (ifvdiéliﬁﬁi

Telex No. (if avai;éﬁié)_

Position

Role with Respect to
PV System or Project

Please fill in the following questionnaire to the Best'of your ability, or pass
it to the appropriate individual. If you feel you cannot answer a question '
please write in "Do Not Know" or "DNK" : '




L

2.

" PROJECT DESCRIPTIONS

Please provide a simple description of photovoltaic projects in your

country.

Describe PV systems which represent the general design and

observed performance of systems in each of these application areas:
vater pumping, grain grinding, refrigeration (vaccines), communication,
lighting, village electrification, and water desalinization and puri-

fication.
training, commercially viable, etc.).
vide reports on specific projects.

1. Project Title/Location

Explain the purpose of the system (such as demonstration, Ré&D,
Where possible, reference or pro-

Application

| Purpose

Sponsoring/Funding Agency

In-Country Participating Agency

" Installation Date
PV Array Size

Current Status of System:

Explain:

Equipment Supplier .
Watts SR

Working

,2‘

* 2¥;
(IR

. '(

Nof'wdfiing’ T

Project Title/Location

Application

'Purpose

Sponsoring/Funding Agency

In-Country Participating Agency

Installation Date

Equipment Supplier

PV Array Size Watts
Current Status of System: Working Not Hq:king?f~
Explain: ‘ '
A5



3.

5.

Project Title/Location

Application

Purpose

Sponsoring /Funding Agency

In-Country Participating Agency

Installation Date
PV Array Size

Current Status of System:

Explain:

Equipment'Subpi;éf Lo
Watts S

Working

Project Title/Location

Application _

Purpose

Sponsoring/Funding Agency

In-Country Participating Agency

Installation Date
PV Array Size

Current Status of System:

Explain:

Equipment Supplier

Watts

Working Not Wofk#ﬁg;

Project Title/Locatidﬁ'"

Application

Purpose

Sponsori j/Funding Agency

In-Country Participating Agency

Installation Date
PV Array Size

Current Status of System:

Explain:

Equipment Supplier _

Watts

Working ___ Not VWorking

AN\



11. PERFORMANCE OF SYSTEMS
A. Technical

What has been the observed technical performance of photovoltaic enerxgy systems
installed in your country? Consider and describe experiences in each major
application area. Where possible, explain both problems and positive experiences
with systems and individual components such as PV array, batteries, controls,
instrumentation, and loads (pumps, refrigerator, lights, grain mills, radios,
etc.). Use additional paper if necess&ary.

1.  Reliability

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

3. . ‘Hﬁ;gtg@ﬁnée,gnq Repair

,fﬁ‘. _ Hq#é]any(problems emerged with user acceptance of PV systems?

-

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




B. Financial

To the extent possible, please provide the financial data specified below. Use e
any recognized currency and provide currency year (for example, 1980 dollars).

Please be as detailed as possible and identify those numbers that are estimates.

When data is not available 1n the units indicated, please provide any relevant
information. For example, "Currently a Honda 400 Generator Model MD-4 1ig

§900.00" or "10 liters of diesel fuel cost 12 Zimbabwe dollars in Harare in

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

l. 1f available, what is the current comrercial capital cost of PV power
in your country? (Modules, packaged system costs, by application, etc.)
Use recent projects (within the last year) as examples if necessary '

2. What operating costs are associated vith PV cystems (number of persons.'
cepability and pay, rste, hours/months in operation or lupport)?

3. What is the monetary value of the following products in rural areas of
the country?

e Water (from what depth?)
® Ground grain (what grain? grinding costs only.)
® Electricity (from what source? organization?)

4. Couwparative energy costs in rural locations (civcle correct units)
Electricity per kilowatt~hour |
Diesel Fuel per liter or gallon
Kerosene Fuel a per liter or gallon‘

Gasoline Fuel égr liter or gallon

Wood per pound or kilogram
Hunan Labor per day or hour (indicate type of work)

Animal Labor per day or hour (indicate type of work)

“\



3.

l.

2.

Capital costs and expected lifetime for other technologies:

Diesel Engines: Cost A Size:f l. : Expeéted Lifetime
Gasoline Engines: Cost L Siéél‘ Expected Lifetime
Portable Cenerator: Cost ';?’E'éite Expected Lifetime
Kerosene Lamps: Cost ":f TSiéé Expected Lifetime
Refrigeration (kerosene): Coat'_;_;__ Size ____ Expected Lifetime
Water Pumps: Cost Size Expected Lifetime

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

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

Institutional

How have local communities received the installation and use of PV systems?

To what extent have in-country personnel and locdl operating staff partici-
pated in the conceptual design, installation and start-up of PV systems?




3. Based on the obgerved or perceived technical, institutional, and cost
performance of PV energy systems, what is the current viability of PV
for remote energy supply in each area of application in your country? .

D. General Comments

Your cooperation and assistance in filling out this questionnaire is greatly
appreciated. Please indicate below if you wish to receive a summary of the
resulting report and to whom it should be addressed.

Yes No

Address

eV’V



PV PROJECT QUESTIONNAIRE

’ 'I‘o the peuon filling out thia queationnaire. please p_rov’ide th‘e_ ‘fol'ldvi:ﬁ'g‘.'
information. Cal S R L A S P

Your Name

_E‘Hailing Addtess "

:??iTelePhone No. (if available“?yﬁE"iv

fA:Telex No. (if available)

O Title/Positiou

Role with Respect to‘ | _
Specific PV Systems or .
Projects :

Pleaae £111 in the following questionnaire to the beat of your{ ability, or pass
it to the appropriate individual. A et i

‘ e A=IL



fvj”i 2. Project Titlﬁ/Lotytiﬁﬁ?

PROJECT DESCRIPTIONS

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

l. Project Title/Location

Application

Purpose

Sponsoring/Funding Agency

In-Country Participating Agency

Installation Date Equipmentfshpﬁiigfv7f;’" 7'”
PV Array Size Watts o

Current Status of System: thking '”fﬂfﬁf“f‘Not;ﬁorkiﬁg»"””“‘pv'iﬁ

Performance Details:

_Applicatidn

Purpose

Sponsoring/Funding Agency

In-Countyy Participating Agency

Ingtallation Date Equipment suppliétjj
PV Array Size Watts R T

Current Status of System: Working - vNot'ﬁoriihg:*51lfw B

Performance Details:

a1z




3.

‘1;;f

"_,Application

':71 Performance Details:

ﬁPurpose
;Sponsoring/Funding Agency ;-‘
iIn-Country Participating Agency

‘ﬁﬂatallation Date : Equipmentlsnppiier

1Project Title/Location

,Pnrpose

Project Titlo/Locltion

Application -

PV Array Size Watts

Current Status of System. Working efﬁot Horgingffﬁfflf“

Performance Details.

Sponsoring/Funding Agency

‘In-Country Participating Agency

Installation Date Equipment Supplier
PV Array Size Watts

~ Current Status of System: Working Not Working

‘j:A;i3ff



5. Project Title/Location

Application

Purpose

Sponsoring/Funding Agency

In-Country Participating Agency’

Insgtallation Date
PV Array Size

'Equipment Supplier o

Watts ‘ o

Current Status of System:

Performance Details:

Working  Not Working

6. Project Title/Location

Application

Purpose

Spongoring/Funding Agency

In-Country Participating Agency

Ingtallation Date
PV Array Size

Equipment Supplier

Watts

Current Status of System:

Performance Details:

Working ‘Not Working _

e




II. PERFORMANCE OF SYSTEMS
A, Technical

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

1. Reliability

2. Operating Performance (Provide specific performance data where possible,
such as amount of water pumped and head, grain ground, number of vaccina-
tions, referencing systems described in Section I).

3. Maintenance and Repair

A-15



B. Institutional

1. Have any problems emerﬁeﬁ;yitﬁCgéerferieeﬁhuﬁityﬂaeeeptance,of PV systems? ‘!'

2. Have any problems been experienced that relate to 1nrcountry institutionalk;,
capability (technical and adminiatrative) to operate and repair remote tgfﬁ[
photovoltaic. systems? _ S

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

4. Describe any other institutional or user related aepects which:
nificant to PV system overall performance. o

c. Financial (Current System Costs and Performance):

The financial performance of PV systems is principally a function of the in-
stalled capital costs and the amount of product produced (life-cycle costing
factors being held constant). The changing nature of the world wide PV industry
precludes using past s’stem performance as completely representative of current
system performance. Therefore financial evaluations of PV gystems will be
considered using current system designs, equipment, and costs. Judgements on
performance and reliability will be based on past system experience and the
reasonable impact of any design changes proposed. With this background and
based on your experience in the design, application, and/or operation of PV
systems and their current costs, please answer the following questions as
compietely as possible. Please provide cost/performance information on PV
systems for each major application area as provided in Section I. Where this
is not possible, please provide current component costs.

A-16



1.

2,

3.

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

- would be different?

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

What is the expected output of the system in an average solar insolation
of a5 Kwh/mzlday. specitied in KWhrs/day, gallons or cubic meters of
water pumped per day (state average head), or kilograms of grain ground
per day (state fineness)?

RS
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EXHIBIT A-2.

DID MOT RESPOND

Questionnaire Summary Response Table

WUMBER OF PROJECTS REFERENCED (STSTENM)®

UBABLE

CATIONS

COMMUNT~

POVER

LIGHTING

WATER
PUMPING

REFRIC-
ERATION

CENTERS 1

CATICRS

UATER
PUMPING

REFRICER~
ATiOn

TOTAL
SYSTES

RINI-
UTILITIES

{(Respondent)
ntiqua (CARDI)

elize (Local PV rep.)

otswana (BRET)

2(>5)

1(50)
3

Mavigstion (>1)

Burundi (health officer, AlD)

Coata Rica

1(10)

Ditboutt

Domin{can Rspublic
{gov. officials)
Ecusdor (gov. officials)

School Equipment (1)

Cuatensls

Suines

Hattt

Indonesta (gov. officials)

N

Kenya (AMREF)

Lesotho

Liberia

3(22)

Malaw.

Hali (LESO)}

Nigeria

101,

1(>80)

101)

Paraguay

Portugml

enegel (kesearch Tny.)

Thatland (gov. cofficial)

-

20>3)
2

Ugands

1(32)

Yemen A.R. (AID/Pesce Corps)

atre

1(3)

Zimbabwe

-

2(10)
1

SORGAHIZATICNS

Associates in Rural Develop.

Medical Sterilizarion (1)

Danish Int'l Dev, Agency

NASA LaRC

NI

28

i3

Resesrch Trisngle Institute
United MNations

Sterilizers (5)

14

1¢4)

Deselination (1)

Pans (3)

SMARUFACTURERS

A.Y. McDonald

ARCO Solar Inc.

4(22)

Crundfos Int'l

2(7)

R&D Facility (2)

Ladb Facility (1)

Kyocera Int'

Mo Leroy Somer

olar Electric Int')

olar Voltaice

olarex Pty. Ltd.

(8)

olec Int'l

3(25)

101)

©2)

Incubater (1)

SunWatt

-

Bettery Chargers
(100)

Filmstrip
Projection Kite
(240)

21(>103)

27(>97)

55(>160)

49(>57)

6(345)

13

32

8 19 <.

11

provided).

Projects may include reference to many systems, as in the case of Mali or Belize.
shown, it wes sither oot provided or unclesr ss to the nusber more than two oy

Whore the sumber of systems are mot -

(ramg

of

size wvere




QUESTIONNAIRE PROJECT LISTING

REFERENCE N-
NUMBE R/ STALLA- IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUNDING PARTICIPATING
HUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENCY
/1 Solar Photovoltaic Irrigation/Demonstra- 11200 W ‘82 JUSAID, Caribbean CARDI, Ninistry of
Pumping System/ tion of Technology ARCO Development Bank Agriculture
Dizmonds Estate,
Antigua, ¥.1.
2/1 Navigational Aids/ Coastal Navigational |40 W - Originally British, |Belize Ports
. Bolize Bezzons/To assist in |ARCD currently none Authority
) coastai navigation and
channel marking
2/2 Communications/Belize |Teleccmmur.ications in [40-80 W - - Belize Telecommun{-
Rural Areas/To power |ARCD cations Authority
telecoamunication -
systeas
T
— 2/3 Communications/Belize |Radio Communication 1n|40-80 W (1 4 Catholic, Baptist, -
Al - Rural Areas/Powering {ARCO and other religious
radio communication groups
systeas for aission-
arfes S
2/4 Residential Lighting/ |Providing Low Level 40-400 W - None Indfviduals -
Belize Electrical Power in  [ARCO ' R

Rural Arezs/Single
femily electrificatio:n
in rural areas
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REFERENCE IN-
NUMBER/ STALLA- IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUNDING PARTICIPATING
NUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENCY
3/1 Botswana Renewable ¥ater Pumping/RED 1,376 W Sep '84]USAID Ministry of Mineral
Energy Technology Training ARCO, Jacuzzi Resources and Water
{BRET} /Moduidi, Affairs (MMRWA)
Botswana
3/2 BRET/Mahalapye, Water Pumping/R&D 516 W Sep '84]USAID MMRNA
Botswana Training ARCO, Jacuzzi
3/3 BRET/Malapowalsajang, |Water Pumping/R&D 1,376 W Jul '821USAID
Botswana Training ARCO, Jacuzzi
3/4 BRET/Otse, Botswana Water Pumping/R&D 420 o Jan '82{USAID
Training ARCO,
Honeywell,
Mono
3/5  [BRET/Mathuibudulewane, [Water Pumping/RED 1,548 W Dec '82|USAID
Botswana Training ARCO, Mono F
Honeywell,
Boss
3/6 BRET/Shoshong, Refrigeration and 280 W Mid '84|USAID
Botswana Lighting/R&D, deter- [ARCO, Marval,
mine 1f viable Comlite
377 BRET/Leutswaletau, Refrigeration -and 0 Mid '84|USAID
Botswana Lighting/RED, ARCO, Poilar
determine 1f viable Products,
Comlite
3/8 BRET/Maloule, Refrigeration and 420 W Mid °*84|USAID
Botswana Lighting/R&D, ARCO, Polar
determine if viable Products,
|Comlite
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REFERENCE N-
NUMBER/ STALLA- IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUNDING PARTICIPATING
NUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENCY
3/9 BRET/0odi, Botswana School Lighting, 86 W Mid '84{USAID MMRWA
Village Development/ [Camlile, ARCO
R&D, detemire if
worttwhile
3/10 BRET/Princes Manna Outdoor Lighting/Test, |43 W Jan '85}USAID MRWA
Hospital, Botswana Demonstration REC Special-
ties, ARCO
3/11 BRET/DEE Offices, Outdoor Lighting/Test, |43 W Jan '85|USAID MMRWA
Botswana Demonstration REC Special-
ties, . ARCD
4/1  |Expanded Program of |Solar Refrigeration/ [4 panels before |USAID Ministry of Health
: Innoculation/Burundi |Yaccine Storage Jun '85 '
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Dominican Republic

a reasonable cost,
continuous and re-
11able erergy.

REFERENCE - !
HUMBER/ STALLA- IN-COURTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUNDING PARTICIPATING
NUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENTY
5/1 ISERST/VITA Building |[Lighting, Refrigera- [5300 ¥ June‘'ss VITA --
Praject/Djibouti tion/To demornstrate ARCO
the feasibility of Py
power in Djibouti
5/2 ISERST/VITA Solar Water Pumping/ 300 W July's4 VITA -
Pumps, Djibouti Agriculture Solar :
’ Electronic
Int.
- 5/3 R.T.D. Praject/ F.M. Radio Transmit- {600 W Jan.'83 ' 'G.T.VZ. 6.T.Z. .
Ali-Sebieh, Djibouti [ter/Radio for the REG Telefunken ' (German Ald) - -
rural community ’ SR
5/4 High School/Djibouti [Measure power loads 420 W April - Minister of
equipment and ARCO '84 e Education
Lighting/Instructions L
and aid for students cen
5/5 Agriculture/Atar, Water pumping/Pump - '82 F.A.C.:
Djiboutd water for drip Solar Force S
irrigation
6/1 Solar Panel System/ Powering 71F2 Micro- 1,200 M Oct 11, {CODETEL »
Tierra Nueva, RPTR, wave Radfio/To supply |ARCO ‘83 :
Dominican Republic at 2 reasonable cost,
continuous and
reliable energy.
6/2 700F1 Solar Repeater/ |Powering 700F1 Solar |20 W Feb 5, ICODETEL
Loma Grande, Sanchez, jRepezater/To supply at {GTE Lenkurt ‘85
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REFERERCE, IN-
NUMBER/ STALLA- IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUKDING PARTICIPATING
NUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENCY
mn Rural Telecam Prcject [Communication/Provide |35 W '82 |Japan and Dominican |Nissho Iwai
DO-M/Dominican service to villages Sharp Through : Republic Govern- Corporation
Republic wvhere electrification |[Fujitsu, Ltd. ments/OECF
is not avaflable,
commercially viable
8/1 Refrigeration Refrigeration of 265 W Aug 8 AlD Secretary of
System -- Freezer Yaccines/R&D Solar Power |'82 Public Health -
activated with solar COENER
system/Dominican
Republic
9/1 Demonstration in Refrigeration for 3000 W March The Ecuadorian INE
Rural Health (Pedro |Vaccines, Lighting and Solarex ‘83 State, AID/NASA Eduadorian
Yincent Maldonado others/Demonstration Institute of
Systems)/Ecuador Sanftary Works
(1EOSS) :
9/2 Demonstration in Refrigeration for 300 W Nov '81]| The Ecuadorian INE
Rural Health/ Vaccines/Demons tra- Solar State, AID/NASA IEOSS
Cobos, Ecuador tion Power
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REFERENCE R-
NUMBER/ STALLA- IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUNDING PARTICIPATING
NUMBER LOCATION PURPQSE SPEC DATE AGENCY RGENCY
10/1 Mauge Water System/ Water Pumping/Village | 770 W Dec. USAID, CARE USAID, CARE
Haiti drinking water supply | A.Y. McDonald|'83
10/2 Bois Mauge Water Water Pumping/Village | 770 W Dec. USAID, CARE USAID, CARE
System/Hafiti{ drinking water supply | A.Y. McDonald|'83
10/3 Baie de Henne Water Water Pumping/Village | 770 W Feb. USAID, CARE USAID, CARE
System/Hafti drinking water supply | A.Y. McDonald|'83 =
10/4  |Bouhn-Jean Denis Water Pumping/Village | 1120 W May '83| USAID, CARE USAID, CARE - |-
Water Systems drinking water supply | cach A.Y. S
(2 units)/Haiti McDonald
11/1  |Kibwezi Rural Health |Refrigeration and 2 KW Apr '83|USAID Ministry of Energy |
Centre/Kenya Lighting/Demonstration{NASA R
12/1  [ATS Khubetsoana Conmunication/Demon- |33 W DNK USAID Lesotho -
Workshop, Maseru, stration of PV power |DMK equipment Goverrment -
Lesotho uses supplier
12/2 ATS Malefiloane Communication and 33 W DNK USAID Lesotho
Workshop/Molchc tlong, |[Lighting/Demonstration|DNX equipment Govermment
Lesotho of PY power uses supplier
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REFERENCE

N- -
NUMBER/ STALLA- IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUNDING PARTICIPATING
NUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENCY
13/1 Twelve Installations/ |Household systems for |8 £ 35 W '84-'85| By Homeowners -
Lesotho ’ 1ights, radio and 3070
some TV 1010W
13/2 Eight Installations/ [Shops for cash regis- |6 @ 70 W '84-'85] By Shop Keeper -
Lesotho ters, lighting, radio |2 @ 3t W -
{Two-Way) or Hi-Fi (Most are 24 ¥
sets. systems) R
- 13/3 Six Installations/ Two households xith 140 W '84-'85| Self-Funded except
e Lesotho additional refrigera- 2-way Radio by ,
tion Govermment
Two primary 2-way 35 and 70 W
radio communications w
One water pumping 60 W
One Repeater Statfon |20 W
14/-- |[No specific projects |- charging source for - o
- were referenced] DC plant :
Lesotho
- repeater stations
- telecommunications
purposes
15/1  |Prototype Clinics/ Refrigerator/Vaccine { DMK W Oct. | USAIDMNASA Ministry of Health:
: Liber‘la_ Storage NASA 11, '85 S

and Social Welfare [
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REFERENCE M-
NUMBER/ STALLA- IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUNDING FARTICIPATING
MNUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENCY
16/1 Renewable Energy Water Pumping Systems/{1,300-2,600 W |'81/°'82{USAID LESO
Project/Malq Water Supplies to panes-Solarex ’
rural areas (human pumps-Guinard
plus animal use)
16/2 Renewable Energy PY Lighting Systems/ [40-160 W '82/'83 |USAID
Project/Mali Night-time 111umina- |Solarex, ARCO
) tion for Maternity
Centres, Hospitals
16/3 Renewable Energy PY Refrigerators/ 160-200 W '82/°84 |USAID
Project/Mali Storage of vaccines, |ARCO, Solar
medicines Products
16/4 PY Grain Mil1/Mal{ Grain Grinding, 2.44 kM May '85}USAID
Milling/Easing task of |PY Array-HASA
nil1ing by women in Lewis,
village context Mill1-Jacobson
171 Personal Use/Niger Lighting, Refrigera- 280 W June's4 personal
State, Nigeria tion, and Ventilation/ ARCC
Evaluation of PY
Systems Tor national
and expatriate use.
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Tights in seven rooms:

Methodist Church

REFERENCE IN-— - B
NUMBER/ . STALLA- IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUNDING PARTICIPATING
NUMBER LOCATION PURPOSE SPEC DATE AGENCY ACENCY
18/1 Affinian/Senegal Water Pumping for 600 W Mar '80|F.E.D. Centre d'Animateurs.
Irrigation/Commercial- Ruvaux
ity viable ‘
18/2 N'Dioud{ oue/Senegal Water Pumping/ 2,600 W Feb '80|F.E.D. Caritas
Commercially viable
-1 18/3 Mont Relland/Senegal |Lighting/R&D 288 M Apr '80|Ministir Francais Mission Catholique
de L'Industrie de Mont-Rolland
18/4 Mont Rolland/Senegal |Refrigeration 384 M Apr '80|Ministere Francais |Mission Catolique
{vaccines)/R&D de 1'Industrie de Mont-Rolland
18/5 Niaga Wolof/Senegal {village) Rural 5,280 W Nov '82|PNUD-AFME SENELEC
Electrification/
R&D
18/6 {various)/Senegal Water Pumping
191 House near hospital/ |Communicztion -- S/W |48 W (6 panels|Photo- |Personal and -
Kapanga, Zaire radio/Intermission each 24 cells)]watt Methodist Church :
contact -- no tele- {Now
phones sold
out) o
19/2 |same system/Zaire Refrigeration Personal and
{vaccines) Methodist Church -
19/3 |same system/Zaire Lighting/Working Personal and as
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REFERENCE TN-
NUMBER/ STALLA- IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUNDING PARTICIPATING
NUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENCY
20/1 Medical Refrigeration/|vVaccine Refrigeration,|{2,800 W May '83]USAID Gevermment of
Chikwaka, Zimbabwe Lighting, Medical Solarex Zimbabwe (Health &
Sterilization/ Energy Ministry)
Demonstration
20/2 Medical Refrigeration/|Vaccine Refrigeration/|450 W Feb '83|USAID Govermment of
Chiota, Zimbabwe Demonstration Solar Power Zimbabwe (Health &
. Corporation Energy Minstry)
20/3 Cranborne Solar Water |Water Pumping/ 900 W Nov ‘81|French Govermment Government of
Pump/Harare, Zimbabwe |Demonstration Solar Force, Zimbabwe, Solamatics
Pompes Guinard
20/4 Shutu Solar Pump/ Water Pumping/ 1,300 W Jun '82]French Government Govermment of .
Chiweshe, Zimbabwe Demonstration Solar Force, Zimbabwe, Solamatics
Pompes
Guinard
20/5 Kat sande VYillage Water Fumping and 462 W ‘83 |Private Company -
Solar Project/Mutoko, [Lighting/Demonstration|ARCO William Smith &

“imbabwe

Gourock
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REFERENCE

IN-

" IN-COUNTRY |

NUMBER/ STALLA-
PROJECT PROJECT TITLE, APPLICATION/ SYSTEM TION FUNDING PARTICIPATING
NUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENCY
21/1 village Water PY Water Pumping for | 5 x 800W early CARE/AID CARE/AID Port
Supplies/Haiti Potable Water/ A.Y. McDonald|'83 au Prince
(5 sites) Commercially viable
demo.

21/2 Irrigation/Sudan PY Water Pumping for 1680 W mid Private with UNDP (United
Crops/Commericially A.Y. McDonald| ‘84 UNDP overview Nations
viable jrrigation Development
demo. Programmes)

2173 PY Yillage & PV Water Pumping for 630 W Nov ‘81| Private Private

Livestock Pumping/ Potable Water/Commer.]| A.Y. McDonald E
Mexico viable package .
systems. v
21/4 Various demos. in PV Water Pumping/ 0.5 - since "| Mostly Private '
15 countries Potable water, 3 kN ‘81 S T e

small irrigation

A.Y. McDonald
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REFERENCE IN-
NUMBER/ STALLA- IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUND ING PARTICIPATING
NUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENCY
22/1 Botswana Renewable Water Pumping/Drinking|280 Y Oct., USAID MMRNA
Energy Praject/Otse, |and irrigation water [Blue Sky ‘82
Botswana supply
22/2 Botswana Renewable Water Pumping/Orinking|516 W June, USAID MMRUEA
Energy Praject/ and irrigation water |ARCO, Jucuzzi |'84
Mahalapye, Botswana supply
22/3 Botswana Renewable Hater Pumping/Drinking{1376 W July, USAID MRIA
Energy Praject/ and irrigation water [ARCO, Jucuzzi |'84
Molapowaba Long, supply
Botswana
22/4 Botswana Renswable Hater Pumping/Drinking 1376 W July, USAID KRHA
Energy Project/ and irrigation water JARCO, Jucuzzi ['84
Mochudi, Botswana supply
22/5 Botswana Rezexshle Water Pumping/Drinking {1548 W Aug., USAID MMREA
Erergy Project/ and {frrigation water |Mono, Boss, ‘84
Mathubudukwand, supply Honeywell
Botswana
22/6 Sotswana Yarfous -- - - -
23/1 Izimbaya, Tanzania Water Pumping/Supply [1400 W Apr '85] -- 1] D‘iocese,:‘_'v'jj"
to clinic C ]
23/2  |Merti, Kenya Water Pumping/Supply |1400 W Oct '84/CIDA (Canada) Mertt Mission -
to Missfon Station R
23/3 IVpartimaro, Kenya Water Pumping/Cattle |[1400 W Mar '85|DANIDA

. lwatering and

supply to cattle dip

Rural Deve‘lop-entjff’
Fund T
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REFERENCE - ~
NUMBER/ STALLA- IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUNDING PARTICIPATING
NUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENCY
24/1 Shikoku Electric 1 MW Grid System/ 300 kW 1982 onjJapanese Special NEDO '
Power Company, Ltd. Utility Power PV Development Fund
Japan System
2472 Kankoi Project/ Villaoe Electrifica- |5.2 ki '82 |Kyocera Corporation -
Pakistan tion/Lighting and Donation Program
Water Pumping
24/3 Village Power System/ "‘'i1lage Electrifica- [4.4 kW ‘84 |Japanese AID Program| --
Sri-Lanka tion/Lighting
24/4 Well Pumping System/ [Water Pumping/Drinking}{6.0 ki ‘84 |Japanese AID Program| --
Senegal water supply
24/5 Well Pumping System/ |[Water Pumping/Drining |4 kW ‘84 |[Brigeston Corp. N.W.A.
Sudan water supply o
24/6 Village Power/Pakistan|Village Electrifica- ]120 kW ‘83 on |[Pakistan Govermment | --
' tion/Lighting and S :
Water Pumping
1 25/1 Paomia, Ronducinui, Paomia PV Plant/ 44,064 W Jut '83 EEC. EDF'.‘-..AFFH'E' .
Corsica, France Powering a village Solar Force, T
Leroy Somer 3




A%

REFERENCE IN-
NUMBER/ STALLA- IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUNDING PARTICIPATING
NUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENCY
26/1 .Pv Pumping, CRAFA/ Water pumping for 7 ki Jun '85|USAID/Rabat, Morocco]CDER/CRAFA, Morocco
Taroundant, Morocco jrrigation for an Solar
Agricultural Training |Engineering
Center/Demonstration ]Services
of PV pumping
26/2 Ecole Des Mines/ Water pumping for 4,320 ™ Nov 'BS|USAID/Rabat, Morocco|CDER/Ecole des Hines
Marrakech, Morocco irrigation at a tech- |Solar . Harrakech .
nical school/Research |Engineering
and testing of modules!Services -
and pumps, and
irrigation
21/ UNDP Project Water Pumping/Testing |351 W Oct ‘82]Worid Bank Sir William Halcrow
GLO/0/003/UX for Phase 11 SEl & Partners
27/2 SEI 43 LS/Egypt Water pumping {water |480 W Mar ‘84 -- American University
Basafisa Village, near [is being sold to field|SEl in Cairo
Cairo owners to pay for sys-
tem)/Irrigation
27/3 Shirati Irrigation Water Pumpina/Plot 280 Sep '81|Mennonite Central -
Scheme/Tanzania Irrigation SEI W S250 Committee
System
27/4 Katilu Health Centre/ |Lighting and Refri- 930 W Oct '84|NORAD NORAD
Kenya geration to replace Arco, Polar
diesel generator Products,
Fisher Karpark E B
27/5 Magumu Church/Tanzania Lighting 640 W May '85|Mary Knoll Fathers |Mary Knoll Fathers |

Arco, REC, FXI

(‘1\"\’

.
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JREFERENCE IN- N
NUMBER/ ) STALLA- IN-COUNTRY - =}
PROJECT PROSECT TITLE/ APPLICATION/ SYSTEM TION FUNDING PARTICIPATING - . 7]~
NUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENCY
28/1 Solarhouse “Lanser- Housenold Electrifica-|1728 W Jan '84|Government of Through Solar
Wiese"/Salzburg, tion Demo., R&D, Com- |AEG-Telefunken Salzburg (Province) |[Voltaics
Austria mercial viable YARTHA, Solar
Voltaic (Sv)
28/2 Sunwind Pump/ Solar/Wind Water Pump-|[264 W Nov 'B3jSolar Voltaics Through Solar
“University of Vienna"{ing/R&D Helios Techn., Company Yoltaics
’ : SV, Untiversity
Vienna B B
28/3 Sun pump/Argentina Solar Water Pumping/ {520 W Nov '83[Solar Voltaics Agro Solar, Mr. Gold|.
Demo. Siemens, Company (agent) B
Grundfos. R
28/4 Solar-Osmotic-Irrig.- |[Irrigation/Demo., R&D |Each 9 or 18 W|Nov *83|Solar Voltaics 7 different agents:.
System (Agronet; 0ld Solavolt, AGE,|Jun '84|Company h SEEOESE
Yersion)/Mexico, Vene- Sy
zuela, Brazil, Argen-
tina, USA (AZ), Peru,
Chile S o :
28/5 Solar-Osmotic-Iprr.- Irrigation/R&D 163 W Mar '85|Solar Voltafcs - ARPE-PLAST,  Austria |-
Syst (New Version)/ ARPE-PLAST, Company U DT SeRceteal B
Volders, Austria Sr., Helios
Techn. S
28/6 Sunpump/Dominican Solar Water Pumping/ |[840 W May '85|INDOTEC*, Santa . ' -
Republic R&D, Demo., Training, |Zontec, Domingo T
Comm. viable Grundfos

*Dominican Institute of Industrial Technology
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REFERERCE H-
NUMBER/ STALLA- IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUNDING PARTICIPATING
NUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENCY
29/1 Central Communications{Communications 5-330 W Jun '82{United Planters Central Communica-
Inc. Repeaters Repeater Stations Solarex Cocorut Bank tions, Inc.
(5 systems)/Phillip- {Power Supply/To pro-
pines vide reliable power
supply
29/2 MHS Solar Powered Communications/To 5-120 ¥ Jun '83|Ministry of Human Ministry of Human
Repeaters (5 systems}/|provide reliable power|Solarex Settlements Settiements
Phillippines supply in remote
mountain tops
29/3 Northern Samar Rural |Coemunications/To 560 W Sep 'S8l}Australian Devt. Northern Samar Rural
Integrated Devt. provide reliable Solarex Assistance Bureau Integrated Devt.
Project/ Mt. Adga, power to a repeater Project Office
Calbayog, Samar, Phii-|station
1ippines
29/4 National Irrigation Telemetry, Communica- |2 x 384 W Mar '82|World Bank Loan National Irrigation
Administration i‘icro- |tions/To supply power |Microsiesmic Administration
siesmic and Flood to remote areas where |stations
Warning System (12 equipment 1s located. |10 x 84 W
systems) Magat Dam. Siren flood
Isabela, Phillippines warning
systems
Solarex s
29/5 Eliseo Lizada's Lighting/Replacement |42 W Sep '82|Mr. Eliseo Lizada Mr. Eliseo Lizada ' |~
Lighting/TV System/ of 600 W gasoline Solarex ‘ ‘ - ’ IR &

Pilil1a, Rizal,
Phillippines

generator to avoid
noise and air
pollution.
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REFERENCE iN-
NUMBER/ STALLA- IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUNDING PARTICIPATING
NUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENRCY
29/6 WHO Solar Refrigera - | Refrigeration (Vac- |528 w Jun '84]|World Health Bureau of Energy
tor cines)/Testing Demo. |Solarex Organization Devt. Ministry of
solar refrigators Manila Office Energy,PNOC
2977 Pilot Solar Pump Plant|{Village Electrifica- |13 kW village |Feb "83|Bureau of Energy Bureau cof Energy
and Photovoltaic Field|tion and several small|electrifica- Econamic Cooperation|Develcpment Ministry
Laboratory applications/R&D, tion of Energy, PNOC-EROC
Demostration, Test- 7 KW small (Phil. National 0i1
ing application Co.-Energy Research
AEG, Tele- 4 Development
funken Center)
30/1 Gokal Pumping System/ |Water pumping/Farm 400 W Mar ‘'83|None None
Karachi, Pakistan 1rrigation _
30/2 Refrigeration Systen/ |Refrigeration/ 140 W Aug '83|None None
30/3 Lumisol Light/Yarious |Outdoor Lighting/High |66 W Yarious|None None

locations

efficiency outdoor
space lighting
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REFERENCE ] IN-
NUMBER/ STALLA- IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUNDING PARTICIPATING
NUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENCY
31/1 Medical Solar Set of 100 small (Sun-|2 W [$11/W] Oct '83{Prolea Medical same
Chargers/Zimbabwe Watt #F-2) PV battery Services
chargers/To recharge
2V 5AHr lead-acid gel-
cell batteries for re-
mote medfcal clinic.
3172 Filmstrip Projection |PV moduies to recharge|5 W [$20/W] Dec '841VWorld Neighbors - varies I
: kits/Shipped worldwide|12V battery pack for t0 : C RAETE T
slide projectors/ present

Educational tool for
remote areas of 3rd
world.
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REFERENCE IN-
NUMBER/ STALLA- IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUNDING PARTICIPATING
NUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENCY
zn Rural Energy Centres/ |Village Lighting, 20 kW Dec '84]UNDP/UNDTCD Director General
Mehrarahmat, Khan, Fans, Pumping/ Solarforce Energy Resources
HWFP, Pakistan Demonstration
3272 Rural Energy Centres/ |Village Lighting, 10 kW For - -
Malmara, Sind, Fans, Pumping/ ARCO May ‘85
Pakistan Demonstration
32/3 Rurai Energy Centres/ |Village Lighting, 5 kW For UNDP/UNDTCD DGER
Khurkera, Baluchistan |[Fans, Pumping/ May '85
Pakistan Demonstration .
32/4 Prototypes in Renew- |Vapour Compression 8 kW For
able Energy/Abu Desalination of Sea- |AEG TELEFUMKEN|Jun ‘85]UNDP/UNDTCD Ministry Electricity
Ghosun, Red Sea Gover-|water/Demonstration and Energy
norate, Egypt
32/5 Prototypes in Renew- [Solar HF Telecommuni- |1040 W Sep '83|UNDP/UNDTCD Ministry Electricity
able Energy/Sqypt cation/Demonstration |[BP Solar and Energy
32/6 Plus solar projects in

Maldives, Gambia,
Mongolia, PDR Yemen,
Seychelles.
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REFERENCE

NUMBER/ IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM INSTALLATION FUNDING PARTICIPATING
NO. LOCATION PURPOSE SPEC DATE AGENCY AGENCY

3N Photovoltaic Solar | Lighting and Television/ 354 May ‘82 Directorate Directorate
Cells/Manggala, Demonstration, field test, Tideland- General for General for
North Lampung, social acceptance test MG-600 Electric Electric
Indonesia Power Power

33/2 Photovoltaic Solar | Refrigc-ation, Lighting 40 W September Directorate Directorate
Cells/Rongkop, and Television for Remote ARCO M-51 | '83 General for General for
Yogya Karta, Hospital/Demonstration, Electric Electric
Indonesfa field test, social Power Power

acceptance test

33/3 Photoveltaic Solar | Lighting and Television/ 37 v April '82 Directorate Directorate
Cells/Palas, Demenstration, field test, ARCO AS1 General for General for
Lampung Province, social acceptance test 16-2000 Electric Electric
Sumatra, Indonesia Power Power

33/4 Photovoltaic Solar | Water Pumping for drinking 31w April ‘82 Directorate Directorate
Cells/Cibinong, water/Demonstration, field ARCO AS1 General for General for
Cianjur, West Java,| test, sociai acceptance 16-2000 Electric Electric
Indoresia test Power Power

33/5 Photovoltaic Solar | Lighting and Televisfon/ 4w January '84]| Directorate Directorate
Cells/ Demonstration, field test, ARCO M51 General for General for
Pilangkenceng, social acceptance test Electric Electric
Madiun, East Java, Power Power

Indonesia
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REFERENCE

NUMBER/ IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION, SYSTEM INSTALLATION FUNDING PARTICIPATING
NO. LOCATION PURPOSE SPEC DATE AGENCY AGENCY

33/6 Photovoltaic Solar | Lighting and Television, kYA | June '81 Directorate Directorate
Cells/Labanan, Demonstration, field test, Philips General for General for
Kalimantan, social acceptance test 8P Electric Electric
Indonesia X-47-C Power Power

3377 Photovoltaic Solar | Lighting and Television/ 33.5 W February Directorate Directorate
Cells/Boyolali, Demonstration, field test, Solarindo | '85 General for General for
Cetre of Java, social acceptance test CXG-4331 Electric Electric
Indonesia Power Power

33/8 Photovoltaic Solar | Lighting and Television/ 335w February Directorate Directorate
Cells/Majalengka, Demonstration, field test, Solarindo | '85 General for General for
West Java, social acceptance test CXG-4331 Electric Electric
Indonesia Power Power

33/9 Photovoltaic Solar | Water Pumping for Prinking 335w February Directorate Directorate
Cells/Secang, Water/Demonstration, Field Solarindo | '85 General for General for
Central Java, test, social acceptance CXG-4331 Electric Electric
Indonesia test Power Power
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REFERENCE

IN-COUNTRY |

NUMBER/ a )
PROJECT PROJECT TITLE/ APPLICATION/ . SYSTEM INSTALLATION FUNDING PARTICIPATING
NO. LOCATION PURPOSE SPEC DATE AGENCY AGENCY

341 Center for village Electrificatfon/ 5 kW November PNUE (UNEP), Senelec
Experimental Demonstration Photowall | '82 French Agency
Rural Energy/ Aerowatt, for Energy
Niaga Wolof, 01dham, Managerent
Senegal Faiveley (AFME)

351 Water Lifting Water Pumping/Village water 720 W December USAID National :
Project/Ban Tha supply Solavolt ‘83 Energy v 1
Yiam, Sakon Nakom Int"1 Administration |
Province, Thailand (NEA) .k

35/2 Water Lifting Water Pumping/Irrigation 4480 W Planned USAID NEA
Project/Thailand ARCO .

35/3 NEA Solar Cell Lighting, Audio Visual Afds/ | 385 W February Thai NEA
Project/Khao Kraw, | Lighting, TV-Yideo That ’85 Govermment S
Petchaburi Solar Co. '
Province, Thailand Ltd. ‘ »

35/4 NEA Solar Cell Lighting/Domestic Lighting 80 @ 10 W | Planned Thai KEA
Project/Thatland Government v

35/5 PV Telecomnuni- Telecommunicatfon/Power 86,910 W ‘84 - '86 World Bank Telephone
cation Project/52 station for remote {(1.7xmW/ Organfzation of].
stations, telecommunication stations fnstalla- Thailand :
Thailand tion,

avg.)
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REFERENCE

IN-COUNTRY |

NUMBER/ ' ‘ :

PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM INSTALLATION FUNDING PARTICIPATING
NO. LOCATION PURPOSE SPEC DATE - AGENCY AGENCY
36/ The Whomadia Water Pumping/Yillage 1440 W June USAID Confederation

Water Pumping potable water supply Grundfos ‘83 of Yemeni
System/Yemen Development
Arab Republic Assocfation
(Y.A.R.) (CYDA)
36/2 Mahshish Yillage Water Pumping/Village 560 W May '84 American CYDA
Water System/ potable water supply Grundfos Peace Corps
Y.A.R.
36/3 Jebah Boovah PY Lighting/Lighting for a 3 8 330 W | February American
: Project/Juran schoo! and a health clinic Abdo '85 Peace Corps
Yillage, Y.A.R. Rahman
Noeman
Trading
(ARCO
Dist.)
36/4 Mukha Water Water Pumping/Tree 560 W January American
o= Pumping System/ Grundfos '85

AR,

Irrigation - . -

Peace Corps f;f,,]' o
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NUMBER/ ) . IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM INSTALLATION FUNDING PARTICIPATING
NO. LOCATION PURPOSE SPEC DATE AGENCY AGENCY
an Photovol taic Refrigerator, freezer/To 350 W February NASA
Project at Kionzo assess the effect of PV Solar '82
Mission/Kionzo, equipment on rural health Power
Bas Zaire care Corp.
37/2 Integrated Health Refrigerator, Freezer/ 9@25 W Salvation
Project (660-0093)/| Rural health centers Sotar Army
9 systems near Power
Kasangulu, Zaire Corp.
asn UMM-SAID Two-Axis Flat-Plate PY 10 kW May '84
Tracker/Qatar Tracker to supply power to ARCO
R&D facilities/Research
» and Development - »
38/2 King Saud Two-Axis Mirror Enhanced 8 kW To be Saudi Arabia None
University/Rujadh, | PV Tracker/Research and ARCO installed T
Saudi Arabia Development . ; :
39N King Aboulaziz Lighting/To have a stand- 58 kW June K.A.I. K.A.I. Afrport
International alone, autonomous 1ighting ARCO '82 Airport Authority . -
Afirport/Jeddah, system for the parking lot Aut o Ty

Saudi Arabia




‘REFERENCE
NUMBER/ IN-COUNTRY
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM INSTALLATION FUNDING PARTICIPATING
NO. LGCATION PLRPOSE SPEC DATE AGENCY - AGENCY
40N IMSS/Mexico City, Remote Clinic/DC 1ighting 140 W '82 IMSS (Mexican ARCO Solar,
Mexico and communications ARCO Social Inc.
Security)
40/2 AC Remote Power to Lab Facility and 13.5 kW '82 American Egyptian
. Electrification/ Water Pumping/Sacredrip ARCO University at Govermment
}_\ Sadat City, Egypt irrigation project. Move Cairo
w people out of peopulated
areas between Cairo and
Alexandria into desert .
40/3 Microwave PY Power to 6 Repeater 5.25 kW ‘84 . Itallel Antel-Uriguay, |
Repeater/Atachama Stations/Replace diesel ARCO, Lo ’ and ARCO Solar,
Desert, Chile generaters and frequent Italtel - Inc.
maintenance RS
40/4 Radio Telephone/ Telephone Communications/ 80 W | .Post: telephone | Papua Hew
Papvz New Guinea Link outer vill-ges to ARCO -| and telegraph Guinea
world B Government
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REFERENCE

NUMBER/ IN-COUNTRY - |.
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM INSTALLATION FUNDING PARTICIPATING
NO. LOCATION PURPOSE SPEC DATE AGENCY AGENCY .- |-
an PV-Powered Water Water Pumping (Potable 1.8 kW March '79 USAID USAID
Pump and Grain Water) and Grain Grinding/ (1ncreased
Grinding System/ Support Study of "socio- to 3.6 kW
Tangaye, Burkina ecoromic effects of reducing | in '81)
Faso time required by women to
draw water and grind cereal
grain . .

41/2 Tunisia Renewable - V¥illage Power - 29 kW February - | USAID/Tunisia Societe
Energy Project/ - Water Pumping - 201.48 kW | '83 IO Tunisienne de
Tunisia - Farm House Power - 1.4 kW SRR B 1' Electricite

Solar et du Gaz
Power (STEG)
Corp., '

and Tri-

Solar

Corp. ,

41/3 Medical Systems Rural Clinic Systems/ 1.4 kW February - | USAID = Ministries of -
in Developing Demonstrate use of PY to each June '83- kD Health. = @ ...
Countries/Guyana meet electrical needs except ERTRE R B
(1), Ecuador (1), of rural health Ecuador
Kenya (2), facilities which
Zimbabwe (1) Gabon 1s 2.8 kW
(4) Solarex
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REFERENCE

" IN-COUNTRY.. -

NUMBER/ o
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM INSTALLATION -FUNDING = . PARTICIPATING |
NO. LOCATION PURPOSE SPEC DATE - AGENCY AGENCY
41/4 PV-Powered Vaccine | Refrigerator, Freezer o
Storage Refri- Yaccine Storage/Field test
gerator-Freezers PV-powered refrigerator N
for vaccine storage S ,
Pucara, Peru 248 W October coc. -
Solar '82 L
Power
Corp.
(spC),
Adler-
Barbour
S (RB) B
Bocas Del Palo, . 284 W August '82-| AID
Columbia S b SPC, AB R
Las Tablas, - 284 W August 82 [ ATD
Dominican Republic. SPC, AB RS BT
Tierra Blanca, 248 W October | AID
Guatemala SPC, AB ‘82 - '
Guaimaca, 200 W January
Honduras Solavolt '84
Int'l., AB L
Anse-A-Veau, 284 W September [ AID -
Haiti SPC, AB ‘82 R
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REFERENCE

Coast

NUMBER/ | o IN-COUNTRY .
PROJECT PROJECT TITLE/ - - APPLICATION/ SYSTEM INSTALLATION FUNDING PARTICIPATING
NO. LOCATION PURPOSE SPEC DATE AGENCY AGENCY
41/4 Schepmoed, Guyana 284 W September AID
{cont'd) SPC, AB '82
Comuna Cobos, 284 September AID
Ecuador SPL, AB '82
New Sandy Bay, 200 W January AID :
St. Vincent & SVI, '84 -
the Grenadines Marvel (M) 5
Canouan, St. 160 W January AID
Vincent & the SVI, Polar| '84 =
Grenadines Products i
{eP) e
Waramuri, Solarex February AID
Guyana* {Sx), AB '83 ’
Pedro Vicente SX, AB February AID -
Maldonado/Ecuador* ‘83
Kaur, Gambia 2 @ 320w January coc
Gunjar, Gambia SPC, AB ‘83 - '
Niofouin and 2 @ 355 W | February coC
Zaranou, Ivory SPC, AB ‘83 :

;*' R/F is part of larger clinic’sySié@%ﬂ
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REFERENCE

NUMBER/ R L ' - IN-COUNTRY
PROJECT PROJECT TITLE/ BTN I APPLICATION/: SYSTEM INSTALLATION FUNDING PARTICIPATING
NO. LOCATION L PURPQOSE SPEC DATE AGENCY AGENCY
41/4 Menee, Ivory Coast ' 280 W February coc
{cont'd) SYI, PP ‘84
Orodara, Burkina | 200 W February AID
Faso SYI, PP ‘84
Seuhn, Liberia 3% W October AID -
’ SPC, AB ‘84 L
Kionzo, Liberfa |- 355 W February | AID - .-
e : spc, AB | '83 e B
Chiota, Zimbabwe | 284 W February | Amo: -
SPC, AB ‘83 S .
OueIessebougﬁ:.*,, =k 200 W February
Mali B B SYI, PP '84
Kibwezi and SX, AB May ‘85 5
Ikutha, Kenya* -
Chikwakwa, SX, AB May '83
Zimbabwe* :
Mowagar, Jordan 160 W “June '84 AID
SVI, Mo

. R/Fis part of larger cH_n‘l_ézi's;;;g o
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REFERENCE ..
NUMBER/ I C IN-COUNTRY
PROJECT PROJECT TITLE/ : APPLICATION/ SYSTEM INSTALLATION FUNDING PARTICIPATING

NO. LOCATION > PURPQSE SPEC DATE AGENCY AGENCY -
41/4 Es-Smirat and Bir 2 @ 240 ¥ | February AID
(cont'd)| Amama, Tunisia SVI, PP, M| '84

Bouaboute, Morocco 355 W October AID
SPC. AB '83
Hammam Biadha, SPC, AB January AID .
Tunisfa* '83 -
Kuluduffushi, ‘ 284 W May AID
Maldives NE SPC, AB '82 R
Bhoorbaral, Indfa | 355 W October AID
SPC, AB '8 s
Cibung Bulangand 2 @ 320 ¥ | April AID -
Batujaya, Indonesia SPC, AB '82 s
Tambon Tha Thong, 200 W November | AID -
Thatland _ SVI, M ‘83 R

* R/F is part of larger clinic system -



REFERENCE IN- v L
NUMBER/ STALLA- IN-COUNTRY -
PROJECT PROJECT TITLE/ APPLICATION/ SYSTEM TION FUNDIKG PARTICIPATING
NUMBER LOCATION PURPOSE SPEC DATE AGENCY AGENCY
41/5 Public Service PV Water Pumping, Light- |12 kW (total) |Sept'84{DOE, Government of {[Ministry of Electri-
Power Load Systems/ ing, Medical Clinics, |Solavolt to Gabon city and Hydraulic
Gabon (4 sites) Tv and VCR/ Demostrate dJan.'85 Resources
applicability of PV in
village applications
in Gabon
41/6 PV Powered Satellite |Send/Receive Earth 2.22 kW - June'85]AID ..~ |Ministry of Educa- |.
Earth Station and Station, Telephone, Hughes » : Soldon . s
Classroom/Wawotobi, Audio Convener, Graph-]Aircraft B EER
Indonesia ics Facsimile Equip- |Corp.
> ment /Demonstrate use .
i of PV for remote sat-
V-] ellite earth station
applications % B
41/7 Utirik Island Project/|Village Power/Domestic{7.92 kW Huges |June'84|DOE " . Republic of :the

Republic of the
Marshal Islands

and institutional
lighting, institu-
tional use fans, re-
frigerator (vaccines
and food) ’

Aircraft
Corp.

Marshal Island:

b
A



1.

2.

3.

S.

6.

7.

10.

11.

12.

13.

14.

15.
16.
17.
18.

19.

20.

REFERENCE LIST PROJECTS:

ANTIQUA, Caribbean Agricultural Research and Development Institute , ‘
(CARDI), Laxman Singh, Technical Coordinator. T

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

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

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

DOMINICAN REPUBLIC, CODETEL. Rafael L. Zorilla, Gerente Mant. Siét}kn
Transmision. : g

DOMINICAN REPUBLIC, Direccion General de Telecomns. Bartolome Rosario,
Rural Telecommunication Project Chief. , I S

DOMINICAN REPUBLIC, Oficina Regional de Salud 1. rng.v Hénna}“zngs,ﬂ"
Regional Engineer. ,‘ f‘?-:7~~;f'f:r' ‘

ECUADOR/USAID, Instituto Nacional de Energia (INE) Vicﬁot Caatellnnoa,
Consultant, Solar Energy Unit. o

HAITI/USAID, Foundation CARE. A. Scotthaiié;iAnéistnnt Director.

KENYA, AMREF. Dr. Sam Kazlibwe and Dr. Chriatpphér Wood, Senior Medical;i‘
Officer. o -';;"4~~ , IS

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

LESOTHO, Senakangoeli Solar Systems. Gary Klein, Preaident.'

LESOTHO, S5wedish Telecomns. International. John Blaxland, Project‘f
Manager.

LIBERIA/USAID. Robert C. Braden, Liberia Civil Engineering Advisor.
MALI/USAID, LESO. Cheickna Traore, Director, LESO.

NIGERIA, Lary van Zee, Church and Community Developer.

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

ZAIRE, Republic of. Pauline Chambers, M.D., Medical Director Sannléﬁﬁ
Memorial Hospital. o L

ZIMBABWE, Ministry of Enerng C. Mzezewa, Research Offiéer€» 
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21.

22,

23.

24,

25.

26,

27.

28.
29.
30.

31.

32.

33.

34.
35.

36.
37.
38.
39.
40.

41,

. REFERENCE LIST PROJECTS"

(CONTINUED)

,A.Y. McDonald Mfg. Co., ILowa, USA. John Vckel Manager of Energy Products.ﬁ

Associates in Rural Development, Inc. (ARD), Vermont, USA. Richard
McGowai, Senior Engineer. : SIS N SR " .

GRUNDFOS International als, Denmark. MichaelfArhon;iProdnet Line.ﬁahagef;‘
Solar Pumping Systems. f e e e o

Kyocera International, Inc.,’ Japan.' 'oreynki:Takéﬁgﬁi;‘Geﬁeral Manager,
Sakura Plant. R AR AN O . S

Moteurs Leroy Somer, France. Dominique Mercier, Engineer.‘

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

‘Specialist.

:kgSolar Electric International Inc., Malta."John ﬂ;:Williams; Managing
(jDirector. » : : ‘ A

: lSolar Voltaics, Austria. Lennart Muigg, Ing., Managing Director.

: eSolarex Pty. Ltd., Phillippines. Efren B. Katague, Manager.

Solec International, Inc., California, USA. Gregory S. Glenn, Design‘:

& Sales Engineer.

~ SunWatt Corporation, Indiana, USA. Richard J. Komp, Vice President, R&D.

United Nations, New Yovk, USA. Derek Lovejoy, Interregional Advisor
Renewable Energy. :

INDONESIA, Directorate General for Electric Power and New Energy. Endro
Utomo Notodisuryo, Head, Sub Directorate of Rural Energy Development.

SENEGAL. [Not indicated].

THAILAND, National Energy Administration. Sompongse Chantavorapap,
Director, Energy Research and Development Division.

YEMEN ARAB REPUBLIC. Mark K. Leverson, Coordinator of Solar Energy Projects.
ZAIRE/USAID. Debra A. Rectenwald, Mission Evaluation Officer.

ARCO SOLAR Inc., California, USA. Michael Curley, Manager, Field Operations.
ARCO SOLAR Inc., California, USA. Gary J. Shushnar, Manager, System Design.
ARCO SOLAR Inc., California, USA. Gary Zahnstecher, Engineer

NASA Lewis Research Center, Ohio, USA. Anthony F. Ratajczak, Head, Solar
Energy Project Office.
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“APPENDIX B: . SIGNIFICANT PROJECT DESCRIPTIONS =



’Tﬁéffiféfjphaéékdf‘the‘eVAluatidn{ihv61VEd the review of field
experience wltﬁ?éach of the>applicationd: pumping,vcommuhICatiOné, refrigera-
tion, lightiﬁé" and liome power, and mﬂti—use. The experience associated with ‘
approximately 2700 PV power/load systems is incorporated into this study. From
these, 29 specific projects are reviewed in detail based on their representative
pature, the amount of available data, or their importance to understanding the
key factors of PV system performance in particular applications. Project title
and location, number and/or capacity of systems, and key comments provided by
the references of these projects are tabulated by application in the body of
this report. Performance summaries and lessons learned from these 29 significant
projects are detailed in this appendix. In some cases, a "project” consists of
many similar systems (e.g., the NASA-Lewis refrigerator field tests total 28

systems), but they are treated as one project.
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B.1  Pumping

The review‘of,the field'performanee‘of PV water pumping systems is
based principally on project reports and interviews with key personnel on
the performance of pumping systems in Mali, Botswana, India, Egypt and the
significant pumping evaluation work performed for the United Nations Develop- :
ment Program (UNDP) and the U.S. Agenoy for lnternational Development (USAlD);E

The following pumping projects have been reviewed in detail for this

.report.‘@;'_ _
‘ : L ﬁNDP Pump Tests
e Mall Solar Energy Lab
o Sadat City, Egypt~-Desert Development Project
e Botswana PV vs. Diesel Study

e Remote Village Pumping System in India
e Mali Aqua Viva Program

B.1.1 UNDP Pump Tests (References 3-1‘and”3f5)

‘ A major pumping evaluation was performed from 1980 to 1983 on PV
pmﬂping systems by Sir William Halcrow and Partners with Intermediate Technology
Limited. The study, which was funded by the UNDP, also resulted in a 1984
publication Handbook on Solar Water Pumping, which describes the technology,
its application, and its economic viability. The following quote, taken from
this handbook, assumes irstalled system costs of $15 to $23 per Wp.

As a general approximation it can be shown that solar pumping
systems for irrigation are beginning to become cost competitive
compared to diesel pumps in situations where the peak daily water
requirements are less than about 150 m /day (for example 30 m /day
through a head of 5 m) and where the minimum monthly average solar
irradiation 1s greater than about 15 MJ/m? per day [4.2 kWh/m2 -day] .
For windy locations where the minimum monthly average wind speed is
greater than 3 m/s a windpump would be a cheaper option.

Similarly for rural water supply applications solar pumpin;

systems are becoming cost competitive campared to diesel pumps where
the average daily water requirements are less than about 250 m /day
(for example 25 m /day through a head of 10m) and where the monthly
average solar irradiation is greater than 10 MJ/m?2 per day

[2.8 kWh/m2 -day]. Windpumps are generally cost competitive at
locations with minimum monthly average wind speeds greater than 2.5
m/s.

P



B.le2 ,Méiii's'blai.-”znergz Lab (Refé'ré"‘cé:‘?'f*a_'-ff!‘;;_'"3:,"9‘_‘ a“d 3-10) B

During the past five years, a subtantial amount: of field work has been ‘
performed by the Mali Solar Energy Lab and related organizatione in Mali. Over
80 PV pumps have been installed in Mali. Unfortunately, few publicly disseminated

reports have come out of theeiab. An interview was conducted with N'To Diarra,

the former head of the PV :eeeerChkgrpup at the lab.

According to Mr. Diarta, Mali's experience has concentrated on centri-
fugal pumping systems, both low- and medium-head. No jackpumps have been
evaluated. There have been very few problems with PV arrays. Most performance
difficulties have come from the pumps and electronics. In multi-stage vertical
turbine pumps, vibration in the connecting drive shaft (surface-mounted motor and
submerged pump) has caused at least one broken shaft. For shallow well applica-
tions, centrifugal pumps are preferred since they provide the best electrical
match to the array. Direct electrical coupling is desired in order to avoid
sophisticated electronics. Data on the peak yleld of the well and low-level

water controls are two of the most important. system design requirer 2nts.

Maintenance and technical support is most hampered by inadequate and
unresponsive communications from the site to the manufacturer. Emphasis must
be placed on training ergineers in PV pumping system technology to perform

‘trouble-shooting, repair, and maintenance management.

: Demand is usually more than supply and this fact tends to lead to
‘user dissatisfaction. Furthermore, because of the common failure to perform a
ﬁ"full system design,” which incorporates sanitation considerations, users
-perceive problems with storage tanks, distribution systems and runoff eysteme

as being fallures of the PV system.

On performance and costs, a 1983 tender attracted bids of US 810 to
$12 per Wp CIF Bamako. This included array, pump, structure, and wiring for an
installation to produce 30 meters head at flows of 20 to 30 m3/day. This
results in volume-~head products of 600 m# to 900 m4. This value is more than
twice the upper limit of the "viable" range specified in documentation on the
UNDP pump tests (B.l.1); however, Mr. Diarra indicated that the decision to

B4
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inatall pumping systems was of a political nature to show “real development.”<

The choice of PV was necessary because of the unavailability oftfuelag,f

B.l.3f"; Sadat City, Egypt--Desert Development Project (References 3—11, 3 12,
3 13 and 3~14) '

‘ '_The Desert Development Demonstration and Training Prngram'utiiizea‘an‘“
8 fed&an’area (10 acres) for reuewable energy/agricultural development work. The
site has been entirely powered by a 10-kWp and a 3-kWp PV array since 1981. The
10-kWp array supplies 220-volt, 50-Hz power through a NOVA inverter to the head-
quarters building and an AC submersible pump at 43 meters of head. It includes
88.8 kWh of Exide battery storage. The 3-kWp system provides power exclusively
to a positive displacement deep-well pump with DC motor and a booster pump for
irrigation.

The array has performed reliably with an average daily conversion
efficiency of 7.2%. The deep-well AC submersible pump has also performed well.
The positive displacement screw pump has run reliably without failure since
mid-1984. Prior to that, excessive mechanical vibrations in the drive shaft of
the pump prevented continuous operation and resulted in a number of pump failures.
Additional drive shaft stabilizing bearings were added and the pump operates with
an average of 60% efficiency. Significant experience was also obtained with the
battery systems. Mr. Fadel Assabghy, who is responsible for the PV power systems
at Sadat City, has indicated that battery maintenance must be tended with unfailing
regularity.

B.l1.4 ~ Botswana (References 3-15 and 3-16)

A study was performed based -on actual field data, on the question of
the econamics of PV versus diesel for water n'pply in rural Botswana.‘ It was
based on more than 3 years of actual field experience in the maintenance and

operation of diesel-powered water supply systeas.

Fuel usage, the cost of regular maintenance, the initial costs of the
system and the replacement of individual components were considered. The study
compared a 6-kW single-cylinder diesel engine and rotary screw pump with a PV

power system and permanent magnet DC motor powering the same pump. The study
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found that "there are no significant mechanical obstacles to the introduc-l

tion of PV water pumping into the country.... The one question...is cost.f

iue‘etudy‘pointe cut thet a‘eignificent technical comsideration for
the application of PV 18 the borehole peEk yleld character. In a typical
application, a maximum demand of 2 to 6 m3/hr will occur at solar noon on clear
days. Borehole yleld tests often indicate that this rate is higher than the\ _
well recovery rate, and thus the well would dry out. Well peak yields may'in R
fact be a significant limiting factor to the applications of PV systems.

Another pertinent design factor is the use of existing pumps and wells 4
to capitalize on any equipment infrastructure. The design effort to do so,‘tf
however, requires good communication between the equipment suppliers ard the
field. '

A "continuous discounting” life-cycle cost analysis, based on a 22
real discount rate and a 20-year life, showed that PV is economically competitive
with diesel engine systems at the present time. Diesel costs ranged from
$0.216/m3 for 1368 m# hydraulic daily energy demand to $0.581/m3 for 3000 m%
hydraulic daily energy demand. Comparative costs for PV were $0.099/m3 and
$0.372/m3 respectively. The report also states that "all of the unit costs
[PV] except for the desert village [3000 m%] were below the current price charged
for water and there are no assoclated labor costs.” This covered an analysis
of borehole volume-head products of 150 o? to 1368 m*. PV initial capital
costs for the system were $13 to $14 per Wp for 150 o’ to $§11 to $12 per Wp for.
3000 m4. (This range of econom’c competitiveness is significantly higher than
any previously reported work and it may be due in part to the use of existing
pumps and infrastructure to design, produce and install the systems.)

B.l.5 Remote Village in India (Reference 3;17)

The installation of a PV pumping system in a rural Indian village
raised many important socio-economic issues. Thess involved bureaucratic and
administrative probleus, villager integral participation, and the ownership

and management of faL.lity and water.
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The choice of the PV system was based on the past experience and
technical limits 6f other water pumping technologies. Two villages in the area
had diesels, but high incidence of breakdown and irregular fuel availability
outweighed the value of the amount of pumped water. Bullocks could not be used
because the water depth was 15 meters. Biogas would require cattle to be
corralled to collect manure and the resulting questions of enargy ownership and.

distribution were serious.

The PV system was installed following a long and difficult bureaucratig
and administrative struggle. Transport of the equipment, customs, drilling of '
the well, testing of the yleld, and well casing were a few of the tasks that
progressed slowly. On one occasion, management problems and tribe rivalry
resulted in violence. The following conclusions were reached:

Such a project cculd never be z2uccessful without the close

following and constant pressure of people alien to the village

but fully accepted by it.... A solar water management commit-

tee came into being by consensus for the best and fairest dis-

tribution of solar water and has managed to satisfy contradic-
tory needs.

At the time this article was published, the system had provided irrigatidﬁ{fpi.ff

one successful winter crop.

B.1.6  Mali Aqua Viva Program (Reference,SéiS){1

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

30 Pumps 39.0 kW
Hospital Power I 8.6
4 Refrigerators | V0é6f
Classroom Lighting ‘O.2ei
Religious Mission Lighting _g;lf)‘ o
Total 48.5 KW
B-7 A\



Based on the operating experience with the pumping systems it has
been calculated that the cost of water from the PV pumps for one year was 3.l
Ff/m3 (0.34 $/m3) compared to the manual pumps (foot operated) of 1.42 Ff/m3
(0.16 $/m3). The cost of the solar pump was six times that of the manual pump.
However, the volume of water produced was not comparable. The PV system produced
30 m3/day and the foot pump 6 to 8 m3/day; therefore, more foot pump installations

would be necessary.: Alsp no cost was associated with the manual pumpirg labor.

‘ The most important information to come out of this work thus far has
been the cost of infrastructure, on a unit pump basis, for operation and main-
tenance. For the PV pumping systems, 4870 Ff/year/pump (536 $/year/pump) was
the cost of maintenance and operation for 30 pumps. The costs are likely to be
reduced to 3000 Ff/year/pump (330 $/year/pump), which is six times more than
manual pumps, but also yields six times the volume of water. Therefore, the
indication is that per equal volume of water, PV and manual pump systems requiréf

the same cost level of supporting infrastructure.

Comparisons to diesel were performed. For a 5.2-kW system, PV.watérﬁ.
pumped from 10 meters depth costs 0.65 Ff/m3 (0.07 $/m3) at a rate of 350 m3;per‘

day, while diesel-pumped water costs 0.50 Ff/m3 (0.06 $/m3) at a rate of 50,'
m3/hr. The level of maintenance was not included in the comparison. In addition,

no background was provided on how water costs were determined.
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B.2 Comﬁpnications

The following communication projecte have been reviewed in detail o

for this report.

Microwave Telecommunicationo in’ Papua New Guineajg
,'”fTelecommunications Systems in Australia -
ﬁ?iNiger PV-Powered Televisions

" Gabon Telecommunications Relay

NASA-Lewls PV Medical System Radios

o Health Care Communication Systems.

B.2.1 Microwave Telecommunications in Papua New Guinea (Reference 4;4)i

In Papua New Guinea (PNG), telecommunication repeater stations are
located primarily on mountain tops and are accessible only by helicopter.
Traditionally, repeaters in PNG have been powered by primary batteries. Primary
batteries must be replaced on a regular basis, disposed, and imported (i.e.,

supply 1s subject to political and economic policies of foreign countries).

On June 13, 1976, a PV-powered repeater system was commissioned on
Mo .t Namsbamati. The PV system powers a microwave repeater that carries both
domestic and international traffic and thus is a vital link in the Trans-PNG
Telecommunication Network. The system consists of nine 26-W modules (Solar
Power Corp.). Because of the required reliability, the system was oversized by
50 percent (i.e., only 6 modules were really needed). The batteries are nickel-
cadmium with a total of 240 A~h capacity. To operate at the nominal voltage of
36 V, 28 cells were connected in series and float charged at 41 V. Performance
as of October 1978 was as follows:

e System functions well except for one failure in the voltage

regulator.
® Dust accumulation on the array is minimal.

e Water consumption by the batteries is negligible.
e Maintenance was non-existent.
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There are no institutional difficulties; as the management of perts'
and technical personnel is performed by a skilled, established organization.
Maintenance and repuair frequency have been reduced considerably compared to ’

conventional systems.

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

choice of PV inevitable.

Six more PV-powered telecommunication routes were to have been.‘

installed between the following cities by 1981,f

(1) Boroko-Lae
(2) Lae-Goroka-Madang
- (3) Goroka-Mt. Hagen-Wewak
(4) Lae-Raboul
(5) Boroko-Altoan
(6) Boroko-Mt. Hagern.

i
.

B.2.2 Telecommunications Systems in Australia (Referehee:§—85’77

Although Australia is not a developing country, its experience with‘~wv

PV-powered communications systems in remote sites are still applicable to this :

stlldy.

Telecom Australia has been installing systems of up to 2000 Wp (300 W
continuous) in rural and remote areas of Australia since the 1970s. On the
order of 75 to 100 PV-powered repeaters are currently'inatalled. Plans for
1100 more in the next few years are in progress. Of the major systems installed,
there have been no system failures. Telecom Australia has been obtaining

“gratifying results” for over 10 years.
PV has proven to be "extremely reliable and economical for telecom-
munications loads in the range of 1-300 watts continuous.” For systems greater

than 300 W, they plan to use hybrid systems of PV and wind or diesel (a demon-

. ‘stration project s underway).

B_'"lv 0
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B.2.3 Niger PV-Powered TeléViéionéf(kefégéhée 4=5)

In Niger, more than lOOO'PV;pbweréd television sets have bgén in-
stélled, PV technology was chosen Be@ause it is compatible with rural village
cohditions——isolated villages and precarious roads. The televisions‘setve1as
a valuable educational tool. The syétems have been successful and the~program‘

is continually expanding.

B,2;4- Gabon Telecommunications Relay (Reference 4-5)

A 650-Watt PV unit powers a relay station in Gabon. Installed in 1981,
it has taken the place of a gasoline generator. In 1982, the French program
SEMI concluded that this power level represents the upper limits of use in
isolated villages. It is a pilot system still in the R&D stages. The costs of
the system were two times that of a comparable gasoline generator. The system

has run satisfactorily since its installation.

B.2.5 NASA-Lewis PV Medical System Radios (Reference 4-6)

Radios were installed as part of the loads in three of the five
remote medical systems located in Guyana, Ecuador, Kenya, and Zimbabwe. The
radios were STONER VHF radios, each with a dipole antenna. They were designed

to be powered from a 12--volt source.

The radio in Guyana performed without difficulty and provided good
communications across distances of more than 200 km. Although not related to
the PV power system, a problem was experienced in Kenya where two radios were
installed 50 km apart at two medical health centers—-in Kibwezi and Ikutha,
Kenya. The radio frequencies were found to be in error and not matched to each
other. Afier tﬁe radios had been returned to Nairobi and the antenna positions
had been changed, the quality of the transmission only improved a small amount.
The conclusion was that interference from the terrain and other local trans-

missions were at fault.
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B.2.6 Health Care Communication Systems (Reference 4-7)

The importance of two-way radio communications to medical programs
can be described using examples from the Africa Medical Research Foundation and

Guyana. Comments relative to the power system are as follows:

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

A common self-contained power source for two-way radios is a standard
12-volt DC automoblle storage battery, recharged by a small diesel
generator that must be properly cleaned and maintained. The costs
and logistics of transporting diesel oil to remote locations--often
it must be flown in--can make this one of the highest costs of
operating a radio system. In contrast, solar panels can serve as
the recharging source and can eliminate the need for generators and
fuel. Although at present [1980] their capital cost is higher, they
are becoming less expensive, and they require little maintenance
until replacement is necessary. Field tests do not indicate any
major problems with solar panels, but none have been in use long
enough for definitive evaluation.
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B.3  Réft1geraﬁion'

'Project reviews for this evaluation incorporate the experience
associated with more than 105 systems in 43 countries. The most significant
work to date has been that performed by NASA in cooperation with the World
Health Organization, the U.S. Center for Disease Control and the U.S. Agency
for International Development. The formal development and field demonstration
programs conducted by these organizations have led to increased operating
knowledge and subsequeiitly improved system designs. Most recently, a signifi-
cant cost analysis project was conducted in The Gambia on the competitiveness
of PV with kerosene. That work is detailed in this section. Other work has
been done by UNDP, UNICEF, AFME (France), (TZ (Germany), ODA (UK), Oxfam, ICRC
and SWASO. However, the collection of detailed information on these projects
is difficult as many are using a single or few refrigerators. Many of these

projects are not being monitored, and there is little information available.

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

Power does contain details of these projects.

The following refrigeration and medical system projects have been re-

viewed in detail for this report:

e NASA-Lewis 28 R/F Systems
e World Health Organization (WHO) Field Trials

¢ Immunization Program in The Gambia.

g B.3.1 NASA-Lewis 28 R/F Systems (References 5-3 and 5-5 through 5-12)

PV-powered refrigerators for vaccine storage were installed by NASA-
Lewlis at 28 sites around the world from 1981 to 1983. The packaged systems in-
cluded a PV array (160 to 363 Wp), refrigerator/freezer (R/F), and battery bank.
Each R/F was instrumented with a thermograph and alarm to indicate internal

compartment temperatures.
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From October 1981 to July 1984, the R/Fs in the NASA trials accumulated
almost 500 system months of operation. The R/Fs are reported to have operated
correctly (i.e., maintaining internal temperatures within the required tempera-
ture range) for slightly more than 80 percent of the time. Although this is
not an acceptable level of reliability for vaccine refrigeration, it is compar-
able with that of kerosene refrigerators. More significantly, all of the

problems experienced are believed to be avoidable in future installations.

Systems in the Dominican Republic, The Gambia, Guyana, India, Mali
and Thailand have experienced instances when the internal refrigerator températUre
was outside the required limit. Reasons cited for inadequate performance

include:

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

o 1incorrect setting of the thermostat

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

e array shadowing.

Exhibit B-1 details component :zeliability in the NASA field tests.
Of the various component failures encountered, none occurred consistently
across the systems, and most were not considered serious. From a NASA-Lewis
report, "...there have been no known PV system problems;... The R/Fs have been
relatively problem free with no compressor problems.... A few problems [have
occurred]) with compressor electronic control modules (ECM).... Instrumentation
has been a major problem.” In particular, instrumentation problems were en-
countered with the pyranometers and amp~hour meters--instruments that have

been used successfully in many other projects.

The systems operate with little operator support. Misuse of R/Fs

(e+.g., for cold drinks, meat storage, etc.) has been observed in several systems.
The thermograph incriminates the user. Some R/Fs have yet to be used for vaccines

because the health programs or the vaccines themselves are not avallable.
The cost of current PV powered R/F systems ranges from $3500-6500 and
is dependent on the location, system design and supply point of the R/F. ECM ’

failures are not substantial enough to consider reliability a serious concern.
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EXHIBIT B-1. NASA-Lewis Field Trials - Component Reliability

COMPONENTS ~ SPC/ADLER BARBER SOLAVOLT/ | SOLAVOLT/
R T R MARVEL POLAR PRODUCTS
Systems Installed 19f j"  5 5
Systems Reporting 19 2

Photovoltaic
Module

Voltage
Regulator

Cable Connector

Batteries

Electronic
Control Unit
Compressor

Refrigerant
Loop

Fan

Air.qurljff.i"

' Th@ﬁ@b}ﬁéE/Alarm

1 - Ivory Coast
- (refrigerator remained

functional)
‘1 - Indonesia
1 - Indonesia
1 - Guyana
1 - Ivory Coast

Minor corrosion
experienced

Fuse blown -~ Indonesia
Fuse blown - Guyana

1 - st. Vincent
(before

installation)

1 - qudaniv.:;

ECU failure - Ivory Coast '* RO

NIL

1 unit received low
on freon in Maldives

’”1;- Ivory Coast

NIL

1 - Alarm incorrectly
wired by SPC delivered
to Ecuador

1 - Honduras
(before
installation)

1 - Thailand
1 - Honduras

(before
installation)
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B.3.2 World Health Organization (WHO) Field Trails (References 5= l, 5=3,
5-4 and 5-14) |

The WHO Expanded Program on Immunization hae sponsored laboratory
tests (1980-1983) and field trials’ (installed in 1983 and 1984) of PV-powered
refrigerators for vaccines. A total of twenty field triale:were initiated 1in
Ghana, Kenya, Tanzania, Columbia, Yemen Arab Republic, India, the Philippines
and the South Pacific Islands. These field tests were conducted either solely
by WHO/Pan American Health Organization (PAHO) or jointly with other agencies,
notably NASA. Other field tests were conducted directly by manufacturers or

govermment agencies.

Based on laboratory tests and initial field trial results, four ‘
refrigerator models have been approved by WHO for vaccines (Polar Products RRZ,
LEC EV 570, PFrigesol 40 and Marvel 4 RTD). Others tested by WHO were rejected
based on characteristics such as high energy consumption, lack of ice-making

capabilitv and unacceptable holdover time.

Technical problems encountered with the field trials include improper;[
sizing of the array/battery and instrumentation failures. A number of systems |
in the Philippines have undersized arrays. There is also concern over the array/
battery sizing of six systems in India and one in Yemen Arab Republic. WHO
has found that energy consumption in the field does not match that anmticipated
based on laboratory tests. Discrepancies are most likely due to thke fact that
their strictly controlled laboratory tests did not account for misuse of eqoipﬁent~
in the field. g

B.3.3 The Gambia (Reference 5-14)

An anelysie of an actual immunization program in the Republic of The
Gambia was recently conducted. The‘analysis assumes that the solar vaccine
refrigerator will be 90 to 100% reliable, compared with a reliability of 85% for
kerosene refrigerators (i.e., 90 to 100 of the vaccines stored are usable from
svlar refrigerators but only 85% from kerosene units). This assumption is
based on the field experience in The Gambia and the experience with other PV

refrigeration systems around the world.

B-16
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. The methodology used for the financial analysis entails calculating
life-cycle costs for each option by taking the summed present valpes of'theirb
respective cash flows. These are annualized to obtain relativegénhualrtdnqipg

costs, discounted to the present using a 102 discount rate;‘j

_ The total program overhead is $400,000 or approximéﬁely $I4,Q06i§ef.
health center. For the purposes of analysis, both a low program nverhead and a
high overhead have been used for comparison. These are $8,000 and $16,000
reépectively. Similarly, for the solar rufrigerator a high-cost and low-cost

case are considered as given in Exhibit B-2.

It was assumed in the analysis that (on the basis of 1983 figures)
14,208 doses per refrigerator per year would be administered using kerosene,
while 15,044 to 16,716 would be administered from the same supply of vaccines
if solar refrigerators were used. These figures reflect 85%, 90% and 100%
refrigerator availability for kerosene, solar high, and solar low, respectively.
Exhibit B-2 summarizes the assumptions and results of the analysis in The Gambia.
The chesper overhead cost per dose with the PV-powered R/Fs is not a cost-saving
as such, but it does draw attention to the substantial overhead involved in
giving a vaccinatfon over and above the costs of the refrigerator and its
operation and maint nance. A small increase in refrigeration costs could be
acceptable if it allows significantly better use to be made of a relatively
expensive infrastructure. Therefore, the benefit consists of improved cost-

effectiveness rather than reduced costs.
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EXHIBIT B-2.

Summary of Comparative Costs for Kerosene and Solar

. Refrigerators (based on actual data in The Gambia)

Low-Cost High-Cost
Case Case
- Kerosene Solar Kerosene Solar
1. Assumptions '
Installed Capital Cost ($) 400 3,424 400 8,856
Recurrent Costs ($ yr) 853 150 853 150
Availability (%) 85 100 85 - 90
Program overhead cost L :
per refrigerator ($) .8,000 - 8,000 16,000 16,000 -
2. Results ,
Useful doses per annum fil4 208 16,716 14,208 15,044
Annualized cost for refrigerator ($) w913 664 913 1,478
Refrigerator cost/dose ($) 0 0e06 0.04 0.06 0.10
Overhead cost/dose ($) 0.56 0.48 1.13 1.66
Total cost/dose ($) 062 0.52 1.19 1.16
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B.4 Lighting and Home Power

‘ E - 'l'he following lighting and home power projects have been reviewed in
detail for}this'

report..

{RFApua New Guinea Lighting Systems

o
;eeePV Versus Kerosene Lighting - Papua New Guineaé
,8 " Zimbabwe Lighting Systems “
j; 'Mali School Lighting
e Traffic Lighting - United Arab Emirates
e French Polynesia. -

}B,4.I Papua New Guinea (References 6-2 eﬁdeG;BSV

The field operating experience with PV systems in rhtki‘epplieatiens
in Papua New Guinea has provided important insight into technical and financial
‘aspects of PV lighting systems. Charge controllers were previously found to be
complex in circuit design and operation and were unreliable. In 1980, as a
result of Papua New Guinea field experience, fully "tropicalized” charge con-
trollers were made available and have since been proven reliable. For safety
and reliability reasons, a policy was adopted to use 12--volt DC PV lighting
sysiems for village and government patrol post lighting. As to the quality
of lighting, a 20-watt fluorescent bulb provides a lighi intensity of 100 lux
at one meter below the lamp. A kerosene pressure lamp provides 12 lux, measured
one meter below the lamp and outside the lamp's shaiow. In addition to these

- obvious improvements in quality, the high cost of kerosene (about $1/liter)
resuit in paybacks of from two-to-four years for simple PV lighting kits.

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

megawatts.
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In related work, the Appropriate Tbchnology Development Institute of .
the University of Technology in Lae, Papua New Guinea has started testing fluorescent
tube “lanterns” powered by rechargable Ni-Cad batteries. The lanterns are designed : ‘
to look like their kerosene counterparts but to be charged by PV. A photo 18’
provided in Exhibit 6-3.

Beb.2 PV Versus Kerosene Lighting - Papua New Guinea (Reference 6-1)

A survey was conducted among 30 village houses to assess the cost'
components of kerosene-fueled lighting as experienced in rural villages. The
cost and performance of a comparable PV lighting system were analyzed over a ‘

5-year period.

A typical household was found to use two keroseme powered lights, a
hurricane lamp and a pressurized lamp. The cost of operating these lamps was
found to be 196 Kina (1 Kina=$1.34) for the first year. A 5-year expenditure
of 817 Kina could be anticipated, using a 10X discount rate.

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

The following excerpts were taken directly from the reference:

.+othe PVC kit i8 less expensive to operate over a 5-year period.
It would take under five years to recover its cost through savings
on kerosene lighting. Undoubtedly this may be too long a period
for a villager to pay for a commodity which does not in return
derive an income for him, with unknown performance and reliability.
However costs alone should not be used to determine the favour-
ability of either of the lighting systems. Hence other compara-
tive criteria are takeu into account.

Quality of Lighting
ssswith the PVC lighting quality at least five times better than
the kerosene light there is reason to pay extra moneysees
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"Initial Lighting and Convenience
«+othe PVC kit merely provides light at the flick of the switch.

 For the kerosene pressure lamp it takes at least five minutes :
to refuel the tank, clean the glass and then to actually light it....

.+sthe costs and benefits are compared [and] it is clear that
benefits out-weigh the costs. Thus from a national point of
view, the replacement of kerosene lighting of the type
deseribed with a PVC kit and hurricane lighting is worthwhile,
although the high capital requirement for the PVC kit makes

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

The reference suggests that the govermment should finance and

‘encourage lending institutions in Papua New Guinea to provide loan oppoftunitiéér

to customers willing to purchase PV kits.
B.4.3 Zimbabwe (Reference 6~4)

A 1983 report by PTA Consulting Services of Harare, Zimbabwe addressed
the economic viability of PV for water pumping and lighting. A comparison 1s
made between lighting by candles, gas, or kerosene and a single PV module,
battery and two fluorescent lamps (40 watts each). The cost to a family for
conventional lighting was between $24 and $144 per year depending on the affluencc
of the residents. The capital cost of the PV system was $660. Portability of
the lamps was stressed as an important design parameter. Six-to-seven year
payback periods were noted. Another comparison was made between a 500-watt
petrol generator and PV system to supply equal amounts of lighting. The capital
cost of $2000 for the PV system was compared to the $550 initial cost and $975
annual running cost of a petrol generator. Payback of less than two years was
calculated. '

The report does not provide sufficient detail for an analytical

critique. However, it is probable that the operating assumptions used for the

petrol generator relate more to actual conditions than to ideal .
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B.b.4 Mali School Lighting (Reference 6-5)

In November 1980, a classroom received ,'PV.-'-'po;wéred’ fluorescent lighting ‘
for use during evening classes. The competing alternative is gas lamps. PV
has performed well and with little maintenance; however, the reference stated
that despite the risks of bottled gas, the use of PV could only be regarded as
an interesting experience. The conclusion reached was that the use of PV
cannot be developed further unless there is a substantial reduction in the cost

of systems and/or a substantial increase in the budget devoted to rural education.

B.d.5 Traffic Lighting - United Arab Emirates (Reference 6-6)

Twenty-one PV-powered street lights and a high-mast, traffic-circle
light were installed in June 1983 in Dubai, United Arab Emirates by Mobil Solar
Energy Corporation. Each street light consists of a 20-watt fluorescent tube,
two 35~watt modules and a 12-VDC ballast. The high mast light consists of eight
400-W, high-pressure sodium vapor (HPS) lamps powered by a 15-kW array.

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

, There were initial problems with the HPS light because of the inherent
difficulty with operating HPS lamps with modified square-wave inverters. The
solution was to use a ferroresonant inverter at 77% efficiency compared to a 90%
efficient, modified square-wave inverter. Development of high-efficiency,
high-power, DC ballasts for these lamps was mentioned as vital to optimizing
these PV lighting systems.
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‘B;4.6‘ French Polynesia (Reference 6-7)

. The #ctivity in PV applications ianrench'Pblynesia is significant.
Over 1000 hoﬁe power systems‘havé been installed to provide lighting, television,
and fans for individual houses. The efforts are supported by the French Atomic
Energy Commission (CEA), the French Agency for Energy Management (AFME) and the
Goverment of French Polynesia. The program in which systems are being provided
is similar to that practiced worldwide for rural electrification--subsidization.
Studies as long ago as 1980 showed that it would be more cost-effective to
support the introduction of PV power systems than to extend the grid.

A typical system consists of three 13-watt lights, an 80-watt televi-
sién,'a fan, and a small refrigerator. The cost of the system 18 approximately
17,600 Ff ($2000), including taxes. The modules are 50 percent subsidized by
the program. End-~users can pay the balance up-front or over a 5-year period at
9 percent interest. The conclusions of the recent work are that PV is economically
justified where the user 18 more than 200 meters from the grid. By 1982, 50 kW
(representing 300 huts) had been installed under this program. Another 120 kW
were expected in 1983, representing 25 percent of French PV production at that
time. The South Pacific Commission was encouraged by this program and has
proposed the development of such a rural electrification scheme throughout the
Sopth Pacific.
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B.5 Multi-Use

Multi-use projects at tﬁeffbilbwiﬁgylbéétibﬁs,ﬁé?éQbeéb:féviewed'ini
detail for this report: - o

Tunisia

Gabon and the Marshall Islands
Basaisa Village - Egypt

Charsarati, West Bengal, India

Niaga Wolof Energy Centre - Senegai-'
NASA-Lewis Medical Systems o
Senegal Medical Systems

Bourkina Fasso.
B.5.1  Tunisia (References 7-2, 7-3,k744'and'755)f}

Significant multi-use projectskhave been performed by NASA-Lewis
Research Center over the last two years. Included in these is a 27-kWp system
in Tunisia. This village electrification project of PV, wind, and solar heating
has been operating since February 1983. The PV system consists of a 29-kW,
220-volt, 50-Hz system to serve public and commercial sectors of a village of
120 persons. Additionally, a 1.4-kW remote farm house system for lighting,
R/F, TV and radio and two 1.4-kW drip irrigation systems were installed.
Operation and evaluation is the responsibility of the Societe Tunisienne de
L'Electricite et du Gas (STEG). There is very little instrumentation included,
although there are kilowatt-hour meters on the system and for individual users.
Users are billed for specific consumption. Project participants believe that
STEG has been recording basic production data.

The 1-kW inverter in the farm house system has had numerous problenms,
and extensive time was required to effect repairs. The village system inverter
experienced a failure brought on by what appeared to have been improper switch

sequencing during manual start-up. Some array wiring has deteriorated aue to

abrasion and sunlight damage. It is believed that the wrong wire gheathing was

specified or procured.
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B.5.2 . Gabon and the Mﬁrshaliflélandé"(References 7-6, 7-7 and 7-8)

NASA-Lewis Research Center also managed the 8-kWp, 120-VDC village
electrification system in the Marshall Islands on Utirik Atoll and the series
of 17 separate community service DC systems for 4 villages in Gabon. The
Gabonese community service systems for each village include a water pump (0.7 =~
3.2 kWp), a school system (560 Wp), community light (80 Wp), and a health
dispensary (640 Wp). The Utirik Atoll system and the Gabon systems became
operational in 1984 and 1985, respectively. So far, both PV systems have had
100 percent availability.

Minor problems have occurred with control systems and with street
light inverter ballasts in Gabon. The fluorescent lights have an integral
inverter for each lamp that has experienced a failure rate that 1is proportional
to outdoor storage time in the moist tropic environmment before installation.
Inverters that were installed in fixtures directly, (i.e., not stored in
unairconditioned areas) have not had any failures. All fixtures that were
stored in Gabon prior to installation were replaced. Failed inverters are being
analyzed. The Gabon systems are completely instrumented, and data collected
over the next few years should provide a valuable indicator of that system's

overall performance.

B.5.3 Basaisa Village -~ Egypt (References 7-9, 7-10.and 7-11)

A PV village =luctrification system was introduced in Basaisa in
November 1977 under the sponsorship of the American University in Cairo and the
National Science Foundation. The initial 33-Wp system powered a 12-inch screen
black and white television, a 12-V radio cassette recorder and a 12-V manual
slide projector. The storage system consisted of a 12-V car battery. In
December 1978, another 33 Wp was added to power a 12-V loudspeaker and a 12-V,
60-W emergency light. 1In 1981, solar pumps were added for irrigationm.

The village has established a community cooperative, community club,
technical center and community clinic. A fee is charged for membership in the
cooperative or club. Members of the cooperative may use the community audio-
visual (AV) equipment, emergency light and irrigation pumps. Members of the
club may use the TV, AV equipment and light. The technical center uses the AV
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equipment and pumps, and tﬁénhiipid;usesjthe light. Members of the cooperative
and club must pay rent fofﬁfhéfbuﬁpé and AV equipment during times of use.
\ @

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

meter and hydrometer.

Operation, maintenance and repair is performed by volunteers in the
community. In the case of system breakdowns, the villagers first attempt to
correct the situation themselves; the project team only intervenes if the

villagers canrot fix the system. The energy cooperative not only provides
for the basic energy needs of the community but also establishes an educational

atmosphere and a type of community spirit. There has not been much conflict
over the use (and scheduling of the use) of the various equipment. However,
some farmers still prefer using their animals to pump water for irrigation

rather than the PV-powered pumps.

B.5.4 Charsarati, West Bengal, India (Reference 7-12)

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

CEL, an Indian manufactuver.

As of 1984, the system seemed to be operating smoothly. The principal
investigator of PV projects at the University of Kalyani feels PV systems have
been proven technically feasible in India. Futhermore, the community center .
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was economically viable. BOS costs (per peak watt) are less in India than in
the U.S., due to low labor costs. The cheaper B0S costs allow for the use of

low efficiency (5%) solar cells.

There were some problems when modules failed after three years due to
the cracking of cell interconnects. They could (as of 1984) only be replaced
by physically taking them to CEL. Motor-pump set problems were also encountered
mainly with the carbon seals and commutators. This project, nevertheless, has
generated "tremendous enthusiasm,” even attracting people from neighboring
villages in the evenings. The villagers manage security, operation and main-

tenance on a cooperative basis.,

Be5.5 Niaga Wolof Energy Centre - Senegal (Reference 7-13)

Niaga Wolof i1s a village of 1500 inhabitants. In February 1983, a
PV-wind hybrid system (5 kW PV; 4.5 kW wind) began powering a public ligﬁting
system. In April 1983, a water pump (20 to 25 m3/day) was connected to the
system. The system was officially considered operational in January 1984,
after 9 months of preliminary tests. By January 1984, the system also powered
two refrigerators and two fluorescent tubes. The system 1s intended to also
eventually supply residential lighting, a communal TV, carpentry and sewing

equipment, a grain mill and an ice maker.

As of October 1984, no problems with the PV portion of the system had
been reported. According to the reference, the system “"confirmed the reliability
of photovoltaic solar energy."” The system also demonstrated that a full-time
system operator is not necessary and that periodic inspections suffice. The
cost-competitiveness of this system versus diesel has not been determined yet

since the grid is still undergoing expansion and more accurate instrumentation

i8 needed.

The system is located .near Dakar and is thus close to technical
3upport. Users of the system are billed according to an established tariff
structure. Residences are bllled at the cheapest rate, whereas a tourist

center in the village is charged a higher rate.
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B.5.6 NASA-Lewis Medical Systems (References 7-20¢§ﬁd 7-21)

NASA-Lewis installed five stand-alone PV-powered medical systems
in four countries--Guyana, Ecuador, Kenya (2), and Zimbabwe. The 1.5-kW PV
systems were designed to supply power for an R/F, lights, sterilizer, and radio.

All materials and load devices, excluding concrete and fencing, were supplied

as a package. Ecuador's system was 3 kW and included a dental drill and inverter.

Guyana's system included a water pump. Kenya systems included two-way radios.
The systems were heavily instrumented to produce detailed data on load use,

resource aveailability, and equipment performance.

All five systems have functioned reliably regarding array, battery,
and control function. Ho;;ver, the systems have produced little useful data
due to instrumentation failures. The automatic data acquisition systems were
customized for the project and did not work. Some electronic "lcgic card”
design problems were experienced with the controller. The sterilizers
(electrochemical) failed to perform properly in all the systems. No health
problems resulted, however. Subsequent analysis has shown that electrochemical
sterilization, passing an electric current through a saline solution, does not
meet health standards. (Since sterilization is as important as vaccine
refrigeration for rural health care, other sterilizer technologies, such as
electric steam heat, are being investigated.) Several fluorescent light
ballasts and R/F fuses have blown. Spare light tubes wére not available beyond
those supplied with the system. One R/F had an electronic control module (ECM)
failure. Radio performance in Kenya was poor because of terrain and other

radio interference.

No problems have arisen with respect to the acceptance and use of
the systems. However, vaccines were not regularly available at the Guyana site
for at least the first 18 months of operation. Difficult battery access resulted
in acid spillage in Guyana. In Ecuador, the electric grid has reached the
village and the health center is no longer dependent on PV though they continue
to use it to meet their energy demands. The system in Kibwezi, Kenya, was
installed at a hospital which had an existing 20-kW diesel engine generator.
Operation and maintenance difficulties with the diesel engine generator resultcu
in changing the initial passive interest in the PV system to active support as

its reliability and low maintenance have been realized.
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Design of these basic systems today would replace the electrochemical
sterilizer with a steum/pressure sterilizer, omit the instrumentation, and
minimize controller functions. With total loads of 1.5 to 2 kW, the current
(1985) price for such a system, including end-use components, would be $25,000-
830,000 installed according to Solarex Corporation.

B.5.7 Senegal Medical Systems (Reference 7-22)

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

medical service power:

e The use of gas or butane for refrigerators and lighting (reliability

of these refrigerators had been poor)
e The supply of distilled water with medical supplies obtained from

administrative headquarters

e Ironing of laundry with charcoal-heated irons

e Microscope work during the daytime with sun reflection lights
e Human-powered water pumping

e Little or no ventilation.

The PV systewx provides lighting, improved ventilation with the use of
fans, and high-quality power for use with laboratory instruments. Overall it
made a decisive improvement in health service effectiveness. Each dispensary
deals with 10,000 inhabitants, providing 100 to 150 consultations per day.

The system costs 200,000 Ff (USS$20,000~~1985 conversion). The system
18 experimental and the price includes R&D work. The system was oversized;
430 Wp would have supplied the load. Oversizing was the rzsult of a load over-

estimate.
B.5.8 Bourkina Fasso (References 7-15 through 7-19)

As part of a program sponsored by USAID to improve the quality of life
and productivity of small farmers in rural areas of developing countries, a

PV system powering a grain mill and water pump was designed and installed in the
B-29
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remote African viliage of Thngaye, Bourkina Fassov(forherly Upper Volta) by the
NASA-Lewlis Research Center (NASA-LeRC). The Gerrnment of Bourkina Fasso helped
gponsor the project. The original system, which became nperational in March
1979, included a 1.8-kW array, 540 Ah of battery storage, instrumentation,

automatic controls, and a data collection system. In addition to powering the

mill for grindiug grain and the water pump for provision of domestic and stock
water, the PV system powers two 20-W fluorescent lights in the mill building.
Since installation, NASA-LeRC has monitored the system closely and made several
design and equipment changes.

A 3-part operations manual was provided to enable the villagers,
Govermuent of Bourkina Fasso personnel, and AID/OUAGA persomnel to understand,
use, maintain, and repair the system. NASA-LeRC personnel conducted a training
program for local personnel. The help of a Peace Corps worker who 1is flueht
in both French and the local African dialect enabled the training to proceed
wlthout difficulties.

With assistance from the Govermment of:Bourkina Faéso, the_villageré .
organized a cooperative to manage the operatiom of the mill, .About 60 village
families invested 500 Ff CFA (about $2.35) in the cooperative, which is respon-
sible for selecting and hiring milling personnel, determining milling prices
and operating hours, and managing the fund collected for the milling. Proceeds
from membership and milling are used to pay two full-time millers, to gemerate
» capital for spare parts and repairs, and to support other village development
- projects. The water from the pumping system is available to all villagers free

’{jof charge. -

R ‘Village surport and assistance was enthusiastic since the installation
i@f‘the systgn. Unde.» NASA-LeRC supervision, men from the village assembled

féhd installed tﬁe PV panel support structures, prepared the trenches, and helped‘

hith numerous other tasks. They also constructed the mill building. The local .

.fbperétors' performance in terms of recording and forwarding data on the milling |

. operation to NASA-LeRC hzs been superb, emphasizing the competence and reliability

of interested local people. Operators are able to manage the operation of the

system, conserving energy when necessary (during the cloudy season) and increasing

use when permissable (during periods of high insolation). Operators also

self-regulate the load (current demand of the mill motor) to prevent overload , '
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and optimize mill throughput. Thié lgsééna'the risk of excessive battery
discharge. The readlt of this experience with manual energy management is that
automatic load limiting controls are no longer considered necessary. The
effectiveness of local management. of the milling operation has contributed to('. 

the success of the system.

Significant problems experienced with the system involved the grain
millgumodule thermal stress failures, and the controller. Although the burr .
mill orginally selected operated satisfactorily, its wear rate was greater than
anticipated. The villagers' desire for very fine flour resulted in extremely
high wear rates on other parts of the mill as well. When the replacement burr
mill began to also rapidly wear, NASA-LeRC personnel procured and installed a
hammermill. The mill was changed to another hammermill to meet demands for

fineness of grind, equipment durability, and efficiency of the milling procgaé.

. Another significant problem experienced with the system in its first
two ye&rb{dffoperation was the premature failing of 29%Z of the PV modules by
April‘1981 due to thermal stress (while this was a problem with some of the
early modules, subsequent generations of the technology have resolved this
issue). When replacement modules were installed in May 1981, the array size
was also doubled to 3.6 kWp to meet additional milling energy requirements.
The PV modules were replaced by local personnel. The expansion of the Tangaye
system i1s significant in that it represents the first time that a PV system
has been scaled-up by a factor of two in a field operational setting.

Since the system has been enlarged, the number.of hours the mill can
run has neaily tripled. Even so, the system is still pushed to its full capacity.
According to the station manager, people are coming from 30 to 40 km away to use

the mill at Tangaye, and there is always grain waiting overnight to be milled.

The controller that NASA-Lewis designed and built was changed to a
commercial solid state "black box" version to improve perception of simplicity.
The original_contrbller had intimidated the local technicians due to its complexity.

" Ordering spare parts has been a problem for local users. This difficulty
emphasizes the need for an appropriate infrastructure to handle the supply of

spare parts and technical expertise. A paradox of this sort of development
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prOJect 13 that, whereas the responsibility for the Tangaye demonstration has
been given to an 1n-country 1nst1tution, the m111 13 of American manufacture
and so its parts must tome from the . S. Placmg an order for them 1a difficult ‘

from Tangaye or from the 1n-country 1nat1tution without the a951stan0e of AID

staff,

‘The milling operation continues to be the arena of lotal-level
polities and the sorvial fotus for Tangaye. PV-powered lighting in a nearby
building which was used for living attommodations during site visits, has
permitted a number of activities to be organized: infant care clinie, adult
literature tlasses. The station manager has also set up a bar in the building
in which told beer and soda are sold. In addition, an entrepreneur has built a

new store fating the station.

The‘development of the system has been tontinuous over the last five
years. The system has athieved an average availability of over 93% for 4 years
of measured operation. Efficiency 1mprovementa may yet be made by using a
voltage regulator for the mill to control speed and thus operate the mill at

its optimum grinding rate.
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Exhibit C-1:

EVALUATION OF INTERNATIONAL

~ PHOTOVOLTAIC PROJECTS

ROUND TABLE MEETING
PATICIPANT LIST

Jonathon Hodgkin

24 Standish Rd.
Jamestown, RI 02835
401-423-1851

John Eckel o
A.Y. McDonald Mfg., Co.»}:(
P.0O. Box 508 o
Dubuque, IA 52001
319-583-1877

Bill Hagerty

A.Y. McDonald Mfg., Co.
12th aud Pine Street
P.0. Box 508

Dubuque, IA 52001
319-583-7311

Ernie ?rokopovich

Senior Contracts Admlnlstratorf?

ARCO Solar, Inc.

21011 Warner Center Lane
Box 4400

Woodland Hills, CA 91365
213-700-7673

Gabe Amaro

ARCO Solar, Inc.

21011 Warner Center Lane
Box 4400

Woodland Hills, CA 91365
213-700-7673

Charles Roof ‘ v
Mgr. Strategic Busxness Dev'll,
ARCO Solar, Inc. N
9531 Deering Avenue

P.0, Box 2105

Chadsworth, CA 91313

Allen Evans

Qf”Argonne National Labs
' -4620 North Park Avenue #156E
Chevy Chase, MD 20815

301-654-2515

Paul Apple

‘Market Development Manager

Atlantic Solar Power, Inc.
6455 Washington Boulevard
Baltimore, MD 21227
301-796-8094

Richard Campbell :
Bang—-Campbell Assocxates s

'3 Water Street

Woods Hole, MA 02543
617-540-1309

* Annand Rangarajan

Chronar/Tri Solar Corporatxon
10 DeAngelo Drive i
Bedford, MA 01730
617-275-1200

Andrew Krantz

PV Energy Technology Division
DOE Consrv. & Renew. Energy
Department of Energy CE-333
1000 Independence Avenue, SW
Washington, DC 20585
202-252-1724

Elaine Guthrie

PV Energy Technology Division
DOE Consrv. & Renew.Energy
Department of Energy CE-333
1000 Independence Avenue, SW
Washington, DC 20585
202-252-6260



“Mort Prince

DOE Consrv. & Renew. Energy
Department of Energy CE-333
1000 Independence Avenue, SW
Washington, DC 20585
202-252-1725

Dana Younger

Dames and Moore

7101 Wisconsin Avenue'’
Suite 700

Bethesda, MD 20814
301-652-2215

Gerald Bandstra

Technical Sales Manager
Danfoss o
16 McKee Drive

Mahwah, NJ 07430
800-526-5241

R. Dietrich :
Dayton-Walther Corporatlon
Marvel Division o
P.0. Box 997

Richmond, IN 47374
800-428-6644

Bob Vilhauer
International Marketing
Hughes Aircraft Company
1100 Wilson Boulevard
Suite 1800

Arlington, VA 22209
703-284-4245

Bernard McNelis

IT Power, Inc.

Suite 620 S

1000 Thomas Jefferson St., NW

Washington, DC 20007 -
202-333-5226

ee3

Matthew Buresch

One Mass. Tech., Ctr., 3rd Flr.
MIT ¢/o Massachusetts PV Ctr.
South Access Road ’
Logan International Airport
East Boston, MA 02128
617-727-4732

B Kev1n Collins

One Mass Tech. Ctr., 3rd Flr;
Massachusetts PV Center

South Access Road

Logan International Airport
East Boston, MA 02128
617-727-4732

Brad Macaleer

Meridian Corporation

5113 Leesburg Pike

Suite 700 e
Falls Church, VA 22041._
703-998-0922

George Royal
Meridian Corporation
5113 Leesburg Pike

"Suite 700

Falls Church, VA 22041.f'
703-998-0922

Lawrence Slominski
Meridian Corporation
5113 Leesburg Pike

Suite 700 .
Falls Church, VA 22041
703-998-0922 '

Judy Siegel

“Meridian Corporation‘f“

5113 Leesburg Pike
Suite 700 :
Falls Church, VA 22041
703~998~0922 Cal




Debbie Eskenazi
Meridian Corporation
5113 Leesburg Pike
Suite 700

Falls Church, VA 22041
703-998-0922

Judy Laufman

Meridian Corporation
5113 Leesburg Pike
Suite 700 ,
Falls Church, VA 2204]
703-998-0922 g

Brad Hurlbut

Meridian Corporation
5113 Leesburg Pike
Suite 700

Falls Church, VA 22041
703-998-0922

Paige Duffy .
Mgr. Mrktng. & Systms. Engrng.f
Mobil Solar Energy Corporat1on3
16 Hickory Drive S
Waltham, MA 02254
617-890-1180

Anthony Ratajczak

Head, Solar Energy Proj. Offc.
NASA Lewis Research Center
21000 Brookpark Road
Cleveland, OH 44135
216-433-4000

Allan Wyatt

Research Triangle Instltute

P.0. Box 12194 '

Research Triangle Park, . NC 27709
919~541-6485

Douglas Danley
S.A.I.C.

8400 Westpark Drive
McLean, VA 22102
703-821-4300

Hal Post -
Sandia National Laboratorlee
Division 6223
P.0. Box 5800

Albuquer NM 87185
505- 344 g .

Q,Gary Jones

" Sandia Na*ional Laboratorle
_ Division 6223 ;
P.0. Box 5800

Albuquerque, NM 87185

- 505-844-2433

John Stevens o
Sandia National Laboratorlea
Division 6223

P.0. Box 5800

Albuquerque, NM #7185
505~-844-2433

Bill Rever

Product Manager, Systems
Solarex Corporation

1335 Piccard Drive
Rockville, MD 20850
301-948-0202

W. Kaszeta

Solavolt International
3646 East Atlanta Street
Phoenix, AZ 85040
602-231-6403

Ron Shaw

Trans World Int'l Syatems
P.0. Box 21359 o
Billings, MT 59014

Carolyn Coleman

Program Analyst (Energy)

USAID Bureau for Asia

Room 6754 NS

US Agency for Int'l Development
Washington, DC 20523
202-632-9734

Mary Lou Higgins

USAID Bureau for Latin Amer1ca
Room 2239 NS

US Agency for Int'l Development
Washington, DC 20523
202-632-8279

Alan Jacobs

Director, Office of Energy
USAID Bureau for Sci. & Tech.
Room 508 SA-18 '
US Agency for Int'l Development
Washington, DC 20523
703-235-3902
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Jack Vanderryn

Agency Dir., Engy & Ntrl Rescs
USAID Bureau for Sci. & Tech.
Room 508 SA-18

US Agency for Int'l Development
Washington, DC 20523
703-235-2243

Shirley Toth ' "
USAID Bureau for Sci & Tech. 1)
Room 508 SA-18

US Agency for Int'l Development
Washington, DC 20523 :

703-235-8918

Janine Finnel v
USAID Bureau for Sci. & Tech.
Room 508 SA-18

US Agency for Int'l Development*
Washington, DC 20523 ‘
703-235-8918

Samuel Schweitzer

USAID Bureau for Sci. & Tech.
Room 508 SA-18 :
US Agency for Int'l Development
Washington, DC 20523
703-235-8918

Al Sweedler

United States Senate Staff

Rm 301, Senate Office Bu11d1ng
211 C Street, NW

Washington, DC

202-224-1804

Alfonso Zavala

Engineering Advisor

World Bank R
Water Supply & Urban Dev'l, =
1818 H Street Room N-729
Washington, DC 20433
202-676-1475

Richard Dosik
New Energy Sources Advisor .
World Bank o
Energy Department
1818 H Street NW
Washington, DC 20433
202-477-689%

Rene Moreno
Economist
World Bank

- Energy Department

1818 H. Street
Washington, DC 20433
202-477-1234



APPENDIX D: ~ SIZING AND FINANCIAL MODELS -



D.1 Overview

The technical and financial models used to develop the sizing curves
located in Chapters 3 through 7 and the cash flows and sensitivity curves found
in Chapter 9 through 13 are presented in this appendix. Technical sizing models
were developed for both the PV- and conventional-powered systems for each appli-
cation except refrigeration. In the case of vaccine refrigeration, PV- and
kerosene-powered systems were already sized for the World Health Organization
(Reference 11-1), so it was not necessary to develop a technical sizing model.
The costing of the base-case systems was outlined in Chapters 9 through 13.
Using the initial capital and recurring costs generated, net present value
life-cycle costs were determined for the base-case systems using a financial

model that was the same for each application.
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D.2 Water Pumping Technical Model

PV and diesel power system sizing requires calculation of the maximum
and average daily energy and power demands of a load. PV array sizing considers
the maximum ratio of daily energy demand to insolation anticipated over the year.

Diesel power system sizing relates primarily to the maximum daily power demand.

The average energy demand over the year is used to calculate the
annual fuel consumption. The average water demand (m3/day) is used to determine-
the total volume of water pumped in a year. The daily water demand throughout |
the year (in cubic meters per day, where a day is 24 hours) and the total
static and dynamic head (the height water must be pumped, in meters) are needed
as inputs to calculate these values. Energy demand (ED) is a direct function of
the hydraulic energy demand (HED) and the motor-pump efficiency (MPE). The
hydraulic energy demand in kWh/day can be calculated as follows:

HED = (9.8)(VH)
(3600)

where VH = the volume of water to be pumpéd multiplied by the head, in m%/day.

The maximum HED can be calculated using the maximum VH, where the maximum VH
is the maximum water demand (MWD) multiplied by the head. Average HED is cal-
culated similarly, but using the average water demand (AWD).

Because there ié an inefficiency in the coupling between the motor
and pump in converting electrical energy into mechanical energy, the energy
required from the power system is greater than the HED. Assuming a motor-pump

efficiency (MPE), the energy demand (ED) in kWh/day can be calculated as follows:

Energy Demand = HED
~ MPE

Once again, maximum and average energy demunds can be calculated using the
appropriate HED., The energy demands are used to perform PV array and gen-set

sizing and to determine .the water outputs of the respective systems.



D.2.1 PV Power System Sizing''
Thq'équntibﬂ}fdtfeeldﬁletingfthe*requi;equVfarray‘size (in peak kilowatts)

is as follows: - ‘ ‘

PV Array Size'ff(fPKZSE)Qiy(EQ/IN)ﬁEi

where PPR photovoltaxc power rating -in. kllowatts/uﬁ

SE = System operating efficiency (convers1on eff1c1ency of sunllght 1nto

electrical energy including temperature effects, w1r1ng and control

system losses)

[PPR/SE
(ED/IN)max

System sizing factor (1.1 used in this analysis)]

Maximum ratio of energy demahd_tO’insolation anticipatedlerefthe
year. (Calculated as 1.5 times the ratio of average energy -

demand to average insolation for this analysis).

The annual PV-powered system' output in cubic meters of water per day

is determined as follows:
Water Output = AWD ¥ 365 % PVAV ' -
where AWD = Average water demend over the year in m3/day
PVAV = PV power/load system ava1lab111ty (where avallabxlxty refers to the

percentage of time the system operates w1th1n Specxflcat1ons).

C.2.2 Gen-Set Power System Sizing

The required gen-set size in kilowatts is calenlated an.fallowa:
Gen-Set Size = MED/(MOH * MLF) -
where MED = maximum energy demand during the year in kWh/day

MOH = maximum operating hours of the gen-set in a day

MLF = maximum load factor at which the gen-set operates.
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Maximum operating hours (MOM), which is needed to calculate the

gen-set size as indicated in the equation above, is determined as follows:
MOH = MWD/PFR

where MWD = maximum water demand during the year in m>/day

"PFR = pump flow rate in n3/hour.

It 1s specified that the gen-set must operate for at least one hour. Thus, if
the maximum water demand is low, such that the calculated MOH is less than 1

hour, the gen-set runs for 1 hour at a lower-than-maximum load factor.

To determine the amount of fuel consumed by the diesel, it is necessar:
to calculate the annual average daily operating hours (AOH) and then the dverage
load factor (ALF):

AOH = AWD/PFR

where AWD = average water demand during the year in m3/day

PFR = pump flow rate in m3/hour.
ALF = AED/(PR * AOH)
where AED = average energy demand during the year in kWh/day::

PR

AOH = average operating hours as calculated above.

gen-set power rating in kW

The PR specified here is not necessarily the same as the gen-set size calculated
above. The gen-set size calculation refers to the idealvgen—set size for the
load. The PR refers to the size being user, which is dictated by the commercial
availability of gen-sets. For example, diesel gen-sets are not commonly
available in sizes less than 3 kW. Therefore, even 1if the diesel gen-set size
comes out to less than 3 kW, a 3-kW diesel must be used, resulting in a PR

equal to 3 kW. Using the AOH, the average annual fuel consumption (FC) in

liters/year is calculated as follows:
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FC.= AOH * FCR * 365

where AOH i}annual average daily diesel operating hours as calculated above
FCR m’fuel consumption rate, in liters/hour, for the particular

engine at the average load factor.

The annual water output in cubic meters of water per day is determined

as follows:
Water Output = AWD * 365 * GSAV
where AWD = Avetage water demand over the year in m3/day

GSAV = Gen-set power/load system availability (where availability refers

to the percentage of time the system operates within specifications).



D.3 _Communications Technical Model

Sizing of a PV~ or conventional-powered communications system begins
by ca1cu1at1ng the maximum da11y energy demand (MED) over the year. The MED is
vdetermlned by summing the products of the wattage and duration (in hours) of
each 1nd1v1dua1 load. For many systems, such as repeater stations, the load

can be assumed to be constant and contxnuous.

C.3.1' " PV Power System Sizing
The reauired PV: arrav size (in neak watts) is determined as followa::

PV Array Size = (PPR/SE) * (ED/IN)max/EBE’

where PPR = Photovoltaic power rating in kilowatts/m?
uSE»f?“System operating eff1c1ency (conversion efficiency of sunlight t0‘
. electrical energy including temperature effects, w1r1ng and control

‘system losses)

[PPR[SE, System sizing factor (l.l1 used in this analysis) ]

ED/IN)max

Maximum ratio of energy demand to insolation‘anticipated over the
year. (Calculated as constant energy demand divided by the lowest-
month daily plane-of-the-array insolation: 4 kWh/mz-day used in
this analysis)
dEBﬁ = Effective battery efficiency

= PDL + (1 - PDL) * BE
where PDL = fraction of PV array output that goes d1rect1y to the load

BE = round-tr1p battery efficiency

[l-PDL = Battery Use Factorl.



equation:

where MED

SD

MDD

where AED
PVAV

D.3.2

where MED
MCH
MLF
BCE

equation:.

where MED
SD
MDD

Ths'required battery dapacity (BO) is ‘obtained with the following:

'BC:= (MED-* SD)/MDD

= Maxtmummenergy demand durlng the year in:'kWh/day

storage days requtre 1

= Maxlmum‘depth-nf-dlscharge_ ver. total storage period.

‘The electrical output of the kV power:system. in kWh/year is.as follows: -

Electrical Output = AED * 365 % PVAV.

= Average energy demand in kWh/day

= PV power system avallablllty.

Gen-Set Power System Sizing

The required gen-set size in kilowatts is calculated as follows:'

Gen-Set Size = MED/(MOH * MLF * BCE)

= Maximum daily energy demand during the year .in kWh/day

L}

Maximum diesel operating hours per day

Maximum load factor

= Battery Charger Efficiency.

The required battery capacity (BC) in kWh-is 'calculated using. the

BG-= (MED * SD}/MDD

= Maximum energy demand during the year ‘in kWh/day
= Number of storage days required

= Maximum depth-of-discharge over total storage period.’



Fuel consumption (FC) in liters/year calculated as follows:

'FC-= AOH * FCR'* 365

where AOH = Average gen-set Operatxng hours over the year in; hours/d"'
- FCR Fuel consumptlon rate71n lxters/hour, Wthh Ls«affunctxon of

~eng1ne ‘size and load factor.

The -electrical output of the gen-set system in KWh/year:is as f: .lows::

Electrical Output = AED * 365 % GSAV

where AED - Average energy demand in, kWh/day

GSAV = Gen-set power system avallablllty.
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D.4 Lighting and Home Power Technical::Model:

D.b.1 PV Power System Sizing. -

The required PV array size ‘(in peak ‘watts) is determined as follova::
PV Array Size = (PPR/SE))* (ED/IN)max/EBE

where PPR fPhotovolta1c power rating in kllowatts/m‘;'

SE. =fSystem operat1ng efficiency (conversion efficiency of sun11ght to

electrical energy including temperature effects, wiring and control

system losses)

[PPR/SE = System sizing factor (l.l used in this analysis)]

(ED/IN)max

Maximum ratio of energy demand to insolation anticipated over the year.
(Calculated as the average daily energy demand divided by the lowest-
month daily plane-of-the-array insolation; 4 kwh/m2-day is used in
this analysis)
EBE = Effective battery efficiency
= PDL = (1-PDL) * BE , o
where PDL = fraction of the af:éy-output’that directly powers the.
load
.BE. = round-:rtp battety efficiency

[l-PDL = Battery‘Use Factor]
The required battery capacity (BC) can be determined as followss
BC = (MED * SD)/MDD -

:ergy demand during the year in kWh/day.

where MED é5ﬁ331'w“”
SD = Nunby

MDD = Maximum depth of-discharge over the total storage perlod.

.of storage daya

In calculating the array size and battery capacity, it is necessary
to know the energy demand, which is calculated by summing the products of the
wattage and the duration (in hours) of each individual load. Exhibit D-1

provides an examplé of this calculation.
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" EXHIBIT D-1. - Typical Loads for a Home Power System

LOAD | T PQWER RATING DURATION .ENERGY DEMAND
‘ 4)) (hrs/day) (Wh/day)
Fiuorescent Light B .20 - 9 l,v 180
Fluorescent Light : - 10 : ol . 120
Radio o120 -9 ] 108
Peak Demand i 42 ' Tl 408
D.4.2 Conventional Power System Sizing |

For the conventional lighting and home bower syétems, no si?ihg mddéiu
,is required. Lignhting requirements are specified as a number of each type‘:"i"
of lamp. Fuel consumption for each lamp is determined from field experience.
Electrical loads are assumed to be powered by a battery. Batteries used in
these conventional systems are not sized to meet load requirementé, as they aré

used to provide as much power as they can produce.
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D.5 Multi-Use Technical Model -

Slzxng of a PV- or conventlonal-powered multl-w'e}eyetem begxne by

calculating the da1ry energy demand over. the year.r The energy demand ‘is.
determined by summing the products of the wattage and duratlon (1n hours)
of each individual load on a daily basis. The maxlmum energy demand (MED)
and average energy demand (AED) can then be determlned. Maximum power ’_
demand (MPD) in kW is specified as 1.8 times the average power -demand (AED)]
where APD equals AED divided by 12 hours.

D.5.1 PV Power System Sizing

| BV Avray Size = [(PPR/SE) * (ED/IN)max]/(EBE * IE)

where PPR = photovoltaic power rating in kllowatte/mz.fe":'
\
SE = Syetem operating efficiency (converelon efflclency of sunlxght to

electrical energy including temperature effects, w1r1ng and control

system losses)

[PPR/SE = system sizing factor (l.l1 used in this analysls)]

(ED/IN)max

Maximum ratio of energy demand to lnsolatlon antlclpated over the
year (calculated as 1.5 times the ratio of average energy demand
to average insolation for this analysis)

EBE = Effective battery efficiency

= PDL + (1-PDL)*BE
where PDL = fraction of the array output that directly powers the loads

BE = round~trip battery efficiency
[1-PDL = Battery use factor]
IE = Inverter efficiency.
“Béttery;eeﬁaciCy (BC) in kWh;ie‘deternineq;asgto};ege;;}
BC = (MED * SD)/MDD
where MED = Maximum energy demand during the year in kWh/dey7

SD = Number of storage days required

MDD = Maximum depth-of-discharge over the total ‘storage period.

D-12°
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,Theﬁeiééf;iééifbhfbht;qf'the PV power system in kWh/year is as follows:
F] ertrical Outnnt -AFH *nvf'lf\q: * DVAV

~where 'AED = Average energy demand in kWh/day
1?VAV95€PV pover-system availability. “f ﬂ

ohs
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D.5.2 Diesel Power System Sizing
The required: gen-set size in kilowatts:is’ calculated as follows:':
Gen-Set Size = MED/(MUH % MLK)
where MED = Maximum energy demand during the year in kWh]day,
MOH = Maximum operating hours per day

MLF = Maximum load factor.

The gen-set must also be capable of meeting the maximum power demand (MPD) - Thus,

the larger value of the two (the calculated gen-set size or the MPD) must be used.
Fuel consumption (FC) in liters/year is calculated as follows:
'FC' = AOH * FCR * 365
where AOH = Average gen-set operating haurs over: the year in hours/day
FCR = Fuel consumption rate in. liters/hour, which is7a. function of ‘engine

‘size and load factor,_

The electrical output of the gen—set power system in kWh/year 1is

calculated as follows.
Electrical Output = AED * 365 * GSAV. .

where AED = Average energy demand in kWh/day
GSAV = Gen-set power system availability.
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D.6 =~ Financial Model -

The financial model used in this analysis was designed to calculate‘
the net present value (NPV) 1ife-cyc1e cost ‘of the systems being compared., In
order to calculate the NPV costs, 20-year cash flows were developed for- each of

the systems, per the chart of accounts shown in Exhibit D=2,

EXHIBIT D-2. Chartfof Accounts for Financial Analyses

Account - . "/ |PV-Powered Systems| Conventional-Powered|

' S e R Systems
Initial Capital Cost R X X

Equipment Replacement (Recurring X X
Capital Cost) : noe :
Engine Overhaull ‘NA X
Maintenance and Repair X X
Fuel NA - X
Debt Service X X
Vaccine Waste? X X

l. Only used for generator applications (viz., pumping, communications, and multi-use)
2, Only used for medical refrigeration.

The present value of costs for each year is determined by multiplying the future
value of those costs by the discount factor (DF).

DF = 1
1 o 1.

where rs= discount rate

1J - year.

_Thus, tho present value of costs 1s calculated as follows:
Present Cost = FagurE109§§§éarhjdf preafiJ

The present value of all costs over the period of financial analysis is determined

by summing the products of the future costs and discount factors for each year.
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 _n
Total Present Costs = E, (Future Costyear j * DFyear j)

where n = period Ofoiﬁghcidlfénélyéiéi

Since each application produces an‘end—use such as eleétricity, wa:gry,,

refrigerated volume or household expense, the total present costs can be -
expressed as a function of the total system output over the period of analysls
The net present value costs for each appllcatlon can thus be expressed in terma of

end-use product, as shown in Exhibit D-3.

EXHIBIT D-3. Application NPV Cost

Application Net Present Value Life-Cvcle Cost Unit.
Water Pumping : $/m3 of water
Communications S $/kWh of electricity
Vaccine Refrigeration $/liter of refrigerated volume
Lighting and Home Power o $/year of household expense
Multi-Use ; $/kWh of electricity
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Wallace, Ned. Survey Report on the Use of Photovoltaic Energy for Rural Health

Services in Developing Countries. Prepared for NASA-Lewis Research Center,
Apr1lT198I.
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Distribution - International Systems

Abacus Controls, Inc.

Attn: Mr. George O'Sullivan
P. O. Box 893

Somerville, NJ 08876

Acurex Corporation

Attn: Dan Rosen

555 Clyde Avenue

P. O. Box 7585

Mountain View, CA 94039

AEG Corporation

Attn: Walter J. O'Neill
Bldg. 3 - Suite 130

2222 South Dobson Road
Mesa, AZ 85202-6481

AESI

Attn: Bill Todorof

20442 Sun Valley Drive
Laguna Beach, CA 92651

Alabama Power Co.
Attn: Herbert M. Boyd
600 No. 18th Street
Birmingham, AL 35291

American Power Conversion Corp.
Attn: Mr. Ervin F. Lyon

89 Cambridge Street

Burlington, MA 01803-4115

AMREF
P. O. Box 30125

Nairobi, Kenya

Applied Solar Energy Corp.
Attn: R. F. Brown

15703 E. Valley Blvd.
City of Industry, CA 91749

Appropriate Technology Section

Ministry of Co-ops & Rural Dev.

P. O. Box 686
Maseru 100, Lesotho
AFRICA

ARCO Solar Inc. (4)

Attn: Mr. James Caldwell, Pres.
Mr. Charles Roof
Mr. Ernie Prokopovich
Mr. Michael Rousseau

- P. O. Box 2105
Chatsworth, CA 91311

Argonne National Laboratories
Attn: Mr. Allen Evans

4620 No. Park Ave. #156E

Chevy Chase, MD 20815

Arizona Public Service Co.
Attn: Thomas C. Lepley
P. O. Box 53999, Mail Sta. 3875

Phoenix, AZ 85072-3999

Arizona State University
Attn: Paul Russell
College of Engineering
Tempe, AZ 85287

Asjon Institute of Technology
Attn: Dr. F. Lasnier
Division of Energy Technology
G.P.0O. Box 2754

Bangkok, Thailand

Asion Development Bank

Attn: M™r. Jayonta Madhab,
Energy Advisor

2330 Roxas Blvd.

Metro Manila, Philippines

Associates in Rural Development

Attn: Mr. Richard McGowan

362 Main Street
Burlington, VT 05401

Atlantic Solar Power, Inc.
Attn: Paul G. Apple
6455 Washington Blvd.
Baltimore, MD 21227

Automatic Power |
Attn: Mr. Guy Priestley
P. O. Box 18738 .
Houston, Texas 77223
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Balance of Systems Specialists.
7745 E. Redfield Road
Scottsdale, AZ 85260

Bang-Campbell Associates
Attn: Mr. Richard Campbell
3 Water Street

Woods Hole, MA 02543

Banque Mondiale

Attn: Mr. J. R. Peberdy
Division Chief - WAPAA
Mission Regionale en Afrlca_f
B.P. 1850 '
Abidjon, Ivory Coast

Battelle Columbus Laboratories
Attn: Mr. Gerry Noel

505 King Avenue

Columbus, Ohio 43201

Bechtel National, Inc.
Attn: Mr. Walt Stolte
1. O. Box 3965
san Francisco, CA 94119
Beckwith Electric Company
Attn: Robert W. Deckwith
11811 62nd St. N.
Largo, FL 33543

Best Power Technology. Inc.
P. O. Box 280

Necedah, Wisconsin 54646

BDM Corporation

Attn: Mr. George Rhodes
1801 Randolph Road
Albuquerque, NM 87106

Black and Veatch

Attn: Mr. Sheldon Levy
1500 Mecadow Lake Pkwy.
P. O. Box 8405

Kansas City, MO 64114

Blue Sky Water Supply
Attn: Mr. Ronald W. Shaw,
P. O. Box 21359

Billings, MT 59104

Pres.

Ine.

Bonneville Power Adm.

Attn: Minje Ghim

P. O. Box 3621

Portland, OR 97208

Sam Bunker

International Programs Div. (IPD)

Nat'l Rural Elec. Cooperative Assoc.

1800 Massachusetts Avenue, NW

Washington, DC 20036

Buns Philp South Sea Co., LTD.

Attn: Mr. A. J. Jessop
Divisional Manager

Rodwell Rd.

Suva, Fiji

California Energy Comm.

Attn: Mike DeAngelis

1516 9th Street

Sacramento, CA 95814

Capital Goods and Int'l Constr.

International Trade Admin.

Attn: Jim Phillips, Deputy
Asst. Secretary

US Department of Commerce

Washington, DC 20230

Caribbean Agricultural Research
and Development Institute

Attn: Dr. Laxman Singh

P. 0. Box 766

Friars Hill

St. John's, Antigqua

Caribbean Development Bank

Attn: J. W. Whittingham ,

Proj. Officer, Tech. & Energy

P. O. Box 408 Wildey

St. Michael

Barbados, W.I.

C.E.R.E.
Attn: Mr.
B.P. 476
Dakar, Senegal

Ibrahima Lo:

Centre Electronics LTD

Attn: Mr. T. K. Bhaltacharya
Project Manager-MASPED Prog.

4 Industrial Area

Sahibabad 201010
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Chronar Corp. (2) e

Attn: Pandelis Vellssonouloe~
Avis Harrell

Marketing Dept.

Box 177

Princeton, NJ 08542

Chronar-TrisSolar Corp.

Attn: Mr. Anand Rangarajan-
10 De Angelo Drive '
Bedford, MA 01730

City of Austin Power & Light
Attn: John Hoffner :
P. O. Box 1088

Austin, TX 78767

Cleveland State University -
Attn: Peter P. Groumpos '
1583 E. 24th Street
Cleveland, OH 44115

Coastal Technology. Inc.
Attn: Ms. Cary Boyd
210 Middle Road

Newbpury, MA 01922

CODETEL

Attn: Mr. Rafael Zorrilla

P. O. Box 1377

Ssanto Domingo, Dominican Republic

Colorado State University
Attn: E. V. Richardson,

Campus Project Dir.
Egypt Water Use Mgmt. Project
Fort Collins, CO 80523

Commonwealth of Massachusetts

Attn: Ms. Sharon Pollard
Secretary of Energy

100 Cambridge Street

Boston, MA 02202

Cornell University

Attn: Mr. Joseph K. Campbell
Dept. of Agricultural Eng.
Riley-Robb Hall

Ithaca, NY 14853

- Ctr for Engr. and

Environmental Research

Attn: Angel Lopez

College Station .
Mayaguez, Puerto Rico 00708

Dames and Moore

Attn: Mr. Dana Younger
7101 Wisconsin Avenue
Suite 700

Bethesda, MD 20814

Danfoss

Attn: Mr. Gerald Bandstra
16 McKee Drive

Mahwah, NJ 07430

Department of Defense

Attn: Mr. Millard Carr
Assistant for Facilities Energy
OASD (MI+L) LM

Pentagon, Room 10760
Washington, DC 20301

Detcoit Edison Co. :
Attn: George Murray. UTE
2000 2nd Avenue

Rm. 2134 WCB

Detroit, MI 48226

Direccion General de
Telecommunicaciones

203 Isabel La Catolica Street

Ssanto Domingo, Dominican Republic

Ecodynamics, Inc.
Attn: Mr. Guy R. Webb
8101 Cessna Avenue
Gaithersburg, MD 20879

Economic and Social Commission (2
for Asia and the Pacific
Attn: Mr. L. N. Fan, Chief
A. S. Manolac
Natural Resources Div.
Bangkok 10200, Thailand

Electric Power and New Energy
Attn: Mr. Endro Utomo Notodisury«
Director General

Jalan Rasuna Said Kav. 7-8
Jakarta 12950, Indonesia

~
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Electric Power Rerearch Inst. (2)

Attn: John Schaefer
R. Ferraro

P. O. Box 10412

Palo Alto, CA 94303

Electric Research and Mgmnt.
Attn: Mr. W. E. Feero

P. O. Box 165

State College, PA 16804

Electrical Review International

Attn: Mr. Tom Dawn

Asst. International Editor
Quadrant House, The Quadrant
Sutton, Surrey SM2 SAS

U.K.

Energia Solar/Condumex

Attn: Mr. Carlos Flores M.
Sor Juana Ines de la Cruz
344-20 piso ;
Tlalnepantla, Edo. de Mexico
54000, Mexico

Energy Research and
Development Division

Attn: Mr. Sompongse Chatavorapap

Director
Pibultham Villa
Bangkok 10500, Thailand

Energy Resources International
Attn: Carole Taylor

Golden Gate Energy Center

1055 Fort Cronkhite

Sausalito, CA 94965

ENTECH, Inc.

Attn: Mr. Mark O'Neill
1015 Royal Lane

DFW Airport, TX 75261

Environ Energy Systems, Inc.
P. O. Box 10998-526
Austin, TX 78766-1998

Ms. Debbie Eskenazi
¢/o0 The WUJS Institute
80700 Arad, Israel

Export Council for Renewable Energy
Attn: Mr. Sam Enfield

Suite 503

1717 Massachusetty Ave. NW
Washington, DC 20036

Export-Import Bank of the Us
Attn: Mr. John Jennings
Room 1167

811 Vermont Avenue, NW
Washington, DC 20571

Mr. Scott Faiia
¢/0 CARE

Box 773
Port-au-Prince, Ha1t1

FAO

Attn: F. J. Moultapa

Chief, Environmental Energy
Program - Coordinating Centreating
Via delle Terme di Caracalla
00100 Rome, Italy

Farwest Corrosion Control
17311 S. Main Street
Gardena, CA 90248

Mr. Kevin Fitzgerald
575 Cambridge St.
Brighton, MA 02134

Florida Power & Light
Attn: R. S. Allan

P. O. Box 14000

Juno Beach, FL 13408

Florida Power & Light
Attn: Gary L. Michel
P. O. Box 529100
Miami, FL. 33152

Florida Solar Energy Center
Attn: Gerald Ventre ‘
300 State Rd. 401

Cape Canaveral, FL. 32920

Franklin Electric Co., Inc.

402 E. Spring Street
Bluffton. TN 4A714
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Gariva Traders v
Attn: Mr. D. R. Fernando
Peti Surat 888 '
Bandar Seri Begawan
Brunei, Borneo

GPL Industries
P. O. Box 306
La Canada, CA 91011

Georgia Power Company

Attn: Mr. Clayton Griffin
P. O. Box 4545 '
Atlanta, GA 30302

Georgia Power Co.
Attn: Ed Ney

7 Solar Circle
Shenandoah, GA 30265

Mr. Frederic Goldner
448 Neptune Avenue
Brooklyn, NY 11224

Mr. Jim Goodman
P. O. Box 1187
Kathmandu, Nepal

Grundfos

Attn: Mr. Michael Arbon
International a/s
DK-8850 Bjerringbro
Denmark

Grundfos Pumps Corp. (2)

Attn: Mr. John Maxwell
Mr. James Smith

2555 Clovis Ave.

Clovis, CA 93612

Mr. Terence Hart
c/o M. and T. Aroutcheff

Vers Croix Par Usinens 7-4910

Seyssel, France

Health/Population Officer
USAID/Burundi

c/o Department of State
Washington, DC 20520

Hebrew University
Attn: Mr. H. Tabor
Scientific Director
P. O. Box 3745
Jerusalem, Israel

Mr. Jonathon Hodgkin
24 Standish RA4.
Jamestown, RI 02835

Hughes Aircraft Company

Attn: Mr. George Naff 4
P.O. Box 9399/Bldg. Al, M/S 4CB43
Long Beach, CA 90810

Hughes Aircraft Company
Attn: Mr. Bob Vilhauer
International Marketing
Suite 1800

Arlington, VA 22209

HS&T Committee Scientific Advisor
Attn: Dr. Harlan Watson

B374 Rayburn HOB

Washington, DC 20515

Independent Power Co.
Attn: Mr. Sam Vanderhoff
Box 649

North San Juan, CA 95960

Indian Institute of Technology
Attn: Dr. Tara Chandra Kandpal
Centre of Energy Studies

New Delhi-16, INDIA

Institute Piawaian Dan
Attn: Dr. Mustapha Yusoff
Penyelidikan Perindustrian
Lot 10819, Peringkat 3
‘eti Surat 35, Shah Alam
jelangor, Malaysia

‘nstituto Nacional de Energia
ittn: Victor Castellanos

', 0. Box 007-C

\V. Mariano de Jesus No0.2307y
[artin de Utreras

mito, Ecuador

o) )1/



Integrated Power Corporation
Attn: Mr. Brian Kennedy
7524 Standish Pl.

Rockville, MD 20855

Interamerican Development Bank
Attn: Mr. Juan Alfaro

Room 581

801 17th Street, NW
Washington, DC 20006

Intersol Power Corporation
Attn: Mr. John Sanders
11901 W. Ccdar Avenue
Lakewood, CO 80228

Iota Engineering :
4700 S. Park Ave. - Suite 8
Tucson, AZ 85714

IT Power, Inc. (2)
Attn: Thomas Hoffman

Bernard NcNelis L
1015 Eighteenth St.. NW - Ste. 801
Washington, DC 2003¢&

Irridelco Corp., Inc.
440 Sylan Avenue
Inglewood Cliff, NJ 07632

ISERST/VITA

Attn: Mr. Abdoulbarim Moussa
P. O. Box 486

Djibouti

Republic of Djibouti

Jacuzzi, Inc.

Attn: Mr. Flovd Carter
12401 Interstate 30

P.0O. Box 8903

Little Rock, AR 72219-8903

Jensen Brothers Manufacturing Co.
l4th and Pacific

P. O. Box 477

Coffeyville, KS 67337

Jet Propulsion Laboratory
Attn: Ronald G. Ross, Jr.
4800 Oak Grove Drive
Pasadena, CA 91109

Mr. Efren B. Katogul

33 Apo Street

Sta. Mesa Heights
Queyon City, Philippines

Kyocera

Attn: Mr. Luis Alvarez
8611 Balboa Avenue

San Diego, CA 92123- 1580

Mr. Brian Latham

Box 2423 - Station D
Ottawa, Ontario
CANADA - (1P 5W5

William Lamb Company
Attn: Mr. William Lamb
10615 Chandler Blvd.
North Heollywood, CA 91601

Mr. Mark K. Leverson
1415 Alta Mesa Drive
Brea, CA 92621

Levitt and Company. Inc
Attn: Mr. Jim Levitt
50 Church Street
Cambridge, MA 02138

March Manufacturing Co.
1819 Pickwick Avenue
Glenview, IL 60025

Ms. Aubrey Marks
343 Middle Street
Georgetown, Guyana

Marvel

Attn: Mr. Richard Detrick
P. O. Box 997

Richmond, Indiana 47374

Mass PV Center (2)
Attn: Kev:n Collins
Jane Weissman
1 Mass Tech Center
S0. Access Road - Logan Alrport
East Boston, MA 02128

A. Y. McDonald Mfg. Co.
Attn: Mr. John D. Eckel
4800 Chavenelle Road
Dubugque, IA 52001
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Meridian Corporation (5)
Attn: Mr. Brad MzcAleer
Judith M. Siegel
David Kerner
Larry Slominski
Judy Laufman
5113 Leesburg Pike, Suite 700
Falls Church, Virginia 22041

Ministry of Enecgy
P.B. 7758

Causeway

Harare, Zimbabwe

Ministry of Energy & Reg. Dev.
Attn: Mr. Sadique Mullei
Solar & Wind Energy Division
P. O. Box 30582

Nairobi, Kenya

Mobil Solar Energy Corp. (2)
Attn: Mr. Bob Hammond
Mr. Paige Duffy
16 Hickory Drive
Waltham, MA 02254

Mr. Freddie Motlhattedi
c/0 MMRWA

Private Mail Bag 0018
Gaborone, Botswana

NASA Lewis Research Center
Attn: Mr. Anthony Ratajczak
21000 Brookpark Road
Cleveland, OH 44135

National Association of
Home Builders

Attn: Michael Bell

15th and M Street NW

Washington, DC 20036

Natural rPower, Inc.
Attn: Brian Gordon
Francestown Turnpike
New Boston, NH 0307C

Naval Civil Engineering Lab
Attn: Kwang Ta Huang

CODE L 72

Port Hueneme, CA 93043

Naval Weapons Center

Attn: G. Smith

Code 02A1

China Lake, CA 93555-6001

New England Power Service
Attn: Mr. Edward Gulachenski

25 Research Drive
Westborough, MA 01581

Newline Trading

Attn: Mr. Michael Thoms
P. O. Box 3932

Samabula

Suva, Fiji

Robert Nicolait and Assoc.
Attn: Mr. Robert Nicolait
P. O. Box 785

Belize City, Belize

NRED/TCD

Attn: Mr. Derek Lovejoy
Interregional Advisor
Energy Resources Branch
United Nations, NY 10017

Office of the US Trade Rep.
Attn: Mr. Bob Reinstein

Dir. Energy and Chem. Trade Poli:
600 17th Street NW

Washington, DC 20506

Office of Management and Budget
Attn: Mr. Randy Steers

New Executive Office Bldg.

17th & Penn. Ave. NW - Rm. 8013
Washington, DC

Omnion Power Engineering
Attn: Mr. Hans Meyer
W297 S11085 Hwy. ES
Mukwonago, WI 53149

OPIC
Attn: Mr. Gerald West

Vice President for Development
1615 M Street, NW
Washington, DC 20527



Pacific Gas & Electric Co.
Attn: Steve Hester

3400 Crow Canyon Road

San Ramon, CA 94583

Pakistan Council of Science
and Industrial Research

Attn: Mr. M. Saif-ul-Rehman
Principal Scientific Officer
Shahrah-E-Jalal-UD-Din Room 1

Lahore - 16, Pakistan

Photocomm, Inc.

Attn: Mr. Joseph Garcia
7735 East Redfield
Scottsdale, AZ 85260

Photovoltaics International
Attn: Mark Fitzgerald

Box 1467

Denver, CO 80201

FNOC-Energy Research and
Development Center

Attn: Henry Ramos

Head, Solar Energy Division

Don Mariano Marcog Ave.

Quevon City, Philippines

PV Enerqgy Systems, Inc.
Attn: Mr. Paul Maycock
P. O. Box 290

Casanova, VA 22017

Polar Products

Attn: Mr. Authur Sams
2908 Oregon Court
Building I-11
Torrance, CA 90503

Princeton University

Attn: Dr. Sam Baldwin

Center for Engineering and
Environmental Studies

H-206 Enginecring Quadrangle

Princeton, NJ 08544

Public Service Co. of New Mexico
Attn: Mr. R. Michael Lechner

Alvarado Square
Albuquerque, NM 87158

Public Service Elec. & Gas. Co.
Attn: Mr. Harry Roman ‘

80 Park Plaza

P. 0. Box 80

Newark, NJ 07101

Pulstar
619 South Main St.
Gainesville, FL 32601

Renewable Enerqgy Institute
Attn: Robert Hayden

1516 King Street
Alexandria, VA 22314

Renewable rnergy Institute
Attn: Mr. Carlo LaPorta
Room 719

1001 Connecticut Ave., NW
Washington, DC 20036

Research Triangle Institute (2)

Attn: Carl Parker o
Allan Wyatt

P. 0. Box 12194 N

Research Triangle Park, NC 27709

Robbins and Myers
P. O. Box 965
springfield, OH 45501

Mr. George Royal
2532 Eye Street NW
Washington, DC 20037

SAIC

Attn: Douglas Danley
1710 Goodridge Drive
McLcan, VA 22102

Salt River Project

Attn: Mr. Steve Chalmers
P. O. Box 1980

Phoenix, AZ 85001

San Diego State University
Attn: Mr. Al Sweedler

Dir., Center for Erergy Studies
Department of Physics

San Dieqo, CA 92182
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San Diego Gas & Electric
Attn: Don E. Fralick

P. 0. Box 1831

San Diego, CA 92112

Mr. Hans Dieter Sauer
Hiltstrasse 10

8035 Gauting

West Germany

Senakangoeli Solar Systems.
Attn: Mr. Gary Klein C
P. O. Box 4375

Sebaboleng 104, Lesotho

Mr. Stan Simmons
1728 Pitcher Canyon Road
Wenatchee, WA 98801

Simpler Solar Systems
3120 W. Thorpe
Tallahassee, FL 32302

Six Rivers Solar, Inc.
Attn: Greg Williams
818 Broadway

Eureka, CA 95501

Solar Economics, Inc.
Attn: Martin Katzman
7271 Dye Drive
Dallas, TX 75248

Solar Electric Engineering '
Attn: Hugh Diaz

405 East "D" St.

Petaluma, CA 94952

Solar Electric International
Attn: Mr. John M. Williams"
77 Industrial Estate L
Lugqa, Malta

Solar Electric Specialties
Attn: Jim Welch :
1558 Riverside

Fort Collins, CO 80524

Solar Energy Research Inst. (2)

Attn: Richard DeBlasio
Jack Stone

1617 Cole Blvd.

Golden, CO 80401

‘Solar Engineering Services -
“Attn: Mr. Tim Ball
P, O, Box 7122

Olympia, WA 98507

Solar Trade Internationai
Attn: Manuel J. Blanco
630-6th Avenue - Suite 2M
San Francisco, CA 94118

Solarex Corporation (2)

Attn: Mr. Malcolm L. Rean

Mr. Dan Bumb
Mr. Ted Blumenstock
Mr. Bill Rever

. 1335 Piccard Drive
“~-Rockwville, MD 20850

- Solarpak Limited

Attn: Mr. Graeme Finch
Factory Three, Cock Lane,
High Wycombe

Bucks HP13 7DE, Englanad -

Solar Voltaics

Attn: Mr. Lennart Muiggi
A-6166 Fulpmgs-Innsbruck
{R-Bank-Bldg.)

Kirchstr 3, Austria

Sclavolt International (2)

Attn: Mr. Paul Garvison
Mr. Bill Kaszeta

P. O. Box 2934

Phoenix, AZ 85062

Solec International, Inc.
Attn: 1Ishaq Shahryar
12533 Chadron Avenue
Hawthorne, CA 90250

Southern California Edison
Attn: Mr. Nick Patapoff
P, O. Box 800

Rosemead, CA 91770

Southern Company Services
Attn: Mr. J. Timothy Petty
P. O. Box 2625

Birmingham, AL 35202
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Sovonics Solar Systems
Attn: Mr. Jack Carter
6180 Ccchran Road

P. O. Box 39608

Solon, OH 44139

Specialty Concepts, Inc.
9025 Eton Ave., Suite D
Canoga Park, CA 91304

Spire Corporation

Attn: Mr. Roger Little
Patriots Park

Bedforad, MA 01730

Stone & Webster Engr. rorp.
Attn: Mr. Duncan Moodie
245 Summer St.

Boston, MA 01921

Strategies Unlimited (2)

Attn: Mr. Bill Murray
Mr. Robert Steele

201 San Antonio Circle

Suite 205

Mountain View, CA 94040

Sun Amp Systems, Inc.
7702 East Gray Road
Scottsdale, AZ 85260

SunWalt .
Attn: Mr. Richard Komp
Route 2

English, IN 47118

Sun Watt International Ltd.
P. O. Box 24167
Denver, CO 80224

Swedish Telecom International

Attn: Mr. John Blaxland
P. O. Box 7585
Stockholm, Sweden

SW RES Experiment Station
Attn: Vern Risser

New Mexico State University -

Box 3SOL
Las Cruces, NM 88003
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Tennessee Valley Authority
Attn: Joan Wood

Solar Applications Branch

350 Credit Union Building

Chattanooga, TN 37401

The Director of LESO

Cheickna Traore
B.P.I. 34

~ Bamako, Mali

Thermo-Electron

Attn: Mr. Barry Welch
Energy Systems Division
P. O. Box 9047

Waltham, MA 02254-9047

Tideland Signal Corp.
Attn: Mr. Harry Saenger
4310 Director's Row

P. O. Box 52430

Houston, TX 77052

Mr. Mohammed-Ali Toure
Director General

villa 21 A Zone-B
Sinaes a. doquerre
B.P. 1277

Dakar, Senegal

UN Development Program
Attn: Mr. R. S. Ragde
Energy Office

One United Nations Plaza
New York, NY 10017

UN Educational, Scientific and
Cultural Organization :

Attn: Mr. T. Beresovski

7 Place de Fontenoy

75700 Paris, France

UN Regional Office for Africa
Attn: Dr. Yehia El Mahgary
Senior Programme Officer

P. O. Box 30552

Nairobi, Kenya

University of Bangui (2)

Attn: Dr. Jean-Marie Bassi: B
Dr. Joachim Sicke-Raimalby

Ceutral African Republic R

- manaui. C.A.R.



University of Guam

Attn: Steven Winter, Dir.
Water and Energy Research Inst.
UOG Station

Mangilao, Guam 96913

University of Lowell (2)
Attn: Jose Martin
Mechanical Engineering Dept.
Lowell, MA 01854

University of Lowell

Attn: Thomas Costello
Fahd Wakim

1 University Avenue

Lowell, MA 01854

University of Michigan

Attn: Mr. Allen Roberts

Center for Afro-American/African
Studies

200 West Engineering

Ann Arbor, MI 48129

University of Sains Malaysia

Attn: Dr. Donald Chuah Guan Siong
School of Physics

Penang, Malaysia

University of Technology
Attn: Jir. R. Burton

P. O. Box 793

Papua, New Guinea

University of Texas
at Arlington
Attn: Jack Fitzer
West 6th at Speer Street
Arlington, TX 76019

Utah State University

Attn: Mr. Gaylord Skogerboe
Dir. Int'l Irrigation Center
UMC 8313

Logan, UT 84322

U.S. Agency for International
Development (USAID)

Attn: Mr. Jack Vanderryn

Director. Energy and Natural
Resoul tes

Rm. 509, SA-18

Washington, DC 20523

u. s Agency for Int'l Development
Attn: Ms. Carolyn Coleman
-Bureau for Asia

Room 6754

Washington, DC 20523

U.S. Agencvy for Int'l Development
Attn: Mr. Weston Fisher

Energy Aavsr-West/Cen.Africa
Bureau for Africa

Room 2480 NS

Washington, DC 20523

U.S. Agency for Int'l Development (2)
Attn: Mr. Jim Hester

Ms. Mary Lou Higgins
Bureau for Latin America and Car.
Room 2239 NS
Washington, DC 20523

USAID/Guatemala
Energy Officer
APO Miami, FL 34024

U.S. Agency for Int'l Development
Attn: Mr. Robert Ichord
Chief-Energy. Forestry. Env. Div.
Bureau for Asia

Room 3311 NS

Washington, DC 20523

U.S. Agency for Int'l Development (205)

Attn: Mr. Alan Jacobs
Mr. David Jhirad
Mr. Samuel Schweitzer
Mr. James Sullivan
Ms. Shirley Toth (200)
Ms. Janine Finnel
Bureau for Science and Technology
Room 508 SA-18
Washington, DC 20523

USAID/Cost Rica

Attn: Mr. Heriberto Rodrlguez
General Engineer

APO Miami, FL 34020

USAID/Egypt L
Attn: Mr. Eric Peterson
Cairo, Egypt
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USAID/Haiti

Attn: Mr. John W. Airhart
Department of State R
Washington, DC 20520

USAID/Jakarta

Attn: Mr. Desmond O'Riordan
Chief, Div. of Eng. and Science
Indonesia

USAID/Liberia
Attn: Mr. Robert Broden
APO New York., NY 09155

USAID/Paraguay

Attn: Mr. Paul Frity
Development Attache
Asuncion, Paraguay

USAID Representative :
Attn: Mr. Neboysha R. Broshich
US Embassy

Belize City, Belize

USAID/Mission to Dominican Republic
Attn: Mr. Leo Perez Minaya

Energy Project Advisor

APO Miami, FL 34041-0008

USAID/Morocco
Attn: Mr. S. R. Nevin
Rabat, Morocco

USAID/Quito Equador

Attn: Mr. Fausto Maldonado
Project Specialist

c/o0 Department of State
Washington, DC 20523

USAID/Thailand

Attn: Mr. John W. Neave
Dir., Office of Engineering
37 Soi Sonprasong 3 :
Petchaburi Road

Bangkok, Thailand

USAID/Zaire

Attn: Ms. Debra A. Rectenwald
Mission Evaluation Officer
Zaire, Africa

U.S. Congress
Office of Technology Assessment
Attn: Mr. Peter Blair

- Energy and Materials Program

Washington, DC 20510

U.S. Department of Commerce
Attn: Mr. Les Garden

Renewable Energy Industry Spclstc.
Int'l Trade Admin. - Rm. 2811
Washington, DC 20230

U.S. Department of Energy (6)
PV Energy Technology Division
Attn: Mr. R. H. Annan

Mr. A. Krantz

Mr. V. Rice

Ms. Elaine Guthrie

Mr. M. Prince

Mr. M. Pulscak
1000 Independence Avenue SW
Washington, DC 20585

U.S5. Dept. of Energy

Attn: Dean Graves

Energy Technology Division
Albuquerque Operations Office
Albuquerque, NM 87115

U.S. Department of Energy
Attn: Leonard J. Rogers
Wind/Ocean Technologies Div.
1000 Independence Ave. SW
Washington, DC 20585

U.S. Department of Energy
Attn: J. Rumbaugh
DOE/Wind Systems

1000 Independence Ave., SW
Washington, DC 20585

U.S. Department of State
Attn: Mr. Martin Prochnik
Dir., Energy Technology
Cooperation Division
Washington, DC 20520

US Department of State

Attn: Mr. Joe Sconce

Regional Dir., for Latin America
Trade and Development Program
Washington, DC 20523

n;}\



U.S. Virgin Isiands Energy office

Institutional Conservation Program
Lagoon Complex, Bldg. 3, Room 233

St. Croix, U.S. virgin Islands 00840

U.V. International

Attn: Mr. Vimal Jhunjhunwala
Vice President o
17150 Norwalk Blvd. Ste. 118
Cerritos, CA 90701 o

Mr. Karl Van Wesal
LPH 300

Talbot Square
London W2 ITT, U.K.

Mr. Larry Van Zee
Box 228 -
Kontagoia

Niger state, Nigeria

VITA ‘
Attn: Ms. Donna Reed
Suite 200

1815 N. Lynn Street
Arlington, VA 22209

VITA Djibouti
Attn: Mr. Steve Hirsch
Djibouti city, Djibouti

'Mr. George Warfield

RD2 Box 264
Vergennes, VT 05491

Warns Solar Pumps

Attn: Mr. Robert Meyer
246 East Irving

Wood Dale, IL 60191

Mr. James Welsh
1528 Riverside Avenue
Fort Collins, CO 80524

World Health Organization
Attn: Mr. John Lloyad
20, Avenue Appia, 1211
Geneva 27, Switzerland

WHO/PAHO

Attn: Mr. Peter Carrasco '
Expanded Program on Immun.
525 23rd Street, NW
Washington, DC 20037

World Bank (2)

Attn: Mr. Richard Dosik
Mr. Rel.c Moreno

Energy Department

1818 H Street NW*

Washington, DC 20433

World Bank

Attn: Mr. Devbrat Dutt
Bldg. C-607

1818 H Street NW
Washington, DC 20433

World Bank

Attn: Mr. Alfonso Zavala

Water Supply & Urban Development
1818 H Street - Room N-729
Washington, DC 20433

World Bank

Attn: Mr. A. Amir Al-Kafaji
Chief, Water Supply Division
W. Africa Project Department
1818 H Street NW

Room C-309

Washington, DC 20433

3141 S. A. Landenberger (5)
3151 W. L. Garner (3)
3154-3 C. H. Dalin (28)

for DOE/OSTI
6200 V. L. Dugan
6220 D. G. Schueler
6221 E. C. Boes
6221 M. G. Thomas
6223 G. J. Jones
6223 H. N. Post (80)
6224 D. E. Arvizu
8024 P. W. Dean
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