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Abstract 
This report provides a comprehensive review and financial analysis of photovoltaic 
power systems for remote applications 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 home 
power, and multi-use systems. Findings are based on qualitative reviews of more than 
2700 systems in 45 countries. Information was collected from published reports,
questionaire~s, and interviews with key experts. Site visits 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 systems for each application. This report also 
provides industry with an assessment of product performance and suggested areas for 
additional improvements. 
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EXECUTIVE SUMMARY
 

1.0 OVERVIEW 

1.1 Background 

During the last decade, governments, donor agencies, and nonprofit
 

organizations nave sponsored PV projects in developing countries to test,
 
evaluate, and demonstrate the performance of PV as an energy technology for
 

remote areas of the developing world. These PV-powered systems have provided
 
electricity for water pumping, communications, refrigeration, lighting, and
 
other basic necessities to people and areas that have never before had power.
 

Despite this increased use of PV-powered.systems in developing countries,
 
no attempt has been made to systematically analyze the cost and performance
 
experiences of PV systems in this environment. Hence, there existed a need for
 
a comprehensive and objective evaluation of the viability of PV systems for
 
various applications in developing countries. 
 It is toward this end that this
 

evaluation is conducted.
 

This report is directed towards development agency officials, suppliers,
 
and users of PV systems. Since quantitative performance data are not available,
 
the report is based primarily on subjective information. It provides development
 

agency officials with the information required to assess PV projects and with
 
"lessons learned" recommendations for project implementation. The report also
 
frovides an assessment of potential applications as well as an evaluation of
 
product performance and suggested areas for improvement. Users will learn from
 

past experiences and will be provided with a methodology for making a rough
 
comparison between PV and other technologies.
 

This work was performed by Meridian Corporation under contract to
 
Sandia National Laboratories-Albuquerque (SNLA) and was supported by the U.S.
 
Agency for International Development (USAID) and the U.S. Department of Energy
 

(USDOE).
 



1.2 Purpose
 

The purpose of this report is twofold:
 

* 	To review the qualitative experience associated with the use..
 

of PV-powered systems in developing country applications.
 

w 	To educate decision-makers on the viability of PV systems for
 

various developing country applications.
 

To 	meet this dual purpose) the full report provides the following: 

* 	 A summary of field experience of PV-powered systems in developing 

countries. The experience associated with more than 2700 systems 

in 45 countries was reviewed across 5 applications (see Exhibit E-1). 

* 	A discussion of current designs and costs for'both PV- and
 

conventional-powered systems. Because photovoltaic systems have
 

been rapidly improving in both performance and cost, past systems
 

may not be completely representative of today's technology. To
 

facilitate an up-to-date comparison of PV to other systems, recent
 

system improvements and current costs were obtained from system
 

suppliers and recent tenders.
 

* 	Financial analyses for comparing PV-powered systems to conventional
 

alternatives. The cost of PV systems was compared to the most
 

likely alternative system using a net present value (NPV) life

cycle costing methodology that is consistent with World Bank
 

standards. Exhibits E-2 and E-3 identify the technologies and
 

base-case systems that were compared for each application. Sensitivity
 

analyses were conducted to demonstrate the impact of key parameters
 

on system life-cycle cost.
 



Exhibit E- 1 
SYSTEMS EXPERIENCE REVIEWED 

NUMBER NUMBER 
APPLICATION OF OF 

SYSTEMS COUNTRIES 
Water Pumping > 194 22
 

Communications 
 >1100 14
 

Vaccine Refrigeration 
 > 105 43
 

Lighting and Home Power 
 >1260 14
 

Multi-Use 
 42 22
 

Total: >2700* >45*
 

Total reflects overlap In subtotals. 



Exhibit E-2
 
TECHNOLOGIES COMPARED IN LIFE-CYCLE
 

ANAL YSES
 

POWER SOURCE 

APPLICATION PV DIESEL KEROSENE BATTERIES 

Water Pumping X X 

Communications X X 

Vaccine Refrigeration X X 

Lighting and Home Power X X X 

Multi-Use X X 

Exhibit E-3 
LOAD SPECIFICATIONS FOR BASE-CASE ANALYSES 

APPLICATION SPECIFICATION 

Water Pumping * Village drinking water system 
* 50 m3/day average water demand 
e 25-meter head 

Communications * Microwave repeater application 
* 7.2 kWh/day continuous load 

Vaccine Refrigeration o Vaccine Refrigeration 
* Two cases: 

- Small (24 liters) 
- Large (68-80 lters) 

Lighting and Home Three cases: 
Power 9 Small - one light 

* Medium - two lights 
* Large - two lights and a radio 

Multi-Use 9 10 kWh/day average demand over a 
period of 12 to 15 hours 



2.0 METHODOLOGY
 

The experience associated with more-than 2,700 PV systems.was incorporated
 

into this evaluation. From these 2,700 systems, 29 specific projects were.
 

selected for detailed review. Performance information was collected from three
 

principal sources: project reports and articles; quastionnaires sent to end-users
 

and/or participating in-country'personnel; and interviews with 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; 20 percent of those receiving
 

questionnaires responded.) The evaluation was conducted with the understanding
 

that quantitative field performance data are limited, and what little data
 

exist are of questionable accuracy.
 

Once all data were collected and analyzed, NPV life-cycle cost compa

risons of photovoltaic-powered systems and the most likely conventional alternative
 

system were performed for each of the five application areas (water pumping,
 

communications, vaccine refrigeration, lighting and home power, and fulti-use).
 

NPV life-cycle cost analyses are presented as '20-year cash flows comparing the
 

conventional alternative to PV using specific base-case assumptions. The
 

common base-case financial and technical assumptions are presented in Exhibits
 

E-4 and E-5. Sensitivity analyses were performed to estimate the comparative
 

viability of PV and conventional alternatives based on particular country-specific
 

parameters. All applications include a PV array cost (FOB) of $8.00 per peak watt.
 

Parameters analyzed include equipment capital cost, discount rate, conventional
 

fuel cost, diesel lifetime, insolation, kerosene refrigerator operating
 

availability, and annual vaccine dose requirements.
 

Viability ranges for each of the five applications were developed by
 

simultaneously varying the sensitivity parameters. The parameters were adjusted
 

to reasonable extremes (lowest discount and interest rate, highest fuel cost,
 

shortest conventional system lifetime, and highest insolation) in the best PV
 

case scenario and to their opposite extremes in the worst PV case scenario.
 

These viability ranges were included to provde a general picture of the
 

circumstances under which PV systems are financially attractive.
 



COMMON BASE-CASE FINANCIAL ASSUMPTIONS 
PARAMETER ASSUMPTION 

Debt Service * 100% financing of system Initial capital CIF cost 
* 20-year term 
* 10% per year (compounded at the end ofthe year) 

Salvage Value * Included 

Installation Costs 9 Not Included 

Operating Labor * Not Included 

Diesel Fuel Cost * $0.50 per liter 

Kerosene Fuel Cost * $0.70 per liter 

General Inflation 9 5% per year 

Nominal Discount and * 10% per year 
Interest Rate 

Exhibit E-5 
COMMON BASE-CASE TECHNICAL ASSUMPTIONS 

, _ _ SYSTEM TYPE 

SPECIFICATION PV DIESEL KEROSENE 

Component Life (Years) 
-Array 
- Gen-Set 
- Power Conditioning 
- Batteries 
- Loads 

20 
NA 
10 
5 
5 

NA 
6 

10 
5 
5 

NA 
NA 
NA 
2* 
10 -refrlg. 

3 - lights 

Major Maintenance 
- Engine Overhaul NA every 3 years NA 

NA - Not applicable 
* - Batteries used In conventional home power systems 



3.0 EVALUATION FINDINGS
 

Across the five applications examined in this evaluation, the majority of
 
PV-powered systems have been well accepted by users based on their reliability,
 
independence from fuel, and minimal maintenance requirements. Although early
 
systems experienced some technical problems, advancements in current equipment
 
are resulting in more reliable systems. 
The major limitations to implementing
 
PV systems for developing countries are institutional support and the lack of
 
long-term financing. The evaluation findings are summarized in Exhibit E-6.
 

Exhibit E-7 graphically represents the financial viability of PV
 
systems across all five of the selected applications (water pumping, communi

cations, vaccine refrigeration, lighting and home power, and multi-use). 
 "PV
 
Least Cost" indicates the load range at which PV is the least-cost option even
 

under unfavorable financial assumptions. Similarly, "Diesel Least Cost" indicates
 
when diesel is the least-cost option even under assumptions favorable to PV. The
 
"Break-Even Range" depicts the load range in which either PV or the alternative
 

could be the least-cost option, depending on the parameter values selected.
 



EXHIBIT E-6. EVALUATION FINDINGS
 

TECHNICAL PERFORMANCE
 

Stand-alone PV-powered systems have been well accepted by users based
 
on their reliability, independence from fuel, and minimal maintenance requirements.
 

* 	PV arrays are nearly 100 percent reliable.
 

* 	The performance of power conditioning and end-use equipment has
 
varied, but the careful selection of field-proven components should
 
ensure successful system operation. Diesel, gasoline, and kerosene

systems face the sane problem.
 

INSTITUTIONAL SUPPORT
 

Institutional support for PV-powered systems has been the overall
 
weak link in implementing these systems in developing countries. Because PV
 
is a relatively new technology, there is no established infrastructure to support
 
training, maintenance, and repair. However, in cases where institutional
 
support is lacking for both PV and conventional systems, PV-powered systems
 
are more successful due to their lower operation, maintenance, and repair
 
requirements.
 

FINANCIAL VIABILITY
 

* 	For loads smaller than I kilowatt, PV-powered systems are the
 
least-cost option, on a life-cycle cost basis, for stand-alone
 
water pumping, communications, vaccine refrigeration, lighting and
 
home power, and multi-use systems when compared to diesel-, gasoline-,
 
and kerosene-powered systems. This is largely because diesel
 
engines are not available at sizes below 3 kilowatts for developing
 
country applications.
 

* 	For loads between I and 20 kilowatts, a case-specific financial
 
analysis is necessary to determine the least-cost option.
 

e 	For loads greater than 20 kilowatts, PV-powered systems are not
 
generally the least-cost option. However, certain PV-powered
 
system benefits often mentioned by users (such as reliability
 
and independence from fuel) cannot be quantified. PV systems
 
have been justified based on these subjective criteria.
 

* 	These financial viability findings are supported by the financial
 
analyses performed as part of this evaluation and by case studies
 
of programs that have stimulated the widespread implementation of
 
PV-powered systems through financing.
 



Exhibit E-7 PV FINANCIAL VIABILITY LIMITS 
(Average Energy Demand and Relative PV Array Sizes) 

0 1.1 kWp PV Array 22 kWp PV Array 

WATER PUMPING 
(25 meters head) CEST BREAKEVEN RANGE COST
 

C OI I
ST 1 I I I I I I 

30 25 m /day 550 m3 
/day 

0 1.6 kWp PV Array 7.5 kWp PV Array 

COST 

0 5 kWh/day 24 kWh/day 

0 .198 kWp PV Array .168 kWp PV Array* 

VACCINE
 
REFRIGERATION BREAK-EVEN RANGE BREAK-EVEN RANGE NOT AVAILABLE >
 

I i I l ! J I l I .1 I I ' i 

0 SMALL 24 liter LARGE 80 liter LARGER 

0 .039 kWp PV Array .078 kWp PV Array .132 kWp PV Array 

& HOME POWER PV LEAST COST BREAK-EVEN BREAK-EVEN NOT A>SESSED
 
RANGE RANGE
 

SMALL I light MEDIUM 2 lights LARGE 2 lights & radio LARGER 

0 .70 kWp PV Array 5.6 kWp PV Array 

MULTI-USE _I 
SYSTEMS PV LEAST BREAK-EVEN RANGE DIESEL LEAST COSTCOST 

)RAKEENRAG 

0 2 kWh/day 16 kWh/day 

*PVAnrv is .smallerforlame refiterror due to peculiarWes in the World Health Organization specilkwaon. 



3.1 Water pumping
 

For this evaluation, the cost of PV-powered water pumping systems
 

is compared to diesel-powered systems for rural water supply, assuming develop

ment agency financing. Exhibit E-8 provides the base-case parameters used in
 

this comparison. PV-powered water pumping systems are conservatively determined
 

to be financially competitive to diesel-powered systems up to demands of 25 m3/day
 

at a 15-meter head, even under unfavorable financial assumptions. This is equivalent
 

to demands of up to 625 m4/day, where m4/day refers to the volume of water pumped
 

multiplied by the head. Systems with demands ranging from 25 to 550 m3 /day at a
 

head of 25 meters are in the break-even range, with PV system viabil-ty dependent
 

on case-specific parameters. Above this range, PV-powered water pumping systems
 

are not financially viable at the present time.
 

Exhibit E-8 
PUMPING: BASE CASE 

SPECIFICATIONS: 
* Village Drinking Water System 
* 50 m3/day Average Daily Demand (supplies 2500 people) 
* 25 Meter Head 

I PVSYSTEM DIESEL SYSTEM 
I I 

TECHNICAL II 
I 

II 
I 

* SYSTEM CONFIGURATION I 
I 
I 

2.3 kWp PV array 
DC motor/pump 

I 
I 
I 

6.4 kW diesel gen-set 
AC motor/pump 

FINANCIAL II II1 
I I 

" INITIAL CAPITAL COST (FOB) 
- +'r 

IIi. $19,784 II $8,318 

" RECURRING CAPITAL COSTS ' $1,635 every 5 years, I $6,754 every 6 years 
I I $1,564 every 5 years 

15% every 3 years
I 	 I:: 

"MAINTENANCE & REPAIR 	 I 1%per year I2% per year 

I I 

RESULTS_ 	 I II_I _ 

I 	 I 

"NPV OF 20-YEAR CASH FLOW $31,166 I $38,021 
I I* ANNUAL WATER PUMPED I 17,338 m3 I 738m 

I I 



The graphin.EXhibit'E-9 depicts theratio
-o rv- uo anesel-powered
 
pumping system NPV 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 adjustment
 
is made under the worst PV case 'scenario.. The area between the two curves
 

represents a reasonable range of financial assumptions.
 

This range indicates that PV-powered pumping systems are the least
cost option at loads more than twice as great as 
those shown in a 1983
 
UNDP/World Bank pumping study for rural water supply. 
(The UNDP/World Bank
 
study has been accepted by applications experts as being very conservative.)
 
It showed PV systems to be competitive up to 250 m4 /day as opposed to the
 
625 to 13,750 m4/day demonstrated in this report. The major reasons 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 improvements in
 
the cost and performance of PV systems.
 

Exhibit E-10 depicts the various cost elements of PV- and diesel
powered pumping systems. The sensitivity analyses indicate that diesel gen-set
 
lifetime, fuel cost, discount and interest rate, insolation, and pumping head
 
all have a strong impact on the cost analysis, with diesel gen-set lifetime and
 
discount and interest rate being the most sensitive parameters. While PV-powered
 

system costs have been dominated by debt service, diesel-powered system costs are
 
primarily dependent on replacement and fuel costs.
 

The overall viability of PV-powered water pumping systems is also
 
a function of technical and institutional performance. Successful systems have
 
incorporated careful selection of pumps, motors, and controls. 
The availability
 
and proper use of credible data on solar resources and well yield characteristics
 
has helped to avoid significantly oversized and undersized systems. 
 Previous
 
studies have shown that effective training corrects misconceived user expectations
 

and reduces system downtime.
 



Exhibit E-9 
SENSITIVITY OF PUMPING COSTS 

TO BEST AND WORST CONDITIONS 
3

2.8- WORST PV CASE BEST PV CASE
 

2.- 4 kWhI"'2 -day 6 kWh/m2-,day 
0 2.4- 20% Discount Rate 6%Discount Rats 

20% Interest Rate 5% Interest Rate 

$.2111ter FuM Cost $.7S111ter Fuel Cost 
- 2.2-

2-
0 9 Yr Diesel Life 3 Yr Diesel Lifeo 1.8- A. 

> 00 0.- Head= 25 motors 

z 1.4

w 1.2-

S 0.8

oETpo. 0.6 - ASE 

0.4

0.2

0 28 100 200 300
 

AVERAGE WATER DEMAND (malday)
 

Exhibit E- 10 
BASE-CASE WATER PUMPING SYSTEM 

COST COMPONENTS
 
40

315 

30 

25

Rplcmt.-Salv.-X 20 
Fuol000'2

0> , 15 Ovrhl. 
2: to"- O&M 

10 
V" Debt 

0-

PV SYSTEM DIESEL SYSTEM 

12 



3.2 Communications 

PV-powered communications systems have been proven reliable and 
financially viable, as evidenced by the recent substantial growth in the 
number of commercial PV systems. For this evaluation, the cost of PV- and 

diesel-powered microwave repeater systems were compared assuming development 
agency financing. Exhibit E-11 provides the base-case parameters used in 

this comparison. PV-powered systems are the least-cost-option up to 
5 kWh/day continuous load, even under unfavorable financial assumptions.
 

Loads of 5 kWh/day to 24 kWh/day are in the break-even range, or dependent
 

on case-specific parameters.
 

Exhibit E- 11
 
COMMUNICA TIONS: BA SE CASE
 

SPECIFICATIONS: 
"Microwave Repeater Station 
* 7.2kWh/day Constant, Continuous Load 

PV SYSTEM 	 DIESEL SYSTEM 

TECHNICAL 
I I 

SYSTEM CONFIGURATION 2.3 kWp PV array I two 3 kW diesei gen-set
1 63 kWh battery storage 1 9 kWh battery storage 

charge controller I battery charger
I I 

FINANCIAL I I 	 I 
* INITIAL CAPITAL COST (FOB) $28,541 $10,891
 

II I
 
"RECURRING CAPITAL COSTS $9,450 every 5 years I $9,541 every 6 years$909 every 10 years 	 I $1,350 every 5 years 

I 15% every 3 years
II
 

" MAINTENANCE & REPAIR 0.05% per year 
 2% per year 
I I 

* FUEL COSTS I NA 	 I $3,408 per yearII 
RESULTS II 	 I 

* NPV OF 20-YEAR CASH FLOW 1 $59,230 	 I $86,529
I 	 I 

* ANNUAL ENERGY 2,625 kWh I I2,625 kWh
 
GENERATION 
 I 

I1II 	 I 

'3
 



The graph in Exhibit E-12 depicts the ratio of PV- to diesel-powered
 

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 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 adjustment
 

is made under the-worst PV case scenario. The area between the two curves
 

represents a reasonable range of financial assumptions.
 

Exhibit E-13 depicts the various cost elements of PV- and diesel

powered microwave repeater systems. The parameters with the largest impact
 

on the viability of PV-powered systems are discount and interest rate, diesel
 

fuel cost and diesel lifetime. The least sensitive parameter for this application
 

is insolation, since PV-powered system costs are dominated by battery costs, not
 

PV array costs. Life-cycle costs for PV-powered systems are split evenly
 

between debt service (initial system cost) and replacement costs. Although a
 

sensitivity analysis was not performed on battery life, the high percentage
 

of replacement costs suggests that battery life is an important parameter.
 

Diesel-powered system life-cycle costs are dominated by fuel cost, followed
 

by replacement costs.
 

Overall reliability of PV-powered communications systems is dependent
 

on selecting charge controllers and load equipment that have been field-proven
 

under the appropriate environmental conditions. The importance of carefully
 

selecting load equipment is not unique to PV, but applies to conventional
 

systems as well.
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Exhibit E- 12 
SENSITIVITY OF COMMUNICATIONS 

COSTS TO IEST AND WORST CONDITIONS 
WORST PV CASE 

4 kWhlm2-dak 
20% Discount Rate 

20% Interest Rate 
$.25/11ter Fuel Cost 
9 Yr Diesel Life 

BEST PV CASE
 

, kWhlm2-day
 
5% Discount Rate
 
5% Interest Rate
 

$.75/iter Fuel Cost 
3 Yr Diesel Life 

2 4 8 8 10 12 14 IS Is 

Maximum Energy Demand (kWh/day) 

Exhibit E- 13 
BASE-CASE COMMUNICA TIONS SYSTEMS 
*0 COST COMPONENTS 

N\N, 

PV 
DIESEL 

20
 

Ovrh. 
Rplcmt.-Satv. 

M Fuel 

[!:s O&M 



3.3 
 Vaccine Refrigeration
 

For this evaluation, the cost of PV-powered vaccine, refrigeration
 

systems was compared to kerosene-fueled refrigerators, assuming development
 

agency financing. Exhibit E-14 provides the base-case parameters used in
 

this comparison. The financial analyses do not indicate a clear-cut preference
 

between PV-powered and kerosene-powered vaccine refrigeration systems. PV-powered
 

system viability, for both small and large systems, is -lways in the break

even range, dependent on case-specific parameters.
 

Exhibit E- 14 
REFRIGERATION: BASE CASE. 

SPECIFICATIONS: 
*Vaccine Refrigeration (No Ice-Pack Freezing) 
* Vaccine Cost $19/Liter 
* 50 Liters Per Year Vaccine Application Level 
* Insolation Level 5.8 - 7.0 kWh/m2-day 

__ PV SYSTEM 7FKEROSENE SYSTEM 

TECHNICAL 
small[large] small [large] 

* SYSTEM CONFIGURATION 
1 

24 [80] liters refrigerator
198 [168] Wp PV array'
5.5 [3.6] kWh battery storage 

24 [68] liters refrigerator
I fuel consumption=

.2 (.7] liters/day 

I I 
FINANCIAL II 

" INITIAL CAPITAL COST (FOB) $3,500 [$4,781]
I 

$552 [$458] 
I 

"RECURRING CAPITAL COSTS I $821 [$540] every 5 years 
$1,096 [$2,897] every 10 yearsI 

I $552 ($458] every 5 years
II 

"MAINTENANCE & REPAIR I 1%per yearI 1 10% per yearI 

"FUEL COSTS NA ' $51 [$179] per year 

" VACCINE WASTAGE 2.6 liters I 26 liters 

RESULTS I I I 

" NPV OF 20-YEAR CASH FLOW $8,252 ($10,757] $9,406 ($10,569]
I I 

"VACCINE STORAGE CAPACITY 24 [80] liters I 24 (68] liters 
I I 

"p array I.smarnller for largereflrtge.lordue to pecuttorttte. In the World Heolth Orgontzotton .pectlcatton.. 



The bar chart in Exhibit E-15 depicts 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 adjustment is made under the worst PV
 

case scenario.
 

The sensitivity analyses and the life-cycle cost elements illustrated
 

in Exhibit E-16 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
 

vaccine 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 vaccine loss due to system un

availability must be replaced through pure cash outlays. 
 The most dominant
 

costs for PV-powered systems are debt service and replacement costs, indicating
 

that refrigerator and battery life are important parameters. The overwhelming
 

cost for kerosene refrigerators is related 
 to vaccine wastage due to the typically 

low operating availability of kerosene units. 
Assuming the vaccination program
 

can support the use of 
a large unit (i.e., have enough vaccines to keep the
 

unit filled), the larger units show lower NPV life-cycle costs. The relative
 
viability of PV versus kerosene units in the small and large cases is approxi

mately the same.
 

PV-powered vaccine refrigeration systems have demonstrated reliable
 

performance in many developing countries. 
Operating availability of the PV
 

systems has been significantly higher than that of kerosene-fueled units.
 

The availability of credible datR on solar resource and load power consumption
 

under field conditions is fundamental to successful system sizing.
 

Institutional support is critical to the success 
of PV-powered vaccine 

refrigeration systems. Effective user training must be conducted so users
 

understand the operating principles of the system, the consequences of overloading, 

and the 
required maintenance procedures. Also, complete coordination with 

end-user organizations results in an understanding of the particular vaccination 
program and leads to more efficient and appropriate system designs.
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3.4 
 Lighting and Home Pover
 

For this evaluation, the cost of PV and conventional (kerosene lamps
 

and batteries) systems for home power are compared, assuming development agency
 

financing. Exhibit E-17 provides the base-case parameters for this comparison.
 

For the typical small systems examined in this evaluation, PV-powered systems
 

are financially more attractive. For medium and large configurations, PV-powered
 

systems may be financially more attractive, depending on specific technical and
 

financial project parameters.
 

Exhibit E-17
 
LIGHTING AND HOME POWER: BASE CASE,
 

SPECIFICATIONS: 
* Medium Size System - Two Lights 
* 20-Watt and 10-Watt Fluorescent Lamps, 6 and 12 hours/day 
* Comparison to One Pressurized and One Hurricane Kerosene 

Fueled Lantern 

PV SYSTEM KEROSENE SYSTEM 

TECHNICAL I I... I I
I I 

SYSTEM CONFIGURATIONONFGURTIO I0.6I kWh battery storage pressurizedhurricane kerosenekerosene lampSYSEM 78 Wp PV array " lamp 
II 
I DC fluorescent lights
I (20W. 10W) 

FINANCIAL I I 

"INITIAL CAPITAL COST (FOB) 1 $790 II I $45s 

'RECURRING CAPITAL COSTS $170 every 5 years $45 every 3 years 

"MAINTENANCE &REPAIR 4% per year $ $e0per year 

FUEL COSTSI NA I $109 peryear
I I
 

RESULTS g I
 

* NPV OF 20-YEAR CASH FLOW OI$1,796 II $2,447 
U I 



In some situations, PV-powered lighting and home power systems have
 

shown viability under shorter loan periods. 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 E-18 depict,'the ratio of PV- to kerosene,
 

powered home power system 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 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 adjustment is made under the worst PV case scenario.
 

As illustrated in Exhibit E-19, the life-cycle cost of PV home power
 

systems is dominated by debt service (i.e., initial capital cost), reflecting
 

high installed system costs. Kerosene-powered system life-cycle costs are dominated
 

by fuel expenses, followed by maintenance expenses.
 

The most important technical factor in the successful use of PV

powered lighting and home power systems is the selection of field-proven,
 

reliable charge controllers. The availability and distribution of spare
 

parts for the load and power conditioning equipment is a basic infrastructural
 

need that must be met to ensure successful widespread system implementation.
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3.5 Multi-Use Systems
 

For this evaluation, PV- and diesel-powered multi-use systems are
 

compared, assuming development agency financing. Exhibit E-20 provides
 

the base-case parameters used in this comparison. Multi-use systems are the
 

least-cost option for average energy demands 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/dayj PV multi-use
 

systems are not currently financially iiable.
 

Exhibit E-20
 
MULTI-USE: BASE CASE
 

SPECIFICATIONS: 
* Load Center - 10 kWh/day Annual Average Demand 
* 	AC System 
* 	Peak Demand - 1.5 X Average Demand 

TECHNICAL 

* SYSTEM CONFIGURATION 

FINANCIAL 

INITIAL CAPITAL COST (FOB) 

* RECURRING CAPITAL COSTS 

" MAINTENANCE & REPAIR 

" FUEL COSTS 

RESULTS 

* NPV OF 20-YEAR CASH FLOW 

*ANNUAL ENERGY
GENERATION 

PV SYSTEM 

I 


I 

3.94 kWp PV array

I 
 37.5 kWh battery storage

I 2 kW Inverter
 
I 


i
I 


I1 	$40,722 


:	$5,625 every 5 years 
$3,576 every 10 yearsI 


0.1% per year
I 


I NA 

I 


II 


I 	$67,715
I 


I3,559 kWhI GEkRhIII 

I 


DIESEL SYSTEM
 
I
 

I
 
I 	 3kW diesel gen-setI
 

I
 

I
I
 

I	 $4,771 

I $4,771 every 6 years 
IS% every 3 yearsI
 

I 	 2% per yearI
 

I 	 $1,704 peryear
I
 

I
I
 

I$41,486
I
 

3,559 kWh
I
 
I
 



The graph in Exhibit E-21 depicts the ratio of PV- to diesel-powered
 

multi-use system 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 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 adjustment is made under the worst PV case scenario. The area
 

between the two curves represents a reasonable range of financial assumptions
 

Exhibit E-22 depicts the various cost elements of PV- and diesel-.
 

powered multi-use systems. In general, PV-powered multi-use system life-cycle
 

costs are dominated by debt service, while diesel system life-cycle'costs are
 

dominated by fuel cost. The sensitivity analyses in this chapter indicate that
 

discount rate and fuel cost are the most sensitive parameters when comparing
 

PV-powered multi-use systems to diesel-powered systems.
 

PV-powered multi-use systems have been successfully fielded; however,
 

the reliability and complexity of power conditioning equipment must be carefully
 

considered when designing these types of systems. As a result of the field
 

performance record of small stand-alone inverters, and a poorly developed
 

infrastructure for maintaining the equipment, applications experts have chosen
 

to design DC systems whenever possible. However, DC is not considered to be a
 

realistic option for mini-utilities. For load centers, the decision between AC
 

and DC is based on the commercial availability of DC appliances.
 

A local infrastructure for the management of power is required for
 

the successful application of multi-use systems. The energy management structure
 

for PV-powered systems is similar to that for conventional systems. The decision
 

to design one large (mini-utility) system or many decentralized systems (e.f,
 

load centers) is a major rural electrification policy issue.
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4.0 RECOMMENDATIONS
 

Based on the review of past projects, current PV technology status, and
 

financial analyses, certain recommendations are made for implementing PV-powered
 

systems in developing countries. These recommendations, outlined in Exhibit
 

E-23, are based on an assessment of those factors that were most prevalent in
 

successful systems and notably absent in unsuccessful systems. Recommendations,
 

are oriented towards euppliers, users, and financial institutions.
 

4.1 Technical
 

Although most PV systems have performed reliably, there have been
 

some "lessons learned" about system design and operation. Systems that failed
 

usually included: (1) components that were not field tested under similar environ

mental conditions; (2) systems not properly designed to meet the specified
 

load; or (3) improper system operation. The following recommendations address
 

these three areas of concern:
 

Select Field-Proven Components. Successful PV-powered systems
 

have been installed using field-proven components. Failures of
 

these field-proven components have rarely been related to PV as a
 

power source, but rather reflect generic operating experience under
 

developing country conditions.
 

* Obtain and Properly Use Design Data. Successful PV-powered systems
 

depend on the availability and proper use of credible load, resource,
 

and meteorological data. Specific operating design experience
 

with a number of systems has been used to avoid excessive costs
 

resulting from system overdesign and poor performance due to
 

system underdesign.
 

Provide User-Oriente4 Product Engineering. Minimal instrumentation
 

and simple controls should be used, potential operating errors
 

should be anticipated, and all instruments and controls should be
 

clearly labeled in the appropriate local language. User-oriented
 

product engineering concepts must ultimately be extended to total
 

system design across all PV applications.
 



ExhibitE-23
 
RECOMMENDA TIONS
 

TECHNICAL 

" 	Select Field-Proven Components. Use PV components and systems
that are capable of operating in similar environments. 

* Obtain and Properly Use Design Data. Use site-specific weather 
data, where possible. 

" 	Provide User-Oriented Product Engineering. Use minimal instru
mentation and simple controls. 

INSTITUTIONAL 

" Establish Field Service Capability. Repair capability should be 
equal to or better than that available for conventional systems. 

" Provide Training At All Levels. Planners, operators, users, and 
repair personnel must understand the PV system. 

" Coordinate Activities With End Users. Local involvement will 
ensure that local needs are met. 

FINANCIAL 

" 	Evaluate Viability Using Life-Cycle Costing. PV systems that are 
cost-effective on a life-cycle basis usually have high initial costs. 

" 	Utilize Financing Mechanisms for Developing Countries. Many
financing programs are available which could be utilized to minimize 
the high initial costs of PV systems. 



4.2 Institutional
 

The lack of strong institutional support for operation, maintenance,
 

repair, and training has been the weak link in the successful implementation of PV
 

systems in developing countries. 
PV systems actually require less institutional
 

support than most conventional systems; however, since PV is a new technology,
 

the minimal support required is often unavailable. This lack of institutional
 

support results in the inability to use an otherwise reliable system and in the
 

false perception that PV, as a technology, is not reliable. The following
 

recommendations are intended to help mitigate these concerns:
 

s 	Establish Field Service Capability. Efficiently managing technical
 

support and procuring spare parts is important to the long-term
 
reliable operation of PV-powered systems. Under equally poor
 

infrastructures, PV-powered systems have been shown to be more 
reliable than conventional alternatives due to their lower
 

requirements for operation, maintenance, and repair.
 

* 
Provide Training at All Levels. Suppliers of successful systems
 

have effectively trained users and repair personnel in system
 

operation and the consequences of system misuse. Field reports
 

have indicated that improved user training in basic maintenance
 

and troubleshooting, coupled with adequate documentation (in the
 

local language) and spare parts, can reduce system downtime.
 

s 	Coordinate Activities with End-Users. 
Working with the appropriate
 

host-country agencies to promote feelings among end-users of local
 

ownership and responsibility is vital to successful PV system
 

operation. Taking user expectations and relevant cultural aspects
 

into account throughout the system's design, construction, and
 

operation phases-is also important.
 



4.3 Financial
 

The financial analyses demonstrate that PV-powered systems can be
 

the least-cost option on a life-cycle basis, even though their initial capital costs
 

are 50 to 100 percent higher than those of conventional systems. However, for PV
 

systems to gain wide acceptance in developing countries, two actions must
 

occur:
 

" 	Evaluate Viability Using Life-Cycle Costing. At high discount and
 

interest rates, PV systems are less attractive 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. In light of
 

PV's high initial capital cost, decision-makers responsible for
 

selecting development projects should use life-cycle costing in
 

their financial analysis to ensure that accurate system costs are
 

assessed.
 

" Utilize Financing Mechanisms for Developing Countries. Most
 

significant development projects in developing countries are
 

funded by long-term loans with favorable terms. These loans are
 

generally provided by development agencies established to promote
 

progress in certain areas of the world. To aid in the continued
 

financing of PV systems, decision-makers must use the many financing
 

mechanisms currently available for developing countries.
 

Photovoltaic-powered systems have been shown to be a valuable tool to
 

promote progress in the underdeveloped areas of the world. The financial analyses
 

conducted for this evaluation show that small PV systems are generally the
 

lead,,t-cost option, even though their initial capital costs are much higher than
 

those of conventional systems. Although in the past there has been some uncertainty
 

and disagreement over the status of PV systems, substantial information now 

exists that can successfully answer most of these past uncertainties. This 

information, which is summarized in this report, should help to stimulate the 

use of PV systems in situations where their application is the most cost-effective
 

and represents the best choice, technically and institutionally.
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Distribution - International Systems
 

Abacus Controls, Inc. 

Attn: Mr. George O'Sullivan 

P. 0. Box 893 

Somerville, NJ 08876 


Acurex Corporation 

Attn: Dan Rosen 

555 Clyde Avenue
 
P. 0. Box 7555 

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
 
39 Cambridge Street 

Burlington. MA 01803-4115 


AMREF 

P. 0. 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. 0. 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. 0. Box 2105
 
Chatsworth, CA 91311
 

Argonne National Laboratories
 
Attn: Mr. Allen Evans
 
4620 No. Park Ave. 0156E
 
Chevy Chase, MD 20815
 

Arizona Public Service Co.
 
Attn: Thomas C. Lepley
 
P. 0. Box 53999, Mail Sta. 3875
 
Phoenix. AZ 85072-3999
 

Arizona State University
 
Attn: Paul Russell
 
College of Engineering
 
Tempe, 	AZ 85287
 

Asion Institute of Technology
 
Attn: Dr. F. LWasnier
 
Division of Energy Technology
 
G.P.O. Box 2734
 
Bangkok. Thailand
 

Asion Development Bank
 
Attn: Mr. 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. 0. Box 18738
 
Houston, Texas 77223
 



Balance of Systems Specialists. Inc. 

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 Africa 

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. 0. Box 3965 

San Francisco, CA 94119 


Beckwith Electric Company 

Attn: Robert W. Beckwith 

11811 62nd St. N.
 
Largo, FL 33543 


Best Power Technology, Inc. 

P. 0. 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 Meadow Lake Pkwy.
 
P. 0. Box 8405 

Kansas City, MO 64114 


Blue Sky Water Supply 

Attn: Mr. Ronald W. Shaw. Pres.
 
P. 0. Box 21359 

Billings, MT 59104 


Bonneville Power Adm.
 
Attn: Minje Ghim
 
P. 0. 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 2n230
 

Caribbean Agricultural Research
 
and Development Institute
 

Attn: Dr. Laxman Singh
 
P. 0. Box 766
 
Friars Hill
 
St. John's, Antigua
 

Caribbean Development Bank
 
Attn: J. W. Whittingham
 
Proj. Officer, Tech. & Energy
 
P. 0. Box 408 Wildey
 
St. Michael
 
Barbados, W.I.
 

C.E.R.E.
 
Attn: Mr. Ibrahima Lo
 
B.P. 476
 
Dakar, Senegal
 

Centre Electronics LTD
 
Attn: Mr. T. K. Bhaltacharya
 

Project Manager-MASPED Prog.
 
4 Industrial Area
 
Sahibabad 201010
 



Chronar Corp. (2) 

Attn: Pandelis Velissopoulos 


Avis Harrell 

Marketing Dept. 

Box 177 

Princeton, NJ 08542
 

Chronar-TriSolar Corp. 

Attn: Mr. Anand Rangarajan 

10 De Angelo Drive 

Bedford, MA 01730 


City of Austin Power & Light 

Attn: John Hoffner 

P. 0. Box 1088 

Austin, TX 78767 


Cleveland State University 

Attn: Peter P. Groumpos 

1983 E. 24th Street 

Cleveland, OH 44115 


Coastal Technology. Inc. 

Attn: Ms. Cary Boyd

210 Middle Road 

Newbury, MA 01922 


CODETEL 

Attn: Mr. Rafael Zorrilla 

P. 0. Box 1377
 
Santo 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
 

Detroit Edison Co.
 
Attn: George Murray, UTE
 
2000 2nd Avenue
 
Rm. 2134 WCB
 
Detroit, MI 48226
 

Direccion General de
 
Telecommunicaciones
 

203 Isabel La Catolica Street
 
Santo 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 Notodisuryo
 
Director General
 
Jalan Rasuna Said Kay. 7-8
 
Jakarta 12950, Indonesia
 



Electric Power Research Inst. (2) 

Attn: John Schaefer 


R. Ferraro 

P. 0. Box 10412 

Palo Alto, CA 94303 


Electric Research and Mgmnt. 

Attn: Mr. W. E. Feero 

P. 0. Box 165 

State College, PA 16804 


Electrical Review International
 
Attn: Mr. Tom Dawn 

Asst. International Editor 

Quadrant House, The Quadrant 

Sutton. Surrey SM2 5AS 

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. 0. Box 10998-526 

Austin, TX 78766-1998 


Ms. Debbie Eskenazi 

c/o The WUJS Institute 

80700 Arad. Israel 


Export Council for Renewable Energy
 
Attn: Mr. Sam Enfield
 
Suite 503
 
1717 Massachusetts 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
 
c/o CARE
 
Box 773
 
Port-au-Prince, Haiti
 

FAO
 
Attn: F. J. Moultapa
 
Chief, Environmental Energy
 
Program - Coordinating Centreting
 
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. 0. Box 14000
 
Juno Beach, FL 33408
 

Florida Power & Light
 
Attn: Gary L. Michel
 
P. 0. 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, IN 46714
 



Gariva Traders 

Attn: Mr. D. R. Fernando 

Peti Surat 888 

Bandar Seri Begawan 

Brunei, Borneo 


GPL Industries 

P. 0. Box 306 

La Canada, CA 91011 


Georgia Power Company 
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