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FOREWORD 

This draft report presents the findings of an evaluation of stand-alone 

photovoltaic (P~) projects that have been installed in developing countries 

over the past several years. Key technical, institutional and financial factors 

that impact the performance of these systems have been determined. A set of 

application criteria are proposed for each of the following PV applications: 

pumping, agri-processing, communications, refrigeration, lighting, and village 

electrification. 

This draft is intended to serve as a basis for a round table meeting of 

project participants, to take place in November 1985 in Washington, D.C. The 

objectives of the meeting are to: (1) review and verify the results presented 

in the draft report; (2) obtain recommendations on the application of PV in the 

developing world; and (3) discuss the future of PV in terms of technological 

breakthroughs, economics and market acceptance. Following the round table meeting, 

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

INTRODUCTION 

BACKGROUND 

Photovoltaic (PV) systems have been inst~lled in developing countries 

over the past 10 years to supply power for cOl1ll1U11ications, lighting. refrigeration, 

water pumping and other basic development needs. During this period, a number of 

projects and development programs have been undertaken to demonstrate and 

evaluate the viability of photovoltaic systems as a remote energy technology 

o~tion for developing country applications. 

This draft report presents the overall findings associated with these 

systems. In addition, a set of definitive applications criteria is proposed for 

the use of photovoltaics i~ developing countries as a remote energy technology 

for pumping, agri-processing, communication~, medical refrigeration, lighting and 

village electrification. This evaluation is based on a review of the experience 

associated with over 450 systems in 35 countries (a partial listing of these 

systems is included in Appendix A). Information has been collected from published 

reports and articles, questionnaires, and interviews with key experts around the 

world ',,'ho have had significant developing country experience in the applicatit>n 

of photovoltaics. Site visits were not within the scope of this evaluation. 

This work has been performed for Sandia National Laboratories (SNLA), 

located in Albuquerque, New Mexico, and has been supported by the U.S. Agenc), for 

International Development (USAID) and the U.S. Department of Energy (USDOE). 

The report has heen prepared by Meridian Corporation with the sub

contracted support of IT Power, Inc., who performed a specific evaluation of 

PV-powered refrigeration systems. 



APPROACH 


The overall study approach consists of four primary activities. First, 

the technical, institutional and financial perfonnance experiences gained from the 

operation of photovoltaic systems in developing countries were summarized. Key 

factors that may impact the performance of PV systems were determined from this 

summary. Next, current designs and costs were obtained, since past projects may 

not accurately represent current technology. Then, comparative analyses of 

conventional energy sources were performed. Lastly, the viability of PV for the 

reviewed applications was consfdered, and a set of application criteria was 

proposed. These criteria specify conditions, based on life-cycle costs in 

developing countries that indicate when PV will be a viable option costs compared 

with conventional energy technologies. A life-cycle cost ap~roach was chosen 

to account for technical performance over the life of each ~lternative system. 

The applications chosen fer review in the initial phase of this study 

were selected based on the number of systems installed, the amount of performance 

data available, and their likely potential for financial viability. Particular 

attention was given to water pumping and agricultural product processing applications 

because they represent' "productive end-uses" of energy. That is, they produce a 

quantifiable product with potential commercial value. Project experience was 

evaluated. and key factors ~ere determined for each application. These factors 

are the technical. institutional. and financial factors thot are most likely to 

have an impact on the rel iabl~ and cost-effective operation of a system. The 

viability of PV for a1l applications was considered compared to the costs of 

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

DATA COLLECTION RESULTS 

Project experience was obtained from three principal sources: reports 

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



Research Center (NASA-LeRC) were particularly important to the evaluation of 

refrigeration, grain grinding, and village electrification applications. The 

1~B3 UNDP/World Bank report on small-scale solar-powered pumping systems provided 

a su~stantial amount of background information to the PV pumping evaluation. 

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

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

principal reference. Significant interviews were conducted with: Anthony 

Ratajczak and Richard DeLombard of NASA-LeRC; Terrence Hart, NITo Diarra, and 

Richard Campbell for their experience at the Mali Solar Energy Laboratory; Bernard 

McNelis and Anthony Derrick of IT Power; and Douglas Danley of Science Applications 

International Corporation and Richard McGowan of Associates in Rural Development 

for their independently-conducted work in Botswana. 

Questi~nnaire responses emphasized positive and negative aspects of 

each application. Approximately 30 responses were detailed enough to provide 

valuable comments (thes~ comments are tabulated in the applications sections of 

this report). Particularly pertinent information was obtained from Papua New 

Guinea, Belize, Ecuador, and several international manufacturers and dealers of 

PV and PV-related equipment. Exhibit E-1 indicates the volume of system experience 

represented in this report. 

tit 



EXHIBIT E-l PY SYSTEMS EXPERIENCE 

(Reports, Questionnaires, Interviews) 

Number NlIIIber 
of S,lstems of Countri es 

Pumping > 140 8 


Agri-Process i ng 1 1 


Communications 40 6 


Yin age

Electrification >1000b 10 


Refri gerati on 178 38 


Li ghti ng > 77a 11 


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

b) 	 Includes 22 household systems in Zaire and more than 1000 systems in French 
Pol ynesia. 



OVERALL TECHNICAL. INSTITUTIONAL AND FINANCIAL FINDINGS 

The evaluation of photovoltaic systems in each application area in

dicated a number of significant common findings. These common findings were 

that compared to conventional energy sources. photovoltaic systems provide 

power more reliably and offer the least-cost alternative for small. continuous. 

loads. 

TECHNICAL 

Photovoltaic Arrays 

The evaluation of photovoltaic arrays considered the reliability 

and performance of photovoltaic modules and array wiring. Overall. experience 

wa~ reported across all applications that thp. arrays are highly reliable. Data 

collected by NASA Lewis Researr~ Cent~r on 58 systems installed worldwide between 

1979 and 1984 (totall ing 77.1 kW and representing 735 system-months of operating 

history) confirm the overall reliability of arrays. Questionnaire responses 

consistently support this field e~perience. 

Available rel iabil ity data ha~r not been suffiCient to d1s~in;ui~h 

whether the primary cause of array failures have been module failurps or array 

wiring failures. However. questionnaire responses have indicated that since the 

modules ~ppear to perform within manufacturers' specifications. attention should 

be directed towards improvinq the' ahllity of array wiring to withstand extreme 

moisture conditions. 

~~-.f_o!'E.!.!!2!lJ!lj_f ,q u.1 P!"~nt 

COI!lT1('nt,- from thf' qll('stionn.'ir('s ~upport th(\ fact that early systt'ms 

(1975-1982) had probl('~s _ith po~r controllers. Since that tim~. improved and 

lower-cost equipment has been usrd ~uccessfully throU9~out th~ .orld. Neverthc



less, the critical importance of voltage regulators, battery charge controllers, 

and maximum-power-tracking electronics requires that these components receive 

careful examination. These components should be chosen based on their demonstrated 

field experience and the availability and cost of replacement parts. Therefore, 

power conditioning equipment performance has been designated as a key factor in 

PV system applications. 

End-Use Devices 

The performance of pumps, refrigerators, lights, and other end-use 

devices has been the most common source of problems in PV-powered systems. Many of 

the problems have related to quality control and improper application and/or misuse, 

rather than serious design flaws. Also, failures have rarely been related to PV 

as a power source, but they reflect generic operating experience with the load 

equipment under developing country conditions. Over the last three years, new 

products with better performance and durability have become available. Proper 

selection and support of these load devices enables quality system~ to be obtained 

in all appl ication areas. 

INST nUT IONAL 

There are two overriding institutional factors in the application 

of PV in developing countries: 

(1) 	 Technical expertise in the specification and application of systems. 

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

Technical ~xp~rtise and. more g~nerally. application experience with PV 

systems in a particular country. is the most important institutional factor 

relativ~ to the viabil ity of photovoltaic appl ications in developing countries. 

for ~xampl~. pumping and refrig(\ratfon syst~ms, roor~ than any other applir.ations. 

rt'Quir~ knowlf'c1qe of avaflahlr (·quiplT1f'nt. it .. fi~ld Jl(\rfonnanc~ record, and the 

charactt . of the ~014r rcsourc(' lind the' load, PV. unl1k~ dies('l or kerosen~ 

vi 



energy sources, is site- and load-dependent. Project experience shows that 

few developing countries have the experience to perform resource and load assessments, 

write system specifications, issue tenders and make component or system choices. 

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

they will hav~ the most direct access to the best information relative to the site 

and operating environment of a system. These institutional barriers are being 

resolved as technical assistance and training are provided in-country personn~l 

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

The management of technical support and procurement of spare parts is 

important for the long-term reliable operation of a PV system. Although PV systems 

require less support than other remote power technologies, responsive technical 

assistance with correct replacement parts is vital to any significant application 

of PV in developing countries. 

FINANCIAL 

Current designs of PV systems in each application were compared with 

a convention~l alternative to detennine the least-cost solution. For a given 

financing rate and tenn, the comparison considered the average capital cost and 

annual operation and maintenance cost. The results of the compari son \IK're used 

to identify when PV sy~tems provided a vlable, least-cost, appl ication. Overall 

PV systems were found to provide the least-cost alternative for low loads in 

each appl ication. Results of each comparison are shown in Exhibit E-l. 

Current PV pumping systems compared with diesel systems, showed that 

PV systems provide the least-cost alternative at loads below 1400 m4. delivering 

water at a cost of SO.006/m4. Current PV agricultural processing sy~tem~ compared 

with diesel systems, showed that PV systems provide th~ least-cost alternative 

at loads below l.O ~Wh/day, processing grain at a cost of Sl.lO/kg. Current PV 

vii 



EXHIBIT E-2 Comparison of PV Systems and Conventional Alternatives 

APPLI- PHOTOVOLTAIC SYSTEM CONVENTIONAL SYSTEM FINANCING 
CATION Cap1 tal 

Cost 
Annual 
o & M 

Least-Cost 
Al ternative 

Cap1 tal 
Cost 

Annual 
O&M 

Fuel Type 
and Cost 

Rate Tem 

(5 /Wp) Cost Load Cost Cost 
1 

(Pct) (Yrs) 

Pumping 512 5 80 1400 
m4 

50.006/ 
m4 

$1200/ 
kW 

5400 

1 

01 esel 
53.00/gal 

10 20 

Agr1cul • 
Process. 

517 5200 2.5 
kWh/day 

SI.10/
kg 

$1800/ 
kW 

5300 01 esel 
53.00/gal 

10 20 

1 
Commun1
cations 

$11 $100 2.5 
kWh/day 

51.00/ 
kWh 

5120·)/ 
kW 

5200 

2 

01 esel 
53 .00/g~1 

10 20 

Refrig
eration 

511 $150 16,000 
doses 

50.05/
dose 

S 400 
each 

5853 

2 

Kerosene 
$1.67/gal 

10 15 

L1 ghti ng $16 $ 15 1000 
1umens 

SO .13/
1umen 

S 50 
each 

$175 

1 

Kerosene 
$1.67/gal 

10 5 

Vill age 
El ect. 

$15 S 60 2.5 
kWh/day 

SI.50/
kWh 

$1200/
kWh 

$400 Die se1 
S3.00/gal 

10 10 

1. Exclusive of fuel and lahar costs. 
2. Includes fuel costs, but not labor costs. 

communications syc:.tcms cCJT1pared \lliith diesel systems, sho\llied that PV syst~s offer 

the least-cost alternative for loads below 2.5 kWh/day, delivering power at 

SI.00/kWh. Ccrrent PV refrigerators compared \lliith kerosene units, showed that PV 

syst~s offer the least-cost alternative for more than 16,000 annual doses, 

supplying vaccines at SO.OS/dose. Current PV lighting syst(~S compared \lliith 

kerosene units, showed that flV systems offer the least-cost alternative for 

loads belo\lli 1000 lumens, del iv('rinq 1 ighting Jt 11 cost of SU.13/1umrn. Current 

PV village electrification systems compan'd wfth dfest:'l syst£'ms, showt'd that PV 

syst~s offer the' 1 cast-cost al tern.1t iV(i for load .. helow ?5 kWh/ddy, dc·l iverf n9 

pO\llicr at Sl.S0/kWh. 

vitf 




APPLICATION KEY FACTORS AND FINDING~ 

Based on the fnformatfon collected from the revfewed projects, key 

performance factors have been fdp.ntfffed. These factors are speciffc to each 

appl icatfon. They are the technfc~l, fnstftl.tfonal and ffnancial factors most 

1 tkely to nf9att~. y fmp~ct the appl ication of PV in developing countries. In 

addition, findfngs on the vfability of PV in each application area were obtained. 

These ~rc :umm3riz~d for ~ach application and fann the basic fnput to the proposed 

application criteria provided in the concluding part of this summary. 

PUMP JNG 

PV-powered pumping is likely to be less co~t~y than diesel-p~wered 

pumping for appl ications thH have a volump-head product (the volume of loJIater to 

be pUMped tfme<; the vert ical di stdncf' it mus t be rai sed) 1('B than 1000 m4. In 

some locations MI!1 unr1er C('rtain conditions, PV h~s heen shown to be the least

cost tech'lology up to rqu;valt'nt ener'gy dl'!:'tanc1s of })OO m4. 

This concluc;ion showc; a much higher range of appl icability for PV 

plITIpir.g ttlan previous Hurlies hav(' Inc1;Cdt('(1. ror Nample, flV pumping exp('rts 

a9r('(' thH til£, (;ndincJS of th(' lHWP/Worl (1 Bank report of June lilA 3 , Small Scale 

Solar.Po..!.!:!'d Pumpin9 sm!'~.' by Sir W1111"," If~lcro .. and Partn('rs In association 

with IT POWf'r, Uri., drf' no.. conc;('rv4t;vl', That report stdt('/1 that PV pumping 

4~Y'it("fT1C; ~rr' VL1hh' up to hydraul;c ('n('r9Y ri('t:l4n(1 .. equivall'/lt to ::>50 m for 

rural water supply and up to 150 m4 for Irrlg4tion applications. 

tx 
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EXHIBIT E-3 Key Factors for Pumping 


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

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

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

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

AGRICULTURAL PRODUCT PROCESSING 

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

(Le., grinding, cutting, drying, etc.) is technically and institJtionally viable. 

Comparative analyses to diesel systems show that PV can be financially viable for 

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

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

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

most applications. 

EXHIBIT E-4 Key Factors for Agri-Processing 

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

2. 	 The cont,rol systems must be simpl e and rel i abl e. 

3. 	 Local management of the system and production facility is 
key to successf~ appl ication. 

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

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

PV communications systems are technically, institutionally and finan

ci all y vi ~bl e for small one- and t.wo-modul e systems and for 1 arger remote tel e

communication systems. PV is likely to be the least-cost energy source for 

single-system energy demands of less than 2.5 kWh/day and for remote commercial 

applications up to 10 kWh/day. 

EXHIBIT E-5 Key Factors for Communications 

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

2. 	 Battery life influences the life-cycle cost significan~y. 
Simple maintenance and an awareness of state-of-charge
and electrolyte levels by the user are important. 

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

REFRIGERATION 

There are no significant technical barriers to the application of PV 

refrigeration systems, if care is exercised in the sizing and selection of the 

equipment. Cost analysis work in The Gambia shows that PV and kerosene refriger

ators are comparable in cost on an annualized basis. PV refrigerators, however, 

are more cost-effective because of their higher reliability. This results in 

more efficient use of vaccines and thus a lower costidose, taking into considera

tion vaccine program overhead costs. Since the refrigerator cost/dose is small 

compared with overhead cost/dose, use of the more efficient PV vaccine refrigerator 

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


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

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

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

LIGHTING 

The application of PV for individual lighting needs is technically. 

institutionally and financially viable compared with kerosene lamps. which are 

widely used throughout the developing world. PV lighting systems are competitive 

with kerosene lamps when PV systems can be financed at lOt for 5 years and kerosene 

costs at the village level are SO.75/liter or more. In addition. PV lighting 

provides at least 5 times the quantity of light as does a typical kerosene 

lamp. Based on reports from Papua New Guinea (1980) and Zimbabwe (1984). paybacks 

on PV lighting systems range from 2 to 7 years. 

EXHIBIT E-7 Key Factors for Lighting 

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

2. 	 The availability of spare parts. especially light bulbs 
o¥ tubes. is vital to system operation. 

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

The use of PV for village electrification using sma'l individual 

systems appears to be completely viable. This statement is based. in particular. 

on the successful application of over 1000 systems in French Polynesia. policy 

decisions in Fiji. and more than 2000 systems in Spain representing approxim~tely 

1 Mw of ;nstalled PV power. 

EXHIBIT E-8 Key Factors for Village Electrification 

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

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

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

Financial analysis comparisons with diesel systems show that for 

areas with good insolation levels and for diesel capital costs of $1500 or 

more. PV systems are competitive for average loads of up to 2.5 kWh/day. 
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APPLIC~TION CRITERIA 

The costs of currently available PV systems for the applications 

evaluated were examined and compared with the conventional energy alternative. 

Diesel engines were the alternative for pumping, agri-processing, communications. 

and village electrification; kerosene refrigerators were the alternative for 

refrigeration; while kerosene lamps were the alternative for lighting. These 

cost analyses have been combined with the key technical and institutional 

factors to develop a set of specific applications criteria. The criteria. 

provided ill Exhibit E-9, are intended to answer the basic question of whether 

PV should be considered as an energy source for a given energy demand. 

These criteria are general and are intended to help developing country 

and donor agency personnel. They are provided for each major application area 

of PV and cover general technical, institutional, and financial considerations. 

If a considered application appears viable, it should be investigated by contacting 

industry, application experts and knowledgeable program/project personnel to 

perfonm a specific technical, institutional and financial analysis. 
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EXHIB1T r.-9 Applfc.tfon Vf.bf~ ity for PV fn Developfng Countries 

APPL ICAT ION VIABILITY CRITERIA 

I-------------~----------------------------------------------------------------------------· 
PUMPING • The vol~ of .. ter to be pUMped tf.es the vertfc.l dfst.nce ft .ust be r.fsed fs less th.n 

1000 .. (for cert.fn rlMote .pplfc.tfons with good sol.r re,~urces, .nergy dlM.nds up to 
3000 .. h.ve been shown to be cost-calpetftfve with dfesel). 

• There fs • hfgh d...nd for •• ter by the f.-edf.te user(s), .nd b.slc .,ch.nfc.l .nd electrfc.l 
skflls necess.ry for w.ter pumpfng exfst ne.rby, or c.n be cont.cted e.sfly fr~ the sfte. 

• Ffn.ncfng 
10 years. 

or fundfng fs .v.fl.ble to penlft the c.pft.l cost of PV to be c.rrfed over .t le.st 

AGRI-PROCESSING • The d.fly energy J...nd fs less th.n 6 kWh/d.y, .nd the ~ver.ge sol.r rf$Ource fs .t le.st 
5 kWh/ml-day. 

• There fs • regul.r supply, ye.r-round, of .grlcultur.l product to be processed. 

• There exfsts • l~c.l org.nlz.tfon to ..n.ge .nd oper.te the .grf-processfng f.cflft v , 
c.n perfor'll bufc _ch.nlc.l repal rs. 

.nd they 

• The cost of diesel .t the processing location fs .ore th.n SO.80 per lfter, .nd 10-y~ar
fln.nclng fs .vallable. 

COMMUNICATIONS • The dilly energy d~and Is less th.n 2.5 kWh/day for sfngle dedlc.ted use 
10 kWh/d.y for r~ote c~rcl.l c~unlcatlon power needs. 

syst~s or less than 

• Radio eQul~ent has a proven record In the environment. 

• Financing Is .vall.ble for .t least 5-yeer periods. 

REFRI GE RA TI ON • The sol.r resource Is known to .ver.ge .t le.st 5 kWh/~-d'y throughout the year .t an 
fnclln.tlon equal to the latitude of the site. 

• There Is .n ongoing v.ccln.tlon progr~ th.t requfres • ·cold ch.I~· for v.ccfnes. 

• The cos t of kerosene is lIor~ than 10.70/1 Her, ."d IIOre Ulan 101. of the v.cc I nes .re d.m.ged 
over a program perlo~ bec.use of the f.llure of (the) existing (kerosene) refrlger.tor(s) to 
.. Int.ln required temper.tures. 

LIGHTING • The soler resource is equal to .t hut 5 kWh/-"-d.y throughout the ye.r .t .n 
equ.l to the l.tltude of the site. 

fncllnetlon 

• Thf existing dtllllnd for llghtl"Q Is IIf't by kerosene, .nll usen .re .111 Ing to p'y lIore for 
b.tter Qu.llty lfghtlng. 

• 	The costs of kerosene .t the vlll.ge ~r•• t l •• st 10.75/1 It.r, us.ge Is .bove 90 liters per 
ye.r/f~111 ••nd 5-ye.r fln.nclng .t 101. Is .v.ll.ble. 

VILLAGE • The solar r"ource is "Qu.l to .t lust 5 kWh/Ill-d.y .t .n Inclin.tlon eQu.l 
ELECTRIFICATION to the l.tltude of the Site, .nd tot.1 d.lly lo.d Is belo. 2.5 kWh/d.y. 

• 	Users .r. s.tlsfl.d .Ith Indlvldu.l power SlS~S .nd .r. llk.ly to .cc.pt 
lllllt.d .n.rgy us. ~.n r'Qulr.d. 

• Th. c.plt.l costs 'or • ~.ll hall. dl.s.l v.n,r.tor .r. •bov. II~ .nd th' cost of dl,s,l 
fu.l Is lIor. th.n 10 •• 0/1 It.r, Fln.nclng.t 101. for 10 ,.,rS Is .w.ll.ble, 

,------------_.,----,-----.---.~.------~-~.--~---~-~------~--



REMAINING WORK 


The intent of this report is to summarize the status of stu~ findings 

regarding key perfonnance factors, current designs a~"1 costs, as well as canparing 

PV applications with conventional alternatives. A set of application viability 

criteria are al so proposed to aid developing country and donor agency decision·· 

makers. The next step in the study will be a review of study findings and pro

posed criteria by industry, appl ications experts and donor agency off,c;als at 

a I:OuM loJble Meetin!). Following the meeting, comments received will lie incor

pora ted i nt 0 the fi na1 repo rt. 
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SECTION 1.0 


INTRODUCTION 


1.1 BACKGROUND 


In the past ten years. photovoltaic (PV) systems have been installed 

in develo~ing countries for communications. lighting. refrigeration, ~ter 

pumping, and other basic needs. Application projects and programs have been 

undertaken to test. evaluate and demonstratp the performance of PV as a remote 

enprgy technology for the developing world. Efforts have concentrated on 

evaluating the tpchnfcal and institutional mprits of photo~oltaic systems. 

Principally. these projects have been sponsorpd by governments, donor agencies, 

and non-profit organizations. Today, partly as a result of this field "devel

opment" work. th('r(' ar(' two basic percept ions about HI(, viability of PV for 

remote energy supply: the first is that PV systems ar(' reliable; the second is 

that they ar(' too expenslv('. Both statf'm<'nts ar(' corr('ct, but only fn give" 

contexts. Th('r(' ar<' applications Where PV has been obs<'rved to be technically 

anti flnanC14lly comp<'titivp ~ith conv('ntiondl r£lmot<' pOWf'r sourCfS. 

A strong d('~nc1 f'llst~ for a comprl'hensiW' and Objf'ctl~ evaluation 

ofth(\ v I atil li t y 0 f P Y tor v., ri 0 U !. ap p 1i c .H Ion ~ i n 11(' v(' 1op I n<J COU n t rt f' S • ..ow • 

tVfr. until now, no att("fTIpt 11M! tlN"n m.,t1t' to systf''""t1cally coll('ct and analyzt 

tn,. perfomanu ddt" M<1 (·I.pt·r1(>"c t • 4~!.ocLHf·d with such ~y~tM~. This r("port 

prpt('nt'. Initial flndln1)~ ant! conclusions of ~uch an t'v41wtlon bt'\f'W] conductf'd 

for )lInr1la NHlon41 lllhordtorit'\, unt1t·r tp'lt' lIu~plcr!. ot tht" U.S. At)('ncy for 

intf'rnatloMl Ot"vf'1opnl"nt IU~••• l[}l onl1 tht' U.S. O.. t)art"..nt l)f [nt-rll)' (U~O(). 



1.2 PURPOSE AND OBJECTIVES 

The purpose of this study is to provide a clear indication of the via

bility of PV systems for various devfloping country applications. 

This work has been based on achipvinq the following ohjectivfs: 

• 	 Collecting and evaluating PV project p<'rfornance data and ex
perience and identifying key tf'chnical. institutional. and finan
cial factors that cor.tribute to PV system perfornance. 

• 	 Obtaining currf'nt P\' systPm technical and cost data for similar 
appl icatfons. 

• 	 Perfonni ng comparat i v(' cos t anal ys('s to convl:'n t ional alternat ivp.s. 

• 	 DevC'loping a Sf't of criteria for thC' application of PV for developing 
countries. 



1.3 APPROACH 

This work began by considering the ~pe of PY applications to be eval

ulted. The general criteria used to select the applications .ere the number of 

systems installed, the availability of data and the potential for economic via

bility. In this regard, special attention has been given to pumping and agri

cul tural product processing because these are II product ive end-uses, II or those 

Where the potential exists for generating income from produ~ts of the system in 

order to pay for the system. The comparative cost to conventional alterna

tives is used to detennine the viability of PV for each application. Only PY 

stand-alone syst(Jl1s were considere<1. A "PV system" i) defined to include the 

array, power conditioning components (controller, inverter, s~itches. etc.), 

storage (principally battery) and end-use devices such as a ~ater pump, 

refrigerat...'lr, lights, radio, grain m111, etc. 

Thl:' study is being conducted ~fth the understanding that field perfor

~nce data are limited and What little exist are of questionable accuracy. It 

is also understood that past projects are not completely representative of 

current system designs and costs, in that certain design and cost improvements 

~ay have bern rCdl tzed sincr syst~ installation. Therefore, the study incorpo

rates these 1e~f9n lmprov~nts and past field experience, tn order to estimate 

current SVHl'ITI perfonnanc{·. 

Ptrformance infonnatl~n hiS been collect~ fram three principal 

sources: 1) project report~ and artfcl~s; 2) rnd·users and/or participating 

in-country pt'r~onn('l; 1M )) manuhc.turt·rs and otht·r kry indivfduals. Question

nairf':. wt'rt' stont to ov('r )OU or9anfutiono;. and individuals wfth (llftphash on ob

taining ",.let '*rtor'tMncf' data and t'nd·us(*r prrcepUons about ttlt' vhbflfty 0' 
Pv. rr(Jft this ,nfo"utfon, kt"j' 'actor-. ot pt"rfonnanc .... hav(O bern tstablhhrd. 

lty hoor, art' thou" t('eMfc.', insUtutiona', or ffn,ncl,l upecU of • Py 

1· ) 



application that are likely to have a negative impact on the reliable and cost

effective operation of a system. Based on past project experience, current system 

designs and costs for each of the major application areas were conceptualized as 

"poi nt" des igns. Lastly, criteria for application viabi li ty were establi shed 

based on the comparative cost and performance of other remote energy energy 

technologies. 
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1.4 PROJECT EVALUATION CRITERIA 

Projects have been eval uated on three basic perfonnance factors: 

technical, institutional, and financial. PV systems are considered viable if 

they are more reliable, si~pler to operate, and cheaper in life-cycle cost than 

the most common alternative. 

EXHIBIT 1-1 

RELIABLE 

PERFORMANCE 


(TECHNICAl) 

• Operating
rel iabil1 ty 

• Meets demand 
• Ease of operation,

maintenance, 
and repair 

Exhibit 1-1 details these criteria. 

PROJECT EVALUATION CRITERIA 

SIMPLE 

OPERATION 


(I NSTITUTIONAl) 

• Demand exists for 
specific product/ 
service 

• Operator skill 
1evel matches that 
requi red 

• Existence and per
formance of technical 
and administrative 
support 

COST 

COMPETITIVE 


(FINANCIAL) 

• Capitlll cost 
• 0 & M cost 
• Production 
• Life-cycle

cost/benefit 
• Canpet it ive 

wi th conven
tional tech
no1O9y cos t/
benefit. 
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1.5 PV PROJECT EXPERIENCE 


The experience associated with approximately 450 systems has been 

incorporated into this study. From these, 29 specific projects W1!re selected 

for detailed review based on th~ir representative nature, the amount of available 

data, or their importance to understanding the key factors of PV system perfor

mance in particular applications. Performance summaries and lessons learned for 

these projects are provided in this docu~nt. In SOITW?' cases, a "project" con

sists of many similar systems (e.g., th~ NASA-lewis refrigerator field tests 

total 29 systems, but they are treated as one project). 

Pro.iect experipncf" attests to the rel i abil Hy and performance of PV 

to the extf"nt it is a determining factor in the successful operation of a 

system. Oeqradation, delamination, corrosion, oxidation, IOOdule breakage, and 

dust accumulation havf" not posed significant problems, indicating that current 

modules have bren improvf"d. The reputation of PV in both reliahility and per

formance under a variety of conditions is justifif"d. The performance of the 

photovoltaic array, as J separatr componrnt of the syst~s, is not regardrd as 

a key factor since it is unlikely to negatively affect system performance. By 

array pf"rformancf", r£'ferf"nCfl is madf" to the operating efficiency of the array 

over a range of insolation and temperature. 
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1.6 REPORT STRUCTURE 

The remai nder of thi s report is organized by each appl icati on under 

examination. E~ch chapter includes an application descriptio!', current designs 

and costs. comparative costs. key factors that impact system per~ormance and 

the deta il ed revi ews of specifi c projects. The appendix pf'ovi des sunrnary 

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


PUMPING 


Water is a basic development need for a large proportion of the world's 

rural population. The majority of this population lives in remote sunny areas with 

relatively shallow water resources. They need potable water for human and animal 

consumption and for irrigation. The development and application of photovoltaic 

water pumping systems have been supported by many donor agencies and governments 

as a t£chnology with a strong potential for meeting these needs. A review of the 

experipnce with more than 140 pumping systems indicates that this potential is 

being realized. 

Project experience has been reviewed to determine the key factors that 

most influence the performance, and ultimately the viabili~, of PV water pumping 

systems. The key technical factors have been found to be (1) the reliable per

formance of the subsystems, such as the power rontrol units, regulators, pumps 

and motors and (2) the availab·li~ and proper use of accurate solar and water 

resource data. H;storically, there have been very few PV module-related failures. 

Early systems exhibited some subsystem Quality control oroblems, poor environmental 

protection. and some misapplication problems. Electronic and pump component 

design improvements have occurred in the last several years. Several field

proven systems are now available. The most significant technical factor i~ 

the Quality of site-specific solar and water resource data. Individual systems 

have exhibited poor performance resulting from prrors in these basic data. As 

experience with systems accrues in a country or region, solar and water resource 

information will be better understood. 

The key in5titutional f~ctors are the involvement of the end-user and 

the availability of technical support. The simplicity of PV and the standard 

technology of pumps has been shown to be easily under'stood by involved users 
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and host-country technical organizations. Institutional barriers are primarily 

a function of lack of experience. As such, they are being resolved as the number 

of systems installed in a country increases. 

The most critical factor to the current application of PY for pumping 

systems is financing. The high capital costs of PY have been referenced in many 

questionnaires. Cost-competitive applications will need financing to permit 

realization. 

The results of this review indicate that PY water pumping systems are 

reliable and likely to be cost-competitive to ~1esel for low-flow and low-head 

applications ~ere the pr~duct of volume and head is less than 1000 m4. However, 

project experience has indicated viability in certain locations Where demand is as 

high as 3000 m4. The major impediments to the widespread application of PY 

water pumping systems are awareness of the technology, application experience, 

4nd financing. 
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2.1 APPLICATION DESCRIPTION 

A photovoltaic-powered water pumping system consists of three basic 

components: the PV array, which converts solar energy to electricity, the pump, 

and the drive motor. These components are designed to operate together to max

imize the overall operating efficiency of the system. Acontroller is often used 

to regulatp. and condition power and to protect individual components. Energy 

storage, most commonly thought of in the form of batteries, is seldom considered 

for PV water pumping systems because of the losses in efficiency and higher 

system costs. Water storage is usually the best means of energy storage for 

periods of low insolation and high peak demands. 

The design of a syst~m and choice of components is determined as a 

function of the solar and water resource and the demand for water. In general, 

well depth and water demand determine pump and motor choice. Array size and 

power conditioning requirements follow from total energy demand, motor design. 

and solar resource. There are four basic types of pumping systems. They are 

depicted in Exhibit 2-1. 

Photovoltaic water pumping systems like those depicted in Exhibit 2-1 

have been developed and field-tested for the past 10 years. Estimates are that 

approximately 1200 are installed worldwide. A benchmark study was performed for 

the UNDP and World Bank on PV pumping systems from 1979 through 1982. The study 

[Ref. I]. which is reviewed in this report, concluded that PV pumping is cost

competitive to conventional fuels for low-flow and low-head conditions. Two 

important field-based demonstration projects in Mali and Botswana are to be 

concluded in 1985. These two projects represent over 6 years of field test 

experience with over 100 PV pumping systems. Final project reports on this work, 

expected in the fall of 1985, will provide more detailed findings and background. 

The Mali and Botswana e~periences h~ve been reviewed through interviews conducted 
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Waf.r 
~outl'f 

(cl (d) 

I. Submerged motor/pum~s with centrifugal pumps, often consisting of several 
impellers and there ore tenned "multi-shge." 

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

c. Floating motor/pump' units with centrifugal pumps. 

d. Surface mounted PII'I~S wi th a sel f-~rimin9__tank. Posi the displacement pumps
liave better se' f-pr ming charaefer stTCSthancentri fugal pumps. 

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

PV-powered pumping system technology has improved significantly since 

the extensive work by Sir' William Halcrow & Partners and Intermediate Power 

Technology in 1983 [Ref. 3, 4]. Efforts have concentrated on simplifying 

components, increasing reliabili~ and reducing costs. For ma~ pumping 

applications, these endeavors have been quite successful. 

Improved po~r conditioning has achieved better matching of the array 

and pump/motor operating character-i sti cs. Battery use has been limited to only 

those installations where pumps require high surge currents to start. Experience, 

thus far-, has shown that low-head ap'Jl ications are the most rel fable and cost

effective applications of photovoltaic pumping systems. Some small pump systems 

have adopted DC br'ushless motor's, either sur·face-mounted or floating. dr'iving 

single-stage centrifugal pumps. The effort to develop larger. submersible DC 

brushles5 motors for larger-head applications has had limited success. Thus. 

for large-head application~. manufacturers have turned to synchronous AC motors 

driven by DC-to-AC inverters. achieving a very good record of reliability and 

performance. 

The prices of PV pumping syst(lflls have dropped dramatically from about 

S30/Wp in 1Q7H to as low as S12/Wp for' syst(lflls procured in Mali in 1983 (Ref. 5). 

Exhibit 2-2 is a selection of PV pumping system specifications and costs that 

were obtained during the course of this study. 
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---------------------------------------------------------------------------------

EXHIBIT 2-2 PV Pumping System Prices1 [Ref. 6, 7. B. 9] 

Perfonnance Pump/Motor Array Si ze Insolation Cc.'s ts Specifi c 
Requirement Type (Peak Watts) (k WhIm/day ) (S) U/Wp) Capital 

(volume head) Cost (SCC)2 

230 m3/day, Centrifugal, 516 6 7100 13.7 1550 
2 meters Single-Stage, 

OC Bru s h 1ess 

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

DC Arushless, 
F1 oati n9 

76 m3/day , Centrifuga1, 770 5 9000 11.7 1097 
11 meters DC Motor Drive, 

C;ur-face Mounted 

70 m3/day. Centrifugal, 1500 20000 13.3 1078 
27 meters f.\Jl tf-Stage, 

AC Suhmersfble 

30 m3 Iday , Centri fuqa 1 , 1500 20000 13.3 1045 
65 meters Mul ti-Stage, 

AC Sublnl' rs i b 1e 

25 m3Iday , Jackpufllp 8nO 11000 13.8 1318 
34 me terS DC c1 rf v(' r. 

Aver4gf' 12.9 1450 

1. Rased on syst<-m prict's from 11183 to 198'), 
2. Specific Capital Cost .. (syH('C'II cost)/(pqVH) 
----.-----.------.~------.--.--.- .. -----.- ...........-.....•..•....•.....•••••••• 


0' PV ~at('r pumping: (1) UH' hiC)h capital coH~ 'Nluirrd for pur-chasing tht' 

syst(-m 4nl1 (7) thr' Hf('-cyclr co'.t'.. Thr !!!n_(~!!,.~p"~~(l". S~o~l~.,__.~~t!:.,~!.~~~~-.3 (Rl"f. 

10J USf'~ 4 Spf'ciftc (apftal CO\t (SeC) vdlup a\ ~n indication of thr putCh4\~ 

costs and d Unit Watt'r COH (UwC) for th(' lIft-eyel" eClH of f'Uf'lIJf"C' wHt'f, 



e 
sec. pgyR • where 

e • installed cost of the system 

p • density of water 

9 ~ gravitational constant 

v • average volup~ of water pumped per day 

H • aver'age heild 

The sec resul t sin a ,cost per uni t of hydraul ic ener9l. It is depen

dent on the cost of ~he PV array. the insolation at the particular site. and 

the demand char'actN'fstfcs. It fs a useful factor for c(WTIparfng the capiUl 

costs at one site ~fth another and for' comparing PV against other power sources 

for purnpfnq applfcations. In a sfmfltH manne" a UWC value (S/~) can be 

produced as a functfon of fnsolation and assumed life-cycle cost para~ter\. 



2.3 COMPARATIVE COSTS 

The costs of PV-powered water pumping have been compared to diesel

powered water pumpfng for' various loads and equipment costs (using I lOt discount 

rate and 01 inflation), [.hibit 2-3 details the parameters used to generate the 

Curves in [ahibit 7·4, 

[.hibit 2-4 C8n h~ used to deter~ine actual water cost, in ter~s of 

51m3, by multiply;n1 the UWC (S/m4) by th~ head associated with the given appl1ca

prodl.ct) of 600 th{- uwC for PV syste-rt's tH'cor.'s independent of the load, At 

•()( ~ u' '. :a~ Ik~~"i!~ (,. :'I",ltl' 't".l~ ... lj lUlf"f ",-', 

http:Weuna~.ly
http:prodl.ct


EXHIBIT 2-3 Cost and Performance Parameters for Pumping Systems 

PV System 

Cost (S/Wp) Ufe 0lH4 
Projected1 Average2 High3 (Years) (S/Year) 

---------_._.._._-----_._._-----------------------------------------------------
PV Array
Pump/MotorS 

6 
2 

8 
3 

10 
4 

20 
7 

50 
30 

t n s ta11a t f on 1 1 1 

Total 9 12 15 
------ _____________________________________________ a ____ •• ______________________ _ 

1. Targ~t cost aChfevable wfthfn the next 2 years. 
2. Based on no batt~rfes. minfmal fnstrumentatfon and no well contruction costs. 
3. Oased on small volume orders. 
4. DAM fs frrespectfve of labor. 
5. 401 efffcfency bas~d on UNDP testfng resul ts rangfng from 2S1 to 45':.. 

Of es('l System (Ref. 11] 

Cost l He OAMI (S/Year) 
low Hfgh (Years) Low High 

2.5·kW Of(,5e1 2 (S) 1000 3000 200 400 
( J ncl. pump. df esc 1 
and fnst~ll.tfon) 
Fuel (S/9~11 1.~U 3.00 
....... -- ......•....... _-----_ ... _... _----_ ... --...--------_.-._.-_._--..._-"-_.
1. O&~ f~ flre~p('cti of l~bor 


'I. Op("dtinq t'fffCi(lncy h (,! for low case and 91 for high case. 

3. L1ft' Of thf' di('~('l ~nd fllmp • 
••••.••..•............... _-- ... -----_ .......•••••..•...••.••. _- •......•.-....... . 
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EXHIBIT 2-4 COMPARATIVE Ut,JIT WATER COST~. 
Pv System C.:lsts ,19.uO/Wp)
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EXHIBIT 2-5 Diesel Engine Prices As Recieved From Questionnaires 

Location Capital Cost (S) Size (kW) Cost (S/kW) 

Antigua 2960 7.5 395 

Belize 5000 4 1250 

Botswana 1170 3.4 344 

Djibouti 1525 4 381 

Lesotho 900 6 150 

Lesotho 6000 20 300 

Lesotho 2510 10 251 

Senegal 1710 7.5 228 

Zaire 3000 4 750 

Zimbabwe 4700 7.5 627 


by McGowan in Yemen [Ref. 12] and Danley in Botswana [Ref. 13], showed PV to be 

the least-cost pumping energy technology for demands of 2500 m4 and 3000 m4, 

respectively. These results Servp. to emphasize how parameters such as insolation, 

diesel p.ngine costs, diesel fuel costs (including transportation charges), and 

maintenance and repair costs are highly country- and site-specific. 

In summary, PV pumping is likely to be less costly than diesel-powered 

plmping when the hydraulic energy demand is below 1000 m4. In some locations 

and ~nder certain conditions, PV has been shown to be the least-cost technology 

up to eQuival ent energy demanrfs of 3000 m4. 

2-12 




2.4 	 KEY FACTORS 

The performance of PV water pumping systems is dependent primarily on 

the reliable function of the equipment and the cost of the delivered water. 

Many PV-powered pumps have performed well in the field. Common to these systems 

has been the use of field-proven pumps, simple controls (if any), and the active 

involvement of the user. However, there have been many other PV pumping systems 

where problems have heen experienced. Based on the experience with PV pumpin9 

systems over the past years, certain key technical, institutional and financial 

factors that are ~ost likely to have a negative impact on the cost-effective 

operation of PV weter pumping systerr:s have emerged. Th£'y ar£' as follows: 

• 	 Reliahility and performance of suhsyst£'ms, principally of the control 
electronics and pumps 

• 	 Solar ann wat£'r rpsourc£' character - netermines ahility to design 
a system to meet nemann 

• 	 User participation ann expectations 

• 	 Communications ann manaqement infrastructure to provide technical 
support ann spare parts 

• 	 Cost ann aVili1ability of conventional fuels or electricity 

2.4.1 	 Reliahility and Performance of Subsystems 

Pumps and Motors 

Althountl mo~t pu~p/motors used in PV applications have heen custom

designerl to h~ used in conjunction with PV, these components have been the major 

source of fdilur(,r .. HeMing!'., 5('al5, runnfnq dry, ov('rloar1fnq. drfvt' shaft 

brokt'n pu".h roefs, pacUnqr., an(1 fl1anr1 s/",,1 r, arc' thr most common failures. Most 

can ht:' .,ttrfhut~ef to any or ,,11 of th(' folluwfrllJ: 

, 	 Ins u ff f c f f' n t Wf'" Yf(' , ~ 

• 	 Qua' tty control of UII' f'lllJil',"('nt or installatfon 

• 	 Misapplicatfon of pUMp 



These problems are not indicative of significant PV pumping t~chnology problems. 

Rather. they are typical of standard ~1L:ii1P op~rating e)(p~rienc~ [Ref. 14]. Field 

experience shows that with technical supervision during application and installa

tion. pump/motor sets will generally perfonn to user satisfaction. 

Actual performance. on the other hand, often has not met manufactur

ers' claims. In somc cascs, pump perfonnances have bcrn observed to bf' from 10 

to 20 percent below manufacturers' pump curve~ a(cor~fng to recent ~.perlencf fn 

Mali and Rotswana [Ref, 15, 16]. The sprcffic rPd~on for thi~ f~ not known at thfs 

time, but sources fndfcate it wfll hI' di5cu~sed in their dOCu~fntcttjon th~t is 

schedull'd to he complet(,(j Ods fall. Thec:,e (H'rfonn.HIC(' ffrHl1nq~ u(' not un;qu(' 

to PV pump', dnd gener"lly typify fi('ld pj'rfor"IMICf'~ of COI'J"I'rcL,l I'UH\:,~ pCJ ..('red by 

convent icn,~l powrr SOlJrcpr" 

LOw-he,,(! (f'ntrifu(Hl PIWIP" (f .. tlitdt ;>-1 C or (1) Hldt drl' c11rNtly 

connt'ctpr1 to ttl(' arr,\y h,HP PPrfOn'lf'r1 wi,'l, ,1.;C~.'IU!"!P~. (HI tl1(' oUH'r tl.Hld, require 

somr fom of powrr (on(l1 tioninq to MHO) ttll' ,1rr.1y tu ttl(' motuI', COMt'l{·nt'. hdV(' 

bC'en mM!f' ttl"t r;ophi')tit,)tf'(1 f'l"ltronic', "r,· ton tliqh of ,1 ri'lLlt"lltj ,., ... MHI too 

co~tly to wi1rr.Hlt 1011('., 1J',l"lt' ! P,·f. }! J. HOWI'''!'I',.:Hl lnvl·'.tI'ltlt lun hy [)tlrih'j (Ilt·f, 

lAJ !.hO"'f'I, U"H " ""i"IJ" PC",(·" lr.,dt·,. It, t'(ono~"IIc.,11y ju'.nfl,·(1 on ,1 11ft--q,_'i' 

co~t C1n"lyr;I'. w.fnll ,t !H)','livl' rll·.p1.1tI-MI·nt 'I\J~p. ~I'l1Jtdlltj r1.1t, M',·, n"v'-rttH" 

l(\~s, prc·') ... ntly in',lJft;cll'nt to elr" .. MIt c(JrlC1U'.IOri'.. J<1dl'(J''lP'••,nll tlttlt-r fll)'..1tlvr 

dISpldCl'fflf'nt PUr'II", '.\Jch ,". 'It'.1r·tYI''' or prOflft··.·.l ... t· [.,vll; l(~"lPf'tl' ", ... llr.1!.!j 011" 

t('chnlc"l h,,,,-". with '.u!l'....·r·.fhl .. •• In (11·t'II ...,·11 .1ppllr.1tlo','. h"C,1lj·.I- of hl'l'1 

~ (f f c I (tnc I,." , 

Th/' MO'.l ·.I,)fli' iltlnt tNllnle.,l (1I-Vl-ll"I"'1,-,H fIll' ;',' 1)\)1"11' I fill '.,,·.t,·~'.. Pl,H 

b~l'n tnt· df'V('lnprw'nl of tlI/JII ,·,tIC!r·nty!1{ flru'.l!h".'. I-WllIJI·'.. TtJl".r r'loluI''.. u'.r 

DC pow"''' (!If/'ll '''(X'' tt1/' M'r.,y M1f! h"v(' no r1,'t I ntt'!It1fll I' .1 .... r/( t.llt'll .. ith ttlM1 d"r •. 

tt1~)' h" ... ,· no flru'..hl"" 
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DC brushless motors are becoming more available (in larger sizes). 

reliable. and cost-competitive. DC brushless motors are electronically commutated 

and at least two manufacturers offer low-head. low-flo'~ PV pumping systems (300 

m4 at S12 to 14 per Wp). The use of DC brushless pumps should continue to in

crease over time. 

Two significiant factors contributing to common pump failures are over

loading and "running dry." The first condition ;s caused by sediment in the 

water or other restrictions that increase the load on the motor. It has resulted 

in broken components. overheating. and motor burnout. Increasingly. manufacturers 

are providing overload and high temperature protection on pump motors. 

Pumps that lose suction may overspeed or overheat. For directly 

coupled arrays and pumps. the highest demand generally occurs at solar noon. 

Well capacity must be capable of matching this r'egulated demand. Low water level 

protection is a method of protection against this condition; however. this feature 

has not been commonly offered with pumping systems. Accurate and PV-specific well 

yield tests should be performed where the systems are designed to operate near 

well peak yield rates. Protection against low water level should be considered. 

2.4.2 Solar and Water Resource Character 

Pump performance is heavily dependent on the character of the solar 

and water resources. The relation between solar insolation. the dynamic and 

static water levels of the well. and the water- demand determines the cost and 

production of a pumping system. This cost is most often dictated by the required 

array size. 

Arr~ sizing is a function of accurate solar data. It represents a 

key factor in the viability of PV pumping systems. Erroneous estimates of insola

tion have resulted in underpowered or overpowered systems. This fact has caused 

some systems fail to meet the demand or to be excessively (and unnecessarily) 
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costly. Relatfve to PV system cost. solar and water resource evaluation is 

almost always justified. 

Predicting the performance of a PV pumping system and evaluating 

manufacturers claims are difficult tasks. Performance claims are best 

evaluated against actual country-specific operating data. For example. in Mali. 

a considerable amount of PV pumping performance data has been collected that now 

serves as a performance data base to specify and evaluate systems. 

2.4.3 User Participation and Expectations 

The involvement of the end-user has proven to be an important factor 

in the maintenance, troubleshooting, and water management of the system. 

Feelf ngs of ownershi p and responsibi 1 ity are key to successful systems. "Experf ence 

shows that the more the local community can be involved in the installation and 

running of a system, the more committed it is likely to become to the project's 

success." [Ref. 19] The users expectations are also a key factor in the success 

or failure of a system. For example, the use of drip irrigation versus flood 

irrigation requires the user to adjust to new irrigation methods along with a new 

technology. The distinction between the two often is not underst.ood by the user 

(the fact that water is dripping and not flooding is perceived to be a failure of 

the PV, not an alternate irrigation method). The effective management of PV 

energy requires the user to understand the limits of its supply. The use of 

pumped water for irrigation or village water supply is a socio-political issue 

for any installation. 

2.4.4 Management and Communications Infrastructure 

The ownership and organization of a new facility requires cooperation. 

Especi ally in commun i ti es wi th 1 i ttl e hi story of "managi ng communal proj ects 

sufficient time should be allowed to work out a scheme that will assist the 

comlTlJnity to deal with issues of implementation and management." [Ref. 20] 
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It has been observed that PV pumping systems suffer under the same in

frastruct~re problems as do other remote power technologies. Management of 

technical support and spare parts is the most key factor to successful continued 

operation of remote power systems. Under equally poor infrastructure, PV systems 

are most likely to be more reliable because of the small amount of maintenance 

required and the reliability of PV arrays [Ref. 21]. In the development Jnd 

testing world in which PV pumping systems presently exist, the most relfable 

systems have been those placed under the responsfbilfty and funding of renewable 

energy laboratories or universities. 

Communications from site to technical support are crucial. Incorrect, 

inadequate and unresponsive technical support, resulting from poor communication 

between system suppliers and the us'~r or field technicfans has resulted in down

times of more than one year. 

2.4.5 Costs anr1 Availability of Conventional Energy 

PV pumping systpms have been installed for two principal reasons: (1) 

testing and evaluation, and (2) the unavailability or the cost of competing 

energy. Most performance information is available on those systems used within 

labs or testing facilities where the cost-effectiveness of the system was not a key 

factor in the purchase decision. Funr1ing in these cases was obtained from govern

ment sponsorship, grants or donations. Many other applications have occurred 

because PV was the least expensive option, wfthin the user's lifeMcycle perspective 

or because the supply of fuels is unreliable. However, performance data r10es 

not exist on such systems as to the amount of water delivered under a certain 

rang~ of conditions. 

As stated earlier, final reports from Mali and Ootswana are expected 

to he out in Fall 19"5, and from these, performance predictions of pumping systems 

may be more ~ccurately detprmined. At this time, a 15 percent performance reduction 
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estimate is proposed to be applied to estimating output of current systems under 

a specified set of conditions. 

Financial comparisons of PV systems with diesel are understandably 

site-specific. In Botswana [Ref. 22], in areas with hydraulic energy require

ments as high as 3000 m4, PV has been evaluated to be the least-cost alternative. 

The study was based on field operating experience with diesel and PV pumping 

systems. In other circumstances, PV is the only reasonable power available, as 

in the Somalia famine relief refugee camps [Ref. 23]. 

Pertaining to comparative costs, a report by Sir William Halcrow and 

Partners [Ref. 24] states that "the important point is to recognise the true 

value of recurrent costs, the probl~ms they impose on aid recipients and their 

impact on the success or failure of a project •••. Solar energy may offer the 

best option provided that efficiently managed credit is available to defray the 

capital costs of this technology." A final important point is made pertaining to 

the impact of potentially lower futur~ costs for PV systems. ~s the cost differen

tials between PV and oth~r energy technologies decrease, the field experience of 

their social impacts will b~ an increasingly decisi~e aspect of technology appraisal. 

Th~re is g~neral agreement that th~ UNDP/World Bank report of 1983 is 

now conservative in its range of economic viability for PV pumping. Estimates 

by Richard McGowan of Associates in Rural Developm~nt [Ref. 25] are that PV should 

be consid~red when demand ;~ any amount 'e~:,··tild/l 1000 m4 (e.g .• 35 m3/day at 35 

meters head). nernard McNelis of IT Pow(r. in a recent briefing to the World Rank 

[Ref. 26J. ~tat~d that photovoltaic pumping systems are economically attractive up 

to ahout 2 kW. This translates to a hydraulic energy demand of about 1700 m4, 

It should be noted that this will most likely apply fn low-head (less than 5 

meter) appl fcatfons. 
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2.5 REVIEW OF SIGNIFICANT PROJECTS 


This review of the field performance of PV water pumping system is 

based principally on the project reports and interviews with key personnel 

on the performance of pumping systems in Mali, Botswana, India, Egypt and the 

significant pumping evaluation work performed for the UNDP and USAID. It is 

also based on comments received in the Questionnaires on 29 pumping systems in 

16 countries. 

The following pumping projects have been reviewed in detail for this 

report: 

• UNDP Pump Tests 
• Mali Solar Energy Lab 
• Sadat City, Egypt--Desert Development Project 
• Botswana PV vs. Diesel Study
• Remote Village Pumpina 5Y5tem in India 
• Mali Aqua Viva Program 
• Questionnaire Response~ 

2.5.1 UNDP Pump Tests [Ref. 27, 28] 

A major pumping evaluation was performed from 1980 to 1983 on photo

voltaic pumping systems by Sir William Halcrow and Partners with Intermediate 

Technology Limited. The stud~I, 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 is taken from 

this handbook, based on installed system costs of $15 to $23 per Wp. 

"As a general approximation it can be shown that solar pumping 
systems for irrigation afe beginning to become cost competitive 
compared to diesel pumps in situations where the peak daily water 
requirements are less than about 150 m4 (for example 30 m3/day
through a head of 5m) and where the minimum monthly average solar 
irradiation is greatertlian about 15 KJ/m2 per day [4.2 kWh/m2-day]. 
For windy locations where the minimum m>nthly average wind speed is 
greater than 3 m/s a windpump would be a cheaper option. 

"Similarly for rural water supply applications solar pumping 
systems ar~ becoming cost competitive compared to diesel pumps
where the average daily water requirements ar'e less than about 
250 m4 (for exampl e 25 m3/day through a head of 10m) and where the 
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monthly average solar irradiation is greater than 10 MJ/m2 per day
[2.8 kWh/m2-d~]. Windpumps are generally cost competitive at 
locations with minimum monthly average wind speeds greater than 2.5 
m/s." 

2.5.2 Mali Solar Energy Lab [Ref. 29. 3D. 31] 

During the past five years, a subtantial amount of field work has been 

performed by the Mali Solar Energy Lab and related organizations in Mali. Over 

80 photovoltaic pumps have been installed in Mali. Unfortunately. few publicly 

disseminated reports haVE~ come out of the lab. An interview was conducted with 

NITo Diarra. the former head of the PV research group at the lab. 

Mali experience has concentrated 0" r.rntrifugal pumping systems. both 

low- and medium-head. No jackpumps have been evaluated according to Mr. Diarra. 

There rave been very few problems wi th PV arrays. Mas t performance 

difficulties have come from the pumps and electronics. In multi-stage vertical 

turbine pumps. vibration in the connecting drive shaft (surface-mounted motor and 

submerged pump--Exhibit 2-1b) has caused at least one broken shaft. For shallow 

well applications. centrifugal pumps are preferred since they provide the best 

electrical match to the array. Direct e~ectrical coupling is desired in order to 

avoid sophisticated electronics. D~ta on the peak yield of the well and low

level water controls are two of the most important syst~ design requirements. 

Maintenance and technical support is most hampered by inadequate and un

responsive commun;cations from the site to the manufacturer. Emphasis must be 

placed on training engineers in PV pumping system technology to perform trouhle

shooting. repair. anC" maintenance managf'ment. 

There have been no user rejections of the systems. Demand is usually 

more than supply and this fact tends to lead to user dissatisfaction. rurthermorc. 

because of the common fa 11 ure to pedonT! a II full sys tem des ign, ,. wh ich i ncorpora tes 

sanitation considerations. users perceive problems with storage tanks, distributiDn 

s/stems and runoff systems as being failures of the PV system. 
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On performance and costs. a 1983 tender attracted bids of US SID to S12 

per wp elF Bamako. This included array. pump. structurp. and wirfng for an instal. 

lation to produce 30 meters head at flows of ?O to 30 m3/day. Thfs re~ults fn 

a speciffc capit~l cost of SO.016 to SO.013 p~r m4 at volume-head products of 

600 m4 to 900 m4. Thfs fs more than twfce the upper limit of the "vfable" 

range specffied by Halcrow; however. Mr. Diarra indicated that the decfsfon to 

install pumping systems was of a political nature to show "real developln('nt." 

The choice of PV was necessary because of the unavailability of ~"y oth~r fuel. 

2.5.3 Sadat City. Egypt - Desert Oevelopmt'nt P Jject [Ref. 32, )). 34, 35J 

The Desert Development Df'fTIonstration and Training Program util hes an 

8 feddan area (10 acres) for ren~ahlf\ ('nergy/4gricul tural d£'vplopl'1pnt wO"~. The 

site has been entirC'ly powered hy ., 10-U~p and., 3-kWp "hf\~l\v'.'lUic drray ~inc{' 

1981. Ih{' lO-kWp array suppli£'s nO-volt. 50-Ill power throuc;h d NOVA invNter 

to the headQuart('rs huilding anrt .\n AC sutl!'l('nihl£' Plf."lP Itt 4] tn('ter!. of hf'df1. 

It includ('~ AA.R I~h of bid£' hattf·ry stord!Jco. Ih£' )-~WIJ systt"M prov1d{'s power 

e.. clusively to 11 por,ftive displ"C('m('nt d('('p-wt'll pUl"ltl with DC l'IOtar and., booster 

pump for irrigation. 

Th(' drr"y hH pt"rfonn('t1 rf'11ahly wi ttl avt'r4ql" 114il)' conv{'r~ion t"tt,cfl'nc), 

of 7.77 pc·rCf·nt. Thl' dl'('·p-w(·11 AC ~utJm('r .. ihl« rllJ1"'~J"H aho pt'rtOI"'fflt"t1 wt"ll. HIt" 

positive' diwlac(lf!I(·nt ~Crt·. 'IU"'P h.p, run rt<H,,!lly without hnurt" ,,'nct" !!\ld·19H4. 

Prior to th.,t. ("C('~\iv(' ffi('chdnlc:"l vO,rdUor,', In ttu' drht' !.h"tt of tht pLt"'\p 

prrv(,ntNt continuou·. opt'rHlon .,n/l rr .. u1trl1 1(1 i1 nu"'hN of "U~lj toillurto\. A!ld l 

tfon41 drlv~ ~hdft \t4tI11,:1nq hr4rltl!j" .rrr d(l<1d .1(1,1 tht+ lll.t'!t' fJfH<r4tt+·. w'tt'1 4" 

a v (+ r dq(. 0 f f.; U1 (' f " c f ... n c y . 'J , I) nIt t (Mit to I II (' r i t+ net' • .1" .t 1.. () 0 tit " , n r '1 • It '1 t fI t" 

hath',), \yHN',,,, ~r. r.,dt"l A\ .. .,hqhy, wM 1\ rt'''"M''''!llt' ttJr tht' I'V CW.H o;.1H~~ 

II t Sdd., t r: j f, i. h " 'J 1 n d , C " t t' (1 t h., t tliH t,.,..,. '"a I nt ,. n d "( t' 1'1\1 H fl (+ t fI ntH'11 to w; t h 

unfaf1intJ r"9u1a r ity. 
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2.5.4 Botswana [Ref. 36, 37) 

A study was performed, based on actual field data, on the question nf 

the economics of PV versus diesel for water supply in rural Botswana. It was 

based on more than 3 years of actual ffeld experfence fn the mlfntenance and 

operation of dipsel-po~erpd water supply systems. 

rupl uSdgP. thp cost of regular maintenance. the initfal costs of the 

syst(-"'I an(1 thC' repldce~·nt of indi"idual compont'nts were considered. The study 

cOt"'lpared it 6-U' singlt>-cyHnder diest>l ('n91n(' ant1 rotH)' scre~ pump with 1'1 photo

. 
J, lIJ"!l'·',Jro-.i'. fll'.l(!t~fl!\r"j' Ilfr.tjLlr (tJ·.~ dn:1'I'.'~. t'o1'.("tl uli ..; ? llt"rcr.nt 
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there are no associated labor costs." (Ref. 15] This covered an analysis of 

borehole volume-head products of 150 m4 to 1368 m4, PV inftfal capftal costs for 

the systPm were 513 to 514 per Wp for 1~O m4 to 511 to 512/Wp for 3000 m4. (Thfs 

range of economfc comp~tftfveness fs sfgnfffcantly hfgher than any prevfously 

reportt'l1 ~~~rk anc11t I'Iay btl due fn part to thp uSt> of exfstfng pumps dnd fnfra .. 

structure to desfQn, producp dnd fnstall thp systems,) 

2.5.5 P. ema t f· Vflla 9{> f n ! n d i a (R e f. 3fl )------""--------
The installation of a photoyolt4ic pU!"lping syH{>rn (from 1979-1982) fn 4 

rural Indian YIIL1(]£' raiS{-(1 ,.,~nj ;"'portolnt socio-pconomic fSSUPL These involved 

"~uth 01 l,rl"t-f.t tf'uhl Nt-HI' ~;r ~u((t''-Hul .,tplU\,It trw <1o!.t
folio.' f1ij .1f~,~ t(}f1·.t~"t ,r['''~4rr of Ilt-tlpl t' ..,11«-" tv ttlr wI 1149('1 
"\,It tLilly .1(cr,·trt' b, It .... I. ~ol~r .3trt' HI~fl4iJ~f\{ (O~'t· 
ltot! err ."{(' brIM) !'1 (tl",-rM'..u'. tur {PIt' hrH Ii'H1 t41rrH d',.
trt~\,I!'O" bt '..013' .~trr 3"~ PIa'.. ~~h~1r~ to .... tl,t, (bN{f41jc. 
tory nrt"H ~ 



At the published time of this article, the systen. had provided irrigation for 

one successful winter crop. 

2.5.6 Hali Aqua Viva Program [Ref. 39] 

In Hay lQ74 the Mali AQ~a Viva program started in en effort to provide 

some forage for animals and water supply for the local minister. In 1984, over 

900 manual pumps. 4 diesels. and 30 PV-powered pumps were installed and operating. 

The thirty pumps deliver more than ADO m3 per day from a depth of 20 meters. The 

pt'ak install€'d capacity of PV po~er is over 4A kW. The followfng table gives the 

type and nUrltler of th(' installed systems: 

30 pumps 39.0 kW 
tfospital Po~('r 8.6 
4 Refrigerators 0.6 
Classro~ lighting 0.2 
Religious Mission Lighting 0.1 

Tota 1 lJr.lj k W 

flas€'d on the operat ing ('Ap('rience wi th the pumping systems it has been 

calculat('(1 thilt ttw cost of • .Hc'r from th(' PV pUl'1pS for one year was 3.1 Ff/mJ 

(0.34 S/n)) C('''PM(',j to Hli'mdrlu<"l pumps (foot op('rated) of 1.47 rural (0.16 S/",3), 

1M' co .. t of thi' soldr PUI'1p ••", s;" timf''> thH of th(' manual pUI'1P, Ifow£lver. 

tht> volUrT\" of w.\tt'r IlrO(1ucl'" wJ', not (omparatl1c', The- PV syHC'm produced 30 

",l/ddt aM 011' foot IIUf'll' l; to " r"!'!/dtly; thf'r('fort', mor(' foot pUr"!p installdtions 

Ttlt· l'Ior.t tmrJorttlnt infor1'\,1tion to (OITtl' out of this work thus (dr has 



Comparfsons to dfesel were performed. The results were that at the sfze 

of a S.2-kW system. PV water pumped from 10 meters depth costs 0.65 Ff/m3 (0.07 S/mJ) 

at a rate of 350 m3 per day whfle diesel-pumped water costs 0.50 Ff/m3 (0.06 $/m3) 

at a rate of 50 mJ/hr. The level of maintenance was not fncluded in the comparfson. 

2.5.7 Questfonnaire Responses 

Questionnaire responses provided little field operating data on systems 

such as amount of water pumped and insolation over a given period. Manufacturers 

perfonnance cldims were often referenced. 

Exhibit 2-6 presents the comments received from the Qlwstionnaires 

that pertain to PV systems and components for the three arelS of evaluation. 

Rased on the small sample size dnd specific nature of the comments. the only 

val id infor-mation that can be understood is the nUlmer dnd nature of comments in 

one Mea Conpdf'ed to dnother. On this hasis, one can see that respondents mentioned 

the reliability of PV rron~ often than any other comment. The majority of negative 

technic)l C(J,ments wer'(' r'elatt'd to controls, r'eguLltors, dnd inverters--in other 

word~. the electronics. Other comments were seen to reinforce what were already 

percei ved to be ~,ef factors. The,>e M'e techni c"l ,1nd 111dnMl('fnent support for 

r('oafrs, prOCuref'l(lnt of spare puts, dnrj operator trdininfj. 
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SECTION 3.0 

AGRICULTURAL PRODUCT PROCESSING 

Developing remote energy sources suitable for processing agricultural 

products (agri-processing) has been given a high priority by donor agencies and 

development organizations because agri-processing constitutes a Nproductive end

use" of energy (Le., a quantifiable product is produced that may have canmercial 

value). Photovoltaics as a power source for agri-processing has been successfully 

demonstrated over the past 6 years with the operation of the Bourkina Fasso 

(fonnerly Upper Volta) PV grain mil 1 and water pump. 

The key factors in the applications of PV-powered agri-processing 

equipment have been detennined on the basis of the Bourkina Fasso project. 

Reliance on this one project experience is possible only because of the quality 

and canprehensiveness of the technical and institut10nal infonnation produced 

by the managing contractor, NASA-Lewis Research Center in Cleveland, Ohio. 

The Bourkina Fasso system achieved an average availability of over 

93~ for four years of operation. The support by NASA-Lewis undoubtedly con

tributed to this fact. Technical difficulties occurred with the PV array and 

control components. Since current technology has been improved in these areas, 

it is expected that PV systBTlS used for powering DC motor-driven agri-processing 

equipment will exhibit equally high reliability, even given a lower quality 

of technical support. 

Local management of the operation and maintenance and the existence 

of technical support for trouble-shooting and procurement of repair parts were 

the most key institutional fllctors. 

Finally, the high cost and capital-intensive nature of PV appears to 

be a significant impediment to the application of PV-po.cred agri-processing 

equipment. Life-cycle cost calculations, using energy and grdin production 
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data fram Bourkina Fasso. suggest that systems of that size will only be cost

competitive with diesel-powered mills if they are fully utilized throughout the 

day and year. In addition. the inherent and demonstrated reliability of a 

PV-powered agri-processing system may be offset by the cyclical nature of 

loading (i.e. grain availability). A more detailed investigation is currently 

being conducted by the Mali Solar Energy Lab (MSEL) using a PV grain grinding 

system design that is based on the experience in Bourkina Fasso. A report on 

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



3.1 APPLICATION DESCRIPTION 

For purposes of this evaluation, Igri-processing is defined IS a 

mechanized rural operation for processing agricultural product or crop residue 

into productive and potentially commerical forms. It includes grain grinding 

Ind the drying and cutting of harvested crops and crop residues. Any agri-processing 

equipment that uses, or that can be adapted to use, an electric motor (mec:'ar.ical 

or manual drive) can be powered by PV. Thus far, PV has been demonstrated only 

as a power source for grain milling. In this application it replaces the 

manual labor or the fuel associated with dies~l-driven grain mills. 

The rles1gn and operation of a PV-powered agri-processing system is 

similar to a battery charging system. The same basic components can be applied 

to a~ motor-driven, stationary, agricultural implement. 

PV ARRAY 

CONTROLLER 

• Battery Charging
• Load Control 

AGRI-PROCESSING 
LOADS 

• DC Motor Driven 

BATTERY 
STORAGE 

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

Exhibit 3-1 outlines the basic components of an agri-processing sys

tem. The PV power system consfsts of a PV array, batterfes, controls and instru

mentation. The array is sfzed to supply the predicted load, which is a functfon 

of the agrfcultural process, the desired product quality and the availability 

of product for processfng. Batterfes are a necessary component fn order to 

mafntain motor speed, provfde for load surges, and permft operatfon for four to 

five hours during perfods of poor insolation. The control system regulates 
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the system voltage and the battery charge. and it may control load voltage to 

maximize operating efficiency of the agri-processing equipment. The rate of 

processing (e.g •• grinding). and hence the motor loading. is primarily controlled 

by the operator through observing a simple ammeter. 

The basic PV power system design shown in Exhibit 3-1 can be applied 

to drive any agri-processing equipment that uses. or can be modified to use. a 

DC motor (the cost and relatively low reliability record of stand-alone inverters 

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

There are no commercially available. off-the-shelf. PV-powered grain

milling systems being marketed today. However. grain mills. diesel and 

gasoline engines and hand-operated mills have been sold in the developing 

world for ma~ years. Standard burr and hammer grain mills were used in 

Tangaye. They were belt driven by a DC motor that used a two-stage motor 

starter. The DC motor was driven ~ the PV/battery power system. 

Small PV/battery DC power systems have been used successfully in naviga

tion. communication and other small electric load applications for over 10 

years. These systems are suitable for driving any equipment that can be 

operated ~ a DC motor. The principle components are as follows: 

• 	 PV array as the power source 
• 	 Control system for battery charge and load control 
• 	 Battery system to provide better motor speed, control of load 

surges, and Minimal energy storage 

The battery system should be sized large enough to balance energy 

suppl~' and ,demand, support starting surge currents and provide 4 to 5 hours 

of energy storage. In terms of storage capacity, it is important to recognize 

that the storage system consists of not only the batteries but also the 

processed commodi~ (e.g., ground grain). Effort should be made to keep 

battery size to a minimum and grain storage to a maximum in order to keep 

system costs down. 

It was suggested by NASA-Lewis engineers that speed control of a grain 

mill through a solid-state electronic controller may be worth considering in 

order to optfmize operating efffciency of the mill. At a mfnimum, the control 

system should be of proven de~fgn a"d should provfde for identiffcation of battery 

condition and load current(s). 
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The technical viabflity of small PV power systems suitable for operatfng 

agri-processing eQufpment has been demonstrated. The cost of the system fs 

dependent on the cost of delivered energy fn S/kWh and the efffciency of the 

mill. Data from the Tangaye system are provided fn Exhfbit 3-2. They have 

been used to indicate a system size and average mfllfng efffcfency. Using this 

infonnation. the S/kWh and S/kg of grafn have been detflf1ninfld. 

Based on the data provided in Exhibit 3-3. current milling costs for a 

PV-powered 9r'afn nill are SO.06/kg in areas with an average solar' fnsolation of 

6 kWh/m2-day, assuming installed PV power- system costs of SlJ/Wp and average 

daily production of over' 100 kg/day. 
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EXHIBIT 3·2 Operdttng D.t. for the T.ng~e SYstem [Ref. 1. 2] 

D.te 

Septflllber 1979 
Mlrch 1981 

(l.8·kWp Arrty) 

M~ 1981 - June 1983 
(Arr~ size doubled 

to 3.6 k~p to ~et 
demand; also, the 
htmmertni 11 was 
changed) 

H'lINt",t" D.ta 

Tota' Runntng Hours 
R.ted Current 
Actua' Average Current 
Tota' Amp-hours Used 
Tota' Energy Used 
Total Grain Ground 
Gratn Grinding Rate 
Average Operating Efffciency 
Average (nergy Use/Day 

Total Running Hours 
Motor Current 
Total Amp-hours Used 
Total Energy Used 
T~tal Grain Ground (reported) 
Tutal Grain Ground (estimated)
r.rain Grinding Rate 
Average Operating Efficiency 
Average Energy Use/Day 

1639 hours 
21 IIItpS 
14.4 ,fIIPS 
23,649 amp-hours
2,838 kwh 
48,861 kg 
30.2 kg/hr 
17.2 kg/kWh 
5.2 kWh/day 

5021 hours 
13.1 amps 
65707 amp-hours
7885 kWh 
74,820 kg 
111.094 kg 
22.13 kg/hr
14.09 kg/kWh 
10.4 kWh/day 



3.3 COMPARATIVE COSTS 

Exhibit 3-3 provides the assumptions used for the comparative-cost 

analysis between PV and diesel. These parameters are used to construct Exhibits 

3-4 and 3-5. [dlibft 3-4 cMlpares the energy costs, in S/kWh, annualized over 

the life of the equip~~nt, of PV and diesel pOWPr syst~ options for daily 

energy d('fTIand levels representative of Tangaye. Under the most optimum PV 

cost and the ~rst diesel cost scenario, a PV-po~red system is competative 

",ith diesel when ('n('r'gy d(lrn~Flc1 is below (} ~.Wh!day. As a reference point, the 

average energy d~3nd for the TanQaye syst~ was 5 kWh/day. 

Thi s coca an41ys1 s for PV and diesel assulll:'s full use of the eQui prnent. 

This assu'"1ption is critical fOf a flV SySH'fl1 hecause its costs an' independent 

of whether it is opertHinQ. Thefl~fore, it must be fully utilized to compensate 

fOf thp high initial capital costs. Oipspl pow£'r syste-m costs, on th£' other 

hand, ar(' mostly d('p{'nc1£''lt on th£' cost of diesel fuel and m4intenance, which 

are functions of opc'rdting time. for agr i-proc{'ssing applications, the design 

for full U'idg<' of d pOWl)r syst(f'I m~y not !Ie practical. This fact would sway 4 

d('cision in f.h'or of 01('5('1 unc1er most circumstanc(·s. 

r.hit>it 3_ r) u.. t·s thp lloW('r systml costs from r:.hibit 3-4 and the milling 

('fficiency of Tanq.lvt· to calculHP it qrain mf11inQ cost. There is 4 slight 

dtffc·l(·nC(· in thf' cot,{ of qr"fn mills for thl' P'w' and diesel syst('f'lS, A dh.'sel

pOWl'rf.'11 grafn 1'1111 woult1I!'()H lH('ly tI(· r1riv{'n dfr(tctly from t"e ('nginf' and, 

thCf'l'forr, woulr1 not rf'()uir(' th(1 OC ('lectrfc ~tor lind controh 4Ssociatt'd with 

PV-POWfl! t'd tnt ", 
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-----------------------------------------------------------------------------

EXHIBIT 3-3 Cost Analysis Assumptions for Grain Milling 

Array Size and Battery Capacitl 

Load (kWh/day) 

2 4 6 8 10 12 
----------------_.------------------------------------------._-------------_. 

Array SheJWP)l

3 kWh/ -day 810 1630 2440 3260 4070 4890 
4 kWh/m2-day 610 1220 1830 2440 3060 3670 
5 kWh/m2 -day 490 980 1470 1960 2440 2930 
6 kWh/m2-day 410 810 1220 1630 2040 2440 

Battery Capaci ty (kWh) 6 8 12 16 20 24 

1. 	 Array she estimated using 90t, power tracking efficiency and 50'1 of 
the produced ener'qj passing through the batteries, which are 80t 
efficient. 

PV System Data 

Cost Life (Years) 
-------------_._._------------_.---------------------------------------------

PV Array (S/Wp) 10 20 
Battery (S/kWh) 100 10 
Grain M111 (S) 1 2000 10 
!nstallation & Warranty (S/Wp) 2 
O&M Power Syst(!ll (S/year)2 100 
O&M Gra i n M111 (S/year)2 100 
-.---------------------------------~------------------ --------------.--------

1. 	 Grain mill efficiency of 17 kg/kWh. 
2. 	 O&M is irrespective of labor. 

-----------------------------------------------------~ -----------------------

Oiest'l System Data (2.5-kW diesel) (Ref. 11 
Low High Life 
Cost Cost (Years) ______________ .. _._w __________________________________ ____ __ .. __ . ____ •• __•••~ 

Diesel Engine IS) 1000 3000 7 
Grain M111 (S) .2 1500 1500 7 
Fuel (S/gal) 1.50 3.00 
OperatinQ [ffi 'enc~ 0.20 0.15 
OIM 01e~el (S/yrar) 200 400 
O&M Grain Mill (S/year)3 100 100 
___________________ M ______________ .,. _____ • ______________________ •• _ ••• ___ ._ •• 

1. 	 Gr"ain ",111 f,ftfciency of 17 kg/kWh. 
2. 	 Assumt's dfesel ('ngine directly drives grain mill. rr.sulting in lowc" 

cost for mill. 
3. 	 OAM is irr('sp~ctiv(' of labor • 

..-......_........ -_ .. -- ... --_._----. __ ._ ... ---_.---- .... 	 .... . 
-.-.--~--.---.-
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EXHIBIT 3-4 PV vs DIESEL ENERGY COSTS 
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3.4 KEY FACTORS 


The key factors for using PV as a power source for processing agri

cultural product are larqely based on the results of one project--the photo

voltaic-powered grain mill a~d water pump in Tangaye. Bourkina Fasso. Reliance 

on this one project for the identification of key factors for PV-powered agri 

processing applications is made possible only by the Quali~ and comprehensive

ness of the technical and institutional information generated by the project. 

Project searches and questionnaire responses identified only one 

other PV-powered grain mill project. Located at the Mali Solar Energy Lab. it 

will be installed in 1985 and has been designed based on the experiences in 

Tangaye. 

The key factors that may adversely affect the viability of PV for 

agricultural processing are as follows: 

• Agrl-prncessing equipment selettlon 

• Complexity of the power and load control system 

• Mandgement of the PV system 

• Infrastructure 

• Capital Costs 

3.4.1 Aqri-Proeessing (qulpm~nt Selection 

The choice of aqrl-proces!'.~nq equipment mu~t be carefully considered 

to ensure the appropriate product quality. production rate and process ~f(lclency. 

At Tangay~, thr qrlndtnq mil' was ehanqrd twlee--onc~ for ftnen~\s and oncr for 

production dn~ grtndtnq efficiency. Siner procr~s efficiency dlr~ct'y affects 

thl' ('nrrC}J d('man(1 on thf' powr.r syst('m, the cholel' of ('qui rwnent tnflu('nc('s PV 

systrm design user satisfaction and eventually end-product unit cost. 
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3.4.2 Complexity of the Power and Load Control System 

It was observed in Tangaye that the complexity of the original 

control system intimidated the technicai support staffs of the in-country 

participating institutions. It is important to simplify the controls and in

strumentation for PV-powered agri-processing equipment. Simplified control 

systems. from the user's perspective. have been developed and proven to be 

reliable and cost-effective ir. the field. 

Only the b~sic ltvels of powpr conditioning and system control are 

necessary. These levels are voltage regulation and battery charge protection. 

Similarly, instrumentation should be limited to system voltage and array and 

load current ~ters. Experience in T.lngaye showed that operatoro; are able to 

manage the operation of the system. conserving energy when necessary and increasfng 

use when permio;sable. Operatoro; also self-regulate the load (current demand of 

the mill motor) to prevent overload. 

3.4.3 ~~nagement of the PV System 

The most important fdctor that can be identiffed as contrfbuting to 

the success of the o;vstem io; the effectiveness of local management in operatfng 

rthe ~yst(-m. ThC' T.~n'1l'yf' syr.tf·m .d , ;'o;tltt>lisher1 to cdpi~dlflr on th(' (·xfstfng 

positiv~ practices of cooperdtfve manaqerN'nt fn thr vfllaqp. The succpssful 

Grnufne interpst dnd con~rrn for the ~uccpss of the pr0jrct .~s exhihited. 

3.4.4 InfrHtructur(' 
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repair manuals, the time and cost involved in procuring parts, and technical 

training. These real factors of system performance must be considered prior to 

the application of PV for grain grinding, thrashing, cutting or any other agrf

process i n9 work. 

3.4.5 Capital Costs 

The high cost of PV and battery technology appears to preclude the 

commercitl application of PV for most agri-processing applications. This 

conclusion is based mainly on thf mismatch bft~een the sea~nal nature of agri

processing loads and the n(led for full utilization of tt1l' PV po~('r to offset 

high initial calJ;tdl costs. HoW('vrr.; f an agrf-procl'ss;ng systml ('.dsts thcH 

is fully util ized throughout thf day and Yfar. PV p:wer can be morf cost-effective 

than di esc 1 . 
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3.5 REVIEW OF SIGNIFICANT PROJECTS 

As noted, only one significant project has been evaluated. Questionnaire 

responses did not identify any similar agri-processing applications, although some 

are believed to exist in India. 

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

Bourkina Fasso (formerly Upper Volta) is the site of the first stand

alone PV system project managed by NASA-Lewis under contract to USAID. It consists 

of a 3.6-kW array, 540 Ah of battery storage, a water pump and grain mill. Instal

led in 1979, NASA-Lewis has monitored the system closely and made several design 

and equipment changes. The array has been doubled in size to provide greater mill 

ing capability. The controller that NASA-Lewis designed and built wa$ changed to a 

canmercial solid state "black box" version to improve reliability and Jser 

satisfaction. The grinding mill was changed from a burr to a hammer and then 

again to dnother hammer mill to meet the demands for fineness of grind, equipment 

durability, and effIciency of the milling process. Over 90t performance 

reliabi";ty for the first four years has made it a success in the eyes of the 

villagers. Proceeds from milling are enough to pay an operator and generate 

capital for maintenal ce and special operational support. 

Historic problems were with module thermal stress failures, the 

controller, the grain mill (fast wearing of burr mill plates because very fine 

grind was desired), and the pump. The controller was designed by NASA. The 

designated governnental insti tution for technical support was "intimidated" by 

its complexity. The controller was changed to a canmercial voltage regulator/ 

controller. One isolated pump system failure occurred ~en the jackpump pushrod 

bent on a downstroke in the shallow well. Use of the system has been successfully 

manayed through a grain mill cooperative esta~lished specifically for that 

reason. The village, W'hich WclS di spersed, is now central hcd around the se~1ce 
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points of water pumping and grain milling. Building an attitude of "community 

mill ownership" was important to the success of the system. 

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

years. Effic 4 ency improvements nlay 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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SECTION 4.0 

COMMUNICATIONS 

PV-powered communication systems have a proven record of technical and 

financial success in the developing world. The application I'lnges from relatively 

large telecommunication systems operated by ~overnment or private companies to 

small, one module, one battery VHF radio systems used in health program radio net

works. Information on over 40 systems in more than 7 countries has been reviewed 

to determine the key factors of performance. In general, there are no technical 

or institutional barriers to the widespread use of PV for remote communication 

systems. The general awareness and increased use of PV for commercial, 90vernmental 

and private telecommunications indicate a high degree of viability for many appli. 

cations in deve~oping countries. 

The key technical factors were observed to be the reliability of voltage 

regulators and battery charge controllers; the durability of radios and radio 

equipment; and the life of the batteries. Improvements in electronic controls 

(i.e., environmlntal protection by rncapsulation) have occurred in the last two 

years so that proven and ~uaranteed equipment is now available. Battery life, 

which is dependent on proper charge regulation and user maintenance, can greatly 

affect the life-cycle cost of a systrm. There are no institutional barriers for 

small systems because of their simplicity and reliability. Larger, more complex 

systems are generally handled hy in-country telecommunication companies and 

organizations experienced in power electronics. The reliability (i.e., frequency 

of repair) has been very low in these larger systems as well. 

The initial capital cost of PV communication systems is the key factor 

th~t currently limits widesprea~ applications. A recent evaluation showed that 

PV is financially competitive with conventional remote po~r systems up to 500 

watts continuous load. 
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4.1 APPLICATION DESCRIPTION 

Communication systems in developin~ countries have traditionally been 

powered by grid electricity, stand-alone generators, and/or batteries. Problems 

of unreliable supply, poor quality and the high cost of these energy sources have 

restricted the operation of smail systems and severely impacted the performance 

and expansion of telecommunication networks in developing countries. Photovoltaics 

is often regarded as the best and loost cO!,t-effective energy supply for remote 

communications. It is estimated that the total number of new PV communication 

installations is approaching 10,000 per year worldwide [Ref. 1]. 

Photovoltaics has had more commercial success in communications-related 

applications than in any other remote power application. A typical example is 

in Guyana, South America. Although some repeater stations have both grid and 

diesel power, thr poor quality of the grid and the unreliable supply of diesel 

fuel have resulted in the use of PV. Also in Guyana, a two-way radio network 

has been estahlishrd to link remote health centers throughout the country. The 

costs and logistics of transporting diesel fuel to operate small engines for 

char9ing the radio batteries had been determined to be the highest cost of 

operating the rc!dio [Ref. 2]. PV has been used for several years with no major 

problems. Similar situations exist worldwide. 

There c!re threr general kinds of communication applications in deve

loping countri~s that have heen powered by photovoltaics. 

(1) 	 Two-way Radios (VIIF, UHF, rrobile radios) 

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

(2) 	 Televisions 

-	 Education, rntertain~nt 

(3) 	 Repeatrr Stations, Trlrphonp Exchanges, and Satellite Earth 
Stations 

- Tel{'c~unication~ drpar~nts, c~rcfal companies 
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A photovoltaic power system for each of these applications operates as 

a simple battery charging system. The basic components are the PV array, battery 

storage, and power controls. The complexity of power control may vary from no 

control at all, as with some single-module and small-load systems, to controls 

that optimize system performance by controlling individual components. Remote 

teleme~ry may also be part of a system, permitting remote control and monitoring. 

Some telecommunication applications are hybrid systems of PV, diesel, 

and/or wind power technologies. The technical advantages of hybrid systems are 

the ability to reduce the amount of effective battery capacity required and to 

operate equipment at its optimal loading (i.e., diesel at its peak, full-load 

efficiency at infrequent, but regular, intervals). This reduces both maintenance 

and fuel requirements. The relative size of the PV array, battery and diesel 

is dependent on the cost of the PV, fuel and batteries and on the character of 

the loads. 

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

1- - - - - - - - -I 
DIESEL, WINO 


1 GENERATOR 1 

(Hybri d Sys tem) 


'~-1_~~1 

CONTROllE R LOADSPV ARRAY 

I ·\TTERY 
STORAGE 

EXHIBIT 4-1 Basic PV Communication Power System 
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A recent evaluation by an established PV systems compa~ showed that for contin

uous loads of less than 500 watts, PV alone is the least-cost choice [Ref. 3]. 

From approximately 500 watts to 700 watts, a hybrid of PV and diesel (assuming 

minimal wind potential) offers the best performance. These ranges depend on 

the capital and operating costs of PV and diesel systems. 
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4.2 CURRENT DESIGNS AND COSTS 

The design of a PV system dedicated to operating a radio, television 

or commercial communication load is straight forward. Exhibit 4-1 shows the 

basic components. For continuous loads below 300-500 watts, a system would 

consist of the PV module(s). controls and battery storage. Above that range, a 

PV-diesel hybrid system should be considered, as a function of cost and the 

required reliability for the load. 

All equipment components should have a demonstrated record of perfor

mance in the envirorwnent in wtlich they will operate. The twu most important 

components in this respect are the electronic controls and the batteries. 

System controls (i .e. electronic controls) should provide fail-safe protection 

of the battery against overcharge and extrl!1le discharge. In order to minimize 

maintenance and contamination, the battery should be either sealed or designed 

for low water usage. 

The cost of small PV-powered systems (DC) is approximately S15 per 

peak watt. It is estimated that volume orders would provide quotes of S13/Wp. 

For daily energy loads above 2 kWh/day, the cost of PV-produced energy will 

range from S1 to S2/kWh, depending on the solar resource. For loads below 

2 kWh/da~ the cost of PV energy does not vary substantially, for PV systems 

can be design~d to meet exact load requir~nts. On the other hand, diesel 

engines, wtlich are only available in discreet sizes, are not CCJTlmercfally 

produced in small-capacity sizes. 
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4.3 COMPARATIVE COSTS 

The costs for energy produced by diesel or gasoline engines for low

load applications is highly site- and country-specific. To a large degree. the 

costs depend on the capital cost of small d;esel engines. In addition. the 

remoteness of the site (and. therefore. the price of diesel fuel and associated 

maintenance) and the daily energy demands of the load significantly impact 

oper~ti n9 costs. 

Exhibit 4-2, developed fran PV and diesel systm data provided in 

Exhibit 4-3. can be used to estimate the cost of delivered energy from PV systems 

for 5m3l1 canmunicat;on loads. It can be stated that for daily energy loads up 

to 2.5 kWh/day, a PV-powcred systm will likely deliver energy for less cost 

than a diesel (lIt'tlere the capital cost for a die5el is between S1000 and 53000, 

and fuel costs are SI.5U/gallon or more). 1r, extremely r(!l1ote locations, PV is 

canmonly replac;ng pdmary batter;es and diesel generators for canmercial 

canmunicat;on loads up to 10 kWtl/day. 

In SlJTlmary, for small canmunication and education requirements (such 

as radios and televisfons), PV i5 likely to be the least-cost remote energy 

source for daily loads less th(1n 2.5 kWh/day. ror r(!l1ote canmercial canmunication 

applications. PV should be considered for loads up to 10 kWh/day. 
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PV vs DIESEL ENERGY COSTSEXHIBIT 4-2 
Small Communication Svstems , --+- :3 kWh/m2-doy

8
-e- 4 KWt./m2-doy 

--*- 5 k\\'h/m2-dcy 

-4- 6 kWh/m2-dcy 

-.- DI~sel Lo'tA,' 

--4- Diesel High 

-... 
o+---------~--------~----------~------~, ~, 2 2,51 

Load (kWh/dov), . 
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-----------------------------------------------------------------------------

EXHIBIT 4-3 Cost Analysis Assumptions for Communication Systems 

Array Size and Battery Capacity 

Load (kWh/day) 

0.5 1.0 1.5 2.0 2.5 3.0 

Array Size 	(wp)1 
3 kWh/rn2-day 0.20 0.41 0.61 O.Bl 1.0 1.2 
4 kWh/m2-day 0.15 0.31 0.46 0.61 0.76 0.92 
5 kWh/m2-day 0.12 0.24 0.37 0.49 0.61 0.73 
6 kWh/m2-day 0.10 0.20 0.31 0.41 0.51 0.61 

Battery Capacity (kWh) 1 2 3 4 5 6 

1. 	 Arr~ size estimated using 90t power tracking efficiency and SOt of the 
produced energy passing through the hatteries. which are BOt efficient. 

PV System Data 

Cost 	 Life (Years) 

PV ArrlJy (S/Wp) 10 20 
Battery (S/kWh) 100 10 
Installation & Warranty (S/Wp) 2 
O&M Power System (S/year)l 100 

1. OAM is 	irrespective of labor. 

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

Low High Ufe 
Cost Cost (Years) 

---_._._._------------------------------------.--------------.-._._.-----------

Diesel [ngfne (S) 1000 3000 7 
Fuel (S/gal) 1.5 3.0 
Operatfng [fficfency 0.2 0.5 
OAM Diesel (S/year)l 200 400 

_.-.-.- ..-._.-.----------_._.-.-._------_._---------_ ......-.-_ ................ 

1. OAM is 	irrespectfve of lahor. 

_........_----.-_ ....---.-----.--- .... _......-.............................•..• 
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4.4 KEY FACTORS 


The key factors that affect the performance of PV for communication 

systems are related only to technical and cost issues. No significant user

related problems have been experienced with PV-powered communication systems. 

Maintenance is limited to checking and adjusting battery electrolyte level in 

vented batteries. In fact, most remote telecommunication systems have been 

designed to be unattended. 

In general, it has been found that the performanc~ of remote PV-powered 

communications systems, as compared to other remote energy tpchnologies, has been 

reliable and cost-effective. There have heen isolated failures of voltage regu

lators, control ~lectronics, and radfos, but the failure rate of these components 

is not signfffcant. The general awareness and fncreased usage of PV for commercial 

and government-operated telecommunicatfon networks indfcate the overall vfabflfty 

of PV for communfcations. TtH' factors that are most 1fkely to fmpede the applica

tion of PV for communfcatfons are as follows: 

• Voltage regulator/hattery charge controller reliability 

• R"dfo rfjufpm(lnt durahfl fty 

• R!1ttrry 1itt:' 

• Ffnancfnq of systems 

4.4.1 VoHa9{' Rfl~lJla.tor/natt(\.rt Char9t' Controller Rel fabfl fty 

Statistfcal data on thfl numh(·r of failures of charg(' controllers and 

voltage r('gul.Hon is unavaflahl('. Ilo.,('v(·r, ha";N1 on rJ;p('rft'ncfls wfth t'arly 

solid-Hatt' (hdrl1f.' (ontrollt'rs anc' fso1.H(·(j rl'porB, if thrrfl arr faf1urr~, th('y 

art' most lnf"ly to ht' fn th(' VOHM)(' r£'lJlIl4tor or ch.,rqf' controllrr. Thf'tr('nc1 

by manufdcturc'rr, to ('nr.apsul"t,· f'lt·ctronfc com"ont'nt'. sU9rJ('Hs that t'nvlronmflnUl 

condft1on\ (r.Il., humidity) hay,. h('rn thf' principal 'nu~r of thf' '4ilur~r, th4t 

hAvt' Cl(lurrf'd. 

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


4.4.2 Radio (Video) Equipment Durability 

Similarly to voltage regulators and charge controllers, radios and 

other load devices must he capahle of operating under site-specific environmental 

conditions. Maintaining a clean operating environment is not often possible in 

remote areas of developing countries. 

4.4.3 Rattery Life 

The life of a b~tt~ry hdS significant impact on the life-cycle cost of 

a communication system. nattery life is d~pe~dent on temperature, the number of 

cycles and th~ numb~r of deep dischargps. Since batt~ries are the o~ly component 

requiring maintenance, user ~w~reness of the state-of-charge and electrolyte 

lev~l Is importdnt to ensurf' maximuf!1 hattrry 1ife. Comparativ(' cost analyses 

must include hattery rt'placPlTI('nt costs durlnCl the li fe of a system. 

4.4.4 rinancing of Systems 

The most important L~ctor that impedes the application of P'r' communica

tion Syst('MS ls thr hlqh lnitial cor;t. The cost of pow('ring a radio by PV is 

ofte n 1e H t h (1 n hy d i (' .. (' lor prim It ry !l H t {'r i c' r;, s 1 n c (' f ue1 sup ply 0 r blit t (. ry 

replac('m('nt In r(lr"l1tf' /tr(·" .. i'. both costly cHllj unrt·l1"hll·. N('vf'rthC'leH, 

govl"rr''I('nt ",1(1 priv"t,· ceJrlpoHly 11Ur1(11't pro(('r1url'" tin' not orl(·nt,.r1 to Cdpl tdlizfng 

lonq-tt·rrn l?fl·Yf'"r) opf'r.nln1 (".I'('n','><' In orrlf'r to \Iurch""t· 1". for eo"",unicHion 

pOW('r rl·qulrt-l'1t'fit'., Tht·rt·fort" flndnclnq r,{·ch,1ni .. ..,'. fpf COrIM('rcL,l sY'~t(·r.1S arl' 

nf\Crr. .. dry. lor sr",111 ';y'.t(·m'., th(· (Off1IJ.'1r.1tlvl· CClst'••1r.' oftNI so mUCh 1(",5 

than r('plde!nt) tltlU{'r1£'" or runnlnq f)Hol1n(' or t1j(",t·l 9('nl·r.,tor·. tht1t 1· to 

3-y~dr pdyh4Cks m.,y (If-mit u~~n to llurch.Ht' \y\tt'f'l~ directly. 

http:llurch.Ht
http:sY'~t(�r.1S
http:orl(�nt,.r1


4.5 REVIEW OF SIGNIFICANT PROJECTS 


The following communication projects have been reviewed in detail 

for thi s report: 

• Micro-Wave Telecommunications in Papua New Guinea 

• Telecommunications Systems in Austrailia 

• Niger PV-Powered Televisions 

• Tunisia Relay Power System~ 

• Gabon Telecommunications Relay 

• NASA-Lewis PV Medical System Radios 

• Hedlth Care Communication ~ystems 

• Questionnaire Responses 

4.5.1 Micro-Wave Telecommunications in Papua New Guinea [Ref. 5] 

In Papua New Guinea (PNG). repeaters are located primarily on mountain 

tops and are accessfble only by helfcopter. Traditionally. repeaters in PNG 

have been powered by primary batteries. rrflo~J' y batteries must be replaced on 

a regular basfs, dfspo~p~. and imported (f.e., supply i~ ~ubject to political 

and t~onomic poliri~5 of foreign countries). 

On Junf' 13, lC)/(j. 3 PV-pow('red rC'peater syst('m was commfssioned on 

Mt. Nam5ha~~t1. Thr PV powers a microwave rep~ater that carries both domestfc 

and fntf\rnHfonal traffic and that is a vital lin~ in th(' Trans-PNG Teleco/Tlf!1unf

catfon N(·twort. 

Th~ Sy5t~ consfsts of nfne. 12-V, 1.6S·A, 76·W modules (Solar Power 

Corp.), thr~~ fn ~~rf~\. n~cau5r of thr rrQufred rrlfabflity, the system was 

ov~rsflr~ hy ~O p~rcrnt (1 .~" only 6 modulr5 werr re~lly nepded), Thp batteries 

4rr nl(~rl·c~rtmfum with ~ totAl of 74() A·h c~pactty, To oprratr at thr nominal 

volt"~~ of )L V, ?H c~ll\ w~rr connectrd in \~rle5 and float charg<,d at 41 Vo 
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Performance as of October 1978 was as follows: 

• system functions well p.xcept for one failure in the voltage regulator 
• dust accumulatfon on the array is minimal 
• water consumptfon by the batteries is negligible 
• maintenance was non-existent 

There are no institutional dffficultfes, as the management of parts 

and technical personnel fs performed by a skilled, establfshed organization. 

Maintenar.~e and repair frequency have been reduced consfderably compared t~ 

conventional systems. 

Cost analyses of PV systems (at a price of $26 per Wp) versus primary 

batterfes showed a one and a half to two-year payback fn 1978. Hfgh costs for 

maintenanr.e fn prfmary battery systems and for transport to thf' site makes the 

chofce of PV inevftable. 

Sfx more PV-powered telecommunfcatfon routes were to hav~ been 

installed by 1981: 

(~) Soroko-lae 
(2) lae-Goroka-'.adang
(3) Goroka-Mt. Hagen-Wewak
(4) lae-Raboul 
(5) Ooroko-Altoan 
(6) noroko-Mt. Hagern 

4.5.2 Telecommunfcations Syst~s fn Australia [Ref. 6] 

Although Australia fs not a developfng country. its experfence wfth 

PY·powered communfcations syst~s in remote sftes are still applfcable to this 

study. 

Telecom Australfa has been installfng systems of up to 2000 Wp (300 W 

continuous) in rural and remote ared~ OT Australfa since th~ 19705. On the order 

of 75 to 100 PV-powerrd repeaters are currently fnstalled. Plans for 1100 more in 

the next f~ yearr. are in progre~s. 

Of th(' Inajar systf'mS installed. there havr. be(.ln no system failures. 

Telecom Au\tr~lia has been obtaining Mgratifyfng r~sultsH for over 10 years. 



PY has been proven "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 PY and wind or diesel (a demon

stration project is underway). 

4.5.3 Niger PY-Powered Televisions [Ref. 7] 

In Niger. more than 1000 PY-powered television sets have been instal

led. PY technology was chosen because it is compatible with rural village 

conditions--isolated vfllages and precarious roads. The televisions serve as 

a valuable educatfonal tool. The systems have been successful and the program 

is continually expanding. 

4.5.4 Gabon Telecommunications Relay [Ref. 8] 

A 650-Watt PV unit powers a relay statfon in Gabon. Installed in 1981. 

it r.as taken the p13ce of ei ther a kerosene turbogenerator or gasol ine thenn:>

generator. In 1982, the conclusfon of the French program SEMI was that thfs power 

level represents the upper limits of use fn isolated vfllages. It is a pilot 

system still in the R&D stages. The costs of the system were two times that of 

a comparable thermogenerator. The system has run satfsfactorfly sfnce fts 

installation. 

4.5.5 NASA-Lewfs PV Medfcal Ststem Radios [Ref. 9] 

Rad~os were installed as part of the loads fn five remote medfcal 

systems fn Guyana, Ecuador, Kenya, and Zimbabwe. The radios 'JIIere STONER VUF 

radios. They were desfgned to b~ powered from a 12-volt source. Each radfo 

has a bipolar antenlla. The radfos pedormed without dffffculty and provfded 

good cMlTluilfcatfons across dhtances of more than 200 km, However, a problem 

was experfenced fn Kenya where two radfo~ were fnstalled 30 km apart at two medfcal 

ht'alth centers--~ 0' Kfbwt'zf and Ikutha, Kenya, The radfo frequencft's were found to 

be fn error and not matched to each oth~r. A'tt'r the radios had been returned 



to Nairobi and the antenna positions had been changed, the qu~lity of the trans

mission only improved a small amount. The conclusion was that interference 

from the terrain and other local transmissions were at fault. 

4.5.6 Health Care Communication Systems [Ref. 10] 

The importance of two-way radio communications to Medical programs 

can be described using examples from the Africa Medical Research Foundation and 

Guyana. The benefits and problems associated with maintaining a rural health 

communication system are explained at length in Referencr 9. Comments relative 

to the power system are as follows: 

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

itA common self-contained power source for two-way radios is a standard 
12-volt DC automobile storage battery, recharged by a small diesel 
generator that must be properly cleaned and maintained. The costs 
and logistics of transporting diesel oil to remote locations--often 
it must be flown in--can make this one of the highest costs of operating 
a radio system. In contrast, solar panels can serve as the recharging 
source and can ~liminate the need for gener~tors and fuel. Although at 
present [1980] their capital cost is higher, they are becoming less 
expensive, and they require little mafntenance until replacement is 
necessary. Field tests do not ind1cate any major problems with solar 
panels, but none have been in use long enough for definitive evaluation." 

4.5.7 Ou~~~iunna1re Responses 

A summary of questionnaire responses are provided in Exhibit 4·4. 

Comments on cost are consistent with other references reviewed for this study··PV 

is less costly than conventional alternatives. 
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SECTION 5.0 


REFRIGERATION AND MEDICAL SYSTEMS 


Refrigeration is a vital component of health care in the developing 

world for storing vaccines and producing ice in hospitals and health centers. 

Generally, there is no electricity in rural areas where these hospitals and 

health centers are located, or at best. fuel and power supplies are erratic ar.d 

unreliable. Photovoltaic-powered refrigerators have often been claimed tc 

offer better performance, lower runni ng costs, better rel hbl1i ty and longer' 

working life than kerosene or bottled gas refrigeration. In the past seven years, 

the USAID, the World Health Organization (WHO), the Center for Disease Control 

(CDC) and other government and health agencies have sponsored PV refrigerator 

development, principally through deroonstration projects. Over 600 syst~ms have 

been installed worldwide to date, 

A revi~ of significant PV refrigeration projects, representing over 

175 fnstallatfons in 38 countrfe~ has been performed. It shows that the tech

nology has only tecently matured. Early syst('fT1S experienced some reliabilfty 

prob 1 ems, pr irnarfly with the refd gera tor unit and controls, Photovolta i c 

array sizes ... nd battery cap.lcfties wer(' found to be insufficient und(lf' actual 

field conditions dU(l to sizing (lnors and/or overloac11ng of th(l sy~tl'm by the 

ust'r, Syst('fTI r('liahility .,veraQl'd about no percent. Systerns that h",v(" becn 

fnst.')llC'd r('cently arr t~ein9 found to b(l mOte relfahlf', Par-tfculMly thoSte from 

suppl ien that havi' had prf'vious elperif.'nC.(I, Th{' k('y factors th"t m!j have an 

adV(H s(' fmp"c t on ttll' pN fOffTIanCf' of Pi' \1' \tMlS have' hN~n dc'U'rmf n('(1 to tH' 

ace u r 4 tt· arr Itt 4 n d hit tt (' 'Y \ 1: f n I) ; US (. r t r It f n f n I) : C10 ~ (' coo f din" t f 0 n with t h r 

"nd-u\,r o'9anfutton; ant1 th" comp"rAtht- coH of ~Ii' rt-fdg(lrlton. to .,t"rosttnl\

pOwt'rt'd ,tfri,,("rator .. , Thf" tftOH slgnUlcant tfn(Hnt) of thh rvaluatfon wOf •. 

t, that the,~ ',(I no \fgnfffc.nt t~chnfc.l h.rrf~,\ to thr ~pplfc.tton of PV 

S-1 
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refrigerators. In addition. in a recent financial comparison in The Gambia. PV 

refrigerators were found to be competitive with kerosene-powered refrigerators. 

The performance of PV refrigerators is therefore dependent on the 

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

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

of the system. 

5·2 




5.1 

Aru, 

APPLICATION DESCRIPTION 

PV refrigeration systems consist of a PV array, voltage regulator, 

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

of a typical system. 
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[ xh i bit C;·1 	 Schtmatfc of a Solar.Po~trtd Rtfri9trltor 
(Source: I T Po~~r) 

Curr~ntly. only photovoltaic compression rtfrf9trator, .rt com

..rcially Iyatlabl~ as suita~lt for VaCCi"f \torI9~. A typical ,y't~m hi' • 

•pprOltl'l\lt~ly )0 lftf'n ."11 .n fCt-p.ck fr,.toling capacity of 1 to? .. " ,)(Ir day 

to p~~it d.ily trln\pnrt 0' v.cctn,~ to r~mott clinics. Th,. f'nfrgy con'u~tto" 
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powered by a 12- or 24-VDC motor'/compressor unit from batteries. The photoYoltaic 

arr~, normally with a peak power of 100 W to 400 W, charges the battery via a 

regulator. Refrigerator/freezer cabinets cost $1000 to $3000 per unit, and 

total system costs are typically $2000 to $5000 FOB, or about $15 to $30 per Wp 

FaD. 

Photovoltaic refrigeration systems are often part of larger PV-powered 

medical systems. For eAample. the NASA-Lewis Research Center, under contract 

to USAIO. managed the application of 5 remote PV medical power systems in 1983. 

These consisted of the PV array. batteries. refrigerators, electrochemical 

~terilizer. lights and radio. This project and similar projects have been 

evaluated in this section of the report with emphasis placed on the perfonmance 

of the refrigerator. 



5.2 CURRENT DESIGNS AND COSTS 

Significant design parameters for PV-powered refrigerators are the size 

and use of the refrigerator, as they relate most directly to the energy demand on 

the PV/battery power system. Refrigerator capacities vary widely. from 3.6 to 

200 liters. 

The need for solar refrigerators is greatest at peripheral health 

centers serving populations of 20,000 to 100,000, The quantity of packed vaccines 

needed to fully immunize 150 infants and their mothers is approximately 4 liters 

[Ref. 1], 

There is no agreement, however', on the be:t size for' a PV vaccine 

refrigerator', Opinions differ on the Quantity and volume of other biological s 

that might bfl stored in the hedl th cent"'r refrfgflrator and many people bfll ieve 

that a larger cabinet will haYfl a wider II\drket. It is also importc'lnt for the 

system to hav(' thfl cilpacfty to f"N'z£, ic£' packs, which are used wh£'n transporting 

vaccines from thfl hec'llth center to the field for immunization. Thfl ice pr'oduction 

capacity is thfl -:.ignfficant 10,H1 on th(' systC'ffl, As such, it will influenc(' the 

PV array size, c'lnd h('nce the syr,tun cost, signffiC(Jntly, 

In JlHll. the' WHO iBu{'(',1n oullin£' sprcfficatfon for photovolufc

powered refrfc}(,rc'ltors, Th,' mfnfnum ,('quf,etr1l·nts."f' 5umfl\,,!z('c! 1n rahfbft 5-2. 

rXhfbft !l-? '-IID It1fl! Outlln{' (.fwrltlcdtfon fo, PhotoYoltc'lfc R(,frfqf',ato,s O~,,', 23 

Net Vacefn~ Capacity J().40 litff's (top opf'nfng) 
Ice·Ma~fn9 Pr,fo,mc\nCf\: Mfnfmun 1 kg/~4 tI,s In .)70 amhlent 
Refr I g~ra tor Pl'do, IT\1ncf': No pa, t of the va,e f nf' r. to, aC)(' a, coa 

to ('''C('Nt tHOe 0' d,op twlo. ·30 e In: 
(a) 	 .4]O( 41"1tdct nt tt~I' 

(b) 	 • 3?OC ",mId ,.nt t""f, 
(c 	 I .43°(: 1111), {j",rltl',°r. nf9htttll~ 

cycl .. , 

Hold-OVfr Tf~: 	 Mottl thltn (J hfHH·. ht,JCJw .100( wf'Icn 
POWf"' cut {.I.J~ In .4]Or ouUfdf'l tcnp 

[_torn.l (ufnll: Non-en" (H1~h Ito 

Hi nhftu" 04tttuy 
H.fnt~n4nc~ lnt~'Vll: Onfl yt!", 

In\uluton; Rfllf" fl6'yut~tli~f1ct 



The 	 basic performance requirements have been modified over the past 

years as a result of ff el d experi ence. The requi relTEnts are currently under' 

review, but can be summarized as follows [Ref. 3]: 

1. 	 The system should be sized to enable continuous operation of the 
refrigerator and free:!r (loaded and including ice-pack freezing) 
during the lowest per'iods of insolation in the yen. 

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

3. 	 Refrigerator/Freezer. In continuous ambient temperatures of 
200C, 32DC and 43DC, the internal temperature of the refrigerator, 
when stabilized, should not exceed the range tOO to +80C. 
This ranQ(\ should bf' ruintain('d wh('n, in an ambient temp('rature 
of +320C the maximul'l rec(JT1lTl('nd('d load of ice packs containing 
wat('f' at +320C ; 5 in5(,l"ted in th(' freez('r' dnd frozen 501 fd 
without adjustro('nt of tne th<'rfnostat. The recomm('nd('d load of 
ice PdC~5 should frreze in les5 than 17 hours and will weigh dt 
least 1 kq wi thout th(' mat('ridl of th£' pack. 

4. 	 Photovoltaic Anllll. Modul('s should lTI:'£'t th(l ldt(";t applicllbl(' 
specfffcatfCi'iiSTard down hy the J£'t Propulsion Laboratory (USA) 
u r C[C (.) 0 In t R(' Cj ('." Ch Ccn t (' r, I5Pr a, ltd 1Y l • AfT ay st r u c t u r (' S 
should b(' d('sfgnN1 to wfthst(lnd wind 10dC1!. of +7(JO kg/mL' dnd 
Should he provid('d with fbin!}!. for eith('r ground or roof mounting. 
ApI" opriate photOIlOltlllc-typf' sf'1I1C'd c:onn('ctorr., fncorpordtinq 
p"\; 	" t, • r,,1i,.f 1')lll.·' ~,r ',.,l fl>' ~h '''', 1".-, 

w! .• : h,· """ I.' .• , 11" ,I ~' "~'" 	 : . 

SyH('~ lind 1.'H than 40 f1I'tt'n lonl) for 74-volt SJH('f!I'., 

5. 	 Oattfory ('".t. HI4' hHtl·,I(·" '.h1u1d hr· s(",lrt1 0' non.1fq~jlf1.·1(·ct,o. 
T;r(."-d(~-(:,)~~i ',ch", t)(. type· (mlni'1trf1 10()U eych· .. to fJO; di ',ch", 9"). 
AuttJrlotlv" hHU" 1('" Mf' f.pt'cHi(d1Iy UrH'CU'ptllhl<' fo, till!. 
4Ppllc.,tlon. lhr hllttt·';(~ .. should tl(' hOu'.(·r1 within tilt· rf·'rfq,-,Ho,/ 
fr fH,"1f." ( II t,; nt· ttl, In., eMil nl' t .. (. p ~, .H (' r, ()'n t h(' r c' f r IfH" H 0' • 

In C'ltht·, (1I',t', t ht.,- "haul c1 h(' IO(~ 11111,·. 

6. 	 Vo1t_~· ~!·.2.LJ_'~_~_o!_. Clnt' '.h()ultl til' IJ,ovl(lt-r1. It '.IHltjld t,.·/-t ttlf' 

mr <It,!t • .n'It' f ., t tlH- '('{)li i rt4f'lt,,, t '. of Hit- .... I rn ('" tJ.n t .. ,y "nl! 
'hou1r1 (ut oft ttl,. 1(),1(1<. wtl(-n thr tJltttC'lY ho1'. rt-i'(t1('1! It H4t(t-vf. 
c:h4rt)f' thl1t (';M ht' rr'l;r"tl'" Ii) it l'Iinjmuf'l of l.0UU ty(lr'•• lt1(' 

101111 .. twu l " tlr .'uto~tIC.,lly 't'((jfln,.ctCid w+1t'n thfo \yU"" vo1t4?t'I 
rfc;ovcn.. Thto (htuft 111).,'f'" .. huu1" tit" t,o"JC.1t,ftd. 1M thft 
rf?uhto, hf-.J .. 'nl) "Pwu'" fir .. r41tt1. 
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7. 	 Instrumentation, An LED alarm should be installed to warn that 
power to the compressor has been cut by the regulator', An 
expanded scale voltmeter or an LEe ,1;Hm should be installed to 
warn the user when the battery is in an unusually low state-of-charge 
to give adeQuatc arlvance ~~rning. Thc ~arning should be clear-ly 
marked "00 NOT rREEZE ICE P.\CKS" in the appropriate local language, 
If an c);ternal r-carting thcrmomcter is provided for the rcfriger'atof', 
it should hc ITldrkerl clear 1y in grern hrtW(>('n DoC Ilnd +AOC. 

A t h (' , rno s t Jt Or a rl (' fro s t switch sh0 u 1 rl hf' Pr () V i (1 (' (i. hut no 0 the f' 
pOWI' 1 switch('S should hl' insL1l1(·(1. 

Circuit hl{'dh'Ic, 01 Cd! tl irl(lf' fus(' hol(11"" ~noLJld he fittt'd; a 
po 1 Y l' thy 1 c n t' ~J Ml tlO 1(j; nrJ III sp.H (. fur, (' ... c; II 0 til rl h(' S lJ P P 1 i cc1. and 
spre;al t\ttC'nt;(H1 <..hnllh1 tip qi't't'n to corrosion of fusl' mountings. 
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The 1985 edition of the product information she~ts will includ~ the 

solar-powered refrigerators listed in Exhibit 5-4. Non-inclusion of a reff'igerator 

system suppli~J' should b~ consid('r~d significant. It is recomm~nd~d that for 

vaccine storage, only the syst~ms listed in (xhihit 5-4 should be used until 

oth('r~ have independently bern ohserved to pa~s the critrr-ia and the 1aboratory 

test pr'otocol of WHO, and hav£> hcHl satisfactory fi('ld trial ~xperienc~. 

L~hor'atoly trstin(J continu(>~ in Ct'J11, ColOO1hia on hehalf of WHO and 

it is for('sren that (1 nuntler of I1JJdels pr'('sently beinq tested ther(' will he 

includ£'11 ;n M~ r('v;sH WHO prO<1uct information sheet. 

(ole" Rt'fl ;!)f'rHor~ Appr ov('11 fOI ttl£' '..'HO/EPI Cold Chain 

Svstrr1 Suppl1(', R{'f, ; qelc1tor/f, e(,Zf'r 
~-.---.---- -- . 

Po 1dr PI o(1uc t s RR? 
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(b I ~lH VI' 1 ·1 Ii l' (j 
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However, such prfce fnfoMm"tfon fs, fn ma~ cases, unreal when ft fs known that 

there fs no ~mmedfate sale prospect. The most real cost fnformatfon fs that 

from actual tenders. Exhfbft 5-5 summarfzes the cost data from the tenders for 

thr supply of solar refrfgerators for an area of the South Pacfffc. These 

costs are mafnly for European-manufactured equfpment. However, US-manufactured 

equfpment fs withfn the same range [Ref. 4]. Two sftuatfons were consfdered: 

Specfffcatfon A: 	 a requfrement for 15 to 30 lfters of vaccfne refrfgeratfon, 
gfven a worst month solar frrad;atfon of 14 MJ/m2/day. 

Specfficatfon B: 	 a requfrement for 60 to 100 lfters of vaccfne refrfgeratfon
plus fce productfon. gfven a worst month solar frradfatfon 
of 16 MJ/~ /day. 

Exhfbft 5-5 Current Photovoltafc Refrfgerator Costs (Aprfl 1985) [Ref. 5]
(From Tenders) 

SPECIFICATION A B 

Refrfgerator Sfze (Lfters)
Freezer Requfrement (kg/d~)
Worst Month lnsolatfon 

15-30 
NIL 

60-100 
1 

(MJ/rn2/d~) 14 16 

TENDERS: 
Arr~ Power Range (Wp) 108-297 180-594 

Batte~ Capacfty Range (Ah) 100-456 420-912 

F.O.B. Unft Cost (S) 1500-5500 1800-10,500 

Typical 'Unft Cost (S) 3000 4000 

F.O.B. Unft Cost (S/WP) 9-25 11-?5 

CIF Cos t (S /Wp ) 10-40 11-30 
{fncl. monitorfng

instruments) 
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5.3 COMPARATIVE COSTS 

The main motivation for the procurement of PV refrigerators is general

ly to overcome the widespread problems of fuel shortages and distribution diffi 

culties associated with maintaining kerosene-fueled vaccine refrigerators in 

remote and sometimes inaccessible locations. Hence. a photovoltaic refrigerator 

competes directly with kerosene refrigerators in the market. At present. there 

are no other realistic options for remote clinics (available diesel generators 

are grossly oversized. and wind-powered refrigerators. although technically 

feasible. are not commercially available). 

It is important for potential users to ensure that investment in 

photovoltaic vaccine refrigerators represents a sensible use of development 

funds when compared with the costs of an existing kerosene-fueled system. 

Therefore. it is essential to be able to present a rational analysis of the 

economics of switching to solar. The WHO/EPI program is not an "economic 

activity, II and it is not possible to carry out a cost-benefit analysis. The 

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

and also their likely influence on the achievement of immunization program 

goals [Ref. 6]. This latter point is particularly important since the fixed 

overheads for any i","unizat10n program are generally hr'ge compared with direct 

vaccine refrigeration costs. It is only u~n taking these costs into consideration 

that the financial benefits of PV refrigerators become apparent. 

An analysis rehting to an actual immunization program in the Republic 

of the Gambia has been used as an example. Refrigerator performence in this 

example is based on climatic data from the Gambia. Although the data used were 

from a particular site, the results are considered widely applicable. Variations 

in location will result in sizing changes. However. these changes are considered 

minor when compared to the size of the pJ'ogr., overhead and the improvement in pro
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ductivi~ to be expected. 

It is assumed. on the basis of data recently collected [Ref. 7]. that: 

(a) 	 The overhead cost of the vaccination program is between $8000 per
refrigerator (low-cost case) and $16.000 (high-cost case). 

(b) 	 The kerosene refrigerator is 85i reliable; (i.e •• lSi of the 
vacines are lost). The capital cost is based on an Electrolux 
model RAK660. ($348 f.o.b). The kerosene refrigerator consumes 
6 liter's of fuel per day at a cost of $0.77/liter. Delivery of 
the kerosene costs $0.44/liter. The annual cost of spare parts 
is $136. 

(c) 	 The PV refrigerator is between 90i (high-cost case) and 100i 
(low-cost case) reliable (i.e •• 0 to 10i of the vaccines are 
lost). This assumption is based on the fact that early instal
lations have been 95-99i reliable. The ener~ consumption of 
the refrigerator is 0.5 to 1 kWh per day and it requires a 
200-300 Wp PV arr~ plus a 6-10 kWh battery bank. The low-cost 
case is based on a PV moduie cost of $5/Wp; a batte~ cost of 
$180/kWh; a BOS cost of Sl.25/Wp and a refrigerator cabinet 
cost of 5500. The high-cost case is based on a PV modu'le cost 
of $7/Wp; ~ batte~ cost of $240/kWh; a BOS cost of $2.5/Wp;
and a refrigerator cabinet cost of $900. In both cases. system
integration, shipping and installation is another 21i. 

(d) 	 On the basis of 1983 figures, 19666 vaccines are delivered to 
each refrigerator. lSi (2.950) are broken on arrival. and a 
further percentage are lost due to the unreliabili~ of the 
refrigerator (b and c above). 

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

costs that ar'e cal cul ated using a 10i di scount rate over a 15-year period. It 

can been seen that: 

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

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

(c) 	 The overall cost per dose is cheaper for the PV refrigerator. 
even where the PV refriger'ator capital cost is high. It is 
important to note that periods when vaccinations cannot take 
place result in incompleted, lind hence ineffective. courses of 
vaccinations. This effect is difficult to qUlntify but favors 
I refrigerator' with high reliability. 
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-------------------------------------------------------------------------------------

EXHIBIT 5-6 	 SUmml~ of Comparative Costs for Kerosene and Solar 
Refrigerators (based on actual data in the Gambia) [Ref. 8] 

Assumptions 

Low Cost High Cost 
Case Case 

Kerosene Solar Keros"ne Solar 
----------------------------.-------------------------------------------------------

Installed Capital Cost (S) 400 3,424 400 8,856 
Recurrent Costs (S pa) f,53 150 853 150 
Availability (%) 85 100 85 90 
Program Overhead Cost per

Refrigerator' (S) 	 8,000 8,000 16,000 16,000 

Results 

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

In conclusion, PV-powered vaccine refrigeration is technically more 

reliable than kerosene-po~red vaccination refrigerators and under certain 

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

The most significant finding is that there are no significant technical 

barriers to the application of PV refrigerators. Based on recent financial 

comparison in The Gambia [Ref. 9]. PV refrigerators were found to be financially 

competitive with kerosene-powered refrigerators on a cost-per-dose basis. The 

following are the key factors of performance: 

• Accurate arr~ and batte~ sizing 

• User training and support 

• Close coordination with the end-use organization 

• Cost-competitiveness with kerosene 

5.4.1 Accurate Array and Battery Sizing 

The most significant information generated by the NASA and WHO 

field-trial programs is the number of systems that have experienced times when 

the refrigerator internal temperature was outside the required li~it. Reasons 

for unsatisfacto~ performance include inadequate arr~/batte~ sizing and 

incorrect estimation of the load. These errors result in costly systems due to 

overdes1gn or' in systems with poor performance due to underdes1gn. 

IT Power recently evaluated the tenders submitted for the supply of 

23 solar refrigerators/freezers for the Pacific Islands on behalf of the South 

Pacific Bureau for Economic Cooperation (SPEC). Sizing calculations performed 

by IT Power demonstrated that some ~uppliers had tendered with photovoltaic 

arr~ sizes/batte~ capacities that would have been inadequate. It is often 

not understood that the solar r-egime in some countries can va~ considerably 

according to topography. 

Specific operating experience with a number of units tn I gtven 

environment provid,s valuable design information for future Ippltcattons. Thus, 
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systems installed by suppliers ,.;itt'. previous experience are found to be more 

accurate in the sizing and estimation of loads. 

5.4.2 User Training and Support 

User training in both the cap~bilities of the system and how to 

obtain the best results has been shown to be inadequate. A number of users 

have been plaCing large amounts of warm material into the solar refrigerator at 

the end of the d~. causing the internal temperature to rise above the accept

able limit. Although design modifications of the refrigerator compartments 

may be made in order to restrict their use to only vaccine vials. user training 

is t~e m~st critical aspect in dealing with misuse. 

Indications from the field are that improved user training in mlin

tenance and trouble-shooting. coupled with adequate documentation and sp~re parts. 

could have reduced the "down-time" of a number of instanations. Back-up and 

support has varied from project to project. but there have been examples of users 

having to wait for instruction manuals after the installation of the solar 

refrigerator and waiting long periods for spare parts. 

5.4.3 Close Coordination with the End-User Organization 

The importance of working with a~propriate host-country organizations 

and implementation agencies should be recognized. In this respect. the WHO/EPI 

field trials. which involved working with donor agencies. regional offices and 

local health authorities. provide an excellent network for report(ng field 

data. Similarly. the NASA-Lewis program identified appropriate host-c~untry 

organizations in thei r fi el d trials sponsored by the Center for Disease Control 

and AID. 

A number of l~sser projects, however, hive fliled in leeting their 

objectives because the responsible agencies in the field have not been familiar 

5·15 




with the end-use. Often there is a tendency to work with academic or energy

related organizations rather than those familiar with rural health care. 

5.4"4 Cost-Competitiveness with Kerose~ 

Very little work has ~een undertaken to compare the cost of solar 

refrigerators with conventional kerosene units. Most work has concentrated 

on the technical and institutional performance of PV refrigerators. As pro

ducts have been refined and positive experience accrues with PV refrigerators, 

the comparative costs of ~V and kerosene refrigerators will be a k~ factor in 

the decision to use PV-powered refrigerators. Realistic and responsible compara

tive analyses must be developed. 

The pre-investment study [Ref. 10] on photovoltaic application for 

The Gambia used field experience and data for kerosene and photovoltaic refri

gerators •. The study shows that photovoltaic refrigerators could effectively 

reduce the cost per dose of refrigerated vaccine if photovoltaic refrigerators 

are substituted for kerosene refrigerators. Based on this analysis and on the 

technical performance of recent systems, it appears that photovoltaic refrigeration 

should be conside,.ed a vi~ble option fo,. vaccine refrigeration in developing 

countries. 
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5.5 REVIEW OF SIGNIFICANT PROJECTS 

Project reviews incor~orate the experience associated with more 

than 170 systems in 3[» countries. The most significant work to date has been 

that perfonmed under the direction of the World Health Organization and by 

iJASA. The formal development and fiel d demonstration programs conducted by 

these organizations have led to increased operating knowledge and subsequently 

improved system designs. Most recently. a significant cost analysis project 

was conducted 'n 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), GTZ (Germany), ODA (UK), Oxfam, ICRe and SWASO. However, the collec

tion of detailed information on these projects is difficult as ma~ 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 well-founded 

and statistically significant operating data on ?V refrigerators. Projects are 

currently un,derway 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

vi ewed in deta f1 for th is repor't: 

• NASA-LeRC 35 R/F Systems 

• NASA-LeRC Medical Systems 

• World Health Organization (WHO) Field Trf.,s 

• Senegal MediCI' ~ystems 

• IlNftuniution P,'ogram in 	The Gambia 

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

PY-powered refrigerators for vaccine storage were in~talled by NASA

Lewis at 35 sites around the world from 1981 to 1983. The packaged systems in

cluded a PY arr~ (160 to 363 Wp). R/F. and battery bank. Each R/F was instru

mented with a thermograph and alarm to indicate internal compartment temperatures. 

From October 1981 to July 1984 the refrigerator/freezers in the NASA 

trials accumulated almost 500 system months of operation. The refrigerator/ 

freezers are reported to have operated correctly (i.e •• maintaining internal 

temperatures within the required temperature range) for slightly more than 80 

percent of the time. Although this is not an acceptable level of reliability 

for vaccine refrigeration. it fs comparable with that of kerosene ~efrigerators. 

More significantly. all of the problems experienced are believed to be avoid

able in future installations. 

Systems in the Dominican Republic. The Gambia. Guyana. India. Mali 

and Thailand have experienced times when the internal refrigerator temperature 

was outside .the requfred limit. Reasons cited for inadequate performance 

iFlclude: 

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

- incorrect setting of the thermostat 

- excessive amounts of war~ material (e.g •• food and drinks) being 
put in the refrige~ator 

-	 arr~ shadowi r,g 

Exhibit 5-7 details component reliabili~ in the NASA field tests. 

Of the various component failures encountered. FIOrie occurred consistently 

across the systems, and most were not considered serious. From a NASA-lewis 

report, " ••• ther'e have been no known PV system problems.... The R/F hive been 

relatively problem free with no compressor problems •••• A few problems [hive 
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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 hive 

been used successfully in ma~ other projects. 
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The systems operate with little operator support. Misuses of R/F 

(e.g., for cold dri~s. Meat storage. etc.) has been observed on several systems. 

The thenmograph incriminates the user. Some R/F have yet to be used for vaccines 

because the health programs or the vaccines themselves are not available. 

The cost of current PV R/F systems ranges from $3500-6500 and is 

dependent on the location, system design and supply point of the R/F. World 

Health Organization specifications of 100-liter capaci~ are being modified for 

specific requests. Designs can currently be obtained that limit access to the 

cold space for anything other than vaccine viles. EeM failures are not substantial 

enough to consider reliability a serious concern. 

5.5.2 NASA-lewis Medical Systems [Ref. 19. 20] 

Included among the 35 NASA leRC R/F systems ~re five stand-alone PV

powered medical systems installed in four countries--Guyana, Ecuador, Kenya (2), 

and Zimbabwe. The 1.5-kW PV ~ystems were desi9ned to supply power for R/F, 

lights, sterilizer, and radio. All ~terials and load devices, eKcluding concrete 

and fencing, ~re supplied as a package. Ecuador's system was 3 kW and in

cluded a dental r1,fll and inverter. Guyana's system included a water pump. The 

system~ ~re heavily inst,~mented to produce detailed data on load use, resource 

availability, and eQuip~nt performance. 

All five systems hav~ functioned reliably regarding arr~, battery, ,nd 

control function. Uowever', the systems have produced lfttle useful data due to 

instrulnt'ntation faflur'es. Thf' automatic data aCQuhftion syst(lftls were customfzed 

for the project. $0".. electronic "logic car'd" problems were experienced wfth the 

controller'. Th(' stC',.f1f,~('" (el('ctrochmfcal) hf1ed to per'o"" properly in .11 

the systf'ms. SuhSfquf'nt .n.ly,f, has 'ho~ that ,lectrochtmfc.l technology does 

not "'ft't "'fdfcal Uttrflfzatfon sJ>(Icfficatfons. (Sfnct' ,t,rf1fz,t.on h as fmpor. 

tint II vlCc'n, r.'rfgtr.tfon 'or rur.l health c.re, oth,r It.rtltzer t,chnologf." 
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such as electric steam heat, are being investigated.) Several flourescent light 

ballasts and RIF fuses have blown. Spare light tubes are not available be.yond 

those supplied with the system. One RIF has had an electronic control module 

(EeM) failure. Radio performance in Ke~a has been poor because of terrain and 

other radio interference. 

No problems have arisen with respect to the a:ceptance and use of 

the systems. However, Guyana has yet to place vaccines in the R/F. Difficult 

battery access resulted in acid spillage in Guyana. Maintenance and technical 

support in Ecuador was not continued because the trained technicians left their 

positions or the support organfzatfon went on strike. In addition, the electric 

grid has reached the vfllage and the health center is no longer dependent on 

PV. Plans have been made to move the system to the Galapagos Islands. One 

system in Kfbwezi, Ke~a was inst~lled next to a 20-kW diesel engine that has 

since broken down. PassiYe interest in the PV system has changed to active 

support as dependency has switched. 

Design of these basic systems today would replace the electrochemical 

sterilizer with a steam/pressure sterilizer, omit the instrumentation, and use 

a state-of-the-art controller. With total loads of 1.5 to 2 kW, the current prfce 

for such a system, includfnn end-use c~ponents, would be S25,OOO-30,OOO installed. 

5.5.3 World Health Organfzatfon (WHO) Ffeld Trails [Ref. 21, 22, 23, 24] 

The WHO Exranded ProgrMn on Immunfzatfon has sponsored laboratory 

tests (1980-1983) and field trfals (fnstalled fn 1983 and 1984) of PV-powered 

refrfgerators for vaccfnes. A total of twenty ffeld trials were inftfated fn 

Ghana, Ke~a, Tanzanfa, Columbfa, Yemen Arab Republfc, Indfa, the Phflfppfnes 

Ind the South Paciffc Islands. 

Rased on laboratory tests and initial ffeld trfal results, four 

refrtgerator IftOdeh haYf heen approved by WHO for' vlectn.s (Polar Products R~2. 
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LEe EV570, Frigesol 40 and Marvel 4 RTO). Others tested by WHO were rejected 

based on characteristics such as high energy consumption, l~ck of ice-making 

capabili~ and unacceptable holdover time. 

Technical problems ehcounte"ed with the field trials include improper 

s izi ng of the array /battery and i nstrurnentati on fail ures. A number of sys terns 

in the Philippines have undersized arr~5. There is also concern over the arr~/ 

b~ttery 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 a~ticipated 

based on laboratory tests. Oi :icrepencies are most likely due to the fact that 

their strictly controlled laboratory tests did not account for misuse of equipment 

in the field. 

5.5.4 Senegal Medical Systems [Ref. 25] 

A670-Wp medical power system was installed at Mt. Rolland in the 

Theis region of Senegal in 1982. The system provid(·s for loads up to 56 watts. 

The PV system competes against the following alternatives to supply basic 

medical service power: 

• 	 The use of 9as or butane for refrigerators and lfghtfng (relfabfli~
of these refrigerators had been poor) 

• 	 The supply of distilled water with medfcal supplies obtained fr'om 
adminfstrative headqua"ters 

• 	 I roni ng of 1aundr)' wf th charcoal-heated irons 

• 	 Mfcroscope wo"k dur-fng the daytfme with sun reflectfon ltghts 

• 	 Human-powered water pumpfng 

• 	 Lfttle or no ventflatfon 

The PV systtrn provfdes lfghtfng, improved ventflatfon with the use of 

fans, and hfgh-Quality po.." for- u~e with laboratory fnstrulftfnts. Overall ft 

made a decf she fmprov~nt fn heal th ser'vfce effectiveness. Each df spenury 

deals wfth 10,000 fnhabftants, provfdfng 100 to 150 consultatfons per day. 
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The system costs 200,000 Ff (USS20,OOO--1985 conversion). The 

system is experimental and the price includes R&D work. Tne system was oversized; 

430 Wp would have supplied the load. Oversizing was the result of a load 

overest i mate. 

5.5.5 The Gambia [Ref. 26] 

An analysis relating to an actual immunization program in the Republic 

of The Gambia, is given ~ way of example in Exhibit 5-8. The analysis assumes 

that the solar vaccinp. refrigerator will be 90-100t reliable, compared with 

kerosene refrigerators being only 85t reliable (f.e., 90-100t of the vaccines 

stored are usable from solar refrigerators but only 85t from kerosene units). 

This assumption is based on the field experience fn The Gambia and the experience 

with other PV refrigeration systems around the world. 

The methodology used for the financial analysis entails calculating 

life-cycle costs for each option hy taking the summed present values of their 

respective cash flows. These are annualized to obtain relative annual running 

costs, discounted to the present using a 10 percent discount rate. 

The total program overhead is S400,OOO or approximately S14,OOO per 

health center. For' the pur·poses of analysis, both a low program overhead and a 

high overhead have been tlsed for comparison. These are S8,OOO and Sl6,OOO 

respect ively. Siml1 arl:', for the solar refr'igeratof' a high-cost and low-cost 

case are considered as given in Exhibit 5-8. 

It ~~ ass~d in the analysis that (on the basfs of 1933 figures) 

14,20R doses per refrigerator per year would be administered using kerosene, 

while 15,044 to 16,716 would be admfnfstered from the seme supply of vaccines 

if solar rp.frf~rfttors ~re used. These ffgures reflect 85\, 90\ and !OOl 

refrfgerator avaflabl1fty (for' ker'osene, solar high, and solar low, respectively). 

It can be seen f,.om Exhibit 5-8 that the proQr." overhead per dose ranges from 
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$0.98 with a kerosene refrigerator down to $0.93 to $0.84 using more reliable 

solar units. Of course, this is not a cost-saving as such, but it does draw 

attention to the substantial overhea~ involved in giving a vaccination over and 

above the costs of the refrigerator and its operation and maintenance. A small 

increase in refrigeration costs could be acceptable if it allows significantly 

better use to be made of a relatively expensive infrastructure. Therefore, the 

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

Kerosene 

Capital cost (installed) 
Recurr'ent costs 

$ 400 
$ 853 

Annualized life-cycle costs 
Availability (assumed)
Doses per annum per 'fridge 
Refrigerator' di rect cost/dose 

$ 913 

" 85 
14,208 

$ 0.06 

Program o'head/fridge: LOW $8,000 

Kerosene Solar Solar 
Low High 

Program o'head/dose $0.56 0.48 0.53 

Direct cost/dose $0.06 0.04 0.10 

Total cost per dose $0.62 0.52 0.63 

Solar Low Solar High 

3,424 	 8,856 
50 150 

564 1,478 
100 90 

16,716 15,044 
0.05 	 0.08 

HIGH $16,000 

Kerosene 	 Solar Solar 
Low High 

1.13 0.96 1.06 

0.06 0.04 0.10 

1.19 1.00 1.16 

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

5.5.6 	 Questionnaire Responses 

Questionnaire responses show a concentration of negative remarks 

on refrigeration controls and infrastructure support, both for health vaccine 

ano technical support foF' the system. Exhibit 5-9 is a tabulation of comments. 
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EXHIBIT 5-9 Questionnaire Comments Refrigeration Systems 
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SECTION 6.0 

LIGHTING 

Photovoltaics for individual and communi~ lighting applications is 

emerging as a very significant application for PV in the developing world. The 

demand for lighting in rural areas of developing countries is commonly supplied 

~ kerosene, paraffin, or candles. Lighting from these fuel sources is of poor 

quali~ and is expensive. A kerosene lamp provides one-eighth the light of a 

20-watt flourescent tube. In Papua New Guinea a typical household will spend 

over $200 per year to operate two kerosene lamps. Due to these high prices, 

the market for single module PV lighting kits is estimated to be 15 MW in 

Papua New Guinea alone. Thus, PV-powered lighting systems appear to have a 

high potential of being viable for widespread application based on their 

comparative quality, reliability, and cost. 

The review of PV lighting as a viable application for PV in developing 

countries has been based on projects referenced in the questionnaires (77 systems 

in 8 countries), and on the significant and detailed work performed in Papua New 

Guinea and Zimbabwe. In addition, small PY lighting system experience is perhaps 

most prevalent throughout the South Pacific and more specifically in Fiji and 

French Polynesia. Significant work in these countries is discussed in Section 

7.0, Village Electrification. 

The key factors in the use of PY lighting systems have been determined 

to be (1) the reliability of charge controllers and DC ballasts (2) the Ivail· 

ability of spare parts and (3) the ability of consumers to secure financing for 

the purchase of individual lighting systems. 

The conclusions of these evalufttions show th3t PY lighting for indi

vidual homes is technically reliable and cost-competitive with lighting from 

kerosene lamps. Paybacks bet~een 2 and 7 years have been reported in separate 
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studies conducted in Papua New Guinea and Zimbabwe. The only barrier to the 


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

Jver the past 5 years, PY-powered lighting systems have become t'eadily 

available. Systems have been designed for two basic applications: area lighting 

and individual use lighting. Area lighting syst~ns are used for community 

lighting, street lights, and security lighting purpos~s. These systenls consist 

of a PY module; batte~; simple ~oltage regulator; ~iming controls; and an 

efficient fluorescent, low-pressure sodium or mercury vapor lamp. Several 

companies offer complete self-contained units equipped w1th light poles and a 

weatherproof container for the batte~ and controls. Exhibit 6-1 is a diagram 

of a typical system. The costs range from Sl,OOO to $2,500 depending on the 

supplier and the lighting level. lhe lamp pole represents a significant portion 

of the cost of a system. Therefore, some manufacturers supply only tne PY, 

lamp, and related electrical equipment, permitting the user to supply the pole 

and in some cases the battery. 

The second basic application for PY-powered lighting is individual use 

lighting. These are typically one-to-two module systems operating two-to-four 20

40 watt fluorescent lights in a private household or community building. Such 

system~ may be portable. This type of li~~ting has usually been combineti with 

other end-use devices such as refrigerators and radios ~nd operated from one 

PY/battery pow~r system. The performance and viability of dedicated PY lighting 

systems is similar to the p~rformance of these components in combined systems. 

Most PY equipment companies today offer small PY lighting systems. 

A ~pfcal layout is shown in Exhibit 6-2. In general, a system consists of the 

PY module(s), simple voltage regulator and controller for batte~ protection, 

and DC fluoresc~nt lamp(s). The cost of a small two-lamp (20 Witts each) 

system is approximately S300 to $500 in a developing count~. 
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EXHIBIT 6-1 Area Lighting System EXHIBIT 6-2 Individual Lighting 

Common to both area lighting and individual lighting systems is th~ use 

of gas vapor 1 i ghts (i.e •• fl uorescent). The performance of tht's~ 1 i gtlts is ilnpor

tant to the effLient and relfahle orJeration of the system. rluorescf'nt lamps 

require a hig'l.fr('Quency electric charge to excite the gas 1!I)1rcules. After 

thh "starting" chllrge the lamp requires a relatively l~er po __ er and frf'qut'ncy 

to produce light. This function is performed by a "ballast." The difference 

between an AC and ~ DC flourescent liqht is mer~ly th~ ballast. Therefore, in 

orlier to maintain the sa~ size tube and uVt' on fhtlr'! costs. developing 

countries may simply purchasr the DC hal last and conve,'t their C~n AC fixtures. 

6·4 




6.2 CURRENT DESIGNS AND COSTS 

Curr'ently avafl abl e lightf ng systems cons fs~ of small systems for home, 

medfcal servfcps, and rural busfnesses. Area lfghtfng systems are also offered 

for roadway. secur'fty. and c<Jnmunfty lfghtfng. A typfcal dedfcated home lightfng 

system, comparable to kerosene lfghtfng practfces uspd throughout developfng 

countrfes. fs detafled fn Exhfbft 6-3. 

EXHIBIT 6-3 Dedfcated PV Lfghting System [Ref. 1] 

Specfffcatf ons Lffe Guaranty Prfce 
(Years) (Years) ($) 

--------------------~--------------------------------- --------------------------

1 PV Module - 40 Watts, nomln~l >15 10 S 300 

1 Battery - 100 Amp-hour' capacf ty 5 3 70 

2 Fluoresent Lights - 20 and 7 watt 1.5 1 70 

Charge Controls 5 1 50 

Packaging, Handling, Frefght. Pr'ofi t 10 

Total 600 
------------.------------------------------_._.---_._.--------._.---------------


Such a syst8TI woul d provide from 144 to 192 watt-hours/day of useful 

lfghtfng ener'qy in a solar' regime of 4.5 to 6.0 kWh/day (battery and system 

conver'sion efficiency of 80'0. A typical usage patter'n would be fa,. the 20-watt 

lamp to be used 3 to 5 hour's pe,. night fa,. general activities (e.g., cooking, 

,'eading, working) and th~ 7-.att lamp to be used R to 12 houf'S fOt, night lighting 

and st'cudty. Appr'o.imat~ly thr'ee days of stor'age would b. av.il.ble. 

An impor'tant dttsign aspect 0' SMall 1f9htfnlJ syUetftS h por'tability. 

In ru,'al hous(ts in devt'10pin9 countrfes, keros~nt' llfftps .r'e used both in$ide and 

outside, for. v"'iety of purpolS.S. Thf' cost of the h"'P plus ttl low 1 ighting 

level "eQuire, th.t it be portable so thn fU light Cln be d.dic.ttd .nd 
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concentrated. In Papua New Guinea, a fluorescent lantern usfng a nfckel-cadmfum 

battery has been developed and tested to compete with kerosene lamps. 

Area lfghting units powered ~ PV are also avaflable from several 

manufacturers. Generally, these units use hfgh-efffciency lamps such as low

pressure sodfum vapor (LPSV) or mercury halfde lamps. Exhfbft 6-1 shows a 

typfcal desfgn. Unft~ that cost SIOOO wfll provfde adequate area fllumfn~tfon 

for vehi cul ar traffic, secuf'ity, and general pur'pose communf ~ actfvitfes. 

However, LPSV lamps create a yellow cast, whfch may deter wfdespread acceptance 

for COOllnunity actfvf~ 1 fghtiny. 

PV-powered area lightfng systems are a relatfvely new product. As 

such, they do not directly replace a specif~c product. Therefore, comparatfve 

cost analysfs fs not possible. The systems are most applfcable for securf~, 

safety, and communfty lightfng needs where the cost of extendfng conventfonal 

power lfncs OF' operatfng a dedfcated generator may be relatfvely hfgh. 



6.3 COMPARATIVE COSTS 

Conventfonal lfghtfng practfces fn developfng country vfllages fnvolves 

the use of kerosen~-f"el~d lamps. Lightfng is used for evenfng Icthftfes such 

as coOkfng. readfng. sfmpl~ work. or socfal relaxatfon. Durfng the nfght. a 

lamp fs kept lfghted for securfty and safety. A typfcal household m~ have a 

pressure lamp (Coleman Varfety) and one or more "hurrfcane" lamps (a wfck lamp 

wfth from 0.5 to 1 lfter capacfty. most commonly made fn Korea or Chfna). The 

costs of lfghtfng. for an average famfly. may range from $50 to 250 per year 

dependfng on the prfce of kerosene. thefr usage. and the costs of lamps and 

repair parts. The costs of kerosene lightfng. over a range usage levels and 

kerosene prfces. has been compared to the costs of a small PV lfghting system 

desfgned to satfsfy sfmflar lfghtfng practices and demands. The results fndfcate 

that when a PV lfghting system can be ffnanced for approxfmat~ly 5 years at 10~ 

per year. the requfred annual payment will be less than the annual costs for 

kerosene lightfng. 

Kerosene lightfng costs for Papua New Gufnea. wer~ studfed fn detafl 

in 1980 by Kfpa Maleva [Ref. 2]. The lfghtfng practfces for rural vfllage 

houses descrfbed ~ Mal~va are consfd~r~d to be sfmflar to k~ros~ne lfghtfng 

practfces fn the developfng ~rld. tf~ found that. fn a rural vf1hg~. a typfcal 

household (4 adutts and 6 chfldren) uses one pressurfzed lamp and one hurrfcane 

1amp. At vf1lage pr'fCflS for kerosene of SO.80/1 ft~r. whfch Mahva not~s was 

twfce the prfce for kerosen~ offered at servfce statfons fn Port Hor~sby. 

~nthly Wffghted e-pendftures of 28 hous~holds aver.ged S9.69. or slfghtly more 

than 12 1f ters per mnth. Capf tal and r~placement parts for limps .v~rag~d 

S4.90 per month or 501 of the monthly keroune costs. Usfng thfs data, h",ntls 

were spendfng an average ~ount 0' Sl75/yelr on kerosene lfghtfng. 
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As an initial comparison, the capital cost of a 40-Wp PV lighting 

system including two lamp replacements during the first years is S620. Using a 

10 percent discount rate, 5-year' financing per'iod and no salvage value for the 

PV module, the resulting yearly p~ments of S164 would be less than the yearly 

costs of ker'osene lighting. In actuality, the module would most likely retain 

a value tied to the curr'ent costs of new modules. A nore accurate financing 

per'iod might be 10 years; however' it is not felt that loans would be made for 

that time span by commer'cial lenders. 

The above comparison is limited because it is based on one level of 

kerosene usage and cost, and it does not consider fuel cost changes or the 

quality and Mlount of lightfng provided. A more useful compat'fson is possible 

by considef'fng the yearly costs of kerosene lighting over' a range of usage 

levels (25 to 150 11ter's/year) and pr'ices (SO.20 to l.OO/lfter'). The costs of 

lamps and repair' parts ar'e estimated to be 501 of the cost of kerosene on an 

annual basis. The lighting level pr'ovided by a pr'essur'1zed kerosene lamp is 

estfmated to ,be 200 lu~ns (A lumen is a standard measur'e of lighting intensity). 

A ker'osene hurricane lcJT1p is estimated to pr'ovide fr'om 80 to 100 lumens of 

light. For a gener'al indfcation, a 20-watt fluorescent lamp produces on the 

or'der of 5 times the cJT10unt of 1 fght as a pr'essur'fzed ker'osene l.wnp. At pr'fces 

for' ker'osene abovt' :0.75 per' 1iter', the payback for' a PV system to oper'ate a 

20-watt nuor'escent lfght for' conpar'able per'fods is less than five year's. 

Exhfbfts 6-4 and 6-5 have been constructed to permft r'ough compaf'fsons 

between the co=t of kerosene lfghtfng to PV-power'ed lfghtfng. Exhfbft 6-4 is 

used to determfne the annual fled cost of kerosene lfghtfng as a functfon of 

ker'osent' pf'fce and conslIIIptfon level. The pdce of kerosene) repr'esents a 

level fl(ll! pf'fce over th(l per 10d of analysf s, whfch, fn this case, 15 fhe year's. 

Usfng an estfmated conslIIIptfon lfYol, an annual hed cost 'or kerosene 1 fghtfng 
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EXHIBIT 6-4 ANNUAL KEROSENE COSTS 

250 ~ 150lit/yr(5 YEAR lEVElIZED ANNUAL COSTS) 

~ '30 lit/,'f 

~ , 10 lit .. 'yr 

200 -9- au lit;)o'r 

-+- 7C1 1:\ .'yf 

50 IiI ':yr1/, 

~ ,~o ....... 30 ml),f
o 
U 

D+---~----~--~----~--~----~--~--~ 
~... .J ,. .~ 6 .7 .8 

Kerosene Prices (S/Iiter) 

EXHIBIT 6-5 PV SYSTEM COSTS 


(30 to 50 Wp, for Nominal 220 Wh/d~) 


- •.C IrW~./~:J., 

-e- 4.~ ""'.,'dJ, 

-

OW-----~f----~------~----~----__CI ~ '00 ,~ 2(,( 

Annual Koros.no Coats (I/y.or) 
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can be calculated. If this cost were applied as an annual p~ment for a PV 

system, supplying the salll! demand, the maximum affordable cost for' a PV system 

could be determined. Exhibit 6-5 uses the annual cost for ker'osene to provide 

the maximum per'mitted cost of a PV system, as a function of insolation, the 

financing per'iod and the inter'est r·ate. If PV systems can be installed for' 

less than this maximlll1 cost, shor'ter-term or' higher'-rate financing can be used 

or' a lar'ger' syst811 can be pur'chased without exceeding the equivalent annual 

kerosene expenditures. Similar' gr'aphs can be constructed using dfffer'ent 

financing plans and r'elationships between kerosene pr'ice and annualized cost. 

In summary, it is apparent that on the basis of existing data on 

ker'osene lighting pr'actices and the associated costs, PV 1 ighting systems are 

competitive with financing pedods of 5 years and interest rates of 10'1, wher'e 

kerosene costs at the village level ar'e SO.75/1 iter'. The degree of cClTlpetfttveness 

is a function of kerosene costs, PV syst£WI costs, and financing. Each of these 

factor's ar'e highly country- and s fte-specHic. Thi s evaluation shows that PV 

lighting should be sef'fously cons'der'ed on the ba~fs of cost and qualfty of 

1f fe beni fi ts. 
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6.4 	 KEY FACTORS 

The key factors that affect the performance of PV lighting systems are 

as follows: 

• Reliability of charge controllers and DC ballasts 

• Spare parts availability and distribution 

• Customer financing 

6.4.1 	 lhe Reliability of Charge Controllers and DC Ballasts 

Experience in Papua New Guinea [Ref. 3, 4, 5] is typical of isolated 

failures experienced with early solid state charge controll~rs, especially with 

those installed in tropical environments. Current charge controllers are highly 

reliable devices, based on number of units installed and the low reported failure 

rate. Careful attention must be given to the selection of controllers that have 

had proven records in the environment in which th~ will be used. 

The ,'eliability and efficiency of ballasts used in PV flour~scent 

light systems is an important performance aspect, as the cost of a of DC ballnst 

may represent up to 75% the cost of the fixtur~. The llfe and performance of DC 

ballasts used to operate fluorescent tubes appears to be less than 5 years, 

based on approximately 60 DC fluorescent fixtures installed as part of the five 

NASA-Lewis PV Medical Systems [Ref. 6, 7J. A DC ballast manufacturer claims a 

ballast life of 7 to 10 years. Warranties are valid for one year. Because of 

the relatively high replacement costs, durability testing under field conditions 

appears to be warranted. In addition, the development of efficient ballasts for' 

high-pressure vapor lamps is needed and justified according to a report from 

Mobil Solar Corporation [Ref. 8J. 

6.4.2 	 Spare Parts Availability and Distribution 

The institutional factor that has the greatest impact on the performance 

of 	PV lighting systems is the supply of spare bulbs and ballasts. Cost and in
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frequency of failure preclude a user from stocking his own replacement parts. An 

infrastructure of spare parts and repair: technician support is required for 

widespread application. 

6.4.3 Customer Financing 

PV lighting was determined to be cost-competitive with kerosene in Papua 

New Guinea in 1980 [Ref. 9]. The economic conditions that are necessary for PV 

lighting exist in many countries. The main deterrent to the growth of PV lighting, 

however, is consumer financing. At least two governments, French Polynesia and 

Spain, have established policies for remote rural electrification that subsidize 

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

direct subsidy. 
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6.5 REVIEW OF SIGNIFICANT PROJECTS 

The following lighting projects have been reviewed in detail for this 

report: 

• Papua New Guinea Lighting Systems 

• PV Versus Kerosene Lighting - Papua New Guinea 

• Zimbabwe Lighting Systems 

• Mali School Lighting 

• Questionnaire Responses 

6.5.1 Papua New Guinea [Ref. 10] 

The field operating experience with PV systems in rural applications in 

Papua New Guinea has provided important technical and economic conclusions. 

Charge controllers were found to be complex in circuit design and operation and 

were unreliable. In 1980, full "tropicalized" charge controllers were made 

available and have since been proven reliable. A policy has been adopted for 

village and government patrol post lighting to use 12-volt DC PV lighting systems. 

The reasons were for safety and reliability. As to the quali~ of lighting, a 

20-watt fluorescent provides a light intensity of 100 lux at one meter below the 

lamp. A kerosene pressure lamp provides It lux, measured one meter below the 

lamp and outside the lamp's shadow. In addition to these obvious improvements in 

quali~, the hfgh costs of kerosene (about 1 S/liter) result in p~backs of from 

two-to-four years for simple PV lighting kits. 

A number of PV systems have been installed in Papua New Guinea for 

commu~icatfons, lighting, water pumping, and medfcal refrigeration. The total 

installed capacity in 1982 was approximately 50 kW. Over half of the amount was 

for telecommunfcatfons systems. The remaining systems were for mfssfon radfos and 

lights, mobfle radfos, vfllage water pumping, and vfllage house lfghtfng. The 

potentfal for vfllage house lightfng systems over the next 10 years WIS estfmated 
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at 500,000 single module units (35 watts), or 17.5 megawatts. 

In related work, the Appropriate Technology Development Institute of 

the University of Technology in Lae, Papua New Guinea has started testing fluorescent 

tube "lanterns" powered by rechargable Ni-Cad batteries. The lanterns are designed 

to look like their kerosene counterparts but to be charged with PV. A photo is 

provided in Exhibit 6-3. 

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

A surv~ was conducted among thirty 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 was analyzed over a 

five-year period. 

A typical household was found to use two kerosene powered lights, a 

hurricane lamp and a pressurized lamp. The cost of operating these lamps was 

found to be 196 Kina (1981 prices) for the first year. A five-year expenditure 

of 817 Kina could be anticipated, using a lOt 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 w~s capable of 

delivering 160 watt-hours/day. The arr~ was guaranteed for five years and the 

batteries for three years. The installed cost of the PV system in 1981 was 655 Kina. 

The following excer~ts were taken directly from the reference: 


" ••• the PVC kit is less expe~sive 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 reliabili~. 

However costs alone should not be used to determine the favour

ability of either' of the lighting syst..-ms. Hence other compara

tive criteria are taken into account. 


"Ouality of Lighting 

••• with the PVC lighting quality at least five time better than 
the kerosene light there i~ reason to p~ extra money •••• 
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EXHIBIT 6-6 Portable PV-Powered Lantern 
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MInitial Lighting and Convenience 
••• the 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•••• 

" ••• the costs and benefits are compared (and] it is clear that 
benefits out-weigh the costs. Thus from a national point of 
view, the replacement of kerosene lighting of the type
described 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 government should finance and encourage 

lending institutions in Papua New Guinea to provide loan opportunities to customers 

willing to purchase PV kits. 

6.5.3 Zimbabwe [Ref. 12] 

A 1983 report by PTA Con5ulting Services of Harare, Zimbabwe was pro

vided ~ a representative of the Ministry of Energy as an example of the only 

"serious" work done on the question of the economic viability of PV for water 

pumping and lighting. 

A comparison is made of lighting by candles, gas, or paraffin to a 

single PV module, batte~ and two fluorescent lamps (40 watts each). The cost to 

a fcYnfly for conventional lighting weI C between S24 and S144 per year depending 

on the affluence of the residents. The capital cost of the PY system was S660. 

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 SOO-watt petrol generator and PY system to supply equal amounts of lighting. 

The capital cost of S2000 for the PY system was comp~red to the $550 initial cost 

and $975 annual running cost of a petrol generator. Payback of less than two 

years was c~lculated. 

The report does not provide sufficient detail for In Inllytical critique. 

However, it is probable th~t the operating Issumptions used for the petrol generator 

relate more to Ictual conditions than to ideal. 
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6.5.4 Mali School Lighting [Ref. 13] 

In November 1980, a classroom received fluorescent lighting for use for 

evening classes. The competing alternative is gas lamps. PY has performed well 

and with little maintenance; however, the reference stated that despite the risks of 

bottled gas, the use of PY could only be regarded as an interesting experience. 

The conclusion reached w~s that the use of PY 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. 

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

Twenty-one PY-powered street lights and a high-mast, traffic-circle 

light. were installed in June 1983 in Dubai, United Arab Emirates by Mobil Sol~r 

Energy Corporation. Each street light consisted of a 20-watt fluorescent tube, 

two 35-watt modules and a 12-YDC ballast. T'le high mast light consists of eight 

400-W, high-pressure sodium vapor (HPS) lPi~S powered ~ a 15-kW array. 

During the design of the street lights, five commercially available tubes 

were te~ted. The test results showed large differences in efficiency (lumens per 

watt). The most efficient ballast was chosen. The customer has been pleasantly 

~uprised at the illumination delivered ~ the 20-W fluorescent systems. The light 

level is sufficient to read a newspaper while standing on the roadway, 18 feet 

ben~ath the lamps. Through the first 10 months of operation, the street lighting 

perfonmed reliably. 

There were initial problems with the HPS light berause of the inherent 

difficul~ with operating HPS lamps with modified square-wave inverters. The 

solution was to use a ferroresonant inverter at 771 efficiency cOMpared to a 90' 

efficienct, modified square-wave inverter. Developmtnt of high-efficiency, 

high-power, DC ballasts for these lamps was men~ioned .s vital to optimizing 

these PY lighting systems. 
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6.5.6 Questionnaire Responses 


Comments fron the questionnaires received indicate "negative" comments 

related most to h~ faill "es and "posfthe" remarts concentrated on the cost

competitiveness with kerosene and on the unavailability of other sources of lighting 

fuel. In general, comments were positive, and la~ tailures did not appear to 

significantly impact the perception that PY-powered lamps are technically and 

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

VILLAGE ELECTRIFICATION 

Village electrification has been considered an important potential 

application for PV because of the number of unelectrified remote villages in 

the deve,opin~ world. Anumber of projects have been implemented, ranging from 

a few hundred watts to over 25 kilowatts. Two basic types of systems ha~ been 

demonstrated: 1) a "central i zed" system (generally AC) provi di ng servi ce to an 

entire community, and 2) smaller individual household systems (generally DC) 

that are dedicated to end-use applications such as lighting kits, water pumps, 

radios, television and radio power. A review of several of these projects, as 

well as comments received on 33 systems in 7 countries through questionnaires, 

indicates that the individual, dedicated end-use systems ha~ better performance 

records and accept~nce than centralized systems, especially those that provide 

AC power. 

The key factors that affect the viability of PV power for village 

electrification have been determined to be: 1) reliable operation of power 

conditioninq rqu1pment (primarily the inverter, but including DC voltage rC9ulators 

and battery char~ controllers); 2) the chotce of electrification strategies 

(centralizf'~ versus drcrntralizrd); and 3) the comparative costs of conventional 

and remote po~rr technologirs. 

The preliminary conclusions, based on thf' success and acceptance of 

PV in Fr('nch Polynrsia, fijt, and ~v.'~n wtth small-scalt' l1~ting, cCJnmunica

tion an~ rc-frtgt'ration syHrms, are rhH small PY syUflms are technically, in

stttutional,y and most ltkely financ~ft'ly viable for rural community electrifi

cation plans. lhr rxprriencr thus far of thr Gabon and thr Utir~k syst~s 

support thrsr trchntcal conclusions. On the oth('r hand, larg"r centr.liz,d AC 

,ystf"ftl~ 110 not apPt'Ar to oU,r thr Ulft(' MQrtf' of vhhn tty duC' to thr rf'Qui r('mC'nt 

for .n e.tsting tnfra'tructurr to ~nl9f the po~r faciltty, collect revenUf, and 

trouhle-Ihoot tnvertf'rs. 
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7.1 APPLICATION DESCRIPTION 

Village electrification systems power a varie~ of end-use components 

such as pumps, refrigerators and communication equipment. As such, vil1age 

electrificatfon systems incorporate both the positive and negative aspects of 

the individual applications. The distinction between a village electrification 

system and one that provides, for example, only lighting and pumping lies mainly 

in the administrative infrastructure that surrounds the system. For example, 

village electrification systems generally involve distribution, metering and 

billing systems and/or wfde-scale electrification of a single community. 

The vfabilfty of PV village electrfficatfon is being debated in the 

larget' context of rural electrfffcatfon. In partfcular, two strategies are re

ceiving the most attention--one centralized system for ar entfre village versus 

many small individual household systems [Ref. 1]. The centralized systems have 

been more wfdely publicfzed, as typically they have been significant projects 

of development organfzatfons. 

PV ARRAV CONTROL~I 
_: I~ ~_ 


BATTERV 

STORAGE 


VILLAGE ELECTRIFICATION 

LOADS 


• Water Pumps
• Communication Equfpment
• Lights (street, resfden

tial. medfcal) 
• Vaccine Refrigerator~ 
• Fans 
• Sa ttery Cha"gers 

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

Exhibit 7·1 h a schematic of a vl1,.,gl' electrific.tion system that is 

typical of both the centralized and di~Pfrsed systems. The difference be~oen 
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the two system types is in the magnitude of the arr~, the use of DC versus AC 

loads (and hence the need for an inverter and its added complexity), instrumenta

tion, battery $torage and loads. 
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7.2 CURRENT DESIGNS AND COSTS 

There are no c(JTImerc1ally marketed PV-powered "village el ectri fication" 

systems. A series of demonstration projects fonn the foundation for conSiooring 

current designs for village el ectri fication systems. Experience fr(JTI past 

photovoltaic projects points to decentralized DC power systems rather than more 

centralized AC power syst(fT1S for rural electrification. The technical and 

institutional factors surrounding this issue are discussed in otner sections of 

this chapter. It is perhaps sufficient to state that DC/AC inverters have had 

a miserable performance record in developing countries and that the infrastructure 

to centrally manage a r(fT1ote village power syst(fT1 does riot exist at this time. 

A typical list of loads is provided in Exhibit 7-2, referenced froo a report by 

Michael Starr that di scusses the econClTlic performance of small decentral fled 

power sy~tcms for rural electrification. 

EXHIBIT 7-2 Typical El ectric Loads (or Rural Ifouseholds [tef. 2] 

Load Power Duration Energy 
( W) ( hrs/day) (Wh/dayl 

Lights 3 x 20 II 60 5 300 
Fans 2 x 60 • 120 8 960 
Television 60 4 240 
Radio/caHcttc 10 5 50 

Total 250 1550 

A PV systCtTl to providl these 10(ld~ li«Juld need to produce IPprOJ(illlltcly ' 

2 kWh/doy, accountin<) for control, bUtt'ry, and rllhtN1 lo~u~!. 4nd inefficiencies. 

A nanfMl PV array ~tz(' to supply?, kWh/d~y in a (, kWh/",t'.d"y sol.,r r('!.ourc" 

would be appro,dm.,trly )SO wp. Ullttcry storalJt' capacfty at 'I "aye;. and mulrt111f\ 

dopth-o(.di!.Chl1rfJt. lfmitNS to ~O't h t'!Quiv41tnt to 6.7 kWh ot stor'9 r (1.~~ kWh/cJ4Y 

• '/ d4Y~ + SUL ()OO). Thh corrtH.f}()nd .. to l'vcnin'.) opcorlHion'nd minim41 h"kup 

during pcriOt1~ o( low iMohtiofl. Pr(!f.\lfldbly. tndfvtdyt1l hoy,,,holdl --auld "(Cpt 



some periods of energy conservation compared with the costs associated with 

higher system availability. 

The ;nstalled price for such a system in 1985 is approximately $15/Wp, 

including loads. It is estimated that, for volume orders, a price of $13/Wp 

could be obtained, assuming user installation under minimal supervision. This 

would represent a capital cost outlay of $4550. Assuming the consumer puts 

down 10%, and obtains financing for the remaining portion at 10% interest for 

10 years (note that the modules are the highest cost item and have a guarrantee 

of 10 years), the annual payment would be $666 or $55/month. In add;tion to 

the loan payment, a monthly charge of $5 is applied to cover normal load main

tenance (light bulb replacement) and labor for inspecting and cleaning the 

system. The total cost of energy would be $1.30/kWh. Although this is high, 

comparative costs for diesel-generated electricity from a 2.5-kW diesel are in 

the same range (See Section 7.3). 
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7.3 COMPARATIVE COSTS 


Diesel costs are summarized in Exhibit 7-3. Exhibit 7-4 has been 

developed based on these costs and on the PV system design and financing plan 

described in Section 7.2. 

Exhibit 7-3 Diesel Costs (2.5-kW diesel; 7-year life) [Ref. 3] 

Low Cost High Cost 

Capital Cost (S) 1000 3000 
Fuel Cost (Sigal) 1.50 3.00 
Operating Efficie~cy 0.20 0.15 
o &M (S/year) 200 400 

For the PV system, the life of the batteries is 10 years--equal to 

the PV array. It is conceivable that a financing program could be designed 

to permit the PV array costs to be carried over a longer period (e.g., 20 years) 

while the BOS, including the battery, be financed over 10 years. The purpose 

of such a scheme would be to lower the consumer's monthly payments. 

An examination of Exhibit 7-4 shows that for good solar resource 

areas and for diesel capital costs above S1500, PV power systems are competitive 

with diesels for loads up to 2.5 kWh/day. Comparisons to gasoline engines, 

which are available in smaller power ratings than diesels, would show the cut

off for PV cost-competitiveness to be at lower daily energy loads, owing to the 

reduced capital costs for the gasoline engine. 

In summary, it appears from this rough analysis and from the experience 

worldwide, that small decentralized PV power systems are becomming a marketable 

commodity for rural populations. 
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EXHIBIT 7-4 PV vs DIESEL ENERGY COSTS 

Village Electrification Systems 
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7.4 KEY FACTORS 

The following items represent the most significant factors in the 

performance and viability of PV for village electrification today. 

• Power conditfonfng reliability 

• Small decentralized versus larger centralized systems 

• Comparatfve costs of conventional technologies 

7.4.1 Power Conditioning Reliability 

The most significant technical factors have been the reliability and 

complexity of the power conditioning subsystems, not the performance of the PV. 

Failures in inverters and, to a lesser extent, in battery charge regulators have 

been a problem in several systems. Some problems have been related to quality 

control and most likely would have been discovered had "burn-in" testing been 

performed. Other problems have been related to environmental factors (e.g., heat 

and humfdity) or user operating errors. For all inverters and controllers, 

only proven equipment should be selected. Factory testfng should be fncluded 

as part of the purchase specifications. Referring to operator errors, complex 

operating procedures and oversophistication of meters and dfagrams associated 

wfth inverters and controllers placed in developing countries have been a 

problem. Although state-of-the-art equipment fs movfng toward more simple 

desfgn, ther~ is still room for fmprovement. As for the technical performance 

of the end-use components, refer to the chapters on the other applfcations. 

7.4.2 Small Decentralfzed Versus Larger Centralfzed S¥stems 

The decfsfon to procure one centralfzed system or many dfspersed 

systems fs a key polfcy fssue [Ref. 4]. Tradftionally, centralfzed systems have 

been preferred by fundfng organfzatfons sfnce thefr performance fs more easfly 

monftored. Uowev~r, some goverments, such IS Papua Hew Gufnea .nd French 

Polynesfa, have made commftments to promote sm.ll fndfvfdual systems. These 
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small systems do not require a distribution system throughout the village; they 

do not need metering systems; system failures impact one household, not the 

entire community (failures are more common in central systems as a result of 

overloading due to unauthorized connections); and they can be mounted on roofs, 

rather than dedicating valuable land to a large system. The management of 

power is much more complex in a centralized system, as the interests of the 

entire community must be integrated. However, centralized systems develop a 

sense of community. With either type system, an infrastructure must be developed 

to support the repair and supply of spare parts. Either type of system would 

require some administrative support--a billing system in the case of the central

ized system or a financing program in the case of individual systems involving 

subsidies such as those typically provided for other energy technologies. 

7.4.3 Comparative Costs of Conventional Technologies 

Comparative life-cycle cost analyses of PV-powered systems to conven

tional power have most commonly been perfonneti fo,- larger systems. Most reports 

find that di!sel remains the competitive choice. Capacity factors, administrative 

CO$ts, technical support and billing efficiency are a few of the serious issues 

that innuence village electrification costs for both energy technologies. 

On the other hand, small decentralized systems, as analyzed in Section 7.3, 

may provide service at a lower cost than diesel or PV central systems, due to 

the virtual absence ot the issues mentioned above. The centralized systems 

have lo~r initial capital costs than the dispersed systems. However, it 

appears that over the lifetime of the systems, once administrative and operational 

problems are factored in, the individual systems cost l!ss [Ref. 5]. 

The ~uccess and acceptance of small PV systems in Fiji, French PolyneSia, 

Papua New Guinea and Spain for DC lighting, communications, and refrigeration 
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viable for rural communit'ps. Furthermore, a significant part of the purchase 

and operating costs associated with these systems is covered by the users 

themselves. 



7.5 REVIEW OF SIGNIFICANT PROJECTS 

Village electrification projects at the following locations have 

been reviewed in detail for this report: 

• Tunisia 

• Gabon and the Marshall Islands 

• Basaisa Village - Egypt 

• Charsarati, West Bengal, India 

• Niaga Wolof Energy Centre - Senegal 

• French Polynesia 

7.5.1 Tunisia [Ref. 6, 7, 8] 

A village electrification project of PV, wind. and solar heating has 

been operating since February 1983. The PV system consists of a 29-kW, 220-volt, 

50-Hz system to serve public and commercial sectors of a village of 120 persons. 

Additionally, a 1.4-kW remote farm system for lightfng, RIF, TV and radio and two 

1.4-kW drfp frrfgation systems were installed. Operation Ind evaluatfon fs the 

responsibilfty of the Societe Tunfsfenne de l'Electrfcite et du Gas (STEG). 

There fs very lfttle fnstrumentatfon on the system, although there are kilo.att

hour meters on the system and for fndfvidual users. Users Ire bflled for specific 

consumption. Project participants belfeve that STEG has been recordfng basic 

productfon data. 

There have been fnverter faflures. Some array wfrfng has deterforated 

due to a~rasfon and sunlfght damage. It fs suggested that the wrong wfre sheathfng 

was specfffed or ~'ocured. 

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

Sfgnfffcant vfllage electrfffcatfon projects have been performfd by 

NASA-LfWfs Research Center over the '.st two years. These Ire. 27-kWp systfm fn 

Tunisia (see prevfous project revfew), an 8-kWp, 120-VOC syste. in the Mlrshall 
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Islands on Utirik Atoll. and a series of 17 separate community service DC systems 

in Gabon for water pumping (0.7 - 3.2 kWp). education (560 Wp). community light 

(80 Wp). and a health dispensary (640 Wp). The Utirik Atoll system and the Gabon 

systems became operational only recently--in 1984 and 1985. respectively. So 

far, both PV systems have had 100 percent availability. Minor problems have 

occurred with control systems in Gabon and with street light inverter ballasts 

in the Utirik system. The Gabon system is heavily instrumen~ed, and collected 

data over the next few years will provide a valuable indicator of that system's 

overall performance. 

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

A PV village electrification system was introduced in Basaisa in November 

191 7 under the sponsorship of the American University in Cairo and the National 

Science Foun~ation. 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 storagp. syst~ consisted of a 12-V car battery. In Dec~er 1978, another 33 

Wp was added to power' a 12-V loudspeaker and a 12·V, 60-W emergency 1 ight. In 

1981, solar pumps were add~d for irrigation. 

The village has estahl fshed a c(Jftmunfty cooperative, communi ty club. 

technical center and community clinic. A fee is charged for membership in the 

cooperative or' cluh. Mt'fftbers of the cooperative may use the community AV, 

emergency light and irrigation pumps. Ht!'mbers of the club may use the TV, AV 

equipment and lfght. The technical center uses the AV eQufp"1 It and pumps. 

The clfnfc uses the lfght. Members o( the cooperative and club must pay rent 

for th~ pumP\ ~nd AV equfpment during tfme~ o( use. 

As of S~Ptt'ri,.,,· 19A1. th.- syHf"fft was nperatfnl) uttsflctorfly. The 

initial pump that was used In the ,yst~ WIS not designed well for the given 

.pplication •• low lUt pumpinl]. However, a n(IW pump W.I developed .nd WII in 
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use as of September 19B3. Operation and maintenance activities include cleaning 

the arr~ every two weeks and monitoring battery state-of-charge with a multi

meter and ~drometer. 

Operation, maintenance and repair is perfonmed 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 cannot fix the system. The energy cooperative not only provides for 

the basic energy needs of the community but it also establishes an educational 

atmosphere and a type of community spirit. There has not been much conflict over 

the use (and scheduling of the use) of the various equipment. Some farmers still 

prefer using their animals to carry water for irrigation rather than the PV-powered 

pumps. 

7.5.4 Charsarati, West Bengal, India [Ref. 16] 

In Dece~er 1980, a 200-Wp PV system ~s installed to power a community 

center. One of the mafn functions of the center is to provide adult education. 

The loads for thfs system fnclude a 65-W televfsfon, two 40-W fluorescent lamps 

and one 20-W fluorescent lamp. A DC-DC converter (24-110V) is used (or' the 

televfsion, and an fnverter (24YOC-150VAC) fs used for the lamps. Storage 

consfsts of two 12-V, 120-Ah lead-acid batterfes. In October 1981, a 300-Wp 

water pumpfng syst~ was installed for frrfgatfon. The pump fs a DC centrifugal 

rated at 96 Y and 400 W. A maxfmum power pofnt tracker and ffve 42-Y, 60-Ah lead

acfd batterfes are fncluded fn the system. Thf\ project was originated ar t is 

adminfstered ~ the Unfversfty of kalyanf. All modules were supplied by C[L. 

As of 1984, the system seemfd to be 0~rltin9 ,~othly, The prinCipII 

fnvestf9~tor of PY projects at th~ Unfversfty of K"yani feels PV syst~~ hive 

been proven technically fe.,ible in Indf" In this project, lome MOdults 

faflert After three year, due to cr.ckinQ of cell fnterconnecttonl. Motor-pump 
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set problems were encountered, mainly with the carbon seals and commutators. 

In 1984, the community center was economically viable. BOS costs (per 

peak watt) are less in India than in the U.S., due to cheap labor. The cheaper 

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

This project has generated "tremendous enthusiasm." even attracting 

people from neighboring villages in th~ evenings. The villagers manage security, 

operation and maintenance on a cooperative basis. There have been problems 

when modules have failed in that the), could (as of 1984) only be replaced by 

physically takfng them physfcally to CEL. 

7.5.5 Nfaga Wolof Energy Centr'e - Senegal [Ref. 17] 

Nfaga Wolof fs a village of 1500 inhabitants. In February 1983, a 

PY-Wind hybrfd system (5 kW PY; 4.5 kW Wfnd) began powerfng a public lighting 

system. In April 1983, a water' pump (20 to 25 m3/day) was connected to the system. 

The syst~ was offfcfally considered oppratfonal fn January 1984, after 9 months 

of prelfmfnary trsts. By January 1984, the system also powered two refrfgerators 

and two fluorescent tubes. The system is fntended to also eventually supply resi

dentfal lightfng, d cCJnmunal T¥, carpentry and sewing equipment, a grafn mf11 and 

an fce maker. 

As of October 1984, no probl~s wfth the PV portion of the system had been 

reported. According to the reference, the system has "conffrmed the reliabilfty 

of photovoltafc solar' energy." The sys~f'm has also dt'ntonstrated that a full-time 

,yst~ operator fs not necessary and that perfodfc inspectfons suffice. 

The cost·compctftfv~np,ss of thfs syst~ versus dfesel has not been 

deteMftfned )'t't sfnce the.- grid h still undeq)oinl,) expansion .nd more .ccur.te 

instrumentatfon fs needed. 

The.- s)'U"" h locU.-d nra,. Oak",' .nd h thu~ close to technfc.l support. 

Users of thf '>"tff'l.rt' Lf11ttd accordfng to tin t'Uablhhed tariff structUf'e. 
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Residences are billed at the cheapest rate. A tourist center in the village is 

charged a higher rate. 

7.5.6 French Polynesia (Ref. lB. 19] 

The activi~ in PV applications in French Polynesia is significant. Over 

1000 home power systems have been installed to provide lighting. television. and 

fans for indivfdual houses. The efforts are supported by the French Atomic Energy 

Commission (CEA), the French Agency for Energy Management (AFME) and the Government 

of French Polynesfa. The program in which systems are being provided is similar 

to that practfced worldwide for rural electrfffcatfon--subsidfzation. Studfes 

as long ago as 1980 showed that it would be more cost-effective to support the 

introductfon of PV power systems than to extend the grid. 

A typfcal system consfsts of thr~e 13-watt lights, an BO-watt televi

sion. fan, and small refrigerator. The cost of the system is Ipproximately 

17,600 Ff (S2000), fncludfng taxes. The modules are 50 percent subsidfzed by the 

program. End-users can p~ the balance up-front or over a fi~e-year period at 

9 percent fnterest. The conclusfons of the recent work are that PV is economically 

justfffed where the user fs more than 200 meters from the grid. 8y 1982, 50 kW 

(representing 300 huts) had been installed under this program. Another 120 kW 

were expected fn 19A3. representfn9 25 percent of French PV production at that 

tfme. The South Pacfffc r.ommission was encouraged by this program Ind has proposed 

the d~velopment of such a rural electrification scheme through~ut the South 

Plciffc. 

7.5.7 Questionnafre Responses 

Comments fn the questfonnlfres reflect the reli.biltty 0' photovolt.fc 

arr~s and th~ probl~s assocfated wfth fnverters. Exhtbit 7-5 t.bul.tes responses 

under each arel of evaluatfon and denotes thtm .s hetng posfttve or neg.ttve. 
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APPENDIX A 

SUMMARY OF QUESTIONNAIRE RESPONSES 


This appendix includes statistical information on the questionnaires (Ex

hibit A-I); copies of the two questionnaires that were distributed; a Questionnaire 

Summary Response Table (Exhibit A-2); a listing of all projects referred to in 

the qup.stionnaires; and a reference list of the persons or organizations who 

responded to the questionnaires. 

Questionnaires were sent to over 300 individuals, organizations, and govern

ment agencies for the purpose of collecting PV project field performance experience. 

Two similar questionnaries, labled "Project Field Questionnaire" and "Project 

Questionnaire," were sent to two basic participant groups: end-users and 

manufacturers. The end-user group included USAID Missions. Missions were 

requested to distribute the questionnaire to pertinent host-country individuals, 

organizations, and government agencies that m~ have direct field experience 

with photovoltaic applications. 

The "field" questionnaire concentrated on questions pertaining to user 

acceptance, institutional performance, and incountry costs for conventional fuels. 

It was also directly sent to specific key individuals and organizations in 

developing countries who had been identified as ~aving significant field experience. 

The "project" Questionnaire was directed at manufacturers in both developed 

and less developed countries in order to solicit. field experience an current 

cost information on PV systems. 

Exhi~it A-I details respon~e statistics as of September JO, 1985, The USAID 

Mission response, if considered separately, was 401, 
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Exhibit A-I Questionnaire Statistics 


Field Questionnaire Project Questionnaire 

162 141
**Sent 
Undeliverable o 6 


Effective , Sent m m 
, Answered Through Interview 1 2 

, Returned 36 22 

Effective' Returned (t of eff. 'sent) j1 (~3) R (18) 
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PV PROJECT FIELD QUESTIONNAIRE 

To the person filling out this queltionnlire: please provide the following 
infor..tion. 

Your Nlme 

Mailing Addrels 

Telephone No. (if IVlillble) _____________________________________________ 


Telex No. (if IVlillble) 


POlition 


Role with Relpect to 

PV SYltem or Project 


Pl.a•• fill in the following queltionnaire to the b.lt of your ability. or pa•• 
it to the approprSate individu.l. If you fe.l you clnnot anlwer a qu •• tion 
ple.11 write Sn "Do Not Know" or "DNK" 



----

--------

-------------------------------

1. PROJECT DESCRIPTIONS 

Please provide a simple description of photovoltaic project. in your 
country. De&cribe PV .Ylteml vhich represent th~ leneral delign and 
oblerved perfor.ance of Iysteml in each of these application areal: 
vater pumping, Irain grinding, refrigeration (vaccinel), coaDunication. 
lightins. village electrification. and vater delalinization and puri
fication. Explain the purpole of the Iystem (.uch al de.on.tration. R&D. 
traininl. co.mercially Viable. etc.). Where pOllible. reference or pro
vide reportl on .pecific projects. 

1. 	 Project Title/Location --------------------------.------------------
Application ____________________________________________________ 

Purpose ________________________________________________________ 

Sponsoring/Funding Agency 

In-Country Participating Alency ___________________________________ _ 

Inltallation Date Equipment Supplier 
PV Array Size Wattl -------------------

Current Status of System: Working ___________ Not Working _________ _ 

Explain: 

2. 	 Pro'ject Tit Ie/Locat ion 

Application _______________________________________________________ 

Purpole _~._____._ 

Sponlorins/Funding Agency 

In-Country Plrticiplting Aaency 

Inlt.l1ltion Date 	 Equipment Supplier 
PV Array Siu -=...-::---WIUI 

Current Statu. of Sy.t~m: WorklnK _.______________ Not Working _________ _ 

!1lp1a1 n I 

---~-,-*~.-.-~~~..~---~-~~-



--------------------------------------------

--------- ---------

-------------------------------------------

-------

--------------------------------------------

3. 	 Project Tit le/Locat ion 

Application ______________________________________________________ 

Purpose __________________________________________________________ 

Sponsoring/Funding Agency 


In-Country Participating Agency
• 
Inltallation Date Equipment Supplier 


PV Array Size ___________ Watts 


Current Status of System: Working Not WDrking 


Explain: 


4. 	 Project Title/Location 

Application ______________________________________________________ 

Purpose 

Sponsoring/Funding Agency 

In-Country Participating Agency 

Installation Date Equipment Supplier 
PV Array Size Watts 

Current Status of System: Working _____ Not Working ______ 

Explain: 

5. 	 Project Title/Locatton 

Application _.__________________________________________________ ___ 

Purpo.e __'_____________________._________ 

Span.oring/Funding Agency 
----~ --------------------

In-Country Participating Agency 

In.tlllatton Oat .. _ ..__~~__ £qutpllent Supplier ~____ 

PV Array StIr Walll 




1I. 	 P!llOl*NCE or SYSTEMS 

A. 	 T.chnical 

Wh.t h•• been the ob.erv.d t.chnic.l perfor..nce of phOtovoltaic aDerlY .y.te•• 
{natall.d in your country? Con.ider .nd de.cribe .xperi.nc•• iD aach .. jor 
application are.. Where po•• ible, .xpl.in both proble•••nd ,o.itive expertence. 
with .y.t.ma .nd iDdlvidu.1 coaponent••uch •• rv .rr.y. battari••• control •• 
tD.tru.ent.tion, and lo.d. (puap•• r.friler.tor. lilht•• Ir.in .1111. r.dio•• 
ate.). V.e .dditionll p.per if D.c••••ry. 

1. 	 leU.bUHy __________________________ 

2. 	 Oper.tina 'erfor..nc. (If pOI.ible provide .pecific perfor..nc. d.tl .uch 
....ount of v.ter puaped .nd held, Ir.in Iround. nu.ber of v.ccin.tionl, 
.tc. for e...ple .y.te... ) 

3. Mlintenlner .nd Replir 

4. 	 Have .ny proble·.... ,.uled vUh u..r .ccept.nc. ot rv .y.t ••• , 

------------------------------------~~--------------~~~---------

--------.--~.----~-~-

5. 	 lav••ny proble•• been e.pertenced thlt rell'e to In-country Ifta,t'u,ton.l 
capabtltty (techntcll .nd ~d.tnt.trlt.ve) to operl'e Ind r.,..r r • .o'e 
,hotovolt.tc .y.te•• ? 
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---

----

I. 	 '1n.nct.1 

To the ••t.nt POII1bl., ple.le provide the f1n.nc1.1 d.t. Ip.c1f1.d below. Ule 
.ny r.coln1led currency .nd provide curr.ncy y•• r (for ••••pl•• 1980 doll.ra) • 
• le.le be .a det.Sl.d .a po..1ble .nd 1d.nt tty thol. nu-berl that .r••at1utea. 
Wh.n d.ta 1a not .v.1I.bl. in the un1ta indicated. pleale provide .ny r.levant 
lofor..t1on. For .at.ple, ·Curr.ntly • Honda 400 Gen.r.tor Mod.l MD-4 1a 
$900.00" or -10 Ut.u of dielel fuel COlt 12 Z1mb.bwe doll.r. in Harar. in 
Ma, 1984" or "40 w.tt Py .odulel in Caborone .r. $396.00 (U. 5.)." 

1. 	 If .v.il.ble, what 11 the curr.nt co.aerc1.l c.pit.l COlt of PV power 
in your country? (Modulel. p.ck.sed aYlt.m COltl, by .pplic.tion, .tc.) 
Ule recent projectl (w!th1n the Ult y.ar) '1 ....pl.1 Sf n.c....ry ___ 

2. What operating coati .re .aaociated with PV IYlte.. (number of peraonl. 
c.pability and pay, r.te, houra/montha in operation or aupport)? 

3. 	 What ia the .anetary value of the followin, productl in rural .r.al of 
the country? 

o Wat.r (fro. what depth?) 
o Ground ,raSn (what ,raSn? ,rSndlns CGetl only.) 
o Electricity (fro. what aource? or,anllation1) __________________ __ 

4. 	 Co.paratlve ener,y cGeta in rural locationa (circl, correct unltl) 

Electricity per kl1owatt-hour 


Dl..,l ru,l __________ per liter Of ,allon 


~_._m.__C.lolln. rUll 	 p.r lSter or .al10n 

Muu" Labor ______ p.r day or hour (lndSc.te ',pe 01 work) 


Ana.. l Labor pu d.y or hour ('ndac.te ',pe 01 work) 
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5. 	 Capttal cOlta and expected IUet ille for other technolog1e. : 

Dle.el Engin.. : COlt She Expected Lifettae 

Caloline Enginea : Colt She Expected Lifetiae 

Portable Cener.itor: Coat She Expected L1fetia~ 

lerolene LaIlPS: Colt She Expected Li'ett.. 

lefr Igerat ion (lterolene) : Colt She Expected Lifetil1e 

Wlter 	PUIllPS: Colt She Expected Lifetime 

6. 	 How does PV cOlllplre on a life-cycle COlt ba.il to other remote energy 
technologtel in use in your country? (Provide portions of recent energy/ 
econolllic analyu.. Where luch data are not aVlilable. percept Ion I nd 
jUltif1cat1on are requested.) 

C. 	 Inltltut10nal 

1. 	 How hav" local co_unit fel received the Inlullat inn and ule of PV .YIU••? 

-----------,-------------------------------------------------------------

2. To vhlt .at ent hay*, Sn- count r)' peflonn" 1 and local operat Sna It Itt Plrt 'c1
pat.d In th*, conc.ptull d.,San. Sn.tlllition and Itart-up of PV .Ylte.l? 

---'-------



3. 	 aaled on the oblerved or perceived technical. inltitutional. and COlt 
parfor..n~e of PV enerlY IYlteml. what il the current viability of PV 
for re.at! enerlY lupply in each area of application 1n your country? 

D. General COIIDIent I 

----------------_._------------------


Your cooperatton and ••• l.tancr in 'illing out thi. que.tlono,ire 1. Iru'tly 
appreciated. 
relulting rep

Plene ind1cll r 
ort and to whom 

below if you wl.h to rtocelve 
it .hauld b~ .ddr.I.~d. 

a IUlllUfY of the 

Vel No ------
Addu.. 



------- ---------

-------------------------

--------

PV PlOJECT !lUESTIONNAlRE 

To the perlon fillln8 out thl. que.tionnalre: plea.e provide the followin8 
information. 

Your Name 

HaiH", Addu.. 

Telephone No. (if Available) ____-

Tit Ie/PosH 10n 

lole with 1.lpect to 1 • 

Specific PV SYltems or 

Project. 2. 


3. ---------------
4. ---------  --------~------
5. 

6. 
------~-----

Pl•••• fill 1n the follow!na qUI.tionnair. to the b •• t of your .bility, or pall 
it to tho .ppropri.te individual. 
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I. PIOJECT DESCRIPTIONS 

Pl•••• provide • da.cription of .ilnific.nt photovolt.ic proj.ct. with 
which you or ,our co.pany h.va h.d dir.ct fiald a~parianca. Salact .nd 
da.cribe PV .,.t... which rapra.ant tha I.n.r.l de.iln .nd flald p.rform
.nce of ayat... tn ••ch of the.e .pplic.tion .re.a: v.tar pu.pina. Iratn 
Irindina. rafril.r.tion (v.ccine.), coaauntc.tton, lilhtiQi. Yillale 
el.ctrification, .nd ..t.r da•• lini&ation .nd purific.tion. I.plain the 
purpo.e of the .y.t.. or project (.uch •• da.oaatr.tioD, .'0, tr.inina. 
coaaerci.lly vi.ble •• tc.) ••nd where ~oa.1ble. rafarence or provide 
raport ••nd cont.cta for .pecIfic p~ojecta. 

1. Project Title/Loc.tion _______________________ 

Appltcat10n ______________________________________________ 

Purpo.e ____________________________ _____________________________~ 

Sponaorina/Fundlng Alency _____________________________________ 

In-Country P.rttc1p.t1nl Alency ________________________________ 

Inltallatton D.te ______ !qutpaf'Dt Supplter ____________ 
PV Arr.y S1&e Watt. 

Current St.tua of SYlt .. : Worktna ______ Not Worktna _____ 

Parfor..nce Det.ill: 

2. Project T1tle/Loc.tion _________._________________ 

Appltcatton 

Purpol. __._________________________________________________________ 


Spon.ortnl/FundS", Aleney 

In-Country '.rttetp.tSn. AI.ney 

___ !qutr-nt Supplhr _________In.t.ll.tSon D.t. 

,V Array Stu W.tt. 


____ Not Worktna _._....-.-__Cur,.nt Sf aCu. of SYlt .. : WorkS .. 

I\-J: 
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J. Project Tltle/Location _______________________ 

Appllcation _________________________________________ 

Purpole __________________________________________________________ 

Sponlorlna/Fundlna Aleney 


In-Country Partlelpatlna A.eney 


Inltallatlon Date Equlpaent Suppller 

PV Array Slze --------~Watta -------------------

Current StatUI of Sylte.: Worklna _______ Not Work1na _______ 

Perforaance Detalll: 

4. Project Tltle/Location ______________________ 

Appllcatlon ___________________________________________________ 

Pur pale ________________ 

Sponlorlna/Fundlna Aleney 

In-Country PartlelpatSna Aleney 

Inatall.etlon Date ~ Equl'MMnt Supplier____ _________ 
'V Array 511tt __ WatEI 

Current Statua of SYlt .. : Worktna ___ Not World"" _____ 

---~,--------~-~.----~----->'-----"------------



s. Project Title/Location ____________________ 

Application ____________________________ 

Purpol. ________________________________________~======~~______ 

Sponlor1na/rundlna Alency 

In-Country Participating Alency 

Inltallatlon Date _____ !qulpllent 5uppUer ____________ 
PV Array 511e Wattl 

Current StatuI ot 5Yltea: Worklna ________ Not Working ______ 

Pertor..nce Detatl.: 

6. Project Title/Location ______________________,____________________ 

Appltcat ion '--'---'--'--'----------------------
Pur pOlO --.____~__________________________________________________ 

Sponiorina'Yundtnc A.en~y 
~---.----.-------------

In-Country Parttctpatina Alency __,____________..-__________________ 

Inuallatlon Date ~~__ !qutpaClnt SUf'J,lter __ ~. 
PV Array Stu _:::.... Watt. .--------

Not World n& 

~~-~ ......--.----~~~---~-~-- •. --~---



----------------------------------------------------------------------

------------- ----- -------------------------

II. 	 PERFORMANCE OF SYSTEMS 

A. 	 Technical 

In leneral. vhat has been the technical perforaance ofoPV IYlteal in developing 
countriel? Conaider and delcribe experiencel in each of the .. jor application 
areas al identified in Part 1. Where possible, explain both proble.. and 
pOIHive experiences vith IYltems and individual cOllponentl luch al PV array, 
batteriel, controls, inverterl. instrumentation. and loads (pump_, refrilerators, 
lilhtl, Irain .ill~, radios, etc.) according to the technical criteria liated 
belovo VIe additional paper if necessary. 

1. 	 Reliability ______________________________________________________ 

2. 	 Operating Performance (Provide Ipecific perlor..nce data where pOllible, 
luch as amuunt of water pu~ped and head, Irain Iround, nuaber of vaccina
tions, referencing .ystems described in Section 1). 

----______0 ______------------- 

3. 	 tuintenance a nd Rep" i r 

----- -----------------~------------



-------------------------------------

---------------------------------------------------------------------------

I. 	 Inltitution.l 

1. 	 H.ve any proble.1 eaer&ed with uler or co.munity .ccept.nce of PV Iystems? 

2. 	 H.ve .ny problems been experienced that rel.te to in-country institution.l 
c.pability (technic.l .nd .dministr.tive) to oper.te .nd rep.ir re.ote 
photovoltaic IYltem~7 

3. To what extent have in-country personnel .nd local operatlr~ It.ff partici 
p.ted in the conceptual design, inst.ll.tion and It.rt-up of PV .y.tem.? 

4. Delcribe any other In.tltutlon.l or uler rel.ted .Ipectl Which vere 11&
Dlficlnt to PV IYltem overall perforaance • 

..--.---.--

c. 	 rinln"tll (Current 5Yltem COltl .nd Perfor..nc~) 

The fin.nclMl perforaance ot PV IYll ••• tl prlnclp.lly • function of the In
It.lled c.ptt.l COltl .nd the • .aunt of product produc.d (llf,-cycle cOltlna 
f.ctorl bel"- held conlt.nt). Th. chan,lD, n.tur. 01 the world vtd. PV lndu.try 
pr.cludel UltD, p.lt IYI' •• perfor..nce •• co.pletely r.pr.l.nt.ttv. of curr.nt 
.YI,e. p.rfor..-nc.. Ther.for. ftn.ancial .v.1u"t 10na of .V .Ylt ... vl11 b. 
conlld.r.d u.ina curr.nt .y.t•• d•• tanl, .qul~.ut ••nd co.t •• Jud••••nt. on 
,.rfor.nce .nd reliability vlll be balld on p•• t .y.t ••••pert.nc••nd the 
r •••on.bl., ••p"cl of Iny d •• i.n ch.nKu propo..d. With thh b.ck.round .nd 
b...d on your ~.'I.,r"nc. In th. d.. t~n ••ppaCIUon, .nd/or operatton of ,V.,.u....nd their curr.", co.u, pl.....nlver thf' follovS", que.t1ona •• 
co.pl.tlly •• ro•• tbl~. '1•••• provld~ co.t/p.rfor.,nc. lnlor..t1on on rv 
.,It ••• I?r .Ieh .. Jor 'PJlIScI'l~n .r., •• provid.d tn 5~c'ton 1. Wh.r. lhS. 
S. not pOI.ihl., pl •••• provid. curr.nt co.ponent co.t •• 
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----------------------------------

-------------- ----------

1. 	 'Ot .iailar application. al thole deta1led 1D SectioD It whit d'lian 
ChaDael if any would you .ake to the aYlt...! ~at equ1paent choic.I 
would be differeDt? 

2. 	 a.led on 1., whit il the current capital cOlt (includin~ Ipar.l) of luch a 
"point~ deligned IYltea? ("Point" delian referl to a Ipecific iDlolation 
aDd load character) Provide recent inltalled cOlt/perfor.ance quotel if 
pO.lible for limilar .y.te•• , reprllentative of typical application 
IDvironaent. in developins countrie•• 

--"._--------------------- 

--~,~,~-------------.----------

3. 	 What 11 the e.pected output of tha Iyate. Sn an Ivera,e .alar Snlol1l10n 
0' a ~ KWh/.2/day, lp"cS'S.d 1n KWhrl/dlY. ,allonl or cub1c ..'arlo' 
water ,uap.d per day (IUlt! aVlral. h.ad). or kllolra•• of ,rain ,round 
p.r day (I,ate '1nen••1)7 

~-.-~-~~~.--~~~------~---------------

___ 	 _"__"'."""_._'"._.=a:=--_~____ ..iijJ&;~<~________________ 
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IREFERENCE. 
NUM8ER/ IN-COUNTRY 
PROJECT APPL IC.TION/ SYSTEM tNSTALLATION FUNDING PARTIC IPATINGPROJtCT TiTlE/ 

SPEC DATE AGENCY AGENCYLOCATION PURPOSE110. 

Con 

CO/? 

I 

40/3 

40/C 

I"SS/Nexfco Cfty, 
Mexfco 

AC R~te 
Electrfffcatfon/ 
Sadat Cf ty, Egypt 

MfcrowlYe 
Re~ater/.tacha.a 
Desert, Chtle 

Radfo Telephone/ 
P.pua New Gufnea 

R~te Clfnfc/DC lfghtfng 
and c~nfcatfons 

Power to Lab Facflfty and 
Water PUMpfng/sacredrfp 
frrigatlon project. Move 
~ople out of populated 
areas between Cafro and 
Alexandria fnto desert 

PV Power to 6 Repeater 
Statfons/Replace dfesel 
generators and frequent 
llafntenance 

Telephone C~nfcatfons/ 
Link outer villages to 
world 

140 iI 
ARcr 

13.5 kW 
ARCO 

5.25 kW 
ARCO, 
Italtel 

SO W 
ARCO 

'S2 

'S2 

'84 

'79 

IMSS (Mexfcan 
Social 
Securfty) 

Alllerfcan 
University at 
Cairo 

Itallel 

Post telephone 
and telegraph 

ARCO Solar, 
Inc. 

Egyptfan 
Goverrnent 

Antel-Urfguay, 
and AReO Solar, 
Inc. 

Papua New 
Guinea 
Goverrnent 



REHRE':£ 
~ER/ 
PROJECT PROJECT TInE/ 

LOCATIOtI110. 

41/1 PY-P~r@d Wlt~r 
P.-p and Grafn 
Grfndfng Syste./ 
Tangay~. Burtina 
Faso 

41/2 Tunfsfl R~ft@Wlbl~ 
En~rgy Proj~t/ 
Tunfsia 

41/3 MMfcll Syste-s 
fn [)ftel~fng 
Countrf~s/G~anl 
(1). Eculdor (1). 
l:~"Y1 (2). 
Zf~lbw@ (1) Gabon 
(4 ) 

APPL ICATION/ 
PURPOSE 

Wlt~r P~fng (Potable
.at@r) and Grafn Grfndfng/ 
Support Study of ·socfo
~co~fc ~ff@cts of reducfng 
tf.-e requfr~d by WOIIIen to 
dr.. water and grfnd cereal 
grafn 

- Yflla9~ PQWI!r 
- Wa t~r PIJIIIp fng 
- Fa~ House P~r 

Rurll Clinfc Syste.s/ 
ne.onstrlte use of PV to 
~et electrfCll needs 
of rural health 
hcf1ft1~s 

SYSTEM 

SPEC 


1.8 ItW 
( fncreased 
to 3.6 ItW 
fn '81) 

- 29 ItW 
- 2111.4 ItW 
- 1.4 ItW 

Solar 
Power 
Corp •• 
and Trf-
Solar 
Corp. 

1.4 ItW 
~ach 
ellc~pt 

Ecuador 
....fch 
is 2.8 ItW 
Solarell 

INSTALLATION 

DATE 


March '79 

February 
'83 

February -
June '83 

FUNDING 
AGENCY 

USAID 

USAID/Tunfsia 

USAIO 

IN-COUNTRY 

PARTICIPATING 


AGENCY 


USAIO 

Soci~t~ 
Tunisi~nne de 
l' El~ctrfcfte 
et du Gaz 
(STEG) 

Ministries of 
Health 

I I I I I I 
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VI 

IR[HREII:r
,""",£RI IN-COUNTRY 
PROJ£CT PROJ£CT TITUI Ar'PL ICATIONI SYSTUI INSTAlLATION FUNDING PARTICIPATING 

.a. LOCATIOII PURPOSE OAT[SPEC AGENCY AGENCY 

elle PY-Pa..~ Y.ect~ R~frtg~rator. Fr~z~r 

Stora9~ R~frt- Y.ecf~ Stora9~/Ff~ld t~st 


g~r.tor-F~z~rs 
 PY-~red r~frtg~rator 

for Yaeefn~ storage


Pvc.r•• Peru 
 2e8 II Octob~r CDC 
Solar '82 
P~r 

Corp. 
(SPC). 
Adler-
Barbour 
(AB) 

80ns ~l P.lo. 2ac II August '82 AID 
ColUlllbta SPC. AB 

Las Tablas. 2R4 II August '82 AID 

ca.t"fc.n R~publtc 
 SPC, AS 

Tt~rr. Slane•• 2e8 II Oetob~r AID 
Gu.t~1a '82SPC. AB 

Gu.f..e•• 200 II January AID 

Hondur.s 
 '84 

Int '1 •• AB 
SOlavolt 

I 28e II S~ptelllb~r AIDt A"s~A-Y~IU.
H.itf '82SPC. AB I 



IR[fER[':E 
~[It/ 

PROJECT .,. 

ClIC 
(cOflt·d) 

F'iOJECT TlnEl 
LOCATlO!II 

Sch~. Guy.n. 

Cc.uft. Cobos. 
Ecu.dor 

IIfW S.ndy s.y. 
St. ytncent I 
t~ Gre~dt~s 

C.ItOU.n. St. 
ytncent • the 

I Gre~dt~s 

".r...,,-t. 
Guy.n.-

Pedro ytcet'lte 
...1do~of[cu.do'" 

I(.ur. ~h 
Gunj.r. ~h 

I lit ofout !I .nd 
Z.r.l'IOU. !woryI Coast 

APPliCATION/ 

PURPOSE 


SYSTEM 

SPEC 


284 W 
SPC. AS 

284 
SPC. AB 

200 W 
SVI. 
Marnl (M) 

160 W 
SVI. Pol ar 
Products 
(PP) 

Sola rex 
(SX). AB 

SX. AS 

2 II 320W 
SPC. AB 

2 , 355 W 
SPC. AB 

INSTAlLATION 

DATE 


S~ptetllber 
'82 

S~pt~ber 
'82 

January 
'84 

January 
'84 

February 
'83 

February 
'83 

January 
'83 

February 
'83 

FUNDING 
AGENCY 

AID 

AID 

AID 

AID 

AID 

AID 

CDC 

CDC 

IN-COUNTRY 

PARTIC IPATING 


AGENCY 


• Ilf is part of hM}er cltntc syst8 

http:do~of[cu.do
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ill'ut.n...t 
~[ll 
Ptru!CT.,. "NECT Tin£! 

LOCATH* 
APPl. ICATloeIl 

PURPOSE 
SYSTEM 

SPEC 
IMSTAllATION 

DATE 
FUNDING 
AGENCY 

IN-COUNTJlY 
PARTIC I PATING 

AGENCY--.1/.
(c~t'dl 

~~. ho". tout 

O~r•• Bur\f~ 
rno 

~~. Lfb~rh 

liofU:o. Lfb~rl. 

CMota, Zf-tlabol@ 

Ow1USPNlu9CU,
"-11 
llbw:1 .ftC! 
nu~'. k~",.· 

(Jllt_t_. 
Zl"~· 

~~.r, Jordan 

280 W 
SY 1. PP 

200 W 
SYI, PP 

)qo W 
SPC. AB 

355 \II 
SPC, ~B 

28. W 
SPC, All 

200 W 
SYI, PP 

SII , All 

SII, All 

160 W 
SYI, .. 

F~bruary 
'84 

F~bruary 
'84 

Octob~r 
'84 

F~bruary 
'83 

F~bruary 
'83 

F~bru.ry 
'84 

\Illy '83 

May '83 

Jun~ '84 

CDC 

AID 

AID 

AID 

AID 

AID 

AID 

AID 

AID 

• 'jF is ,.rt o! h~r clinic sy~~ 
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t{f(I'{.-;r 
~..., 

"N[tT 
110. 

PROJ£CT Tnl£! 
lOClTHA 

APptlCATlOtCI 
PURPOSE 

SYSTEM 
SPEC 

INS. ,'LlATlON 
DATE 

FUNDING 
AG[NCY 

IN-COUNTRY 
PARTICIPATING 

AGEtiCY 

el/e 
(cOI't"dl 

£s-s.tr.t .~ etr 
...... TVfthh 

2 It 240 w 
SYI. pP. III 

F~bruary 
'84 

AID 

~~.!>tIIIt~. ~rocco 355 W 
SPC. AB 

Octob~r 
'83 

AID 

H__ Bf.dPt•• 
T""hh-

SPC. AB January 
'R3 

AID 

luhr&'HIlS" t • 
"'ldh~s 

2R.c W 
SPC. AB 

M.y 
'82 

AID 

P~r.l. Indt. 355 W 
SPC. AB 

Octob~r 
'81 

AID 

Ct~ ~l'ft9.nd 
~taj" •• Ift~sh 

2 (I 320 W 
SPC. AP. 

April 
'82 

AID 

i j 

T~ Tlt~ T't.oftg. 
lql1.nd 

200 W 
SYI. M 

Noy@!llh~r 
'83 

AID 



REFERENCE LIST PROJECTS: 

1. 	 ANTIQUA, Carfbbean Agrfcultural Research and Development Instftute 

(CARDI). Laxman Sfngh, T~chnfcal Coordfnator. 


2. 	 BELIZE, Robert Nicolaft AAssocfates Ltd. Robert Nfcolaft, Presfdent. 

3. 	 BOTSWANA, Botswana Renewable Energy Technology (BRET). Jonathan Hodgkfn,
Engfneer. 

4. 	 BURUNDI/USAID. ~feal~h/Pop Offfcer, Project Manager. 

S. 	 DJIBOUTI, Republic of, ISERST/VITA. AbdoulkarfM Moussa, Technfcfan. 

6. 	 DOMINICAN REPUBLIC, CODETEL. Rafael L. Zorflla, Gerente Mant. Sfst. 

Transmision. 


7. 	 DOMINICAN REPUBLIC, Dfreccfon General de Telecomns. !artolome Rosarfo, 
Rur~l Telecommunfcatfon Project Chfef. 

8. 	 DOMINICAN REPUSLIC, Offcfna Regional de Salud 1. Ing. Hanna Elfas, 
Regfonal Engineer. 

9. 	 ECUADOR/USAID, Instituto Nacfonal de Energfa (INE). Vfctor CastJllanos, 
Consultant, Solar Energy Unft. 

10. 	 HAITI/USAID, Foundation CARE. A. Scott Faffa, Assfstant Dfrector. 

11. 	 KENYA, AMREF. Dr. Sam Kazfbwe and Dr. Chrfstopher Wood, Senfor Medfcal 
Officer. 

12. 	 LESOTHO, Approprfate Technology Section (ATS), Mfnistry of Co-ops & 
Rural Development. R. Kanetsf, Actfng Head of Sectfon. 

13. 	 LESOTHO, Senakangoeli Solar Systems. Gary Klefn, Presfdent. 

14. 	 LESOTHO, Swedish Te~ecomns. International. John Bllxland, Project 
Manager. 

15. 	 LIBE~IA/USAID. Robert C. Arlden, Liberfa Cfvil Engfneerfng Advisor. 

16. 	 MALI/USAID, LESO. Chefc«na Trlore, Director. LESO. 

17. 	 NIGERIA. Llry van Zee, Ch~rch Ind Community Developer. 

18. 	 SENEGAL, C.E.R.r.R. Ibrahfml Lo, [ngin~er. 

19. 	 ZAIRE, Repuhlfc of. Pauline Chl~)ers, M.D., Medfcil Dir.ctor S••ul.b 
Mfmor 111 tfospt Ul • 

20. 	 ZIM8ABWE, Mintstry 0' En.rgy. C. M""WI, A'I."~h Orricer. 
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REFERENCE LIST PROJECTS: 

(CONTI NUED ) 

21. 	 A.Y. McDonald Mfg. Co., Iowa, USA. John Eckel, Manager of E"ergy Products. 

22. 	 Associates in Rural Development, Inc. (ARD), Vermont, USA. Richard 

McGowan, Senior Engineer. 


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

24. 	 Kyocera International, Inc., Japan. Koreyuki Taketani, General Manager,

Sakura Plant. 


25. 	 Moteurs Lerqy Somer, France. Dominique Mercier, Engineer. 

26. 	 Resea~ch Triangle Institute, North Carolina, USA. Alan Wyatt, Technology
Specialfst. 

27. 	 Solar Electric International Inc., Malta. John M. Williams, Managing
Director. 

2A. 	 Sol~r Voltafcs, Austria. Lennart Mufgg, Ing., Managing Director. 

29. 	 Solarex Pty. ltd., Phfllippfnes. Efren B. Katague, Manager. 

30. 	 Solec Internatfonal, Inc., Calffornfa, USA. Gregory S. Glenn, Design
&Sales Enqfneer. 

31. 	 SunWatt Corporatfon, Indfana, USA. qfchard J. Komp, Vfce Presfdent, RIO. 

32. 	 Unft~d Natfons, New York, USA. Derek lovejoy, Interregfonal Advisor 
Renewabl~ Energy. 

33. 	 INDONESIA, Dfrectorate General for Electrfc Power and New Energy. Endro 
Utomo Notodhuryo, Uead, Sub Dfrectorate of Rural Energy Development. 

24. 	 SENEGAL. [Not fndfcated1. 

35. 	 TUAILANO, Hatfo~al Energy Admfnfstratfon. Sompongse Chantavorapap,
Dfrector, Energy Research and O~velopment Divfsion. 

36. Y[M(N ARAn R[PUnLIC. Mark K. leverson, Coordfnator of Solar Energy Projects. 

)7. lAIR[/USAIO. Oe~ra A. Rectenwald, Mt,sfon [v.lu.tfon Offfcer. 

38. 	 ARCO SOLA~ Inc., Caltfornh. USA. Mt~~.el Curlry, M.n~ger. Fie'd Oper.tions. 

39. 	 ARCO snlAR Inc. , C.l ffornh. USA. G.ry J. Shu,hn.r, M,n·90r • Sylt.... O,"19n• 

40. 	 AReO SOtAq Inc., C.l ffornh. USA. Ci.ry 7.hn\ttch,r, [n9 tn••r 

41. 	 NASA ltwt, R"".rch Cfntfr, Ohio, USA. AnthOrty r. A.t.JcU~. H.,d, Sohr 
[",rQY ProJ.et Off1e•• 
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APPENDIX B 
OTHER BIBLIOGRAPHIC SOURCES 

Arbon, Michael; Crund~os International; Copenhagen, DenMark; series of corres

pondences February to April 1985. 


Bocar, Sada Sy; Interview on SINAES a Daguerre's experience in Senegal; Held 

at Sixth European Photovoltaic Solar Energy Conference; April 1985. 


Basu, P.; Mukhopadhyay; Banerjee, S., Das, S.; and Saha, H.; -Field Trial of 
RUial Solar Photovoltaic SystemN 

; University of kalyani, W. 8engal, India; 
Presented at the Fourth European Photovoltaic Solar Energy Conference; May
1982. 

Battacharya, T.K.; "Solar Photovoltaic El ectrici ty: Will it Reach our Homes?"; 

Central Electronic~ Limited, India; 1985. 


Cabraal, Anil and Delansanta, David; A~plication of Photovoltlic Electric Power 
to the Rural Education/Communiclt on Needs of DevelopIng countrIes; NASA 
Contractor Report 161894; July 1982. 

Danley, Douglas R., Science Applicatfons International Inc.; Intervfew conducted 
in March 1985. 

Fanfnger, G.; Grofer, G.; Hefndl, W.; and Rummfch, E.; "Photovoltafsche Stromer
zeugung: Technfsche und Wfrtschaftliche Moglichkeften in Osterrefch N 

; 

Austrfa Solar and Space Agency; November 1984. 

Farft 	Machfnery Instftute~ Pakfstan Agrfcultural Reselrch Council; "Feasibilfty 
of SEI-250 Portable Solar Powered Lfft Pump"; IslaMlbld, Plkfstln. 

Goodman, James; Sol.r Electrfc Internatfonal; Kath~ndu, Nepal; Correspondence;
February 1985. 

Hansen, L.V. Ind HcCor~f\h, J.; "Telecommunfcatfon Ind Photovoltlfcs Convergfng
Technology"; Sol.p.k Lfmfted .nd Telectron Lfmfted; Prtlented It the Sixth 
European Photoyolt.fc Sol.r (nergy Conference; Aprfl 1985. 

Hoff""n, G.; NoUold, tt.; Ohr't, U.: Orfes,n, tt.; Nuutfon, S.tf.; ·PhotovolUfc 
Power Syst~s and Thefr Use wfthfn the Project Sollr Yill.ge Indonesfl"; 
Presented at the rffth [uroPfan Photovolt.fc Sollr Energy Conference; 
Oc tober 1983. 

J,nlcurl, P.ul; fO''''ff' Pe.c, Corp, [n,rgy Pr09"111 M,n.ger; fnterview conducted in 
HI)' 1985. 

",'II, klrl; A£G-Telefunk.n. Interview conduct.d .t INT[RSOl 85 Conf.,.nc. on 
Jun. 26, 1985. 

http:Conf.,.nc
http:Photovolt.fc
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Madhab, Jayanta; Energy Advfsor, Asfan Development Bank; Manfla, Phflfppfnes;
correspondence; March 19850 

Maurer, Fo; "Report on the PrOlnotfon of Solar-Electrfcfty fn Bhutan"; Helvetas 
(Swfss Assocfatfon for Technfcal Assfstance); Thfmphu, Bhutan; June 19840 

Matlfn, Ron, TriSolar Corporatfon; Bedford, Massachusetts, Dfscussfons during

PV Annual Meeting; March 1985. 


Mouhoub. A. and Bernalek, M.; "Installatfon et Evaluatfon dlun Systeme Sfmple
de Pompage Photovoltafque dans un Vf1lage Al gerfen"; Centre des Scfences 
et de la Technologfe Nucleafres, Alger Care, Algerfe; Presented at the Fourth 
European Photovoltaic Solar Energy Conference; May 1982. 

NASA-Lewis Research Center; Im)lementatfon Plan for Guyana Rural Health PI,oto
voltafc Demonstratfon Pro ect; photovoltafc Development and Support Program;
May 1981. 

Pallett, R.G. and Brabben, T.E.; "Applfcatfon and Experfence of Photovoltaic 
Pumps for Irrfgatfon fn Pakfstan"; Hydraulic Research Statfon limfted, 
Oxon, Unfted Kingdom; Presented at Fourth European Photovoltafc Solar 
Energy Confe:r-ence; May 1982. 

Patfl, Pandit R. and Hubayf, Vfnad; Water Pumpfng fn D~velo~fni Countrfes; Brook
h~ven Natfonal laboratory, Upton, Hew Vork; DEB2-00523; ugust 19B1. 

Ratajczak, Antho~ F.; Photovoltafc-Powered Vaccfne Refrfgerator-Freezer Systems
Ffeld Test Results; NASA-lewfs Research Center; Cleveland, Ohfo; NAsA:TM-86972; 
August II)B5. 

Scudder, Larry; NASA-Lewis Research Center; discussion fn Aprfl 198~. 

Smfth, Douglas V.; Photovoltafc Power fn Less Develo~ed Countrfes; Massachusetts 
Institute of Technology; LeKfngton, Massachuset s; coo-4094-1; March 1977. 

Smith, Douglas V. and Allison, Steven V.; Hfcro Irrigation wfth Photovolt.fcs; 
Mass.chusetts Instit~ ~e of Technology; Cambl-rdge, Mass.chusetts; MI1-tl-78-006; 
Apr f1 1978. 

Stlr"r, Mich•.,l R.; "Photovoltaics for Rur.l (lectdf~~!~· ,,-Economic Aspects";
OAon, United Kinl)dOfll; Presented at the Shth ['Jropt.~n Photovoltaic Solar 
[nergy Conf~rence; April 1985. 

V.r.d't'lj.n, M.; "H. \'.r.d.r.j.n on PV Micro-Irrig.tion in Indh"; World Solar 
M.rk.tl, nUlinel1 Publish.rl, Inc., Silver Spring, Maryl,nd, July 1984. 

ltcatfons; 
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Waddington, D. and Herlevich, A.; Evaluation of Pumps and Motors for Photovoltaic 
Water pUiGing Systems; Solar Energy Research Institute; GOlden, COlorado; 
DE8Z-DI9 J; June 1982. 
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