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nhere ~appe-:sS o, be f-10 Si fig 16Yi-s nTi'I ertl gy -d H e,niii' af - :l 

n-hs~c.1Itu, o a 2andevelIo pmen t-al p~ cesQw be,-'eeded I h 
ies Ifj i~-1 'Yo&,mo 

t o-Q-ee-6i'iipebe< photovolt'c cnergy. conversion frough :the: use..o, >~.E',-r--a-seiiorductor. deic converts, sun it dietl tsolar cel 

e t.1 c It.Phcitovoltaic::(PV~) -power systems -appear to,'ae.ti neesr


cotand reIab i1 itytoimet av ~ ~ mallsafex ibility,- cst0n varieyoslI-ale
decentr-a l'ized electrical 'eqnergy~needs,of' rura] communities, 

Contrary ro popufa belie'f, 'PV~ systems as--a whole, do not embd 
-~ -~-~sgnificant mutfi~ ecnig:" hihtcn gy '~port-ion :of ;the--'ijt TT 


sys~te;n s''t6 be .found in the 'solIar cell. The'rest of the' system7 the array.v

str'ucture the !wi-ring, the cont,rols, ,the battery etc.-all cons'ist';'o~
 
conventional "off' -the-shelf"imaterials and components Simiarly the-----­
p and 'into a system ihvol's ,
ThhyS~ical integration of the materials components 

&Ymoderate to low- skil-led- labor and standard assembly- and installation-
-­

lechniq~e berainesTe~oiiaincoupled F~ct that the solarThs when -,ith the 

module at prsn'iersns bu jf'ie 'total system cost, an in the
 
~~utu're may account forl only about 20'., has. jpo:rtant implications relative to
 
the~techniical an~d, econ&riic feasibi. 1t of irnanifacttring-PV systems in Th ird~W
 
World countr ies.. -- b , 

:,The follIow.ing Pr esentation covers the, current sta'eo of:-the-art of PV<
 
>-'ystems, designs,,-applications,--costs and perform7ance. Both flat--'pl ate ,and
 

Colicentr tor ytems- 'are addressed-, alhuifi esons based onexeine 
andthestate qfovpetof tehology; flat plate systems receive the
majr:'mphsis Liewise, -v'ih respect--to solar -ce lI types,,single crystal


silicon occupies the preaominant parctof thediscus.-'idn,; Where appropriate
 
~ psecif~c<d~ s~cil asect of he tilizatibn to PV systems to W-est Airia
 

~re touched upon. 


FLAT 4'PLATE -ARRAY SYSTEM~S . K ­-I-

~Nj ~P ~' r 1 ys ten and Components
 
T~he PVpow,,er system is~the total 'assemblage of component s necessary to
 

- provide electrical power to a~ designated 'load. -The major, system components
 
ar 1:mouesi2 ,3 otaergltrand.'ar cont-rols, andj4) storage.,

batteyr Coppet andd s:i 11 be-di cused-,in the cost
?cos Lcs~ 


C~~ 
l~?-Kodules'L The modufle,< the basic photcvoltai,c bui Iding O-block of the s-j ,,. 

-&onsistsOi-,d~lumei cell e a intronced cove? ed and----~P t~­
j 1 rs , Ithin.asupporting' structure- '-tvary early conimercia ,iodls , '. 
ma de fth-:the solar' cell's imbedded'Ji81ac ,lear sil icne -rubber encapsulant-anid, K~~ 

'foa 
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L!s ,&-ver'mate l an'd:jn o'&'bodelY as a, supestrate ,"'id 'a also,2serves' 
s u p F) 6rt at pJas6c',ae ue to bonhd the ,sola r , cells glassap prcp r~~~~~~~~i to ,t he' 
a'>~d back andedg w sea h~o the module packagaMsoto trtight 

c~Sn2e ion 's la r a varniety\2f 
" 

.crystas cell modules :are-availab2,ein. 
t, v at of, 

opera~min-~ odulge :and currents and ina range o physical size from about 0.2 
,2 o0A ~m fl u 1e efIciepcy* runs fromi about 7% to 115% at 280 C nd 

''-f1'00 22 W/m22 ,the "­so-called StaridardConditj6n(C) 


mod i th t aben temperatures estAfr-ctar found throughout W 
mduIe,operating te ~erature ray range front 5090 to 659 C "Since" z'i 

comr a~ oa module output powel2 decreases: about 0.3%/OC, a module, for ' .!1 
ea~pl&' 40pat SC ou.t'putA~22~~ ~h~o would have an o6f only, 37, W~p at>217,
550 C-ibperating temp W~~ 

Thlere, are 'about two -Thzeii manuf-cac turers silicon solar cell modules in'of 2

industrial countries,:-. U.S., Western Europe and Japan. Only-two Third World 
countries at present have resolved to independently prod'uce cells and' 

fabricat in any quantity: India (Central Electronics)"' 15 kWp, 2 in2andlesc 

198;.ad 11exco(Centro de Investigacion y -deEstudios';Avanzados del '2 

22 

Instituto Politicinco Nacional), 8 k ,p, planni'd -for '1981. "In-coiuhtry module 
2
manufacturing',facilities have-'been, or are being, established in a fevw Tnird 2 

World countr-ies by mean~s of joint ventures w;ith Wes'ter'n fims, for~ example;'2
Morocco/LeroV Sdnmer-S-larex and ivory Coast/Photo ,,att Afrique. 

Array -JThe -array is'the fr~e-standing~support structure into whiich the21
 

modules are mechanical ly and electricalily assembled. Modules withiin~theary 
22.2 ~ are-interconnected inseries and parallel arrangements to,-ive tlie desi,red 2 

22 system volt-ageand current. 'Galvanijzed, steel, aluminumi, or' chetnkal ly treated 
2 , wood- structural member-s have been used-for arraiy-constru'dtion; -the former two ' 

Coate asa2 1ily to bethe most durable in-the West African eli'ironment . 
Coceehscommonly-been-used for array foundations; however, a sp'ecial,

2lo-cost foundation design employe for the Tangaye, Upper-Volta array is2 
-othnoting. This- design u~sed 'local~rock and earth-fill and required only 
 22 

pick and~shovel' for emplacemen~t (Ref.' 1). Arrays are designed ito withstand
 
the MaXiMiUM wind -loads expected 'inthe region of deployment,2 
 -yialyt
 

i-might be' about 150-km/hr'. 2- -2 .2'2P 

Voltage Regulation~and System Controls' - Because tevoltage output of the 
-PV- ar-ray, varies with solar insolation-and temperatu're, sy'stems with battery 

'r, 2 2stora'ge require 2vol tage regjulation tb' prevent 2 excessive overcharging> of the 
2 2battery.: /Controls are. Used, as-requiired,-to accomplish-a variety of system2 


r~egulator'y functins, 'e.g.;-maximumjpower po trc-- odmnaeet 
emegeny sutovi. eclinclogy and design-of- vol-tag'e,-regulators--and---­

-t 

Te 

2 cro4ntrols is-well developed; the parts, e4, difodes, transistors anid switches,2 

-- 22 areiicommercially-availabl~e as off-the,-shelf, items. <System tests in-a'variety2 

2of 2'envirobnmients-have-'not revealed significant problems associated "'ethi these 


2 2 2 

2 ~ 2 



canu 'of 
>~~~~~~~~~~ hig seddrn~pri~banr~~bergythaytmnom 

of e1o e sunandg' stores.; energyifr st[a)^ 1sot 7o 
of :,~ 

th , yn to e upP jnaintahr ' stat 'n anytdo Io 

stabie,voltage to the loads ,-Although systems: of 2 kWp and larger, Qenei'a-l Iy
7 j;is atr rg, cer ain 2smaller~ PV systems, e.9'. for micro- PUrping,.av

j' been2 designed'without batte'stora ge. ' 

Trie two. bat te~r y types that have been used for PV systems are 2 

Ileadac'id and nickel-cadmium., Due to the higher cost, lower e'ner'~ efficienc6y'~*' 
tpeaure (400: ~C)1 oprtn ~~~~~~~~i peanar~tupe nickel-cadrnium hIatteries2 

~ha'e eef, 'eltivly few systems., Lead-aojid cells a6& batterie2ehplyedIn 
~are, 'avai1able inmay cap ciTy sizes' as well as~ several srieypes, e.g.,automotive (SLI), moive'power, stationary, and 'photovoltaic". <For.PV 2 ' 

appl~ic"'ions low self-dischar-e rate i§' a very importanit character-2istic.2 
Leau-aciu baIt'ri es wihcli _loe gri'd, typically yield a' 
se1.f-discharg 

4-
L- atelof 1%/month and are preferred; nioyaledgd

batter-ies ty ica1yhave self-discharger rates 210 50antimesngrat~e. 'i 

Automotive SLI b'atteries . oug less epniethan other 
lead-a6cid battery typ'es, are most commonly manufactured with antimnn-alloyed 2 

grds and are designed for- hallowdischare (less than 5%)whc severely * 

limtshei lie in mstphotovoltaic applications 2to about ~2:years.'~ Stationary or- "phioovoltai c"-type~batter-ies have a service-life expectancy of 2 

5-~10 2years, dependent''on the'b~T~ model and nature of the duty cycle
conditions imposed'.' 

22 

2" 

The methodology for photovoltaic system design is reaivl well 
develo'ped. Once the load requirements,'are dcefined, Athe array and battery can. 
be sized using known or estimated insolation and teMperature conditions for a 
chosen site. Several2 handbooks a're 'available to assist a competent-22 

2 en-ineert-with no',previous photovol,f aic experience--in the performance of the 2 

design 'compt'ations' and -design' and 'cost tr adeoffs, Refs. 2,23 and' 4. Also'of 
assist;ance are 'two repobrts cofita-ining detailed dasi~gn informiation arid 
engineer ing drawings for two village power,,systems, Schuchuli and Tangaye,2
Wilhih have been' in operation,,since Dec.. '1978 adMar "1979, repciey Refs. 

I and a5d
 

Adetailed; discussion' of jvariOW' considerations that'enter'into'a' system2 
~22222design~ is outsido' of 'the, scope of this,-paper. IOne succnsideratiodc
 

oe ns.ac isbriefly LI eated becaus of.its0 2
upt owever, iierL 
-

-~'v: potential irifluence on system cost.2 

~2222~122'22Advocates of a.'6 systemspoint out that there is a wide 'range of
 
(22*2222222-2. dequipment available worldwide and t aa~. poe allowsa f'or 
 2a'.2 

222 ~ 22s 2 ~~,itaif vLaG cI 2a~Ln Ien foation,, comparative ease of 2 2
 

tcII ngaand a2 near ly constant motor sed(characteristic of 2-,a~.,2Induction
 
22 1 otort'~I On -:,the 2other side of the argument it can'-be pjointed but that the~
>, 

co'nve'rsiop12of the"'d c .array output to-'an a.c.22sy~stem output. requiires'an -

22-22 2 22222 2 2222 '2 2 2 
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J rL ~crae op x and cost and decreases relai 4t~
 
i'nal-1y t'are,-( n o lIo ad) losses and the Ioperat ing inf et, fa
 

ny r. -requ ire in< ar Iraly, and battery size w
1 an,.iIncrease. di0chfurthe adds to,
Sys t'ern cos~t,, Thi sw Yatter p ~J is eseill eeefrsa]Ssems,.~ t 

'for s ,st ems power ing a':h igh percentage 'of'induc~tive 'load (e.g. ,"'motor5s)'and 
fol sy'stems matched'to load profiles having relatively small p;ow~er 
r q 0 i r,uiements f or',extended per-iods. 

'', 

' 

Th~e SthchuuiJ VillIage Pow 'r:System, 3.5,kWp can beudbyayo exml 

of tIienagnitude of thc,,potential cost penalty associated with ac. output for
 
a:PV' ~SYSLe. For the a.c. opin sn taeotecr inverters, the
 
additional array,and battery required 'woul d have add 30% to the 'cost of th~e
 
allI d c. system.'" >
 

Applications
 

PV systems a large number ofhave'ibeen gainfully employed ,in' different,~
applications, ,for the most part, in'remote and rura,l areas of the world. 'The
 
state of. development of 'certain *applicationsis quite advanced, as. can'be
 
judged by the' worldwide sale of PV modules. 'Sales for 1980 were estimated to
 
havP been over 4~MWp and for. 1981 'to exceed 5 I*Ip. About 50% of the modulesA

sold are used in'communication'applications, viz., rural telephone, emergency

radio,' VHF, UHF'and rnicroviave~repeaters. A'sig'ificant number of PV modules
 
sold go into the following us'e's: anti-corrosion-cathodic protection devices
 
for bridges, pipelines and well casin'gs;I agricultural applications,' e~g.,

electric fencers and water pumps; navigational "aids;. and remote sensing

instrumentatio"n. 

In the near-term, PV applications will be dire'ctly'linked 'with and paced

by discrete product (service package) development; in the longer run, bulk,
 
electric' generation applications will likely predominate. 'PV service" packages

most'relevant to' West African rural needs appear to be 1)water pumps (potable
 
water. 10-20.'m3/day and irrigation. 50-100 mday), *2.) lights''(20-40W 
 ' 

fluorescent), 3)'refrigerators (medical, 100 liter capacity), and 4)*radio'
 
commun icat ion. Never t heIess;, the c ommerc ialI dev elIopment of reIi able,'
convenient, and minimum cobst PV-powered' electrical. products such'as water~ 
pumIlps 'anld' refrigerators is still -in an 'early stage.' And'; because of' the 
re'latively'high stresses imposed by'the West African environment, e.g. ambient
 
temperature up to 450 C I{d dust durin'g theCtiarmattan season, certain load
 
devices, such. as. refrigerlator units, 'may require redesign to provide
 
ener gy-efficient'"and dependable operation.
 

SBy. way of illuistration, an examiple' of PV application experience in Upper­
>Volta isprovided inI AppJIenixU A. 

P e rf rmnce 

For purposes of design an~d 'the ILOf Serviceestimat ion of'cost, qual1iy 
.which a system isexpected to deliver must 'be specified. Apropos electric 
power systems, three important indices of service performance are reliability,
availability and voltage control C'"C 

'I~',C~ 

TT!~ 
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isdbfny,a th entire'o htasystem1~l;ef (-,ts i~ ~f nit fr 
f,-pervitefo~rced 0tT or,ti'~h dersttO ' o ericten becaue f)'8)dul or 

unpsobabediut1 maiteaniem (Ref1 h n aaied hj~a be8).ai 1 ans ual abeild'ity, 1, ins 
expessd Rois ~ e n servieara, A(1-R)1-FR),- ;hee a aihe ofohalofttn 

an ORinte fored ecau,,.e rane outage ho~ur.-s pe year. 

wihnasae ti 'prid a'uringawieho the syte neraion will e lessd~ati 
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da, and- sea snaIjload var tion s h j:fo PVstn lnlapSf actorbiS1f" le s. i motance ince, the ' I0od J s ,<usua&ly,lat
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repair person 'to reach the sit'e time to licateand aetimthepobem,foi'

b-, rep Iace 'parts 'o lorect ,fault, aid time to obtain the neces sary

re p,. a c sares a e not.,cn hand.,pacement part~s* 


-Voltage,Contrbl Ariother ba sicindex of service&performance is voltage
contro- .:The e ectrl poe enrng a user's service area needs to be 

vcontrol led such,,that voltage is within suitable Ilmits for u'tilization b.9 the 
Sloads. .
 tlost loads, i.',appl iances and equipment, will1 only operat'e

j satisfactorily, orat all, within a 
limited voltage. range. Genera]lly, voltage'control to +,5" from nominal volt~aoe is cons idered favorable, Ref. 12.
 

Service Performiance of Electric Systems - To be competitive a PV system ~ 
should deliver a level of service performance'equal or. better than competitor
systems of: the same location. Competitor~s to PV stand-alone sy~stems are 
central. station electric grid andidiesel-geie atos,:,and inprincipal itw,ould .7j
be useful toadopt their historical, service performance as benchmarks and 
~guides to setting of PV system~ performance requiremenits.) 

Informiation on the operational hi'story of electr'ical system service
performbance, unfortunately, is exigotILIS. (Inviev,,of the sensitivi tyof,,7~7 electric utilities concerning quality of service provided to customners, not anUnexpected result.) Displayed inTable 1 is the, small 
amount of performanc~e

information gleaned by this author.
 

Table 1 

SystemType 
- .. 

Zcentral Station -U.S. 

Electric Grid 


Diesel Geeao 
7
Stand-Alore
 

5-15 kW' 

PV Staid,-Alone'" 
15 Wp 3500W/ 

-Service 
 Performance of Electric Systems
 

Service Area 


Urban/Rural. 
L'ahore/Pak istan-Ujrbarli 
Tuii-rbnja 
Basaisa, E~yp(/Rural 

7VtIU 


-yuIu~.09
 

U.S. Remote 

~& ~ >Th eaverage~ s ?Nice,,&valability f or 
as eaur'f qu aIi ty 6f -service f rom 

CuStoie-.,~,p3rt~icuIar1 if the, customer' s 

Average
Availability 


0.9998, 

0.919 
0.99 

0.741 

<C0'. C15 

0.97% 
. 

Voltage
Control Refs. 

+5% 13 
+25% 14,15 
716 

1l7 

+3% 10 

19 
-~ 

~-o~erI 'values intie total statistics~that yiiel& the average. In any country
toein ur'a I u rem~ote areas, us u a I I rec ive the, poorest service from the '.j < 

ri. ura Iservice is generally inferior tob urban service becueo eea
 
:g ecue fseea 

gr id s'stems may be cf limited value > 

the pesurerspective of. the individual 
level of ser vice is among the set of 

http:yuIu~.09


?fattors, am ong wh ich are longer~ 3nd more d' f'IruUItto serv e's distriutionKV~~ 
lInles, lo\.Yer assigned prlty,in event osyse ve-ldauit of ~ ie 
~~aitndc andserv ice in maagemerit. j~+pesnnel, and , hsome~instances, pore 

:m ay-be that -grid electric, power availabllity is'aot09 i ran' 
~area s OT cert ain dev pin,:ontrie eerh ia'rsnein many 

ciie:of ,bil'-itiselgrtr in~hotey an pu.blic buil~diigs would argue 
th'availablt isinralt much less'than 0.99. For r~ural areas, :the 

SBasaisa data mays be representati~le. Corroborating evidence i'sfouind in Ref. 
<>"20,,wh ich summar-izes twA)stui~des. of e'lectric gi,'dservice in riiral4ndia. 

(.N~ B . ;in India thiere is'a'stroig financial mot;vation to use el'ectricity, as 
it shevlsusdzd*)A'stu'dy inKarnataka State reports, "m'rany farmers 
with' elecric pimpsets also have stand-by diese' pumpsets, because of power

cuts and unrreliability of'power supply." A sec,,nd study of th'e Ludh~iana 
District of the Punjab, a district with all vi*lages electrified, reports, 
"the 'number'of electric motors for water lifting increased from 11051 in
 
1969-7.0 to 15322 in 1974,-5, while the number of die'el'engines (for stationary
 
and mobile Ufse) increased frorp 24206 to 42070 to 43769 over the. same period.

Many farmers have bot eL'blt fejcrcs ,1

ohcause of the; unrealit ofe3cr~u y.l 

Tediel stn-alone system data given inTable 1 are based on U.S. 
military specificationis ,for~5-15 01 diesels; the specs being derived from,~ 
operation experience. For this situation, the availability value represents'.
that which is achieved with diesel units that (_Joy a high level of 
maintenance and the proximity of trained persor el and spare parts. 
Stand-alone diesels in a less structured sett, w,\,hich is the mor'e Common 
Situation, can be expected to exhibit higher f -ced outage rates and; 
consequently lower availability. Additionall, from the aspect of service .. 

provided to a user, *even ifdies,el eqUilpment i in ain operational state, it. 
may be put into oper'ation only 'afew. hours eac' day. Such scheduling is 
common for~ rural and small city electri%'se.vice and results in extrec,-ely low 

* 

availability values. 
 ' I 

The PV stand-alone systems data ref erenced inTable 1,repre'sents 14 
if wich plaQzed in operation in r-emote locations~atirst-of -a-k inrd systems, were 
variouIs timesbetveren 1976-80 and have accumulated a total of 484 months of 
service time. Dow-n-time experienced w.,as theresult of T.,.outages among 5 of 
thle 14 sys'tems. 

The design (LOEP)J.for each oftesyem i,0.9 or 'greater.
 
Therefore, itwould be expected that observed availaibility values less than 

0.999 would be due to the' effect obffactors othert'-an iiisolation. This, in ~ 

, 

fact, is, in line with the re'sult ' <The outg au"s,iid nubes ara 
follow,,si:' regulator failures (2);'C~ontro6ller. f-ilures (2; user negligence 
(2), and 'defective26oad ap~pliance (1). Module ~fai lures, although they4
occurred, did notI result in system outage. The consequences of 'solar cell 

~~.~rmodtlle failure are discuss'ed in the next section.' '. 

I tiscrdi "le t assume that PVsysems caii becJesigned, to yield,..
<~operational avaiability of 0.99: or better. iT''asso alr~bevdI~ "~ 

~.~~bve oreaml accorrectible or mitigable. ) H veer , i n t-hi -~rtm, 
"'ihen most of the PV appl icationis wJill be, in rural and remote areas, there is <~~v 

VKW. a 



me______4ch.sashemsgjtsvell of"i abilt 
j__________ _____ PV Y E S 

,,Q,,2n comper, Lr'%s eyqiperfo'imanc"is ncl~ ;io ~~ ese n~ 

4values of-(LOE" 101 ovAs' cicriistances'will allbO~' ~ ~~ 'i& 
S"ReliabiiitS'6f'Mle9-i. ~pinformhtion discussed bel o~w i sQdrAvd Amfrfi 

.akpplippodtmrnsrticn mOanaged 6S' MIT-Lindln Laboratory (sirce 1976)w 

. ewis R'esear~chCen'ter (since 1975). t'fhhe UASA Tpesolarcell modles which,"

j~"'j~fbrrn 'W b~fe~bf the reli abi ity~test data use WNg c'rystal sil icon cells 
 "' 

J~<~admium sulfide modules, to 'tis date,, have ho ebpoue npmeca 
Ad'A.q es and pol5ystkall irie sil1icon modules have brnlyrecent ly 'been offeredt~ 


AN Ale.,;All of the~modules are of U.S. manufacture, represeriting,6 I' 
-',''compajies,.1) from 1976 throbugh "1979. ~different models and production runs ' 
They wefre, purchased' through JPL Block. Prourements 1i 11, and 11I1 anid as such 

'~r~~\, vere ryquired 'to'Meet rathier stringent qualification/acceptance test 
spec ificat ions. 

,'' 

S '.''' ',s''"4 

Thedata set consists of a total of'11 553 modules'whichi were used in
 
'about''two 
 dozeni field~tests and demonstrations throuighout the Unite& States, 

~~~ except for one demonstr'ation inUpper'Volta (R'efs. 19 and' 21). Test time has 
"iW 1ben1/2 to 5 years duration to' date, with most' of the tests.stiil 'in~ 
loperation.' The index of reliability used isthe average m~ont'hly. fbilure rate;, 
PER = no.' modu'les failed/total v's. modules/no. months inoperationt. The ' 

following summary provides the (Ircentage of the 11,553 modules which.fal I~ 
into one of four MFR groups: 81%, 14FR 0-0.001; 14% MFR 0.0001-0.0026; 0%MFR 
0.0026-00~0134; 5%MFR 0.0134 and greater. By and large the reliability< 
performance is'good: 95% of the modules show excellent to fair performance

and 5% (representing 1977-8 vintage modules from two manufacturers) exhibitI
 
unacceptable performance.
 

It.must be emphasized, though, that 'the modul'es tested were',purchiased to
 
' certain qulfctonacpac test standards, There is no reason to
 

believe that the ordinary commercial offeri ng of modules came' up to these
 
standards. Some perspective of the situation' may be gained ifconsideration
 
isgiven to the fact that PV modules are the products of a fle'dgling industry

and which have undergone almost annual design and production changes. Until
 

"'~'" ' module ~design and production Methods aie stabilized'anid more experliyence 
acquired, it i's likel,that'the quality of modules will be somewiat' variable. 
Insuch a situation the prudent buyer will protect himself by negotiating an' 
appropriate warranty agreement. For very large purchases, 'or whereethe' 
application places a premium on reliability, the purchaser miay wish to require 
certification 'from' the mhanfacturer that the modules meet appropriate
qualification arid acceptance test specifications. Inthis regard the latest 
JPL specifi'cations will be of assi'stance (R'ef. 22). ' 

Because of the electrical circui~t redundancy that can b e designed into PV 
 ' 1 

a:rays, modul fai lures iwhen they do occur seldom .result"'ina syste~m outage!.
 
~>; This As the dominant fact concerning module reliability.,'Even inextreme'-

~~tae Whom e cumulative module failures reached '25''antd30%, (Sctuchuli and 

'
 

~~Taigaq, 4respectively)~, the systems experienc'ed~no lost time;; rather, there,
 
x~wa5ia cumulative reduction intotal enfergy deliv~ered by the array.' This
 

g)aoj,' qvr several months) reduction in'~nergy output rquire'dtithier "'+'~ 

~temporary.pamtial load shedding (Schuchuli) or partial reduction'i hours per
 
~di'Vui 11opet ation (Tangay) . ~"' 
 " ­
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Th~e cp i,taI Co~st'of \1Vsys tem i l1coSt§f01 mater i aIsa) 
. 

d p Leet4:fssemotnci ude tlieeJfoi)lowin, -O01ar cell 
prpa'' Lao n euit ELcria oncosn cornduricti s~controls r ,e"gutaator..Jn-sti umentit ion,. 'sorg -bt "nd 'encloure. All i tem s of 

~'<1 

I~abor ateri aand parts other than ,solar cell moduiles are re rred ~to asSth6bbahce-' sfystem 'BOS iRef >23) . 

csts,yseii al , ito: o'eof tihee categories, viz. , cos' direct.lyieaedt the; area of1 the array, Ca; costs directly related to the size of ~the batt 'ry, c;arld f costs, CO. A cost algorithim can bE set uIP in the 
~~Orm , 

System Cost, 
C~ C0 + ACa:+BCb, 

where A is ar ray arela and. B ijs battery capacity. Thus the.,essentiaI starting
ip::information, needed 1to estim~ate system cost isthe. size of the array and
batterrreq'uired to deliv'er the desired amount of energy within a given period,~f iThis inrormation,T; ime. as 'a f irstbider approximation, is,,afunction ofl0caI insolation and the specific system design LOEP. 

Th'prJncipa objec t ive .of this .section is to provide a general review ofthie senistivity oT present system costs to insolati on and '(LQEP)>..
Additionally, future cost trends 
are conjectured. >Patently the ability to~
 
~ ',obtain 'accu~rate. cost estimates,1will hinge on 
the accuracy of the BOS and
module cos~t elements arid 
validity of the related assumptions w,,hich enter into:
C0, Ca and Cb'.
 

For 1980-1 -to 'arrive at a system selling price, F..Q.B' factory, the cost.elementstnat,entering into. C; .Ca and Cb were 
' 

derived fromr historical
data' for stand-alone systems deployed by LeRC.. The1 following conditions and
assumptions are imposed: 
 system size range; 4 to 20 kWp; module efficiency
(280C),' 11.5%; modUl1e Co0St, 8 $/Wp (280) OC0per a t ion arid MaintI'enance costsnot included; mark-up to account for overhead, warranty, profit, etL.-6%o 
caoriti on erass andivery small volum 
 pduto. A special design
condtiton[das aloiposed, niamely, 
ttie minimum size battery must provide at,
lestodasreserve capacity. For 1985-6, the 
same conditions and .assumpt ions as f or1980O-l were used , with .tihe -co11lowing changes : modulIe.
effici ncy (280C)., 13%; 
module cost, 4 $/Wj, (28)C);, improved array design,.
approx-imately' one-half 190- : 

cost; large Volume (greater than 10,000
units/5'6ar) pr-oduction,, For 199?, the samie conditions and assumipt'ions as, for
1985- 6'were used, with the follow ing changes: module'efficiency (280C),18hj%; modu~le cost, I'$/I.,Ip (28bC);,IRe'dox energy storage system in place 
o
4~1~IKlead-acid battery,'at 60%,the cost. All costs are given in 1981,doll ars.
Levellized energy costs were calculated directly frum system cot 
 ssmn a
20 yea

rlfe' 

and 15%l.discount rate. . ..
 ~ ' 

I nL1F i e , te cost hoiirand 1 tiprdaadleveli +i~ o o perd'&fiergy/I C t in'dollars are, plottedyr 1,WH versus insolation forTW011ad10%(O 'h LO EP calICLIatiOn '-,,as based on the m~ethod, 
hI 4,)' 

1 I 
>I 

1 

http:direct.ly
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I t Y a" ny' 10"I 

ii ~ Q~dsrbe~ne >I o belonle month for Qhich"" AN& Aylc there wil~l the f, 
.qi<;averagehQ~Ji1s lowertthan~i~~a 'anyohrmonthof the yearL,, repreens
hi s ty
 

StliE~monthJ~jwihJqe 
 aximum potential Q~o losll of energy The absc~ssa in 
(tiviiis yin, units ofwrszonhavrg insol It'ion.Noted on the abscissa 
prpqfblocations as ~OiNtWAfrefeece, fothlwetortmonth 

~ibliolitlin th ltostal regiorns, e~g.,,Mme Caeon(rPr aqut 
e.g., .......Tesslt, in northeastern
•s, 


A systemn design with an'~array and..battery sized to,.6 worst month LEl 
of 10%, for example, would be expect'ed,onethe verage'o experience 3 days
in that month when the energy generated plus toie rem~aininig battery capacity
would be insufficient to. meet the. load .dema~nd, Si nce theannual,(LOEP)l Is 
tI averagefor the 12 months of the year, a10% worst.month (LOEP) 1 might
typically correspond to0 about 6 1%annua'l (LOEP) 1, or 3.7 days per year.
The fact that .the- cost - (L0EP.)l curves converge at higher insolations 
results from the re'quirement to augment the v'ery smiall battery, '(consequent to 
favorable. sun regions) inorder to meet'the special design condition, noted 
earlier, for a minimum size batterywhich will provide two days capacity in 
the event of 'anor~insolation related outage; e.g. regular failure or, user,
negligence. 

It is.evident that the effect of the choice of system design (LOEP)j on 
cost is quitje significant. Based on thediscussion in the Performance 
Section, a worst month (L0EP)l of 10% (i~e.,.:annual (L0EP.)l THl), for 
example, should provide a'service availability superior to competitor systems

in all rur'al and remote ar-eas,, and even miany urban areas, .of developing 41
 
countries. Lower values yet of worst month (LOEP)l could be used for systemn.

design,' balancing system cost sav~ing against the needs of the application, the.
 
expection of the user, and competitor systems performance. . ': 

* Figure 2.presents, a comparison of levelized energy cost, $/MW,.for 4.kVA
 
diesel and PV 'systems, over a ranig' of ann ual energy consumption, kW/year,
for the' 80 and 1986 periods. The following assumptions are employed: for 
all systems, - 20-year life and 15% discount rate; fur diesel/electric -4 kVAK unit, $3.00/gal. fuel :cost (delivered), 7%/yr. fuel escalation rate, '0&M costs 

' 4' 

' 

as specified by 'diesel manufacturer; photovoltaic - annual solar insolation 
typical of. areas 'between 300 N and 300 S latitude and 10% worst month
 

1he results indicate that for applications having an annual electricl
 

demand of 6,000 kWH or less, the energy cost fob'a photovoltaic'systemn is less 
than for a small diesel/electric system. Points of referencejf or 'annual.' . 
electric .demand 'ar~e the"Schuchuli".Vilg and Tangaye Villag rjcs ,0 

. 

klH1/yir. Withini the range' of''annual energy use up to 6,000 kWH lie many .r' 
LI~(~§< mportant application~s of immed'iate relevance to development in ruraareas of. ~{" 

rbrordontis 
 ' such a's water pupn for domestic an agricultural
>'*f2~...uss:refribrtion and' iigh't'in. Furtherre, overI , , the n'ext:'several. years it' 4,,1

2 may be anticipated thatphotovoltaic system cqsj, Will continu to drop 
'I. 4'"",lsteadily, note 1projected 1986 energy costs: Thus within a decade it is likely
~%'4that photovoltaics will become the least expensive and most reliable source,, 

" 

~~; J 
'.1'',.4'fofr all~ddecentalizbd electricpower applicatici's in the developing world.
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>~*The Tangaye \1i Ilage _PVProject; 

. ......i . e. rience in West Aftca, t 
Tangaye ViI age'P~Pro6jectis selected 'for presentation,''in as much as it is 

Sthe most comipetely documented- activit~y of its kind that is available, Refs 
1 6 and 7. 

..
 

Unde U.S. AID asPV sys'em ,sponsorship,asgrin mill and a \.. aterpowering
PUM -purYasl by. NASA-LeRC in the village of agye, Upper Volta andi1st'a Illed 

,became operainal 
n arch 1, 1979 * The 1.8 k 120 volt system,7p, including540 am.pere-hours o battery storage u eLLric
 
~commrciaI ype,hammer mill, and a positive 'displacemntvale pwe .cooperative was',formed by the villagers of Tnaetomn geatepm 

toA
., Abu 

60 illage fami i.sS invested ' 'theenteprise. Charges for milling are set
 
by the cooperative and are competitive with commercial mils in the region.

Proceeds from iebershihand milling are used to pay two full-time millers and
to accumulate funds:I,for spar~e part-s and r'epairs:. Additional profits are8supp DC!; 'po% r to -,:is electrica
distributed to cooperative 1member'.
 

i~i~c~langay'e
eo manae ' th mill..,,Abou
The burr mill,installed initially, exhibited excessive wear and 
was


replIaced by a hammer mill in Sep tembe r 19 79..As a result of down time 
atrbte ojh~br -ilpoblems, only 89%~ grain milling~was operational

of the time,0March-August 1979. Since October 1979 the mill 
was operational
96% of the time, i.e., 567 out of 591 days.. The average weekly output of the 
mill from October 1979 throughApril .1981 is shown in Figure 3. A total of 
36,138 kilograms of grain were ground in about 1000 hours of elapsed operating
time. A general cyclic trend incustomer patronage of the mill is apparent.

Usage tended to increase be'ginninig during the harvest season, peaked in the
months following harvest,; then dr'opped off. in the summer months perhaps due to 
depletion 'of gran stocks.
 

Water is. pumped from a w-,ell located near- the mill building to a storage
tank wilth a dispensing facility. Water for both domestic and livestock use is
freely available to everyone. A summary of the water pumping data. is given in
Figure 4. It can be seen that, water consumption has followed a .seasonalVK pattern to some degree, 'the maximum use occurring at the height of the dryseaon Mrc-April. total 'amountn The of w-,ater 'pumped as of October 12,*.1980, w,,as 4,623,000 liters coverinig over 3700 hours of pumping. 

About 7 months after installation faij.lur~es began to' show up in the model9200J solar cellI modules; from that time onfi'r Lftemoue ~tne 
at about1.' pe'rmonth" on the average'. T:'Ie fai'Idres were' analyzed and 
~' id~tiiied~to h~ave' r~esulted from thermal stress. induced fatigue 'cracking ofSthe cel elcrclitecnet.Replacemenit modules wer prov'id'edby NAS 

~ ii~isL,le Li -~arayper iodically' beginning September 1980,by perSAne 
eiter ro 'Hdraliqe d I'qupemntRural'(HER) 'or NASA,Diectonde t 

'i hh sistance of resident. AIDipersonnel.,'-' 
. 

oerSys e a ioncotiue ''nintr" itd in' s Of cuIMUlati.ve module
t~I~..faiures hemst slonificant effect on system ~p'erformance was a pr'ogriv '"' 

di'mintioin *of 'overall'. system enregy oUt pU t as fra i1u re s accummulated, full 

r 

Q 

http:cuIMUlati.ve


sytm-otu, %a,, o 'f' '-d6d es ASlcan:,beJc~ 
~seen -Ji'iyiig-ure -4---'wapn wa -unaffe-ted.. I'n.,fac t" ter u1s'e-ircreased;' 

dope te43h p d to,bencw~ta le someha t' d ra ctb k a
corsodn pecnL 


Kaitrsq Batsee g oh da'l enery ee ain- d
 
25% rogl r to ithesLeOup4 ' .a S'b6Lt'f modul: e 
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s. 1'~unIia~ coud s omw it 'li as~sset 
operte~earaxiumtsptenialwithut driing~he botery'ct a k4
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%oinper eation y. 'The. Uloa'Deartgment pofeery a sA't~s eus'a 
rpoed yADsDrnpay n the T m to'ae'n-1 naed th syste 

shwinoer i d'tes'ts aoeta wuh'ihuteibiitytha'batter o anlons 

system,~~~~~~~tepoesfbentuedvrtothe ove ninerft bofUpe
now[.is'I 


reaieanc lfargeP system willrc'ntntl v'ariegcdiutiobyslovervilange 
4 perios as bim ' 'ofe e. ' '4 
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Figure .3 - Tangaye Vii lage Phlotovol taic Project
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Figure 4 - Tangay Village Photovoltaic Project 

Water Pump Operational Data 
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