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ABSTRACT 

A simple evaluation of the cost effectiveness of photovoltaic 

systems is presented. The evaluation is based on a calculation of 

breakeven costs of photovoltaics (PV) arrays with the levelized 

costs of two alternative energy sources - (1) extension of the 
utility grid and (2) diesel generators. A selected number of BV 

applications experiments that are in progress in remote areas of 

the U. S. are summarized. These applications experiments range 

from a 23 watt insect survey trap to a 100 kW PV system for a 

national park complex. It is concluded that PV systems for remote 

areas are now cost effective in remote small applications with 

commercially available technology and will be cost competitive 

for intermediate scale systems (-10 kW) in the 1980s if the DOE 

1986 Commercial Readiness Goals are achieved. 
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9. 

INTROCUCTION . ,jiL . . -. 

Applications analysis of photovoltaics (PV) as an alternative 

source of electricity in the US are generally categorized in the 

following four energy F sectors of the economy: 

SMALL REMOTE 

RESICENTIAL 

INTERMEDIATE 

t Agricultural 

Service/Commercial/Institutional 

Industr ial 

Residential Load Centers 

UTILITY CENTRAL STATIONS 

Figure illustrates. that almost all of the electricity produced 

in the US is consumed in the intermediate (industrial/commercial) and . 

residential sectors. Thus, in order for PVs todisplace a signif- 

icant fraction of the fossil fuels that are currently used to generate 

electricity in the US, photovoltaics technology must be developed 

to the point where systems can be economically competitive in these 

two sectors. The US National Photovoltaics Program administered 

by the US Departeent of Energy (DOE) that is intended to assist the 

technology development and commercialization of PV is briefly dis- 

cussed elsewhere.' This presentation, however, is an overview of 

the PV applications experiments in remote areas sponsored by the 

DOE in the US. The motivation for a discussion of PV remote appli- 

cations stems from the fact that silicon flat-plate PV technology 

is sufficiently mature to be cost competitive in applications at sites 

that are not connected to the grid. 
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s tudiesr  i n  t h e  u s h a v e  i d e n t i f i e d .  a broad spectrum o f  a p p l i c a t i o n s  

a t  r e m o t e . s i t e s .  A summary of  some p o t e n t i a l  a p p l i c a t i o n s  is g iven  
. . 
: . 

i n  Table 1.:: I n  order  t o  e s t ima te  c o s t  compet i t iveness  with t k e r r  ofAcf l  

sources  of e l e c t r i c i t y ,  breakeven a r r a y  p r i c e s  f ~ r  PV systems f o r  
b y  X Q t t l f l  

some a p p l i c a t i o n s  i n  Table 1 have bee: calculat*:@ Breakeven p r i c e s  

were computed f o r  rough conceptual  d e s i g n s ,  both f o r  PV and i ts  
- 

a l t e r n a t i v e s  - b a t t e r i e s ,  ex tens ion  of t h e  g r i d ,  o r  engine g e n e r a t o r s .  

Duty cyc le  and average e l e c t r i c a l  load demand were used t o  determine 

equiva lent  continuous load f o r  t h e  a p p l i c a t i o n .  The a p p l i c a t i o n s  

were assumed t o  be i n  t h e  Southwestern U S  where t h e  r a t i o  of a r r a y  

peak power* t o  equ iva len t  cont inuous load is about  7.2. The compar- 

i sons  presented a r e  f o r  f l a t - p l a t e  a r r a y s  on ly  w i t h  three-day lead-  

ac id  b a t t e r y  s to rage  a t  t h e  e q u i v a l e n t  cont inuous  load .  A 20 year 

l i f e  cyc.1e was assumed f o r  p h o t o v o l t a i c s  a s  we l l  a s  f o r  t h e  two 

a l t e r n a t i v e s  h e r e  - ex tens ions  of t h e  g r i d  and engine 

genera to r s .  A f i v e  year  l i f e  was assumed f o r  secondary s t o r a g e  

b a t t e r i e s .  

Economic d e c i s i o n s  t o  buy  a r e  based on c o n s i d e r a t i o n s  t h a t  can 

vary s i g n i f i c a n t l y  from buyer t o  buyer. Government and i n d u s t r i a l /  

commercial o rgan iza t ions  buying s e v e r a l . u n i t s  a t  a  t ime may tend 

t o  base t h e i r  dec i s ion  on compet i t ive  l i f e - c y c l e  c o s t i n g .  On t h e  

o ther  hand, consumers may base t h e i r  d e c i s i o n  on payback pe r iod  

cons ide ra t ions  - namely, they  may be persuaded t o  t o l e r a t e  a  h igher  

I _ 

*Array peak power ( N  ) is  measured under an i n s o l a t i o n  of 1 k w / m 2 .  P  



TABLA 1 

ALGUNAS APLICACIONES FOTOVOLTAICAS CONSIDERADAS 
. . EN ESTUDIOS PUBLICADOS DEL MERCADO PARA 

AREAS REMOTAS Y RURALES 
. . 

Apl icacipnes/ 
Categor ia  ~ p l i c a c i d n  

Sensores/Procesamiento Residcncial Control de ~ e l e v i s i d n  de ~ s t a c i d n  
y Transmicidn ES t ac  i 6 n  Ganado y Circui to Cerrado Remota de 

ble teoro26g ice Animales Da tos  Me teoro- de Datos 
Sismolog la  S i l ve s t r e s  ~cumulacidn de 169 icos 

Gas 
contaminacidn Hidrolog i a  

Comunicaciones 

Potencia General/ 
~ l u n i n a c i d n  

Equipo ~ e l e f d n i c o  Vig i l ia  y Control de Abastecimiento 
de Emerqencia Control ~ra'f ico de Agua 

de Radio ~ e r r o c a r r i l /  
Aereo Mando y Control 

~ e ~ e t  idores ~ e l e v i s i d n  Transmisores Control de 
Educa t iva ~ r r i g a c i d n  

Receptorcs de Radiofaros 
~ c l e v i s i d n  

Radios , 
Por t a t i l e s  

Repet idores de Sistcma de comun icac idn de Radio 
Microonda comun icacidn S i l v i cu l t u r a  a 

Tclemdtrico 
para 
Oleoductos 

Ayudas 
Nav$gacionales 
para Costas e 
In t e r i o r  

Potencia ~ o r t d t i l  

Casas Remotas 

~ r e ~ a r a c i d n  de 
Comestibles 

Luces de  ad io f aros  de Car te le ras  
Acropuerto Emergencia 

Luz de Fer rocar r i l  
Destellos 
Agrupados 
para Carretera  

~luminacidn de ~ e f r i ~ e r a c i d n  . Potencia de 
Emerqencia Reserva 

cargar  ~ a t e r f a s  Sacar Agua 
con Bomba 

~ s t a c i 6 n  de 
Despacho 
de Trenes 

Indus t r ias  Utensil  ios  ~ u r i f  icaciLn 
Aisladas ~ l k c t r i c o s  ' de Agua 

Pequeiios 

Procesamiento Refinamiento Dispensador de 
de Residuos de Cobre Insec t ic ida  
Cloacales 

Iluminacidn . Potencia para'  Casas ~ & i l e s  
Municipal Hospital 
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A n i t i a l .  cost*.:.if t h e  investment can be recovered i n  a  r e l a t i v e l y  
- I . .  

.short period through opera t ing  sav ings .  . . 

. - 
, . The  economics o f a  . P,V . . . .  system can be es t imated  over t h e  l i f e  

... : .  . , . . .. , . . . . . . ., ,. . ... .??. " 

c y c l e .  o f  t h e  sys tem.  B y  set ti^^ equa l  t h e  p r e s e n t  va lue  Cos t s  of  
. . . . .  . . . ... . 

. ', .:: : ':. ':':,',.$ , .. , 

owning and :opera t ing  sev&j-,har;:-cilternative ,..... .. . ;.. . . ... . power g e n e r a t i o n  sytems, . . 

a photovol ta ic  a r r a y  p r i c e  can be determined a t  which t h e  system 

containing t h e  a r r a y  can price-compete ( c o s t  break-even) with t h e  
02 

a l t e r n a t e  power sources .  by- ntii,-4 
Equations (1) and ( 2 )  g i v e  t h e  formulas used t o  a r r i v e  a t  t h e  

A 4  
present-value c o s t s  of  t h e  systems t o  be compared: 

Present  value of c a p i t a l  investment ,  C I  

Present  value of a  stream of  annual r e c u r r i n g  c o s t s ,  RC 

where 

p = Number of yea r s  from beginning of p r i c i n g  year t o  

beginning of  f i r s t  year of  o p e r a t i o n  

g = Esca la t ion  r a t e  ( i n f l a t i o n  p l u s  r e a l  c o s t  g rowth) ,  
' assumed cons tan t  over t h e  l i f e  of  t h e  system 

'k - Discount or i n t e r e s t  r a t e  

N = Tota l  system l i f e  i n  y e a r s  

t = years  between i n i t i a l  year of  system o p e r a t i o n  and 

year of  purchase 

* I t  sllould be noted t h e  term c o s t  i n  t h i s  t e x t  is  synonymous with 
p r i c e  t o  t h e  consumer. 
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The exponent ( t )  e q u a l s  i e r o w h e n  t h e  c a p i t a l  inves tmen t ,occurs  

i n  t h e  same year in  which t h e  Fower g e n e r a t i o n  system begins  i t s  

opera t ion .  I n  the  ins tance  o f  t h e  p h o t o v o l t a i c  a r r a y ,  f o r  ex-ample, 

( t )  would b e - z e r o  when t o t a l  system l i f e  and t h e  a r r a y  l i f e  a r e  both 

assumed t o  be 20 years .  In  t h e  case  of t h e  secondary b a t t e r i e s  

a s soc ia ted  w i t h  t h e  pho tovo l t a i c  system, w i t h  an assumed l i f e  of 

only  5  yea r s ,  t h e  p resen t  value f a c t o r  (: ) w o l d  be computed 

f o r  4 d i f f e r e n t  investment J e a r s  and then  summed b e f o r e  mul t ip ly ing  

t h e  one-time investment c o s t  of b a t t e r i e s ,  C I ,  t o  det 'ermine t h e  p r e s e n t  

va lue  of t h i s  stream of i n t e r m i t t e n t  investments .  The. y e a r s  f o r  which 

t h e  p resen t  value f a c t o r  would be computed f o r  t h e  b a t t e r i e s  i n  t h i s  

example a r e  years  0 ,  5 ,  1 0  and 15 ,  s i n c e  t h e  t o t a l  system l i f e  was 

assumed t o  be 20 years .  

The exponent ( p )  a l s o  was s e t  equal  t o  ze ro  f o r  t h e  c o s t  

break-even c a l c u l a t i o n s .  The p r i c e s  and c o s t s  f o r  t h e  g r i d  ex tens ion  

c a l c u l a t i o n s  a r e  expressed i n  1975 d o l l a r s .  S e t t i n g  ( p )  equal  t o  

zero is equiva lent  t o  choosing t o  c a r r y  o u t  t h e  break-even c a l c u l a t i o n  

i n  1975 d o l l a r s  and t h e  r e s u l t  i s  v a l i d  f o r  any year o f  i n i t i a l  

ope ra t ion ,  provided t h a t  t h e .  c o s t  e lements  i n  t h e  c a l c u l a t i o n  a r e  

a l l  e sca la ted  a t  t h e  same r a t e  between 1975 and t h e  f i r s t  year  of 

opera t ion .  I n  t h e  engine genera tn r  c a s e ,  t h e  c a l c u l a t i o n  was c a r r i e d  

.: 
out  i n  1980 d o l l a r s .  

A s  s t a t e d ,  present-value c o s t s  f o r  t h e  p h o t o v o l t a i c  system 
b 7 R a t L g ~ ,  

were computed w i t h  t h e  c o s t  o f  t h e  a r r a y  i t s e l f  remaining unknown, n 



. . . . .  . 
:: .,. . .  . . .  t o  .be.;.determined when t h e  c o s t  of t h e  competing system was s e t  equa l  .:- . . . .  . . .-;.>;...;:.. . 
) ..;' . .. . - .. . . - , .  

. .  . . .. . t o  that : .of  .. t h e  ?.. pho tovo l t a i c  system. Land c o s t s ,  s i t e  p repara t ion  
. .  . . , . ... 

c o s t s ,  s t r u c t u r a l  c o s t s  a s soc ia ted  w i t h  equipment housing,  and so  

f o r t h ,  were not included i n  t h e  c a p i t a l  investment c o s t s  assumed Eszf Ly' 
t i  w * . ~   is J in c9/ .f A,- f .  

R a & > , t i y  (except  f o r  the  a n a l y s i s  of genera to r  sets) b e c a u s e d h e  

r e l a t i v e l y  small  power l e v e l  of  many p o t e n t i a l  a p p l i c a t i o n s  make 
c'G t s  

these/,negligiSle.  The l a r g e s t  e r r o r  w i l l  be f o r  t h e  1 kW load 
b ,  +hc ? ~ * i i  c a t  Q d+&rf l  

c a l c u l a t i o n  b u t  t h e  crude e s t i m a t e  of break-even c o s t s  i s  i n s t r u c -  
A 

, t i v e  nonetheless .  Costs f o r  pho tovo l t a i c  system maintenance, such 
I 

a s  a r r a y  washing, a l s o  were no t  included excep t  f o r  t h e  s p e c i a l  ' ' .  

a n a l y s i s  of genera tor  s e t s .  Engine genera to r  s e t  o p e r a t i n g  and 
I 

maintenance c o s t s  were included,  bu t  were based on manufacturers  

d a t a ,  and may t h e r e f o r e  be somewhat o p t i m i s t i c .  

Cost e s c a l a t i o n  was assumed t o  be uniform over t h e  l i f e t i m e  of 

a l l  systems i n s t a l l a t i o n s  and covered both i n f l a t i o n  and r e a l  c o s t  

growth. A value of 5% was used f o r  t h i s  purpose.  The c o s t  of  money? 

/- 
t h e  d iscount  r a t e ,  was s e t  a t  98, based on bond y i e l d s  p r e v a i l i n g  

/ i n  e a r l y  1976. P resen t  va lue  c o s t s  were c a l c u l a t e d  a s  o f  t h e  f i r s t  

/ year Of operat ion.  

\ 
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PV BREAKEVEN COSTS WITH U T I L I T Y  POWER E X T E N S I O N  

Costs  f o r  extending t h e  g r i d  t o r e m o t e  s i t e s  w i t h  1 2  k~ s e r v i c e  

ranged from $3,73O/k~ f o r  an'REA* i n  t h e  midwest t o  about $9,32O/kM 

f o r  commercial u t i l i t i e s  on t h e  e a s t  o r  west c o a s t .  u t i l i t y  l i n e  

extension c o s t s  over h i l l y  o r  mountainous t e r r a i n  were a s  high a s  

$21,85O/kM. Burying t h e  power . l ines  over mountainous t e r r a i n  can 
, 

double these  c o s t s .  The PV.breakeven c o s t s  presented  he re  were 
-. 

, ca lcu la ted  on t h e  b a s h  of $9 ,32O/k~ f o r  power l i n e s .  

Other c o s t s  a s soc ia ted  w i t h  power l i n e  s e r v i c e  a r e  those  of  

power condi t ioning  and t h e  ac . tua l  charge  f o r  energy. Table 2 shows 

t h e  r a t e s  charged f o r  e l e c t r i c  energy i n  Arizona f o r  r u r a l  commercial 

s e r v i c e ,  which were taken a s  s u f f i c i e n t l y  r e p r e s e n t a t i v e  f o r  t h e  

Southwest and thus  used for  t h i s  s tudy.  

Other c o s t s  inc lude  t h e  s e r v i c e  connect ion which i s  charged a t  

$250 and covers  f u s e  box, meter h o l d e r ,  o u t l e t s ,  and misce l laneous  

hardware. AC/DC r e c t i f i c a t i o n  equipment c o s t  i s  depenbent on v o l t a g e  

and power r a t i n g  d e s i r e d ,  and w i l l  r-ange from about $500 f o r  100 w a t t s  

t o  about $1500 f o r  5-10 k w  without  f i l t e r i n g ,  and up t o  $6000 a t  10 kW 

with f i l t e r i n g .  Regulation of  DC power t o  t h e  b a t t e r y ,  and from 

b a t t e r y  t o  load ,  i s  costed a t  $20 each f o r  t h e  purpose of  t h i s  s tudy .  

~ f '  t h e  load is smal l ,  t h e  u t i l i t y  w i l l  a l s o  charge f o r  - t h e  t ransformer  

from l i n e  vol tage  t o  115 V ( o r  o t h e r  v o l t a g e )  a t  $150-$200. ~ h e s e  

ra the r  l a r g e  investment- c o s t s  exp la in  why p h o t o v o l t a i c  systems f o r  v e r y  

low power loads  a r e  s o  compet i t ive  w i t h  t h e  energy from t h e  u t i l i t y  

g r i d ;  they a r e  s o  even i n  urban s i t u a t i o n s  where no power l i n e  ex tens ion  

"Rural E l e c t r i f i c a t i o n  Adininistration 
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is needed and where t h e  a p p l i c a t i o n  i s  s i t u a t e d  near a  power,pole.  
. . 

. . o r  o n . : i t .  However, . . - .  . wh.en house c u r r e n t  a t  115 V can be used and is 
. . .  . . 

a v a i l a b l e  f  rom:i 'convent ional  o u t l e t ,  equipment c o s t s  a r e  cons ide rab ly  

l e s s . ,  ranging from about $5 t o  $15 f o r  a  combined t r a n s f o r m e r / r e c t i f i e r  

a t  power l e v e l s  up t o  5  W. In  such i n s t a n c e s ,  p h o t o v o l t a i c  systems 

a r e  f a r  l e s s  competi t ive.  

Table 2 

RURAL COMMERCIAL E L E C T R I C  ENERGY 
RATES FOR A R I Z O N A  

Annual Energy, Annual Cos t ,  . . Average Cost,  
Load, kW . kwh $ Cents/kWh . . 

The photovol ta ic  sys t em was assumed t o  r e q u i r e  3 days s t o r a g e  

c a p a c i t y ,  s i zed  by t h e '  equ iva len t  cont inuous , . load  determined f o r  . .. . 

t h e  a p p l i c a t i o n .  t he U t i l i t y  power was backed up by 1 day of s t o r a g e .  

I n  both ins tances ,  lead-acid secondary b a t t e r i e s  were c o s t e d .  A 

blocking diode was t h e  only charge c o n t r o l  assuaed f o r  t h e  p h o t o v o l t a i c  

system. A s  i n  t h e  previous example, s e r v i c e  c a l l s  were n o t  c o s t e d ,  

t h e  assumption being t h a t  t h e s e  would be requ i red  f o r  both systems 

t o  a  s i m i l a r  degree.  

The following c o s t  assumptions were used: 



Power l i n e  c o s t  , = ,  $9 ,32O/k~  ( p r o p o r t i o n a l  f o r  . . . .  

f r a c t i o n s  o f .  a  k i lomete r )  
,. . '  L .. 

. .: . ; .  U t i l i t - y  connection charg@ = $250 ( fuse  box, meter h o l d e r ,  e l e c -  .. ., . >,: .... . t r i c a l  f i t t i n g s  and hardware, - 
. . .. . _ ., . i n s t a l l a t  ion )  

%.mansf ormer c o s t  = $150 

-.. .: . : . .Rectifier c o s t  
. . . I . . . .  

= $20 fo r  1 W of load 

$40 f o r  10 W of load 

.$200 f o r  100 W of load 

- .  $1200 f o r  1000 W o f ' l o a d  . ' 

Secondary Ba t t e ry  c o s t  = $50 per kwh ( inves tment  c o s t )  

Energy charge = Var iab le  ( s e e  Table 2 )  
I 

The break-even c o s t  equa t ion ,  using p r e s e n t  va lue  c o s t s ,  becomes: 

' C*ba t t e ry  backup ( u t i l i t y )  

+ RCenergy charge . . 

The present  value f a c t o r s  a r e  3.07 fo r  t h e  secondary b a t t e r i e s  and 

. .. 13.8 f o r  t h e  annual r ecur r ing .ene rgy  cnarges  over  a  20-year pe r iod .  

The same e s c a l a t i o n  'and i n t e r e s t  charges  were used. T h i s  equa t ion  

reduces to :  

C1array = 9,320 .(Dl + 400 + C I r e c t i f i e r  - 7370 ( P )  + 13.8 RCenergy ( 4  

where D = power l i n e  l e n g t h ,  i n  n i l e s ,  and P = load,, i n  k ~ .  

Figure 2 shows t h e  break-even a r r a y  c o s t s  c a l c u l a t e d *  w i t h  

Equation 4 f o r  t h r e e  cont inuous e q u i v a l e n t  l o a d s  a s  a  f u n c t i o n  of 

*The breakeven c o s t s  f o r  t h e  l O O O W  a r r a y  were c a l c u l a t e d  by t h e  
author .  
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t h e  powzr, . l i n e  e x t e n s i o n  d i s t a n c e  f o r  u t i l i t y  power.  T h e r c  a r e  

. s e v e r . a l ~ s i g n i f i c a n t  p o i n t s  t o  b e  g l e a n e d  f r o m  t h e  g r a p h s .  The l o n g e r  

the  e x t e n s i o n  o f  t h e  u t i l i t y  g r i d  t o  t h e  r e m o t e  s i t e ,  t h e  h i g h e r  t h e  

b r e a k e v e n  c o s t  o f  t h e  a r r a y .  The h i g h e r  t h e  c o n t i n u o u s  e q u i v a l e n t  

l o a d ,  however ,  t h e  l o n g e r  t h e  p e r m i s s i b l e  power l i n e  e x t e n s i o n .  I t  
. . 

s h o u l d  b e  k e p t  i n  mind ,  however ,  t h a t  t h e :  1 kW e q u i v a l e n t  c o n t i n u o u s  
. . 

l o a d  c o r r e s p o n d s  t o  a b o u t  a  7 .2  kWp a r r a y  i n  t h e  s o u t h w e s t e r n  U S .  

is a  m o d e r a t e  s i z e  a r r a y  c a p a b l e  o f  p f o d u c  i n g  s u f f i c i e n t  e n e r g y  

f o r  v e r y  u s e f u l  g e n e r a l  p o w e r / l i g h t i n g  a p p l i c a t i o n s  s u c h  a s  w a t e r  

pumping, w a t e r  and  i s o l a t e d  i n d u s t r i e s .  A t  1 0  kM, t h e  

100.0 W l o a d  i n  F i g u r e  2  h a s  a n  a r r a y  b r e a k e v e n  c o s t  o f  $13* .  

I f  w e  assume a  1 0 %  e s c a l a t i o n  r a t e  f o r  c o s t s  s i n c e  1 9 7 5 ,  t h e  

a r r a y  b r e a k e v e n  c o s t s  a r e  a b o u t  $ 2 1  a t  1 0  k M i n  1980  d o l l a r s .  

The e x p e c t e d  a r r a y  c o s t s  f o r  t h e  i n t e r m e d i a t e  f l a t  p l a t e  e x p e r i m e n t s 1  

c u r r e n t l y  unde r  c o n s t r u c t i o n  i n  t h e  US r a n g e  f rom $8/wp t o  $ l l / k p .  

T h i s  v e r y  s t r o n g l y  s u g g e s t s  t h a t  is a l r e a d y  more  c o s t  e f f e c t i v e . .  

t h a n  e x t e n d i n g  t h e  g r i d  f o r  a  r e m o t e  a p p l i c a t i o n  o f  t h i s  t y p e  i n  t h e  

U S  f o r  a r e a s  s e p a r a t e d  f rom t h e  g r i d  by  more  t h a n  a b o u t  10 kM. 

- 
*I975 d o l l a r s  .-. -_  

... , _. 



PV BREAKEVEN COSTS WITH E M G I N E . G E N E R A T E D  POWER 

. . 
A second a l t e r n a t e  t o  PV a p p l i c a t i o n s  i n  remote a r e a s . i s  an 

engine generator  system.  att tin* has a l s o  performed a  s imple 

economics comparison of t h e s e  two e l e c t r i c a l  power systems by , 

computing the  l e v e l i z e d  c o s t s  of energy a s  a  f u n c t i o n  o f ,  e l e c t r i c a l  
. . .  . . 

. .... load.  These c a l c u l a t i o n s  were c a r r i e d .  o u t  fqg,,four d i f f e r e n t  a r r a y  . . .. .- . . .. . . 
. . 

c o s t s .  The c o s t  and ' fue l .  consumption d a t a  used f o r  engine g e n e r a t o r s  

was obtained from manufacturers and is g iven  i n  Tables  3 and 4 
. , .  

r e spec t ive ly .  Other c o s t s  and opera t ing  assumptions a r e  g iven  i n  

Table 5. Table 5 a l s o  shows t h e  parameters  used f o r  t h e   system. 

The p resen t  value c0st .s  f o r  t h e  comparison' h e r e  de r ived  

using t h e  l i f e  c y c l e  c o s t i n g  method.ology of Doane e t  a1.3 The 

c o s t s  shown i n  Table 3 a r e  i n  1976 d o l l a r s  whereas t h e  c o s t s  shown 

i n . T a b l e  5 a re  i n  1975 d o l l a r s .  . Since t h e  comparison f o r  t h e  two 

e n e r g y  supp l i e s  were made £or a  1980 d i e s e l  f u e l  c o s t  of $ 0 . 2 6 /  

l i t r e  ($l.OO/gal), t h e  1975 and 1976 c o s t s  were e s c a l a t e d  t o  1980, 

The comparison is t h u s  f o r  1980 a s  t h e  i n i t i a l  o p e r a t i n g  yea r .  

The l eve l i zed  c o s t s  were computed by c a l c u l a t i n g  p r e s e n t  va lue  

c o s t s  f o r  a  20 year l i f e  f o r  both systems,  and then  mul t ip ly ing  

these  c o s t s  by t h e  c a p i t a l  recovery f a c t o r  t o  annua l i ze  them 

and then d iv id ing  by t h e  t o t a l  power produced per  yea r .  The c o s t s  

were computed fo r  two d i f f e r e n t  d i e s e l  f u e l  e s c a l a t i o n  r a t e s  - 
5% and 1 0 %  - while a l l  o the r  c o s t s  were e s c a l a t e d  a t  5 % .  

The p resen t  value equat ions  f o r  t h i s  comparison is given  by 



T a b l e  3 

ENGINE GENERATOR SET PRICES . . 
. . 

.. . _ .  .. .. 

Type o f  Eng ine  G e n e r a t o r '  . A v e r a g e  P r i c e  i n .  $/kW . . 

and  Rated  Power (1976  D o l l a r s )  

G a s o l i n e  S .e t s  

Diesel S e t s  

Average  p r i c e  . . 

i n c l u d e s  : Eng ine  
G e n e r a t o r  
Base  
F u e l  Tank 
E l e c t r i c a l  C o n t r o l  

Note (1) R a d i a t o r  f o r  l i q u i d - c o o l e d  s e t s  
is a d d i t i v e  and  w i l l  be r e q u i r e d  
f o r  h i g h e r  power  d i e s e l  e n g i n e  
se ts  ( a b o v e  1 5  kW) 

(2) Equipment is a s s e m b l e d  o n  
s i n g l e  base :  



Table 4 

. . . . . .  
DIESEL GENERATOR' FUEL CONSUMPTION (SFC) 

100% Load, in galykfih 

~ a t i n g  in kW Aerospace. Army 

Aerospace. data based on manufacturers' input. 

Note: The Army data are presumably based on actual experience 
with older machines and consequently lower levels of 
operating efficiency. 



OVERALL COST ASSUMPTIONS . . 

P r e s e n t  V a l u e  C o s t s :  XpV = CIpV + COpV + c u p V , +  COVpV 

k C a p i t a l  Recove ry  F a c t o r  = 
1 - ( 1  + k r N  

. . 
E n g i n e  G e n e r a t o r  P h o t o v o l t a i c  S y s t e m  

." C a p i t a l  . I n v e s t m e n t  - CI ~ q u i p m e n t  C o s t  P l u s  Same as f o r  
. . 

. . I n s t a l  l a  t i o n  C o s t  e n g i n e  g e n e r a t o r ,  
i n c l u d i n g  b a t t e r y  
r e p l a c e m e n t s  

,: Annua l  O p e r a t i n g  C o s t  = CO Ff x P x 8760  h r / y r  ' N A 

w h e r e  Ff = ( F u e l  P r i c e )  . . 

. . . . 
P = c o n t i n u o u s  l o a d  

i n  kW . 

' Annua l  M a i n t e n a n c e  C o s t  = CM -. 
Annual  O ~ e r h a u l  C o s t  = COY ,' ::, 

I\ I / Y e a r  o f  I n i t i a l  O p e r a t i o n  
P 
; / I n f l a t i o n ,  % 
\ 

j, , / l I n t e r e ~ t ,  % .  

6 . F u e l  C o s t  E s c a l a t i o n ,  % 
i\. . . 

L i f e  o f  I n s t a l l a t i o n ,  y e a r s  
( o t h e r  t h a n  B a t t e r i e s )  

. , 1 9 8 0  F u e l  C o s t ,  $ / g a l  

0 .05  ( C I )  + 0.05 (CO) 

0.25 [ C I  ( O v e r h a u l  F a c t o r )  1 

1 9 8 0  

5  

9 

5 , lO 

2 0  

h 
) S t o r a g e  B a t t e r y  C o s t ,  $/kwh N A 5 0  

j B a t t e r y  S t o r a g e  C a p a c i t y ,  d a y s  . NA ( S t a r t i n g  o n l y )  3 
7 

d B a t t e r y  S e r v i c e  L i f e ,  y e a r s  5 5 

. Backup 1 o n  1 w i t h  g e n e r a t o r  S t o r a g e  

Power C o n d i t i o n i n g  AC/DC C o n v e r t e r  None 

' 'Equipment  Hous ing ,  $/f t2 3 0  5 ( B a t t e r y  o n l y )  . ' 

.. . 

. A r r q y  S u p p o r t  S t r u c t u r e  C o s t ,  N A 1 5  
S/m A 

'Where O v e r h a u l  F a c t o r  i s . d e t e r m i n e d  f rom:  S i z e  o f  G e n e r a t o r  O v e r h a u l  F a c t o r  
i n  kW 

0-1 5 3 . . 
5-10 ' 1 . 5  

1 . . .  10-15 

Notes: (1) O p e r a t i n g  c o s t  c o n s i s t s  o f  o n l y  t h e  f u e l  c o s t .  F u e l i n g  o p e r a t i o n s  
O i l  s e r v i c i n g ,  e t c . ,  a r e  c h a r g e d  a s  m h i n t e n a n c c  c o s t , . t o g e t h e r  w i t h  
r o u t i n e  m e c h a n i c a l  m a i n t e n a n c e .  M a j o r  m a i n t e n a n c e  i n v o l v i n g  p a r t s  
r e p a i r  or r e p l a c e m e n t  a r c  i n c l u d e d  i n  o v e r h a u l  c o s t .  

( 2 )  The o v e r h a u l  f a c t o r  r e p r e s e n t s  t h c  n e e d  to  r e p l a c e  worn p a r t s  o n  a  
r e g u l a r l y  s c h c d u l c d  b a s i s  and is a  f u n c t i o n  o f  b o t h  o p e r a t i n g  time 
a n d  e n g i n e  s i z e .  S m a l l e r  e n g i n e s  e x h i b i t  s h o r t e r  o p e r a t i n g  l i v e s  . . . .. 
w i t h  c o n s c q u c n t l ~  h i g h e r ,  o v e r l r a u l  . f a c t o r s  p e r  u n i t  time. , 

( 3 )  H a i n t c g a n c c  c o s t  f o r  p h o t o v o l t a i c  a r r a y s  r c p r e s c n t s  2 visits p e r  
y e a r  to  a  r c m o t c  s i t e  f o r  a r r a y  c l e a n i n g - a n d  b a t t e r y  m a i n t e n a n c e .  ., 

( 4 )  NA - Not A p p l i c a b l e  



Equations (1) and ( 2 )  above were used t o  determine present values 

of a l l  of the cost  streams, with operating cos t ,  maintenance cos t ,  

and overhaul cost  t reated a s  recurring costs .  The operating,  

maintenance, and overhaul cos t  f ac to r s  shown i n  the  t ab le  a r e  based 
. . 

. . 

. . o n  manufacturers ' data ,  These may be opt imis t ic  f o r  appl icat ions  

such as  those mi'li tary ones i n  which the  generators a r e  operated 

and stored outdoors under inimical environmental cond'itions, and 

where, as a  consequence, maintenance and overhaul cos ts  may be 

higher. Additionally, the cos t  d i f f e r e n t i a l s  which e x i s t  a s  a  

r e s u l t  of differences i n  operational  modes, such a s  between base- 

load and peaking load operation versus standby operat ion,  have not 

been investigated i n  d e t a i l  by t h i s  study and a re  therefore  not 

ref lected i n  the reported costs .  

For the purpose of t h i s  cos t  comparison, a  remote, unmanned 

ins t a l l a t ion  such as a  radio re lay s t a t i o n  was postulated i n  which the  

load required a  2 4 V  DC supply. T h i s  required the  use of a  converter 

i n  the . ins tance  of the engine generator,  while no power conditioning 

was. assumed f o r  the photovoltaic system. This type of i n s t a l l a t i o n  

a l so  required a  backup for  'the engine g e n e r a t o r  which was postulated 

t o  consist  of an ident ical  engine generator s e t .  ~ the r 'me thods  of 

backup e x i s t ,  including enough ba t t e ry . s to rage  t o  permit r epa i r  o r  

replacement of the generator s e t  i n  the event of f a i l u r e .  No trade- 

o f f s  t o  determine optimu~n backup concepts were made. The ba t te ry  

storage associated w i t h  the photovoltaic sys.tem was considered t o  

serve a l so  a s  i ts  backup, an opt imis t ic  assumption. The locat ion 

was assumed t o  be i n  the Southwest, and only a  3-day s torge require- 

ment was postulated. This assumption a l s o  probably favors the  



p h o t o v o l t a i c  system. A cont inuous d u t y  requirement was assumed. 
. . 

The engine -generator and a s s o c i a t e d  equipment was assumed t o  be 

housed : i n . a  s t r u c t u r e  capable  of providing environmental  p r o t e c t i o n ,  

a s  wel l  :as  .p ro tec t ion  a g a i n s t  vandalism, i n  o rde r  t o  permi t  un- 

a t tended o p e r a t i o n .  I n  t h e  case  of t h e  p h o t o v o l t a i c  system, only  t h e  

s to rage  b a t t e r ' i e s  could be s o  p r o t e c t e d .  . .  

Figure 3 shows t h e  r e s u l t s  of t h e  a n a l y s i s  performed f o r  t h i s ,  

'' study.  Displayed a r e  1980 c o s t s  f o r  e l e c t r i c  energy from d i e s e l  

genera to r s  f o r  two d i f f e r e n t . f u e 1  c o s t  e s c a l a t i o n  r a t e s .  Also 

shown i n  t h e  f i g u r e  a r e  t h e  c o s t s  o f  energy from ~ h o t o v o l t a i c  

power systems a t  four  d i f f e r e n t  a r r a y  p r i c e  a s ~ u ~ p t i o n s  o v e r l a i d  

on t h e  generator-based c o s t  curves .   his graph sugges t s  t h a t  photo- 

v o l t a i c  systems could begin t o  compete with engine g e n e r a t o r  power 

a t  a r r a y  p r i c e s  of $ 2 . 0 0 / ~ ~ ~  under cont inuous d u t y  assumptions.  The , 
, 

lower t h e  a r r a y  p r i c e ,  t h e  higher  t h e  load f o r  which p h o t o v o l t a i c s  

a r e  competi t ive.  When a  p r i c e  of $0.50/W is reached,  a  f u e l  p r i c e  P  

e s c a l a t i o n  of 1 0 %  i n  t h e  p o s t  1980 time per iod  may permi t  photo- 

v o l t a i c s  t o  compete with engine g e n e r a t o r s  i n  baseload a p p l i c a t i o n s  

up. t o  a t  l e a s t '  15' kW. As a  p o i n t  of  r e f e r e n c e ,  d i e s e l  f u e l  p r i c e s  

i n  Albuquerque, NM a r e  c u r r e n t l y  about $ 0 . 2 6 / l i t r e  ($1 .00/ga l )  

and although a r r a y  p r i c e s  a r e  s t i l l  a t  about  $ l O / ~ ~ , ~ t h e  DOE 1986 

Commercial Readiness goa l  f o r  1986 is $0.70/Wp ( f a c t o r y )  f o r  a r r a y s .  

Thus, fo r ,  s'mall s c a l e  a p p l i c a t i o n s  a more r e f i n e d  a n a l y s i s  may 

show t h a t ,  i n  the  near term, p h o t o v o l t a i c s  w i l l  be c o s t  compe t i t ive  

w i t h  engine genera tor  sy,stems i n  t h e  Southwestern U .  S. f o r  app l i ca -  

. t i o n s  up t o  about 1 k\q, 
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SMALL AtJD REMOTE APPLICATIONS EXPERIMENTS 

A v a r i e t y  of small  and remote a p p l i c a t i o n s  experiments  a r e  

in  progress  or  under cons t ruc t ion  i n  t h e  U .  S. Some examples4 of 

t h e s e  systems a r e  presented he re  t o  i l l u s t r a t e  t h e  p o t e n t i a l  of  

PV systems i n  remote and r u r a l  a p p l i c a t i o n s .  A l l  systems d i s -  

cussed here u t i l i z e  s i l i c o n  c e l l s  i n  f l a t  p l a t e  a r r a y s .  Figure 

4 shows some f l a t  p l a t e  s i l i c o n  modules t h a t  a r e  commercially 

a v a i l a b l e  i n  t h e  U. S. 

Figure 5  shows a  por t ab le  water pump t h a t  may be o f  sone use 

i n  r u r a l  a reas .  A s  can be seen ,  t h e  pane l ,  motor and e l e c t r o n i c s  

a r e  a l l  mobile w i t h  t h e  system. 

Figure 6 shows a  d u s t  storm warning s i g n  t h a t  h a s  been i n  

p l ace  s i n c e  Apr i l  of 1977 on I n t e r s t a t e  ~ i g h w a y  10 between phoenix 

and Tucson, Arizona. The p r i n c i p a l  c h a r a c t e r i s t i c s  of t h e  system 

a r e  a s  f0110w~: 

PEAK ARRAY POWER: 1 1 6  wat t s  STORAGE CAPACITY:  200 amp hours  
PEAK CURRENT: 5 amp$ PEAK VOLTAGE: 12V DC 
ARRAY AREA:  1.8 m MODULES : 20 (5.8 Watts-6V) 

The load c o n s i s t s  of a  changeable d r i v e  mechanism, s i g n  l i g h t i n g ,  

and radio  rece ive r .    he pane l s  a r e  f ixed  a t  a  d e c l i n a t i o n  angle  

of 33.5O. The c o s t  of t h e  system was $21.50/Wp f o r  modules and 

$ 4 9 . 0 4 / ~ f o r  t h e  balance of system ( B O S )  (exc luding  experiment re- 
. ,  . 

l a t e d  i tems) fo r  a t o t a l  of $8,183. 

Figures 7 and 8  show a  PV i n s e c t  survey t r a p  used t o  mcnitor 

. . 
i n s e c t  population p a t t e r n s  t o  determine requ'ired p e s t  c o n t r o l  

measures. Two types  of t r aps - - f luorescen t  black l i g h t  and changed . . 

. . 

gr id- -have  t r a d i t i o n a l l y  been u t i l i t y  powered wi th  long ex tens ion  
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c o r d s  t h u s  g r e a t l y  reduc ing  f l e x i b i l i t y  o f  s i t i n g .  The main 

features o f  khe two sys tems  being t e s t e d  are as  fo l lows :  

? FLUORESCENT BLACK LIGHT CHARGED G R I D  

PEAK ARRAY POWER: 163 w a t t s  
STORAGE CAPACITY: 400 amp h o u r s  
PEAK CURRENT: 7 amps 
PEAK VOLTAGE: 1 2  VDC2 
ARRAY AREA: 2.64 m 
MODULES : 28(5.8 Watt-6V) 
LOAD : F l u o r e s c e n t  L i g h t  

23 wat ts  
100 amp h o u r s  
1 amp 
12V DC2 
0.38 m 
4(5.8 Watt-6V) 
Charged Grid  

Both systems a r e  f i x e d  a t  a d e c l i n a t i o n  o f  l S O .  The c o s t s  o f  t h e  

systems were $7,271 ($21.50/W, $23.20/W f o r  BOS), and $3,680 

($21,5O/W, $137.33 f o r  B O S ) ,  exc lud ing  exper iment  r e l a t e d  items, 

f o r  t h e  Black L igh t  and Charged Grid  sys tems ,  r e s p e c t i v e l y .  

These two systems have been o p e r a t i n g  s i n c e  May, 1977. One 

module f a i l e d  due t o  open c i r c u i t  immediately a f t e r  o p e r a t i o n  

commenced. The module was r e p l a c e d  and t h e  sys t ems  were o p e r a t i n g  

s a t i s f a c t o r i l y  a s  o f  August 1978. 

~ i g u r e  9 shows t h e  b a t t e r y  c h a r g i n g  sys tem t h a t  is be ing  

t e s t e d  a t  N e l l i s  AFB, Nevada s i n c e  ~ ~ u l y  1976. Four PV sys t ems  are  

designed t o  prov ide  power f o r  f o u r  o f  t h e  b a t t e r y  c h a r g i n g  u n i t s  

shown i n  t h e  f i g u r e .  Each u n i t  is c a p a b l e  of h o l d i n g  8 4  D s i z e  N i  

Cd b a t t e r i e s .  The p r i n c i p l e  d e s i g n  f e a t u r e s  o f  t h e  system a r e :  

PEAK ARRAY POKER: 163 w a t t s  STORAGE CAPACITY: None 
PEAK CURREST: 1.2 agps  PEAK VOLTAGE: 20V DC 
ARRAY AREA: 5.9 m MODULES : 28 For 1, 18  f o r  3  

F igu re  10  shows t h e  PV r e f r i g e r a t i o n  sys tem a t  t h e  S i l  Nakaya 

v i l l a g e  on t h e  Papago Ind ian  R e s e r v a t i o n  i n  Arizona.  T h i s  system 

p rov ides  power f o r  r e f r i g e r a t i o n  o f  medic ine  and f o o d s  i n  a remote 
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~ i l L a g e * a t  is n o t  connected t o  t h e  g r i d .  The b a s i c  des ign  ' 

features .of t h e  system a re :  
.. 

PEAK ARRAY POWER: 330 wa t t s  STORAGE CAPACITY: 600 amp hours  
PEAK CURRENT: 18 amp PEAK VOLTAGE : 5 12V DC 
ARRAY AREA: 4.75 m MODULES : 36 ( 9 . 2  Watt-6V) 

The load is a commercial r e c r e a t i o n a l  vehi.cle r e f r i g e r a t o r  wi th  

a volume of 0.11 m3. The o r i e n t a t i o n  of  t h e  a r r a y  is f i x e d  a t  

a d e c l i n a t i o n  of llO. The c o s t  of t h e  system was $11,218 (modules 
t 

a t  $21.50/Wp, $12.49/Wp f o r  EOS), exc luding  experiment i tems.  

The r e f r i g e r a t o r  system was i n s t a l l e d  i n  J u l y  o f  1976. The 

system operated s a t i s f a c t o r i l y  u n t i l  May of  1977 when t h e  h igher  

than  a n t i c i p a t e d  summer demand f o r  power, due t o  h igh  l o c a l  ambient 

temperatures ,  requi red  a change i n  t h e  tilt ang le  and a d d i t i o n  of 

modules t o  inc rease  t h e  power t o  330 wa t t s .  During t h e  second year 

of opera t ion ,  one of t h e  modules developed an i n t e r m i t t e n t  open 

c i r u c i t  and was replaced.  The r e f r i g e r a t o r  is o p e r a t i n g  s a t i s f a c -  

t o r i l y  w i t h  summer daytime tempera tures  c o n s i s t e n t l y  over  100°F 

(38OC). 

Figure 11 shows a PV a r r a y  for a f o r e s t  lookout  s t a t i o n  a t  

Antelope Pesk a t  Larson National  Fores t .  T h i s  PV system became 

opera t iona l  i n  October of 1976 and p rov ides  s u f f i c i e n t  e l e c t r i c a l  

power t o  opera te  t h e  tower ' s  r e f r i g e r a t o r ,  l i g h t s ,  water pump, 

TV, and rad io  communication sets. The  b a s i c  des ign  f e a t u r e s  a r e ;  

PEAK ARRAY POWER: 294 w a t t s  STORAGE CAPACITY: 3,015 amp hours  
PEAK CURRENT: 16 arnqs PEAK VOLTAGE : 12V DC 
ARRAY AREA: 6.2 m MODULES : 32(9.2 Watt-6V) 



PHOTOVOLTAlC POWERED FOREST LOOKOUTS 
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The  a r r a y  is  f i x e d  a t  a d e c l i n a t i o n  of 36O and  t h e  s y s t e m  c o s t  

$19,690 (modules  a t  $ 2 1 . 5 0 / ~  and  BOS c o s t s  a t  $45.47/W), e x c l u d i n g  

experiment r e l a t e d  items. The s y s t e m  is u s e d  c o n t i n u a l l y  f r o m  May 

t o  ~ e ~ t e m b e r  e a c h  y e a r  and  is used  o n l y  t o  c h a r g e  t h e  b a t t e r i e s  

d u r i n g  t h e  w i n t e r  and p r o v i d e  power f o r  t h e  r a d i o  r e c e i v e r ,  

F i g u r e  1 2  shows a PV a r r a y  on  two army t r u c k s  ( v a n s )  t h a t  

s e r v e  a s  a m o b i l e  t e l e p h o n e  c e n t r a l  u n i t  a t  s e v e r a l  m i l i t a r y  b a s e s ,  

The b a s i c  design I e a t u r e s  of t h e  PV s y s t e m  are: 

, PEAK ARRAY POWER: 2.65 kW STORAGE CAPACITY: 375 amp h o u r s  
PEAK CURRENT: 22 amp PEAK VOLTAGE 56V DC 
ARRAY AREA: 44.6 m MODULES: 288 

The a r r a y  is n o n - t r a c k i n g  b u t  i s  a d j u s t a b l e  o n  t h e  v a n s  t o  a 

d e c l i n a t i o n  o f  15O - 60°. The i n s t a l l e d  s y s t e m  c o s t  was $81,200.  

Some o f  t h e  v a n s  h a v e  been  d r i v e n  o v e r  1 0 , 0 0 0  miles a c r o s s  c o u n t r y  

w i t h  no  h a r m f u l  e f f e c t s  t o  t h e  s y s t e m .  

F i g u r e  13 shows a PV a r r a y  f o r  e l e c t r i c a l  power f o r  t h e  r e m o t e  

I n d i a n  v i l l a g e  o f  S c h u c h u l i  o n  t h e  Papago I n d i a n  R e s e r v a t i o n  i n  

Ar izona .  The v i l l a g e  h a s  1 5  f a m i l i e s  t o t a l i n g  9 5  i n h a b i t a n t s .  
. - 

T h i s  e x p e r i m e n t  is a j o i n t  p r o j e c t  o f  t h e  Papago t r i b e  a n d  t h e  

P u b l i c  H e a l t h  S e r v i c e  t h a t  h a s  b e e n  o p e r a t i o n a l  s i n c e  December 

of 1978.  The b a s i c  f e a t u r e s  o f  t h e  s y s t e m  are: 

PEAK POWER: 3.5 kW STORAGE CAPACITY: 2380 amp h o u r s  
PEAK CURRENT: 29 amp PEAK VOLTAGE : 120V DC S ARRAY AREA: 71.4 m MODULES : 192  

The tilt a n g l e  is a d j u s t e d  f o u r  times per y e a r :  3.5O (summer) ,  

26O ( s p r i n g  and f a l l ) ,  and  48O ( w i n t e r ) .  The v i l l a g e  had  n o  

e l e c t r i c i t y  p r i o r  t o  i n s t a l l a t i o n  o f  t h e  PV s y s t e m .  A 7HP d i e s e l  

e n g i n e  was used t o  power a v i l l a g e  w a t e r  pump. 



Van-nsantcj Solar Arrays used in DOD's 
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A n . i r l l  DC system was s e l e c t e d  t o  avoid  t h e  losses a s s o c i a t e d  

w i t h  commercial ly a v a i l a b l e  AC/DC i n v e r t e r s .  The re  a r e  15 ind iv id -  

u a l  homes, a  church,  a  f e a s t  house,  a domes t i c  s e r v i c e s  b u i l d i n g ,  

and an e l e c t r i c a l  equipment b u i l d i n g .  The v i l l a g e r s  s e l e c t e d  

t h e  l o a d s  t o  be powered and a s s igned  p r i o r i t i e s  t o  t h e  l o a d s .  

Some load  d e v i c e s  ( a p p l i a n c e s )  a r e  used incommunal  f a s h i o n .  The 

p r i o r i t i z e d  l i s t  of  t h e  l o a d s  is a s  f o l l o w s .  

1. WATER PUMP - A 2HP permanent magnet 120V DC motor w i l l  be  
- 

used t o  power an e x i s t i n g  jack  pump on t h e  main well. 

The pump d e l i v e r s  about  4,163 l i t r e / h o u r  t o  t h e  v i l l a g e  

water d i s t r i b u t i o n  system. The wate r  consumption.  r a t e  f o r  

v i l l a g e r s  and l i v e s t o c k  i s  e s t i m a t e d  t o  r ange  from 9,460 

l i t r e s / d a y  i n  t h e  w in t e r  t o  18,925 l i t r e s / d a y  d u r i n g  t h e  

summer. The communal c l o t h e s  washer was e s t i m a t e d  t o  

r e q u i r e  3,633 l i t r e s / d a y .  Thus t o t a l  water pumping t i m e  

ranges  from 3.1 hours/day t o  5.4 hours /day i n  t h e  summer. 

A c o n t r o l  system l i m i t s  pumping t o  d a y l i g h t  h o u r s  c e n t e r e d  

around noon. 

2. LIGHTS - A t o t a l  o f  44  20 watt / l20V DC f l u o r e s c e n t  l i g h t s  

were i n s t a l l e d  i n  t h e  fo l lowing  p r i o r i t y :  

O 2 l i g h t s  i n  each  o f  t h e  15  homes, 
O 6 l i g h t s  in t h e  f e a s t  house 
O 2 l i g h t s  i n  t h e  domes t ic  s e r v i c e s  b u i l d i n g  
O 2 l i g h t s  i n  t h e  church 
O 4 l i g h t s  i n  t h e  e l e c t r i c a l  equipment b u i l d i n g  

3.  REFRIGERATORS - A t o t a l  of  f i f t e e n  ( 1 5 )  4 c u b i c  f o o t  r e f r i g e r a -  

t o r s  a r e  a v a i l a b l e  i n  t h e  domes t i c  s e r v i c e s  b u i l d i n g .  The 

r e f r i g e r a t o r s  a r e  assembled i n  g roups  o f  t h r e e  and powered 

as a u n i t  from a s i n g l e  compressor w i th  a  1/8 HP l2OV DC 



permanent magnet motor. The d u t y  c y c l e  is abou t  25% "on" 

i n  a  l l Q ° F  (43OC) ambient  t empera ture .  
1 

4. CLOTHES WASHER - A s t a n d a r d  wr inger  t y p e  washer f i t t e d  w i t h  

a 1 / 4  HP 120 VDC motor was i n s t a l l e d .  The washer c a n  be run  

f o r  12  hours  p e r  day seven days/week. A t  1/2 hour / load ,  t h i s  

p rov ides  about  1.75 loads/person/week f o r  t h e  96 v i l l a g e r s .  

5. SEWING MACHINE - A commercial ly a v a i l a b l e  sewing machine . 

with  a 1/8 HP 120V motor was i n s t a l l e d .  The u n i t  was assumed 

t o  o p e r a t e  about  3  hours/day i n  t h e  a f t e r n o o n .  

Because of unknowns i n  t h e  u s e  o f  l o a d s  and v a r i a t i o n  i n  

i n s o l a t i o n ,  a  load  management subsystem was i n c o r p o r a t e d  i n  t h e  

d e s i g n  i n  o r d e r  t o :  

P r o t e c t  t h e  b a t t e r i e s  from e x c e s s i v e  d i s c h a r g e  
and p o t e n t i a l  damage 

Mainta in  o p e r a t i o n  o f  the more c r i t i c a l  l o a d s  

The load  management subsystem s e q u e n t i a l l y  d i s c o n n e c t s  l o a d s  as  

t h e  b a t t e r y  c a p a c i t y  d e c r e a s e s  t o  p r e s e t  l e v e l s .  A t  50% 

d i s c h a r g e ,  t h e  washing and sewing machines a r e  d i s c h a r g e d  a t  

60% t h e  l i g h t s ,  a t  70% t h e  wate r  pump motor and a t  80% t h e  

r e f r i g e r a t o r s .  A s  t h e  b a t t e r i e s  a r e  r echa rged ,  t h e  l o a d s  a r e  

s e q u e n t i a l l y  reconnected.  

F igure  1 4  shows a  PV a r r a y  f o r  a  r e v e r s e  osmos is  wate r  

p u r i f i c a t i o n  system i n s t a l l e d  i n  A p r i l  o f  1977 a t  F t .  B e l v o i r ,  

V i r g i n i a .  .The  b a s i c  c h a r a c t e r i s t i c s  o f  t h e  PV system a r e :  

PEAK ARRAY POWER: 10.63 w a t t s  STORAGE CAPACITY: 90 amp h o u r s  
PEAK CURRENT: PEAK VOLTAGE: 240V DC 
ARRAY AREA:' 198 m2 MODULES : 931  
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--- exper iment  involved a  h i g h  power P V  a r r a y  t o  p r o v i d e  

w w e x  *.a l a r g e  mobi le  r e v e r s e  osmosis  wate r  p u r i f i c a t i o n  u n i t .  
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&sign o p e r a t i n g  p e r i o d  was e i g h t  h o u r s  p e r  daty w i t h  an  ene rgy  ?:- +{.:$$ -4,  

s t o r a g e S o f  two hours .  The d e c l i n a t i o n  o f  t h e  p a n e l s  was v a r i a b l e  

' from 15O t o  62'. 

The system worked s a t i s f a c t o r i l y  w i t h o u t  f a i l u r e s  o r  sys tem 

deg rada t ion  f o r  abou t  two y e a r s .  The a r r a y  has now been con-. 

v e r t e d  t o  a  f o r k  l i f t - t r u c k  b a t t e r y  cha rg ing  demons t r a t i on .  

F igu re  15 shows t h e  PV a r r a y  fo r  a n  i r r i g a t i o n  and c r o p  

d r y i n g  system on a  farm i n  Mead, Nebraska. The d e s i g n  p a r a m e t e r s  

f o r  t h e  system inc lude :  

PEAK ARRAY POWER: 25 kW STORAGE CAPACITY: 90 kWh ( f o r t y  6V 
b a t t e r i e s  a t  375 amp h r s .  e a c h )  

PEAK CURRENT: 28 p a n e l s  PEAK VOLTAGE: 28 p a n e l s  a t  
a t  6.3 amps each  160V each 

ARRAY AREA: 520 m2 MODULES : Fron t  row 728, 
back row 1512 

The tilt ang le  of  t h e  system is changed once  p e r  month and r anges  

from O 0  t o  6 5 ' .  

A c e n t e r - p i v o t  i r r i g a t i o n  system can  be s e e n  i n  t h e  back- 

ground of F igure  15. The  c e n t e r  p i v o t  sys tem r e q u i r e s  more t h a n  

tw ice  t h e  energy used by t h e  g r a t e d  p i p e  system coupled t o  t h e  

PV system and shown i n  ~ i g u r e  16. 

The 25 kW system p r o v i d e s  power f o r  a 3,783 l i t r e / m i n u t e  

pump s i n c e  ' ~ " 1 ~  of  1977. The system h a s  e x h i b i t e d  f a i r  r e l i a b i l i t y  

wi th  19  ( o u t  o f  2006) pane l  f a i l u r e s  d u r i n g  t h e  f i r s t  f o u r t e e n  

months of  o p e r a t i o n  and an o v e r a l l  sys tem d e g r a d a t i o n  o f  1%. The 

system efficiency is 1 0 %  based on c e l l  area  and 6% based on ar ray  
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a r e a .  P a r t  o f  t h e  energy  is used t o  d r y  c o r n  i n  t h e  b i n s  shown 

i n  F igu re  17, The two g r a i n  b i n s  shown housed 12,000 b u s h e l s  

of co rn  ha rves t ed  from t h e  80 a c r e s  t h a t  were i r r i g a t e d .  The 

co rn  must be d r i e d  t o  about  15% m o i s t u r e  s o  it w i l l  n o t  s p r o u t  o r  

r o t  when t h e  weather t u r n s  warm i n  t h e  s p r i n g .  The c o n v e n t i o n a l  

method of  d ry ing  t h e  g r a i n  is t o  f o r c e  h o t  a i r  t h rough  t h e  g r a i n ,  

t h u s  r e q u i r i n g  combus t ib le  f u e l s  o r  e l e c t r i c  r e s i s t a n c e  h e a t i n g .  

The method used wi th  t h e  PV system is t o  f o r c e  l a r g e r  q u a n t i t i e s  

of a i r  a t  ambient  t empera tu re s  and humidi ty  t h rough  t h e  g r a i n .  

The two approaches a r e  roughly  e q u i v a l e n t  i n  t e r m s  o f  t o t a l  ene rgy  

consumption. 

Other u ses  being explored  f o r  t h i s  PV system i n c l u d e  e l e c t r i c  

power f o r  f a n s  and l i g h t i n g  f o r  an imal  husbandry,  on s i t e  pro- 

d u c t i o n  o f  f e r t i l i z e r ,  and g r a i n  g r i n d i n g .  

F igu re  18 shows an a e r i a l  view o f  N a t u r a l  B r i d g e s  N a t i o n a l  

Monument (NBMM) i n  Canyon Lands N a t i o n a l  Park i n  t h e  s t a t e  o f  

Utah. A 100 kW PV system is c u r r e n t l y  under c o n s t r u c t i o n  a t  t h i s  

s i t e .  The PV system w i l l  p rov ide  power f o r  a  d i v e r s i f i e d  l o a d  t h a t  

is t y p i c a l  of a sma l l  community i n  a remote a r e a  t h a t  is n o t  

connected t o  t h e  g r i d .  

The load of  t h e  PV system w i l l  c o n s i s t  o f  t h e  e n t i r e  p a r k ' s  

e l e c t r i c a l  demand, i nc lud ing  two r a n g e r s '  r e s i d e n c e s ,  a d o r m i t o r y  

t h a t  h o l d s  a  s t a f f  o f  20 summer workers ,  a v i s i t o r ' s  c e n t e r  and 

v a r i o u s  maintenance shops.  The b a s i c  d e s i g n  f e a t u r e s  o f  t h e  a r r a y  

inc lude  : 
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. . PEAK ARRAY POWER: 100 kW STORAGE CAPACITY: 600 kwh l e a d  
. . .  a c i d  b a t t e r y  bank 

PEAK CURRENT: 210 amps PEAK VOLTAGE : 240V DC, 240V AC 

AXRAY AREA: 1712 m2 MODULES : 
4 

4762 ( 3  manu- 
f a c t u r e r s )  

DECLINATION: 20° and 40° from h o r i z o n t a l  (changed s e a s o n a l l y ) ,  
non-tracking 

To r e t a i n  t h e  p a r k ' s  a e s t h e t i c s ,  t h e  a r r a y  w i l l  b e  des igned  

s o  a s  n o t  t o  p r o t r u d e  above t h e  su r round ing  n a t u r a l  s h r u b s .  The 

a r r a y  is i l l u s t r a t e d  i n  F igu re  9. The v e g e t a t i o n  c o n s i s t s  

mainly  of sh rubs  s h o r t e r  t han  5 me te r s .  

Placement o f  a p h o t o v o l t a i c  t e s t  bed i n  a  U. S. N a t i o n a l  

Park  is of  i n t e r e s t  f o r  s e v e r a l  r ea sons .  For one  t h i n g ,  t h e  

Na t iona l  Park S e r v i c e  (NPS) o f f e r s  a modest near - te rm marke t  

f o r  s o l a r  c e l l s  a t  an  a r r a y  p r i c e  o f  one t o  two d o l l a r s  p e r  

peak wat t .  The i n i t i a l  s i z e  o f  t h i s  market  is approx ima te ly  

15  peak megawatts, and it should  become r e a l i z a b l e  i n  t h e  e a r l y  

1980 's  if t h e  DOE p r i c e  g o a l s  a r e  met. T h i s  marke t  s i z e  is 

c o n s e r v a t i v e l y  based on u t i l i z i n g  PV o n l y  a t  t h o s e  pa rk  S e r v i c e  

i n s t a l l a t i o n s  which a r e  remote ly  l o c a t e d  and p r e s e n t l y  u s e  d i e s e l -  

e l e c t r i c  g e n e r a t o r s .  (The  t o t a l  Park S e r v i c e  demand is  much 

l a r g e r  t han  t h i s  - i n  t h e  range  200 t o  300 megawatts  peak - b u t  

is supp l i ed  l a r g e l y  from t h e  e l e c t r i c  u t i l i t y  g r i d . )  An NPS 

- experiment is a l s o  o f  i n t e r e s t  because it t y p i f i e s  t h e  u s e  o f  photo- 

v o l t a i c s  i n  load  c e n t e r  a p p l i c a t i o n s ,  bo th  i n  t h e  s e r v i c e ,  Commer- 

c i a l  and I n s t i t u t i o n a l  s e c t o r s  of t h e  U.  S. Economy, and i n  on- 

s i t e  g e n e r a t i o n  systems f o r  l e s s  developed c o u n t r i e s .   ina ally, 

t h e  l a r g e  v i s i t a t i o n  t o  t.he Na t iona l  Pa rks  o f f e r s  good v i s i b i l i t y  





C 

t o  t h e  g e n e r a l  p u b l i c  f o r  s u c h  a n  e x p e r i m e n t .  

NBNM was j u d g e d  t o  be t h e  most a t t r a c t i v e  s i t e  f o r  t h e  . . . .  . 
'. .: .: ' _  .. . . . .: . . 

f i r s t  PV system i n  t h e  Park  S e r v i c e .  NBNM c o n t a i n s  s e v e r a l  

huge s t o n e  a r c h e s  which were c a r v e d  by wind and w a t e r  e r o s i o n  

from t h e  s u r r o u n d i n g  s a n d s t o n e  r o c k .  The p a r k  l i e s  a t  a n  a v e r a g e  

e l e v a t i o n  of  6 , 6 0 0  f e e t  and is i n  a  s@mi-a r id  r e g i o n  c h a r a c t e r i z e d  

by i n f r e q u e n t  ( b u t  sometimes v i o l e n t )  r a i n  and snow f a l l s .  

Because of  t h e  remoteness  o f  NBNM and b e c a u s e  t h e r e  was no  

p o s s i b i l i t y  o f  upgrad ing  t h e  l i m i t e d  r a d i o  t e l e p h o n e  s y s t e m  t h a t  

was i n  p l a c e ,  a  communication s y s t e m  is  b e i n g  i n s t a l l e d  f o r  

v o i c e  communication and f o r  t r a n s m i s s i o n  o f  PV s y s t e m  per fo rmance  

d a t a .  

MIT/Lincoln L a b o r a t o r y  w i l l  s u p e r v i s e  t h e  development  o f  

t e c h n i c a l  m a t e r i a l  and a  t r a i n i n g  c o u r s e  f o r  NPS p e r s o n n e l .  T h i s  

c o u r s e  w i l l  be d e s i g n e d  t o  p r o v i d e  o p e r a t i o n  and m a i n t e n a n c e  

p e r s o n n e l  w i t h  a  b a s i s  f o r  d e a l i n g  w i t h  PV power s y s t e m s  and 

w i l l  s u p p o r t  t h e  NPS g o a l  o f  e v a l u a t i n g  t h e  p o t e n t i a l  r o l e  o f  

p h o t o v o l t a i c s  i n  f u t u r e  NPS e n e r g y  p l a n n i n g .  A d d i t i o n a l l y ,  t h e  

t r a i n i n g  c o u r c e  w i l l  p rov ide  an o p p o r t u n i t y  to e v a l u a t e  t h e  

problems of  t echno logy  t r a n s f e r  of p h o t o v o l t a i c s  t o  t h e  r a n k s  of 

p e o p l e  who w i l l  be r e s p o n s i b l e  f o r  t h e  d a i l y  o p e r a t i o n  and main- 

t e n a n c e  of  PV power sys tems .  

The e s t i m a t e d  c o s t  of  t h e  a r r a y  is $1.1 m i l l i o n  (-$1.10/ 

kW ) and t h e  t o t a l  i n s t a l l e d  s y s t e m  c o s t  is e s t i m a t e d  t o  b e  $3 .1  P 
m i l l i o n .  



. . 
CONCLUSION 

I t  should be apparent  t h a t  Pho tovo l t a i c s  p rov ides  f l e x i b i l i t y  
. . .  

t o  meet a  v a r i e t y  of small  t o  in te rmedia te  needs i n  r u r a l . a n d  

remote a r e a s .  The modularity makes t h e  technology s c a l a b l e  i n  
. .  . 

.> ' . . '  s i z e  w i t h  no moving p a r t s ,  low maintenance, and p o t e n t i a l l y  long 

l i f e .  The modularity a l s o  a l lows f o r  some increments of power - a s  

f u t u r e  needs r e q u i r e  or  a s  r e sources  al low.  - 
Capi ta l  c o s t s  f o r  a r r a y s  have been dec reas ing  from about  $35/tJp 

i n  1975 (78 d o l l a r s )  t o  an es t imated  $8-11 i n  1980 (80 d o l l a r s )  t h u s  

making PV more a f fo rdab le  f o r  developing c o u n t r i e s  a s  we l l  a s  more 

c o s t  competi t ive w i t h  a l t e r n a t i v e s .  The r e l i a b i l i t y  h a s  a l s o  been 

increas ing .  The examples presented i n  t h i ' s  paper probably r e p r e s e n t  

more than 1000 module yea r s  of  o p e r a t i o n  w i t h  r e l a t i v e l y  few module 

f a i l u r e s .  Furthermore, t h e  components f o r  t h e  PV systems of  t h e  

type  disucssed i n  t h i s  paper a r e  commercially a v a i l a b l e .  

I t '  is concluded, t h e r e f o r e ,  t h a t  PV I s  a l r e a d y  a v i a b l e  

energy a l t e r n a t i v e  f o r  small  s c a l e  a p p l i c a t i o n s  i n  remote and 

r u r a l  a r e a s ,  and w i l l '  be a  c o s t  e f f e c t i v e  a l t e r n a t i v e .  f o r  i n t e r -  

mediate a p p l i c a t i o n s  ( t e n s  of k i l o w a t t s )  i n  t h e  near' term (1986-1990) 

if t h e  1986 DOE commer.cia1 read iness  g o a l  of $ 0 . 7 0 / ~ ~  is  achieved.  
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