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SUMMARY 

The design of t e r r e s t r i a l  so lar  ce l l  modules i s  
shaped by a number of constraints  including the d iverse  
needs of the variety of photovoltaic power applications, 
cost considerations, and the la rge  a r e a  required to 
capture the sun's  distributed energy. The interplay 
of these  and other fac tors  leads to a wealth of design 
approaches,  each with certain advantages and disad- 
vantages. This paper addres ses  the imp0 rtance of 
increased solar  a r r a y  e lec t r ica l  efficiency and r e l i -  
ability in the achievement of future l a rge - sca l e  sys tem 
cost goals. Included a r e  discussions of the relative 
performance of various a r r a y  module designs cur-  
rently on the market ,  together with thoughts for  fu r -  
t he r  design improvements.  Specific discussions a r e  
addressed  to module efficiency, tempera ture  control, 
and se r i e s /pa ra l l e l  reliability considerations. 

I. INTRODUCTION 

Though solar  photovoltaic a r r a y s  have been used 
for  many y e a r s  a s  a p r imary  source  of power for 
space vehicles, the t e r r e s t r i a l  use of photovoltaics 
has  come into prominence only within the last  couple 
of years .  In support of decreased dependence on our  
limited foss i l  and nuclear fue l  supplies, the U.S. 
Energy Research  and Development Administration 
(ERDA) has  an active p rogram which addres ses  the 
greatly expanded development and utilization of t e r -  
r e s t r i a l  photovoltaic s y s t e m s . ( l )  A ma jo r  par t  of the 

National Photovoltaic P r o g r a m  i s  centered a t  the J e t  
Propulsion Laboratory and i s  refer red  to a s  the Low- 
cost Silicon Solar A r r a y  (LSSA) Projec t . (2)  The pr i -  
m a r y  objective of the LSSA project  i s  the t imely 
development of low-co st  commercial-quali ty photo- 
voltaic a r r a y s  through an active program of indus t r ia l  
and academic involvement. Analysis of the current  
state of t e r r e s t r i a l  photovoltaics technology and the 
definition of future a r r a y  requirements a r e  important  
and necessa ry  s teps  toward meeting this  objective.(3) 

11. ARRAY DESIGN CONSIDERATIONS 

F o r  present  t e r r e s t r i a l  a r r a y s  the p r imary  require-  
ment i s  to generate power for  smal l ,  often remote 
electr ic-power applications, Typical examples include 
radio re lays ,  navigational lights and horns,  and remote 
climatological and environmental instrumentation. As 
shown in Table I, the nature of these applications, 
their s ize,  their  diversi ty and their  technical needs 
strongly influence the charac ter i s t ics  of cu r ren t  
a r r a y s .  Likewise, the applications a r e  l imited to 
those which can profitably utilize cu r ren t  a r r a y  
charac ter i s t ics  a t  their  present  high price.  

To mee t  an objective of increased energy indepen- 
dence requi res  that photovoltaics become economically 
viable f o r  the large energy consumers  in the future. 
The obvious applications with significant energy usage 
include cent ra l  e l ec t r i c  utilities, industr ial  and com- 
m e r c i a l  applications, and residential  applications. As 

Table I. P resen t  A r r a y  Character i s t ics  Versus  P resen t  Photovoltaic 
Power Application Character i s t ics  

P resen t  Application Character i s t ics  I Presen t  Ar ray  Character i s t ics  

Smal l  d iverse  marke t s ,  often requiring custom t r ea t -  
ment,  but individually incapable of supporting a sig- 
nificantly different a r r a y  design o r  m a s s  production 
methods. 

Widely varying designs between manufacturers.  
Each manufacturer ' s  line easi ly adaptable to 
widely varying applications and geared to hand 
assembly  operations. Little o r  no interchange- 
ability between manufacturers.  

Consume l e s s  than 1000 watts  of low voltage 
( < 4 0  volt) DC power generally to charge 
storage bat ter ies .  

Capable of paying a high pr ice  ($30/watt) for  power 
and of buying a complete sys tem just for  evaluation 
purposes. 

Modular d esign for various low-power and 
low-voltage levels consistent with typical 
lead-acid ba t ter ies .  Elec t r ica l  safety a t  low 
voltages not of concern. 

Moderately high priced,  with p r imary  emphasis 
on real- t ime performance demonstration. Sup- 
port  s t ruc ture  and installation costs  of second- 
a r y  importance.  

Subjected to widely varying environmental 
ext remes ,  generally in remote a reas .  

Designed for  low maintenance under widely 
varying environmental ext remes .  

" T h i s  work presents  the resul t s  of one phase of r e sea rch  car r ied  out by the Je t  Propulsion Laboratory,  
California Institute of Technology under NASA contract  NAS7-100, sponsored by the Energy-Research 
and Development Administration. 

' ~ n g i n e e r i n ~  Manager,  Low-cost Silicon Solar A r r a y  Project .  
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indicated in  Table  11, t he se  applicat ions place 
s ignif icant ly different  r equ i r emen t s  on fu ture  so l a r  
a r r a y s .  

The  l a rge s t  requi rement  change i s  i n  the  a r e a  of 
cos t .  Whe rea s  s m a l l  r emo te  applicat ions can achieve 
cost  effect iveness with a r r a y  p r i c e s  of $30/watt  and 
h igher ,  l a rge  sca le  applicat ions r equ i r e  a r r a y  p r i c e s  
of 50$/watt  and l e s s  to  compete with conventional 
m e a n s  of e l e c t r i c a l  ene rgy  production. Although 
approximate ly  th ree- four ths  of the  cu r r en t  cos t  of 
so l a r  a r r a y s  i s  involved in  the  so l a r  ce l l s  t hemse lve s ,  
i t  i s  becoming increas ing ly  c l e a r  tha t  m a j o r  cos t  
reduct ions a r e  a l so  n e c e s s a r y  i n  a r e a s  such  a s  s o l a r  
c e l l  module encapsulat ion,  a r r a y  p r i m a r y  s t r uc tu r e ,  
and o the r  s y s t e m  cos t s  such a s  instal lat ion and ma in -  
tenance.  Many of t he se  cos t s  a r e  d i rec t ly  related to  
t o t a l  s o l a r  a r r a y  a r e a  and r equ i r e  i nc r ea sed  emphas i s  
on a r r a y  e l ec t r i c a l  eff iciency to obtain reduct ions in  
the a r e a  dependent cos t s .  

A r r a v  Efficiencv Cons idera t ions  

P r e s e n t  t e r r e s t r i a l  s i l icon s o l a r  c e l l  modules  being 
procured  by  the LSSA pro jec t  f r o m  four  manu fac tu r e r s  
have o v e r a l l  eff iciencies  a t  28"  C of around 11,  5%, 
based  on the  t o t a l  c e l l  a r e a .  Th i s  inc ludes  l o s s e s  due 
to  encapsulat ion and ce l l  m i sma tch .  Unfortunately,  
when based  on the  module ove ra l l  a r e a ,  the typ ica l  
eff iciency d rops  to around 6. 5% due to  the 55  to 60% 
c e l l  packing fac tor  p resen t ly  used.  Though i nc r ea sed  
c e l l  efficiency i s  one m e a n s  of increas ing  fu ture  so l a r  
a r r a y  eff iciency,  a second approach  i s  c l e a r l y  to  
a t t emp t  to i n c r e a s e  the pe r cen t  of the so l a r  a r r a y  
which i s  ac t ive  cel l  a r e a .  

So l a r  a r r a y  ac t ive  cel l  a r e a  i s  l a rge ly  affected by 
t h r ee  va r i ab l e s :  1 )  s o l a r  cel l  shape,  which influences 
s o l a r  cel l  packing efficiency, 2 )  module s i z e  and  shape,  
which influences the ra t io  of module bo rde r  to enclosed 
module  a r e a ,  and  3 )  s o l a r  cel l  spacing a s  requi red  to 
a ccommoda t e  the e l e c t r i c a l  interconnect ion of the ce l l s .  
F igu re  1 d e s c r i b e s  the effect of s o l a r  ce l l  shape and 
module s i z e  on cel l  packing efficiency within a squa re  
module with ce l l s  in d i r ec t  contact  with one a n ~ t h e r . ' ~  I t  
can  be s een  tha t  s o l a r  ce l l  packing efficiency i n c r e a s e s  
d r ama t i ca l l y  with i nc r ea s ing  module s i z e ,  though a 
point of diminishing r e t u r n s  i s  reached when the num-  
b e r  of rows of c e l l s  exceeds  approximate ly  15  o r ,  in  
o ther  words ,  t he  number  of c e l l s  p e r  module exceeds  
200 o r  so. With 3 to  4 inch c i r c u l a r  ce l l s  th i s  point 
of diminishing r e tu rn s  i s  reached with modules  around 
4 foot squa re .  a s  cont ras ted  with p r e sen t  modules 
which a r e  1 to 2 foot square .  

Another  cons idera t ion  add re s sed  i n  F ig .  1 i s  the  
u se  of half c e l l s  t o  f i l l  out the end space s  which a r e  
lef t  when a s taggered  pack i s  used.  With l a r g e r  
modules  an  approximate ly  3 percent  gain in packing 
eff iciency can  be rea l ized  by utilizing half ce l l s .  Th i s  
can be  accompl i shed  with l i t t le  impac t  on the ce l l  
in te rconnec t  s y s t e m  a s  long a s  a s e r i e s r p a r a l l e l  
a r r angemen t  i s  used  with a half c e l l  in  e ach  group of 
pa r a l l e l  c e l l s .  

Table  111 s u m m a r i z e s  typ ica l  ove ra l l  packing effi- 
c iency va lues  f o r  a 4 foot squa re  module of c lose ly  
packed 3 to 4 inch d i ame te r  ce l l s .  The i n t e r - space s  
and 112-ce l l - spaces  cor respond to t he  addit ional  a r e a  
los t  due to  t he  usua l  0.75 inch ex t e r i o r  bo rde r  requi red  
fo r  module mounting and the approximate ly  0 . 1  inch 
between ce l l s  requi red  f o r  c e l l  e l e c t r i c a l  

Table  11. Fu tu re  A r r a y  Cha rac t e r i s t i c s  V e r s u s  Fu tu r e  Photovoltaic 
Power  Application Cha rac t e r i s t i c s  

F u t u r e  Application Cha rac t e r i s t i c s  

L a r g e  m a r k e t s ,  e ach  capable of support ing a s ig-  
nif icant ly different  a r r a y  design and m a s s  p ro -  
duction methods.  

High-power,  high-voltage AC loads. 

Requi re  energy  cos t s  cons is ten t  with e l e c t r i c  
ut i l i ty  r a t e s ,  a r e  unable to  accept  s ignif icant  
r i s k s  and cannot afford to pu rchase  a sy s t em for  
evaluat ion purposes .  

Cos t lbenef i t  m a y  be improved  by photovoltaics 
providing addit ional  funct ions such a s :  

Aes the t i c / a r ch i t e c tu r a l  functions. 
Water  b a r r i e r  funct ions,  a s  the  ex t e r i o r  
su r f ace  of dwelling o r  roof. 

0 Thermal -hea t ing  funct ions,  a s  combined 
photovoltaic/ so l a r  - t h e r m a l  heat ing panels .  

F u t u r e  A r r a y  Cha rac t e r i s t i c  

Dist inct  a r r a y  des igns  fo r  significantly 
different  applicat ions,  produced by m a s s  
production methods .  Standardized i n t e r -  
f a ce s  to al low interchangeabil i ty  between 
manufac tu r e r s  f o r  s a m e  application. 

Modular  design f o r  high-power,  high-voltage 
leve ls  and cons is ten t  with e l e c t r i c a l  codes  
f o r  insulat ion,  grounding and safe ty  f e a tu r e s .  

Low-cos t ,  long-l i fet ime des igns  with proven 
pe r fo rmance  h i s t o r i e s  and consistent  with low 
s y s t e m  cos t  ( e .  g . ,  low support  s t r uc tu r e  cos t )  
and low instal lat ion and maintenance cos t s .  

Wil l  contain o ther  functional a t t r ibu tes  a s  
a means  of improving  cos t lbenef i t  to u se r .  

' Rectangular  modules  have s i m i l a r  relat ionships which depend on which way the ce l l s  a r e  laid out with 
r e spec t  to  the length and width. 
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NUMBER CELL ROWSICOLUMNS 

Fig. 1. Solar cell  packing efficiency for 
square modules 

Table 111. Packing Efficiency of 4 foot 
by 4 foot Module 

I ~ o s t  a rea .  % 
I tem 

Round 
cells  

Border  f r ame  

Inter-Spaces 

112 Cel l  spaces 

Interconnect spaces 

Total  

Hexagon 
cells  

interconnection. With these values it can be seen that 
overa l l  packing efficiencies of 75 to 85 percent a r e  
easily achievable. Even higher efficiencies can be 
obtained by lowering the percentage of border  a r e a  by 
using square o r  rectangular cells ,  and by reducing the 
ce l l  interconnect spaces through the use of wrap- 
around-contact cells ,  for  example. 

A r r a v  Temperature  Control Considerations 

Because a r r a y  e lec t r ica l  performance i s  strongly 
coupled to solar  cell  operating temperature ,  any 
attempt at  improving a r r a y  efficiency should a lso  con- 
s ider  improved temperature  control. As  par t  of the 
JPL LSSA project activities a wide range of the rma l  
t e s t s  was conducted on presently available t e r r e s t r i a l  
solar ce l l  modules. F igure  2 indicates the large dif- 
ference  in operating cell  temperature  observed for the 
various module construction types. If each module 
design had the same power output at 28" C,  the hottest 
modules in Fig. 2 would have near ly  20% les s  power 
than the coolest under typical operating conditions. 
This amount of variation reflects not only a s  m o r e  o r  
less  power pe r  "nameplate" watt, but seriously limits 
module interchangeability because of se r i e s /pa ra l l e l  
mismatch losses .  

SOLAR INIENSITY = 100 r n ~ l c r n ~  
OPEN BACK S l  DE 

ALUMINUM FINNED 

0 1  1 I I I I I 1 
-10 0 10 2 0  30 40 50 

A M B I E M  A I R  TEMPERATURE, O C  

Fig. 2. Typical operating temperature  of present 
solar  a r r a y  modules 

To determine the key parameters  responsible for 
the operating temperature  differences,  multi-node 
computer models were  constructed for each module 
type based on i t s  t he rma l  properties and construction 
geometry. Subsequent sensitivity analyses identified 
the following character is t ics  a s  key t o  reduced cell  
ope rating temperature:  

1 )  The presence of good thermal  conductance paths 
f rom the ce l l  to high emittance external  s u r -  
faces i s  the p r imary  requirement fo r  low oper- 
ating temperatures .  Air  gaps between the cell  
and exterior surfaces  crea te  greenhouse effects 
which a r e  extremely harmful and ra i se  cell  
temperature  by about 15OC. 

2) The presence of good la tera l  conduction f rom 
the cell  to low absorptance,  high emittance 
surfaces between the cells  can reduce cell  
temperature  by a s  much a s  10" C. 

3 )  The presence of finned r e a r  surfaces to  increase  
convective cooling can reduce cell  temperature  
by about 5" C . 

Figure  3 presents the variation in ce l l  temperature  
with changing insolation level for  the  hottest and 
coolest designs displayed in Fig. 2. The data r ep re -  
sent  no-load measurements  made under open-air field 
t e s t  conditions with thermocouples attached directly 
to the solar  cells. F rom these data one can see  that 
the simple expression 

where 

TC = Cell  Temperature  ( "  C )  

TA = Air Temperature  ( "  C) 

2 S = Solar Insolation Level ( m W / c m  ) 

provides a good f i r s t -o rde r  approximation for the 
operating temperature  of a typical so lar  cell  module 
under open-back field mounting conditions. 
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Fig.  3.  Solar ce l l  tempera ture  measurements  for 
hottest  and coolest modules in Fig.  2 

In the future i t  m a y  be des i rable  to ra te  module 
e lec t r ica l  output a t  a "nominal operating temperature" 
to allow meaningful comparison between modules with 
different t he rma l  charac ter i s t ics .  Such an approach 
would also be a step in the right direction with respect  
to eventual module interchangeability between 
manufacturers .  

Module Reliabilitv Considerations 

As  indicated in Fig. 1, one means  of increasing 
solar  a r r a y  efficiency i s  to inc rease  the number of 
so lar  cel ls  p e r  module, and hence the s ize  of t h e  
module. This  i nc rease  in module s ize  has  a number 
of additional advantages and disadvantages which 
accompany the  increased efficiency. Table IV sum- 
m a r i z e s  some of the  important  additional pa rame te r s  
which change with size. 

When considering Fig. 1 it  i s  c l ea r  that the pr i -  
m a r y  reason for  the increased efficiency of l a rge r  
modules i s  the  reduced ratio of border  length to 

enclosed module a rea .  A second advantage to the 
reduced border  length i s  reduced cost  for  special  
border  t rea tment  o r  framing,  and improved reliabil- 
ity. Because the module edge i s  very  susceptible to 
damage and degradation, the reduced border  length 
effectively inc reases  module reliability. A r r a y  re l i -  
ability i s  also enhanced by the reduction in modules 
pe r  kilowatt and thus the reduction in mechanical  and 
e lec t r ica l  at tachments for  a given s ize  system. 

In contrast  to the reduction in border  and at tach- 
ment fas teners ,  increased module s ize  generally 
leads to increased numbers  of ce l l s  pe r  module and 
thus to decreased module reliability unless appropri-  
a te  s teps  a r e  taken. The effect on a r r a y  reliability 
va r i e s  depending on the extent that fewer l a rge r  
modules m a y  lead to  poorer  s e r i e s /  para l le l  redun- 
dancy a t  the a r r a y  level. 

The obvious solution to the reduced module re l i -  
ability i s  to incorporate ser ies /para l le l ing  of cells  
within the module. When th is  i s  done the loss  o r  
shadowing of a single ce l l  resul t s  in only a par t ia l  
loss  in module output, though i t  will be accompanied 
by "hot spot" ce l l  heating effects a s  described by 
Blake and Hanson.(4) An important  design considera- 
tion in the selection of which se r i e s /pa ra l l e l  con- 
figuration to use  i s  the limiting of the "hot spot" cell  
heating to acceptable levels in the case  where a 
module has  a single ce l l  failure. 

To help visualize the "hot spot" cell  heating 
phenomenon, consider the se r i e s /pa ra l l e l  module 
configuration shown in the left hand side of Fig. 4. 
The right hand side of the f igure indicates the effect 
of the loss of a single ce l l  on the current-voltage 
( I - V )  charac ter i s t ics  of each section of the module 
and on the resultant  module output. In the case  shown 
the two remaining cell  s t r ings  in section B dissipate 
nearly the ent i re  maximum power output of section A 
under shor t -c i rcui t -current  conditions. Because the 
rat io of ce l l s  in section A to the functional cel ls  in 
section B i s  1816 = 3 ,  the section B cells  a r e  each 
called upon to dissipate approximately 3 t imes  the i r  
no rma l  maximum power output. 

The degree  to which this  level of heating i s  of con- 
cern  depends upon the expected tempera ture  r i s e  of 
the heated cells  and on the tempera ture  sensitivity 
of the cell /module construction. One means  of 

Table IV. Effect of module sizelefficiency 

Module type Module ~ f f i c i e n c ~ ~  

1 X 2 ft module 

2 x 2 ft module 

2 x 4 ft module 

4 x 4 ft module 

Border length 
per  enclosed 
a r e a ,  f t / f tZ 

3 

2 

1.5 

1.0 

Module pr ice  
b 

a ~ e l l  efficiency = 11. 5% (including t ransmiss ion  and mismatch  losses) .  

b ~ t  $1 O/watt. 



Fig.  4. Visualization of "hot 

v 

spot" ce l l  heating 

est imating the expected "hot spot" cell  tempera ture  
i s  to convert the heating to an equivalent so lar  insola-  
tion so that the relationships shown in Figs .  3 and 4 
can be utilized. Using th is  approach the total  effective 
so lar  heating level  (S )  i s  the sum of the actual  so l a r -  
insolation level ( S )  and the "hot spott '  heating and i s  
given by 

- ! (P/Pmax) x ( C e l l  Efficiency/ 100) 
= 

+ Solar Absorptance of Encapsulated Cel l  ( 2 '  I 
Using the example shown in Fig.  4 together with 

typical  t e r r e s t r i a l  module pa rame te r s  gives the fol- . & - 
lowing to ta l  effective so lar  heating level  under 
100 mW/cm2 solar  insolation conditions: 

F r o m  Equation (1) presented e a r l i e r  in this paper 
the resultant  "hot spot" cell tempera ture  for a 
typical t e r r e s t r i a l  module under this heating level  
i s  given by: 

= 83°C for a 40" C (104°F)  day 

In actual  application the ce l l  tempera ture  will be 
slightly l e s s  than this due to l a t e ra l  conduction of 
heat  f r o m  the "hot spot1' region to  cooler outlying 
regions. 

Although the above example i s  tied to the se r i e s /  
para l le l  configuration shown in Fig.  4, the approach 
i s  eas i ly  generalized to  any se r i e s /pa ra l l e l  configura- 
tion. The chief difficulty i s  in determining the power 
dissipated in the "hot spot" ce l l s  under the wors t -  
ca se  operating conditions for  the failed a r r a y  system. 
If we a r e  only interested in the relative performance 
of various se r i e s /pa ra l l e l  configurations, this  and 
other difficulties can be circumvented by bounding the 
problem and examining the "hot spot" cell  heating 
under module short-circuit  conditions. This  condi- 
tion i s  the wors t ' c a se  fo r  a single module o r  group of 
para l le l  modules, and i s  the wors t  ca se  for s e r i e s  

modules where bypass diodes a r e  incorporated to 
prevent r eve r se  module voltages. 

As shown in Fig.  4 the operation of a failed module 
under short-circuit  conditions i s  characterized by the 
r eve r se  voltage in the affected s e r i e s  block (section B)  
being equal  to the forward voltage in the remaining 
sections of the module (section A ) .  This  operating 
condition i s  defined by the intersection of the I-V 
curve f o r  the functional portion of section B with the 
I-V curve for  section A reflected about the ordinate 
into the negative voltage quadrant, i. e . ,  the in tersec-  
tion of the B and -A curves  in Fig.  4. 

To find the operating point for  other s e r i e s /pa ra l l e l  
configurations requi res  constructing the B and -A I-V 
curves  associated with these  configurations. F ig-  
u re  5 combines these  curves  in a single graph which 
provides a ready means  for  evaluating the "hot spot" 
heating associated with a single ce l l  fai lure within a 
module with any se r i e s /pa ra l l e l  configuration. I t  i s  
equally applicable to estimating the charac ter i s t ics  of 
s e r i e s /pa ra l l e l  module configurations within an over-  
a l l  a r r a y  system. 

To u s e  the figure one locates the intersection of the 
para l le l -ce l l  and s e r i e s  -cell-block lines correspond- 
ing to the configuration of in teres t .  The horizontal  
position of the in ter  section point establishes the "hot 
spot" ce l l  heating under module short-circuit  condi- 
tions a s  indicated on the lower scale. The  ver t ica l  
position of the intersection point establishes an 
es t imate  of the percent  module power lo s s  due t o  a 
single ce l l  fai lure,  and i s  thus a m e a s u r e  of the 
improved reliability achieved by the series/parallel ing.  
F r o m  Fig .  5 i t  i s  c lear  that increased numbers  of 
para l le l  cel ls  and increased numbers  of s e r i e s  blocks 
both dec rease  the percent  module power loss  due to  a 
single cell  fai lure.  However, one must  be  careful  
about using large  numbers  of s e r i e s  blocks with low 
numbers  of para l le l  cel ls  because of the l a rge  "hot 
spot" ce l l  heating which occurs  under these  conditions. 

W h e n  l a rge  numbers  of modules a r e  in s e r i e s  
together, the effect i s  to increase  the number of s e r i e s  
blocks. Under wors t -case  conditions a module with 
a failed cell  can be driven to a current  level  equal to 
the module 's  original  short-circuit  current .  The  "hot 
spot" ce l l  heating under this  condition i s  given in 
Fig.  5 by the  intersection of the parallel-cells  line 
for the module of in teres t  and the 0%-module-power- 
l o s s  line. F o r  four ce l l s  in para l le l  it can be  seen 

PARALLEL CELLS 
3 4 6 10 * 

SERIES CELL BLOCKS 

POWER DISSIPATED (PIP,,,I 

\PARALLEL 
CELLS 

Fig .  5. Effect of ser ies /para l le l ing  on "hot 
spot" ce l l  heating 



t h a t  the m a x i m u m  "hot spot" c e l l  hea t ing  is e q u a l  to  
about  7 . 5  t i m e s  t h e  c e l l  m a x i m u m  power.  In c a s e s  
w h e r e  t h e  "hot spot" c e l l  heat ing i s  unacceptable  a t  
c u r r e n t  l eve l s  above t h e  module  s h o r t - c i r c u i t  c u r r e n t ,  
a b y p a s s  diode can  be  used  t o  l i m i t  t h e  c u r r e n t  a t  t h e  
s h o r t - c i r c u i t  value. 

111. CONCLUSIONS 

T h e  appl icat ion of photovoltaic s o l a r  a r r a y s  to 
f u t u r e  l a r g e - s c a l e  e l e c t r i c  power  genera t ion  wi l l  
r e q u i r e  a n u m b e r  of changes  f r o m  p r e s e n t  t e r r e s t r i a l  
a r r a y  technology. T h e  changes r e s u l t  f r o m  t h e  high 
c o s t  of p r e s e n t  photovoltaic dev ices  and t h e  d i f fe ren t  
funct ional  r e q u i r e m e n t s  of f u t u r e  photovoltaic s y s t e m s .  
I t  i s  recognized tha t  i n c r e a s e d  e l e c t r i c a l  eff ic iency 
and re l iab i l i ty  a r e  two a s p e c t s  of a r r a y  design which 
m u s t  r e c e i v e  i n c r e a s e d  e m p h a s i s  if f u t u r e  l a r g e - s c a l e  
s y s t e m  c o s t  goa ls  a r e  to  be  achieved.  Data have  been  
p r e s e n t e d  which ind ica te  t h a t  p r o g r e s s  i n  both of t h e s e  
a r e a s  can  be  inf luenced th rough  t h e  adoption of l a r g e r  
module  s i z e s  toge ther  with a p p r o p r i a t e  s e r i e s /  
para l le l ing  of c e l l s  within modules .  Although t h e  
i n c r e a s e d  cos t  of l a r g e r  m o d u l e s  wi l l  m o d e r a t e  t h e  
i m m e d i a t e  adoption of v e r y  l a r g e  modules ,  subs tan t ia l  
p r o g r e s s  toward  improved  module  eff ic iency and 

re l iab i l i ty  h a s  been  m a d e  to da te ,  and t h e  prospec t  of 
fu ture  l a r g e - s c a l e  photovoltaic appl icat ion a p p e a r s  
v e r y  promis ing .  
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