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Abstract

The use of photovoltaic solar arrays for terres-—
trial applications poses a number of unique requirements
which must be addressed by the array designer and user.
The requirements result from the physical characteristics
of photovoltaic devices, the nature of typical terres-
trial photovoltaic applications, the demands of the
terrestrial environment, and the competitive forces
associated with the terrestrial power supply market.
Various terrestrial array requirements and design con-
siderations are discussed both in terms of the current
state-of-the~art and in terms of the goals of the U.S.
National Photovoltaics Program. Included are discussions
of the relative performance of various array module
designs currently on the market together with thoughts
for further design improvements.

*This work presents the results of one phase of research
carried out by the Jet Propulsion Laboratory, California
Institute of Technology under NASA contract NAS7-100,
sponsored by the Energy Research and Development
Administration.
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Proceedings of the 1976 International Solar Energy Society Conference
Winnipeg, Canada, A77-48910 23-44, v.6 (1976), pp. 48-56.

48



Introduction

Though solar photovoltaic arrays have been used for many years
as a primary source of power for space vehicles, the terrestrial use
of photovoltaics has come into prominence only within the last
couple of years. In support of decreased dependence on our limited
fossil and nuclear fuel supplies, the U.S. Energy Research and
Development Administration (ERDA) has an active program which addres-
ses the greatly expanded development and utilization of terrestrial
photovoltaic systems(1 . A major part of the National Photovoltaic
Program is centered at the Jet Propulsion Laboratory and is referred
to as the Low-cost Silicon Solar Array (LSSA) Project.<2) The pri-
mary objective of the LSSA project is the timely development of low-
cost commercial-quality photovoltaic arrays through an active program
of industrial and academic involvement. Analysis of the current
state of terrestrial photovoltaics technology and the definition of
future array requirements is an important and necessary step toward
meeting this objective.

II. Array Requirement Definition

The examination and development of array requirements is a
cooperative effort involving all elements of the National Photo-
voltaics Program together with the array manufacturers, power system
designers, and potential users.

Understanding the user and power system needs is critical to the
success of the array development effort. To this end, the ERDA pro-
gram contains three major system-oriented activities, a mission
analysis activity to identify and evaluate potential user groups and
their system needs, a system analysis activity to examine the develop-
ment of system designs to meet the user needs, and a demonstration
program activity to evaluate and demonstrate final system performance.
An active attempt is also being made to work with present and
potential users in the development of requirements to meet their
specific needs.

A second important ingredient in the definition of terrestrial
array requirements involves understanding the solar array design
factors and sensitivities which result from the physical charac~
teristics of the photovoltaic devices themselves and the manufactur-
ing factors affecting their production. To achieve this understanding
the LSSA project has a broad program directed toward the design,
manufacturing, and marketing factors affecting array price and
performance. These activities include cost studies of various
manufacturing approaches, experimental programs aimed at both device
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and manufacturing process improvement, and the procurement and
testing of present state-of-the-art solar arrays.

A third major ingredient of the requirement definition process
involves characterizing the natural terrestrial environment and
developing appropriate environmental test requirements. These
requirements must be consistent with both the operational lifetime
needs of the potential user groups and the economical and technical
constraints associated with available manufacturing methods.

The remainder of this paper presents an overview of array
requirement trends beginning to evolve from the wvarious ERDA
activities and contrasts these trends with the current state of
the terrestrial photovoltaics technology.

III. Axray Design Considerations

For present terrestrial arrays the primary requirement is to
generate power for small, often remote electric-power applications.
Typical examples include radio relays, navigational lights and horns,
and remote climatological and environmental instrumentation. As
shown in Table I, the nature of these applications, their size,
their diversity and their technical needs strongly influences the
characteristics of current arrays. Likewise, the applications are
limited to those which can profitably utilize current array
characteristics at their present high price.

To meet an objective of increased energy independence requires
that photovoltaics become economically viable for large energy con-
sumption of the future. The obvious applications with significant
energy usage include central electric utilities, industrial and
commercial applications, and residential applications. As indicated
in Table II, these applications place significantly different
requirements on future solar arrays.

The largest requirement change is in the area of cost. Whereas
small remote applications can achieve cost effectiveness with array
prices of $30/watt and higher, large scale applications require array
prices of 50¢/watt and less to compete with conventional means of
electrical energy production. A major thrust of the ERDA program is
directed at achieving this cost reduction through a combination of
technological advances and mass production methods. Approximately
three fourths of the current cost of solar arrays is involved in the
solar cells themselves. This is spread more or less equally between
the cost of the silicon, the cost of making a single crystal wafer,
and the cost of implanting the diode junction and metalization.

50



* S9WaIlXe TejusuwuoiTAus Surdiwa
ATOPTA 19pun SOUBUSIUTERW MO 103J pauldrseq

*seoie 93j0WeI UL ATTRISUS8 ‘sawoaIxs
TejusuwuocitAaus ZuTdiea ATSpTA 01 paizoalqgng

*douejlaodut

A1BpUOD9S JO S3SOTD UOTIBTIRISUT PUBR 2aN1ONIAIS
310ddng ‘uojleajlsuowsp 9oUBWIOIISd SWII TBII UO
stseydws Lrxewrad ytm ‘pootad y3ty LATearvIdpoR

*sosodand uoflEnTEAD
107 31snl woisds ajeTdwod v Sutrdnq Jo pue gamod
103 (33em/og$) @o1ad ySty ® Surded jo afqede)

*uiszdUOD JO jJoU
se8elToa MOT 3B A39JBS TBOTIIOSTH °*S9TI933kBq
PIoe-peaT TEOTdA]l YITM JUSISTSUOD ST2A9T a3wlTO0A
MoT pue xamod MOT SNOTIeA 10T USTSOp IBRTNPOR

*s91193318q 93vI0lS
88aeyo 03 L7Teadued aemod Ha (3ToA QOh>)
a8e3ToA MOT JO S33BAM (OQT UBYU) SSOT SuNSuc)

*s19In3oBINUBE USIMISq LITTTqe

—98uByoa23UT OU X0 3TIITT ‘suorireadde Ajquesse
puey o3 paiead pur suoriedrTdde Burdaea A1apIm
031 arqeadepe ATISe® QUTT §,I°nioejnuedm YOBH
*sI19IN3dovInUBm udaMlaq sulTsop Sutliea ATSPIM

« gspoyzaw uofionpoxd ssewm 10
uStseop Leiie juaiayyIp ATIueotITudls ® Suriiod
~dns 3o o1qedeoutr ATTenpTATpPUT INg ‘juUsmleall
wo3snd Sutrartnboi ueljyo fsioyiem 9SISATP TTBUS

$0T1STI2108IRY) AB1IY JUaSaxd

S0T3STa930rIRY) U0TIedITddy ju9saxg

S0T38TI9108IRY) uoTlevdITddy Iamog OFeEITOAOIOUJ
juasalg SnsSis) SOTISTIDIOBRIBY) Aeaxy 1uasaig °*I °Iqel

51



*I9sn 01 3TIouaq/3800 JuTacadmT JO sueOW B SB
S8 S9INQTI33e TPUOTIIOUNI ISYIO0 UTIBIUCO TTIM

*sToued Jurlesy TemMIsy3l-ieTOS/OTBITOAOjOud
pouTqmod se suorjouny Jurjesy-fewmasyy °
J0o0x 10 SUTTToMP IO DOBIANS
A0TI9IX9 IJYJ Se SUOTIdUNI IA9TIaeq ISEM °
SUOT30uUNny TeINIOIITYD1B/OTISYISIV °

:se yons suorilouny TeuoTiTppe Surpraoad
soTelToAca0yd £q posocidur 2q Aew 3TFaUSq/3S0D

*$3500 JDUBUSIUTEW PUB UOTIBTTBISUT MO puE
(3502 =2anionils 1xoddns moy *8°9) 1500 WEISLS
MOT U3ITM JUS]ISISUOD PuUE SITIA0ISTY sdursmroyiad

uaacad yiim sudrsep SWFIOITT—~ZuUoT €3500-MOT]

sasodind uoTleNnTRAD I03J

wolsLs e oseysand ol pPIOIJEB J0UUBD PUB SHSTI
JueoTITu8Ts 31dsooer 01 elqeun aar ‘sajea LAITTIIN
DTIID9T? YITM JUIISTSUOD $1500 LBxous sarnboy

*saanjesy Aj97es pue Sujpunoa8 ‘uorrernsur J1ojy
SOpPOD TBROTIIOOTD UYITM JualSTSUOD pu® ST94A9T
a8eatoa ysSty ‘aomod Y31y I03 uSTSOP IBRTNPOR

*speoT OV o3e3aToa ySTy ‘aomod y3ThH

‘uor3edITdde swes 103 sSIdIn3oey

-Nuew UIaMIaq LI1TTIqea3usydI9IUT MOTTE O3
$92®3JI93UT POZIpIBpUBlS “Spoyzdm uorlonpoad
ssem £q poonpoid ‘suorleofi(dde JusISIITP
A7yueoTITUdTS X03 Sulisap LAeaxe I0uIISTQA

* spoyasm uotTlonpoad
ssew pue uSTsop Leiae JUSISIFIP LTIuBOTITuldYS
e Burizoddns Jo 27qeded yowe s3ojiewm IS8x1e]

e

— |

9131sTI9oRAIBY) LABl1ay 2INnINg

0T38TI930BIRY) woTIedTTddy aining

S0T1STI910RARY) uoTiedTTddy aomog DTe3ITO0AO2OUJ

2In3ng SNSISA DTAISTIMNNORIRY) LBIIY 2InINng

“11 °Tq®lL

52



With the achievement of 50¢/watt arrays the primary cost
drivers will begin to shift toward the other elements of the photo-
voltaic power system, The cost of the array support structure and
installation and maintenance (I&M) costs become very significant
and suggest increased emphasis toward maximum power output per unit
area, and the incorporation of features which reduce I&M costs. The
use of larger array modules could, for example, serve to both mini-
mize lost border area and minimize electrical and mechanical
installation cost.

The effective cost of solar arrays can also be reduced indirectly
by designing arrays to serve other functions in addition to power
generation., By using arrays as shingles on a dwelling roof, not
only is the support structure provided essentially free, but a major
portion of the cost of conventional shingles could be written off
against the arrays.

Another important factor influencing future array designs is the
probable use of high voltage levels (250 volts and higher) and the
attendant electrical safety needs associated with such voltages.
Insulation integrity, module grounding, and electrical terminal
protection will require substantial changes from current practices
developed for low voltage applications. Special emphasis will have
to be placed on persomnel safety in recognition of the fact that
photovoltaic arrays are difficult to turn off. The use of standard-
ized shielded electrical connectors may serve to both improve
electrical safety and minimize array installation time,

Another important factor behind the changing array requirements
is the general inability of private industry to accept large finan-
cial risks or to fund demonstration efforts to lessen the risks
unless the potential payoff is large. With the present small-remote
applications the total financial risk is small relative to the
potential payoff., This is partially due to the lower system cost,
but largely due to the fact that the primary risk, per user, is
with a few demonstration units, whereas the payoff is generally
associated with a large number of deployed systems., With large
systems, the number of systems per user is small and the relative
cost of demomstration is therefore higher. 1In addition, the cost
per demonstration is higher, and the potential payoff (mills per
kW-hr) is less.

In the future these factors will place increased emphasis
on proven performance history and manufacturer reputation and
stability. Whereas users with small applications will continue
to demonstrate (qualify) custom array designs, future large array
users will require previously qualified array designs with known
performance. One means of achieving this is through increased
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standardization which will allow a limited number of possibly
government assisted demonstrations to qualify designs for use in a

variety of applications.

There are a number of elements of standardization which will
require treatment in future array designs to guarantee performance
and long term availability and interchangeability. Standardization
of exterior dimensions including mounting hardware and tolerances
is an obvious first step. Common electrical termination techniques
such as shielded connectors would allow safe and efficient electri-
cal connection and minimize installation and maintenance time.

Standardized performance is a more difficult problem that
must be faced. Present solar cell and array characteristics vary
congiderably from manufacturer to manufacturer and make electrical
interchangeability next to impossible, Power and voltage nomen—
clature also vary significantly. Although most electrical perform-
ance is rated at an air-mass-one solar insolation level of
100 mW/cm2, the name plate rating may be maximum power at a standard
test temperature of 289C, short circuit or maximum power current, or
some nominal power. Voltage rating is equally varied and may include
maximum power voltage at 100 mW/cm4, AM1 and 289C, or some nominal
working voltage such as 12 volts, if the array is designed to
charge a 12 volt battery.

Because array electrical performance is strongly coupled to
array operating temperatures, any attempt at standardization must
also account for operating temperature variations between designs.
Fig. 1 indicates the large difference in operating temperatures
measured from a cross-section of presently available solar array
modules. If each module design had the same power output at 280C
the hottest modules in Fig. 1 would have nearly 207 less power than
the coolest under typical operating conditions. This amount of
variation reflects not only as more or less power per "nameplate"
watt, but seriously limits module interchangeability because of
series/parallel mismatch losses.

Another factor which is important to future large-scale array
acceptance is guaranteed or demonstrated operational lifetime. The
operational lifetime of present arrays is based on limited historical
field performance data together with real time field trials or
demonstrations. Many of these data are compromised by the rapid
obsolescence associated with the steady adoption of improved techno-
logy and manufacturing methods. The needs of future large-scale
users will require increased emphasis on accelerated testing and
analytical lifetime prediction techniques. The development of such
techniques together with the more general problem of interface and
performance standardization is an active and important part of the
ERDA program. ‘
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Conclusions

The application of photovoltaic solar arrays to future large~
scale terrestrial applications has been shown to require a number
of changes from present terrestrial array technology. The changes
result from the high cost of present photovoltaic devices, the
nature of future power applications, and the financial forces
associated with the future terrestrial array market. It is the
purpose of the U.S. Natiomal Photovoltaics Program and in particular
the JPL Low-cost Silicon Solar Array Project to achieve these changes
in an orderly and timely manner with the active participation of
private industry and academic institutions. Substantial progress
has been made to date in all areas of array design improvement,
and the prospect of future large-scale photovoltaic application
appears very promising.
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