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Preface

~ This publication represents the results of one phase of research carried cut at the

- Jet Propulsion Laboratory, California Institute of Technology, under Contract No.

. NAS 7-106, sponsored by the National Aercnautics & Space Administration, ‘This
report is being submitied to the National Science Foundation in partial fulfillment
of N5F Gramt No, AG-485. It includes evaluations, conclusions, and recommenda-
tions which cuiminate in a program plan. a milestone schedule, ancl funding
requiremeats for tie first S-year phase of the development,

. 'The principal auther of ,_Lhrs report is Dr. Ralph Lumack, Member of the
Technical Staff of {he Spaceeraft Power Section-Some sugieslions of Mr. John V.,
Goldsmith, Supervisor of the Solar Enerpy Group of the Spacecraft Power Secticn,
were used. The manuscript was edited by Ms. Dorris Wallenbrock of the Technical -
lnformahon and Documentation Dlv:sion. )
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" Foreword

- This document is submitted to the National Science Foundation (NSF) by the Jet
- - Propulsion Laboratory (JPL) in partial fulfillment of the contract to participate in
the technical assessment for Photovoltaic Conversion Technology. The assessment
described here includes perspectives of the overall program and 'of each of jts
phases. Task objectives, milestones, program phasing, implementation approach,
descriptions and schedules for deliverable items, and stipulations of the resources
required ate considered. A framework in which a photovoltaic  conversion
development program can be operated and the information needed 1o integrate Lhe
tasks are discussed, The Laboratviy believes that the comprehensive program,
which is constructed from this assessment, is commensurate with the magnitude and
importance of the NSF Photoveltaic Energy Conversion Program, ‘

1n Gie course of performing this assessment JPL evaivated publisked studies and
documents, such as the recommendations of the Interagency Panel for Terrestrial
Applications of Solar Energy and the summaries of the workshops at the NSF
Conference on Photovoltaic Conversion for Terrestrial Applications held 2t Cherry
Hill, New Jersey, October 23-25 1973 Evaluations of solar cell systems,
technology developments, and program- projections by members of the Solar
Energy Conversion Group al JPL were amalgamated with this information to yicld
. the resulting program plans and schedules.

The recommended program contains subprograms for technology development,
demonsiration projects, and systems analyses, the guideline being the establishment
of the practicability of photovoltaic conversion systems for large-scale terrestriaj
power applications. The scope of the program is limited by considerations of the
status of the technology - for individual photovoltaic candidates, schedule
requirements, and funding limitations. As a consequence, the program for the
development of the single-crystal Si system has been emphasized, but provistons for
development programs for other candidates have been inchuded.

The conclusions. and recommendations of this: report are applicable to the .
operation and direction of the program within the boundaries of the assumed .
conditions of objectives, schedules, and funding. Reevaluations and revisions will be
needed in the event any of these becomes inappropriate in the future, '
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" Abstract

A technical assessment of a program to develop photovoltaic power ystem
technology for large-scale national energy applications has been made by analyzing
. and judging the alternative sandidate photovoltaic systems and develnpment tasks.
A program plan was constiucted based on achieving the 10-year objective of a
program to establish the practicability of large-scale terrestrial power instatlations
using photavoltaic conversion armys costing <$.50/peak W. Guidelines for the
tasks of a S-year program were derived from a set of 5-year objectives deduced
from the 10-year objective. ’ : ' ' ' ‘

This report indicateés the need for an early emphasis on the development of the
single-crysta) Si photovoltaic system for commercizl utilization: a production geal
of 5 X 10° peak W/year of $0.50 celis was projected for the year 1985. The--
developments of other photovoltaic conversion systems were assigned to longer
range devclopment roles. The status of the technology developments and the
applicability of solar arrays in particular power installations, ranging from houses to
central powsr plants. was scheduled to be verified in.a series of demonstration
projects. The budget recommended for the first 5-year phase of the program is
$269.5M. - . -
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As'sessrﬁlent, 6f_{he'TeChnidlbg§ Required to

~ Develop Photovoltaic Power Systems for
- Large-Scale Mational Energy Applications

7 t. Summary

This report contains a technical assessment of 'a

. program to develop photovoltaic conversion system
technology for large-scale terrestrial energy applications.
The assessment was initiated by defining the long-term
_ objective of a program to achieve economic practicability
for photovoltaic conversion systems for terrestrial applica-

 tions. A list of technology requirements and program
* limitations, which provide generalized descriptions of the

requisites of the program, was employed in-the definition.
" Objectives of a near-term, 5-year program ' were - then
delineated, based on the Tong-term objective. This set of
objectives was used to derive interim objectives and
interim goats. The technical assessment, which in tumn
becomes the basis for formulating a program containing
descriptions of technology development tasks, program
milestones, funding requirements, and a. management
organizationa) plan, was ohtained, finally, from considera-
" tions of the 10-year abjective, the S-year objectives, the
interim objectives, and the interim goals.

The reports, conclusions, and recommendations. of an

Interagency Panel for Tesrestrial Applications of Solar :

- Energy, of an NSF-sponsored Conference on Photovoltaic
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* Conversion of ‘Solar Eﬁergy for Terrestrial Appll&tions

held at Cherry Hill, New Jersey, October 23-25, 1973, and

- of the publication "The Nation's Energy Future” by Dr.

D. L. Ray were analyzed and -evaluated. These critiques
were utilized in the assessment, in which the criterion of -
optimizing the probability of achieving the 5-year
objectives of the program was applied. L
‘The objective of the first 10-year effort is the
establishment of the practicability of large-scale terrestrial -
power installations using photovoltaic conversion arrays

 costing < $0.50/peak W.

In order to meet the long—terh: objective, the fol.lowing“ .

. S-year objectives are specified:

_ {1) The determination of the feasibility of the technol-
ogy necessary for fabricating solar cell modules,
which will result in an amay costing <%0.50/peak
W. This implies: : , .

(a) Establlshing that these solar srmys bave caﬁ;sfac- '

_ tory lifetime electrical performance characteris-
tics under terrestrial environmental conditions

G




such that the dégra&tiOn of electric power
output is less than 5% over a 20-year period.
(b} Requiring the installation of a pilot plant for the
production of low-cost, solar cell grade, polyerys-

. talline Si. '

{2} T!ze institution of Facilities and tasks to perform the

tests and evaluations required for the development.

program and to provide the data for the systems
stuedies.

{3) The perfbrmance of a sufficient number of systems.

studies to ensure the availability of the informalion
‘ needed to design technically and economically
aoceptable power systems.

| {4) The conducting of a research program to provide

the basis for advanced technology developments.

This set of objectives should serve as the precedent for
another set of objectives, which will neea to be defined for
the second 5-year interval in the 10-year program.

The list of generalized technical requirements and
p Yimitations, which was nsed as the precedent for
the l0year objective, also served as 2 guide in the
- assessanent of the technolegy -and.in onstructing mile-
stone and funding requirements. This list reflects the
essence of ihe program objectives and summarizes the
general programmatic considerations and the const-
quences of these objectives. It contains the following
ftems:

(1) & power installation based on a photovoltaic
conversion system must be economically competi-
tive. ‘ ' :

{2) The feasibility of the teclmol&gy for & potentially

economically competitive system must be demon-

- strable within 5 years.

' {3) The commercial pr@cticabi!ity of a photovoltaic

conversion system should be established within 10

{4) Fundamental and applied research and development

tasks must be conducted vigorously throughout the

program o ensure the scientific and technological

bases, which may lead to technically and economi-
cally superior systems.

(5) The Bnancial . support will come primarily from -

MNSF. There may be complementary programs

supported by private industry. To increase the.

. participation of industry, it will be necessary to
communicate the progress and problems of the NSF

program; one way to do this is lﬁrough demonstra-
tion projects.

(8) The probabilitv of developing practi'cal technology
would be increased by arrangements with power
utility organizations for cooperative programs.

Using the definitions of an interim objective as being
essential to the success of the 10-year program and of an
interim goal as being contributory but not essential to the
achievement of the 10-year program objective, sets of
interim objectives and interim goals were created to
provide an elaboration of the plan for the program for
each of the 10 years. A list of interim objectives and
interim goals is provided in Table L. '

‘In the conclusions and recommendations of the techni-
cal assessment, derived by the procedure and under the
conditions cited above, the primary effort is assigned io
the development of the single-crystal Si solar cell system.
In support of this effort, separate tasks for power system
studies and for aperating a national Jzboratory directed to
insolation, testing, and evaluation: are also described.

The subprogram for developing single-crystal Si array
technology contains five key tasks: (1} low-cost, high-
volume production of polycrystal §i material; (2) low-cost,
high-volume, large ‘area single crystal Si production; {3)
continuous, automated, low-cost, high-rate ccll and array
fabrication; (4) satisfactory long-lifetime encapsulation; .
and {5) improved cell efficiency. The development of a

- suitable process for single-crystal Si production Is
_ considered Yo be crucial to achieving the program

objectives; the edge-defined, fim-fed growth (EFG)
procedure, which is being investigated, has the potential
for meeting these requirements. The manufacturing steps,
which begin with the processing of single-crystal ribbons -
and end with the fabrication of solar cell arvays, must be
automated to make the array fabrication sequence
e>nnomically feasible. ‘

The primary sole for the single-crystal Si solar cell
systean is apparent from the selection of interim program
objectives, as given in Table 1, and from the designation of
the critical milesfones for the 10-year program, which are
presented in Fig. 1. Further evidence is provided in Table
3, which shows the budget for a program constructed from
the JPL assessment. The program, with a funding total of
$263.5M for 5 years, emphasizes the development of the
single-crystal Si solar cell systera and intludes major
sections for power system design, material characteriza-
tion and device-performance evaluation, and demonstra-
tion projects. It is believed that reductions in funding
below the levels proposed will result in compromises in
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Table 1. Interim objectives apd goaki

Fiscal Year -

Objectives

Goals

1975

1478

1977

1079

. 1982

1983

Yaitiate programs in the following areas:
Production of Jow-~cost polycrystal St material
Development of continuous, multiple ribbons of
single—rystal Si
Development of processes for opntmuous cell production
from single-crystal Si sheets
Development of ]ong-hfctnne encapsulation materials

- and packaging designs
Study of power system requirements .
Study of electric power performance of solar cells used
in terrestrial applications

Cantinue development of single-crystal.5i ribbon process:
Establishment of at lezst one suitable die moterial
Evaluation of physical and electrical properties of
pmlotype solar cells

 Select process for high-volure production of low cost

pelycrystal Si material

Complete preliminary specifications for power system
requirements and economic analysis of se\ernl apphcatmm
of photovoltaic arrays

Initiate demonstrations of continuous g'mun}; and multiple
growth processes for single-crystal Si ribbon

Initizte study to optimize production of Si ribbon cells
Define standard procedures for device evaluation and
calibrate cells for terrestrial perfoninance evaluations

Complete design of production plant for pulycrysta.l st

- material

Demonstrate feasibility of continuous ribbon technology
Define processes for ribbon-cell fabrication

Complete specifications and d=sign for encapsulation of
ribbon-cell arrays

Place on-stream smalk-scale plant for production of -
polycrystal Si material

Demonstrate technology for multiple growth of Si ribbon
Complete study for-automating ribbon cell processing

Place on-stream small-seale production pinnt for eibbon Si
Place on-stream stnall-scale production plant for ribbon Si
cells and arrays

Initiate design of large-scale procuction plant for ribbon St
cells and arrays

Achieve production of < $0.50/peak W modules

Initiate, or continue, long-range programs in the fo!lowmg o
areas:
Single-crystal 5i cells
Development of web single-crystal sheets
Investigations directed townrd improvement of
efficiency of energy conversioa
 Other materials and services
Development of techniques for fabricating pelyerystal
Si cells :
Investigation of propesties of polycrystal Si cells
Investigations of degradation and reliability problms
of Cd5/Cu,S cells
Studies of severnl potential photovoltmc conversion .
systems .
Inftiate program to demonstrate feasibility for pmducﬂnn
o{ wafer-celi arrays at <C $5/peak W: :
Development of scale-up and automalion processes
Evaluation of production potential of astomated
processes using Czochralski mgms

Develop substrate materials for polycrystal Si cells
Fabricate development mudt‘! 3% efficient, stable
CdS/CuS celis ‘
Establish feasibility of technology for $5/peak W, single-
erystal 8i wafer cell

Begin construction of H0-XW modutes from single~crystal
Si wafer velis for use as demonstration units

" Complete analysis and define specifications for solar

concentration for photovoltaic systems

_‘Establish that development model Cd5/Cu.S cells have

satisfactory stability and reliability characteristics
Demonstrate technical feasibility for polyerystals Si cells
Complete specifications for insolation meusurements and
solar cell and array evaluation procedures

Achieve production of $2.50/peak W for Si wafer cells
Select systems out of category of other materials and

‘ scrvices for contipuced research and development

Place on-strearn small-scale productton plant for 5%
eﬂic:cnt polycrystal Si cells

Demonslmtc techntlogy for 10% eﬂ‘menl polycrystal §i° )
cells .
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e —_ Table 2. S-year budget® recommanded in JPL assessment

. Fiscal Year -
) 1975 1978 1977 1978 L
' Single-crystal 5i cell {ribbou) 40 125 240 e 4e0 -
_ Singlecrystal §1 cell {wafer) 15 65 . 7.0 "j;“ ‘ - 60 20 o
 Polyerystal §i cell 05 20 35 38 . .- 358 L
Cd5/Cu,S cell 10 45 85 Coes - Tes T
_ .Oﬂlérma!enaﬁ and devices % 35 40 ©30 . 30 ’
. Isolahon. testmg, and evaluauon_ T 28 45 8o 85 B2
'-f?rSYStmis o ' T1es 65 me T e T 180
C ' Totals - - 7 108 400  Te0 75 - oses
" Cumulative totals 05 505 - 148 188.0 - 2685
*In $105.

' the overall program scheduling and, consequenllx. ina
marked decrease in the probability of a successful

ngmm

Tha “ﬂmﬂlrv- ﬂhn!wo‘ta.ﬂ sonversion systems of CdS/.

CugS polyerystal Sl GadAs, and CiTe;-organic sysiems; and
other novel systems are among those placed in the

E category of candidates whose technical capabilities are yet |

to be aunonstrated. The development subprograms for
these systems are for investigations which are directed to
- establishing technology credibility as a prerequisite for the

“dexelopment of practical devices., Accordingly, the CdS/
CugS subprogram comprises studies of degradation and
* efficiency problems; there are studies of efficiency, of the
-effects of grain boundaries, and of junction formation in

* - the polycrystal Si effort; and the physical and electrical -
~* characteristics of other potential photoveltaic conversion

© systems are to be the subjects of a research and
‘developmenttask

The plan for'a FYT75 program, which is presented in

Table 3. conforms to I.he proposal for the 5-year program.

. A potential program orgmuzatlon structure is outlined
o . in_Fig. 2. This is a functional arrangement which

. comprises four major sections: {1} Single-Crystal Si Solar
Array Mission, (2) Svstems, (3) Insolation and Evaluations,
and (4) Photovoltaic Conversion Systems—Advanced
Development.

. An appendix which contains a discussion of the need for
" . technical evaluation laboratories is included as a supp!e-

nt to the repor!.

Il Introduction

" The practical generation of eleetricity frotn solar energy
for terrestrial applications using photovoliale conversica
- technology cannot be achleved until solar cel! moduler and
" systems can be produced at low cost and i adequate
volume, and solar cell power. plants can be installed and
operated at conmercially competitive prices. There is no
solar cell which meets these requirements today. How-
ever, some solar cells have been shown to have properties

which make them suitable candidates for development -

programs directed to obtaining a satisfactory photovoltaic
conversion system. As a prerequisite to instituting these
programs, it is necessary to perforn an assessment of the
candidates in which the potential of each is evaluated; the
structure and magnitude of research, development, and
engineering programs needed to establish the technology
feasibility of each system. are estimated; and mﬂestones
and funding levels are formulated. :

The smg[e-crystal 81 solar oell is the primary canclidate '
by virtue of its many attributes. In this case, the theory
and technology are well developed, the conversion
efficiency i< high, the material is abundantly available, and
the technical goals are well defined. The relatively high
level of technological maturity attained for this system is
evidenced by the increase in-conversion efficiency to
about 16.5% at Air Mass } (AM1) from 5% for the early
cells developed in 1954, Solar modules with conversion
efficiencies of about 11% are available ioday at less than
$50/W for small orders. The present annual U.S,

- production of smgie-crystal Si devic&c is eqmvalent to
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EVENTS : Fv75 | Fv7E | Fvi7 | .FYR8 E Fy7e | Fyeo | Fvar | Eve2 | Fvdz | evBa | FYES
SMALL- LARGE-
PROCESS SCALE SCALE
] ) S : DEFINED. platt | . PLANT
POLYCRYSTAL 57 MATERIAL PRODUCTION A l =yl Y
4 1 . . ’ &
4 ! SMALL-
X CONTINUOUS MULTIPLE SCALE |
) : G]ROWIH GROWTH PLANT
CONTINUOUS PRODUCTION OF SINGLE-CRYSTAL gy 21 L
51 RBSON i T
) SMALL- LARGE-
PROCESS - PROCESSES  PLANT SCALE - lscatE
‘ DEFINED AUTOMATED  DESIGNED | PLANT | ruanr
CONTINUOUS RIBBON, SINGLE-CRYSTAL $i E 2 - A
ARRAY FASRICATION :
DESIGM
}COMPLEIE
"ARRAY PACKAGING ] I oY
PRELIMINARY SYSTEM o
‘ ) i REQ LIREME NT DEFINED T S
SYSTEM DEFIMITION AND DESIGH 7 . T
. . ' PRELIMINARY DEVICE
PERFORMANCE SPECIFIED — e
MATERIALS AND DEVICE PERFORMANCE STUDIES W'y
1

: l-‘is 1. Criticet pragnrn milastones to reach NSF objective of $C.50/peak W solar arrays for
- solar ph:no‘vollakc pm'ur systems in 10 years

_ approxunately 60 kW; 90% of tl:\ese devices are used in
lhe space pmgram

A.lt]mugh much of the development to date has been
restricted to the single-ciystal Si technology, research and
development of other promising photovoltaic conversion

- systems have been accomplished to a lesser extent. These
systems have the potential for high-volums production and
for costs less than the single-crystal Si module, but they

" require far more extensive baSlc research and develop-

ment programs.
In general, the prospects for producing satisfactory low-

cost solar modules are gocd. Even without further .

technology advancements, mgmﬁcam cost reductions are

obtainable by the application of mass production tech- -
niques. If the changes are instituted to meet a market of’

i 1000 kW or more, per year, a decrease in price to $20/W
" for the single-crystal §i array is predicted. A decrease to

$PL SPECIAL PUSLICATION 4311 -

$5/W has been extrapolated for an anticipated market in o
excess of 1000 kW per year if automation procedures are

- utilized in production. A price for a module of less than

$0.50/W has been projected for both the singlecrystal §i -
and Cd$/Cu,$ systems if adequate development programs
are pursued. ' '

At an array price of less than $0.50/W, the generation
of electric power by photovoltaic conversion would be
commerciaily competitive in many situations. Accord-
ingly, the 10-year objective of this program is the
establishment of the practicability of <§0.50/W solar

_ arrays for terrestrial power plants. The probability of the

availability of these low-cost solar energy conversion
components should act as a strong incentive to involve
power utility pamcipatwn in the development of
photovoltaic conversion devices for la:g&scale power
appllcationS.



Table 3. Suggested tasks for FYT5

Single-crystul Si splar array mission
Single<crystal Si ribbon cell

Polycrystal Si material ] -
Process definition study—3 Tarallel programs

Single-crystal Si ribbon ’ .
Ribbon-process development—2 parallel programs
Ribbon-process research
EFG die investigation
Process control

Othar single—crystal 5i sheet

Cell manufacture '
Process development—3 parallel programs

Ribbon cell fabrication R&D

Asray manufacture
Process development

Encapsulation materials investigation—3 parallel programs

Supporting developments Co
Development of improved eclis—3 parallel programs

Study of requirements for demor;slm_lion projects
Wafer cell manufacture
" Devclopment of processes for high-volume production

Production engineetiug for high-volume production

Photocaliaic conzersion systems—aduancesd daielopment
Polycrystal 5i cell
Studies of properties and technigues for preparation-—
4 parallel programs :

Investigation of substrate materils
CdS/Cn,S cell : -
Investigations of stability problem—3 parallci programs

- Study of encapsulant materials .

- Other materials and devices, investigations of physical and
photovoeltaic properties—T7 to 10 efforts - :
Advanced research and development

Systems ' : )
Studies, designs, and analyses: studies of concentrator designs and
systemns, photovoltaic performance in systems, power conditioning
Tequirements, enexrgy storage, interfaces with power grids, and total
energy systems—3 paralle} programs

_ Applications projects, design studies for applications projects

Insolation and ecaluations
Insolation data :
Investigations to develop hardware and software
Evaluations of measuring equipment
Evaluations of materials and devices .
Investigations to certify tests and apparatus
Purchases and evaluations of equipment and initial policy

Operation of facility .

Il Basis vor Technical Assessment

The primary aim of the NSF Photovoltaic Conversion
Program is to establish the conversion of solar energy by
photovoltaic devices as a technically and commercially
practical means of providing electric power for terrestrial
applizations. In addition, it is intended that the Program
will act as (1) a bridge between the scientific and industrial

_cemmunities to facilitate the transfer of technology

developments and (2} a means of maintaining a vigorous
research and advanced development program in the
photovoltaic field To provide direction for ihe program, a
far-terms, 10-year objective has been defined, and near-
term, 5-year objectives have been based on it. The 5-year

" objectives act as the framework for the technology .

assessment and for formulating program milestones and

- budgets.

Implicit in the definition of the 10-year objective is a
list of technology requirements and program limitations
which was used to provide generalized dcscriptions of the
requisitcs of the program. Having defined the 10-year
objective, a set of interim objectives and interim goals was
formulated. This set was used to farnish the premises for
the assessment of ihe scheduling of the technology
development tasks. Finally, the criterion’ that iue i0-yoai
and S-year objectives were to be achieved in a cost-
eflective, integrated operation was used as the basis for
the assessment of the funding requirements for the overall -
program. -

A. Technical Requirements and Frogram Limitations

The definition of the 10-yzar objective s based on the
recognition thai the M5F program needs to conform to a
particular set of technical requirements and program
limitations, including the following: 2

(1) A power installation based on a phbtovoi!alc
~ conversion system must be economically competi-
7 tive. - : '

(2) The feasibilitv ~f the technology for a poten.tial
economically tvmpetilive photovoltaic eonversion
system must be demonstrable within 5 years.

(3) The commercial practicability of an economically
competitive photovoltaic conversion system must be
established within 10 years.

{4) Fundamental and applied rescarch and development
tasks must be conducted vigorously throughout this
- program to ensure progress in science and technol-
ogy so as to provide the basis for systems which may

- become technically superior znd more economical.
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(5) The Ensnclal support for the program will come
primarily from the National Science Foundation,
There may be complementary programs supported
by privete industry. To increase the participation of
industry, It is necessary io communicate the progress
and poblems of the NSF program through meaning-
{al demonstration projects. . :

. B, 10-Year Objuctive . T
" The far-tesm, 10-year objective has been based on the

foregoing set of requiremeats and is definod to be the
establishment of the practicability of large-scale terrestrial

- power Instailations using photovoltaic conversion arrays

costing < §RBOIW.

C. 5-Year Ubjectives
" “Ihe neas-term, S-year objectives were derived using the

. 1D-year objective as the primary guideline for the

progran. The near-terra objectives are:

. ) The determination of the feasibility of the technol-

ogy wecessary for fabricating solar cell modules,
which will sesult in an array costing <$0.50/ peak

' ZPL SPECIAL PUBLICATION 43-11
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Fig. 1. Monagemant orgentzation chest,

watl. This implics (a) eswabilshing that these solar
arrays have satisfactory lifetims electrical perform-
ance characteristics under terrestzial environmental
conditions such that the degradation of electric
‘power outpat Is less than 5% over a 20-year period,
and (b} requiring the fnstallation of a small-scale
piant for the production of low-cost, solar cell grade
polycrystalline 51 : o

“(2) The Instimtion of facilities and tasks to perform the
tests and cvaluations required for the development
program and to provide the data for the systems
studies. ' :

(3) Tue performance of suficient systems studlé to
. ensure the availability of the infonmation needed to
design technically and economically acceptable

power systems. )
(4) The conducting of a research program to provide
the basis for advanced technology developments.

D. fntorim Objectives and tnterim Goals
A set of interin: objectives and goals was created for use
In categorizing the technology needs and schaduling the

Ly
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program. In this context, au interim objective has ‘been
“defined as being essential to the success of the program.
whereas achieving an Interim goal is considered to be
desirable but not vital to the achievement of the 10-yeas
objective. Howeves, the interim goals are also directed in
large part to the advancerent of pbotovoltaic conversion
technology and to the attainment of the -technical
development commensurate with establishing the feasibil-
ity of $0.10/W amays. For instance, the development of
20% conversion eficiency devices could be designated as
an interim goal, although reaching this efficiency mark Is
not essential to attaining the 10-year program objective.
The. identification of these interim objectives and goals

was an aid in judging the relative importance of specifie .

 tasks during the technology assessment as well as serving
as a premise for the overall program schedule.

. £ Funding Concideration :

In the course of analyzing the funding requirements for

the program, the funding levels recemmended in the .

reports of the Interagency Panel and of the NSF
Workshops were examined. These budgels bad heen
formulated under the general guideline of reparately
optimizing the contributions of the individual subpco-
grams toward achieving the 5- and iG-year oljcelives of
the program. It was concluded that a procedure of simply
using the sum of these recommendations is not commensu-
rate with the prudent funding of an Inlegrated program.
. This conclusion foliows from the recognition that the
structure of the tolal progeam should be based on the
_ premise of maximizing the probability of achieving the

objectives of the overall program. As.a consequence of this

‘oplimization criterion, consiraints were imposed on
" formulating the stratcgy of the overall program. These
constralnts were employed in turn in the assessments of

" the technology development plans for the subprograms.

Thus, in effect, this optimization criterion was used to set
priorities among the subprograms and their tasks as well
as 1o define the technology development goals and
limitations for specific subprograms. Accordingly, the
allocations of the funding levels were, in turn, dependent
on the judgments of the relative importance of the
technical and schedule aspecis.of each task to-the
objectives an.! schedule of the overa'l prograni.

. Technlcal' Assessment

The selection of the particular photovoltaic conversion
systems and the formulation of the technology develop-
ment tasks to be included in a terresirial energy program

- should be effected so 2s to maximize the probabilities of
. attaining each of the near-term objectives. In the selection

-

. p.rocéd\ire. it is necessary to judge the allernative systems,

taking into dccount the need lo consider the economic, '
technical, and organizational factors; the olligstion to

“allocate resources of funds, facilities, and manpower In

more than one objective area and in different time frames;
the uncertainties of estimating the outcome of a particular
set of decisions; and the availability of more alternative

‘options than can be used. To give proper consideration e

these various factors and relationships, and in an effort to
provide a reasonable basis for the program, assessments
have been made of the state-of-the-art. In the course of
these evaluations, special consideration was given to the
conclusions and recommendations of the Interagency
Panel for Terrestrial Applications of Solar Energy, of the
workshops at the NSF Conference on Photovoltale
Conversion for Terestrial Applications held at Cherry

. Hill, New Jersey, and of the section on photovoltaic

conversion in “The Nation's Energy Future” by Dr. D. L.
Ray. : :

The assessments have been accomplished on the basis
that, while the primary, immediate necd is to achieve the
technical #nd economic oplimization requirements, as
stated In the 5-year bjectives, there ase requisites for the
overall program cxtending beyond \he near-term periods.
These requisites are to estiblish™ phoiovolisic vuiverion
systems ~s being practical for on-site and central power
irstallations and in doing so to demotstrate that commer-
clal, production, and - social demands can be fulfilled

- satisfactorily.

A summary of ‘hese assessments is presented in the
following cection. - - : '

A. Astassment of Summaries of Wﬁﬂtshops at WSF
Cherry Hill Conference L

A workshop Conference on Photovoltaic Conversion of
Solar Energy for Terrestrial Applications, beld on Octobe!
923-95, 1973, at Cherry Hill, New Jersey, was organized by
JPL and sponsored by NSF. The agenda consisted ©
workshop discustions, panel discussions, and presentation
and discussions of invited papers. The workshop subject
were single-crystal Si solar cells; polycrystal Si solar cells
Cd$/Cu,$ solar cells; other materials and devices
systems; and insolation, testing, and evaluation,

The following general objectives were posed for th
workshops: (1) to provide the research and' technolog
base required for the economie terrestriud application ¢
solar energy and to foster the implementation of practic
systems to the state required for commercial utilizatio:
(2) to develop at the earliest feasible time the potential «
solar energy applications as large-scale aitsmative energ
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3 souftes; and (3) {o provide a firm technical, environmenlal,
social, and economic basis for evaluating the role of solar
. energy utilization In U.S. energy planning,

Assessmenis of the summaries of the workshops follow,
1, Single-Crystal §i Solar Cell .

a. Abstract of Workshop Report. Four key elements for
a technology development program were cited in the
report of this workshop: low-cost palycrystal Si material;
low-cost single-crystal Si sheet; aulomated sofar cell and
array manufacture; and improved solar cell- conversion
efficiency. Several conclusions end recommendations were
" reported: (1) Low-cost polycrystal Si material may be
_obtalnable by modifying the presently used processing of
SiHCIy or by developing a different process, for example
by using SiH,. Three- to Eve-fold decreases in the price of
solar cell grade polycrystal Si were predicted to be
attainable based on a program Invelving a phase for a
study process development, production engineering, and
an experimental pilot plant, which was scheduled to be in

operation in 1979, This phase was budgeted at $5.8M. Inn -

", second phase, a production plant, capable of producing
- solar cell grade polycrystal Si equivalent to 5 X 10 peak

W annually starting in 2985, was budgeted at $50M. (2) .

The EFG ribbon process is erucial to the overall program
" to procuee low-cost single-crystal Si cells. This process has
" the potential for effecting the needed cost reductions and
being concordant with the high-rate production of cells.
" Since the consensus was that only a Bive-fold cost decrease
is possible using the web dendrite process {the Czochralski
precess was declared to be only capable of a two-fold
- decrease), the primary effort should be expended on the
.EFG development, where & budget of $5M for R&D,

© * §15M for scaling up technology, and $30M for a full-scale

production plant was recommended. (3} A continucus,
automated, high-rate cell fabrication process Is required to
achieve the necessary cost reductions. The recommended

“budget included $6M for process definjtion, $12M for a
pilot plant, $1M for packaging, and $80M for a factory. (4)
An effici ncy of 19% (AM1} should be the goal for a bigh-
volume, jow-cost cell. A supporting R&D program of £ to
5M was recommended. : . '

b, Critique by JPL. The areas for research and
development were separated and clearly defined in this
workshop summary. The conclusions that the development
of a new single-crystal process. such as EFG, is crucial and
that the cell and array manufacture must be automated
seem to be peremplory. In genersl, the recommended
program seems to be well matched to the program
objectives. s : :
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In view of the impoﬂ@w assignéd to the development
programs for the EFG process and for automating all
fabrication, these two efforts should be pursued with the

" top priority for the available funding. The task for the

development of a process for low-cost, high-volune
production of polycrystal Si is also of considerable
importance and should proceed: at the recommended

" _level, if- possible, Consequently, the task for supporting

developments would be the most vulnerable to fund- -
cutting, if any is necessary, at the start of the program.

In the sequencing of the program, the milestores for the
technical development of the ribbon process, for the
- definition of the processes for cell fabrication automation,
and for the complete design for the encapsulatich

. packaging are shown to fall due in the middle of FY7T7.

This seems to imply that there would be little dependence
of the process developments for cell automation on the
characteristics of the ribbon and encapsulation processes.
Although it might seem that the ribbon production can be
described in a general sense carly in the developn: ot
nevertheless. the probable interdependence of these -
development subprograms should be recognized. Accord-
ingly, n great eniphasis needs lo be placed on the ribbon
process development et the carly stages of the program in.
order “to micct the schedule for the ¢ell pivduiion
subprogram. The timing for the integration of the

* encapsulation development into the overall schedule needs

to be given serious attention. -

‘There were no pruvisions in this program for the
development of encapsulation techniques for arrays,
although notice was taken of the need 1o resolve this -
problem. A separale task for this purpose thould be
included in the program. .

2. CdS/CuyS Solar Cells

: a.'Abstm'c'f-of Wm_-l;c,s\hop.'ﬁeporl. in the report of this '
waorkshop, the emiphasis was placed on the descriptions of

" the low-vost and high-volume production potentials of the

CdS/Cus8 cell. The technology problems of conversion
efficiency, performance degradation, and production cell
uniformity were concisely stated, but the milestone chart
contuined production goals. only. Lifetime, degradation,
production yleld, and photovoltaic conversion efficlency
were designated as problem areas. Other 111V combina-
tions, such as CdTe and CdTe/CdS, were n ommended
for further study. An extensive R&D program for the
Cd5/Cug$ celis, culminating in the commercial produc-
tion of high-reliability, low-cost cells by 1585, was advised.
Milestones were set at $4/'W devices by the end of 1975,
continuous-batch production of S$2/W devices at the end



of 1977, 2 pilot plant for continucus production al <$1/W

at the end of 1979, and a production capability of 93 x .

108 m?/year ul $0.20/W at the cnd of 1984. The budget
through 1979 was set at $85.5M, with an additional $120M
budpeted through 1985 T .

b. Critique by 1PL. The report of this workshop was
_considered oplimistic. Although problem areas were
mentioned, 1he emphasis was placed on developing
processes to meel mass production and cost goals. Indeed,
the linking of statements concerning degradation and
reliability problems, with briel presentations of prelimi-

nary results from investigations of these problem areas, -

tendid to lessen anxicty shout the seriousness of the
technical issues, Descriptions of the problem areas and the

use of milestones for technology goals 10 solve the -

problems would have provided a base for correlating the
technology development and engineering phases with the
defined production goals. Indecd, the precedence of a
problem-solving phase o the phase for the development
of production processes should be clearly stated by
inserting technology development goals into the milestone
chart. The proposed budget would be reduced as a result
of an emphasis being placed on the solution of the
technology problems in the first years of the program and
of the decision to. make the singlecrystal Si cell the
primary ‘candidate for this progran.

3. Polycrystal 5i Solar Cells

a. Abstract of Workshop Report. The major problems

" listed by the workshop can be categorized as those dealing
with energy conversion and those involving production of

devices. In the first category, tasks were assigned to
investigations of grain boundary effects, grain size, energy
conversion efficiency, and electricat performance charac-
teristics. The secand category included tasks for large-area
production oa suitable substrates, encapsulation and
contact techniques, and low-cost polycrystal Si material
ion. The objectives were set up fo: the demonstra-
tion of 5% efficlency in 1979 and pilot pla-it capabilities of
10000 m¥/year in 1982 and 100.00(: ui‘fyear in 1984. A
. §14M budget was recommended to achieve the fivst
aebjective, and there were additional budgets of $18M and
$1234 for each of the other milestones,

b. Critique by JPL. The relatively primitive stage of
technology development, the complexily of the problems,
the necessary .echnology breakthroughs, and the program
objectives were explicitly described. The milestone chart,
" which includ 4 the objectives, would have been more
. meaningful had some of the interdependencies of the
RAD tasks been shown. The workshop evidently intended

1o use the omissicn of milestones for other R&D tasks =5 a
means of emphasizing the present rudimentary nature of
the polycrystal Si solar cell technology.

4. Olﬁer Malerials ahd Devices

a. Abstract of the Workshop Report. The workshop
recommended that exploratory studies be undertaken on a
large number of clternative materials and devices, the first
step being a weeding-out process of perhaps 3 years. it
was advocated that additional funds be used at the end of

" this first period to pursue the research and development of

the remaining promising materials and devices. The
materials suggested for consideration were CugQ, GaAs,
CdTe, CulnS;, CuAlS; and ZnyAsy. The devices consid-
ered included cells based on Schotiky barriers, solar
thermal-photovoltaic and semiconducter-electrolyte sys-
tems, photosynthetic barriers, and electromagnetic wave
converters. Among the conclusions were statements that
6o program based on single-crystal cells should be initiated
unless there is a high probability of obtaining a low-cost
material; Schottky, metal-insulator-semiconductor (MIS),
and other barriers are more suitable for thin-film,
polycrystal solar celis than are diffusion barriers; organic
semiconductor and semiconductor-clectrolyle systems
should be investigated in view of the low cost potential;
material availability studies should be prerequisites to the
commitment of funds for developing solar cell system
candidates; and & national thin-flm diagnostic center
should be instituted. A budget of $7.7M was recommended
for the 3-year weeding-out phase and an additional $8.6M
for the following 2 years 1o establish at least one high-

‘potential alternative system.

b. Critique by JPL. Investigations of novel systems
should be part' of a dynamic program, although the
primary positions would be for systems with a. well
established technology, such as singlecrystal Si, It should
be noted that the probability of eocountering UV
degradation problems in the novel systems which include
organic materials should be given serious consideration in
the preliminary weeding-out provess. Otherwise, the
conclusions and recommendations of this workshop seem
to be comprehensive and appropriate.

5. lnsolntibn. Testing, and Evaluation

a. Abstract of Workshop Report. The workshop
recommended the creation of centers for determining
terrestrinl insolation and for testing and evaluations,
Included in the insolation segment were tasks for
establishing insolation system requirements and for the
design and operation of hardware and software 1o colleet,
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analyze, and distribute insolation data. The center for

testing and evaluations was assigned the duties of defining

standard lests, specifying the conditions for accelerated

life testing, conducting an activity for developing
m.asurements and procedures, and cenducting and
coordinating measurements. and evaluations for the NSF
program. In the recommended budget, using the assump-

lion that existing facilities wevuld be converted into -

centers, a S-year funding of $5.8M was allocated for the
insolation area and $9.2M for testing and evaluations. No
funds were included for the operation of the network to
_measure insolation. N '

b, Critique by JPL. The recommendations seem to
cover the needs of the program. The necessity of
obtaining data in an independent. objective, and controlied
manner was not stressed, however. The research and

development of procedures and apparatus for testing and’

evaluations seem to be properly emphasized, but the total
* funding may be inadequate. :

8. Systems

a. Abstract of Workshop Report. The workshop on
systems noted the Imporiance of performing systems
studies early in the program to emable a fecdback of
information 1o the various lechnology developrm: «t tasks,
o rather desperale need for insolation data suitable for

systems anzlyses, the advantages resulting from evaluating

a demonstration project, and the desirability of ysing large
. arrays for environmential testing. Four areas were defined:
(1) system studies, (2} investigations of the advantages and
limitations of concentration for photovoltaic conversion
systems, (3) data gathering and analysis of 100-kW field
test power systems, and (4) pretiminary design for a MW
* power system. The budgeting was $10M over a 5-year
period for the first area, %).5M over 2 years for the
second, $2.75M over 3 yeass for the third, and $2M over 2
years, starting In FY78, for the fourth, - :

b. Critigue by JPL. The tasks were afl defined and

seemed lo be approprizte 10 a systems subprogram. The
hope expressed of obtaining a significant. level of funding
of this effort by utilities early in the program doeg not
seem 0 be realistic in view of the history which indicates
that 2 stage of demonstrable profit and commercial
practicability is a requirement for investment by utilities.

B. Assessment of the Report, “The Nation's Energy
Futt =" ‘ . .

L. Abstract of Repnrt; A solar energy devel:pment
program, in which extremely li.nited funding for photovel-
taic conversion was recommended, was part of this report,
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released in December 1973. “The S—yeir budget was
$35.8M. In this very sparse budget, the lion’s share is for
the single-crystal Si system. '

2. Critique by JPL. The consequences of the funding
constriction are the exorcising of most of the supporting
technology develepment, the exclusion of the deveiop-
ment of alternative systems, and drastic reductions in the
levels of effort directed toward establishing the feasibility
of technology for a $0.50/W single-crystal Si solar array,
Hence, the scope of this proposed program is certainly not -
commensurate with an advocacy of photovoliaic conver-
sion as a reasonable means of supplying a significant
portion of the natian’s future energy, Instead, the program
to develop pholovoltaic conversion systems for terrestrial
applications is decreased so drastically in this report that
it does not even provide for an adequate budget for

. optimizing the development of Lhe single-crystal Si solar
cell system, which remairs as the sole objective.

C. Assessment of tha Report by the Interagency Panel
for Terrestrial Applications of Solar Energy

The panel considered a program plan divided into two
areas. To the area for the Bescarch and Development of
Photovoltaic Arrays for Terrestrial Applications: were
assigned subprograms for Si solar cell arrays, CdS soler rell
arrays, and other materials and devices. The other area, .
which was devoted to the Application of Photovoltaic
Energy Conversion Systems to the power needs of the
nation, was composed of subprograms. for onsite power,
for central power, and for test and evaluations laborato-
ries. '

In this plan, the subprogram for Si solar cells contains
scctions for the single-crystal and polyerystal 51 cells as
well as for the §i wafer cell. The subprograms for on-site
and central power systems are scparate parts of an effont,
which is parallel in intent to the NSF Warkshop on
systems. In the following assessment, the titles of the NSF
Workshops will be used to allow far more accessible
comparisons. The differences in the composition, empha-
sis, conclusions, and recommendations of the Interagency
Panel subprograms vis-a-vis the NSF workshops will be
noted. o

1. Single-Crystal Si Solar Cells

a. Abstract of Report. The following are the mai.. tasks:

_ {1} Automation of presently used processes for wafer cells

with the goal of establishing the reduction of array costs to
about $5.00/W by proof-of-concept experiments. A
milestone of an operational pilot plant capable of
producing arrays equivalent to 1 MW /year was budgeted

n



at. 312M, with tasks for development and engineering
funded at a total of #23M until 1979, Putting a
demonstration plant capable of 5 to 10 MW /year into
Operation in 1978 was also included as a milestone, (2}
Developments of the single-crystal Si ribben process, of a
new process for the production of low-cost polyerystal Si
material, and of automated, low-cost cell and array

manufacturing methods. A budget of $86M was recom-

mended for a program for ribbon processing. - This
program has the objectives of establishing " technology

feasibility in 1978 and of completing the engincering

development in 1979, Technology feasibility for a $0.50/
W amay is to be demonstrated in 1979. Milestones were
~ sct for a pilot plant (10 MW/year} in 1983 and for a

commercial production capability of 1000 MW /year iu
1985, A ,

b. Critique by JPL. Except for some differences in

milestone dates, these tasks are_in large pari the same as
those recommended by the workshop. The main differ.
evces lie In the emphasis here on a separate subprogram
 for wafer cells and on the large-scale production of $5/w
arrays from wafer cells by 1978. The astays are intended
- for use In fabricating power installations, which are

- needed for systems studies and evaluations, Some of the -

- techniques which would be developed ta effect the mass

o production of 8% wales ceil arrays might be applicabte’

to the automated production of single-crystal Si ribbon
. cells and arrays. Accordingly,. the possible adoption of
these techniques should be continually analyzed, starting
in the first stage of the ribbon cell program, by reviewing
the processes being developed and instalied 1o increase
the production capacities of the wafer-cell plants and
examining them in the context of the objectives of the
ribbon ccll tasks,

2. CAS/Cu,S Solar Cells

a. Abstract of Report. The problem areas of stability
and reproducibility were cited as well as the need do
develop automated processes and & better means for
attaching the grids. The development of automation in a
2-to 3-year period s to follow after a 2-year phase to deal
with the problems. A pilot line will be used in 1979 1o
demonstrate the feasibility of automated procedures to
produce stable, reliable, reproducible arrays at $0.25/W,
The milestones Include installations for a pifot plant at 1
MW/year in 1979, a demonstration plant for 10 MW/year
In 1982, and a commercial plant for >1000 MW/year in
1985. The budgel through 1979 is $36.2M. :

"~ b.Critique by JPL. The recommended concentration on
solving the problems of stability and reproducibitity

12

before phasing in the developrent of automated processes
for fabricalion of cells secms appropriate. The recognition .
that the problems of degradation and reproducibility are
severe and may prove to be difficult o solve is
appropriately reflected in the milestone schedule. The
institution of a pilet plant should follow the sucvessful
resolution of the technology problems; a prodiction
capability of 1 MW /year in 1979 is likely to be difficult to

" teglize in view of :the need to precede the production
‘engineering task with the demonstration that the problems

of stability and reproducibility have been solved. The
recommended budget would in tumn be reduced by the
rescheduling of the installation of production facilities.

3. Polyerystat Si Solar Cells.

a. Abstract of Report. The potential of providing $0.10
to $0.30/W arrays was ascribed to polycrystal Si solar
cells. The need to develop processes for low-cost films,
perforining basic studies as a first phase and continuing the
development phase through 1978, was stated. The
program, with a budget of $I5M through 1979, provides
for device testing in 1970, ‘

b, C;rfiiqﬁe by JPL. The milestone schedule appears to
provide a suitable period to establish feasibility. '

4. Other Male-r.i;a-ls and Devices

a. Abstract of ‘Report. A program involving the
evaluations of the physical, chemical, and photovoltaic
conversion properties of potential materials and devives
was recommended. The list of materials inchuded n.v
compounds, such as GaAs, Py, and GayPy organic
compounds; and inorganic compounds, such as Ciy0,
PbO, and Zn0O. The milestones are « demonstration by

1977 that some candidates have suitable propoikles, a

demonstration by 1979 that at least one candidate has
promising photovoltaic conversion propertics, and. the
confirmation of the economic advantages of at least one

- candidate by 1981. The recommended budget through

1979 is $25.1M.

b, Critique by JPL. This subprogram for the research
and development of novel photovoltaic conversion
devices, which should certdinly be included in the overall
program, requires that judicious selections of candidates
be made. Particular care must be taken 1n the selection
procedure to ensure that the constraints not be construed
as inhibiting the concept that the program is open to.

proposals of novel and radical ideas for photovoltaic -

conversion systems. Hence, the advocated screening

- proccss seems to be reasonable. Evaluation criteria will

need to be well defined so that a rational plan can be |
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jtstnbhshed to iudge proposals as well as to evaluate-

cantract p*ogresﬁ.

5. lnsolahon. Teshng. and Evaldnﬁon

a. Abstract of Report. Milestones were set for
establishing a network in 1975 for collecting insolation
data, a laboratory characterizing and analyzing materials
in 1975, a laboratory for calibration and standardization in
1978, and a facility for environmental testing in 1976, A
budget of $18.33 was recommended {or these purposes.

b. Critigie by JPL. The tasks described are necessary to
aceomplith the program. The recummendations for this

subprogram seem 1o cover the iwads, bul the recommen-

N ded budget may be inadequaie.
N 8. Systems

a. Abstract of Report. Two separale areas were
. cowvered: on-site power and central power. The develop-
ment of photovoltaic conversion systems for an-site power
" utilization in homes, or similar. applications, Includes
efforts to (1} study, design, optimize, and evaluate arrays
and assaciated hardware built into hiemes in various places
in the U.S.; (2) investigate the tradeoffs of incorporating
photovelinic -eonvemion “dovices -ints heallng and alr
conditioning systems; and (3} study the applicability of a
tic-fn of photovoltaic conversion systems, which are built
into homes and are of about 10-kW capacity, into clectric
utility. grids. The milestones for this program are the
‘completion of the system design in 1977 -and the

installation of systems by 1979. The budget through 1879.
contains a development and engineering phase at $8.05M, -

& pilot plant al $2.7M, and & demonstration plant at
$.15M,

In the progmm'lor central power plants, milestones

- were set for an economic feasibility study in 1976, for the
nitiation of subsystem design In 1977, for the design phase
in 1979, and for integration into structures starting in
1982, The budget through 1979 is $20M.

" b, Critique by JPL The systems subprogram of the
panel is far more strongly oriented to fabricating and
evalualing power instaMations than i¢ that of ihe
workshop. Whereas the workshop recommended the
design, construction and testing of two 100-kW systems,
the panel proposed the on-site and central power projects
cited above. The information to be gained from the
stedies and analyses of these projects can be advanta-

geously used in the other technology development -

~ subprograms. The proposed extent of these projects and

the corresponding level of funding seem reasonable. The
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subprogram should be-begun at the same time as the

_ initiation of the technology development programs so as

o provide the va!uahie feedback data from the systems :
analyses. .

D. Assessment by JPL

This lechnical assessment for a photovohaicr conversion
development plan is based on the following premises: (1}
The 10-year objective Is to be used as the dominant

' guideline for the overail program; (2) the near-term,

S-year objectives are those given above. (3} The program
will continue beyond the near-term period, and conse-
quently, the near-term program plan should contsio
provisions for performing reseatch and developmunt
subprograms directed to applicability for goals and
objectives of the medium- and far-term p+riods beyond 5
years. {4) The selection of tasks and the allocation of funds
for the individual subprograms are based on the maxim
that the overall program should be consiructed using the
criterion of optimizing the probability of achievmg the

program ob;et.uv&s.

“This assessment is also based on the concept that the
stated objectives are: Immutable and that future funding

changes will be reflected in adjustments in milestone
-dates. In contrast,-the npprosch which would permit o

dependence of the objectives on future funding levels has
been rejected. A concerted effort will be retpnre‘:l to
maintain the validity of this bnslt_ concept.

A procedure of appmmmatiug the effects of different

levels of funding on the probability of achieving the

technology and array price objectives of the program was

used. The consequences of the budget analyses are evident

from the nature of the assessments. The effects are also
manilested in the resultant program, which is dwcribed*
below.

The assessment has been simplified by an arbltmry

‘partitioning of the overall program and the assignment of -

the technology development tasks 1o four separate .
divisions, In this way, the individual goals and objectives of
particular ‘subprograms can be more easily identified,
thereby facilitating the definitions -of the appropriate
requisites for particular evaluations of technology develop-
ment priorities, scheduling, and funding. A Ffurther
consequence of this partitioning is to provide a structure
bath for setting up milestones and for atablishlng a
suitable management organization.

The {our divisionis created by the panitmning are:
(1} Single-crystal 5 solar array mission



© (2) Photovoltaic conversion systemsl—-adifanced devel-
opment .

{3} Systems .
4) Insolation and evaluations

Descriptimﬁ of the assessments pertinent to these
divisions are presented below. :

1. Single-Crystal §i Solar Array Mission. The mission-

.+ oulented division is directed to the advancement of
phetovoltaic converter technologies which have reached
- the stage of maturity required to make them practical
- candiciles for utilization in large-scale terrestrial power
installations. Many of the tasks in this division will deai
with developing low-cost, high-volume production tech-
nigues. . : :

The major emphasis at the start of the program will be _

on the develonment of the single-erystal §i system. as
reflected in the title of this division. For purpases of this
disenssion, the 5i program has been divided into parts for
the production of solar-cell-grade polyerystal $i material,
the production of solar arrays fabricated from single-
crystal Si ribbons, the increased production of single-
crystal Si wafcr cells, and the installation and evaluation of
demonstration projects. However, although this set of tasks
serves adequately (or discussion purposes, different
groupings of the production sequence may prove to be
more commercially practical; for example, it may be more
expeditious and cheaper to combine the productions of
single-crystal Si ribbons and of the cells and arreys into
one integrated fabrication process. Decisions of this type
will follow from the results of product engineering and
mass production analyses, C -

o Multiple technology development efforts 1o achieve a

" task objective should be conducted whenever possible.

The selection of the alternative approaches would follow -

-from studies of the technical tradecs and considerstions
of the relative Importance of the tasks as well as from the
requirements of the technology development schedule.
Some of the proposed options are presented in this section
of the assessment. The instances in which parallel efforts
are recommended will be explicitly stated in Section V.

The alternative processes which should be considered
for the production of solar-ceil-grade polycrystal - 8
material are (1} modifications in the process to reduce
SIHCl; by H; so as to increase the efficiency of the
reaction, thereby reducing the extent of recycling; (2} the
possible exploitation of the advantages of using SiH,; and
(3) purification of $i using an electralytic process.
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Concurrently, studies of the dependence of the charac-
teristics of the cell on the presence and concentrations of
particular impurities and of the tradeoffs of the overall

performance and economics should be carried out.

The EFG technique is presently the most likely
candidate 1o effect sufficiently large cost reductions in the
production of single-crystal Si to be commensurate with -
the overall objective. The EFG process, or any other
process for producing single-crystal Si, must not only have
the features of large-volume production at an acceptable
cost but, in addition, should be adaptable to lasge-area
conversion into cells. This requirement must b main- -
tained as a guideline throughout the subprogam to
develop a satisfactory single-crystal process. For the
present, the successful development of the EFG process is
crucial to the program, as was stated unequivocally as a

- conclusion of the NSF Workshop.

A @wmnt investigation of the web dendrite process,

 vhich is directed toward establishing the production

volume and cost capabilities. as well as e possible
technological advantages is recommended, clthough the
conclusion of the NSF Waorkshop was that caly a 5-fold
cost reduction from the present cost could be pbtuined by
developing this method. Ce ‘

The fabrication of cells involves many separate
processes which have heretofore been perfarmed cn a
batch process schedule. A consensus conclusion is that the
only means of effecting the necessary cost reduction is to
automate the cell production. However, considerable
process technology development and production engineer-
ing are required to form the basis for the automation
design. Consequently, the processes for the continuous
production of farge-area, single-crystal Si; for fabricating

Jjunctions, contacts, and antireflection coatings, and for the

encapsulation of arrays must be modified or developed in
a manner to ensure an aulorated, integrated fabrication

. process for solar cell arrays. A continuing production-audit

feedback should be included in the design 10 ensure that
improvements which could lead to increases in production
volume and decreases in cost of the prodnction arrays will
be expeditiously evaluated and promptly incorporated if
appropriate, Hopefully, use can be made of the considera-
ble experience of the semiconductor industry in all of the
aspects of incorporating automation production.

The fabrication of solar arrays from solar cells consists
of the processes for electrically connecting the solar cells,
physically attaching and arranging the cells to form the

‘array, and encapsulating the array to protect the cells and

electrical conversions against weathering effects. Auvtoma-
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tion of these pmcesse& is required lo assare high-volume.

‘and Jow-cost production. Concurrently, the repefitive
. production on a volume basis of solar arrays as a
~ consequence of automation will result in good quality
contrel, since the qualily checks and functional tests
specified for the designed array can be incorporated into
the overall automated production plan. A well-designed

- quality assurance program can be strictly maintained in-

this manner,

The encapsulation is designed to protect the underlying

array witbout decreasing the amount of light transmitted
to the solar cell surfaces. It affords this protection by
preventing the transporl of substances, such as Op, H;O,
H,S, various salts, fungi, and bacteria, which can cause

corrosion of the electrical connections and deterioration of

" the physical and chemical properties of cell and array

materizls. The consequences of time-dependent changes -

"on the permeability properties of the encapsulants as well
as (he rates of the corrosion and deterioration reactions
must be tested and evalvated.

. The encapsulant itself must also be stable to the
‘environmental conditions of temperature, UV radiation,
and microorganisms, in addition to the substances lor

- which it is to act as a transport-barrier. It must also be

nonflammable, If the encapsulation material is polymeric,
* as jt probably will be, the stability can be obtained by the
addition of various substances to prevent deterioration,

- discoloration, and embrittlement. Since oxidation, the

- primary cause of these failure modes, is initiated by the
presence of chromophoric impurities, which absorb in the
* UV and lead to polymeric degradation reactions {(depolym-
erization, scission of the polymer chains, and cross

“linking), the addilion of colorless UV absorbers, which

absorb in the UV and transform the incident UV radiation
" into Innocuous long-wavelength light, can be used to
“protect egainst oxidation reactions. Biocides c¢an be
incorporated to exclude microbial attack on the residual
- plasticizer and surfaclant substances. The need for any
additive will, of course, be decreased by quality control

programs to minimize the presence of any foreign

materials which could participate in the initiation of
oxidative or microorganism reactions.

After a satisfactory encapsulant material has been
developed and certified, an encapsulation process must be
designed to be compatible with the overall automated
production plan. This step will involve process develop-
ment as well as a production engineering effort, which will
mecessarily be closely integrated into the production
engineering and automation phase of the cell and array
fabrication.
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2. Photovoltaic Conversion Systems—Advanced Devel - -
opment. The photovoltaic conversion systems—advanced
development division contains tasks for the development
of new converter technologies, which have the potential
of yielding devices with significantly improved perforia-
ance, along with a vigorous research subprogram. The

_ research effort should include hoth applied research and
. pure research tasks. (As used here, the term applied

research denotes research efforts which are directly
related to and guided by specified technological goals, and
the term pure research refers to those efforts which should
be free of utilitarian control. Applied research tasks are
closely controlled when the goals are- precisely defined.
Despite the freedom implicit in the definition, pure
research should be directed to the extent necessary to
provide scientific foundations for the fechnology develop-
ment program.) The information derived from these tasks
will form the foundation for the subsequent development,
fabrication, and evaluation process for polycrystal 5i cells
and arrays. .

Among the technical problem areas which should be

_ investigated are (1) the effects of grain size and boundaries

on cell efficiency: (2} the devising of suitable substrates
which have the potential for high-volume, large-area, low-
cost - depositions of $i; (3} the electrical performance

_characteristics as functions. of the physical properties of

the Si filny; and {4) the technology for junction formation,
contacts and encapsulation, A separate task is for the
development of large-area technology to overcome the
disadvantage of low eiciencies, Finally, a task for product
engineering is included based on the assumption that the:
technology can be developed to a level commensurate
with undertaking such an effort.

Ancther segment of this subprogram is devoted to
research and development tasks to prepare the technical -
foundations for the CdS/Cu,S solar cell system, Separate
tasks are needed for studies of (1) the conversion
mechanism, (2) the nature of the degradation mechanisms
and the rates of degradation processes, (3} the conversion
efficiency, and (4) electrical performance chamcteristics.
Despite the considerable information which has been
obtained regarding these matters, these {nvestigations are
needed 16 provide a solid base for the development and
engineering tasks assocfated with cell and module
manufacture. The problem areas in the production area
include device design, yield, -uniformity, reliability, and
encapsulation. Some jnitial research and development in
these production areas can proceed at relatively fow levels
concurrently with the tasks for the more basic investiga-
tions. However, the solution of the degradatienliletime
issues is of crucial importance in the effort to prepare the-
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Cd5/Cu,S conversion system to meet the objectives of the

NSF program. Accordingly, the erphasis should be on
these topics until ihe satisfactory resolution of them
. permits a shifting of tasks and funding to the other arcas.
Hence, the content and starting times for the production

- engineering tasks should be postponed, and ths schedule
‘should be dependent on the propress achieved in the .

phase for studies and analyses.

The essentials of the subprograms involving tasks for
_ other materials and devices have been well described in
the discussions of the workshop and panel summaries. The
JPL. assessment concurs with the essentials of these
recommendations. In summary, the first phase should be
devoted to an evaluation of selected proposals for novel
systerns and after a 3-year period for R&D and evalua-
tions. at least one should be quallﬁed for further
irmstigation.

The vigor‘.df the division for photovoltaic conversion
systems—advanced development will in large part depend
upon maintaining a strong subprogram to investigate new
ideas and proposals for novel systems. The research
subprogram containing tasks for pure and applied research
should be carried on continually throughout the program
50 &% to provide the necessary scientific and engineering

support.

3. Systems.- The systerns division is directed to the
integration { conversion devices inte commercially

attractive power sourcés, The development, design, and -

evaleation of power-conditioning, power subsystems,
power systens, and system-structures should be under-
taken as tasks in this division. The power-conditioning task
should involve the design, fabrication, and evaluation of
circuits for specific power needs. These needs are to be
defined as part of the assignment for performing
_configuration designs and system requirement analyses
directed toward providing a basis for specifying the
technology, hardware, and power-conditioning requisites.
The. specifications are to follow: from analyses of load
profiles; subsystem performance capabilities; and technol-
ogy. time, and funding constraints. The preliminary design
and evaluation of the on-site and central power installa-
tioms can be sxcomplished on reduced-size models.

In-depth aﬁalyses and tradeoff studies are io be.
performed as prerequisites for decisions rearding power

system projects. The structuring of thése projects, which
can be utilized to. provide valvable engineering data,
should be contingent vpon a careful evaluation of the
information obtained in the precedent stud(es.

Power system projects will be designed. installed, and
evaluated. The designs will be based upon previous studies
and analyses. The intent of these projects is to demon-.
strate the applicability of solar photovoltaic conversion
power-generating systems ss well as to provide operating
experience and engineering information which will be
derived from phases of design, operaticn, und evaluation,
The conclusions and recommendations will also provide
needed feedback for the technology development tasks.

These activities should be supported by studies of the
social and economic factors’ involved in the production
and utilization of photovoltaic conversion systems for on-
site (10 kW) and central” power (l to 100 MW)

‘ installatmns

This division should afso include a task for the study
development, and evaluation of concentration collectors in
an effort to determine the merits of vsing concentrators as
a means of improving the collection efficiency of solar
array assemblies. Tradeoffs should be compared for the
area, light, and cost effectiveness factors vis-a-vis any
technical and engineering drawbacks. The effects of the
concentration of solar energy intensity. on the physical
properties and the performance characteristics of the
candidate photovoltaic conversicn systems need o Lo
investigated. These studies should include: the effect of
light intensity on the Intrinsic characteristics of the cell;.
the relationship of electrical performance and intensity;
the heating consequences of concentration and the effects
of temperature on cell performance, degradation mecha-
nismis and rates, and effective lifetime; optimization of
design and integration of the collector Into the conversion
system; and product engineering. Those activities which
deal primarily with the effects of concentration on.
particular cells should he investigaled as parts of the
subprogram for the specific photovoltaic conversion
system candidate; the activities which are primarily for
the study and development of concenwration - collectors
should be performed in thz systems division.

4, Insolation and Evaluations. The division for insola-

“tion and evaluations includes the tasks for the measure-

ments and analyses of Insolation data and the measure-
ments, testing, evaluations, and analyses of photovoltaic
conversion materials and devices.

A major lask of this division is to meet the requirements
for measurements, fests, and evaluations of materals and
devices at various stages in the subprograms. .. nationa}
laboratory should be established for coordinating and
directing these activities for the overll program as welt as
for conducting an independent lesting program to

. JPL SPECIAL PUSLICATION 43.17



) coinpleméut'lhe testing, quality assurarice, and evaluation

procedures of the contractors, The charter of this
laboratory should contain assignments for performing
independent disgnostic studies and evaluations of materi-
“als and of the structural, chemical, and electronic

properties of devices; for standardizing solar cells; for -

developing and instituting standardized procedures- and
-test fzcilities, especially for investigations of the eflects of
particular . terrestrial enviroomental conditions and of
" lifetime performance characteristics; for determining the

“‘electrical performance characteristics of the devices; and

- for establishing and utilizing the procedures and documen-
tation peeded to compare the status of the technology for

", each photovoltaic conversion system subprogram relative "

" . to the program objectives. A complementary statement of
the need for independent technical evahiation laboratories
- ks presented in the Appendn:.

A concerted effort must be made to es!.ahhsh and
- operate a suitable number of well designed insolation data

acquisition installations capable of supplying the insolation

data required for the design of solar cell arrays and solar

power systems. In addition, the procedures for the analysis

. and the disse_m'ination of the data must be instituted. .

snzs angd Funding

P“cgl “III IIIE
Requirements

- A sequence, starting with the definitions of the lO—year

objectives, the S-year objectives, and the interim objec-
tives and goals and ending with the assessments of the
conclusions and recommendations of the Interagency
Panel and of the NSF Workshop Conference, has led to

. the JPL assessment, which has been presented within the
format of a program partitioned into four divisions. The
elements of this sequence and the JPL assessment are now -

used to form the requisite basis for the formulation of the
" composition, milestones, and funding requirements of the
: directed fo the accomplishment of the defined 5-
~ and 10-year objectives. ,

" In addition to the ass&tsmenlt& a further basis for the

formulation of the detailed structure of the program,
involving tack objectives, schedules, and funding for each

of the subprograms, was derived from comparisons of the

recommendations for milestones and funding by the panel
.- and the workshops and from the conclusions obtained
" using a set of evaluation criteria. The program was
constructed from this assembly of evaluations.

'l'heprbgramisstructumﬂontbepmmisethata
concomitant guideline to the maximization of the

. probabllity of achieving the program ob}echves is lhe
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- A Basis for Program Formulaﬂun F

. condltion of cost-eﬁectiveness (The term cost—eEech\re- ‘

ness, as used in the context of this proposed program,
denotes that the budget to meet the program schedule
was generated under the constraint of fuuding realistic _
levels of activities for the various tasks, where the
estimates for the realistic levels are for the most pat .
based on experience in managing developments of.
photovoltaxc conversion systems.)

The tasks and mbprograms included in the program

* were assigned priorities, and these were used to establish

milestones, ‘schedules, and funding levels. This program,

together with the Management Plan, deseribed in Section’
V1, comprises the conclusions and recommendations of Lhe
report. R

The three segments of the basis for formulating the
program are the technology assessments, the conclusions
derived from comparisons of the milestones and funding of
the programs proposed by the panel and the workshops,
and the conclusions obtamed from a set of evaluation
criteria. : : S

‘1. The Technology Assessment Basis. The absh‘acls and
critiques of the technology development programs

proposed by the panel and by the workshops and the

technology assessment by JPL were described in Section

2. Comparisons of Recommended Milestones and

-- Budgets. The milestones and budgets recommended by the

pane! and by the workshops were examined from the
perspective of the conclnsions of the technology assess-
ment. To provide greater visibility to the data urd for
comparisons, composite milestone charts were prepared
from the panel and workshop summaries; these are shown
in Figs. 3 and 4, respectively. The differences in the
milestone schedules were detected and examined in task-
by-task analyses. There are two major dissimilarities:

(1) Only the panel program contains &' provision for the
continued development and production of wafer-
type single-crystal Si cells from Czochralski ingots.
The cells are for use in the power system installa-
tions. The production goals are 1 MW /year in FYT7 -
and § to 10 MW /year by FY79. -

(2) The systems subprogram in the panel program is
divided into the two sections: on-site power and
central power. Each of these sections has separate
milestones for the steps of system design,, installa-
tion, and evaluation. In contrast, the systems

subprogram recommended by the workshops pro-




i

Y75 FY77 Fyrg - Fy7p Frad - FYe! FY8 Fyad
" womru b ] aw] g o] r-]aw ot e L e R Y L E L T e e L T m]_mm L e B e E e e e e L e B e T e e L L e e e E e tred

i
T MULTIP
GAONTH

" SINGLE-CRYSTAL 51 CELL oL -
LOW-COST POLYCRYSTAL S| = PROCESS DEVELOPED .
- SINGU-CRYSTAL (BON = PROCESS DIVILORED . - b 1
L RIBON CELL FABICATION = PROCESSES DEVILOMO 3 b TECH FEASIRILITY
ENCABSULATION PROCESS AVAILABLE ‘ : s OF 0.50W .
PODUCTON RATE (N2DON CELL AR Wy ] - _ ' S
MIBON CEL COST/PEAR W - . i - o 3 : 3 : S
- WAFERCELL MLOTHANT  © LM PO Bk peasiniuy 30,50/ - .

i

POLYCRYSTAL §i CELL S .
HHICIENGY N ‘ 5 ‘ - .
MODUCTION : i 1= - - - ] ) Co

i : ) . ’ ' dosomd o

CdS/Cuys CELL .
- GLAONSTRATE STARILITY C S b " - ;
: Cey LOWSCOST GRID STRUCTURE ) | } -
" ENCARULATION o . ) i ] .
DEMOMSTRATE REPRDOUC IBILITY ’ & My i

AUFOMATED PILOT #LANT [

_ OTHER MATERLALS AND DEVICES
DEMONS TRATE PROPERTIES .
DEMONSTRATE PHOTOVOLIAK MAFCIMANGE

" INSOLATION, TESTING, AND EVALUATION . .
. INSOTATION NETWORK ESTASLISHED .~ - . i T
Y ESTABLISH MATERIALY LABDRATORY R ' + ]

T ESTABLISM STANDARDS AND CALISMTION LAMIRATORY [ ] - . '
ESTABLISH ENV IROMMENTAL TEST FASILTY | . 8 B =
STALT EVALUATION OF CELLS AND AIRAYS - i T

S SYSTEMSTLOIES . ; .
ON-SITE POWIA L h ’ j oA
o SMALL-SCALE FLANT (1 kW AVERAGE)} IM OPERATION - F A
E DEMONSTRATION PLANT (1-10 KW AVERAGE] ) g : FAPEI.
. LOMMERCIAL APPLICATION (1-10 kW AVERAGE) i ; i - ‘
| CENTIAL POWER o ‘
START DEVELOPMENT GF SUBYSIEMS )
COMPLETE DESIGNS ) IR - i
INTEGRATE FOR 0, 8at.0 MW CAPACITY : ’ i [
INTEGRATE FOR 10 MW CAPACTY -

13-60 NOWLYIIIEN Wid3dS 1dr |




L€ NOLLYDITBNd WIIdS T -

L VENTS

SINC IWCRYSTAL 51 CELR
LOW-COST POLYCRYSTAL Y -
SINGLE-CRYSTAL RIBBON

L CELLFABRICATION

ENCAPSULATION
PRODUCTION RATE {RIBBOMN CELLY, MEAK Wyr
RISAON CELL COST/PEAR W
AT ERFICENCY

FOLYCRYSIAL $i CELL
EFEICIENCY
PRADUCTION, m? fyr

C/Cug$ CELL
BATCH PRODUCTION AT € S
CONTINUOUS BATCH PRODUCTION AT < §2W
PILOT PLANT PRODUCTION AT = S1/W
PLANT-DESHGN
COMMERCIAL FRODICTION AT 30,20/ AT 9,3 x 106 —’Ir

LITHEX MATERIALS AND DEVICES
SELECTION OF MNOVEL $YSTEMS
SELECTAON OF AT LEAST ONE SYSTEM FOR DEVELOPAENT
. SELECTION OF MPROVID $YSTEMS FOR DEVELOAMENT

msouuou TEST NG, AND lv.-.wAmN

INSOLATION

ESTABLISH CINTER

COMPLETE DESIGMy TEST HARDWARE AND SOFTwAR
TESTING AND EVALUATION

EETABLISH LABDRATOKY

BEVELOP SOLAR CELL STANDARDS

DEVELGP STANDARD [E5T PROCEDUME

DEVELOR ACCELERATED LIFE TEST MOCEDURES

OEVELOP SiMULATORS

SYITEM STUOES
COMNCENTRATOR SILDY
TWO 100-kW YSIEMS
MW SYSTEM DESIGN

FY75 FY74 FY77 Fyr FY7% Y

Fyd FYR2 FYad Fid
A} asnrt san fowntom dants | ans Jowol ] amd] sas Jowo] wuTwsws} s Jowe) | su] ana oo muour] i Jase] mufasn] aeTeno] 2w ams] st Joec] o [mas] san Jowo] woefter] s Jowof ] s
T N ) 1 T
SELECT PROCESS FiLoT pANT L] 11 et
[} TECH Dby 48 Db ot st L S & L LNt
o | £ GROWTH PILOT PLANT 4 PLAN o
25 DEFN PROCESS A & : |
- HANT BESIGN -
Son 3 x 100
CESIGN COMPLETE b w& i '“
IR b sz.l $0, .'-9 §
L3 4 . A rs R Z:.ﬂl.""
5, 1tre
‘ 1! I
T 100
I .
¢
E)
‘
4
3
L
]
3
3
T:
1 I
FINAL DESIGN !
. - START DESIGN —
CmPLETE N
It _
N O O N L

Fig. 4. Milestone schedule recornmended by workshops



vides for power test systems within a single
subprogram organization. The tasks included in
these subprograms were Jirussed under the perti-
nent sections in the technical assessment.

To illustrate the significant dissimilitudes fore clearly,

~ the milestone schedules have also been compiled in a
different fcrmat in Table 4. Direct comparisons can be

made mote readily using this outline. Some of the
dirtinctions are presented below:

(1) Single-crystal Si cell

{a) The panel recommended the construction of
‘ production plants for wafer cells. These wouid
have capacities of 1 MW./year in FY77 and 5 to

10 MW per year in FY79. The Workshop did not.

include a subprogram for wafer cells.

{(b) To satisfy the need for low-cost, high-volume

production of polycrystal Si material, the work-
shnp recommended the installation of a pilot

plant in FY79 and a large-scale plant in FY84, -
 whereas, the panel had provisions for a large-’

scale plant in FY79.

{c} The panel provided for a pilot plant and a
demonstration plant for the fabrication of ribbon
cell arrays in FY81 and FY83, respectively, and
implicitly included the large-scal~ production of
ribbon §i in these installations. In contrast, the
workshop explicitly recommended the institution
of a pilot plant in FY82 and a large-scale plant in
FY84 for the production of ribbon Si. In addition,
a Jarge-scale plant for cell manufacture was set
for FY84.

{2) CdS/Cuy§ cell. The panel set milestones for
demonstrating CdS/CuzS cell stability by FY76, for

achieving a suitable encapsulation technique and cell
fabrication reproducibility by FY78, and for cell

production capabilitics of 1 MW/year at $0.35/W

by 1979, 10 MW /year by 1982, and >1000 MW/
year by 1985. In contrast, the workshop mainly gave- '

explicit milestones in terms of production capabili-
ties only: <$4/W by FY76,-582/W by FY78, .and
<$1/W by FY80. However, a production capability
of 9.3 X 108 m¥/year {equivalent to 186 MW /year
at 10% efficiency) was set tor FY83.

@

—

Polycrystal Si cell. The workshop set a milestone of
- 105 m?¥/year of 10% efficient cells for FY83. This
corresponds to 2 MW peak power per year. The
panel, in comparison, had a milestone of 1 MW/
year of $0.10 to $0.30/W cells with an efliciency
goal of 7% for FY80. o :

{4) Systems, The workshop recarnmended the construc-
~ tion of two 100-kW systems by FY77 and the design
of a 1-MW system by FY78. On the other hand, the'
pane! divided the subprogram into sections for on-
site (about 10 kW) and central power {(about 0.1 lo
© 10 MW) systems, For the first section, the panel set
milestones of a completed system design by 1977, of
$0.15/kWh at 1 kW' average output by 1979, of
$0.075/kWh at 1 to 16 kW average output by 1930,
and of $0.03/kWh at 1 to 10 kW average output by
1982. For the second section, the milestones were a
" system design by 1079 and construction of a 0.1- to
1-MW systera by 1982 and of a 10-MW system by
1985, ’

The divergences in the recommended budgéts correspond,

~ for the most part, to these program milestone differences.

3. Evaluestions Using a Set of Criteria. Supporting
evidence for the formulation of the overall prograin was
provided usmg a set of evalvation criteria. The list of
criteria and the corresponding vata are presented in Table
5. It is apparent that the character cf the data varies from
being preciwly quantitative to be completely qualitative.
Acordingly; weighting factors were net used. Thus, the
conclusions derived from these evaluations can also vary in
degree of definition.

The infornation in Table 5 supports the conclusions
that the shugle-crystal Si solar cell should be the primary-
candidats for this program by virtus of the attributes of
material avaitability, level of technelogy development, and
intrinsic material and device propertics. The coaclusion
that the price of the solar cells is the major hindrance to
the widespread commercial utilization of this cell in-
terrestrial applications is corroborated.

'B. Elements of the Program

The elements of the program were selected from
appraisals using the assembly of evuhrations described
above, taking into consideralion the constraints of lime
and funrlig The conclusions are as follows:

(1; The primary candidate at the outeet of the program
should be the single-crystal Si cell, and all of the
1asks involved in this subprogram should be initiated

" as st as possible at the recommended levels.

{€) An jttense systems assessment subprogram for
dehuing program goals, analyzing photovoltaic
cotiversion systems, evaluating technology advanccs
in relation to power syslem requirer.cris, and
providing information for on-site and ceutral power
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4 " Tabla 4.chnpa‘tism of program ﬁiﬁaﬂm(

Fiscal year.

. Subprogram Program
P 1975 1976 1977 1978 1979 1880 1381 1882 1983 1984 .
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1. Candidates screened
2. RAXD of selected systems

£n
-
3
®

37

Systems : '
. 1. Preliminary power systemy
specifications :
-2. Detaflad power systera
. specifications -
. 3 Concentiated analysis and -
ovaluation

. 8 1w
13 4 £5 . ‘

.;.i-u - -
o

sPanel. -
"thhop.
JFL.
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© Tabbd (contd)

Fiscal year

* Suhprogram Program

1975 . 1976

1977

1978 1979 1950 1881 19BZ 1053 1984 1985

4. Preliminary design of MW~
U osystemy

© 8. Operate 100-KW systems
6. Design and install 200-kW

© 7. Design and Install 400-%W

. system

8. Ou-site systems Installed
- 9. Central power system design .
" 10. Intrgrate central power systems

“Insolation end evaluations
" 1. Insphition program
. defned . .
2. Insolation facilities nstatled
3. Tests and evaluations defined
4. Acceleruted testing defined -
5. Evaluation facilities installed

‘._.51

installations should be mntinued thmughout the -

~ program.

{3} The s;bprogmms for lhe thin ﬁlm CdSICugS ané: 5i -

ceily are promising but should be iimited initially to
tasks for research to solve fundamentat technological
problems. This phase should be followed by tasks
directed to the development of fabrication processes
and the production engineering of devices.

: (4) A subpmgtam for the research and development of
the other malerials and devices category should
involve & preliminary mzlng/evaiuaticn phase to
be followed by an effort for research and develop-

. ment of at least one: promising candldate.

. (5) The tasks In the subprogram for the testing and
. evaluation of materlals ard devices and for the
- gathering and analysis of insolation data will be -

for the success of the overall progium ang

hence should be cansidered as integral, and act as

oplioml. sections of the pmgram

A progn.m “plan which lm:orpora\es these ccmclusiom

" bas been devised. This plan is composed of the milestone

" and funding schedules for the four major sections of the

" program: single-crystal Si solar array mission, systems,

insolation und evaluations, and photovoltaic conversion
syslems—-advmced development. .

+ 5, where the separate schedules and the interrelationships
.. of the tasks for each section are explicitly shown.

2

C. Single-Crystal $i Sclar Array Mission

The emphasis on the development of the low-cost,
singlecrystal §i armay technology Is apparent from the

- ailesione schedule of he oversll plan as givea i g &

The crucial role assigned to the ribbon single-crystal Si
solar cell subprogram Is obvious from these milestones and
the funding, which has been specified. The S-year
objectives of the investigatinns of this saction are;

{1) Plant production of low-cost polycrystnllme Si
material.

(2) Demonstration of lhe achievement of coutinvous
growth and of multiple ribben processing,

(3) Proof of avallability of an encapsulant material end a
. patkaging !echnlque suitabie for long-m‘e sular
. arrays. - S
{4) Design of automation processes for the produc&ion
of single-crystal Si sotar arrays.

{s) Completion of studies comprlslng detafled snlar_

_ photovoltalc systein designs analyses.
{8) Production of <4$5/W wafer cells,

" (7) Completion of the installation and evaluation of a

demonstration projoct.

The importance of immediate starts in FY75 for each of
the sever: tasks as well as the stress placed on the tasks for

‘ ' . the ribbon production of single-crystal Si and the
The milestone scbedule for tl'u-. program is given in Fig.

automated production of solar celis and arrays are
distinclly indicated The tasks for securing the high-

‘ volumﬂ producuon of so!u oell gmie pdycrystal Sl at

_ m. su:cm rucucmou G



. Table 5. Evaluation criteria

&, Generzl
] Cells -
Criteria - .
‘ Stngle-crystal 51 Thin-filh St Cds/Cu,S
Chemical and physical properties of materials o —_— } o N
. Susceptibility to corrosion and UV Unkoown . Unknown Unkmown
-, . degradation - . o . C S

Toxicitys Unkbown Unknown High

Status of commercial readiness’ 5 Coe . -

. Scientific development High Low . Low
Cell development Wafer-high Low Starting

R Ribbon-new .

Production rate 60kW/yr — o i
Production array costs 820-950/yr - , -

Ceil characteristics in terrestrial environment . ) - . a :
Degradation of performance Low or none Unknown Vastable to high

. Conversion efficiency 13-15% Upto 6% Upto83% -

" Electrical performance Very good Unknown Variahle
Temperature range - 0 < T 60°C Unknown 0<TBOC
Lifetime ~10 yr Unknown - Unknown

Technolugy development required ) T )
Basic technology Avgilzble Needed Needed
Production engincering Needed Meeded -  Mecded

"Estimate of difficulty .
. Probability of smecessful development -

Mass production potential
Difficalty of developing production process
Probability of suceessiu} development . ) S
Cost for 10-yr development program $250Mb $43Me $163.3M4 K
Production patential, peak W/yr for 1984 5 X 10%, 20% off, 107/line, 8.3 X 10%, 10% off.

i : : 10% of,
SRef. 1. '
. *Ref.2, .
.- *Ref, 8, o
%Ref. 4. -

markedly reduced costs and. for fabricating suitable

encapsulation materials are also imperiant in meeting the
program goals. The achievement of a production capabil-
ity of 500 MW/year for §500/peak kW arrays fs set for
FY84, B .

- The identification of the tasks for the ribbon cell
~development is explicit and detalled so as to provide a
high visibility for this prime candidate. The three-step
effort for producing solar cell grade polycrystal 8§ wnatertal

culminates in the installation of a production facility. The -

concentrated program for the ribbon development

JPL SPECIAL PUBLICATION 4311

comprises a 3-year process development pbase a phase to
establish the swltiple growth process, which averaps the
process development task, Is scheduled for 4 years; and a

“-phase for prochiction ‘engineering, which involves the

conversion to fabrication. processes suitable for mass
production, overlaps the multiple growth and production
engineering tasks. The tasks for the ribbon cell manufac-
ture have overlapping tasks for process development and
production engineering. Separate tasks are contained in an
array manufacture program, which includes the develop-
ment of an encapsulation process and the design of a
production facility in addition to array process develop-
ment and array production engineering tasks.



Table'§ (contd)

: b. Avatisbiiity of Materials
) Us. . Waorld U.s. World Cost, A
Solsr cell .Elml productisn® " production® Teservess - Teservest $/kg - MT!MW‘.
Single- si 50 (1973)° « e 115
aytalSi 1250 (1874)" _ S _
C35/Cu,§ cd 3% 103 Y71 % 10% 205X 10%  BSOX 10 - . T . &M
- Q- iEIXI0 T BOSX 104 91 x 100* 407 X 108" 1500 032
. Thinflm S 750(1973) a ce T 2
- o “1250 (1974)* _ ' -
CeAs - Ga o® 101 27 X 103 110 X 10+~ 800 258
: A 19 X lor 52 % 10~ 143 X 108 19.4 X 10°* 014+  g6e
. CdTe B 3 X 10¥ ARSI 208 X 10 ‘Bsox j0r M 14e
o CTe IxXioe 1.92 X 10° 1.8 % 109 34 X 10% 15400 1Te
CalzSe, ' Ca LB X 1 18.05 x 109 81 X 10*' 407 X 108 1500 0.53° -
‘ S m - . 5.8 X 100 318 X 10+ 2950 0970
- Se o34 x10v 1.02 X 10 245 % 10% 109 X 10 30¢ 19¢

=41l weights are In metric tons {MT = 10%kg).
bDensities taken from Ref. 5.

_ “Ref. 8, :
$Fseentinlly unlimited.
200 ¥ 10~ em thick, 20% cfficiency, 2.32 gfem?,
Ref. 7.
tRef. 8, | |

T MO X J04tom thick, 10% efficiency, 4.82 gfem?,

Ref. 9. DR

* 41 ¥ 10+ cm thick, 10% efficiency, 5.6 g/em?.
20 X }0-4 em thick, 10% effcicncy, 2.2 gfem?.
1Ref. 10 ' -

" mRef, 1Y o oo
220 ¥ 10—+ cm thick, 10% efficiency, 5.32 gfem?.
oRef, 12, S
vRef. 13. . - o
al0 ¥ 10-4 om thick, 10% cefficlency, 6.2 g/em®,
10 % 10~ cm thick, 10% efficlency, 5.65 gfemd.

~ In the case of the wafer cell subprogram. price
~objectives were defined concurrently with the milestones
" for Jifferent levels of production. The successive objec-
- tives of ¥ and $250/peak W should bu achieved as
L ces of Introducing automation procedures into
" the cel! fubrication process and of the economics of large

" purchases. Accordingly, an interval for developing suitable
fabrication techniques will be a necessary prerequisite for
the conversion to automation. The time and funds
" required to accomplish this conversion will be fessened (f

- some of the automation procedurcs utilized In the

~ semiconductor industry are applicable.

The process development and production engineering'
_ tasks for the wafer cell extend over the 5-year period, with
the greatest emphasis being in the first 2 years. A task for
the construction of production facilities involves a design
~ and Installation period spread over three years, starling in
. FY76. Finally, provisions are made for the purchase of

o

" cells ta obtain the arrays required for systems installations.

Additional purchases of cells for the purposes of -
evaluating deveiopment,. engineering, and production
model cells may be required. St

The subprogram for demonstration projects contalns
tasks for the design and installation of photovoltaic
conversion systems, the size of which will be increased as
the solar cells becouns available, These systems are not
identical with those contained in the systems sectlon,
Here, the systems will be used for studies that will be

conducted in close collaboration with the ribbon cell and

wafer cell development subprograms. The purpose of the
studies will be to field lest solar celi and array hardware so -
that the feedback of the performance data will be

expedited. A concurrent purpose will be to use the

systems as demonstrations of the state-of-the-ert of solar
array technology and photovoltalc conversion power

systems.
L SPECIAL PUBLICATION G3-11

S .



FYjrs|2sjz7 |m]rlse|ar{m]oaju

| SINGLE-CRYSTAL $1 SOLAR ARBAY MISSION

A. POLYCEYSTAL $1 MATERIAL PRODUGTION :
DEFINE PROCESS . ol
DEFINE FROGUCTION PLANT DESIGN o
SMALL-SCALE PLANT ON-STREAM - ]
UARGE-SCALE PLANT ON-STREAM . } -

B. PROUUCTION OF $INGLE-CRYSTAL RIBBOM.
ESTABLISH TECHNOLOGY FOR CONTINUOLS emu d
ESTABLISH TECHNQLOGY FOR MULTIPLE GROIWIR =
DEFINE ENGINEEBING DESIGHM FOR PROOUC'NON
SMALL-SCALE PLANT ON-STREAM: ']

C. PRODUCTION OF SOLAI. CELLS ANb ARRAYS

© . DEFME PROCESSE J

ADAFT TO AUTOMA'"ON ' ’

DEF BE DESIGH FOR MODUCTION
SMALL-SCALE PLANMT ON-STREAM
LARGE-SCALE PLANT QR=STREAM

0, PACKAGING OF SOLAR ARRAYS .

CERTEFY MATERLAL SLHTASILITY - 3

ESTABLISH TECKNOLOG ¥ FOR ENCAPSULATION - ']

. DEFINE PROCESS FORPACKAGING - .
E. PRCOUCTION OF ARRAYS FOR SYSTEM EVALIY TIOMS n oy 3)
PRODUCTION OF WAFER CELLS n i {
: PRODUCTION OF RIBBON-CELLS ' -l
f. ADVANCEDRED =~ - ) R ; - e

APROVED SINGLE-CRYSTAL 5T SOLAR CELLS
TOW-LOST SINGLE-CRYSTAL $§ WAFER SOLAR CELLS b J

5. DEMONSTRATION PROJECTS 5] )
INSTALLATION OF PROJECTS. _ ; Sz
EVALUATION OF PROJECTS - : ) g . -

N PHOTOVOLTAIC COMNVERSIOM SYSTEMS - ADVANCED DEVELOPMENT

A Cd5/CupS SOLAR CELY -

RAD OF CELL
£STABLISH LIFETIME TECHNOLOGY . ‘|
ESTABLSH PROCESS RELIABILITY - : .

PACKAG NG (OF CELLS AND ARRAYS . N
CERTIFY MATERIAL SLITABILITY 4
ESTABLISH TECHNOLOG Y FOB ENCARULATION |
DEFINE PROCESS FOR PACKAG ING funt ¥

" PRODUCTION OF CELLS AND ARRAYS .

DEFINE PROCESSES - b
ADAPT 1O AUTOMATION
BESHGH PRCDUCTION PLANT

Noms: -
L) W
2} %2.50/w e

(3) WAFER CELLS AT §2/W (PEAK POW'E'.) Pllﬁ SMALL QUAMTIFY OF DﬁVELOPMEN‘! ARND ENG!NEEHNG
MODEL RRSON CELLS AND ARRAYS

(4] 20% CONVERSION EFFICIENCY
5} B5/W (PEAK POWER] - - ’
{8) $2.5/¥ [PEAK POWER) -

Fig. 5. Miestone scheduls, JPL-racommended program
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75

FL]

BV B2 83| B4

N3

"B, EVALUATIONS OF MATERALS m Dewczs

- 8. POLYCRYSTAL 51 SOLAR CELE

| INSQLATION AND EVALUATIONS
A INSOLATION DATA GATHERING AND ANALYSES .

kAD OF CELL
ESTASLISH FEASIEILITY

DEMONSTRATE FABRICATION FROCESS OF 5% EFFICENT CILLS
PRODUCTION OF CELLS AND ARRAYS
DEFIME PROCESSES

C.. OTHER MATERIALS AND DEVICES
SCREENING OF CANDIDATES

R&D OF SELECTED SYSTEMS
D, ADVANCED 280

SYSTEMS

Ao STUORS, DISIGKD, AND AMALYSES - -
PESIGN HEQUIR’MENTS AND INTEGRATION STUDES
DEFIMNE PRELIMINARLY POWLR SFEC IFICATIOING

DEFINE DETAILED POWFR $FECIHCA"ONS
SOLAR CONCENTRATOR DEVELOPMENT,

COMPLETE AMALYSIS AND DEFINE SPECEK_AUONS

. EVALUATE CONCEMTRATOR HARDWAR:

DETALED POWER SYSTEM DESIGN AND D{VEI.OPMENT
ESTABLISH REQUUIREMENTS

0. APPLICATIONS PROJECTS
DESIGMS AND INSTALLATIONS
200-kW PLANT

A00=kW PLANT ) ’
ESTABLISH CFERAT ING CHARACTERISTICS
. 200-kW PLANT

400k PANT

«. - DEVELOP HARDWARE AMND SOFTWALE

COMPLETE FACILITES

ESTABLISH TESTS ..

COMPUETE FACI‘UTES
£STABLISH ACCELERATED LIFE-TEST MOCEEDINE

Fig. B (contd)




0. Photovoltsic Conversion Systems—Advanced |
Development ' o :

In ad_ditioﬁ 1o the research and 'deve‘oément efforts to

advance the scientific and technology bases of photoval-

taic conversion systems, this section contains the subpro-

grams for the CdS/Cu,S cell, polycrystal Si cell, and other
materials and devices that were Telegaled to subovdinate

' positions in the program by the conclusions derived [n the .

technical assessment.

1. CdS/Cu.S5- Solar Cell. The initial program for the
- CdS/CusS cell encompasses research and development

tasks to prepare the foundations for production engineer- -
ing. Investigations directed to the solution of the .

degradation, lifetime, reliability, and efficiency problems
should comprise the frst phase effori. A change of
emphasis to tasks for device design, fabrication, and
~ evaluation should follow the satisfactory resolution of

these preblems. In the first phase, the milestones for the
accomplishrent of these technology investigations and for
the development of a suitable encapsulant are set for
" FYT7.-The next phase, which is devoted to the process
develcpment and production engineering far the cell and
the array, culminates in FY79, with a task for the design of
& produciion facility. - ’

2. Polycrystal Si: Solar Cell. The subprogram for thin-
Blm, polycrystal Si cells is directed toward research and
development tasks to prepare the technological founda-

- tions for & subsequent phase for cell and array fabrication
and evaluation, The studies should involve ‘performing
basic research and techunology developments, increasing
the conversion efficiency, and devising a suitable encapsu-
Yation technique. The resoluticn of the critical technical

pnknowns and the development of the basic technology,

should precede investigations of labrication procedures
and. production engineering. This initial phase is for 4
years. The task for production engineering is scheduled to

begin In FY76.

3. Other Materials and Devices. The first phase of this
_ subprogram should be devoted to the research directed to
determine the physica), chemical, and photoveltaic
characteristics of several novel solar energy conversion

ems. This in effect will constitate a screening process.

Suitable candidates would then be selected for further

sesearch and development efforts.

4. Research and A&yanced Development. A section of

shis subprogram will be devoted 1o the pure research and
-~ applied research tasks described in Section IV.D.2.

PL SPECIAL PUBLICATION 4311

E Systems

The subprogram for systems is partitioned into the
subdivisions of studies, designs, and analyses, and applica-

" tions projects. . . :

1. Studics, Designs, and Analyses. This subdivision
comprises three tasks: design requirements and integration
studies, solar cobcentralor development, and detafled -
power system design and ' development. The tasks are
integrated so that the preliminary and the detailed
specifications formulated in the task for design - require-
ments and integration studies and the conclusions derived
in the solar concentrator development task will be used as
the foundation for the power system design of the third -
task. These designs and the developments of power
systems will incorporate efforts for power conditioning,
energy storage, interfaces with solar’ heating and air-
conditioning systems, ‘tie-ins 10 power grids, and total
energy systems. : :

2, Applications Projects. The subdivision for applica-
tions projects contains two tasks. Gne task provides for the

- designs and installations of solar power plants “which

utilize the wafer-type Si cells, and the second js for the
operation and evaluations of the plants. The first plant will
be for 200 kW and. it scheduled for. completion in FYT7.
The second plant, te be installed in FY80, will be for 400
kw. : :

F. Insolation and Evaluations

. The sabprogram tor insolation and evaluations com-

* prises two main subdivisians: insolation data gathering and

analysis, and evaluations of materials and devices.

1. Insolation Data Gatherang end Anaiysis. The charter

_of this section is for obtaining, analyzing, and disseminat-

ing insolation data, which are required for system studies”
and for parts of the technology development program. .
The development of the bardware and software wil
continue over the S-year period. Operation of the facilities
is scheduled to begin in FYTT.

* 9. Evaluations of Materials and Devices. In order to
meet the requircments for the evaluations of materials and
devices at all stages of the program, a national laboratory
should be instituted for coordinating and directing these
activities at the facilities of the contractors as wsll as for

* conducting an independent testing program. A separate

task for accelerated environmental testing will be directed
to the determination of the long-term effects of particular
environmental conditions on the physical, chemical, and
electrical. properties of solar arrays. Intensive investiga- -

” -



tions will be needed to validate the procedures for

accelerated testing,

G, Th§ integrated Program

~ Segments of the integra.ted S-year brogram directed o
accomplishing the 5- and 10-year objectives of the NSF

Program for Photovoltaic Conversion for Terrestrial ’

" Applications have been presented in the form of
bamatives and milestone schedules for the subprograms.
The coordination of the separate subprograms mte an

integrated program so that the overall program. objectives -
" are attained gh the orderly achievement of the

objectives of the subprograms was implicit in the
milestone chart of Fig. 5. e

An explicit description of the Bows. and interrelation-
ships of the subprograms is displayed in Fig. 6. Here, for
‘example, the sequential dependence of the milestones in
the single<rystal Si cell mission and the interfaces of this
subprogyam with other sections of the Program are shown.
The milestone for the specification of the processes for

sutomating cell and array production is shown fo be -

dependent upon the resolution of the encapsulation desqgn
problem and the establishment of the feasibility of the
multiple erowth of singiaerystz! Si ribbon; the capability
for maoufacturing mullipie growth ribbon, in tura,
depends on the increased production of polycrystal Si.
Also shown In this figure are the interfaces of the single-
crystal Si cell mission with the photovoltaic conversion
systems—advanced development through the research and
development tasks for zdvanced technology and with the
insolation and evaluation subprogram through the environ-
mental testing and other evaluations, Corresponding
interrelationships between other subprograms can be
. Berived from this Bgure. :

- A chronological listing of the key milestones of the |

composite program can also be used to illusstrate ihe
Interfaces of the elements of the program. The integrated
structure of the program can be fashioned by reference to
Fig. 8. A compilation of these milestones includes the
following: .

(1) FYT78, completion of a preliminary system analysis,

(2) FY78, definition of a process for the high-volume
production of low-cost polyerystal Si material. ‘

{3 ?YTB, demonstration of the precess for conﬁnuous
growth of ribbon single-crystal ;. -

{4) FY77, demonstration of a suitable solar array

encapsulation procedure,

 (5) FY71, completion of development of processes for

automation of single-crystal $i abbon c¢ii and array
fzbrication. :

- {6) FY79, compleiion of production engineering for
autosiaiion of single-crystal Si vt cefl and array
{abrization. ' ' '

(7) FYT5, demonstration of the process for multiple

growth of ribbon single-crystal Si.
(8) FY79, completion of design of plant for automated
production of single-crystal Si ribbon cell and arrays.

(9) FY79, demonstration of technology feasibility -of a
- thin-8lm solar cell (Cd$/Cu,S or polycrystal $i).

*

VL. Management Plan
A. Approach .

A program management structure to ensure the
continual technical review and tight control of the
technology devclopments..ﬁmnciai affairs, and schedules
has been formulated as a complement to the technical -
assessment. The management roles have been described,
the areas of responsibility-and authority. have been
defined, and the management interfaces have been set up
to ensure that the abjectives of the program are achieved

in a technically competent, economically responsive, and

timely manner,

B. Organizational Structura .
A functioral type of management structure fs recom-

‘mended for the program organization. As shown in Fig. 2,

a program manager is responsible for all aspects of the
program. The program is managed in four divisions, which
are defined as single-crystal S solar array mission, systems,
insolation _and evatuations, and photovoltaic conversion

 systems—advanced development. The roles, objectives, and

operational modes are different in cach ares, and: this

partition provides: a practical means for management .-
_control of the subprograms. In addition, an independent
‘advisory group is placed in a staff position to the program

manager. This arrangement has the advantage of aflowing
direct interaction among the sections, each of which has a
carefully defined charter of responsibility and authority.

€. Management Responsivilitios

1. Manager of the Program. The respoasibility for the
program and the authority 1o direct it are assigned to the
Manager of the Photovoltaic Conversion {MPCP). The
final decisions for the approval of rew, or major changes
in, projects, technology development and research pro-
grams, budgets, and manpower are vested in the MPCP.

JPL SPECIAL, mAﬁON 43-11



§lNGLE-ClYSTAL 5i SOLAR CELL MISSHON

A, mm‘.lz".rsu;l. s n@mm

. '-sm'su.z-cmrai Si RISEON
¥ mcnsuu'nou'.

o, C:(I.I.ANDMMYMANLFACTURE

. WAFER 31 CELL MANLFACTURE

F.  DEMONSIRATION PROJECTS

SYSTEMS

A, 200-6W SYSTEM

R A00-kW SYSTEM,
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Y75

Fy?e
FROCESS

SELECTED

CONTINUOUS

G H
ESTABLISHED

PRODUCTION
CerBIED COMPLETE

PROCESS SOME . PRODUCTION

MODIFICATIONS PROCESSES 10‘:&!2?
DEVELOPED AUTOMATED SYSTEIA
REGH

PROJECT ¥
INSTALLED

COMPLETED

SPECIFICATIONS!
COMPLETED ) COMPLETED

@

PECIFICATIONS
- COMPLETED

ORIGINAE PAGE BB

- OF POOR QUALITY

FROJECT 1.
EVALUATED

SYSTEM
INSTALLED
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LARGE-?
SCALE PLANT |

T
GLOWTH
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=L EvALLAKED

PROJECT ]

R Mxm
PROCESS

FABRICATION
PROCESSES
AUTOMATED

e

ON-STREAM.,

DESIGN
COMPLETE.

PROJECT 2
* EVALUATED

EVALUATED

PROJECT 3
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SYSTEM
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PROJECT
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PHOTOVOLIAIC CONVERSION
SYSIEMS - ADVANCED DEVELOPMENT

Ay CAS/CuyS SOLAR CELL

b, k4D

2. ENCAPSULATION

"3, CELLAND ARRAY MANUFACTURE

8. POLYCRYSYAL 5i SOLAR CELL

C. OTHER MATERIALS AND PROCESSES

- INSOLATION AND EVALUATIONS

A, BSOIATION

B, EVALLATIONS ¢
o

‘FY?5

[ay) 3

SUMABLE

MATE

FACILITES
IRSTITUTED

[ TECHNOLOGY RELIABILITY

riaL . PROCESS
CERTIFIED FSTABLISHED DESIGM

FY7B.

urE"nmE PROCESS

ESTABLISHED  ESTABLISHED

PRODUCTION
PROCESS

COMPLETED

PROCESSES
DEFINED

TECHNOLOGY
FEASIRILITY
ESTABLISHED

PROCESS
5% EFFICIENT
CELL DEFINED
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COMPIETED

EVALWATION
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- In the performance of this decision duty, he will review:

the progress, the resources, and the status of the tasks of
the program on a regular basis; ccordinate the preparation

.of plans to achieve the objectives of the program; analyze

information felevant to the program objectives and
achievements; review and assipn the responsibility to
- conduct studies evahuating technical feasibility and cost-

effectiveness; bé responsible for the overall management
«of funding and manpower resources, for the direction of
techoology development and project activities, and for the
" program administration; formulate and propose an

- integrated program of technology development, economic -

"~ and social studies, and project efforts; and formulate and
recommend the funding and manpower resources required
* for the Photovoltaic Conversion Program.

“The MPCP may utilize advisory'éommittees to assist

: him in reviews and evaluations and to. advise him in the

performance of his duties. These committees, which, for

" exampie, may in part consist of a power engineer, an
economist, a solar cell scientist, and a production
engineer, are to be staffed either by volunteers or by paid

. consultants. The committee personnel can be drawn from

universities, industrial laboratories, consultant firms, and

- government laboratories and agencies. To ensure that
indepentient advice -and -critigues vare provided, it -is

‘important that these advisory committees be separate
from the stafls comprising the management of the

. The committees will meet at the discretion of

P :
the MPCP, and the funds for this activity should be .

included as a specific tem in the budget. -
2, Section Management

o. Single-Crystal Si Solar Array Mission. This section

. has the. responsibility for the program of research,
.- development, and engineering tasks directed to achieve
“the objective of proving the practicability of $0.50/W

~ arrays fabricated from single-crystal 8i. This section
.comprises four groups: solar energy conversion, produc-
tion engineering, quality assorance, and systems engineer-
 ing. The activities of the first two groups involve (1)
.conducting -applied research and development; (2)- con-
dacting investigations, designs, development, fabrication,
and qualifications of cells and arrays; and (3} developing
and establishing mass production procedures for fabricat-
~ ing cells and arrays so that the cost goal can be reached.
The quality assurance group has the charter for specifying,
. maintaining, and controlling all involvements of reliability
and quality assurance measures in this program. The
systems engineering group has the responsibility for the
" direction of activities associated with power systems
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development and engineering, such as ponef conditioning,
systems design and analysis, and systems structure.

b. Systems Section. The systems section Is responsible

for the activities associated with the requirements for

power conditioning, power systems, and systems structure.
Assigned to the power conditioning activity is the
development of materials and circuits for power conver-

sion. These cfforts involve conceptual designs and .~

modeling followed by circuit designs, fabrication, and.
testing. In the power systems activity, there are tasks for
preliminary configuration designs, definition of require-
ments for systems analyses, and estimates of hardware
requirements; for defining subsystem and system’ perform-
ance specilcations from load profile analyses, margin
analyses, reliability estimates, and computer program
outputs; for performing subsyztem and system designs
using syntheses, tradeoffs, analyses, tests, evaluations, and
reviews; for establishing and controlling interfaces in the
system; and for developing new power system concepts.
The systems structures activity comprises the tasks

- pestinent to the design, Fabrication, installation, testing,-

and evaluation of the terrestrial power systems utilizing
photovoltaic conversion. L

- ¢. Insolation and Evaluations Section. The responsibil-
ity for obtaining and processing insolation data ard for all
testing and evaluation activities is assigned to this section.
The evaluation assignmient is divided into two main areas:
testing and evaluation as part of contractual agreements
and the operation of national laborateries.

In order to direct and control the efforts in the first
evaluation area, the measurement procedures, evaluation
criteria, and documentation must be specified for each
contract, and this phase of the contract must be monitored
ditigently. The quality assurance procedures and policies
of the program will be used for establishing the guidelines
and conditions for -each contract,. and the contract
monitoring will be supported by the insolation and
evaluations section in formulating and carrying out the
testing and evaluation directives of the program. They will
participate in this process by ensuring the correctness of
the provisions in the contracts; supporting the monitors
with technical ‘information regarding measurement equip-
ment, procedures, and . evaluations; and providing the
interface between the contractual activities and those
delega’ed to the national laboratories, - :

The remaining evaluation area of sesponsibility is the
operation of the national laboratories. The activities of
this area include performing studies to determire the
measurement requirements for particular subprograms by

31



‘conducting a research program to develop innovative
measurement techniques and instruments; making inde-
pendent measurements on the materials, devices, and
processes of the contracts; and coordinating 1he collection,
analyses, and dissemination of data and conclusions.

The responsibility for the management of insclation

data includes the activitics of installing and maintainjr.g
insolation stations and gathering, evaluating, processing,
and distributing insolation data. .

d. Fhotovoltalc Conversion Systems -Advanced Devel-
opment. This section is given the responsibility for akt
activities involved in conducting a long-range research and
advanced development program for photovoltaic conver-
slon systems. As in the case of the solar energy conversion
group, the efforts may involve basic rescarch on raaterial
properties, diffusion characteristics, properties of junc-
tions, carrier lifetimes, spectral response, and energy
efficiency of cells; development of the techniques for

p&riﬁcation- of materials, diffusion of doping agénts,' and

fabrication of cells; and the design, fabrication, and
evaluation of cells and arrays. In addition, the szction will _
act as a focal point for the transfer of technology from
universities, industry, and government Isboratories and
will plan and hold seminars in the fields of science and
engineering of photovaliaic conveision for terrestrial

- applications. The program of this section expressly

includes basic and appiied research and . development
subprograms consisting of both theoretical and experimen-
‘al investigations of photoveltaic conve.sion technslogy
areas with relatively low levels of scientific and technical
maturity. Since the goals of the section are to obtain
information and to develop new concepts for photovoltaic
conversion, the transfer of these products to tha rest of the
program will in some cases provide technical support for

tasks currently in the program. Or the other hand. the

consequence may be major changes in the overall
program, such as the introduction of entirely different
photovoltaic convertion systems. Ny
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| _Need for Techmcal Evaluatnon Laburatones

The NSF Progra.m fm' Pholovo!lalc Conversaon extends.

ftom basic_research studies to proof of concept experi-

. ments ou production solar arrays. Thbroughout the-

_program, It will be necessary to make various kinds of

. 'measurements on solar cells, arrays, and power: systems.
. 'These will inclade measurements of intrinsic physical and
. chemical properties, semiconductor behavior, and electr-
.. .cal performance characteristics. At many stages of the !
' variomtasksoftheR&Dandpro;ecttypesofpmgmms.

7 there will be -equlremmts to mmpﬂe, correlate.
Lot eva.lu.ate datn. T L )

W)

.- contracts for research,. development, design, fabrication,
" and evaluation. The cognizant technical and project
‘enginezrs will monitor these measurements and evalua-

" tions. Despite careful control of measurement procedures

~ and the critical evaluation of these data, however, there
" remains a need to perform the same types of measure-
. ments and data evaluations in laboratories which are

: physicaly_independint of these of the_contractors. This .
.. meed Is of critical importance in assuring that independent
. and consistently accurate and reliable data are expedi-

tiously obtained. This conclution will require setting up a
‘national laboratory or a series of national laboratories

s which have the requisite capabilities. The primary goal of -

_these laboratories will be to enswe the validity and

objectivity of the quantitative information which will
" become the basis {or task eva]uations and for pmgram

- &clslom.

e exkting Iabora(ory facilities of var!ous govemmer-t'

‘7- agencies should be incorporated into this measurement

" and. evaluation arganization to ‘the greatesl’ degree

- practical, recognizing that there will be other. commit-
"' ments and conflicting schedules. To accomplish a coordi-

" nated, controlled utilization of these facilities will require
_ that .an extensive Invenlory be made of the physical

- resources, equipment, manpower, and work loads. Intera-

gency contractual agreements will be necessary to assure

o the primacy of the scheduling obligations to the .NSF

. The requirements for additional facilities will be -

3 ‘determined after- listing the measurement requirements
7 and inventorylng the available facililia.

o The following objeclives should govern the operating
procedures of the laboralories (l} 'I'o pmvide the

continually reviewed and enfomed.

independent. nbjective measuremems and evaluations
necessaty in all phases of the research, development,

. engineering, and product fabrication tusks of the program

so as to maintain the continuity of the overall program
and the ynimpeded flow of the work. (2) To provide the
data and analyses which can be used to construct the
information basis for making decisions regarding the tasks,
schedules, and funding of the program. (3) To ensure that
the measurements, evaluations, and analyses of the quality
assurance program are performed with the highest level of

- accuracy, objectivity, and reproducibility. These objectives

. ' 737" can’ be. accomplished - with technical effectiveness and
Many o!' these &cti\rlties wil! be per!ormed by !he

‘A “- contractors engaged in carrying out the provisions of the '

economic efficiency in a laboratory organization which

" assigns, controls, and- coordinates all scienhﬁc and
‘ engineering measurements

The operating procedures of lhese !aboratones should '
be controiled so that the measurement techniques are well
documented and standardized; the facilities are fully
utilized in an economical manner; innovative measure-
ment techniques and apparatus are explored: schedules for
measurements are coordinated and directed to yield
systematically obtained, timely data; and the information_
is made readily avallable. Since these laboratories are to
be operated in support of and in collaboration with the

. contractual measurement requirements, all facilities and

the manpower necded to raake measurements at each -
level of the research, development, and fabrication of solar
cells and arrays should be provided. The technical aspects
and the contractual arrangements should be under the

“ - direct control of the individual sections of the program,

which have the complete responsibility and autherity to

- establish the specifications as ‘to the instrumentation,

equipment, measurement procedures, data handling, and
reporting. A sepanate schedule should be established for
periodic reviews of measurement procedures and of the
summaries and conclusions derived fro:n the data. Similar
critiques should also be included in the other teclmica!
revlews of lhe program.

A strong, eﬁective labora!ory organization can be
maintained by operating this measurement and evaluation
Function within a controlled structure which is responsive
to the NSF. It is important that the priority status of the
N5F program be a contractual reqmrement whk:h is
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:* plan, milestones; schedules. and funding requirements, was
.- based on a technical analysis and. evaluation by JPL and
*.- made use of reviews of the literature including critiques of
- the conclusions and recommendations of the Interagency
. Panel for Terrestrial Applications of Solar Energy and the
.. NSF.Conference on Photovoltaic Conversion of Solar
" . Energy for Terrestrial Applications. The premises for the
¢ assessment were taken to be the 5- and 10-year objectives
- of ‘& program to develop photovoltaic devices for

--commercial utilization and a cost-effective constratat, It is

bos

by changes in any of these factors. Hence, a conclusion of
.. this report is that technical assessments should be

.. performed throughout the program as a task of the -

. program so that variations in the scientific foundations and

5. technology readiness as well as in the objectives and
. "budgets can be used to maintain a currently effective
. program. Irdependent assessments, periodically scheduled,

., ure recommended. These could advantageously be as-
. signed as a task for an advisory committee.

'Oneconcem discussed frequently in the workshop and

|, panel meeiings ot the NSF Coriference, was that some

.- elements of industry and the electric utilities will not
- become involved in this development program early
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T eplogue.

 This technical assessment, which includes a progﬁm '

evident that some parts of this assessment will be affected

report.

enough to significantly affect the course. or duration of the

program and tha! these delays will lessen the chances of -
reaching the goals of commercial utilization of ‘photovel-

taic conversion devices. The gencral conclusion was that

earlier participation would be expected if the program
was supported by a firm, long-term commitment by the
govemment—a commitment which states’ unequivocally
that the development of photovoltajc conversion of solar
energy for terrestrial applications is a national, long-term
goal. Such a declaration would provide a strong impetus at
the start of the program by encouraging the participation
of niany research and development laboratories and

" industries. :

Based on this governmental commitment, abso, 1he

- private investments necessary for the commercial institu-

tion of photovoltaic conversion hardware would -very
likely be consigned al a much earlier stage of the
development. These two consequences of 2 commitmert
declaration should substantially strengthen and accelerate
the overall program. Hence, the immediate, unequivocal,
frm commitment by the government to a. long-term,
adequately funded program to establish the commercial

- practicability of photovoltaic conversion of solar energy

for terrestrial applications is a recommendation of this

T e T






