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PREFACE 

This final report presents the completed analysis of the 

Photovol tai c Venture Analysis. The report is presented in three 

volumes. The body of the report and the executive summary are in 
- ·-

Volume_l..- Volumes II and III present details of the analytical 

assumptions, results, and background information. 

Primary SERI staff contributing to this report were r~r. Dennis 

Costello (Project Leader), Mr. David Posner, Dr. Dennis Schiffel, 

Dr. James Doane, and Dr. Charles ~ishop. Assistance was provided 

by Ms. Susan Christmas, Dr. Lawrence Kazmerski, Dr. Sigurd Wagner, 

Dr. Thomas Reed, Dr. Charles Benham, Dr. Donald Hardy, Dr. T. S. 

Jayadev, and ~~s. Kathryn Lawrence. Dr. Melvin Simmons, Dr. 

Michael Noland, and Dr. Paul Rappaport supported the study with 

important management assistance. 

Several subcontractors to SERI made valuable contributions to the 

venture analysis. In particular, Dr. Warner North, Dr. Dean .Boyd, 

and Mr. Charles Clark (Decision Focus, Inc.) were invaluable.in 

report preparation and analytical support. Other major 

contractors were: Mr. Robert r~eister, Mr. John Day, Mr. Douglas 

Finch, and Mr. Michael Zaharias (Gnostic Concepts, Inc.); Dr. Orin 

t~errill (Science Applications, Inc.); Dr. Thomas Jaras (BDM 

Corporation); Dr. Gary jones (Sandia Laboratories); Dr. Richard 

Hockett, Dr. Charles Eby, and Mr. Edward Eimutis (Monsanto 

Research Corporation); Dr. Richard Tabors and Ms. Susan Finger 

(MIT Energy Laboratory); and Mr. Robert Aster and Dr. Jeffry ~nith 

(Jet Propulsion Laboratory). 

Other subcontractors were Ms. Kathy Rebibo and Dr. Gerald 

Bennington (MITRE Corporation); Mr. Richard Silberglitt (Donovan, 

Hamester and Rattien, Inc.); Mr. E. J. Rattin and Dr. Stanley 
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Leonard (Aerospace Corporation); Mr. Henry Liers (ITC/Solar 

Corporation); and Mr. Walter Webber (Consultant). 

A Department of Energy Review Group was formed to assist in the 

Venture Analysis. The Review Group included representatives of 

many parts of the DOE organization. The group reviewed each 

report and provided both verbal and written comments. The group 

included Martin Adams, Paul Maycock, Al .Clorfeine, Clark Bullard, 

Frank Goldner, George Jordy, Jacques Gras, Richard Lewis, Bruc.e 

Robinson, and Elaine Smith. 

A number of other individuals also provided helpful comments and 

suggestions. Participants in the supply workshop deserve ·special 

thanks: Bob McGinnis (Motorola); Ted Blumenstock (Solarex); Bob 

Weinberg (RCA); A. I. Mlavsky (Mobil· Tyco); John Jordan (Photon 

Power); Pesho Kotval (Union Carbide); Anthony Bonora (Siltec); and 

John Heldack (Varian). All of· the participants in the demand 

workshop also deserve our thanks. Comments on reports were 

received from Gary Lilien (MIT), Henry Jacoby (MIT), Richard 

Blieden (Atlantic Richfield Company), Charles Craig (Federal 

Highway Administration); and John Arens (Federal Highway 

Administration). 
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ABSTRACT 

This report presents the r~sul ts of the Photovol tai c 
Venture Analysis. The objective of the study, 
government programs under i nvesti gati on, and a brief 
review of the approach are presented. Potential 
markets for photovoltaic systems relevant to the study 
are described. The response of the photovoltaic supply 
industry is then considered. A model which integrates 
the supply and demand characteristics of photovoltaics 
over time was developed. This model also calculates 
the economic benefits associated with various 
government subsidy programs. Results are derived 
under alternative possible supply, demand, and 
macroeconomic conditions. A probabilistic analysis of 
the costs and benefits of a $380 mi 11 ion federal 
photovoltaic procurement initiative, as well as 
certain alternative strategies, is summarized. 
Conclusions and recommendations based on the analysis 
are presented. 
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PHOTOVOLTAIC VENTURE ANALYSIS 

Final Report 

j EXECUTIVE SUMMARY 

A. INTRODUCTION AND OBJECTIVES 

A variety of federal programs have been proposed to accelerate the market 

and industrial development of photovoltaic systems. This study 

investigates the costs, benefits, and risks of one proposed program. In 

particular, the option under study is an eight-year $380 million program 

(Fiscal Years 1979 to 1986) in which the federal government subsidizes the 

difference between the price charged by photovoltaic producers and the 

maximum price the consumer will pay. The program is called the 

"procurement initiative" or the "market pull initiative" in this report. 

The market pull initiative is designed ~o reduce photovoltaic system prices 

from their present levels to the range of $1 to $0.50/Wp by stimulating a 

large de~and for photovoltaics at relatively high prices. The stimulated 

demand will then presumably induce the industry to make production 

investments that will achieve lower unit costs. Lower costs and 

competition among suppliers should result in lower prices which will then 

stimulate additional demand and lead to further investment. These 

reinforcing events are assumed to continue until grid-connected markets 

are penetrated and photovoltaics begin to replace conventional energy 

supplies. 

The primary objectives of the venture analysis are to: 

• estimate the benefits and the costs of the market pull 

initiative; and 
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• compare the procurement initiative to a limited number of 

alternative government approaches to accelerating the 

commercial development of photovoltaics. 

These are achieved by: (1) estimating the expected responses of 

photovoltaic producers and markets to the market pull initiative, (2) 

assessing the initiative's effect on photovoltaic system prices and sales 

over time, and (3) clarifying the uncertainties that will influence the 

initiative results. 

B. APPROACH 

The main focus of the venture analysis is on the incremental costs and 

benefits of the initiative. To accomplish this, a "base case" strategy of 

continued federal R&D without the initiative is first analyzed. Next, the 

eight cycles of the initiative are added to this base case, and the changes in 

photovoltaic prices, production, and sales are examined. To add 

perspective to the analysis, an alternative program of increased R~D (over 

the base case) without the initiative is also considered. 

The venture analysis consists of three major parts: estimation of (1) supply 

respom;e:;, (2) dern~:~nd responses, and (3) net benefits. Within each of these 

major parts, multiple parallel approaches were used to estimate key 

parameters. 

The estimate of the photovol tak supply response is derived using three 

approaches incltJdin~: (1) i'l wnrkshnp with r9presentatives of photovoltak 

industry decisionmakers, (2) an assessment by an independent market 

research firm with experience in photovol taics, and (3) a SER.Tf.TPT_. ::~nal ysis 

of photovol taic industry responses. Two approaches were used to assess the 

markets for photovoltaics, including reviews and comparisons of available 

market studies, and a workshop attended by representatives of potential 

buyers in selected markets. The study involved almost all organizations 

that have conducted photovoltaic market studies to assist in this task. 
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The integration of the supply and market information was completed by 

building a computerized model, termed the integrating model, that 

systematically transforms all the available market and supply information 

into a consistent set of photovoltaic price and quantity forecasts over time. 

This model reflects the state-of-the-art in modeling the diffusion of new 

innovations. Sales and price estimates are derived for 14 separate 

photovoltaic markets from 1978 to 2006. The model uses the changes in 

price and· quantity estimates resulting. from the initiative to calculate its 

expected marginal net benefits. The benefits methodology is based 

primarily on the consumer surplus concept. The model was exercised for a 

broad range of possible market conditions, supply responses, and 

macroeconomic trends to derive an estimate of the most probable benefits 

and costs. No direct estimates were made of the social benefits of 

increased energy independence, energy decentralization, or decreased 

reliance on nonrenewable energy sources. 

C. SCOPE AND LIMITATIONS OF THE STUDY 

The venture analysis is not intended to be an evaluation of photovoltaics as 

a potential. energy sourse. Nor is it a search for the best government 

actions to help stimulate the commercial development of photovoltaics. 

Rather, the study is a six month effort limited primarily to an examination 

of the market pull initiative as one strategy for stimulating the commercial 

development of photovol taics. 

In this regard, it is important to emphasize a subtle clistinction. The focus 

of this analysis is answering the question: "What are the likely net 

incremental benefits of a government procurement initiative?". This is a 

very different question from: "What are the potential benefits of 

photovoltaics as an energy source?". Often, even though the results of the 

analysis do not show significant benefits from the initiative, the 

photovol taic industry is very successful. 
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D. ·sETTING FOR MAJOR CONCLUSIONS 

To place the major conclusions of the venture analysis in the proper 

perspective, it is important to summarize the findings concerning the 

future potential of photovol taics as an energy source, the current status of 

the industry, and the content of the national photovoltaic plan. These 

findings are not major conclusions of the analysis. However, they do 

provide a context in which the major conclusions should be interpreted. 

Discussions with the research community, photovoltaic suppliers and 

potential buyers, as well as the analytical results of the venture analysis, 

show that photovoltaics has the potential to be a significant source of 

electrical energy for the United States. There is disagreement, however, 

concerning how large this potential contribution could be and when it can 

be realiZf~rl. 

The current photovoltaic industry is characterized by high prices for its 

product and commercial sales limited to small remote markets, primarily 

communications and cathodic protection. For small purchases (50-100 Wp), 

current commercial module prices typically range from $24/Wp to $10/Wp 

(F::JB factory, 197 5 dollars). The high prices of photovoltaic arrays and 

power systems relative to other energy technologies are key obstacles that 

must be overcome before widespread use of photovoltaic:s will occur. 

The current national photovoltaic program attempts to reduce the current 

high prices of photovoltaics through three parallel approaches. First, 

research is conducted on new photovoltaic: technologies (such as thin films 

and advanced material devices) with the potential for very low costs. 

Second, continued development of current photovoltaic tec:hnnlngif!s (e.g. 

single crystal silicon, both flat plate and concentrators) is undertaken to 

achieve cost reductions through improvements in array design and 

production techniques. The third element is a market pull strategy aimed 

at stimulating markets and private sector investment in cost-reducing 

production facilities. 
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As stated previously, the main question addressed by the venture analysis 

concerns the effectiveness of the market pull strategy in achieving the 

price reductions necessary to penetrate large energy markets. The first 

three conclusions deal specifically with the market pull initiative. The 

remainder deal with alternatives to the market pull strategy. 

E. MAJOR CONCLUSIONS 

The Market Pull Initiative is Not An Effective !v1 echanism to Achieve the 

Required Photovoltaic System Price Reductions 

Market studies undertaken for DOE have identified a large number of 

potential intermediate photovoltaic markets. The ranges of mark~t size 

estimates and competitive photovoltaic price estimates contained in 

existing studies are very large. Discussions with representatives of 

potential intermediate markets during the market demand workshop and 

other meetings reinforced the uncertainty in the intermediate markets. 

Because of this uncertainty, the effectiveness of the initiative was 

analyzed under a range of possible market scenarios. If the intermediate 

markets are large (i.e., 250 MWp/yr or larger at system prices above 

$1/Wp), the integrating model showed the photovoltaic industry would grow 

rapidly even without the added stimulus of the market pull initiative. As a 

result, the incremental benefits of the initiative under large market 

scenarios did not ofhet the initiative's cost. If the intermediate markets 

are small or c.lo not materialize (i.e., annual markets of less than 40 MWp at 

system prices above $1/Wp), then the market pull initiative will probably 

have little impact on "pulling" photovoltaic prices into the range needed to 

penetrate large energy saving markets. Only under a very restrictive set of 

circumstances did the procurement initiative significantly accelerate the 

penetration of grid-connected markets. These circumstances 

simultaneously require: a very small intermediate market; a rapid rate of 

escalation of electricity price, (nearly a threefold real increase by 1990); 

and no array price breakthroughs resulting from photovoltaic research and 
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development. The large benefits of the initiative under these 

circumstances occur because the photovoltaic price reductions caused by 

the initiative enable today's photovoltaic technology to make energy 

contributions earlier than in the base case. 

The size of the U.S. outdoor lighting market and the international pumping 

market could make them significant for the development of the 

photovoltaic industry. There have been no U.S. supported system tests or 

experiments in either of these markets. U.S. photovoltaic suppliers will 

have to compete with foreign suppliers in international markets. 

Under most scenarios, the market pull initiative has very little effect on 

the penetration of photovoltaics into U.S. grid-connected markets. The 

initiative is ineffective because it does not reduce photovoltaic prices to 

the range needed to penetrate those markets. Most studies, including this 

venture analysis, indicate that photovoltaic system prices without storage 

must reach $0.50 to $1/Wp before they are grid competitive in the United 

States, barring a sharp escalation in electricity prices.* 

1ne initiative can impact grid-connected markets only if electricity prices 

show very high escalation rates, intermediate markets develop slowly, and no 

array price breakthroughs are achieved. If these circumstances occur, the 

initiative may permit photovoltaic systems to cotnpete earlier than they 

would without the program. This conclusion does not imply that the 

* The first photovoltaic systems instrlllE'd in the grid will probably 
not have on-site storage. Rather, they will usP. the gl:'id as a 
substitute for storage (i.e., the system will sell excess electricity 
to the grid when it is not needed on site and buy grid electricity 
when the photovoltaic system does not supply the total demand). If 
storage is added, those costs will be a significant portion of the 
balance of the system, If the grin systems t::onsidered in this 
analysis included storage, the allowable price of the array would 
be lower than those indicated. 
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initiative is necessarily the lowest cost means of insuring that photovoltaics 

is available to the grid market. For example, a price reduction breakthrough 

resulting from research or technology development may produce a lower cost 

than possible from production experience in intermediate markets using 

existing technologies. 

The Value of the Market Pull Initiative Depends on the Goals of the 

De_p_a:_r~!,llent_ C?J. Ene~gy 

An explicit goal of the Department of Energy in_ the area of photovoltaics 

is the displacement of conventional energy sources, especially imported 

fuels. Under most scenarios examined by the venture analysis, the energy 

displacement _benefits of the initiative do not justify the program's cost. 

The net loss is due primarily to the nature of the U.S. markets that the 

initiative will be able to stimulate. Most current photovol taic applications 

either usc very little energy (e.g., remote cotnmunications) or, until 

penetrated by photovoltaics, used no energy at all (e.g., new applications of 

cathodic protection). 

The initiative can also . be judged by its effect on sustaining the 

photovoltaic industry through a discontinuity in market demand between 

current prices and the $0.50 to $1/Wp system prices necessary to penetrate 

large energy saving markets. The initiative is of value in achieving this 

goal only if near-term and intermediate markets are very small. If large 

intermediate markets develop, these nonsubsiQ.ized markets alone should 

accelerate the development of a larger photovoltaic industry. Under this 

latter situation, the marginal benefits of the initiative do not outweigh its 

cust. In fact, the program could be detrimental to the industry because it 

would add more demand to an industry that is already expanding very 

rapidly. 

Other criteria for judging the initiative are how it benefits foreign 

markets, how it affects U.S. exports of photovoltaic systems, or how the 
' indirect benefits of foreign sales affect U.S. intermediate markets. The 
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indirect benefits of foreign sales on U.S. intermediate markets are 

expected to be small. If some fraction of gross benefits to other nations 

(measured as consumer surplus) is added to the U.S. benefit calculation, the 

initiative could become more attractive, especially if intermediate foreign 

markets prove to be very large. Most of the intermediate photovoltaic 

markets may be overseas. Therefore, most of the benefits from reducing 

prices would be accrued overseas. 

The Benefit!! of_~ Price Reduction Breakthrou&h Outweigh the Benefits of 

theM arket Pull Initiative 

An array price reduction breakthrough in photovoltaics would have a major 

impact on achieving the DOE program goals and in displacing conventional 

energy sources. Therefore, federal funding of photovoltaic research and 

technology development to achieve this breakthrough has the potential to 

yield benefits in excess of the cost of these research and development 

programs. The breakthrough needed is a discrete change in array price, not 

in technology. Thus, the achievement of low-cost arrays is just as 

important whether the basic devices are single crystal silicon or thin film. 

The results of the integrating model indicate that under almost all 

scenarios, the benefits of a price reduction breakthrough range from 

several hundred million to several billion dollars. The integrating model 

also indicated that the timing of the breakthrough is not as important as 

the fact that one occurs in the time period when grid-competitive markets 

are developing (i.e., in the 1990s). 

A Series of Field Tests and Experiments Explicitly Directed Toward 

A3ccrtaining Performance and Marltct Information i3 Nccc3nary 

Only very limited information is currently available on the potential size of 

intermediate markets and the performance required by potential purchasers 

in each market. There is also very little information on the performance of 
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alternative photovoltaic designs in different applications. The need to 

address the performance uncertainties is also important in U.S. grid­

coimected markets. Discussions with utilities during the market 

workshop highlighted the need for performance data over a period of 10-20 

years. 

F. RECOfvlMENDATIONS 

Currently available information does not support an affirmative decision on 

the market pull initiative. Therefore, the project team recommends that 

the initiative not be implemented until and unless the conditions necessary 

for its success arise. 

The project team also recommends that research and . technology 

development on both silicon and competing photovoltaic technologies be 

accelerated. A series of moderately funded field tests and experiments 

should also be continued, with the explicit objective of obtaining market 

and performance information rather than the encouragement of private 

sector investment and price reduction through market pull. These tests 

should include grid-connected applications of sufficient size to obtain 

realistic information on the interaction between the photovoltaic systems 

and the grid servicing these systems. 

The project team recommends that these experiments be augmented by 

market studies designed to reduce the market uncertainty that photovoltaic 

vendors face. These studies should include a major investigation of 

international markets for photovoltaics. Reducing this uncertainty by 

demonstrating that markets exist in the system .J?rice range above $1/Wp 

wiU enc::our;:~ge investment and production by vendors and insure that a 

healthy industry exists tn service the energy savings markets in the future. 

If markets are proven not to exist in this price range, then a more serious 

problem requiring changes in the national photovoltaic program may have 

to be addressed. 
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The venture analysis primarily investigated one strategy to accelerate the 

commercial development of photovoltaics. The potential of photovoltaics 

as a U.S. energy resource underlines the need for further investigation of 

alternative government strategies. For example, end-use incentives, 

incentives to stimulate foreign sales, alternative federal array or system 

purchase programs, and incentives to stimulate investment by the 

photovoltaic industry should be investigated. The results of the venture 

analysis suggest that no critical decisions concerning the 

commercialization of photovoltaics have to be made immediately. 

Therefore, it is recommended that the available time be used to identify 

effective policies for accelerating the commercial development of 

photovol taics. 
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PHOTOVOLTAIC VENTURE ANALYSIS 

Task 5217 

Final Report 

July 31, 1978 

I. INTRODUCTION 

A. STUDY OBJECTIVES 

The Department of Energy (DOE) is currently i nvesti gating the 

advantages and disadvantages of offering a temporary subsidy for 

the manufacture and purchase of photovoltaic systems. One option 

that has been forwarded is an eight-year program which matches 

photovoltaic producers with consumers and subsidizes the 

difference between the price charged by manufacturers and the 

maximum price the buyer will pay. The program is planned to take 

place from FY79 to FY86 with a total direct cost estimated to be 

$380 million (in nominal dollars). The primary obJective of the 

venture analysis is to estimate the expected responses of 

photovol tai c producers and markets to this program (termed the 

procurement initiative or the market-pull initiative in this 

report), the program• s- effect on photovol tai c costs, the cost to 

the government, and the expected benefits, to society. A secondary 

objective of the study is to investigate a limited number of 

alternative strategies to compare their expected results with the 

procurement initiative. 

One of the ways in which the eight-year procurement i ni ti ati ve 

must be evaluated is in terms of stated program goals. The 

initiative is expected to increase the probability of meeting 

price and system go~ls outlined fo~ the base program. These goals· 

are shown in Table 1. 



TABLE 1 

SELECTED PRICE AND QUANTITY GOALS OF THE 
FEDERAL PHOTOVOLTAIC PROGRAM 

Goal FY82 FY86 

Array Price 2.00 0.50 
$/Wp (1975) 1 

P.V. System 100-200 60-80 
Energy Costs 
( Mi 11 s/k Wh) 

Total Annual Array 20 500 
Production (MW/Yr) 

1system price goals expressed in $/Wp are not stated in the 
Program Plan 

Source: National Photovoltaic Program Plan, February~' 1978, 
U.S. Department of Energy, Assistant Secretary for 
Energy Technology, Division of Solar Technology, 
DOE/ET-0035(70), Mdn:ll 1978, p. 12. 

2 



Table 2 summarizes the results of a SERI survey of current 
photovoltaic module prices in 1978 dollars. If these prices are 
expressed in 1975 constant dollars, FOB factory, they range from 
$10 to $24/Wp for small orders of about 100 Wp. Hence, 
significant reductions in module prices will need to be achieved 
to reach the DOE goals. 

The study uses the term 11 Venture analysis 11 in a slightly different 
context than does most 1 i terature on the subject. The primary 
venture under investigation is a public sector investment in the 
eight-year photovol ta i c procurement program. The perspective of 
the study is therefore social costs and benefits rather than those 
of a single firm, as traditionally treated in venture analyses. 
The venture analysis is similiar to traditional venture analyses 
in that it attempts to measure all costs and benefits over the 
life of the program and explicitly treats uncertainty and risk as 
a key element of the problem. 

A number of problems arise when the venture analysis is done from 
a public rather than a private sector perspective. First, the 
i denti fi cation and measurement of benefits are 1 ess precisely 
handled than in private sector venture analyses. The reasons for 
this problem include: (1) the objectives are less well-defined 
than for a private venture; and (2) benefits are more numerous and 
more diffuse than private benefits. Second, cost calculations are 
more difficult because the social costs are less tractable than 
costs to a private firm. In fact, the measurement of social costs 
and benefits/externalities is extremely difficult precisely 
because no market exists for these benefits. Therefore, no 

observable prices or quantities are available. Third, the 
response of private sector producers, and consumers must be 
assessed. These responses are fraught with uncertainty. Finally, 
this venture analysis must include the same type of venture 
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COMPANY 

a 

c 

TABLE 2 

RESULTS OF SERI TELEPHONE SURVEY ON CURRENT PRICES OF PHOTOVOLTAIC 1·10DULES--JUNE 1, 1978 

MODULE SIZE 

24 Wp 

9.6 Wp 
25 Wp 
33 'tip 

20 ~~p 

4.32 :.lp 

10.56 Wp 

20 \~p 

12 Hp 

PRICE QUOTES (S/Wp) 

S 27.90/Wp 
24.70 
22.45 

14.00 

over $20 to 517/Wp 

$15 to SlO/Wp 

5 15/Wp 
s 14 
s 13 
s 12 
5 II 
s IU 

$ 36.0/Wp 
32.4 
28.8 
26.1 
23.8 

S 30 /Wp 
27 
24 
21 
20 

S 31. 2/Wp 
. 15.6 

~ 32. 0/l~p 
16.0 

·• 

4 

QUANTITY 

1 9 modules 
10 - 24 
25 - 99 

lDO -999 
> 1000 

Price dependent 
upon quantity 

1 00 tip order 
500 Wp order 
1 . 5-2 KHp order 
5 Ki-Jp order 
7 KWp order 
10 KwP order 

1 - 9 modules 
10 - 49 
50 - 99 

100 -249 
250 - 499 

1 9 module5 
10 - 49 
50 - 99 

100 - 249 
250 - 499 

Small 
> 50 modules 

s,,, 11 

~ 1!'\0 mnrh.1i'!s 

COMMENTS 

End user prices are provided 
here. Oistributor prices 
are about 20% less. 

These are OEM (i.e., wholesale 
to Original Equipment Manufac­
turers) prices. The end user 
will generally pay between 10-
25, moro. barge purchJ~e~ by end 
user will approach the OEM prices. 

These are end user prices. 
A discount of 15-20% is 
given to distributors. 

End user prices. Other sized 
modules are manufactured but 
tnese are the two best sellers. 

End user prices. The company 
manufactures a variety of panels. 
Tho&o two eRJmple~ show the price 
•Lr·u~;t.ur·~: ]Jall~ls larger than 
~U Wp. 50% discnont nn nrrlPr< nf 
50 modules or more (52~ fur GSA 
order~); puncls ~malle•· than 
20 Wp, 501 discount on order~ of 
1 00 modu 1 es or more (52~~ for GSA 
orders). Distributor prices 
are 50% off listed prices. 



analysis done by a private firm because estimates of the probable 

responses of the private sector to procurement initiative must be 

derived. In this latter sense, this study contains venture 

analyses from both the public and private perspective. 

B. GOVERNMENT STRATEGIES UNDER STUDY 

The primary strategy being studied is an eight-year photovol tai c 

procurement initiative. The venture analysis of this initiative is 

1 imited to estimation of the incremental costs and benefits of 

the i ni ti ati ve over and above the benefits and costs of a more· 

limited photovoltaic program without the initiative (termed the 

base case}. 

The base case strategy includes a continued federal R&D program 

and whatever action the private sector will take in the pr~sence 

of that program. The base case is represented by most of the 

elements of the National Photovoltaic Program Plan of February 3, 

1978. 1 The plan covers fiscal years 1978 to 1986. The plan 

contains activities in technology development, research and 

advanced development, system support, quality assurance, program 

management and analysis, and system tests and applications 

(federal purchases only}. The exact dollar outlays of the base 

case strategy are presented in Table 3. These planned outlays are 

changed continuously due to DOE yearly budget exercises as well as 

actions of Congress. However, the outlays shown in the table were 

operable at the time of this study and changes in the base budget 

do not have a direct impact on the benefits of the market pull 

initiative. 

1National Photovoltaic Program Plan, February~. 1978, 
U.S. Department of Energy, Assistant Secretary for Energy 
Technology, Division of Solar Energy, DOE/ET-0035(78}, 
March 1978. 
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TABLE 3 

FEDERAL OUTLAYS OF THE BASE CASE PHOTOVOLTAIC R&D STRATEGY 
U in M i 111 ons ) 

FY FY fY n· FY FY FY FY FY FY FY 
Pro9ram Activity 71 78 79 80 81 82 83 84: 85 86 77-86 

Technology 33 .• 7 36.0 27 .• 0 40.0 50.0 60.0 60.0 :50.0 40.0 30.0 426.7 
Development 

Research and 6.2 8. 7 13 .·5 20.0 25.0 30.0 30.0 35.0 35.0 25.0 228.4 
Advanced Development 

Sys terns Support 7.0 9.0 9.7 10.0 10.0 8.0 8.0 6.0 6.0 4.0 77.7 

Quality Assurance 0.0 1.0 2.0 3.0 4.0 4.0 4.0 3.0 2.0 2.0 25.0 

Program Management 2.0 2.3 1.6 2.0 2.0 2.0 2.0 2.·0 2.0 2.0 19.9 
and Analysis 

ST&A--Federal 0.0 12.2 20.0 20.0 40.0 20.0 :0.0 o.o 0.0 0.0 112.2 
Purchases (13.S) 

TOTAL 55.41 n.22 73.8 95.0 131.0 124.0 Hl4.0 ')6 .0 85.0 63.0 903.4 

llncludes $6.5 million in nonfederal ST&A not shown in table. 
2Jncludes $7.0 million in ST&A not shown in table. 

Source: DOE National Photovoltaic P:rog•r\.lm Plan, February 3, 1978, p. 8. 



The base case strategy contains $19 million in FY78 supplemental 

funds. It also includes the $100 million Federal Photovoltaic 

Utilization Program (FPUP) which is currently planned to occur 

between FY79 and FY82. FPUP is currently before Congress as part 

of the 11 National Energy Act 11 bills. System Tests and Applications 

include $13.5 million accrued in FY77 and FY78 but exclude 

nonfederal applications after FY78. 

The second strategy to be investigated is the base federal R&D 

program plus the eight-year procurement i ni ti ati ve. The second 

strategy contains all the federal R&D outlays in Table 3 plus a 

system tests and applications activity enhanced by the eight-year 

.i ni ti ati ve. Table 4 summarizes the second strategy. The eight­

year procurement i ni ti ati ve does not specify the type of 

technology to be utilized or the mix of concentrating and flat­

plate systems subsidized (after FY80). Rather, system~application 

combinations are plan ned to be chosen based on an evaluation 

scheme \'lith six criteria. The criteria are: (1) the energy 

saving potential of the application; (2) leverage of the 

.application (the potential for stimulating private sector 

markets); (3) visibility; (4) cost competitiveness and level of 

proposed cost sharing; (5) relationship to the planned eight-year 

program; and (6) maintenance of an appropriate mix of private and 

federal applications. 2 The relative importance of each of these 

six factor~ has not yet been specified. 

The cycles vary over time in both emphasis and the amount of cost 

sharing expected. 3 Cycle 1 (FY79) is designed to establish system 

2DOE Information Memorandum to the Undersecretary from the 
Acting Program Director for Solar, Geother'mal, Electric, and 
Storage Systems, December 21, 1977 p. 3. 

3The discussion of cycle emphasis and cost sharing is paraphrased 
from the DOE Information Memorandum of December 21, 1977, op. cit. 
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TABLE 4 

FEDER~L. OUTLAYS OF THE PHOTOVOLTAIC INITIATIVE STRATEGY 
($in Millions) 

FY FY n· f"{ FY FY FY FY FY FY FY 
Program Activity 77 78 79 80 81 82 83 84 85 86 77-86 

Base Case R&D 55.4 76.2 ]3.8 95.0 131.0 124.0 104.0 96.0 85.0 63.0 903.·1 
Outlays 

ST&A--Flat Plate 0·.0 :J.O ]0.0 20.0 

50.0 60.0 60.0 60.0 50.0 40.0 380.0 

ST&A--Concentrators 0.0 o.o 10.0 20.0 (2.0) 
co 

TOTAL 55.4 76.2 95.81 135.0 181.0 184.0 164.0 156.0 135.0 103.0 1,285.4 

llncludes $2.0 million dn ST&.!\ not shown in table. 

Source: DOE National P;lotovoltaic Program Plan, February 3, 1978, p. 8 (with minor rearrangements) 



experiments for the test and application program. The cost 

sharing goal is 5%. Cycle 2 will concentrate on first-of-a-kind 

energy saving applications with the potential for early market 

acceptance. Cost sharing is expected to range from 5% to 10%. 

Performance specifications (generated partly from the first two 

cycles) are planned to be complete before the third cycle. The 

systems subsidized in Cycle 3 will have to meet these performance 

specifications and be fully compati b 1 e with the proposed 

applications. They are expected to be advanced enough to be ready 

for private market introduction. Cycle 3 (FY81) cost sharing 

should increase to between 10% and 15%. Cycles 4 through 6 wi 11 

continue to focus on systems that are ready for market 

introduction. During these cycles the number of applications 

subsidized will expand, and cost sharing will increase steadily. 

The cost sharing goals for Cycle 4 ( FY82), Cycle 5 ( FY83), and 

Cycle 6 (FY84) are 15% to 25%, 20%, and 25%, respectively. 

Cycles 7 and 8 wi 11 focus on experiments in residential 

applications. According to the DOE Information Memorandum on the 

initiative, 11 The last 2 cycles would consist of applications 

experiments aimed at meeting the 1986 goal of $.50/watt (array), 

at which point the residential market may open to photovoltaic 

systems. 114 

Evaluation of the two strategies discussed above (i.e., base case 

and base case plus market pull) is the major emphasis of the 

venture analysis. However, to put these t·,:;o alternatives in 

perspective, a 1 imited number of alternative federal government 

·options are revi~wed. It is impossible to treat these additional 

options with the same level of detail as the first two strategies 

in Lhe rive months allowed for this venture analysis. ~ 

4DOE Memorandum of December 21, 1977, op. cit., p. 4. 
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Nonetheless, a brief treatment of them adds significant insights. 
In particular, the venture analysis includes a brief examination 
of: 

(1) A major increase in federal R&D expenditures on 
photovoltaics without the federal market pull strategy; 

(2) A federal incentive to end-users which has the effect of 
reducing the life-cycle cost of a photovoltaic system; 

(3) A federal buy of sufficient size to allow industry to 
invest in large automated manufacturing facilities. 

The analysis of increased R&D is an integral part of the venture 
analysis. The analysis of end user incentives are treated only by 
the participants in the photovoltaic industry workshops (see 
Chapter III). The federal buy is treated as a sensitivity case in 
Chapter V. 

C. SCOPE AND LIMITATIONS OF THE VENTURE ANALYSIS 

It may be tempting to generalize the conclusions of the venture 
analysis to the entire photovoltaic program or to trends in the 
current industry. This mistake should be avoided. The venture 
analysis was not intended to be an evaluation af photovoltaics as 
a potentia'! energy source. The scope of the analysis was 
deliberately limited in several key respects to answer the 
question specifically asked within the availahlP. timP. (February to 
June 1978). 
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Scope 

1. Only a limited number of government roles were examined. 
The major effort was spent on measuring the marginal net 
benefits of the proposed market pull strategy. 

2. The study estimated the economic and environmental 
benefits of the market pull initiative. No direct 
estimates were made of the value of increased energy 
independence, decentralization of energy generation, or 

decreased reliance on nonrenewable sources were made. 

3. Imp 1 ementati on of the i ni ti ati ve was assumed to work 
perfectly, without any negative side effects such as 
demonstrating technical failures. Cost of administering 
the i ni ti ati ve was assumed not to exceed $12 mi 11 ion 
over the eight year cycle. 

4. The venture analysis did not attempt to predict the 
competitive structure of the U.S. photovoltaic industry 
or predict how well the industry would compete in 
international markets. In general, it was assumed that 
the industry would be competitive enough that production 
cost reductions would lead to corresponding price 
reductions to the final consumer r~nd that ll. S. 
companies would be a major factor in international 
markets. 

5. The study did not explicitly predict which of the 
photovo'l taic techno'l ogi es will dominate the industry 

over time. In addition, it was not necessary to 
explicitly model the relative merits of flat-plate 
versus concentrating photovol tai cs in each market 
application. Rather, price trends and lower bound 
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prices are handled generally and sensitivity analyses 

were prepared. 

Limitations in Data 

1. The study did not attempt to consider every conceivable 

application which could use photovoltaics. Previous 

market studies contained tasks to identify all possible 

markets. This study did not try to duplicate that· 

effort. Rather, emphasis was placed on those potential 

markets which appeared to be of s i gni fi cant potentia 1 

size and about which some previous knowledge had been 

gathered. 

2. Market data are limited in both quantity and quality, 

even for those applications which are currently served, 

and especially for intermediate and long-term markets. 

The credibility of the market estimates is in question. 

Extensive sensitivity analyses on market parameters and 

a workshop with potentia 1 buyers were in the venture 

analysis to overcome this limitation. 

3. Although serious effort was devoted to investigating the 

actual engineering and cost characteristics of 

photovoltaic systems that might be purchased, extensive 

1riformat1on was not available. Many of the photovoltaic 

systems that a1·e predicted to be used in i nter,nefU ate 

and 1 ong-term markets have not yet been designed or 

t.E>sted. The study is therefore limited to defining 

these systems in general terms with only a modest amount 

of engineering and cost detail. 
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Limitations in Methodology 

1. Future market penetrations and prices of photovoltai cs 

are represented in the venture analysis with state-of­

the-art models for the diffusion of new innovations. 

2. Single estimates of the future market penetration and 

prices of photovoltaics in the study should not be 

interpreted as absolute predictions. Rather, numerical 

results from sets of alternative scenarios reflect the 

range of uncertainty in future sales and prices. 

3. The integrating model does not model in detail the 

dynamics of the photovol taic supply industry. The 

future responses of the supply industry are analyzed 

qualitatively using a variety of approaches in Chapter 

I I I. 

D. SUMMARY OF APPROACH AND REPORT ORGANIZATION 

SERI 1 s approach to the photovoltaic venture analysis is based on 

four guiding principles. 

First, the venture analysis is limited to estimation of the 

incremental costs and benefits attributable to the procurement or 

to other initiatives rather than to total costs and benefits of 

the photovoltaic program. 

Second, it must be realized that other photovoltaic R&D efforts 

are being funded and will continue to be funded by government and 

industry. The costs and benefits associ a ted with those actions 

are considered in the venture analysis, but the benefits of those 

efforts are not added to the marginal benefits associated with the 

eight-year photovoltaic initiative because they would occur 
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anyway. For example, the analysis shows that under a scenario of 

1 arge intermediate markets, the marginal benefits of the 

initiative are low because the industry develops even without 

federal aid. This is a case in which the marginal benefits to the 

government are low but the industry is prosperous. 

Third, market mechanisms within the U.S. private sector will force 

the replacement of obsolescent technologies with superior ones 

without active government intervention. In fact, this replacement 

of new technologies for old has consistently happened in the 

United States for two centuries. The i ni ti ati ve strategy must 

only be considered as a stimulus to accelerate this mechanism. 

The benefits of the program are only those associ a ted with the 

time that the process is accelerated, not the total benefits of 

the innovation. 

Finally, the venture analysis reflects both the uncertainty 

concerning the demand and supply of photovol taic systems and the 

risks taken by the industry and the federal government. 

Uncertainty and risk on the supply side prima~ily. surround 

production technology advances and responses of producing firms to 

government program:;. Demand unce1·tai nti I!S arise fr·om the 1 dt.:k uf 

comp 1 ete knowledge about future prices, characteristics of 

photovol tai c systems, and prices of competing technologies or 

fuels. These uncertainties and risks are handled in the study 

through the development of possible scenarios (using probability 

trees) and sensitivity analyses. 

An overview of the approach used in thP. venturp analysis is 

displayed in Figure 1. The approach contains three main parts; 

supply related tasks, market related tasks, and integrating tasks. 

Three approaches were used in the estimate· of the photovol tai c 

supply response. A cross-impact workshop was held with 
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representatives of photovoltaic industry decisionmakers. Gnostic 

Concepts, Inc., campi 1 ed an independent assessment of trends in 

the industry based on interviews with photovoltaic technologists 

and their own judgments. The possible types of photovoltaic 

industry responses were also analyzed by SERI with information 

provided by the Low-Cost Silicon Array Project at the Jet 

Propulsion Laboratory (JPL}. Chapter III contains the results of 

these analyses. 

Two approaches were used to assess the markets for photovol taics. 

The DOE-funded market studies were reviewed and compared; and a 

1 imited amount of follow-up analyses based on those studies was 

conducted. A workshop attended by representatives of potential 

buyers in selected markets was also held. The objective of the 

workshop was to check the existing market studies for accuracy. 

The results of the market investigation are in Chapter II. 

The final tasks of the project were to integrate the supply and 

demand information and analyze the ramifications of alternative 

federal actions. The benefits methodology is based on the 

consumer surplus concept. The main integrating structure is a 

computerized integrating model. The backdrop for the integrating 

structure is a macroeconomic scenario of future GNP and energy 

price trends. This scenario enters the integrating model 

primarily through el ectri city price escalations and is subjected 

to considerable sensitivity analyses. Both the benefits 

methodology and the integrating model are discussed in Chapter IV. 

The analysis of the government decision and the conclusions drawn 

from the analysis are in Chapters v and Vl, respectively. 

The main report is contained in Volume I. The report is supported 

by a set of analytical appendice~ contained in Volume~ II and III. 
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II. PHOTOVOLTAIC MARKET RESPONSE 

This chapter summarizes information re 1 evant to the response of 

photovoltaic markets to the procurement initiative. In Section A, 

the approach used to characterize photovoltaic markets in the 

venture analysis is described. Available information on near­

term, intermediate, and long-term markets for photovoltaics is 

then reviewed in Section B. In Section C, a range of potential 

market scenarios is presented. In Section D, comments on the 

effectiveness of the procurement initi"ative made in the market 

demand workshop are summarized. 

Throughout this chapter, the major uncertainties in the available 

information on photovoltaic markets are highlighted. Completed 

photovoltaic market research, while sufficient to provide a 

rudimentary indication of how markets for photovoltaics might 

develop, does not allow the construction of any single market 

scenario in which a high 1 eve 1 of confidence can be p 1 aced. 

Rather, a broad range of market scenarios exist, with little 

evidence to suggest w~ich scenario is most credible. 

A. CHARACTERIZATION·OF MARKET RESPONSE 

A set of key parameters which affect the rate of photovoltaic 

penet.rat ion i ntn c::urrent. anrl future markets is used to 

characterize the market response to photovo lta i c systems in the 

venture analysis. These parameters are then combined into a 

simple analytical framework which relates potential markets for 

photovoltaics to expected sales under alternative photovoltaic 

supply conditions. 
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~ Market Parameters 

Five basic sets of parameters can be used to characterize a 
potential market. 

Energy Demand Data 

The first set of parameters specifies the job that would be done 
by a photovoltaic system (i.e., the specific application). The 
operating cycle, including peak and average power requirements; 
daily use schedule; periodic energy consumption; and reliability 
requirements are the data necessary to choose a power system. 

Competitive Power System Description 

Photovoltaic power 

currently available 
Evaluation of the 
specification of 

systems will usually cpmpete with some 
power system or other new energy technology. 1 

market potential of photovoltaics requires 
the major alternatives. The physical 

characteristics, equipment requirements, and installation 
requirements of the most attractive competitive power system 
capable of satisfying the energy demand of the application must be 
detet'rniru:::!d, arrd ttre lniL1al costs and operating arid maintenance 
costs (including replacement requirements) of the system 
estimated. Estimates of the future price trends associ a ted with 
the power systems arc also needed. 

1For some applications, photovoltaics may not actually compete 
with specific alternative power systems. In these cases, the 
attributes of the photovoltaic system may cause power to be used 
in markets where no equivalent alternative power system is 
available (i.e., float charging a battery on a boat or powering 
a recreational vehicle). It is particularly difficult to assess 
the market potential of photovoltaics in these situations wh~re, 
for example, an estimation of the value of less noise associated 
with a photovoltaic powered recreational vehicle is required. 
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Photovoltaic Power System Description 

A detailed design of the photovoltaic power system and estimation 

of its costs comprise the third set of parameters. The system 

must be designed to meet the energy demand and reliability 

requirements specified. Components of the photovoltaic system may 

consist of the photovoltaic array, the structure to support the 

array, power conditioning, storage, and installation. Exact 

system components vary considerably from application to 

application. 2 Current and expected future costs of each of these 

components are estimated in the same way as the costs of 

competitive systems. 

Market Size Data 

Associated with each specific photovoltaic application is a 

potential market. The potential market can be visualized as the 

number of units with the energy requirements specified in the 
first set of parameters. Prospective purchasers of a power system 

in a given market may choose among the conventional power system, 

a photovoltaic system, or possibly another new technology. 

Definition of the potential market exposes the limitation that 
characterizing the market response to photovoltaics involves some 

degree of generalization. That is, the speCified alternative 

power systems and the photovoltaic system are supposed to be 

typical systems representative of a large number of systems that 

constitute a potential market. In many markets, there is a wide 

range of system sizes and types. In fact, a wide range of 

specific applications may comprise a market such as agricultural 

pumping. Limitations in time and resources require that 

2several examples of photovoltaic power system designs are 
contained in Chapter III, Section F. 
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reasonable approximations of typical systems and corresponding 

markets suffice. Market size estimates are usually divided into 

annual new i nsta 11 at ions and annual retrofits. Statistical data 

on the annual demand for equipment and expected future growth 

rates are the information sources used to define the potential 

market. The fraction of· this market likely to be suitable for 

photovoltaics must also be estimated. 

Market Decision and Response Parameters 

The potential market represents an upper limit on the annual sales 

of photovo lta i c systems. However, it is unlikely that 

photovoltaics will immediately penetrate the entire potential 

market. The quantity of successful photovoltaic sales depends on 

several factors. 

be compared to 

technologies. 

The attractiveness of a photovoltaic system must 

conventional power systems or to other new 

The comparison should be based on the decision 

criteria used by prospective buyers who make up the potential 

market. For example, in remote microwave repeater applications, 

the cost of a photovoltaic system may be compared with the cost of 

using a thermal electric generator. This comparison could be made 

on a first cost, payback, or life-cycle cost basis. However, 

market studies to date indicate that purchasers of microwave 

repeaters are likely to compare competitive power sources on a 

five-year payback basis. That is, the initial capital and 

operating costs of the photovoltaic system would be compared with 

the inHial capital and operating costs of a thermal electric 

generator over a fi ve-_year time horizon. The five-year cost of 

the photovo lta i c system performing thr. same fllnr.t ion as thr. 

thermal electric generator would · have to be equal to or less than 
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the five-year cost of the thermal electric generator to be 
competitive.3 

The ability of photovoltaics to compete with the alternative 

systems wi 11 have a major impact on the rate of sa 1 es. Other 

factors that wi 11 affect photovo lta i c market penetration are the 
price sensitivity of the market and the responsiveness of the 
market to the introduction of a new technology. These factors are 

particularly difficult to specify because empirical information on 

them is usually not available. 

Structure for Treating Markets 

The five sets of parameters described above are all related 
through an ana lyt i ca 1 framework. This framework is shown in 
Figure 2. Typical designs for photovoltaic power systems and 

other candidate power systems can be developed by using the energy 

demand data. The designs represent a typical power system that 
serves the needs of a particular potential market. Based on the 

decision criteria of each market, a comparison between 
photovo 1 ta i cs and other a 1 tern at i ve power systems can be 

3rt is important to note that the exact nature of this economic 
comparison differs considerably from market to market. First, 
the decision criteria used in different markets vary. Second, 
the specific components and costs of the competitive systems 
vary. In the utility sector, for example, a sophisticated 
analysis was conducted to compare the value of a photovoltaic 
system to the utility with other options for utility system 
expansion. In dispersed, grid-connected markets, such as a 
photovoltaic residence, the value of the photovoltaic system 
to the homeowner -j s deteru1 i r~ed by vct 1 u·i ng the energy produced 
by the photovoltaic system according to the utility rate 
structure. Obviously, the rate structure and decision criteria 
assumed affect the results of this comparison. Further 
explanation of the competitive analysis for utility grid­
connected systems is contained in the discussion of long-term 
markets in Section B. 
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conducted. The price at which the photovoltaic system is equal to 
the price of the competitive system is termed the photovoltaic 
breakeven system price. 4 Taking into account the price 

4The following example illustrates how the photovoltaic breakeven 
system price is calculated. The decision criteria typical of the 
microwave repeater market is a five-year payback comparison. The 
five-year cost of a 120 watt thermal electric generator (the 
competitive system) has been estimated by BDM Corporation to be 
$14.650 ($7.500 initial capital cost and $1,430 annual cost). 
This is the total allowable cost for the photovoltaic system 
(i.e., the photovoltaic breakeven system price). To translate 
this into the system breakeven price per peak watt, this total 
breakeven price is divided by the peak rating of the photovoltaic 
array capable of powering the microwave repeater, which is 600 Wp. 

Breakeven system price = $14
•
650 = $24 42/Wp 

($/Wp) 600 Wp · 

This price is the allowable price per peak watt of array rating 
for the photovoltaic atray; all balance-of-system components 
(storage, power conditioning, structure, etc.); and installation. 

·Subtracting the balance-of-system costs and installation costs 
(expressed in $/Wp of array rating) yields the allowable price 
of the photovoltaic array alone. Specific systems assumptions 
supporting this calculation and all breakeven calculations are 
contained in Appendix D. 
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of the market and its receptivity to new technologies, estimates 

of expected sales of photovoltaics are made. This analytical 

framework is the basis for the approach to treating photovo lta i c 

markets in the integrating model as described in Chapter IV. 

B. MARKET DATA SUMMARY 

Potential markets for photovoltaics can be categorized by the 

photovoltaic system prices at which significant photovoltaic sales 

might be made. For presentation, markets have been divided into 

near-term, intermediate, and long-term categories. Photovoltaic 

sales are currently being made in those markets in the near-term 

category, and significant penetration of these markets can be 

anticipated at today•s photovoltaic prices or with moderate 

photovoltaic price reductions. In the intermediate category, 

substantial reductions in photovoltaic prices would be necessary 

for significant photovoltaic market penetration to occur. This 

does not mean, however, that isolated photovoltaic sales are not 

being made in the intermediate markets today. For photovoltaics 

to be used to any significant extent· in long-term markets, major 

reductions in photovoltaic prices will need to be achieved. 

A review of completed studies on photovoltaic markets was 

conducted to describe potential markets using the structure 

discussed above. Within the time constraints of this study, only 

a very limited amount of additional investigation was feasible on 

near-term and intermediate markets. For the long-term markets, an 

analysis of the economic requirements for photovoltaics to be 

competitive was undertaken. A market demand workshop was he 1 d to 

review the market descriptions being used in the venture analysis. 

The information derived from these various sources is contained in 

the following discussions of each market category. Emphasis is 

placed on the size of potential markets of photovoltaics and on 

the prices at which photovoltaics become competitive because these 
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are the key input parameters for describing markets in the 

analysis. Estimates of the size of the potential market and 

breakeven prices from various sources are often conflicting. 

These discrepancies are 

uncertainties for each 
discussed in the summary of major 

market category. Resolution of 

discrepancies is treated through alternative market scenarios 
presented in Section D. 

Near-Term Markets 

Market Studies 

The sources of market data on near-term markets are the previous 

work ·by the BDM Corporation, 5 InterTechnology/Solar Corporation, 6 

and Aerospace Corporation. 7 Aerospace, in an overview of these 
studies, attempted to compare their results.8 However, the 

conflicting scopes, definition of markets, and approaches used in 

these studies, made a meaningful comparison difficult. 

5BDM Corporation Photovoltaic Power Systems Market Identification, 
Draft Report submitted to DOE, Volume I, May 1977, Volume II, 
November 1977, Volume III, February 1978; and Draft Final Report 
for the Program to Develop a Preliminary Implementation Plan for 
the Feder a 1 Photovo lta i c Ut 11 i zat ion Program, prepared for- -
MERADCOM and DOE, April 1978. 

6InterTechnology/Solar Corporation, Photovoltaic Energy Technology 
Market Analysis, Draft Report to DOE, January 1978. 

7Aerospace Corporation, Mission Analysis of Photovoltaic Solar 
Energy Conversion, Volume II, Survey of Near-Term (1962-1985) 
Civilian Applications in the United States, prepared for ERDA, 
March 1977. 

8Aerospace Corporation, "Overview of Photovoltaic r~arket Studies," 
prepared for DOE, May 1978. 
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The authors of these previous market studies, under contract to 

SERI, were each requested to summarize their previous research in 

a format consistent with the structure for treating markets 

described above. The responses to this request revealed that the 
BDM data were most easily adapted to the needed format. 9 In 
addition, the BDM study appeared to provide the most detailed and 

comprehensive description of potential markets. The lTC and 

Aerospace studies yielded information on only a limited number of 
markets. As a result of this effort, it was decided that the BDM 
data would be relied on as the primary data source. lTC and 

.Aerospace rlatn, where available, would be used to support or 
dispute the BDM market data.10 

A preliminary screening of potential near-term markets resulted in 

the selection of approximately 17 markets for further 

consideration. Tnble 5 summarizes the available data. on potential 

near-term markets. Appendix D contains detailed market data 
summary sheets which describe the typical energy demand, 

conventional and photovoltaic power systems, market size 

estimates, and decision factors that characterize each market. 
These data were used to develop the breakeven prices shown in the 

table. Detailed esti-mates of the balance of systems costs for 

selected markets are contained in Chapter III. 

9summaries of the BDM data were prepared jointly by the BDM 
Corporation and Orin Merrill of Science Applications, Inc., 
who was the principal author of the BDM market study. 

10 It should be recognized that these market studies were no~ 
intended to be exhaustive market analyses of the most promising 
market for photovoltaics. Each stL1dy investerl, '>llh<>t.nnt.inl 
portion of available resources in identifying a large number of 
candidate markets for photov.oltaics. Only a part of the 
resources, therefore, were used for in-depth research on the 
characteristics of the most promising markets. 
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TABLE 5 

SUMMARY OF NEAR TERM MARKET DATA 1 

Current PV Annual Market Annual Market 
System Breakeven System Price: Potential: Potential: 

Price: 197 6 1976 1976 1985 
Ma rke·t j_$..LliJ:.')__ ($/W~) ·("1W~) (MW~) 

B~ AS 3 ITC4 BIJ'1 AS lTC BDM AS lTC BDM AS lTC 
SAl SAl SAl SAl 

Radio Repeaters-U.S. 26 4 .g 28 20 18 2.3 .8 .2 7.1 2 . 5 
Microwave Repeaters-U.S. 24 9 24 20 .3 . 7 1.1 .9 
Telemetry-U.S. 207 75 .05 .07 
Navaids-U.S. 112 67 38 22 .2 .06 o5 .06 
Renote Sensing-L .S. 235 32 0 .04 

Radio Repeaters-Foreign 28 31 1.2 6.2 
Microwave Repeat·ers-Foreign 26 27 .4 3.2 
Telemetry-Foreigr~ 86 82 .08 .4 
Rur3l Telephones-Foreign 20 23 .06 1.3 

N Edu:ation TV-Foreign 21 27 . 2 1 
()) 

ICP Shallow Wells-U.S. 156 227 7 306 28 ,g .07 l .14 
ICP Deep Wells-U.S. 116 22 7 256 28 3.4 1.1 4 1.7 
ICP Pipelines-U.S. 27 3-7 7 8 2B 20 25 .9 .08 24 1.2 .08 .24 
ICP Bridges-U.S. 8 1137 21 28 .02 .02 

ICP Sh~llow Wells-Foreign 206 35? .6 . 7 
ICP Deep Wells-Foreign 166 32b 4.6 5.4 
ICP Pipelines-Foreign 27 37 .9 1.3 

1. Unless noted otherwise, all prices are 1976 e~.timate·; in 1975 constant jo11ars. 
See Appendix D for sys:ems descriptions and o~her information used to construct this table. 

2. indicates BDM,'SAI data. These data are prilfflrily sunmaries of the previous BDM ;":udy but in some instances are based 
on limited foll01•-up ·research. The data were prepared jointly by BDM a1d Scienc~ Applications, Inc. 

3. Indicates Aerospace data. 
4. Indicates InterTechnology/Solar Corp. data. 
5. Market is prhadly retrofit and is expected to be saturated by 1985. 
6. These prices =re for 1978 in 1975 constant dJllars. 
7. Assumes th~t = one mile utility line extensiJr is required. 



From Table 5 it can be seen that the major near-term markets are 

estimated to be in remote communication f ac i 1 it i es and corrosion 

protection systems. The repeater markets are the major components 
of both the United States and foreign communications market. 

Cathodic protection of wells using impressed current protection 

(ICP) appears to be the major component of the corrosion 

protection market. 

Although the breakeven prices in most of these markets are 

generally high, none of these near-term markets is estimated by 

market studies to be very large. No single market has a potential 

for photovoltaic sales in the near term of significantly greater 
than 5 MWp. 

Market Demand Workshop 

Two sessions in the market demand workshop held on June 1 and 2 
addressed near-term photovoltaic markets.ll One session examined 

communications markets, and another session examined cathodic 

protection markets. The participants in these sessions were 
primarily current suppliers and users of equipment in these 

markets. The major conclusions of these two sessions are briefly 

summarized here. 

Communications: According to the communications working group, 
the pri nc i pa 1 photovo lta i c e 1 ectr i c power system app 1 i cation in 

communications is for remote sites associated with microwave or 
radio repeater stations. Most of the potential site applications 
are outside the United States. Sales of photovoltaic systems are 

being made today in this market. The group estimated that in 1977 

11A detailed summary of the market demand workshop is contained 
in Appendix F. 
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approximately 1,150 remote microwave repeater sites, at both new 

and existing sites, were candidates for photovoltaic electric 

power systems. Remote installations should increase to 

approximately 1,350 sites annually by 1990. Radio repeaters would 

add 100 new sites annually that would also be suitable for 

photovoltaics. 

The average microwave repeater site was estimated to require 

approximately 2 kW of continuous power. Considering the 

geographic locations of the potential sites, this translates to a 

requirement for approximately 10 kWp of photovoltaic arrays for 

each site. Thus, annual worldwide installations suitable for 

photovoltaics in 1~// represent a maximum market at approximately 

12 MWp of photovo'ltaic arrays annually. The foreign market was 

estimated to be the major portion of this worldwide 

market--approximately 10 MWp. 

Penetration of this potential market was believed to be directly 

dependent upon the re 1 ati ve price of photovo lta i cs compared with 

prices for alternative power sources. At a photovo lta i c array 

price of $15/Wp, the panel felt that a penetration of up to about 

5% of the total market could be achieved. At $10/Wp, penetration 

was estimated to be 20% to 30%; at $8/Wp, penetration would 

increase to 30% to 40%; and at $5/Wp, an 80% to 100% penetration 

was-estimated. 

The panel also listed a number of new or emerging communication 

markets, some of which were generally not considered in previous 

market analyses. Of these. by far the largest potential was in a 

photovoltaic electric power source to operate television receivers 

at remote locations in developing countries. It was estimated 

that there could be a market of approximately 20,000 systems per 

year at an average load of 35 W to 50 W corr.esponding to a 

potential market of 1.2 MWp. 
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Corrosion Protection: According to the corrosion protection 

working group, the principal markets for cathodic protection 

systems are well casings (generally gas and oil wells), pipelines, 

storage tanks, wharfs and piers, and bridges. Only the first two 

markets were felt to represent significant potential applications 

of photovoltaic electric power systems. The reason is that a 

significant portion of cathodic protection systems are used in 

remote areas where grid hookups or other principal power sources 

are not available. The latter three cathodic protection system 

markets are almost always close to electric grid connections or 

large motor generators and, hence, are not realistic photovoltaic 

applications. 

The maximum potential market for photovoltaics in corrosion 

protection system~ was estimated to be 0.42 MWp in 1977. However, 

the actual sales were estimated at· onl_y 32 kWp in 1977, mostly 

U.S. well casing systems. In 1990, the maximum potential market 

for photovoltaics was estimated to be 0.80 MWp, while sales are 

estimated at 0.46 to 0.48 MWp. The majority of 1990 sales are 

expected to be for foreign well casings. By comparison with the 

previous communications market estimates, this was obviously 

thought to be a very modest market for photovoltaics. 

The panel generally believed that the market estimates were not 

particularly dependent on substantial price reductions in 
photovoltaics. The major issue in the use of photovoltaics was 

the desire on the part of cathodic protection users to install 

systems in remote areas where power was a major cost e 1 ement. 

While those decisions were somewhat dependent on the price of the 

total system, it was believed that only modest reductions below 

current photovoltaic prices, together with the increased emphasis 

on corrosion protection, would result in 100% use of photovoltaics 

for most remote applications overseas and a 10% use for remote 

applications in the United States. 

29 



Major Uncertainties 

Comparison of the information gained in the market workshop to the 
data from the market studies suggests that a considerable amount 
of uncertainty exists in the available information on near-term 
markets. 

In the communications market, both the market studies and the 
workshop estimated the major market to be in repeaters. The size 
estimates of the U.S. communications market were approximately 
equivalent. However, the price at which photovoltaics would 
successfully penetrate this market was estimated to be somewhat 
lower by the workshop than by the market study data. The workshop 
estimate of the potential size of the foreign communications 
market was approximately 10 MWp, considerably larger than the 
market study data. The price at which photovoltaics would become 
competitive, however, was again estimated by the workshop to be 
lower.1 2 The workshop estimates of the potential size of the 
corrosion protection markets were much lower than estimates from 
available market data. Market data estimates of th~ total annual 
potential worldwide corrosion protection market are approximately 
10 MWp today, while the workshop estimates of the ann~al potential 
market through 1990 do not exceed 1 MWp. 

It is impossible to satisfactorily resolve these discrepancies in 
descriptions of the near-term market at this time. A better 
understanding of those markets will only emerge after more 
detailed market research. For the purposes of this study~ 

discrepancies in market data will be treated through use of 
alternative market scenarios as presented in Section C below. 

12The growth rate of the foreign communications market in the 
market study data would result in a potential market 
approximately equal to the workshop estimate in the mid-1980s. 
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Another uncertainty with respect to the near-term market is the 
extent to which other new technologies might be effective 

competitors with photovoltaics. The SERI Research Division 

reviewed the near-term markets for photovoltaics to evaluate where 
other solar technologies might compete. The results of this 
review suggested that liquid fuels from biomass sources, such as 

. ethanol or methanol, would be suitable substitutes for fossil fuel 
sources currently used with thermal electric generators and gas or 
diesel generators, which are often used in these markets. The 
reliability and cost characteristics of biomass-fueled generators 
would not be significantly different from those of conventional 
systems. Wind systems were also evaluated to be an effective 
competitor in these near-term markets where adequate wind is 
available. · However, neither wind systems nor a biomass-fueled 
generator is likely to have the attribute of a photovoltaic system 
that is attractive in remote sites--no moving parts. Solar 
thermal systems were not thought to be a potential competitor in 
any of these near-term markets. 

Intermediate Markets 

Market Studies 

As in the case of near-term markets, the primary source of 
information on intermediate photovo lta i c markets is work by the 
BDM Corporation. 13 However, data on only a few intermediate 

markets were contained in this work. Therefore, information on 
several intermediate markets presented here was assembled in a 
limited amount of time. It represents a very rough description of 
these markets and cannot be substantiated by detailed market 

research. 

13BDM Corporation, Photovoltaic Power Systems Market 
Identification, and FPUP, op. cit. 
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Table 6 summarizes available data on intermediate markets that 
were be 1 i eved to be important to the venture analysis. 
Descriptions of the market data and photovoltaic and conventional 

po~er systems used to construct this table are contained in 
Appendix D. Chapter III describes the balance-of-system costs for 
photovoltaic systems in selected intermediate markets. 

The largest potential U.S. intermediate market appears to be 
street and highway 1 i ght i ng and outdoor area 1 i ght i ng. The tot a 1 
annual size of this market has been estimated by BDM to be almost 
300 MWp 1 n 1976. The future deve 1 oprm:rrl uf u·r ·j s matket, howevm·, 
is highly uncertain. A meeting held with representatives of the 
Federal Highway Administration, Street and Highway L1ght1ng 
Branch, suggested that the BDM estimates of the size of the 
potentia 1 market and the break even price may be somewhat 
optimistic. 14 More critically, the design and construction of a 
photovo lta i c system that corresponds to the BDM cost estimates 
have not yet been achieved. No photovoltaic lighting systems have 
been built to date. Vandalism as well as user acceptance may be a 
problem. 

Othe~- potentia 1 U. 5. intermediate markets are not we 11 dcfi ned. 
The DOD mobile generator market might be nearly 100 MW, or it 

might not deve 1 op at a 11 . User acceptance and the f eas i b i 1 i ty of 
photovoltaics in these· applications are uncertain. Similarily, 
other federal applications could be either a very small market or 
a significant market. 

14Mceting with Charles Craig~ and John Arens, Street and Highway 
Lighting Branch, Federal Highway Administration, Washington, 
D.C., June 9, 1978. 
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TABLE 6 

SUMMARY OF INTERMEDIATE MARKET DATAl 

Current PV Annual Market Annual Market 
System Breakeven System Price: Potential: Potential: 

Price: 1976 1975 1976 l9B5 
Market {$/W[!) ___11Llip_L_ (MW[:!) ~l ___ 

DOD Mobile Generators-U.S. 2 19 2 0-86 3.4-4.; 0-98 
Federal (Non-DOD)-U.S. 6-8 24 3 .6-6 .7-7 

Outdoor Lighting-U.S. 2.8 22 290 400 

Small Water Pump-U.S. 2 21 1.5 2. l 

Recreational Vehicles-U.S. NA 20 15 21 
Sailboat Panels-U.S. NA 25 .2 .25 
Small Consumer Products-U.S. 20-5~ 214 1-10 l. 5-J 5 
Battery Charger-U.S. 1 184 NA4 NA 
Small Refrigerators-U.S. NA4 18 224 224 

Low lift Pumping-Foreign 3-85 205 5o5 5o5 
Medium Lift Pumping-Foreign 8 23 50-200 60-120 

Remote Power-Foreign 10-126 256 5-40 6-45 
Village Power-Foreign . 4-l. 5 22 100 100 

1. All prices are 1976 prices in 1975 constant dollars unless otherwise indicated. Data are from BDM Corporation 
ard Science Applications, Inc. unless otherwise indicated. 
Se·e Appendix D for systems descriptions and other information used to construct this table. 

2. 1982 price estimates in 1975 constant dollars. $15/Wp array price is assumed. 
3. 1979 price estimates in 1975 constant dollars. $15/Wp array price is assumed. 
4. ITC data. 
5. Data· from Smith and Allison, "Micro Irrigation with Photovoltaics" MIT Energy Lab. Draft, February 1978. 
6. Prices for 1978 in 1975 constant dollars. $15/Wp array price fs assumed. 



A variety of potential U.S. consumer markets is contained in Table 

6. The consumer products market, for example, is intended to 

represent watches, ca 1 cu 1 a tors, and toys in which a sma 11 

photovoltaic array is used to charge batteries. Again, only a 

wide range of estimates of the size of this market is available. 

The breakeven price of this market also exhibits a wide range. It 

is believed that a breakeven price for this market well below 

$20/Wp is also possible. Other consumer applications such as 

battery chargers for sailboats and recreational vehicles, while 

possibly being significant potential markets, also have uncertain 

breakeven prices. A substantial amount of market research must be 

done before more credible descriptions of these markets can be 

developed. 

Currently available descriptions of foreign intermediate markets 

are also highly uncertain. Table 6 shows that the pumping markets 

may exceed 150 MWp annually. Remote photovoltaic power facilities 

cou 1 d be a potentia 1 market approaching 50 MWp. The break even 

prices for these potential pumping markets and the remote power 

market are shown in the tab 1 e to be in the $8 to $12/Wp range. 

This clearly would be an attractive intermediate market. However, 

the a.va.ilability of funds for purchase of a photovoltaic system, 

the possib.le first-cost sensitivity of these buyers, and a large 

number of other factors reduce the confidence that these markets 

will develop at the indicated prices and sizes. 

Market Demand Wnrkshnp' 

The only potential intermediate markets examined in the market 

demand workshop were associated with agricultl!ral applications. 

The agricultural working group was made up of irrigation equipment 
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and pump suppliers and researchers knowledgeable of agricultural 
operations and irrigation practices.15 

The working group concluded that there is no significant market 
for photovoltaics in U.S. agricultural water pumping applications, 
including irrigation until photovoltaic array costs drop below the 
$1/Wp level. A sizable market (possibly 25 MW) may develop for 

irrigation applications in the range of $0.60/Wp to $0.90/Wp, 
slightly before photovoltaics become competitive with grid­
interconnected electric generation. 

It was believed that there may be a small U.S. market for 
0.5 to 3.0 hp water pumps for remote livestock watering, potable 
water for homes isolated from the electric utility grid or other 
mi see 11 aneous remote app 1 i cations. Savings on 1 abor to vis it or 
maintain liquid fuel pumps might motivate penetration of these 
app 1 i cations at photovo lta i c array prices above ·$1/Wp to $2/Wp. 
Wind energy systems were be 1 i eved to be a strong competitor in 
this market. 

Foreign markets in developing countries \'lithout grid electricity 
were believed to be a potential market for lower power (fraction 
to 10 hp) applications. However_, no estimate of this market was 
made by the panel. Manufacturers in the United States are not 
presently supplying these markets. 

Major Uncertainties 

Descriptions of intermediate markets for photovoltaics both in the 
U.S. and foreign countries are speculative at this time. Both the 
workshop and the market studies suggest that an intermediate 

15see Appendix F for a complete summary of the market demand 
workshop. 
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agricultural market in the United States does not exist. A 

variety of possible United States and foreign intermediate markets 

has been identified. There is a sma 11 amount of evidence to 

suggest that some of these markets may be large and that 

photovoltaics may compete in the $3 to $10/Wp range. Because of 

the wide range of market descriptions and their uncertainty, 

alternative market scenarios will be used to characterize the 

intermediate markets in the venture analysis. These scenarios are 

presented in Section C. 

The SERI Research Division review suggested that severa·l other 

solar technologies are likely to be effective competitors. Wind 

will be important in all pumping markets where wind is available. 

So 1 ar therma 1 might a 1 so compete in the water pumping markets. 

Where generators are currently used, fuel from biomass might be 

substituted for fossil fuels. Thus, competition from other solar 

technologies should be expected to have a significant impact on 

the intermediate market. 

MIT Resu lls 

Under contract to SERI, the MIT Energy Laboratory conducted an 

economic analysis of the allowable costs for a photovoltaic system 

in three different settings: (1) single family residences; (2) 

institutional buildings represented by a school; and {3) central 

utilities. The analyses were done on a regional basis. Where 

possible, approximations of the maximum potential market for 

photovoltaics were made for each region examined. A complete 

summary of the MIT analysis is contained in Appendix I. 
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Single Family Residences: Table 7 summarizes the major 
assumptions used in the single family residence analysis. The 

system has a peak array rating of approximately 3.2 kW and 

contained no storage capacity. Simulations of the performance of 

this system were made for five cities representing five regions 
where photovo 1 ta i cs might be competitive in the future. A 11 

calculations of the economic value of the photovoltaic system are 

based on a 20-_year life-cycle cost analysis. The photovoltaic 
syst~m prov1des electricity to the load when there is sufficient 
insolation. When insufficient insolation exists, the load is 
supplied from the grid in whole or in part. A time-of-day pricing 

utility rate structure is assumed. The electricity rates for the 
five region~ are also shown in Table 7. 

A key assumption of the analysis is that the homeowner is able to 
provide power ·back to the utility when he has excess capacity 
relative to his own demand. Three alternative rates at which the 
utility would buy back power from the homeowner were considered. 
The first rate is a 0% buyback (i.e., no credit to the homeowner 

for excess generation). The second rate is a 50% buyback (i.e., 
the utility is willing to buy from the homeowner at half the time­
specific ·price that the utility charges). The third possibility 

is a 100% buyback (i.e., the utility is wi 11 i ng to pay the 

homeowner exactly what it charges). An analysis on a utility by 
utility basis is required to justify the precise value of excess 
power to the utility. In the absence of that analysis, a 50% 

buyback is believed to represent a fair approximation of the fuel 

and operating costs of a utility. The uncertain future actions of 
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TABLE 7 

RESIDENTIAL SIMULATION ASSUMPTIONS 

Array Size 
Array Tilt Angle 
Encapsulated Cell Efficiency 
Wiring and Mismatch Efficiency 
Inverter Efficiency 
Packing Factor 

Storage 
Cell Degradation Rate 

System Lifetime 

Discount Rate 

Electricity Escalation Rate 

33M2 
Latitude less 10° 
.12 
.95 
.88 
.80 

None 
5% years 1 and 2 
0.7% years 3 to 20 

20 years 

3% (Rea I) 

3% (Real) 

SAMPLE TIME-OF-DAY RATE STRUCTURES 

Phoenix 
Price (¢/kWh)1 
Timec:; in Fffer.t 

Boston 
Price (¢/kWh)1 
Times in Effect 

Base 

2.43 
l.l/l-3/31, 
all day; 
4/1-10/31' 
6 p.m.-1 p.m. 
weekdays, a 11 
day weekends 
and ho 1 i days 

2.60 
Year-round, 
10 p.m.-6 a.m. 
weekdays, a 11 
day weekends 
and holidays 

Shoulder 

1Prices are 1976. prices expressed in 1976 dollars. 

Source: MIT Energy Laboratory 
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Peak 

20.05 
4/l-10/31 ~ 
2-5 p.m. 

6.73 
Year-round, 
7 n.m.-9 p.m. 
weekdays 



public utility commissions, and the utilities themselves, make it 

difficult to specify a probable buyback rate at this time.16 

Table 8 summarizes the results of the MIT analysis. These 
breakeven system prices represent the net present value over a 20-
year period of a photovoltaic system installed in 1978 divided by 

the peak power rating of the photovoltaic array.17 The net 

present va 1 ue of the photovo 1 ta i c system was determined through 
-

hourly simulations during a typical year of the output of the 

photovo lta i c system and the e 1 ectr i ca 1 1 oad of the house. 
Electricity produced by the photovoltaic system that can be used 

by the house in a given hour is valued at the time-of-day utility 

16southern California Edison has adopted a policy which purchases. 
power back from a homeowner at a 100% buyback rate once a 
minimum charge has been paid~ A 100% buyback rate essentially 
provides the homeowner with free storage and does not account 
for efficiency losses in transmission and subsequent redistri­
bution of the repurchased power. The rate also assumes that the 
utility·is able to resell the power when it is received from the 
homeowner. Up until t~e time that residential systems (or other 
dispersed systems) achieve significant market penetration, other 
utilities may also adopt a 100% buyback policy. However, should 
dispersed photovoltaic systems become a significant energy 
source in the uti 1 ity, this po 1 icy wi 11 have to be reversed 
unless an explicit decision is made to subsidize photovoltaic 
users at the expense of all other customers. 

17It is also possible to express breakeven system prices in term~ 
of the output per peak system watt, accounting for efficiency 
losses in the system. All system component prices would then be 
expressed in dollars per peak system watt rating. Our numbers 
are expressed in allowable dollars for the system per peak array 
watt. Our system component prices are also expressed in dollars 
per peak array watt. When breakeven prices are expressed in 
dollars per system peak watt, the breakeven prices appear higher 
due to efficiency losses in the system. The array and component 
costs, however, would also appear higher by·exactly the same 
amount due to the same efficiency adjustments. These two 
methods differ only in language and have no impact on the 
allowable cost for the photovoltaic array or other system 
components so long as the analysis is internally consistent. 

39 



TABLE 8 

SUMMARY OF MIT RESIDENTIAL ANALYSIS RESULTS 

Breakeven System Price 
($/Wp1) 

0% 50% 100% Annual Potential 
Region Case Cit~ Buyback Buyback Buyback Market (MW-1990) 

Southwest Phoenix .91 1.08 1.25 365 

Sout.h Miami .60 .72 .84 750 

Northeast Boston .55 .72 .89 540 

North Centra 1 Omaha .42 .55 .68 600 

Texas Fort Worth .35 .41 .47 150 

1Breakeven prices are for a system installed in 1978 expressed in 1975 
constant dollars. Breakeven prices are the net present value of the 
photovoltaic system over a 20-year period divided by the peak power rating 
of the photovoltaic array. 
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rate which the homeowner would experience during that hour. 

Excess power is valued at the appropriate time-of-day rate 
adjusted by the buyback rate. Electricity prices were escalated 
at_ an annual real rate of 3%, and future electricity savings were 
discounted at a real rate of 3%. 

It is apparent from Table 8 that the various buyback rates do not 
have a huge impact on the break even price results. This is 
primarily because the systems examined in the MIT analysis were 
relatively small (approximately 3.2 kWp array rating). Therefore, 
excess power was rarely available to be sold back to the utility 
at the adjusted rate. The major portion of the system output was 
used at the home and was valued at the same rate under each of the 
buyback assumptions. Larger residential photovoltaic systems may 
be more sensitive to the buyback rate, as they could have a larger 
amount of excess power. 

Table 8 also shows the annual maximum potential market size, based 
on a regionalized approximation of annual new single-family homes 
built in 1990. No estimate of the proportion of new housing 
starts suitable for photovoltaics has been made. 

From Table 8, it is obvious that the potential size of the 
residential market is large. The allowable price for photovoltaic 
array requires a drastic reduction in array prices.l8 Estimates 
of balance-of-system prices for residential systems are contained 
in Chapter III. These estimates indicate that the lower bound 
balance-of-system price for this residential system is 

18obviously, tax credits or other direct government incentives 
would increase these breakeven prices. Also, as discussed in 
Chapter IV, the breakeven price is the price at which economi­
cally justified sales would be made. Some initial sales, 
however, may be made at prices above these breakeven prices for 
other than strictly economic reasons. 
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approximately $0.50/Wp. This would suggest that a photovoltaic 

system with an array price of approximately $0.50/Wp might be 

competitive in Phoenix today. A rapid escalation of electricity 

prices would result in a substantially larger allowable price for 
the array in 1990.19 

Institutional Buildings: A shortened version of the deta i 1 ed 
simulation undertaken for single family residences was conducted 

for a school, representing institutional buildings. The same 

assumptions used in the residential analysis were repeated, except 

that the array had a peak rating of 52 kW. 

Table 9 summarizes the results of the school analysis for 0%, 50%, 
and 100% buyback rates. The maximum potential market for 

photovoltaics in new schools, based on an approximation of the 
regional construction of new schools, is also shown in the table. 

Breakeven prices for the school are similar to those for single 

family residences. The maximum potential market associated with 
sehoul buildings, however, is much smaller than for residences. 

The balance-of-system costs for a photovoltaic school may be 

slightly higher than for a single family home. If the 
photovoltaic array is assumed to be integrated into the roof of a 

house and a custom array support structure needs to be constructed 

19It should be pointed out that a residential time-of-day rate 
structure was used in the MIT residential analysis to reflect 
the marginal cost of electricity at different hours. The rate 
structure was not designed to reflect only the marginal cost of 
new utility capacity although new plant costs are averaged into 
the rate used. This rate structure was used because it most 
accurately reflects the rate that a homeowner would probably 
experience in evaluating a photovoltaic system. No method was 
available to this study to account for the marginal expansion 
impacts of dispersed photovoltaic systems and the resulting rate 
structure implications. The central utility analysis discussed 
below considers the worth of photovoltaics to the utility as 
compared with other new generating options. 
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TABLE 9 

SUMMARY OF MIT SCHOOL ANALYSTS RESULTS 

Breakeven Syftem Price 
($/Wp ) 

o% 50% 100% Annual Potential 
Region Case City Buyback Buyback ·Buyback Market (MW-1990) 

Southwest Phoenix . 74 . 91 1.08 25 

Northeast Boston .63 .73 1.00 46 

Texas Forth Worth .39 .69 . 79 7 

South Miami .50 .59 .68 42 

North Central Omaha .46 .56 .66 15 

1Breakeven prices are for a system installed in 1978 expressed in 1975 
constant dollars. Breakeven prices are the net present value of the 
photovoltaic system over a 20-year period divided by the peak power rating 
of the photovoltaic array. 
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on a flat roof school, the installation costs for the school are 

likely to be higher. Lower priced photovoltaic arrays, therefore, 

may be required for photovoltaic systems to be competitive in the 

case of a school compared to those for a residence. 

Central Utility Power: A different type of analysis was conducted 

to estimate the value of a photovoltaic system to a central 

utility. This analysis involved detailed simulations of the 

capacity credit and fuel savings associated with a prespecified 

level of photovoltaic generating capacity in a regionally 

representative utility. Regionally representative utilities were 

constructed by matching as nearly as possible the regional 

generat1ng m1x within whlch each case study utility ·is located. 

It is important to realize that the resuHing representative 

utilities do not match the operating characteristics of any 

specific utility. This anal.ysis therefore gives only an 

approximation of the regional value of· a photovoltaic system. 

Ultimately, the value of the photovoltaic system would have to be 

analyzed on a utility specific basis. 

A detailed discussion of the assumptions and methodology used in 

the utility analysis is contained in Appendix I. Table 10 

summarizes the results. The breakeven prices presented are for a 

U.S. composite of regional assumed penetration levels and the 

re.sulting allowable prices per· peak watt for the photovoltaic 

system. Reg:i.onal descriptions are provided in Appendix I. The 

inc:;t.nllPrl ri'lri'lrity shown in the table doe~ not reprc!:.cnt any 

estimate of annual sales or of annual market potential. Rather, 

it represents the magnitude of U.S. photovoltaic capacity at which 

the breakeven prices would apply. 
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TABLE 10 

SUMMARY OF MIT CENTRAL UTILITY ANALYSIS RESULTS 

Breakeven System Price 
. ($/Wp1) 

.49 

.47 

.46 

.42 

Total U.S. Photovoltaic 
Installed Capacity 

(MWp) 

27,000 

36,000 

44,000 

64,000 

1 Break even prices are at today • s prices expressed 
in 1975 constant dollars. 

The MIT analysis shows that the allowable costs for the 
photovoltaic system in the central utility environment are lower 
than those for both residences and schools. 20 As will be 

discussed in Chapter III, the balance-of-systems costs for a 

10 MWp photovoltaic plant are expected to be a minimum of 

$0.38/Wp, leaving very little allowable cost for the photovoltaic 
array. 

20some of this difference is accounted for by MIT as (1) the 
difference between the financing terms used in the residential 
and school analyses and the utility analysis and (2) ~he ability 
of the homeowner to shift his electricity loads to take maximum 
advantage of the photovoltaic system. The lack of a clear 
un.derstanding of the buyback rate which most accurately reflects 
the value of dispersed generated photovoltaic power to the 
utility may also account for some of the differences. Because 
the residential and school analyses and the utility analysis 
used very different approaches, further analysis is required to 
quantify the causes of the different results. 
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MITRE Corporation Analysis 

The MITRE Corporation, under contract to SERI, conducted a number 
of sensitivity analyses using. the System for Projecting the 
Utilization of Renewable Resources (SPURR) Model. This model 
estimates the future market penetration of most solar energy 
technologies. A key. element of the SPURR analysis is that solar 
technologies often compete with each other for the same markets. 
A detailed summary of the SPURR analysis is contained in 
Appendix J. 

The MITRE analysis only considered photovoltaic systems in. the 
central utility. Fuel savers, intermediate systems with storage, 
and semi peak systems with storage were a 11 ex ami ned. Wind and 
solar thermal central receiver systems were the major solar 
competitors in the analysis. For the photovoltaic fuel saverP. a 
fixed capacity credit equal to 37% of the nameplate rated capacity 
was assumed. Fuel savers of all types were not allowed to exceed 
10% of the total nameplate system capacity in any one region. 

Several insights into the effectiveness of the procurement 
1n1t1at1ve 1n accalerating the market penetration of photovoltaics 
111 U1e utility sector resulted t'rom the MITRE analysis. These 
include the following. 

t The first r.nmm~rr.i.11 photovoltaic utility plc:~r~t i~ not 
expected tn hP h11 i lt 1mt i 1 1991, fi VQ year£ after the 
procurement initiative. At that time the effects of the 
initiative are expected to have dissipated. 

t The procurement initiative is not expected to affect 
array prices below $0.50/Wp. Utility systems will 
require array prices of $0.20 to $0.30/Wp. 
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1 Increases in expected purchases of photovo 1ta ic arrays 

outside the electric utility sector improve the market 

penetration for photovoltaic utility systems in the 

early years. However, these sales would have to be for 

thin-film cells and occur when array costs have dropped 

below $0.50/Wp. The specific increase in outside sales 

examined was 20,000 MWp in the period 2000-2010. 

1 If the procurement initiative is aimed at the 

intermediate market, it will not provide any operating 

experience to utilities. 

Market Demand Workshop 

The working group concerned with electric utility grid 

applications developed no market estimates, since possi·ble markets 

were believed to be well into the 1990 time per·iod for 

photovolta i cs. 21 The panel's opinion was that a suitable system 

demonstration to provide a data base for system planning would not 

come about, and photovoltaic prices would .not be low enough to be 

economically viable within electric utility systems, until the 

1990s. Thus, the panel concentrated on identi.fying technical, 

economic, and institutional issues that will be critical to the 

development of a photovoltaic market in electric utility grid 

applications. 

The working group felt that the principal role of photovoltaics in 

grid-connected electri-c utility applications will be to save fuel. 

They also felt that, while theoretically possible, photovoltaics 

would not be provided capacity credits in system planning. Due to 

21see Appendix F for a description of attendees and a summary of 
the session. 
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a combination of technical and economic factors, the ultimate 

penetration 1 imit of photovo lta i cs in satisfying uti 1 ity power 

requirements would be on the order of 5%. This penetration, if 

realized at all, would not occur before the year 2000. 

Industry representatives seemed to feel that a major problem with 

photovoltaics was the large land area requirement for even a 

modest-sized (5 MW to 10 MW) power substation. They generally 
agreed that roofs of residences and commercial/industrial 

buildings were acceptable sites for photovoltaic systems, as long 

as the electric 

dispatching, and 

utilities retain responsibility over control, 

maintenance of these dispersed facilities, 

regardless of ownership. 

The working group strongly believed that a relatively long-term 

system test and application program--on the order of 10 years or 

1 onger--was essent i a 1 for the deve 1 opment of this photovo lta i c 

market. While utilities continue to be quite interested in new 

technologies, their planning cycles are 10 to 20 years. The risks 

of planning the installation of unproven technologies are great. 

Utilities will hesitate to incorporate new technologies, 
particularly if public utility commissions continue to exclude the 

financial risks of new technologies from the rate base. A 

relatively long-term utility system test and applications program 

would assist greatly in defining potential planning variables, as 
well as focus on and attempt to solve many major, critical 

institutional problems. 

Major Uncertainties 

A major uncertainty in the long-term markets is the exact prices 

at which photovoltaics will begin to penetrate these markets 

successfully. The MIT and MITRE analyses indicate that drastic 

photovoltaic price reductions will be required to compete in any 
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of the grid-connected markets. The MIT analysis suggests that 

residences offer the most favorable economic conditions for 

photovo lta i cs. However, the re 1 at i onshi p between the homeowner 

and the utility, particularly the buyback arrangment, has not yet 

been adequately defined to eva 1 uate the exact economics of the 

photovoltaic residence. The MIT residential results are also 

based on a 20-year life-cycle cost analysis. Little information 

is available to support the reasonableness of this criterion. 

Historically, homeowners have weighted first costs more heavily 

than life-cycle costs in their purchasing behavior. However, 

life-cycle costs may determine the maximum that the homeowner 

would pay. 

In the centra 1 utility market, the appropriate method for 

evaluating the worth to the utility is uncertain. The MIT 

analysis assigned a capacity credit to the photovoltaic: system 

based on a detailed simulation. The workshop, however, suggested 

that no capacity credit would be assigned. It is possible that, 

as utilities gain experience with the impacts of photovoltaic 

systems, they wi 11 be more willing to give a capacity credit to 

photovoltaic systems in their planning. 

The nature of the future competitive environment in grid-connected . 
markets is also highly uncertain. A rapid escalation in 

electricity price would make it more feasible for photovoltaics to 

compete. As pointed out in the MITRE SPURR analysis, rapid 

escalation of conventional prices make a favorable competitive 

environment for all solar technologies. In all the long-term 

markets, the SERI Research Division review indicated that the 

other solar technologies are expected to compete with 

photovoltaics. 
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C. :MARKET SCENARIOS 

Uncertainty in the available descriptions of near-term, 

intermedi,ate~ ,and 

range of :potentia 1 

long-term potential markets requires that a 

market descriptions be considered in the 

venture analysis. Four market scenarios for the near-term and 

i:ntermediat:e markets have been constructed by combining the range 

of market data presented in the previmJJs section. Uncertainty in 

the :descriptions of the long-term markets are handled through 

explicit ser:lsitivity analyses of the escalation of electricity 

prices and break~ven prices in conjunct1on with the near-term and 

intermedi at'e market 'Scenarios. 

Only those near-term and intermediate markets which appear to have 

s~gnificant potential are considered in the venture analysis. 

Nany of the markets listed in Tables 5 and 6 are not large enough 

to have a noticeable effect on the :development of the photovoltaic 

industry with or without the procurement initiative. Some markets 

have simi1ar breakeven prices and photovoltaic system prices. 

These markets rcan, therefore, be consolidated into aggregated 

markets without loss of accuracy. Combining similar markets 

u.llows a simpler pm·traya 1 of mal'ket r·t"::.JJUrJs~. 

Tabte 11 summarizes the potential market sizes and breakeven 

prices that define the four market scenarios to be considered. 

The breakeven prices and potential market sizes, as pointed out 

previously and in the description of the integrating mod~l in 

Chapter IV, are the most important input parameters in 

characterizing how any market will develop. A higher breakeven 

price indi·cates higher costs of competitive systems. 

Photovoltaics, therefore, becomes a more effective competitor in 

the larger market scenarios. Market potentia 1 is the upper bound 

on potential sales and reflects the size of the market for which 

photovoltaics could compete. 
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Fourteen markets have been selected for inclusion in the analysis. 

Near-term U.S. markets are represented by a communications market 

and shallow well and deep well corrosion protection markets. Both 

the data from market studies and the workshop suggested that these 

were the most significant near-term markets in the United States. 

Near-term foreign markets are represented by a communications 

market and a we 11 corrosion protection market. Again, both the 

market studies and the workshops support the assumption that they 

are the most significant near-term foreign markets. 

Intet·mediate U.S. markets are represented by outdoor light.in!J, a 
Department of Defense federa 1 market, a federa 1 market for other 

applications, and a consumer market. It is believed that these 

four markets allow a fair representation of the U.S. intermediate 

market. Foreign low-lift pumping, medium-lift pumping, and remote 

power applications have been selected to represent the foreign 

intermediate market. While other intermediate markets may exist~ 

these markets in combination allow ample flexibility for 

developing alternative intermediate market scenarios. 

In all scenarios presented in Table 11, the i'ISsumption has been 

made thu.t U.S. industry wi~l be ttle dom1nant supplier in foreign 

markets. All market size estimates in the table reflect the 

assumption that 75% of the maximum potential of all foreign 

markets could ultimately be serviced by U.S. photovoltaic 

companies. 

The small market scenario represents the possibility that the 

breakeven prices in thP nPi'tr-term markets are low and thr. :.izr. of 

the potential intermediate market is small. This market scenario 

can be supported by combining the most conservative market 

descriptions of both the market-demand workshop and the market 

studies. 
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The moderate market scenario has somewhat higher breakeven prices 

than does the small scenario. The size of the intermediate 

markets is also larger. U.S. and foreign intermediate markets 

·are each approximately 30 MWp per year each. This represents a 

significant but still modest intermediate-market. 

In the large market scenario, the major changes are in the U.S. 

lighting market and the foreign pumping market. While the 

moderate market scenario might represent a sizable U.S. lighting 

market in isolated regions with high insolation and conventional 

lighting system costs, this large scenario represents a viable 

lighting market throughout the United States. Similarly, 

photovaltaics are assumed to be capable of competing with a large 

percentage of the conventional generator sales for medium-lift 

pumping abroad, and a major micro-irrigation market is assumed to 

deve 1 op. Break even prices in the 1 arge market scenarios are the 

same as those in the moderate scenario. 

In the very large market scenario, the lighting market, the DOD 

market, and all the foreign intermediate markets are assumed to be 

very large. The breakeven prices have also been increased 

significantly. This scenario represents the possible existence of 

a large intermediate market which becomes competitive in the 

$4 to $12/Wp range. 

It is difficult to label any one of these scenarios as a base 

case. Available data, however, ·do not support the very large 

market scenario. The other three scenarios are a 11 thought to be 

possible based on available information. 
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D. MARKET WORKSHOP COMMENTS ON THE IMPACT OF THE PROCUREMENT 

INITIATIVE 

In the market demand workshop, all four working groups, 
independently, concluded that the procurement initiative as 
proposed would not accomplish any significant market acceleration 
of the photovo lta i c app 1 i cations being considered that wou 1 d not 
otherwise occur under the base plan. 

Only two of the four principal applications for photovoltaics were 
believed to be economically viable in the near- and intermediate­
term markets (through 1985) by the working groups (as previously 
discussed). These were remote communication repeater and cathodic 
protection applications for photovoltaics. As regards 
communications, the working group generally felt that photovoltaic 
markets would develop gradually as photovoltaic prices are reduced 
through current and ongoing technological developments. By 
contrast, the cathodic protection group felt that price was not 
the key variable for photovoltaic penetration of these 
applications. Thus, both groups generally felt that a large 
procurement with federal funds to effect a 11 demand-pull 11 wou'ld not 
significant 1 y acce 'I erate market deve 1 opment. Furthermore, the 
panels both felt that field experience with photovoltaic systems 
is presently being generated by the private markets, and 
government-subsidized sales are not necessary to keep the markets 
growing nor cause any noticeable additional market growth. 

As regards photovo 1 ta i c app 1 i cations in agriculture, the wo~k i ng 
group did not believe th~t thA procurement initiative as proposed 
would have any effect on acceleration of these applications. The 
underlying reason for this judgment was the expectation that 
photovoitaic array prices would not reach the $0.60/Wp to $0.90/Wp 
price range until the late 1980s at the earliest and that market 
development through federal funding in the early 1980s would be 
too premature to make any significant impact in the late 1980s. 
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The electric utility representatives also felt that potential 

applications for photovoltaics were so far in the future that the 
proposed procurement initiative could not have any impact. There 
was a general feeling, however, that a program should be begun at 

a modest 1 eve 1 and cant i nued over a 1 eng thy period of not 1 ess 
than 10 years to create the technical data base needed for utility 
planning, to assist in solving major institutional problems in the 

use of photovoltaics in electric utility systems, and to resolve 
overall market development issues. 

Perhaps the most universal feeling from the working groups was 
that direct government involvement in market development by means 

of the ·procurement initiative would almost ensure poor results. 

The industry representatives a 11 currently experience government 
involvement in product standards and other related issues, and 

almost all believe that government involvement has been a 

significant detriment to orderly economic development of their 
industries. As a result, the industry representatives were 
particularly wary of any government involvement in the 
marketplace. Thus, they felt that the proposed procurement 

initiative would not be helpful. In the event that the 
procurement initiative is implemented, the mechanism for 
distributing funds would require minimal industry investment for 

ind~stry to participate in the program. 
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III. POSSIBLE INDUSTRY RESPONSES TO THE PHOTOVOLTAIC 

PROCUREMENT INITIATIVE 

A. INTRODUCTION 

According to the information memorandum proposing the federal 

initiative, photovoltaic technologies have progressed to the point 

where: 

The major issues are how best to stimulate the large 
investment in manufacturing facilities that is 
required to implement the projected cost reductions, 
and how to develop the i nfrastrucfure necessary to 
support a sustaining private market. 

The memorandum lists two alternative federal roles to perform this 

s t i mu 1 at ion: 

• Government-built advanced assembly lines to prove 
the feasibility of cost reduction; and 

• Government i ni ti ati ves to encourage industry to 
perform the required investment ~n manufacturing 
facilities and in infrastructure. 

Because "both the semiconductor and the solar industry operate in 
a highly competitive risk-taking environment," and are already 

investing, the memorandum recommends the latter federal role. 3 

1DOE Information Memorandum to Under Secretary from Acting Program 
Director for Solar, Geothermal, Electric, and Storage Systems. 
Subject: A Strategy for a Multiyear Procurement Initiative on 
Photovoltaics (ACTS# ET-002). December 21, 1977, p. 2, 
(See Appendix L) 

2Ibid. 

3Ibid. 
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I 

This chapter has two objectives. The first and primary objective 

is to determine if the procurement initiative is likely to 
stimulate large investments in manufacturing facilities which will 
lead to cost reductions and increased photovoltaic sales. The 
second objective is to provide some description of the conditions 
under which a photovoltaic plant could produce modules at prices 
of $2/Wp and to identify the nonmodul e costs i ncl udi ng 
marketing/distribution costs and balance-of-systems hardware costs 
and prospects. 

The likely influence of the initiative on the decision of a 
private company to invest or not invest in new low-cost technology 
for manufacturing photovo"ltaics is examined in Section B. This 
section is primarily a discussion of the factors influencing 
investment in new technologies. A government procurement 
initiative, if it is to have any commercialization effects, must 
work by modifying these investment factors. 

Section C summarizes the results of a workshop composed of current 
participants in the photovoltaic industry. The objective of the 
workshop was to obtain industry perceptions of the events 
necessary for rapid development of the photovol ta i c i nciustry. 
These perceptions form a second perspective from which to examine 
the likely effectiveness of the proposed initiative. 

Section D is a summary of an independent assessment of the 
probabilities of reaching the photovoltaic program price and 
output goals, with and without the proposed initiative. The 
assessment was performed by a market analysis and forecasting firm 
specializing in the semiconductor industry (Gnostic Concepts, 
Inc.). This provides a third perspective from which to judge the 

initiative•s potential effectiveness. 
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Section E adds concrete information to the discussion of 

investment by describing the capital cost and revenue requirements 

for a specific point design for a plant to produce low-cost 

arrays. The emphasis is on the relationship between amortization 

period and required selling price. In addition to specifying 

capital cost and revenue requirements, this section identifies and 

gives some estimate of the impact of nonarray and nonhardware 

costs on prospective photovoltaic prices. All of those costs must 

be considered in making an investment decision. 

An important determinant of the ability to sell photovoltaic power 

systems is the nonarray portion of system cost, addressed in 

Section F. This importance derives from the growing proportion, 

as array prices fall, of overall system cost that is "balance-of­

system," and from the already commercial nature of the nonarray 

components. The first consideration means that balance-of-system 

costs will rank increasingly large in the economic decision to 

adopt photovol tai cs. The second point reinforces the first--the 

balance-of-system components are not new technology and are 

unlikely to experience the same reductions in cost as those 

expected for arrays. 

Section G provides a synthesis and integration of the analyses of 

likely vendor response to the initiative. 

B. DEMAND PULL AND VENDOR RESPONSE 

The expressed purpose of the proposed photovoltaic procurement 

initiative is to "accelerate by several years the introduction of 

photovoltaic systems into the marketplace." 4 There are three 

distinct private responses required for the initiative to stimulate 

a substantial increase in photovoltaic sales. 

4Ibid, p. 1. 
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First, it is necessary that vendors respond to the 
initiative by making investments in cost-reducing 
production facilities they otherwise would not make. 

Second, the reductions in manufacturing cost must be 
passed along to buyers as reductions in selling price, 
and not absorbed in either rapid investment writeoffs 
or increased profit margins. 

Third, the reductions in selling price must lead to 
1 arge increases in private purchases of photovol taic 
power systems. (The Information Memorandum envisions 
specialized near-term markets of 100 to 200 MW per 
year.) That is, demand for photovoltaic:s must hP. 
price elastic. 5 

This section addresses the first required response. The second 

response is addressed in Section D of this chapter (and to some 

extent here). The third response is addressed in Chapter· II on 

photovoltaic markets. 

The Setting for the Investment Decision 

In predicting the potential responses of vendors, either to 

current technology/market conditions or to the initiative, it is 

reasonable to assume that vendors will make decisions based on 

their expectations of short and long-term profit potential and of 

risks associ a ted with investments in cost-reducing photovol tai c 

production equipment. The determinants of these expectations in 

the first instance are: 

i The degree of contidence that markets wi II exist of 

sufficient size and duration to amortize new equipment 

inv~stm~nt~ ~nrl tn r~rn ~n adequate profit; and 

r.; 
::>Ibid. 
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• The degree of confidence that production equipment 

available in the near term will actually produce cost 

reductions if purchased and used. 

It is important to note that the realized size of the market and 

realized cost reductions are closely interrelated. Obviously, 

markets for electricity exist. The questions investors are faced 

with are: (1) What price will photovoltaic systems have to reach 

before they will be purchased in particular market segments? (2) 

How large are the sales of photovoltaic systems likely to be in 

those markets? (3) Can current and near-term production-equipment 

reduce costs of photovoltaic systems (largely array costs) to 

reach those necessary prices? ( 4) Given the answers ·to 1-3, can 

current and near-term production equipment and necessary plant 

. facilities be purchased at investment cost that will amortize 

the plant and return a satisfactory profit? ( 5) Are there any 

potential (advanced) photovolta i c technologies (or other energy 

technologies) which may render near-term investments obsolete and 

unprofitable? 

filarket Factors 

One of the critical issues raised by an August 5, 1977, discussion 

draft of a similar market pull approach was: "Future photovoltaic 

markets are not sufficiently well perceived by industry to provide 

the incentive for desired commercial investment." 6 One factor 

causing this perception by industry is the sparseness of studies 

on photovoltaic markets and the preliminary nature of the 

available studies .. The studies are not a sufficient basis for a 

firm to make a good sales forecast for its own photovoltaic 

product or for the industry as a whole. 

6Th is comment was taken from slide three of a briefing entitled 
"Special Topic PV Program Plan Comments," Department of Energy, 
September 21, 1977. 
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From the vendor's point of view, an adequate sales forecast is the 

start of an investment analysis, and its absence means a reasoned 
decision to invest based on expected revenues and costs cannot be 
made. Investment in this circumstance would involve the 
assumption of risk without assurance of adequate reward. The 
procurement initiative does little to alleviate vendor's 
uncertainty about commercial markets, and thus fails to address, 
or addresses only weakly, one of the major impediments to 
significant private investment in cost-reducing technologies. 7 

Technology Factors 

In general,-market uncertainty is more of an impediment to 
investment in new cost-reducing equipment than is technological 
uncertainty. The JPL SAMICS model (see Section E) and industry 

7The discussion below of the investment decision environment 
employs the term "risk" and "uncertainty." Both terms pertain 
to a situation in which future outcomes are unknown, but they 
differ in degree. Risk describes a situation in which a 
probability distribution may be assigned to the range of 
possible outco•nes. Under certainty, the relative probabilities 
of different outcomes, and perhaps even the range of outcomes, 
are unknown. As a practical matter, the difficulty of reach1ng 
a correct decision varies inverse·ly with the availability of 
appropriate information, and uncertainty may be considered an 
aggravated form of risk. 

A decision with respect to the initiative can deal with the 
related uncertainty with respect to the size of intermediate 
markets in either of two ways. First, the decisionmaker can 
attach his own subjective probabilities to var1ous outcomes 
and use those in an analysis of the worth of the initiative. 
This process was employed in several quarter~ within DOE and 
led to different conclusions (and, in fact, to the venture 
analysis). A second approach accepts the dispersion in expected 
market sizes and performs related sensitivity analysis on the 
conclusions. As reported in Chapter V, the venture analysis 
examined four intermediate market scenarios (with 14 separate 
markets) in which intermediate markets are small, moderate, 
large, and very large. This approach permits identification of 
the conditions under which the initiative would be desirable. 
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opinion indicate that an automated factory could produce silicon 

flat-plate arrays in quantities of 5 MW per year or more at a cost 

on the order of $2/Wp, depending on the price of silicon and the 

investment amortization time assumed. Other technologies such as 

concentrators might result in equal or even lower costs. However, 

maintenance requirements of concentrators may favor the flat-plate 

technology for near-term and intermediate markets. 

The critical question is not whether a $2/Wp plant can be built, 

but whether industry wi 11 be motivated to make investments in 

large-scale production facilities. These facilities represent 

major departures from, rather than gradual evolution of, the 

small-scale facilities currently used to manufacture arrays. They 

also represent a major increase in the fixed portion of total 

production cost and a commitment to a technology that is still 

advancing. Hence, the technological uncertainty is whether a 

$2/Wp plant will rapidly become obsolete as photovoltai c 

technology advances, and thereby produce financial losses. 

Risk 

Two major uncertainties facing potential investors in photovoltaic 

production facilities have been identified. These uncertainties 

increase the risk to a firm in making an investment. As the risk 

or probability of loss involved increases, there is less of a 

propensity to undertake the investment for a given reward. The 

potentia 1 for 1 oss is carefully addressed by corporate management 

before they commit to large capital investments. In evaluating 

the effectiveness of the procurement initiative in inducing such 

commitments, the relative risks and rewards to a vendor from 

alternative government actions must be investigated. 
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Some insights can be gained by comparing what firms may gain or 

lose by a decision to invest versus a decision not to invest in 

new photovoltaic production equipment. The risks incurred by a 

firm that invests today in new capital equipment for photovoltaic 

array production would include the following: 

• The risk that markets won't materialize or will 

materialize more slowly than expected. This may lead to 

lower than desired profits or to losses. 

• The risk that an R&D breakthrough in photovoltaic 

technology will make current capital investments 

obsolete before they are amortized. Technology 

breakthroughs are being actively pursued by government 

and by private companies. 

• The risk that, for a given market size, too many 

competitors will invest in new capital equipment, 

resulting in sales volumes or selling prices that are 

too low to realize a profit. 

The combined effect of these separate risks is to i nc1·ease the 

overall financial exposure and risk of the investing firm. 

In return for assuming these risks, what does the investing firm 

oht'.l.in? Basically, the fi·rm obtains a position in short-term 

mr~ri<Pts for photovoltaics (e.g., remote communit:ations), and a 

chance to establish a position in intermediate-term markets (e.g., 

outdoor lighting and agricultural water pumping). In general, a 

position in these markets is desirable only if the firm can make a 

reasonable profit or if it opens the door to a good market 

position in large long-term markets (i.e., grid-connected 

applications). Some companies and observers feel it is unlikely 

that flat-plate, single crystal silicon technology will penetrate 
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these markets. 8 Whether or not this proves to be the case, the 

uncertainty itself greatly reduces the motive for heavily 

investing in present-technology equipment to produce silicon 

arrays for small-size, short- and intermediate-term markets. 

In contrast, what risks are taken by a firm that does not invest 

in new photovoltaic array production equipment? For the large 

firm, the only risk is that the firm will be foreclosed from 
significant sales of photovoltaic systems in the future. In fact, 

this is not a large risk. Most of the large electronic companies 

(e.g., Motorola, RCA, Texas Instruments), and small photovoltaic 

companies backed by large parent corporations (e.g., Solar Power, 

ARCO-Solar, Mobil Tyco) have the technical, financial, and 

marketing resources to enter the market rapidly once the prospects 

are attractive. To these companies, being a 11 fast second .. may be 

a better strategy than being first and incurring innovators' 

costs, such as technology acceptance and market development, on 

which other firms will 11 free-ride ... 

For small firms without a large parent corporation, the situation 

is different. First, the existence of larger firms is a risk to 

them, in that larger firms may undercut prices or otherwise 

adversely affect the smaller firm's sales. Second, the--small 

photovoltaic firm may be more dependent on photovoltaic sales as a 
source of company revenue, and thus find short and intermediate-
term markets both attractive and necessary. However, these 

8For example, this view was expressed in a May 1, 1978, letter 
from J. Fred Bucy, President of Texas Instruments, to John M. 
Deutsch, Director of the Office of Energy Research of DOE. EPRI 
seems to hold a similar view, given its studies and comments 
in a letter dated August 29, 197/, from John E. Cummings, EPRI 
to H. H. Marvin, Director, Division of Solar Energy, ERDA. 
This concern is also raised in a letter of August 30, 1977, 
from Arnold Cherdak, MITRE Corp., to H. H. Marvin, Director, 
Division of Solar Energy, ERDA. 
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smaller firms have much 1 ess risk-bearing potential and may be 

reluctant to risk their financial solvency via heavy investments 

in new equipment for markets that are not well defined. The 

relatively 1 abor- intensive production technology of the current 

small firms is a rational adjustment to this environment. 

Further, small firms genera 11 y do not have the marketing power to 

develop reluctant markets, and available evidence indicates 

intermediate-term markets may not appear spontaneously, but wi 11 

have to be cultivated and developed. 

The procurement initiative will do little 

by firms considering heavy investment 

photovoltaic production equipment. 

to reduce the risk faced 

in current-technology 

If the existence of 

intermediate-term markets cannot be demonstrated, the i niti ati ve 

may be insufficient to stimulate investment. On the other hand, 

there is little in the photovoltaic procurement initiative to 

increase the risk of a firm that does not participate. The firm 

will have the option of entering the photovol taic market when 

market uncertainty is reduced, with little loss of strategic 

market position. 

Supporting Analysis 

The preceding discussi~n is supported by an analysis performed by 

the Jet Propulsion Laboratory and Gnostics Concepts, Inc. on 
photovoltaic industrialization. 9 They point out that thP.rP. ilrP. 

three key dimensions of a new investment: (1) Does it require a 

new technology? (2) Does it require a new product? (3) Does it 

require new marketing and distribution practices? Firms prefer to 

deal 1n an 1nvestment climate where the answer to only one of 

these three questions is affirmative. To obtain large market 

9see Appendix K, The Industrialization of Photovoltaic Systems, 
prepared by the Jet Propulsion Laboratory. 
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sales, a photovoltaic firm will be faced with affirmative answers 

to all three questions. If the JPL/Gnostics analysis is correct, 

the incentive to investment in photovoltaics will be reduced 

because of the increased complexities and risk of managing a new 

investment simultaneously involving a new technology, a new 

product, and new markets. The initiative does little to reduce 

these risks incurred by a firm accelerating a new product based on 

a new technology in new markets. 

The JPL/Gnostics analysis also highlights the effect of rapid 

technological change on investment behavior. The effect of rapid 

technological advance is to delay capital investments and bias 

those that do take place toward labor-intensive equipment and 

processes. 

To quote from an internal JPL report: 

Finally, the fact that the photovoltaic industry is 
anticipated to exist in an environment of rapid 
technological advance has important implications for 
the capital intensity of the production process 
adopted by firms. In a regime of rapid technological 
change it is optimal, from the firm•s point of view, 
to invest less (possibly much less) in capital 
equipment than in a regime of stable technology. That 
is, the firm keeps the 1 i ne flex i b 1 e to a 11 ow 
adaptation to technological change by incorporating a 
labor intensive process. This was the experience of 
the early semiconductor industry and is the experience 
of current photovoltaic suppliP.rs. Only after the 
techno 1 ogy stabilized did the semi conductor industry 
switch to more efficient, highly automated, capital 
intensive production processes. Furthermore, this is 
precisely the reaction to anticipated technological 

.change which is socially optimar0 -it prevents the 
waste of costly capital equipment. 

1011 Historical Evidence of Importance to the Industrializat1on of 
Flat-Plate Silicon Photovoltaic Systems, .. LSA Project Task 
Report, prepared for the Department of Energy by Jet Propulsion 
Laboratory, April 1978. 
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Supporting Commentary 

The discussion above is based upon commonsense notions of business 

behavior and on the rational economic firm which trades-off risk 

and return from various courses of action. While many business 

and economic studies have verified the importance of the above 

factors, useful and relevant corroboration is contained in the 

comments of knowl edgeab 1 e industry members or observers. The 

comments are responses to a solicitation by H. H. Marvin for 

comment on the Photovoltaic Progtam Plan Restr·ucture, August 5, 

1977. 

The letter soliciting comments noted: 

The key assumption in undertaking this reorientation 
(of the Program Plan) is that the market will enter an 
explosive self-sustaining grow1_1 phase at an array 
price of $1 to $2 per peak watt. 

The restructured plan stated: 

The progrr~m plan concentrates on 1 oad center 
applications as a vehicle for: 

• Providing a demand pull as an incentive for 
expanded, automated low-cost production capacity. 

This strategy places primary emphasis on creatin~ a 
market demand tor photovoltaic systems through a 
series of highly visible, load center exper-
iments ••• Tl1e~e appl1cat1ons are intended to 
stimulate pot.r.nt.i,Jl use1· involvem€lnt i11 ur·der to 
provide a growing market and thereby stimulate 

11Letter from 11. 11. Marvin, D·irector, D1v1s1on of SOlar Energy, 
ERDA, August 5, 1977. 
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industry investment in production capacity and also 
encourage the development of 
infrastructure for the del tvery 
photovoltaic systems. 

an industry 
and service of 

Federally supported load center applications will 
cause market volume growth thus pulling12 through 
automated (lower cost) production techniques. 

The relation of the Program Plan Restructure to the currently 

proposed initiative, and thus the relevance of the solicited 

comments to the venture analysis, are obvious. Selected comments 
on the risks, particularly market risks, perceived by vendors 
include: 

One way to stimulate the investment of private capital 
for such (photovoltaic production) facilities would be 
to demonstrate the existence of a substantial market 
into which the cells produced at $2/W could be sold 
following the establishment of the 20 MW annual 
production capability in 1980, especially s i nee 
projected ERDA expenditures shown in the plan taper 
off. We believe, however, that a market of sufficient 
size has not yet been described either by the results 
of our own efforts or by those of other ERDA 
contractors, and as a result, sufficient private 
capital will not be forthcoming unless additional 
markets are uncovered and described. 13 

* * * 

In order for industry, large or small, to invest its 
dollars in capital equipment, they must see a 
market .... A 24 million dollar market, or even twice 

12Discussion Draft, restructured Photovoltaic Program Plan 
distributed for public comment, August 5, 1977. Quotes are from 
Section 3.2, Program Strategy. 

13August 26, 1977 letter from H. T. Johnson, General Manager, 
Westinghouse Corporation, to H. H. Marvin, Director, 
Division of Solar Energy, ERDA. 
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that, still lends itself to a lot of hand fabricated 
parts and very 1 ittle automation. At the present 
1 evel of production and even at the 24 or 50 million 
dollar level, not much is going to be done other than 
what we are presently doing. An industry really needs 
to see a continuing market in excess of 100 million 
dollars with the prospect of billions of doy4ars in 
order to start large-scale capital investment. 

* * * 
A 25 to 50 MW market at $3/W is not adequate to 
justify the ca~ital inv[gtment identified in our JPL 
contract analys1s •.•• 

* * * 

It seems highly unlikely that present day, relatively 
small, solar cell manufacturers wi 11 invest in such 
additional production capacity unless a very strong 
market demand exists beyond their current capacity 
{

11 demand-pull"). It might be argued that large 
semiconductor manufacturers• entry into the market 
could produce this result, but I don•t believe that 
this will happen until their market research convinces 
them that a suitable (large) profit can be made. I 
would think that market research for an as yet 
nonexistent market is highly uncertain. This would 
tend to make large companies hesitant to spend 
significant amounts of capital equipment funds on such 
a venture. Besides, a manufacturer would not invest a 
great deal of such funds un1 ess he were sure that 
advances in technology (Si vr:.. thin,film) would not 
render ~is equipment (and production schedules) 
obsolete. 

* * * 

14August 31, 1977 letter from Irwin Rubin, General Manager, 
Sensor Technology, Inc., to H. H. Marvin, Director, Division 
of Solar Energy, ERDA. 

15August 19, 1977 letter from Robert McGinnis, Manager of Solar 
Operations, Motorola, Inc., to H. H. Marvin, Director, Division 
of Solar Energy, ERDA. 

16August 26, 1977 letter from Ronald Wichner, Electronics 
Engineering Dept., Lawrence Livermore Laboratory, to H. H. 
Marvin, Director, Division of Solar Energy, ERDA. 
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However, it is extremely questi onab 1 e if a private 
market of any extent exists at that ($1 to $2/W array) 
price. If private industry instead of a federal 
agency was risking the sums involved (in the 
restructure of the photovoltaics program plan 
discussion draft), they would retain economic 1 ~nd market experts to make a market survey in advance. 

* * * 
• • . we wish to register our op1 n1 on that during the 
next three to five years the real dollar growth of 
this private sector market wi 11 not by itself justify 
(or supplement to a really significant degree) an 
expansion of production capacity on the scale or the 
time tab 1 e estab 1 i shed by ERDA. We accordingly urge 
that if significant production expansion and cost 
reduction is desired, that U. S. policy not rely 
(during the next three to five years in particular) on 
the private sector, DOD or foreign demand to suiSain 
our industry through any "pauses" in ERDA demand. 

* * * 
With respect to barriers to small manufacturers in the 
photovoltaics area; being small manufacturers and 
capital-limited, they need to have tangible evidence 
that a market exists and wi 11 exist 1 ong enough for 
them to r9cover their investment and also be 
profitable. 

* * * 
We urgently need: grassroots surveys which obtain 
fresh data from actual users on true 1 ife-cycle costs 
of alternate power sources as they relate to our price 

17August 22, 1977 letter from Leonard Liebermann, Professor of 
Physics, University ofCalifornia at San Diego, to H. H. Marvin, 
Director, Division of Solar Energy, ERDA. 

18July 15, 1977 letter from Gary D. Wrench, President of 
Spectrolab Inc., to H. H. Marvin, Director, Division of 
Solar Energy, ERDA. 

19september 1, 1977 letter from John Heldack and Joseph 
Feinstein, Varian, to H. H. Marvin, Director, Division of 
Solar Energy, ERDA. 
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entry points. To use an an·al ogy, most of the present 
surveys do little more than tell us that an enormous 
market exists for large, high-quality color T.V. sets 
at $50.00 each. No one disputes it, but it is not 
useful. The N2Braska survey was a good, if 
qualitative start. 

* * * 
In 1980--when decisions by industry will have to be 
made to turn to automated, capital-intensive, new 
technologies--the total industry sales (annual 
production times array price) shown in Table 3-3 of 
the restructured photovoltaics program plan discussion 
draft, will be essentially made up of government 
purchases of about. $40 mil 1 ion. Yet, according to 
Maycock and Wakefield (Cleventh IEEE Photovoltaic 
Specialists Conference, 1975, pp. 252-55), large 
companies in the United States would be unlikely to 
invest in production of photovoltaic devices until 
annual sales of $50 to $100 million can be assured. 
From the annual revenue aspect then, in 1980, 
photovoltaics will be in a margin~l position to 
attract investment by large companies. 

* * * 
We doubt, however, that the $2/peak watt goal with 20 
peak megawatts annual production capability r.nn hP 
achieved by 1980. First, it seems unlikely that 
photovoltaic device manufacturers will install the 
necessary production 12qui IJHit!ll L without a guarantee of 
product mad:.ets. The govenHHen t cannot g1 ve th1 s 
guarantee unconditionally, and the ERDA-sponsore~ 
market studies have not identified markets as large as 
the ERDA goals. Furthermore, achieving this 
production capability would probably require thnt 

20August 24, 1977 1 eLLer· rru111 Rubert 0. Johnson, Manager of 
Marketing, SES, Inc., to H. H. r~arvin, Director, Division of 
Solar Energy, ERDA. 

21August 29, 1977 letter from G. Mervin Ault, Director of 
Ener·yy Programs, NASA, to H. H. Marvin, Uirector, Division of 
Solar Energy, ERDA. 
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production equipment be ordered immediately, even 
though t2~ choice of technology to use still needs to 
be made. 

In general, the comments underscore the argument of the rational 

firm outlined above, and point out that there is con-

siderable 

decisions 

uncertainty about 

hard to reach. 

markets, making sound investment 

With a high degree of market 

uncertainty, the potential risks of current investment in cost­

reducing photovoltaic production equipment may outweigh the 

potential rewards in vendors' minds. When one also considers the 

risks of technological advance making current investments in 

photovoltaic production capital obsolete, it is difficult to see 

why a firm would invest heavily in new capital ·equipment in the 

near term. The initiative does 1 ittle to insure an investing 

firm against these risks and a firm would seem to have little to 

lose by waiting to see if (and how) technology advances and 

whether markets develop. 

22August 29, 1977 letter from John Cummings, Electric Power 
Research Institute, to H. H. Marvin, Director, Division of Solar 
Energy, ERDA. 
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C. THE RESULTS OF THE PHOTOVOLTAIC SUPPLY WORKSHOP 

Another avenue to assessing photovol tai c vendor response is to 

question members of the industry directly. This approach was 

taken through a photovol taic supply workshop. The objectives of 

the workshop were to obtain (1) expected responses of the 

photovoltaic industry to the federal initiative, and (2) expected 

actions of the industry in the presence of continued federal 

research and development (R&D) without the initiative. The 

workshop was structured as a 11 Cross-impact analysi S 11 (described 

below) by the Monsanto Research Corporation (MRC), who conducted 

the workshop but did not participate directly. Detai 1 s of the 

approach and results are contained in Appendix G. 

The p~rticipants in the workshop and their areas of expertise are 

shown in Table 12. The participants represented a range of array 

technologies, including silicon, thin-film, gallium arsenide, 

cadmium sulfide, and concentrators as well as manufacturers of 

semiconductor production equipment and silicon materials. This 

range represents the current state of the supply industry. 

The first step of the workshop was to reach consensus on the 30 

events most critical to the future development of the photovoltaic 

industry. The 30 events chosen are shown in Table 13. After the 

30 events were chosen, the participants were asked to agree on 

when the event would most probably occur under three sets of 

alternative government actions (the base case R&D program, the 

federal initiative, and a doubling of the R&D program without the 

initiative). This process was used to estimate the years in which 

the occurrence of the event is 25% probable, 50% probable, and 75% 

probable, respectively. The participants showed unusually high 

agreement (according to MRC) concerning the timing of these 

events. The span between the 25% and 7 5% probabi 1 iti es was 
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TABLE 12 

PARTICIPANTS FOR SERI PHOTOVOLTAIC 
VENTURE ANALYSIS SUPPLY WORKSHOP 

Representative Title Company Expertise 

Bob McGinnis Operations Motorola Large Company Manufac-
Manager, turing Single Crystal 
Solar Silicon Modules 
Energy 

Ted Blumenstock Director of Solarex Small Company Manufac-
Marketing turing Single Crystal 

Silicon Modules 

Bob Weinberg Director, RCA Potentially Large Sup-
Electronic plier; Research Activi-
Business ties in Thin-Film 
Development Silicon 

A. I. Mlavsky Exec Vice Mobil Tyco Research Activities in 
President, Ribbon-Grown Single 
Solar Energy Crystal Silicon; Oil 
Corporation Company Backing 

John Jordan Consultant to Photon Power Cadi urn Sulfide Solar 
Photon Power Cells 
and Founder 

Pesho Kotval Manager, R&D Union Carbide Polysilicon Material 
Materials 

Anthony Bonora Vice Presi- S i ltec Equipment for Photo-
dent, R&D voltaic Cell Manufacture 

John Heldack Corporate Varian Gallium Arsenide/Con-
Director of centrators; Equipment 
Marketing for Photovoltaic Cell 

Manufacture 
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TABLE 13 

RESULTS OF THE SUPPLY WORKSHOPS: 
EFFECTS OF VARIOUS FEDERAL ROLES ON 
YEAR BY WHICH EVENT IS 50% PROBABLE 

Event 
Number Event Objectives 

Base 
Case 

Federal a 
Initiative 

1. 

2. 

3. 

$2/Wp Photovoltaic Module (FOB 
Plant Price, Constant 1975 Dollars) 

$0.50/Wp.Photovoltaic Module (FOB 
Plant Price, Constant 1975 Onllars) 

100 MWp/year Photovoltaic U.S. Pro­
duction at $2 to $3/Wp Sustained 
Commercial Market (Non-Government) 

Federal Roles 

4. Federal Initiative ($380 Million 
Federal Purchases over Eight-Year 
Period) 

5. Base Case Federal Photovoltaic 
Support Program 

6. Doubling of Federal R&D Support 
without Federal Initiative 

7. Government-Owned Photovoltaic 
Capacily, 25 r~W/YE:!ar Total 

1983 

1989 

1982 

* 

8. 25% Investment Tax Credit for 1981 

9. 

Photovoltaic Producers and Near-
Term End-Users 

$100 Million/Year Foreign Aid Dedi- 1903 
cated to U.S. Photovoltaic Pur-
chases by Developing Countries 

a. Years by which event 1s accelerated by the initiative 

+1 

+1 

0 

0 

0 

b. Years by which event is accelerated by doubling federal R&D 

* Maximum probability is 25%. 
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Federal 

R&D 

+1 

+1 

-2 

0 
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TABLE 13 (Continued) 

Doubleb 
Event Base Federal a Federal 
Number Event Objectives Case Initiative R&D 

30. Long-Term Federal Photovoltaic ** 
Commitment ($0.50 to $1 Billion/ 
Year for Five to Ten Years) 

10. Photovoltaic Dealer/Installer and 1986 +2 
Channels of Distribution Infra-
structure Established 

11. $50 to $100 Million Capital Invest- 1984 +2.5 
ment by Photovoltaic Industry 

12. . $0.50 to $1 Billion Capital Invest- 1992 +6 
ment by Photovoltaic Industry 

13. Corporate R&D Doubl~d to $100 1984 +2 
Million/Year for Photovoltaic 

Competition 

14. Privately Funded Breakthrough in 1988 +4 
Photovoltaic Devices with Low Cost 
(<$0.50/Wp) and High Efficiency at 
10 I\1W 

15. A Cheap, Efficient, Solar Thermal 1995 0 
Device for Power Is Developed and 
Demonstrated (Competing with Inter-
mediate Photovoltaic Market--Off 
Grid) 

16. Oil .Price Reaches $22/bbl ( 1975 1984 0 
Uollars) 

17 0 One Company Has 40% Share of at 1985 +1 
least $100 Million Total World 
Market 

**This event was not voted upon because it was reviewed as an 
alternative to the three federal roles (events 4-6) rather than 
an addition to them. 
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-1 
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TABLE 13 (Continued) 

Doubleb 
Event Base Federal a Federal 
Number Event Objectives Case Initiative R&D 

Market 

18. A Favorable Action by U.S. Utili- 1986 +3 0 
ties and PUCs toward Direct Hook-
up of Photovoltaic System with 
Existing Power Grid [e.g., Marginal 
Co s t P r i c i n g , Photovoltaic Power 
from Users, Interconnect to Hybrid 
(PV + AC Grid) Systems] 

19. A Photovoltaic Market Size of 1988 +2 +1 
500 MW/Year with a Projected 
Annual Growth of 20% to 50% 

Political 

20. Reevaluation of Government Program * 
Which Defines Photovoltaic as a 
Long-Range Option Only 

21. Solar Coalition Influences Con- 1980 0 0 
gressional Action 

(. Ott1er 

22. l~ajor Energy Catastrophe (e.g., 1984 0 0 
second Oi 1 Embargo or Major Nuclear 
Accident) 

Technical/Economic 

23. Low Costs (Corresponding to $0.50/ 1987 +1 0 
Wp) Achieved for Balance-of-System 
(BOS): 

a. Semiconductor Inverters 
b. Transformers 
c. Reyul d lurs 
d. Battery ($20/kWh) 
e. Structure Cost 

*Maximum probability assessed to be 38%. 
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TABLE 13 (Continued) 

Doubleb 
Event Base Federal a Federal 
Number Event Objectives Case Initiative R&D 

24. Ready Availability of Low-Cost 1984 +1 0 
($10/kg) Solar Grade Polysilicon 

25. Licensable Technology for High- 1991 +1 +3 
Efficiency, Low-Cost Amorphous or 
Thin-Film Cells is Demonstrated and 
Shown to Be Profitable in High 
Volume ($0.50/Wp) 

26. 15% Efficient Solar Cells Profit- 1986 0 +2 
ably Produced on Silicon Substrate 
at Low Cost ($0.50/Wp) 

27. Acceptable Probability of 20-Year 1982 0 0 
Photovoltaic System Life Outside 
Labs 

Legal/Regula tory 

28. Deregulation of Some Energy Prices 1984 0 0 

29. Broadly Accepted Standards for 1982 -.5 -2.5 
Product and Warranty 
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usually only two to three years. The cumulative probability of 

the selected events is also shown in Table 13. The events are not 

listed in order of importance. 

Using the probability of occurrence curves for the various events 

under the base case, the years by which occurrence of an ftVent was 

50% probable were selected and used to sort the events in a 

chronological order. The list· of sorted events for the base case 

is shown in Table 14. 

The same analysis was performed using the probability of 

occurrence assuming curves in the federal initiative to be 

implemented. The altered chronology is also shown in Table 14. 

Some of the most conspicuous changes in expectations were: 

Accelerated by six years: 
• $0.5 to $1 billion private investment (from 1992 to 

1986) 

Accelerated by three to four years: 

• cost breakthrough achieved by private R&D (from 1988 to 

1984) 

• favorable response to grid hookups by utilities and rues 
(from 1986 to 1983) 

Accelerated by two to two and one-half years: 

• $50 to $100 million private investment (from 1984 to 

mi d-1981) 
• achievement of total market of 500 ~1Wp/year (from 1988 

to 19Hb) 
• doubling of corporate R&D to $100 million per year (from 

1984 to 1982) 

• phoiovul Ldit: infrdsLrucLure eSLdiJl i~l"led (rrom 198G to 
1984) 
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Under Base 
Case Federal 
Role, Event 
is 50% Prob-

a b 1 e by 

1980 

1981 

1981 

1982 

1982 

1982 

1983 

1983 

1984 

1984 

1984 

1984 

1984 

1984 

1985 

TABLE 14 

RESULTS OF THE SUPPLY WORKSHOP: 
YEAR BY WHICH OCCURRENCE OF EVENTS KEY TO THE 
DE-VELOPMENT OF PHOTOVOLTAICS IS 50% PROBABLE 

If Initiative 
is Implemented, 
Event is 50% 

Key Event Probab 1 e by 

21 Solar Coalition Influences Congress 1980 

8 25% Tax Credit Enacted 1981 

20 38% Chance Government Reevaluates to * 
Long-Range Option 

3 100 MW/Year Market at $2 to $3/Wp 1982 
Commercial 

27 20-Year Photovoltaic Life Accepted 1982 

29 Product and Warranty Standards 1982 

1 $2/Wp Module Price 1982 

9 $1 00 Mi 11 ion/Year Foreign Aid Program 1983 
Enacted · 

11$50 to $100 Million Capital Invest- Mid-
. ment by Industry 1981 

13 Corporate R&D Doubled to $100 1982 
Million/Year 

16 Oil Reached $22/bbl 1984 

22 Major Energy Catastrophe 1984 

24 $10/kg Polysilicon 1983 

28 Parti a 1 Energy Deregulation 1984 

17 One Company Gets 40% of at least a 1904 
$100 Million/Year Market 

* This event and the initiative were considered mutually exclusive. 
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TABLE 14 (Continued) 

Under Base 
Case Federal If Initiative 
Role, Event is Implemented, 
is 50% Prob- Event is 50% 

able by Key Event Probable by 

1986 10 Photovoltaic Infrastructure 1984 
Established 

1986 18 Utilities/PUC Favorable to Grid 1983 
Huuku~ 

1986 26 15% Effective Si 1 icon Sheet at 1986 
$0.50/Wp 

Mid- 23 Low-Cost Balance-ot-~ystem 1986 
1987 Price Achieved 

1988 14 Private Photovoltaic Breakthrough 1984 

1988 19 Photovoltaic Market 500 MW/Year 20% 1986 
to 50% Growth Rate 

ti 
)' 1989 2 $0.50/Wp Moaule Price Reached 1988 

!, 

1991 25 Thin-Film Silicon at $0.SO/Wp 1990 

1992 12 $0.50 to $1 Billion Capital 1986 
Inve~tment 

1995 15 So 1 ar Therrna 1 System Preferred 1995 
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Implementation of the federal initiative accelerated the 50% 

expectation of occurrence of the following events by only one 

year: 

• achievement of $2/Wp modules (to 1982) 

• achievement of $0.50/Wp modules (to 1988) 

• emergence of one company with at least a 40% share of a 

market over $100 million per year (to 1984) 

• achievement of low-cost photovol ta i c balance-of-system 

costs (to 1986) 

• achievement of $10/kg polysilicon material (to 1983) 

• achievement of $0.50/Wp thin-film silicon modules (to 

1990) 

Cross Impact Voting 

On May 17 the workshop participants were asked to reach consensus 

(through a consensor voting machine) on the impacts of each event 

on every other event listed. For example, participants were told 

to assume that event 1 had already occurred. Given that 

occurrence, what impact would it have on events 2 through 30? 

Impacts were rated on a scale of -8 (almost certainly prevents 

occurrence of the event) to +8 (is essenti a 1 to success of the 

event). The answers were compiled in a cross-impact matrix. The 

full matrix is presented in Appendix G. 

Of the· possible federal roles considered, the panel assigned the 

following relative positive influences on the development of 

photovoltaics (in decreasing order of importance): long-term 

federal commitment (event 30), federal initiative (event 4), 25% 

investment tax credit (event 8), doubling federal R&D without the 

initiative (event 6), and base case federal role (event 5). The 

federal reevaluation of photovol tai cs as only a 1 ong- range option 

(event 20) was believed to 'be a critical impediment to the 
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photovoltaic business. The government-owned photovoltaic plant 

(event 7) was a controversial event. Some believed the plant 

waul d succeed and be beneficial to the current industry. Others 

were certain it would fail and hurt the industry and perception of 

the viability of photovoltaics. The foreign aid (event 9) 

mechanism for photovoltaics was not believed to have much 

influence on photovoltaic industry or market developments. 

Doubling of corporate R&D (event 13) was judged to have a stronger 

influence than doubling of federal R&D (event 6). 

The solar coalition (event 22) was a strongly positive event, 

almost equal to that of the federal initiative. While oil at 

$22/bbl (event 16) and a possible major energy catastrophe 

(event 21) were strongly positive events, deregulation of some 

energy prices (event 28) was not. Favorable action by utilities 

toward grid hookup of photovoltaic systems (event 18) had a 

moderately strong impact. Low balance-of-systems costs (event 23) 

were judged not too important relative to the other 29 selected 

events. A possible competing solar thermal device did not have 

much influence on future photovol ta 1 c trends. Other strongly 

positive events were $0.50/Wp module price, $0.50/Wp thin-film or 

sheet silicon modules, and achievement of a 100 MW/year commercial 

market. 

The 30 events, their probabilities, and the cross-impacts compiled 

by the workshop participants were analyzed using a computer 

(proprietary to MRC) program to identify the effects of cross 

impacts of the events under the three cases: the federal 

in-itiative, the base case federal role, and a doubling of federal 

R&D without the initiative. 

For all three federal roles, this analysis indicated that the 

solar coalition (event 22) and the 25% investment tax credit 

(event 8) were the most important events (after the particular 
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federal role) in starting and maintaining a successful chain of 

events for photovoltaics. These two political events were 

consistently more important than either market events or 

technical/economic events. This result does not imply that the 

latter events are not important. It merely indicates that the key 

events (assuming a given federal role) are the solar coalition and 

25% investment tax credit. The primary intuitive reason for this 

dominance is their early expected occurrences ( relative to the 

other events) coupled with the high cross-impact rates. 

Other Observations 

A number of other observations, not directly related to the formal 

cross impact analysis results, are relevant to interpreting the 
supply industry's input to the study. 

First, the participants exhibited a uniformly positive outlook 

toward photovoltaics. Of the 27 events selected directly by the 

participants, only three were negative [i.e., solar thermal device 

(event 15), government reevaluation of photovol ta i cs as a 1 ong­
range option only (event 20), and the government-owned 

photovoltaic plant (event 7)--for those panel members who thought 

it would fail.] Monsanto Research Corporation stated that, in 

their experience, positive and negative events usually appear in 

roughly equal proportions. 

Second, during the discussion of the scenario under which the 

events were chosen, several of the participants pointed out that 
the photovoltaic market was a world market and not restricted to 

the United States. In fact, in the discussion of the scenario for 

the workshop, the phrase "the non-U.S. photovoltaic market is 

larger than the U.S. market and growing initially faster," was 

added. The developing countries were mentioned as potential near­

term markets for rural electrification and agricultural pumping. 
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Third, the spread between the 25% and 50% probabi 1 i ty of 

occurrence of most events and the 50% and 75% probabilities was 

only one year. Events where the occurrence probability was less 

certain, indicated by a broader curve spread, were: 10 and 12 

(uncertain industry responses); 15, 16, 18, and 21 (events outside 

industry control); and 26 (a technical event on silicon). 

Fourth, the participants unanimously endorsed the inclusion of a 

fourth federal role: A long-term federal photovoltaic commitment 

($0.5 to $1.0 billion/year for five to ten years). The cross­

; mpact voting, assuming this event had occurred, was uniformly 

positive with large votes. However, there was some divergence in 

the voting. Finally, while the panel exhibited an unusual 

unanimity on most of the cross-impact votes, there were a number 

of votes in which the panel divided and were unable to reach a 

concensus. These divergent votes and the differing viewpoints on 

each are summarized in Appendix G. 

Assessment 

The supply workshop provides additional qualitative insights on 

possible effects of the initiative. However, severr1l c.;~v~;~ats 

should be kept in mind. rirst, the par·ticipants in the supply 

workshop dealt with key events and responses for the industry, not 

for their particular firms. Second, it would be naive to assume 

that the participants did not know that their inputs might affect 

the outcome of a proposed initiative that would affect them~ Even 

so, we believe the participants were all reasonably candid. 

rhird, during the workshop sessions, limited time was available to 

discuss the rationale and internal consistency of various 

responses or predictions. For example, although the workshop 

members felt the initiative would only advance the $2/Wp price 

module by one year (19H3 to 1982), it was felt that a cost 

breakthrough would be accelerated by four years (from 1988 to 
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1984) and that $0.5 to $1 billion priva.te investment would be 

accelerated by six years (from 1992 to 1986). It is difficult to 

reconcile these conclusions. In part, the resolution may lie in 

the greater uncertainty (and generally greater optimism) attached 

to events in the longer term future. In part, the resolution may 

lie in the fact that industry is looking for a government 

commitment and will respond to such a commitment with one of their 

own--even if the short-term results are minimal. 

Despite some inconsistencies, the workshop did provide useful 

information. First, the initiative was deemed to have little 

effect in accelerating achievement of a $2/Wp price module or 

$0.50/Wp price module. Thus, in terms of the explicit objectives 

of the initiative (i.e., accelerating the near-term availability 

of low-cost photovoltaic devices), the workshop participants did 

not feel the initiative would be particularly effective. 

Second, the workshop participants felt that key near-term events 

would be a solar coalition becoming effective in Congress, a 

100 MW per year commercial market·developing (which they felt the 

initiative would not accelerate) and a 25% federal tax credit. 

All three of these factors would have a positive influence on the 

business environment for photovoltaics. 

Third, the workshop participants felt a private R&D breakthrough 

was likely. As noted above, they felt the initiative would 

accelerate the occurrence of this breakthrough even though the 

initiative would not have much effect on reaching the $2/Wp and 

$0.50/Wp module price goals. 

Fourth, by grouping the events into classes, one can observe that 

the supply workshop participants view political factors (formation 

of solar coalition, passage of investment tax credit) as most 

important followed by market events and then technical events. 
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This grouping indicates some consistency in terms of what causes 

uncertainty on the part of vendors and potential vendors. In 

terms of the analysis in Section B on demand pull and vendor 

response, the workshop results give high priority to a third 

category of uncertainty or risk facing vendors, namely, that 

attached to governmental behavior and political activity. 

SERI 1 s assessment of the supply workshop is that despite some 

inconsistencies, it provides useful insights into the likely 
effectiveness of initiative from an industry perspective. On the 

whole, we find little evidence from the workshop that the 

initiative will materially advance achievement of DOE•s 

photovoltaic array price and quantity goals although the 

participants agreed it will definitely have a favorable impact on 

many other key events in the development of photovoltaics. 
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D. A MARKET PERSPECTIVE ON PHOTOVOLTAIC PRICES 

Another perspective on the future P.hotovoltaic supply industry, 

and its response to the initiative is provided by a study done by 

Gnostic Concepts, Inc. for the venture analysis. 23 The major 

conclusions of that study are presented here. The study report, 

Photovoltaic Array and System ~~ices in 1982 and 1986, is 

Appendix H to this document. 

Industry Growth 

The photovoltaic industry will grow very rapidly from 1979 through 

1986, though not as rapidly as required by the national 

photovoltaic program goals. Gnostic Concepts expects industry 

compound growth over this period of roughly 70% per year. This 

growth will be supply-limited rather than demand-limited, and thus 

wi 11 1 ead to a 11 Sell er• s market" condition. Consequently, there 

is no incentive for a manufacturer to lower price in an effort to 

gain sales. From this initial expectation, Gnostic Concepts 

concludes that neither the program price goals {$0.50/Wp) nor the 

quantity goals {500 M'l>i/year) will be met in 1986. The quantity 

goal would require compound growth at roughly 100% per year. {It 

should be noted, however, that under Gnostic Concepts constrained 

growth scenario, the 500 MW annual production level is still 

possible before lQQO~) 

Price Goals 

The Gnostics assessment concludes that program price goals will 

not be met in 1986 with or vdthout the initiative. The exact 

23Gnostic Concepts, Inc. is a private for profit market research 
firm specializing in the semiconductor and electronics 
industries. 
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meaning of this statement and the reasoning behind it needs to be 

clearly understood. 

Note that the statement refers to price and not to cost. Gnostic 

Concepts is in general agreement that production costs consistent 

with $0.50/Wp arrays are technically possible. They do not expect 

this possibility to be realized for several reasons. First 

because of anticipated rapid growth, most photovoltaic production 
facilities will be operating past their minimum cost levels. 

Hence, advanced technolo9ies will not be as P.ffir.iently employed 
dS under lower qrowth situations. At; a result, costs of 

production will be higher. Second. the risk of tP.r.hnological 
obsolescence wi11 require rapid amortization of investment. Thus, 

capital-related costs will be higher than would characterize an 

industry with a stable technology. This effect is discussed more 
fully in the next section of this chapter. An alternative to 

rapid amortization under high risk of obsolescence is to postpone 

investment in capital-intense automated facilities until the 

technology matures. This issue is discussed in Appendix K. 

Third, the seller's market environment provides no incentive for a 

profit-maximizing firm to reduce prices, even when production cost 

falls. 

The Gnostics argument rests on characterization of the market 
environment and expectation of the economic longevity of automated 

equipment. The Gnostics argument does not rest on any 

fundamental barrier to a $0.50/Wp price in a stable market. Given 

the market conditions anticipated by Gnostics. a demand pull 
initiative would simply aggravate a supply-constrained market. A 

delayed initiative, applied when photovoltaic prices are closer to 

those required for substantial penetration of grid-connected 

markets, could have positive benefits. Gnostic Concepts does not 

expect these circumstances to apply before the late 1980s. 
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Balance-of-System Costs 

Ba 1 ance-of-system costs will retard system price reductions. The 

dramatic cost reductions expected for photovoltaic modules will 
not characterize other system components. This is especially true 

for batteries. The degree to which system prices mirror 
photovoltaic price reductions will thus depend on the proportion 

of the system composed of photovol tai cs. Grid-connected systems 
are thus expected to experience more rapid price declines than 
stand-alone systems, largely because of lower battery 

requirements. 

Suggestions 

The Gnostics report suggests that the best timing for an 

initiative would be in the late 1980s when prices of photovoltaic 
systems may be approaching an economically viable level in 

substanti~l sized (grid-connected) mark~ts. The Gnostics report 

also suggests that market development demonstratioffi will be needed 

in the mid-1980s to answer technical and institutional questions. 
These demonstrations would facilitate the 1 i kel i hood and rate of 

future photovoltaic use in large markets. 

Assessment 

The Gnostics report pro vi des an independent assessment of the 

likely effects of the procurement initiative based on their 
knowledge of the industry and its markets. Their assessment 

indicates that the initiative will have little effect on 
accelerating or causing achievement of DOE photovoltaic price and 

sales goals. 

The Gnostics analysis rests crucially on the assumption of a 

seller's market that will reduce the likelihood of
1 

price 
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reduction. This does not mean demand will be large in an absolute 

sense but only relative to supply. The Gnostics analys.is asserts 

that vendors, seeing a small but growing market will be unwilling 

to increase production capacity fast enough to catch up with 

market demand. Both assumptions, seller's market and failure of 

capacity increases to keep pace w.i th demand, may be questioned. 

But granting these assumptions and the scenario painted by 

Gnostics on the basis of their knowledge of the ptwtovoltaics 

industry, their results are sensible. 

91 



E. CAPITAL COSTS AND REVENUE REQUIREMENTS FOR INVESTMENT IN 

$2/WP PRODUCTION FACILITIEs24 

This section describes the investment, manufacturing, and 

distribution costs for photovoltaic manufacturing facilities. The 

technology described here for producing silicon sheet, cells, and 

modules relies on technology which is either available now or is 

expected to be available in the near future. The technology for 

producing high quality polycrystalline silicon material at 

significantly reduced prices is still at the experimental stage 

but is being addressed in a number of ways. Marketing and 

distribution costs are large relative to a $0.50/Wp technology 

( $0.20 to $0. 40/Wp, depending upon the type of customer and the 

region where the morlules were delivered). 8ut these costs are not 

nearly so large, relative to a $2/Wp ~echnology. 

The Investment Required to Implement the $2/Wp Factory 

Initial capital investment for a photovoltaic manufacturing plant 

vd ·11 vary according to the type of technology selected and the 

size of the plant. This analysis is based on the manufacturing 

sequence presented by Donald B. Bickler at the 13th IEEE 

Photovoltaics Specialists Conference. 25 This sequence is a 

modified and improved version of the "Strawman Factory" originally 

presented by JPL at the 8th LSA (Low Cost Silicon Array) Project 

Integration Meeting. It should be pointed out that there are 

24This section of the report was provided by the staff of 
the Jet Propulsion Laboratory. We particularly wish to 
thank Mr. Robert Aster. 

25Gallagllei', B. D~ and D. B. Bickler, "A Candidate Low-Cost 
Processing Sequence for Terrestrial Si Solar Cell Panels," 
Proceedings, 13th Photovoltaic Specialists Conference. 
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other approaches (flat-plate as well as concentrator) which may be 

able to achieve the $2/Wp goal. 

This technology is based on equipment which either is available 

now or is expected to be available in the near future. The 

present factory sequence differs from the original "Strawman" 

sequence in the area of crystal pullers. The new sequence 

features pullers which produce very large, single ingots. 

Continuous melt replenishment of silicon is assumed, thus reducinq 

the cost related to furnace size. Additional modifications were 

made at several process steps, leading to reduced material and 

supply costs and other process improvements. 

Initial capital investment must be sufficient to meet the 

following costs: equipment purchase, facility design and 

construction, interest during construction, startup costs, and 

working capital costs. The investment tax credit can help to 

reduce these costs, by a small amount. Table 15 shows the initial 

investment for three plant sizes (silicon production is not 

included here). 

TABLE 15. INITIAL CAPITAL. INVESTMENT IN 1975 DOLLARS 

Plant Size 

20 ~~legawatt 

10 ~legawatt 

5 MP.gilwnt.t. 

To ta 1 Amount 

18,400,000 

10,200,000 

fi' 1 00' 000 

Initial Capital Investment 

Per ~ Capacity 

0.92 

1.02 

1. ~? 

SAr~iiCS Revenue Requirements for the "$2/Wp" Factory 

SAMICS is a costing methodology developed within the LSA "Project 

at JPL. It estimates the operating and financial costs of a 
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manufacturing plant. Financial costs include profits, taxes, one­

time costs of starting a new plant, and numerous other capital 

costs. All these costs are summed and then divided by the 
expected output of the plant. This establishes a price which 

would generate the required revenue for this factory. 

This required price will vary with different technologies and with 

different scales of production. It will also vary with different 

postulated financial scenarios. Two of the most sensitive 

financial parameters are the time period allowed for amortizing 
the initial capital investment and the price of high grade 
polycrystalline silicon. 

With this technology, it is possible to obtain a $2/Wp price with 

initial capital investment amortized in three years. However, 

silicon prices must be reduced from current levels, and full 

production at high capacity levels is required. Once the initial 

capital investment is amortized, this technology can then be 
competitive (on an operating cost basis) with a $1/Wp technology, 

but not with a $0.50/Wp technology. Tables 16 through 20 describe 
the implications of various scales of production, factory 

utilization rates, amortization periods, and silicon prices. 

TABLE 16. REQUIRED MODULE PRICES FOR 20 MEGAWATT PRODUCTION 
FROM A 20 MEGAWATT CAPACITY (1975 $/Wp) 

Amortization Period Silicon Price (1975 Dollars) 

10 25 40 55 

18 months 2.11 2.42 2.73 3.05 

3 year·s 1. 52 1.77 2. 02 2. 27 

lifetime 1.15 1.36 1. 57 1. 78 

minimum price 

after write-off 0.80 0.97 1.14 1. 31 
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TABLE· 17. REQUIRED MODULE PRICES FOR 10 MEGAWATT PRODUCTION 

FROM A 20 MEGAWATT CAPACITY (1975 $/Wp) 

Amortization Period Silicon Price (1975 Dollars) 

10 25 40 55 

18 months 2.83 3.14 3. 45 3. 77 

3 years 1. 93 2.18 2. 43 2.68 

lifetime 1.39 1. 59 1.80 2. 01 

minimum price 

after write-off 0.84 1.01 1.18 1. 35 

TABLE 18. REQUIRED MODULE PRICES FOR 10 MEGAWATT PRODUCTION 

FROivl A 10 MEGAWATT CAPACITY ( 1975 $/Wp) 

Amortization Period Silicon Price (1975 Dollars) 

10 25 40 55 

18 months 2.27 2.58 2.89 3. 21 

3 years 1. 61 1.86 2.11 2. 36 

lifetime 1. 20 1. 41 1.62 1.83 

minimum price 

after write-off 0.82 0.99 1.16 1. 33 

TABLE 19. REQUIRED MODULE PRICES FOR 5 MEGAWATT PRODUCTION 

FROM A 10 MEGAWATT CAPACITY (197S $/Wp) 

Amortization Period Silicon Price (1975 $/Kg) 

10 25 40 55 

18 months 3.15 3. 46 3. 78 4.09 

3 years 2. 11 2.36 2.61 2.86 

lifetime 1.49 1. 70 1. 91 2.12 

minimum price 

after write-off 0.86 1.03 1.20 1. 37 
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TABLE 20. REQUIRED MODULE PRICES FOR 5 MEGAWATT PRODUCTION 

FROM 5 MEGAWATT CAPACITY (1975 $/Wp) 

Amortization Period Silicon Price (1975 $/Kg) 

10 25 40. 55 

18 months 2.60 2.91 3. 22 3.54 

3 years 1.80 2. 05 2.30 2.55 

1 i fetime 1. 31 1. 52 1. 73 1. 93 

minimum price 

after write-off 0.83 1.00 1.17 1.34 

For this particular technology, it is evident that both silicon 

price and the amortization period are important factors in the 

computation of a required price. For each $5/Kg change in silicon 
price, the required module price will change by 10.4¢ (18 month 

amortization), 8.3¢ (3 year amortization), 7.0¢ (lifetime 

amortization), or 5.7¢ (minimum price after write-off). Nearly 11 

kilograms of silicon are required for each kilowatt of 
photovoltaics produced. For example, the 20 megawatt plant 

requires about 214,000 kilograms of silicon. 

LSA RD&U in Silicon Materials--Uncertainties and Alternatives 

The LSA Project did not choose a preferred process for high grade 

polycrystalline silicon production. Currently, there are eight 

candidate processes being pursued. One strong candidate is a 
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silane process that is being developed by Union Carbide. A 

complete list of candidates includes the following: 26 

1. Battelle Process (Zn/SiC1 4) 

2. Union Carbide Process (SiH4) 

3. Motorola Process (SiF4/SiC1 4) 

4. Westinghouse Process (Na/SiC1 4) 

5. Dow Process (C/Si02) 

6. SRI Process (Na/SiF4) 

7. AeroChem Process 

These processes are typically being developed in four phases. 

Briefly, Phase One consists of a theoretical specification of the 

process. Phase Two is an experimental phase which verifies the 

technical feasibility of the components of a process. Phase Three 
is a pilot plant phase which allows design optimization and 

permits a verification of the expected steady state operation of 
the full process system. Phase Four waul d be the construction of 

full scale commercial units. Economic feasibility is examined at 

t!dl..ll ~~~d~t:!. 

At this time it is expected that Battelle and Union Carbide will 

have the first processes ready for Phase 3. 1-!owever, the 
Westinghouse process is potentially capable of produci nq 1 arqe 

quantities of silicon even from Phase 2 experimental apparatus, 
thus clouding the distinction between Phases 2 and 3 for this 

process. This process is considered a high risk option, but if it 

26Lamar University, Quarterly Technical Progress Report (VI), 
March, 1977, pages 22,23. 
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is successful, as much as 500 to 800 metric tons of silicon 

production capacity would be avail ab 1 e from the Westinghouse 

experimental faci 1 i ty by early 1980. The Westinghouse projection 

for a large scale production (3,000 metric ton plant) cost is 

$7.20/kg. 

The current plan is to have a 50 metric ton capacity Battelle 

process pilot plant in operation in June 1981. The Union Carbide 

process should have a 100 metric ton capacity pilot in operation 

prior to March 1982. Other processes could enter the pilot plant 

phase if their results in Phase 2 are encouragi~g. 

Furthermore, 

proposed an 

there is a ninth alternative. Dow Corning has 

advanced Siemans Process. They project that 

conventional equipment could increase their output by as much as 

7.5 times, with a potential silicon cost of $20/kg or less (1975 

dollars). This would be a three-year program which is generally 

considered to have a high probability of success if pursued. This 

alternative would not be pursued in a long-term (8 to 10 years) 

program with several alternatives potentially capable of 6 to 

$10/kg prices. On the other hand, it would be the easiest 

technology to implement in the near term (3 to 4 years). 

Investment Requirements for~ 1,000 Metric Ton Silicon Plant 

The investment required to implement a low-cost silicon 

manufacturing plant will vary with the type of technology employed 

and the size of the plant. This section examines the investment 

requirement for the proposed Uni~n Carbide plant at 1,000 and 100 

metric ton production levels. 27 This is compared with the most 

27union Carbide, Monthly Progress Report, March 1978, pp. 9-13. 
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recent Lamar data on the proposed Battelle28 plant at a 1,000 

metric ton production level. 

These costing models differ with each other and with the SA~1ICS 

methodology used earlier in this paper. Therefore, data developed 

by Union Carbide (U. C.) and by Lamar have been used to estimate 

investment requirements in a manner which is fairly similar to the 

SAt~ICS method used earlier. Specifically, initial capital 

investment must be sufficient to meet the following costs: 

equipment purchase, fa~ility dc5ign and construction (U. C. and 

Lamar base their 'investment requirement figures on these costs); 

also included are startup costs and working capital. U. C.'s 

assumptions that working capital is 30% of annual operating 

expense and startup is 10% of the initial plant cost are used to 

normalize the comparison between U. C. and Battelle. Table 21 

shows the result. 

TABLE 21. INITIAL CAPITAL INVESTMENT IN 1975 DOLLARS 

Initial Capital Invc::;tmcnt 

Pl~nt To till Amount Pee_~ ~~city --

II. C. 1, 000 MT 7,800,000 7.8 

u.c. 100 MT 5,400,000 54.0 

Battelle 1, 000 MT 13,700,000 13.7 

Revenue Requirements for Operating the Silicon Manufacturi~ plant 

SAt~ICS has not been applied to silicon manufacturing plants at 

this time. Union Carbide, Hattelle, and Lamar University all use 

somewhat different costing methods. However, this section uses a 

costing method which normalizes these analyses in a way which is 

28Lamar University, Quarterly Technical Progress Report (VI), March 
1977' pp. 22-23. 
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roughly consistent with the SAMICS methodology used earlier in 
this paper. 

The operating costs, ·such as direct materials, labor, and so forth 

are taken directly from Union Carbide and Lamar cost analyses. 

Initial investment in equipment and facilities, startup costs, and 

working capital are also consistent with these analyses. The 

financial modeling with respect to depreciation, amortization, 

profits, taxes, and debt are similar to the method used in SAMICS. 

Both financial leverage and after-tax profits tend to be somewhat 

higher for chemical processing firms than for general 

manufacturing or for electronics manufacturing firms. The numbers 

used here are 25't debt financing at a 9% interest rate and 75% 

equity financing at a 25% after-tax rate of return on equity. 
This leads to an average cost of capital of 19.9%. 

Annual revenue requirements and hence the required 

with different technologies, diFferent production 

with different amortization periods for the 

price will vary 

capacities, and 
initial capital 

investment. This paper focuses on the Union Carbide process at 

1,000 and 100 metric tons, and the Battelle process at 1,000 

metric tons. Table 22 shov1s the results for several amortization 

periods. 

TABLE 22. SILICON REQUIRED REVENUE PRICES FOR SEVERAL TYPES 

or PLANTS (1975 $/kg) 

Amortization Union Carbide Battelle 

Period 100 MT 1,ooo ~n 1,ooo ~n --

18 months 84 14 24· 

3 year's 52 10 17 

15 years 29 6.3 11 

minimum price 

after write-off 16 4.6 8 
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Technical Uncertainties in the Union Carbide Silicon Process 

The Union Carbide silicon production process is one of the strong 

candidates for becoming the commercial source of high grade 

polysilicon. It consists of the production of silane (SiH4 ) and 

then the conversion of silane into a semiconductor grade of 

polycrystalline silicon. 

Si 1 ane production involves processes which are not new. All 

process components have been used industrially and are known to be 

workable. The complete silane production system has not been 

operated at a full pilot plant scale. It is believed that pilot 

plant operations will be oriented toward process optimization, 

with basic feasibility not a serious concern. 

Si 1 icon production from silane has been demonstrated 

experimentally at Union Carbide, but it is not a mature process at 

this time. There are two approaches which wi 11 eventually be 

tested in the forthcoming Union Carbide pilot plant. 

One alternative is to use a free space reactor. This technique 

produces a ver_y fine silicon powder of semiconductor grade purity. 

However, powder ha~ problems due to its high ratio of surface to 

mass. It is difficult to mai_ntain its purity while it· is being 

transferred, and the Union Carbide technique is considered to 

require further development. There are several ways of 

consolidating the powder after it leaves the reactor, but a 

preferred method has not been identified. Union Carbide has an 

experimental t·aci lity for this step of the process which could 

potentially produce 25 metric tons of silicon from silane. It has 

been operated successfully in a batch mode, but continuous 

operation still needs to be verified. 
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The second alternative that Union Carbide will explore is a 
fluidized bed approach. Experiments show that this technique can 

produce a granular material, thus avoiding the powder transfer and 
con soli dati on steps. However, this procedure is relatively 1 ess 
mature than the first alternative. 

As a summary, a 11 of the process components required by the Union 
Carbide process have had some level of experimental verification, 
with the exception of continuous removal of powder from the free 
space reactor. The full system has not been tested, and the 
fluidized bed silicon production process has yet to be tested on a 
large scale. 

Marketing and Distribution Costs 

Two significant components of the price of photovoltaic modules as 
received at the site of application are the costs of marketing and 
distribution. This section gives a very brief summary of the 
results of a study performed by Theodore Barry and Associates. 

Marketing costs are highly dependent upon the character of the 
customers. Large, sophisticated customers require fewer salesmen 
with more technical support, while smaller customers take less of 
a salesman•s time per customer, but more per megawatt. 

Advertising expenses depend on customer type and industry 
tradition. The marketing cost model developed by TB&A provides a 
descriptive estimate; there is no attempt to determine an optimal 
advertising budget. 

Distribution costs depend upon the locations of the factory and of 

the customer, the mode of transportation, and the size of the 
order. The TB&A distribution cost model determines the optimal 

mode of transportation (usually rail), whether shipments are 
direct (from factory to customer) or indirect (factory to regional 
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warehouse 

warehouses. 

directly, 

to customer), 

Utility-size 

small customers 

and the optimal size of regional 

customers are generally supplied 

through a regional warehouse, and 

intermediate customers direct or indirect, depending upon other 

factors. 

The marketing and distribution models developed by TB&A are 

carefully constructed, with approximately the same level of 

sophistication as SAMICS. The computations required are straight­

forward, but extensive. Resources IJdve nuL yet IJenuH ted 

expressing these models in a computer program, so it is difficult 

to perform sensitivity studies. However, an elaborate 11 test case 11 

demand scenario was run through by hand; the resulting estimates 

should give a good idea of the range of marketing and distribution 

costs to be expected. 

The test case factory was located in Phoenix, Arizona (Region II, 

Rocky Mountain). There were assumed to be three kinds of 

customers, as shown in Table 23. 

Sma 11 Res i den­
tial Household 

Medium Com­
merical Inter­
mediate 

Large Ut il i ty 
Central Station 

TABLE 23. TEST CASE CUSTOMERS 

Average Average Annual Orders Deliveries 
Order Delivery Demand Per Year Per Year 

10 kW 10 kW 20 MW 20,000 20,000 

0.5 MW 0.5 MW 100 MW 200 200 

50 MW 5 MW 200 MW 4 40 

lhis factory was assumed to have an annual production of 500 MW, 

with customers of each type in each of seven geographical regions 
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{except there were assumed to be no central station customers in 
Regions III, IV, or VI), as shown in Table 24. Further details, 

such as the regional boundaries, can be obtained from TB&A's Phase 

II Final Report, which is currently in preparation. 

TABLE 24. TEST CASE DEMAND DISTRIBUTION 

Customer Demand Total 

tvlVJp/Yr Annual 
Region Small Medium Large Demand 

I. West Coast 50 25 50 125 
II. Rocky Mountain 60 30 50 140 

I I I. North Central 10 5 0 15 

IV. Great Lakes 10 5 0 15 
v. North Eastern 20 10 50 80 
VI. South Eastern 10 5 0 15 

VI I. South Central 40 20 50 110 

Total 200 100 200 500 

The final delivered price for photovoltaic modules, by region and 

type of customer, is given in Table 25, expressed in 1975 dollars 

per peak watt. These prices include an assumed $0.50/Wp price FOB 

the manufacturer's loading dock. 
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TABLE 25. DELIVERED PRICE OF $0.50/Wp PV MODULES 

(Test Case, 1975 Dollars} 

Customer Type All 

Region Small Medium Large Customers 

West Coast 0.860 0.813 0.732 0.799 
Rocky Mountain 0.841 0.801 0. 7?0 0.789 

North Central 0.884 0.838 0.869 

Great Lakes 0.914 0.863 0.897 

North Eastern 0.904 0.860 0.787 0.825 

South Eastern 0.886 0.842 0.871 

South Central 0.860 0.818 0.749 0.802 -- --
All Regions 0.864 0.820 0.747 0.808 

105 



F. BALANCE-OF-SYSTEM PRICE CONSIDERATIONS 

The major elements of a photovoltaic system are photovoltaic 

arrays, power conditioning and controls, storage (if necessary), 

structures (including wiring, site preparation, support 

structure), and installation. Balance-of-system (BOS) prices are 

defined as all the above except the cost of the photovoltaic array 
fie 1 d. 

Estimates for the balance-of-system prices have been developed for 
the elements detailed above. The values used in the analysis were 

obtai ned from work performed by recent photovo 1 ta i c sys tern design 
studies, 29 the Gnostic Concepts study for the venture analysis, 30 

BDM market and systems descriptions, 31 work by Sandia 
' 

·Laboratories, and by discussions with selected manufacturers and 

users. 

The price estimates attempt to account for system design, 

location, and size variation •. For example, the installation costs 

for smaller systems are higher on a peak watt basis than for larger 
systems and probably provide 1 ess opportunity for cost reductions 
than do more complex, less site-specific systems. 

29see: (1) General Electric Advanced Energy Programs, 
Conceptual Design and Systems Anallsis of PhotQ_yol_taic 
~stems, AL0-3686-14, March 1977; 2) Westinghouse 
Electric Corporation, Conceptual Design and Systems 
Annlysis of Photovoltaic Systems, AL0-2744-13, 
May 1977; and (3) Spectrolab, Inc., Conceptual De~ 
and Systems An~lysis of Photovoltaic Systems, AL0-2740-12, 
April 1977. 

30see Appendix H. 

31see Appendix D. 
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In general, current balance-of-system prices are less than 60% of 

total system prices. By 1986, however, balance-of-system prices 

will increase substantially relative to total system prices more 

so for systems 1 ess than 1 kW than for 1 arger systems. (see 

Table 26). In all cases, balance-of-system costs are at least 

equal to module cost. These values agree with values recently 

reported by Hein et al.3 2 

As sho\lm in Table 26, it is estimated that balance-of-system 

prices will not substantially decrease in the future, primarily 

because there are fev1 significant opportunities for price 

breakthroughs in the technologies involved. Power conditioning is 

a mature industry. Battery storage devices for photovoltaics make 

up a very small percentage of the battery industry. Other 

balance-of-system elements are labor intens·ive, reasonable 

prospects for some cost redt..~ction, particularly in very large 

installations where some degree of automation and learning may be. 

possible on installation. 

Details of individual balance-of-system element price projection 

trends are discussed separately along with the reasons for the 

trend projection. Where decreases dppectr· IJOS~ible, the r'ationale 

is specified. Similarly, discussions of each analyzed application 

appear later in this section, with detailed breakdown of balance­

of-system elements and prices. 

The study could have devoted considerably more resources to refine 

the quantification of balance-of-system costs. However, the 

ana ly~e~ performed show the expected outcome of the procurement 

initiative to be rather insensitive to the variation of balance-

3 ~G. F. Hein, J. P. Cusick, and vi. A. Poley, "Impact of Balance­
of-System (BOS) Costs on Photovoltaic Power Systems," Presented 
at IEEE Photovoltaic Specialists Conference, Washington, D.C., 
June 1978. 
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0 
00 

Application 

Radio Repeater 

Shallow Well 
Cathodic Protection 

Deep Well 
Cathodic Protection 

Outdoor Lighting 

Re si denti a 1 

Institutional 

Central Power 

TABLE 26 

BALANCE-OF-SYSTEM PRICES 

System Size BOS Costs 
( Pe<!_'5__Wa t ts) 1978 1986 

200 w $1' 620 $1,070 

50 w 710 460 

600 \:J 4,270 2,595 

300 w 1,810' 1, 210 

3,400 w $1,405-2,595 

51.84 k w $32.4K-63.5K 

10 MW $ 3.8 million 

$/W (Peak) 
nrra-----r~aG 

$ 8.10 $ 5. 35 

14.20 9. 20 

7.12 4. 33 

6.03 4.03 

o. 73-1.08 0.41-0.76 

0. 63-1.2 2 

0.38 



of-system prices. Variations of 50% and 200% of the base case 

balance-of-system prices do not have much effect on the 'costs and 

benefits of the initiative. 

The power conditioning subsystem consists of equipment required to 

condition the output of the photovoltaic array. DC regulators, 

inverters, and controls are the major components of the power 

conditioning subsystem. 

Small, I sol a ted DC Systems 

Systems servicing DC loads, such as corrosion protection and radio 

repeaters, require only a voltage regulation function in the power 

condi ti oni ng subsystem to limit battery overcharging. In such 

systems where mimmal control and regulation are required, the 

power conditioning system is a small fraction of the photovoltaic 

balance-of-system prices. 

Estimates of $0.50 to $l/Wp, 33 depending on system size and 

complexity, were used for small systems (<l kW) requiring 

conditioned outputs. This estimate is based on photovoltaic 

systems currently being sold as replacement units in the market. 

The power conditioning industry is a mature one, leaving very 

little opportunity for innovation. Off-the-shelf components, 

however, are not readily available ·at this time. As the 

photovoltaic market expands, it is expected that industrial 

electronics firms will enter the market and competition will force 

the price down. It has been assumed for this analysis that the 

33All discussions refer to the photovoltaic array peak watt output. 
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price of small power condi ti oni ng subsystems requ1 r1 ng only DC 

outputs and storage (<1 kW) will decrease by one-half by 1986. 

DC/AC Systems 

None of the small systems analyzed required DC and AC power, so 

this section addresses the larger (>1 kW) photovoltaic systems. 

Systems \'lhi ch require both DC and AC power need inverters as part· 

of the power condi ti oni ng ·subsystem to generate, AC wave shapes and 

frequencies, and are thus. more costly. Estimates of $80 to 

$300/kVA were used in the present analysis, depending on system 

size and type. These prices represent future prices and are based 

on data generated as part of the system design studies .and 

discussions with vendors. Figure 3 shows a compilation of vendor 

data on inverter· prices generated by Sandi a La bora tori es. 

Storage 

Batteries represent a significant portion of balance-of-system 

prices, commonly 50% or more. Battery prices are also the most 
difficult to evaluate and to project. 

Lead-acid batteries are the predominant type currently used for 

photovoltaic systems, 

types of batteries 

photovoltaic systems. 

because of their low price relative to other 

and other characteristics amenable to 

The production of lead-acid batteries is a 

mature and large industry. The lead-acid system has been in use 

for over a hundred years. In 1977, U.S. manufacturers shipped 54 

million batteries, just for automobile application. Three types 

of lead-acid batteti es are currently used in photovo'l tai c 
applications: (1) pure lead stationary type; (2) lead-calcium 

stationary type; and ( 3) automotive/marine starting, lighting, and 

i gni ti on ( SLI) batteries. Photovoltai c system manufacturers are 

currently quoting $75/kWh to $150/kWh for battery subsystems, and 
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these values were used in the study as 11 present prices .. for pure 

lead and lead-calcium systems, r·espectively. 

Battery· prices are not expected to decline from experience 

effects. In all likelihood, ·prices will increase due to material 

and labor cost increases. However, batteries for solar power 

systems are traditionally oversized to account for uncertainties 

in solar insolation data and battery end-of-life characteristics. 

Thus,· improved sizing technfques can help offset anticipated price 

i ncreas~s. Prices of future 1 ead-ca 1 ci urn systems 1-Jere assumed to 

be one-half of current prices because lead-calcium is still an 

emerging technology. Pure lead systems were assumed to be 

constant in price for the reasons stated earlier. 

Additional work is necessary to fully understand future battery 

price projections. Advanced battery couples under development, 

such as sodium-sulfur or zinc-chloride, may reduce prices below 

$75/kWh but not within the 1986 time frame used in this analysis. 

Structures 

Structure prices are those related to the structure required to 

support the photovoltaic array modules, site preparation, 

foundations, wiring, and any associated shelters required by the 

subsystems. 

At this point, estimates for structural prices are sparse because 

of the lack of field experience. Estimates used in this analysis 

are based on figures obtained from photovoltaic system 

manufacturers and design studies completed in 1977. For smaller 

systems, $1/Wp was used in tt1e final analysis except for outdoor 

lighting whera $1.50/Wp wa£ used. The $1/Wp appcJrs Jt present to 

be a universally quoted number by manufacturers. 
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In the interim analysis, it was assumed that structural prices for 

small systems would reduce by one-third (on a per watt basis) by 

1986 because of increased module efficiency. The 1977 analyses 

used module efficiencies of v.a% for present day modules. Several 

manufacturers currently offer modules which are ~12% efficient. 

The final analysis (reported here)· assumes the present day 

availability of these 12% modules. Therefore, structure prices 

used in the final analysis have been assumed to be flat when 

projected into the future. 

For large residential and .. central power station applications, 

estimates for structure are made differently because of the 

uniqueness of the applications. These are discussed in later 

sections which address each application. 

Installation 

Installation prices are defined as those required to actually put 

a photovoltaic system in place and make it operational. They 

include the prices of labor, transportation, and any unique 

installation hardware such as cranes or forklifts. 

Estimates of installation prices vary, depending on the type and 

size of instal1ation, as shown in F'igure 4. As noted earlier, 

small systems are expected to require larger installation costs 

per watt. The data in Figure 4 are approximately one-half those 

assumed in the preliminary analysis. The reason for the reduction 

is twofold: (1) change3 in ll53umption •·ega•·ding salal"ies ($20/hr 

rather than $30/hr) and (2) bottom-up approach to scapi ng the 

actual work. 

113 



Installation Prices 
($/W) 

6 

5 

4 

• 
$3.20 

3 

2 

0 
200 400 600 

System Size 
(Watts) 

* Local, easy accessable outdoor I ighting system . 
. . 

800 

Figure 4. Variation of Installation Prices with System Size 
(E~pressed in 1978 Dollars) 

As an example, consider the 200 W repeater system. Most remote 
systems require a considerable amou_nt of time to travel to and 
from the actual site which adds to the price of installation. 
Furthermore, a two-man team is required for any reasonable sized 
system because of safety reasons and problems in handling. 

Because system locations vary, the prices of transportation of the 
photovoltaic system from the factory to the site have not been 
included. Also, it has been assumed that, for the smaller systems 
studied, no special handling equipment will be required other than 
truck/jeep/horse transportation (which is assumed to be available 
already at no additional cost). Large systems will require 
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special handling/installation equipment which is included in 

system installation prices. 

The discontinuity (at '--'"'$1.50/W) in Figure 4 relates to 

differences perceived for urban vs. remote site 1 ocati ons. 

Because conventional lighting pole erection normally involves easy 

access as well as need for specialized equipment, no penalty was 

assessed to the photovoltaic system installation. 

Installation prices are assumed to remain constant in the 197B to 

1986 time frame because learning effects will tend to lower the 

costs somewhat. However, the anticipated continued decrease in 

productivity (especially in the field) will tend to increase 

costs. As a result, the two effects balance each other, resulting 

in levelized installation prices. 

Several photovoltaic systems were selected for detailed 

description of ba 1 ance-of-system prices. The systems vary in 

location from remote to urban environments, and in size frorn 50 W 

to 10 MW. The~e systems are described in the subsect1 ons wnH:n 

follow. 

Radio Repeater System 

A radio repeat::'r provi rles ;;~ "rli rPrt. 1 i nP of c;i ght." type of 

transmission to maintain radio contact with other units ;n the 

area. Common use is in remote areas where it provides 

communication links between mobile and base stations. Systems 

vary in size from 50 to 400 Wp. A 200 Wp has been used in this 

analysis. The operating cycle is continuous, 365 days per year, 

with ·transmitting requirements of about 24 Amps. The daily 

average power requirement is 40 W; the average daily energy demand 

i s 0. 96 k \~h. 
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Figure 5 shows a typical setup for such a system. Because of the 

continuous operati ona 1 requirement, a battery subsystem, along 

with associated charge control circuitry, is essential. The 

ampere-hour meters shown in the figure are optional systems, used 

mainly for monitoring purposes. The balance-of-system price esti­

mates generated for a radio repeater system of this type (shown in 

Table 27) were developed using the following logic. 

Although most manufacturers are currently marketing modules which 

typically produce about 8 vJ/ft2 , there are modules available which 

produce around 12 W/ft2 by using rectangular solar cells in a 

shingled pattern. For the purposes of this analysis, 12 W/ft2 

modules ~-Jere assumed. The physically smaller array size results 

in easier handling, shipping, and installation. 

Figure 5 shows the typical structure used for small (less than 

1, 000 H) p hotovo lta i c systems. "C" channels or box channe 1 1 egs 

0.75"-1" are commonly employed to give the proper panel tilt. 

Panels are bolted to concrete pads, wood poles, or ground anchors. 

Structure prices include the module structure, concrete, bolts, 

screws, anchors, etc. 

Price estimates for s truct•Jre are difficult to determine 

accurately because many organizations add in the costs of 

engineering and/or profit as part of the structure price. A 

consistently used number is $1/W for systems of this size. That 

number was used in this analysis. 

In the previous report, the structure price was reduced by one­

third for the "Future Price" category. This was done because 

8 W/ft2 ·modules were. assumed in the preliminary analysis with 

future growth to 12 W/ft2 . In this current analysi's, we have 

assumed 12 W/ft2 would be available now, with minimal growth. 

Therefore, little or no reduction in structure price is expected 

in the future. 

116 



Solar Array 

--------·--····-·- .. --- -·--

Ampere Hour Meter 

~Charge Contra I Regu I ator 

Ampere Hour 
Meter 

D.C. To D.C. 
Converter 

D.C. To D.C. 
Converter 

Output 
Antennae 

Radio 
Repeater 

Figure 5. Typical Radio Repeater System (Source: Solarex) 
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TABLE 27 

BALANCE-OF-SYSTEM (BOS) PRICES 

(Expressed in 1978 Dollars) 

Application: Radio Repeaters 

Size: 200 Watts 

Array Size: 1 17 ft2 (4' x 4 1
) 

BOS Element 

Structure 

Power Conditioning 

Installation2 

Battery 

BOS Prices ($/Wp) 

Present Price 

$ 200 

200 

320 

9003 

$1,620 

$ 8.10 

Location: Remote 

Battery: 6 kWh 

Future Price 

$ 200 

100 

320 

4504 

$1,070 

$ 5. 35 

NOTES: 1Assumes high density (12 W/ft2) module, areas are 
approximated. 

2Two man-days assumed @ $20/hr. Transportation, 
special equipment not included. 

3Pb/Ca batteries current quotes, $150/kWh. 

4Price reduction to $75/kWh. 
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A battery charge regulator is the only power conditioning normally 

required in applications of this nature. Current price estimates 

of $1/W are commonly used. It is generally felt that a shift to 

mass production and competition will reduce the future prices by 

one-half. 

Radio repeaters are traditionally located in isolated areas. 

Thus, the prices for installation are significantly higher than 

for systems with easy access, such as cathodic protection. 

F_igure 6 shows a typical logic network for the installation 

sequence of a system. The price estimates shown in Table 27 were 

derived by considering the time associated with installation. It 

is felt that two man-days is a realistic value. The presence of 

two men is required for safety reasons, as well as for 

mani pul ati ng equipment. No price reduction is predicted, mainly 

because of the isola ted, one-at-a-time nature of radio repeater 

systems. Also, field installation productivity is unlikely to 

improve in the future. 

fJ i c~' Drive Unpack Evaluate Assemble 
Up To Equipment Proper Support 
Equipment s; te Array Str1Jcture 

t_ Orientation 

I 
Drive Load 

'--+- To On r~ount 
Trai I Horses Arrays 
Head 

.. 

Return Reload Test Connect Atte1r.h 
~ f!'rom Work System 

........ 
Battery I ~ Wiring 

Site Equipment Power 
Conditioning 

Figure 6. Radio Repeater Site Installation Sequence 
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Radio repeaters are required to be operational 24 hours/day, 7 

days/week. As such, battery performance is an essential component 
. '· 
of the system. Lead-calcium batteries, as opposed to the more 

common pure 1 ead systems, are more often used in these 

applications because of their better outgassing properties, 

superior maintenance requirements, and low self-discharge rates. 

Current lead-calcium batteries are being sold at $150/kWh, and 

these prices are used in the "Present Price" analysis. "Future 

Prices" show a reduction of 50% in battery prices, as noted 

earlier. Thus, a price of $75/kWh, consistent with current pure 

lead battery prices, is felt to be possible by the 1986 time 

frame. 

There is considerable variation in load profiles for radio 

rep.eaters. As such, no one particular sized battery is optimum. 

A major problem in sizing batteries is the high continuous drain 

on the system from the transmitting electronics. Reductions in 

that drain could significantly reduce battery size. Furthermore, 

there is 1 i ttl e dat3 on system performance, and a consequent 

tendency to overdesign the systems, especially the battery. 

Hov1ever, decreases in battery siz·e from better design and 

improvements in transmitting electronics will more than likely be 

offset by increases in battery material prices (i.e., lead}. 

Shallow Well Cathodic Protection System 

The purpose of the cathodic protection system is to prevent 

corrosion of well casings, pipelines, etc., by imposing a constant 

cun·ent on the device being protecterl. · A typi ca 1 system might be 

50 Wp. The operational cycle is continuous, with an average 

operating power of 8 W (0.192 kWh/day}. Figure 5 would also be 

representative of a typical cathodic protection system, except for 

size. The system could be alternatively mounted on a pole, well 

structure, or pipeline because its smaller size reduces the 
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structure problem. Again, because of the continuous operating 

requirement, battery performance is essential. 

Tab 1 e 215 shows the cathodic protection ba 1 ance-of-system prices 

used in the present analysis. The high density (12 W/ft2) modules 

discussed in Appendix D were assumed here for sizing the 

photovoltaic array. Structure cost of $1/W was assumed, with no 

future reduction. Power condi ti oni ng cost of $1/Wp was assumed, 

with a reduction to $0.50/Wp because of competition. Because the 
cathouit; protect1on system is small and likely to be located in 

accessible areas, estimated installation prices were based on one 

man-day of labor. No price reduction was allowed because of poor 

field productivity. 

The arguments presented in the previous section are also 

applicable to batteries in cathodic protection systems (i.e., 

system overdesign and current battery prices). As can be seen, 

the battery prices dominate system price. 

Deep Well Cathodic Protection System 

These systems are the same as defined in the previous section 

CJH.:qJt fol" s1.~e. which· r·t!ldLes to the larger s1ze ot' the systems 

being protected. Typical operational requirements are 100 W 

continuous (2.4 kWh/day). 

Table 29 shows the estimated balan~P-nf-system prices used in the 

analysis. Because of the larger size of the system, installation 

prices were estimated at two man-d,ay?. Lead-~alcium batteries 

were assumed in such systems, although some last minute 

information indicates that buyers of these systems will usually 

buy the cheaper pure lead batteries and accept the poorer 

operational/maintenance characteristics. Substituting such 

batteries would reduce the near-term battery prices to S 1, 500 

(balance-of-system prices to $2,770). Future prices would not be 

affected appreciably. 
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TABLE 28 

BALANCE~OF~SYSTFM PRICES 

(Expressed in 197~ Dollars) 

Application: Shallow Well 
Cathodic Protection 

Size: 50 W 

Array Size: 1 4.2 ft2 (2' x 2') 

Location: Semi -Remote 

13a ttery: 6 kWh 

BOS Element 

Structures 

Power Conditioning 

Installation3 

Battery 

BOS Prices ($/Wp) 

Present 
Price 

$ 50 

50 

160 

4502 

$710 

$14.20 

Future 
Price 

$ 50 

25 

160 

2254 

$460 

$9.20 

NOTES: 1Assumes 12 W/ft2 module. Areas are 
approximate. 

2Assumes pure Pb battery at $75/kWh. 

3one man-day assumed because accessibility 
easier ($20/hr). 

4system overdesigned. 
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TABLE 29 

BALANCE-OF-SYSTEM PRICES 

(Expressed in 1978 Dollars) 

Application: Deep Well Cathodic Protection 

Size: 600 W 

'2_r ray Si ze: 

Location: Semi -Remote 

Battery: 

BOS Element 

Structures4 

20 kWh 

Power Conditioning1 

Installation2 

Battery3 

BOS Prices ($/Wp) 

NOTE$: 1vendor quote. 

Present 
Price ---

$ 600 

350 

320 

_]_, 000 

$4,270 

$ 7.12 

2Two man-days @ $20/h r. 

Fu ~ure 
Price 

$ 600 

175 

320 

_L_500 

$2,595 

$ 4.33 

3Assume $150/kWh current cost, drOpj.fing 
to $75/kWh. 

4$1/W assumed. 
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Residences 

A potentially large photovoltaic market is the residential sector. 

In this application, photovoltaic arrays would be located on the 

roofs of i ndi vi dua 1 homes, with the home connected to the uti 1 ity 

grid. Power needed in excess of the capability of the array would 

be purchased from the utility; 1 ikewise, pov1er produced by the 

photovoltaic system in excess of household demands would be sold 

back to the utility (at a different rate in all likelihood). 

There would be no storage in the residential systems, thus 

eliminating one of the higher priced balance-of-system elements. 

Figure 7 shows a residential concept developed by General Electric 

which uses photovoltaic shingles as roofing, rather than 

conventional roofing material. 34 Spectrolab and Westinghouse35 

have also co1npleted design studies for residential systems. The 

da t a used for the analysis performed here come mainly from their 

work. Table 30 shows the BOS prices used in the present study. 

Structural prices were assumed to be zero because the photovoltaic 

mod~les woul d utilize existing roof structure as support, negating 

the need for addi ti anal support. The GE analyses project that up 

to $50/kW credit may be achieved for such systems, but not enough 

is presently known about such systems to warrant the credit. 

Power condi ti ani ng for a residence is more camp 1 ex than for the 

previous systems because of the need for AC power. Inverters 

become part of the power condi ti ani ng subsystem. An estimated 

future price of $200/kVA for the inverter plus $75/kVA for 

controls was used for the analysis. Near-term cost esti1nates were 

34see footnote 29. 

35 Ibid 
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TABLE 30 

BALANCE-OF-SYSTEM PRICES 

(Expressed in 1978 Dollars) 

Application: Residence 

Size: 3,400 W 

Array Size: Roof Size 

BOS Element 

Structures 

Power Conditioning1 

Installation 

Battery 

BOS Prices ($/Wp) 

Present Price 

$2,000 

($170-1,360) + $300 

$2,470 - $3,660 

$0.73 - $1.08 

Location: Residences 

Battery: 

Future Price 

$ o2 

935 

($170-1,360) + $3003 

$1,405 - $2,595 

($0.41 - $0.76) 

NOTES: 1sandia Labs generated values: $200/kW fo~ i~verter plus 
$75/kW controls (assumes production of 10 /year). 

2Assumes MO credit for roofing materials. 

3Generated from system design studies ($50/kW- $400/kW) 
plus $300/system. Source: General Electric, op. cit., 
Conceptual Desi~ and System Analysis of Photovoltaic 
Systems. 

126 



assumed to be twice that due to lack of off-the-shelf equipment. 

Given sufficient volume, the $275/I<VA value used for the future 

cost may drop to one-half that value in the late 1980s. 

One can easily imagine the installation of a photovoltaic 

"shingle" or modules as simply replacing conventional roofing 

shingles, with very little cost differential. This differential 

primarily relates to (a) increased handling concerns, (b) 

electrical interfacing problems between modules (shingles), and 

(c) wiring/controls for the avera 11 system. The system studies 

performed to date indicate estimate costs for a photovoltaic 

system installation as shown in Table 30. The range in prices are 

due to d1tferences in the three system stud1es noted ear1fer. An 

average value was used in the analysis described in this report. 

Central Power Plant 

This application is envisioned to be a large photovoltaic power 

plant designed for utility interconnection. The size chosen for 

this anl ays is was 10 MW although s i'zes up to lUU MW or more can be 

considered. tJo battery storage is .assumed for the system. 

Several analyses have been performed on photovolta1c central powet 
stations.36 The recent study performed by Bechtel developed 

fairly detailed costs for a photovoltaic plant which might be 

installed in the near-term, whereas the studies previously cited37 

rlPvPlnrPrl rnc;t.c; fnr c;yc;t.pmc; whir.h might. hP. c:onstructea in 1990. 

The data used in the current analysis come from those reports. 

36P. Tsou and W. Stolte, "Effects of Design on Cost of Flat 
Plate Solar Photovoltaic Arrays for Terrestrial Central 
Stations Power Applications," Presented at IEEE Photovoltaic 
Specialists Conference, Washington, D.C., June 1978. 

37see footnote 29. 
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Table 31 shows the estimates for the BOS prices used. The 

Bechtel/JPL data are quoted as 11 Present Prices 11 while the design 

study results are used as 11 Future Prices. 11 Although the sizes of 

the plants used in the design studies are larger than those used 

in this analysis (100 to 200 MW versus 10 MW), no attempt was made 

to comp~nsate for the size variation. A larger plant will have 

some 11 economy of size 11 advantage; however, the percentage 

variation will be lost in the accuracy of the reported estimates. 

It should be noted that the 11 Present Price 11 estimate of $0.65/W is 

. heavily weighted by overhead-type costs such as interest, 

contingency, engineering, and distributable field costs. It is 

felt that these are appropriate_for inclusion in balance-of-system 

prices because of the nature of the application. 

The assumed reduction in prices appears realistic for the 

following reasons: (1) Distributable costs, contingency costs, 

and cost of money38 estimates may be different for photovoltaic 

plants than for conventional plants (from which the estimates were 

made). (2) The major cost elements in the 11 present prices 11 were 

foundations and structures. There is hope of improvement for tllis 

type of application based on wind ·1 oadi ng requi re:ments and plant 

location, as well as the use of unconventional materials and 

irinovative engineering. Reductions of two in civil and structural 

costs, distributable costs, contingency costs, and owner•s costs 

and a reduction in engineering costs by 80% (standardized design) 

will reduce the 11 Present Pri ce 11 by $0. 28/W. 

38In a photovoltaic plant, there is a potential to 
incrementally bring a plant on-1 i ne, thereby generating 
revenue while the plant is still under construction. 
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TABLE 31 

BALANCE-OF-SYSTEM PRICES 

(Expressed in 1978 Dollars) 

Application: Central Power Plant Location: Semi-Rural 

Size: 10,000 kW Batt~: None 

Array Size: 8. 33 X 105 ft2 ( 913' X 913') 

BOS Elemer1t Pre~er1t Gust 

Structures 

Power Conditioning $0. 65/W3 

Future Price 

$3 X 106 1 

$800,0002 

Installation Included in Structures 

Battery 

BOS Prices ($/Wp) 

$ 6. 5t~ 

$0.6 54 

$3.8 X 106 

$0.38 

NOTES: 1 Aver.age of Sandi a design studies ( $300/k W). 

2Average of Sandia design studies ($80/kW). 

3Bechtel/JPL data--Contract #954848 and Tsou and Stolte. 
op. cit. 

4Includes owner's cost, contingency, engineering, dis­
tributable field cost ($0.36/W). 
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G. SUMMARY 

A key requirement for the success of the market pull strategy that 

underlies the procurement initiative is investment by photovoltaic 

vendors in capital intensive, labor-saving new production 

equipment to lower production costs. Accordingly, a key question 

is 11 Wi 11 vendors make the necessary investments?.. From the 

analyses above, we conclude that, with or without the initiative, 

vendors are unlikely to make significant investments in new 

equipment until intermediate markets are more evident and the 

technology stabilizes. 

Vendors are faced with two types of risk or uncertainty which 

impede investment. The impediments have been described as market 

uncertainty and technological uncertainty. Dealing first with 

market uncertainty, there is very little hard evidence on the 

sales potential for photovoltaic devices in the array price range 

of $10/Wp to $0.50/Wp. There is relative agreement that only at 

the lower end of this price range will photovoltaics effectively 

compete with the domestic grid-connected market. Market 

uncertainty clouds sales forecasts for markets in which electric 

power has seen only· 1 imi ted use, (e.g., remote foreign vi 11 age 

power, many outdoor 1 i ghti ng and cathodic protection 

applications). Sales forecasting for those applications requires 

predicting the market success of new products embodying new 

technology in newly served markets. 

The existence and extent of such markets are currently 

unsubstantiated, yet their realization and penetration are 

critical to recoup large investments in production equipment. The 

evidence presented above indicates that vendors and potential 

vendors do not perceive suitably sized markets in the $10/Wp to 

$2/Wp range. 
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The procurement initiative per se does little to eliminate 
commercial market uncertainty, although over the course of the 

initiative some market data would be obtained. The initiative 
does provide a temporary government market or government supported 
market, but it is a poor substitute for a 11 real 11 market. In both 
size and permanence, a government-created market is unlikely to be 

sufficient to support large commitments of private capital. As 
long as the market is largely subsidized, there is little private 
incentive to strive for cost reduction. Hence, the initiative is 
unlikely to stimulate large-scale investment since each vendor may 
only receive a small and variable share of the initiative from 
year to year. 

Turning to techno 1 ogi ca 1 uncertainty, we accept the views of a 
number of manufacturers and the JPL SAMICS model that a plant with 
a $2/Wp required selling price can be built, even though some 
technical problems remain to be solved. The primary technological 
uncertainty is the possibility of technological advances in 
photovoltaics rendering obsolete investments made in. the next 
several years. DOE is actively pursuing R&D and technological 
advances in photovoltaics, as are a number of independent 
companies. The supply workshop partiCipants expressed the belief 
that a price breakthrough from R&D will occur, the only question 
was when. It is not necessary to assert that a technological 
breakthrough will in fact occur to impede capital investment. The 
reasonable possibility of a breakthrough and concerted efforts to 
a chi eve it wi 11 be sufficient to retard investment until the 
breakthrough either occurred or appears unlikely to occur. 

Quite apart from a dramatic price reduction breakthrough in 

photovoltaic technology, the specter of DOE achieving its goal of 
$0. 50/Wp by 1986 may be a deterrent to investment in $2/Wp 

production facilities in the next few years. The window to 
achieve profitability on. a 1982 variety $2/Wp plant will be 
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relatively small if a 1986 variety $0.50/Wp plant becomes a 
reality. 

There is no question that technological advance has been rapid in 

photovoltaics and that the rapid pace of technical advance is 

expected to continue. As noted by the JPL study quoted above, the 

natural response and apparently the historical response to rapid 

technological change in an industry is a tendency to minimize 

capital equipment investments and maintain flexible and relatively 

labor-intensive production processes until the technology 

stabilizes. This private reaction is socially optimal in that it 

minimizes the prospect of wasting capital equipment (by making it 

obsolete) or resources that society can use elsewhere. Again, the 
procurement initiative does little to minimize the technological 
uncertainty faced by firms and hence, the risks attached to 

capital investments. In fact, DOE actively increases those risks 
through its photovoltaic R&D program. 

Hence, we conclude that because of technological uncertainty as 

well as market uncertainty, the initiative would be unlikely to 

stimulate sufficient investment in new capital equipment to 

achieve the cost reductions necessary to make the market pull 

strategy work. 39 

This conclusion is reaffirmed by the results of the supply 

workshop. The participants in the workshop believed that the 
i ni ti ati ve would have very 1 i ttle effect on accelerating the 

achievement of either a $2/Wp photovoltaic module price or a 
$0.50/Wp price. The initiative would accelerate the achievement 

of these goals by approximately one year according to the workshop 

391n addition, as noted above, the average firm had very little 
to lose by 11 Sitting-out 11 the initiative and waiting to see if 
adequate markets develop and the technology advances. 
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participants. The workshop participants indicated that the 
initiative was unlikely to accelerate the achievement of a 
sustained lOONWp/year commercial market at $2/Wp to $3/Wp. Thus, 
although there was some inconsistency in the supply workshop 
results, our interpretation is that the supply workshop 
participants indicated the i ni ti ati ve would have very 1 imi ted 
effect over what is likely to occur in the absence of the 
initiative. We cannot explain why the supply workshop 

·participants believed the initiative would accelerate capital 
investment by the photovol ta i c industry when they believed price 
and cornmerci al sales would be 1 argely unaffected. In any event, 
industry investment is a means to an end and not an end in itself. 
The workshop results suggest that even if investment is encouraged 
by the initiative, there will be limited output effects of a price 
and quantity nature. This differs from our assessment that 
investment wi 11 not be encouraged but confirms our conclusions 
about the relative insensitivity of price a~d quantity changes as 
a result of the initiative. 

The Gnostics report also tends to confirm the conclusion that the 
initiative will have little effect in stimulating investment. 
Because of a rapidly changing techno·! ogy through the mi d-1980s, 

manufacturers will be reluctant to make significant investments in 
current production technology. Hence, increases in demand will, 
in general, be met by marginal additions to existing plant and 
equipment and capacity wi 11 not grow as fast as demand. Hence, a 
selle~s market will exist. The initiative wil I not entourage much 
additional investment in production equipment but will aggravate 
the problem of excess demand. Prices will not fall suh~t~nti~lly 

(because of the seller's market) and investment by manufacturers 
will not increase significantly as a result of the initiative. 
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In summary, three different analyses by three different groups 

have reached the same general conclusion. The initiative is 

unlikely to stimulate significant investment in additional 

production equipment and wi 11 hav~ 1 i ttl e effect in terms of 

accelerating the achievement of either DOE's price or quantity 

goals. For this reason, and because a modeling effort (reported 

in the next two chapters) demonstrates that the costs of the 

initiative will exceed the benefits even if industry does make the 

required investments, we have not explicitly modeled vendor 

response. 
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IV. INTEGRATING STRUCTURE 

A. INTRODUCTION 

This chapter describes how the data and information that have been 
collected on supply and demand factors are synthesized to arrive 
at an assessment of the likely effects of the photovoltaic 
procurement i n1 ti ati ve. Both the framework for combining the 
supply and demand information and a model for making the framework 

operational are described below. 

The integrating model is an explicit representation of the 
interactions between photovol tai c markets and supply under 
alternative sets of assumptions. It provides a consistent way of 
assembling and integrating the various assumptions, data, and 
information that have been obtained on photovoltaic systems supply 
and demand factors. Secondly, it provides a mechanism for 
understanding the implications of all the interacting assumptions. 
By representing the assumptions in a common, explicit framework, 
much more complex interactions can be considered than are possible 
i ntui ti vely. The integrating model therefore pro vi des a way of 
examining the relative importance of different assumptions, 
parameters, and inputs through sensitivity analysis. 

Development of the model was an evolutionary process. Initially, 

a 11 interactions were not represented at the 1 evel of detai 1 that 
was ultimately desirable. However, they were represented in such 
a way that sensitivity analyses could be performed to determine 

the most critical parameters. If changing certain variables 

through their maximum credible range did not have a significant 
impact on the net benefits of an initiative, then these variables 
did not have to be considered in great deta i1. However, if 

changing variables through their maximum range did result in 
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different i ni ti ati ve recommendations, then more analysis was done 

in those areas to reduce or deal with the uncertainty surrounding 
the values the variables could assume. These sensitivity results, 
along with inputs from DOE, provided an explicit means of 

efficiently directing the analysis. Important sensitivity 
analyses and the treatment of uncertainty in certain critical 
variables are described in the next chapter. 

B. THE FRAMEWORK AND INTEGRATING MODEL 

Figure 8 sketches the structure developed for integrating 
information on the supply-demand interactions in photovoltaic 

markets. As Figure 8 illustrates, it is necessary to combine 
information on current photovoltaic array prices, balance-of­
system prices, and the pr'ice of system installation to obtain an 
estimate of the market price of a photovoltaic system. This 
combining of components into a system must be done for particular 
market applications and must incorporate expected changes in costs 
and prices through time stemming from a variety of factors 
generally labeled experience. Then, estimates must be made of the 
size of potential photovoltaic markets and of the price of 
alternative energy products or technologies that will compete with 
photovol tai cs in those markets. Again, estimates are needed 
through time and must reflect factors such as changing prices of 
competing technologies, the price sensitivity of particular 
markets and consumer responses in each market. 

The estimates of the price of photovol taic systems for a given 
market application then interact with the estimates of rnarket 

size, market response, and the price of competing products to 
yield estimates of the array sales and price in each year. Given 
the!;e e!;timatc!; of quantity 501 d and pri cc plus the price of 

competing· technologies, the gross economic and environmental 
benefits of the procurement initiative can be calculated for each 
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market. Appropriate deduction of the costs of the procurement 

initiative from the gross economic benefits and application of 
present value discounting then yields the net benefits of the 
initiative. 

The interactions outlined in Figure 8 have been incorporated in a 

computer model that uses available data and expert judgments on 
supply and demand input variables to make the price and quantity 
projections through time. 

Before beginning the detailed discussion of the model, it is 
useful to briefly outline how it will be used in Chapter V. 

Consider the simplified decision tree shown in Figure 9. It shows 
some potentially important uncertain events and choice variables. 
The government can choose to invest funds in research and 
development or to divert funds into a commercial procurement 

Program 
Orientation 
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Emphasis 

Intermediate 
Market Size 

h 
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Low 

Figure 9. A Simplified Decision Tree 
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i ni ti ati ve. The intermediate markets such as water pumping and 

outdoor lighting may be large, moderate, or small in size. The 
R&D program could 1 ead to a price reduction breakthrough that 
would enter the market in 1990. For each decision, there are six 
scenarios defined by the tree. These are shown in Table 32. To 
evaluate the two decision alternatives it is necessary to 
determine the effects and net benefits of each of 12 cases. In 
the absence of a model, it would be impossible to examine the 
likely effect of changes in more than a few variables. 

TABLE 32 

SAMPLE DECISION TREE SCENARIOS 

Decision Market Size R&D Result 

R&D Emphasis Large Breakthrough 
Large No Breakthrough 
Moderate Breakthrough 
Moderate No Breakthrough 
Small Breakthrough 
Small No Breakthrough 

Procurement Emphasis Large Breakthrough 
Large No Breakthrough 
Moderate Breakthrough 
Moderate No Breakthrough 

Small Breakthrough 
Small No Rreakthrough 

The sections below highlight the kP.y features of the computerized 
integrating framework. Precise definitions of equations and 
para.meter values are provided in Appendix A. of this report. The 
description is simplified to give the reader an intuitive feel for 
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the model. Chapter V will describe the actual use of the model in 
the analysis. 

C. INTEGRATING MODEL TREATMENT OF PRICE REDUCTION 

Future prices 
components and 

mark-ups} are 

for the photovoltaics array, 
the system integration (i.e., 
estimated separately in the 

balance-of-system 
i n s ta 11 at i on and 

model. The 
representation used in the three submodel s for estimating these 

prices has the form of the curve shown in Figure 10. It 
represents the relationship between cumulative production and all 
production costs. As cumulative production increases, price 
decreases toward a minimum price. The minimum price represents 
the asymptotic limit in price reduction that can be achieved for a 
particular technology. For example, it might represent the limit 

achieved in the production of a particular type of array or in the 
production of a particular combination of balance-of-system 
components for a specific market application. The rate of 
decrease toward the minimum price is determined by the experience 
factor. The experience factor represents the fractional decrease 
in price from any initial price to the minimum price when the 
cumulative production doubles. Thus, if price were currently 
$15/unit and the minimum price $1/unit, a 0.8 experience factor 
waul d imply that the price waul d drop to $12.201 when cumulative 
production doubles. Naturally, a larger experience factor implies 

a smaller decrease in price. Different experience factors, 
initial prices, and minimum prices are used for the array, 
balance-of-system, and systems integration prices. For different 
types of photovoltaic systems, the parameters describing balance­
of-system and systems integration prices are also different. 

l$12.20 = 0.80 X (15.00 - 1.00} + 1.00 
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FigurelO. Simplified Price Production Relationship Used as 
Basis for Integrating Model 
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Curves such as the one shown in Figure 10 are sometimes called 

experience curves, although experience curves usually do not have 

a minimum price. However, to usefully represent the effects of 

experience on photovoltaic system component prices, a minimum 

price is necessary. Although opinions may differ on the 1 evel of 

the minimum price, most observers would agree that there is a 

minimum array price achievable using a particular technology, for 

example, single-crystal silicon. Without explicitly representing 

the minimum price, one is forced either to vastly overestimate the 

long-term price reducti6n that can be achiev~d or to underestimate 

the short-term price reduction that can be obtai ned. That is, 

learning based on early investment in new equipment may be 

relatively large. But given the same technology and production 

process, that high rate of 1 earning in future years wi 11 

overestimate long-term cost reduction possibilities. 

Fundamenta 1 shifts in the underlying production techno 1 ogy, for 

example, from single-crystal silicon to thin films, is represented 

by compoundi nq two or more experience curves as is shown in 

Figure 11. 

D. PHOTOVOLTAIC ARRAY PRICE SUBMODEL 

Photovoltaic array prices (FOB factory--1975 $/Wp) are assumed to 

be sensitive to both the absolute 1 evel of array product.i on and 

the rate of growth of production. Prices tend to decrease as 

cumulative production increases following an experience curve 

similar to the ones described above. However, if demand rises 

shurply und 1 ndustry has to increase production rapidly to meet 

demand, there is little, if any, immediate price reduction. This 

is caused by the inefficiency of running second and third shifts 

and the other extraordinary steps taken to meet demand. These two 

effects (i.e., volume based cost reduction and supply shortages) 

interact in determining array prices. 
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Figure 11. Price Reduction Formulation Used in the Integrating Model 
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In the model, it is assumed that the supply of arrays will always 
expand to meet demand at any given market price. However, sharp 
increases in production to meet demand or overcome supply 
shortages will result in less price reduction than more moderate 
expansions in output (i.e., a "sellers' market" will occur). 

The impact of disruptions in production can be represented 
intuitively in terms of the experience disruption factor sketched 
in Figure 12. The factor represents the fraction of units on 

which production experience is gained. When array industry growth 
is small, then experience is gained on 100% of the units produced. 
When growth i3 large, the production volumes do not translate into 
immediate experience. This expenence is "stored," and gained at 
some time in the future when growth is reduced to a more 

manageable level. 

Proportion 
of Units 
on which 
Experience 
or Learning 
Occurs 

Experience Disruption 
Factor 

I 1.0 ------~--
1; 
I 

: I 
0.5 --. ---1----------

1 I 
I I 
I I 
I I 

2 
Cumulative Production 
Current Time Period 
Cumulative Production 
Previous Time Period 

Figure 12. Operational Form of Experience Disruption Submodel 
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E. BALANCE-OF-SYSTEM PRICE SUBMODEL 

In the balance-of-system submodel, the system components in each 
market, excluding the array, are aggregated. The price of the 
aggregate balance of system is then represented as a function of 
cumulative system production. 

The relationship between price and cumulative experience is 
identical to that described in the photovoltaic array price 
submodel discussion. That is, experience is measured in terms of 
the cumulative number o,f units produced. Building a unit in a 
particular market yields a unit of experience. However, building 
a unit in one market may also yield somefractional unitof 
experience in the next market. The size of this fraction 
(termed cross-market learning) varies according to the similarity 
of the balance-of-system in the two markets. For example, 
building a 175 W outdoor lighting system might yield 0.8 units of 
balance-of-system experience in the market for 250 W outdoor 
lights. Building the outdoor light might only yield 0.1 unit of 
experience in the cathodic protection market. The output of this 
model is the FOB price of the ~al ance-of-system for. each market 
for each time period based on cumulative experience. 

The balance-of-system experience curve is an aggregate curve 
representing all balance-of-system components. The parameters of 
this aggregated curve are assessed based on estimates of the 
experience parameters for each of the major balance-of-system 
components. For example, the initial balance-of-system price is 
based on estimates of the prices of the major components. 
Similarly, the minimum balance-of-system price is based on 
estimates of the minimum price for each component. The experience 
factor is an estimate of how rapidly the minimum price could be 
achieved. 
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F. SYSTEM INTEGRATION PRICE SUBMODEL 

The balance-of-system components must be combined with arrays and 

installed on-site to become a working unit. The system 
integration price submodel reflects the cost associ a ted with this 
process. There are two components in the cost of integrating: 
the cost of doing the integration and the mark-up on the arrays 
and balance-of-system purchased by the system integrator. 

The cost of performing the integration is subject to experience­
induced price· reduction. The price reduction is represented in a 
way identical to that used with the balance-of-system. In 
several, the rate of experience-induced price reduction is less 
for system integration than for the balance-of-system. The 
experience for a given market consists of experience at building 
the giverr units plus a cross market experience factor. 

The mark-up is a percentage that the system integrator applies to 

the FQB array and balance-of-system prices. The total price of 
the photovol tai c system to the customer is the sum of the FOB 

price of the arra.vs and bal ancel;of-system, the mark-up on these 
components; and the cost of system integration. 

G. MARKET SUBMODEL 

As discussed in Chapter II, photovoltaic system markets are 
represented by specific end uses such as cathodic protection or 
water pumping. Market size represents potential end use purchases 
and is determined by the amount of replacement purchases plus new 
units. Each market grows at its own rate. For example, the 

communications market grow~ more rapidly than does the market for 
cathodic protection of shallow wells. Each market is also 

characterized by the sensitivity of buyers to changes in price and 
the speed at which the purchasers will use a new technology. The 
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impact of the price sensitivity of market demand and the delay in 

acceptance of new technology are described in a later subsection. 
tf. 

H. COMPETING TECHNOLOGY SUBMODEL 

The breakeven price that a photovoltaic system must meet to 

compete with conventional technologies in each market is 

determined on the basis of the capital and operating costs of the 

competing technologies and conventional decisionmaking criteria in 

each market. The decisionmaking criteria may range from a simple 

payback •criterion to a detailed discounted life-cycle costing 

method. The key point is that the method selected should reflect 

the criteria used by actual decisionmakers in the specific market. 

An independent model has been developed to calculate breakeven 

prices. This model is used to generate and to verify inputs to 

the competing technology model. Thus, the competing technology 

submodel either uses estimates of breakeven prices obtained by 

adapting the estimates provided by BDM and SAl for each market or 

estimates generated by the independent breakeven model price. 

These breakeven prices interact with photovoltaic prices to 

determine the amount of. market penetration and sa 1 es of 

photovoltaic systems. 

To reflect escalation in the underlying inputs to the competing 

technology such as labor, materials, and fuel, the competing 

technology's price is assumed to escalate over time. 

I. THE SUPPLY/DEMAND INTERACTION SUBMODEL 

This submodel represents the government subsidized sales, the 

competition between photovoltaics and conventional systems in the 

markets, and the delays in market acceptance .,of photovoltaic 

systems. 
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The key decision in a government procurement initiative is the 

number of dollars to all ocate to procurements in each subsidized 

market as a function of time. A variety of subsidy options could 

be considered. The one currently used assumes that the government 

subsidizes the difference between the photovo 1 ta i c sys tern price 

and the price of the competing technology or competing source of 

power. The budget for each market for each year is divided by the 

subsidy per system to obtain the number of photovoltaic systems in 

each market that the government initiative subsidizes. The 

remainder of the market is subject to competition between 

unsubsidized photovoltaics and the competing technology. The 

relative prices of the photovoltaics and the competing system 

determine the percentage of the remaining market captured by each 

source. This percentage is called the market share. This market 

share is related to the price ratio as shown in Figure 13. At the 

two extremes, when one price is much smaller than the other, then 

the lower cost source sells the vast majority of the units in the 

marketplace. When the two prices are equal, they sell an equal 

share. 

The shape of the market share curve can be varied by changing the 

price sensitivity parameter as shown in Figure 14. In less price 

sensitive markets, a relatively large number of photovoltaic 

systems might be sold even if the photovoltaic price was somewhat 

greater than the price of the competinq technology. A market 

would be price sensitive if the buyers are sop hi sti cated 

purchasers of a relatively homogeneous products such as radio 

repeaters. A residential market might be less price sensitive 

because photovoltaic devices may have appeal to the purchaser for 

reasons quite apart from price considerations. 

The market share model represents the quantity of photovol tai c 

systems that will ultimately be purchased in each market based on 

the relative economics of the photovoltaic systems versus 
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Figure 14. Integrating Model Market Share Curve 
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conventional systems. However, the actual quantities purchased do 
not respond immediately to the indicated quantity. There is a lag 
as consumers adjust to the avai 1 ability of the new technology and 
accept it in their applications. Thus, the quantity demanded 
(sold) responds as shown in Figure 15. The quantity actually 

purchased approaches the quantity indicated by the market share. 

The speed of the adoption of photovoltaic systems can be varied. 
Figure 16 shows several lag curves. With an increasing lag, it 
takes 1 onger for the indicated quantity to be reached. The 
communications industry might have minimal 1 ag when considering 
the purchase of photovoltaic-powered radio repeaters. On the 
other hand, there might be more lag in cathodic protection 
markets, where there is a stronger tradition in conventional 
methods. 

To summarize the supply/demand interaction model, three phenomena 
are represented: 

• government subsidized purchases; 

• the market shar~ of solar systems in each market based 
on the relative economics of photovol tai c systems and 

competing technologies; and 

• the lag in the actual quantities purchased in the 
nongovernment procurement market. 

lhese phenomena are modeled for each market 1n each time period. 
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J. BENEFITS SUBMODEL 

The prices and quantities of photovoltaic systems sold in each 
time period represent the effect on each market of various 
assumptions about the government initiative. The model estimates 
these prices and quantities by market. In addition, these 
outcomes are evaluated in the benefit model to calculate the net 
economic effect and the environmental benefit of alternative. 
decisions. 

The economic benefits lll·e measured by the d1a11ye in U.S. 
consumers • surplus. 
accepted guideline 

The change in consumers• surplus is a. well­
for evaluating the economic impact of. a· 

government program. Use of the concept in the current analysis is 
outlined in Figure 17 which is a sketch of the demand curve 
typical of each photovoltaic market. The effect of a procurement 
program is to reduce the price and increase the quantity of the 
photovol tai c systems. Notice that the sketch used in Figure 17 
represents the difference between what consumers were wi 11 i ng to 
pay for the photovoltaic systems before the initiative minus what 
they had to pay after the initiative. This difference is the 
economic benefit of the initiativ~. 

In the integrating model, the change in consumer surplus is 
calculated using the prices and quantities of photovoltaic devices 
sold in each market with and without the government program. Each 
market is assigned a benefit weighting factor. These factors have 
been set in the analysis to be either zero or one. They represent 
the percentage of the consumer surplus for that market included in 
the total gross economic benefits._ For example, all domestic 
markets are weighted equally, and each has a weight of one. 
Foreign markct5 might not be given any weight in the nat·ional 
benefit analysis and hence would be weighted zero. Of course, 
even if the benefit weighting factor is zero, the market must 
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Figure 17. Change in Consumer Surplus in a Typical Photovoltaic Market 

still be considered explicitly because of its interactive effects 

with other markets in terms of adding to cumulative production 

volume. However, if the foreign aid benefits of entry into non­

U.S. markets are evaluated positively, the weight for foreign 

markets would not be zero. Similarly, if judgments are made that 

it is more important to emphasize certain markets--domestic or 

forei gn--rel ati vely more than others, they could be given higher 

we·i ghts. 

heavily. 

Thus, ener'gy saving markets might be weighted more 
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The benefits submodel also includes a cal cul ati on of the 

en vi ronmenta 1 benefits attri butab 1 e to government programs. 

Photovoltaic power systems, in general, provide environmental 

benefits when they replace conventional energy sources that have 

higher environmental emissions. A government procurement program 

causes increased environmental benefits to the extent that it 

accelerates the use of photovoltaics in place of conventional 

systems. 

The environmental benefits are calculated in each year and then 

discounted and summed to give a discounted present value of 

benefits. Total environmental benefits are then found by adding 

the contributions from all markets. 

Each of the -variables in the environmental benefit calculation is 

a function of the market application. In finding the change in 

photovoltaic power that replaces conventional power, one must have 

both the total power installed with and without the government 

program and the average lifetime of the particular photovoltaic 

systems. The environmental benefit per kilowatt hour of solar 

power also depends on the market. For example, a first order 

estimate of the environmental benefits of replacing a kilowatt 

hour of central plant electricity generation might be taken as 

$0.001 to $0.005/kWh.2 The latter value has been used in the 

analys1 s. 

Before net benef1ts of the 1n1t1at1ve can be calculated, the 

program costs must be considered. There are two sources of cost 

for the program. Admi ni strati ve costs are the morii es spent to 

2see, for example, Banager et al., The Economic and Social Costs 
of Coal and Nuclear Electric Generillon, prepared for the -­
National:Sc:ience Foundation, GPO stock number 038-000-00293-7, 
March 1976. 
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manage the procurement and do not result in the purchase of any 

photovol tai c devices. The second source of costs is the budget 

used for actual procurement. 

The costs and benefits of the market pull initiative occur at 

various points in time. They are converted into a single value 

measure by discounting constant dollar amounts at 5%. 

The net economic benefits of a government procurement initiative 

are the discounted economic market benefits minus the discounted 

administrative and budget costs. 

K. SUMMARY 

The integrating model provides a consistent and explicit way of 

comparing data and assumptions about supply factors with data and 

assumptions about demand factors to produce i~formation about the 

1 ikely effects of the procurement initiative in terms of array 

sales and array prices by year, by market, and net benefits. 
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V. ANALYSES OF THE FEDERAL DECISION 

A. INTRODUCTION 

This chapter prese_nts the results of the integrating model. Its 

purpose is to first examine the relative changes in array prices 

and sales under a variety of scenarios and then to investigate how 

the federal initiative could alter those scenarios. The variety 

of scenarios presented represents the uncertainty in current 

knowledge. The analysis of the initiative under each scenario 

allows a range of possible net benefits to be derived. The 

chapter also includes a brief examination of research and 

deve 1 opment expenditures and a 1 tern at i ve procurement s tr ategi es, 

such as government-supported production facilities or a single 

purchase of arrays at a fixed price by the federal government. 

The chapter is organized into five sections. Following the 

introduction, Section B outlines the baseline assumptions used in 

the analys·is. The next section presents the major results of the 

integrating model. These results are ordered by their relative 

impact on the net benefits of the initiative. The examination and 

comparison of the detai 1 ed results in this section are necessary 

steps to understanding the conclusions that have been drawn. 

Section D analyzes the role of uncertainty in the results. The 

section includes a probability tree representing expected results 

of the initiative and their probability. Section E is an 

examination of· the sensitivity of the results to various 

assumptions and data used in the analysis. 
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B. ASSUMPTIONS OF THE ANALYSIS 

The assumptions of the analysis fall into three groups. The first 
group characterizes the response of the photovoltaic industry to 
market conditions and government actions. The second group 
characterizes current and potential photovoltai c markets. The 
third set stipulates the government actions in terms of the dollar 
outlays in each market. 

As emphasized in Chapter IV, the integrating model represents the 
interactions in the photovoltaic industry. Investment decisions, 
cos~ trends, and pricing strategies concerning photovoltaic arrays 
are represented in the model by a cost reduction equation that 
relates the annual array price to the cumulative volume of array 
production. This representation allows the array manufacturing 
industry response to be characterized by five variables (see 
Table 33). In addition, assumptions are needed on the extent to 
which cost reduction from production experience is postponed under 
conditions of rapid industry expansion; i.e., a "seller's market." 
Cost reduction in a given year is assumed to drop 50% when 
industry production in a given year is equal to half of cumulative 

industry production in past years, and cost reduction is virtually 
eliminated when industry production in a given year is greater 
than cumulative past industry production. When the industry 
"stabilizes" and production in a given year is 25% of cumulative 
past production (or less), then full cost reduction based on 
cumulative past production experience is realized. Learning from 
production during periods of rapid expansion is not lost, but 
rather delayed. 
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TABLE 33 
INTEGRATING MODEL INPUT ASSUMPTIONS 

Part I - Photovoltaic Array Supply Conditions 

Array Price in 1977 ($1975/Wp FOB factory) 
Cumulative Production to 1977 (MW) 
Experience Factor (Ratio of New Price Less 

Asymptotic Price to Initial Price Less 
Asymptotic Price as Cumulative Production 
is Doubled) 

Asymptotic Price of Array ($1975/Wp) 

15.00 
1.00 
0.75 

0.50 
"c"' 

The other components of the industry response are the price of the 
nonarray system components, the installation costs, and the 
profits taken throughout the supply-distribution chain. As 
discussed in Chapter III, the price of the nonarray system 
components varies with the design of the system and, therefore, on 
the market application. Price trends in those components are also 
not uniform across applications. The price of the ~onarray system 
components over time is calculated in the integrating model using 
the variables shown in Table 34. 

The positive effects of experience in building and installing 
systems for one market on the cost of building and installing 
systems in anothet· market are also included. The assumed values 
of these 11 Cross-experience11 effects are contained in Appendix B of 
Volume II. 

The second group of assumptions for the analysis describe the 
markets. Chapter II contains a detailed review of the available 
information on current, intermediate, and long-term markets. For 
the integrating model, markets are ·defined by (1) the potential 
size of ~he market in 1978, (2) the growth rate in that potential 
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TABLE 34 

INTEGRATING MODEL INPUT ASSUMPTIONS 

Part II - Balance of System Prices and Trends 

8alance-of-System Parameters Slstem Integration Parameters 
Ex''lerience Experience 

Typical Reference Factor Reference Factor 
System Prke (Decimal Asymptote Price (Decimal Asymptote Markup a 

Market Size (W~) ($/Sxstem) F·-ac t ion) ($/S~stem) ($/S~stem) Fraction) ($/S~stem) __(_!.1_ 
I. u.s. Commurications 200 1,300 .ao 750 320 1.00 320 20% 

2. u.s. Shallcw Well 
·Cathodic 180 1,260 .90 300 320 1.00 320 30% 

3. u.s. Deep \,ell 
Catliorlic 600 3,950 .90 2,275 320 1.00 320 30% 

4. u.s. Out doer 
Lighting 300 1,650 .85 1,050 160 1.00 160 20% 

5. u.s. Goverrnent: 
DOIJ 3,4(.0. 10,125· .95 6,750 0 1.00 0 10% 

c:..n 6. U.S. Goverrmen U : 
\.() Non-DOD 1,6CO 6,500 .90 3,250 2,000 .90 1,000 20% 

7 0 u.s. Conswrer 40 50 1.00 50 10 1.00 10 50% 
8. Foreign 

Conunun ica t ions 200 1,300 .80 960 900 1.00 900 40% 
9. Foreign Purr,11ing: 

Low-Lift 250 3D5 .80 250 150 1.00 150 40% 
lD. Foreign Pullil·oi n~·: 

Medium-1. ift 1,000 2,200 .90 800 2,000 .90 1,200 40% 
11. Foreign De~p W~ll 

Cathodic 1,000 4,550 .90 2,000 2,230 .90 1,200 40% 
12 0 Foreign Remote 

Power 1,000 ° 4,500 .90 2,000 1,500 .90 660 40% 
13 0 u.s. Grid: Sur belt 3,400 2,)00 .90 935 1,065 1.00 1' 065 20% 
14. u.s. Grid: Nor-

Sunb-=lt: 3,400 2,)00 .90 53S 1,065 LOO 1,065 20% 
---------
aT~e percentage ~arKup is applied to the sum of o.:he bal3nce-of-system cost and the cost of the array. 



market size, (3) the system price which photovoltaics must attain 

to be equal to the price of the competing technology or power 

source in 1978 (termed the breakeven price), (4) the rate of price 

escalation in competing power sources, (5) a factor reflecting the 

price sensitivity of the market, (6) a factor representing noncost 

factors that affect the adoption of new products, and (7) the 

first year that photovoltaic systems will be available to that 

market. The most important parameters of those 1 i sted are the 

market size and the breakeven price. Table 35 is repeated from 

Chapter I I. It summarizes these parameters for the 14 markets 

used in the analysis. The four alternative scenarios of size and 

price show the uncertainty of current knowledge about photovoltaic 

markets. Each set of market descriptions is used in the analysis 

that fallows. Therefore, one set has not been chosen as a base 

case in advance of the sensitivity analyses. 

The last set of assumptions for the analysis concerns the timing 

and distribution ~f the federal purchases. Chapter I r~viewed the 

plan ned yearly outlay pattern of the $380 mi 11 ion market-pull 

initiative. Chapter I also stated that current plans call for the 

expenditures to focus on grid-connected markets in the late cycles 

(FY85 to FY86). However, the federal outlays in each year must be 

specified for each market in order to calculate the net benefits 

of the i niti at i ve. Without direct program guidance, the details 

of the outlay pattern were specified by the project team. The 

decisions shown in Table 36 were based on observations of market 

developments without the initiative. An attempt was made to 

allocate the initiative funds over the market to have the maximum 

impact on net benefits. As shown in the table, the outlnys in 

FY79 through FY82 are broadly dispersed over the current and 

intet'nH:!u·iate U.S. markets. From FY82 to FY85, the outlays go 

predominantly to U.S. government-supported intermediate markets, 

~righway lighting, and DOD applications. Because the initiative 

was proposed by DOE and plans were made to carry it out under DOE 
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TABLE 35. INTEGRATING MODEL INPUT ASSUMPTIONS 
PART III: MARKET POTENTIALS (1977) AND BREAKEVEN PRICES 

FOR FOUR MARKET SCENARIOS 

Small t·loderate Large 
f·larket Market Market 

Scenario .Scenario Scenario 
-----·-
c: c: c: 
n> ~ 'lJ 
> ;:> 
Cl> Cl> Cl> 
.:.!.~ .:.!.~ .:.!. 
n:JO.. Cl> n:JO.. Cl> "'~ Cl> 
<1>3: N <1>3: N CliO.. N 
'-'- ·~ '-'- '-3 ·~ 

a:>- Vl a:>- Vl a:>- Vl 
~ ~ ~ ~ ~ 

E .... E .... E .... 
CI>CI> Cl> Cl> Cl> Cl> s... OJCI> CI>S... 
.... u ~~ .... u ~ >, . .... u .:.!.>, 
Ill'~ S...3 "'·~ s... '- Ill·~ s... '-
>,S... n:J::E >,S... n:J3 >,s... n:J3 

MARkETS V') Cl.. z: ~ Vl c.. ::E::E Vl c.. ::;:::;;: 

u.s. Communications 20 2.5 20 2.6 20 2.6 
u.s. Shall ow Well 35 .5 35 . 7 35 . 7 Cathodic 
u.s. Deep We 11 ll . 18 17 1 17 1.5 Cathodic 
u.s. Outdoor 1.5 10 2.84 25 2.84 200 Lighting 
u.s. Government: DOD 0 0 4.3 4 4.3 8.5 
u.s. Government: 6 .6 7 2 7 2 Non-000 
u.s. Con~umQr 4 1 I) l.H 6 l.R 
roreign 10 1.7 20 2.5 20 4.5 Communications 
Foreign Pumping: 3.5 10 3.5 20 3.5 37.5 Low-Lift . 
Foreign Pumping: 4 5 8 7.5 8 75 Medium-Lift 

Foreign Deep Hell 15 .1 50 .75 50 .75 Cathodic 
ForPign RP.mnt.P 4 1 10 I 4 10 7.5 Power 
u.s. Grid: Sunbe1t 1.05 390 1.05 390 1.05 390 
u.s. Grid: Non- .n.3 (145 .6~ 2145 .63 2145 Sun belt 

I i i : 
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TABLE 36 

INTEGRATING MODEL INPUT ASSUMPTIONS 

Part IV - Federal Initiative Budget Data 

(Government Outlays in Millions of Nomina 1 Dollars) 

Fiscal Year 
Market 79 80 81 82 83 84 85 86 

1. u.s. Communication 5 5 

2. U.S. Cathodic Protection-
Shallow W~lls 0 0 

3. U.S. Cathodic Protection-
Deep Wells .s 5 

4. U.S. -Outdoor Lighting 10 30 40 40 30 25 10 

5. u.s. Government: DOD 10 10 10 5 

6. u.s. Government: Non-DOD 5 10 10 5 

7. u.s. Consumer Market 5 10 10 5 

8-12. Foreign Markets 

13. u.s. Grid Sunbelt 5 10 10 15 

14. u.s. Grid Non-·sunbelt 5 10 10 15 

TOTAL BUDGET 20 40 50 60 60 60 50 40 
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auspices, 

markets. 

no federal initiative funds are spent in foreign 

Grid applications are subsidized in FY83 through FY86. 

In addition to the initiative outlays, a total of $12 million in 

admi ni strati ve ·costs is added to the program. These costs are 

distributed over the eight-year initiative in proportion to the 

yearly direct federal outlay. A 5% real discount rate is used to 

calculate all benefits and costs of the program.1 

Finally, the impact of the Federal Photovoltaic Utilization 

Program (FPUP) is incoqJ(H'dLed 1nto the integrating model by 

adding an appropriate number of array sales to the total annual 

array production in 1979 to 1981. These additional sales are 

considered as part of the base case strategy and not part of the 

incremental benefits of the initiative. Appendix 8 in Volume II 

contains details of all the input assumptions of the integrating 

model. 

C. RESULTS FROM THE INTEGRATING MODEL 

The effects of uncertainty in the near-term and intermediate 

markeb durn1nate the results of the integratin~ model. 

Accordingly, a set of four cases representing different 

assumptions for these markets will be presented instead of a 

single i"!Ou1inal case. 

First, a vari~ty ur 1rnpacts ot the procurement init·iative 

primarily manifested in the near-t~rm and intermediate markets is 

examined. Next. the impar.tr; of the procur·enlt:!IIL ·in1t1at1ve on gr·id 

competitive applications are examined in more detail in 

1Appendix 8 of Volume II ~resents a summary of the analysis 
using a 10% real discount rate. 
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combination with alternate assumptions about array price reduction 
breakthroughs associated with advanced photovoltaic technologies. 
The results of the integrating model are then combined into the 
analysis of the federal decision on the procurement initiative. 

Impacts .:!.!l Near-Term and Intermediate Markets 

Large Near-Term and Intermediate Market Scenario 

The results of the "1 arge market scenario" are summarized in 
Tab 1 e 37. 2 The tab 1 e is an abbreviated farm of the output from 
the computerized integrating model. It shows total array sales in 
peak megawatts and array prices in do 11 ars per peak array watt 
with and without the initiative and sales in peak megawatts by 
market in each of four years. The change in gross consumer 
surplus benefits for each market (expressed in millions of dollars 
discounted to 1977) resulting from the initiative is given in the 
right-hand col_umn. Summary totals of the gross benefits of the 
initiative over the base case for the domestic markets (markets 
1-7, 13, and 14) 3 and foreign markets (8-12) are given, plus 
environmental benefits, 
benefits, which are 

and program costs. The net domestic 
gross domestic consumer benefits· plus 

environmental benefits less program cost, are shown at the bottom 
of the table. 

Table 37 shows total array sales without the initiative to be 

approximately 7 MW in 1982, increasing to 54 MW in 1986, and 
720 MW in 1996. With the initiative, array sales are increased 

2The market input assumptions of the large market scenario are 
shown in column J of Table 35. 

3Throughout this section, the markets will be referred to by the 
number corresponding to the tables as well as by verbal 
descriptors. 
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TABLE 37. RESULTS OF THE INTEGRATING MODEL LARGE INTERMEDIATE MARKETS SCENARIOa 

TOTAL ARRAY PRODUCTION 
AND PRICES 

Array Prices ($1975/Wp) 

Total Array Sales (MW/Yr) 

ANNUAL SALES BY MARKET (MW/YR) 

1. U.S. Corranunir.ilt.inns 

2. U.S. Shallo~1 Well 
Cathodic 

3. U.S. Deep Well 
Cathodic 

4. U.S. Outdoor 
Lighting 

5. U.S. Go'vernment: 
DOD 

6. U.S. Government: 
Non-DOD 

7. U.S. Consumer 

8. Foreign 
Communications 

9. Foreign Pumping: 
Low-Lift 

10. Foreign Pumping: 
~1ed i urn-~ i ft 

11 . ForP-1 on DPPfl t~e 1 1 
Cathodic 

12. Foreign Remote 
Power 

13. U.S. Grid: Sunbelt 

1978 
13.6Gb 

(13.60)c 

1.1 
( 1.1 ) 

.6 
(. 6) 

. 3 
(. 3) 

.03 
( .03) 

0 
(0) 

0 
(0) 

0 
(0) 

.03 
( .03) 

.1 
(. 1 ) 

0 
(0) 

0 
(0} 

0 
(0) 

0 
(0) 

0 
(O) 

1982 

8.10 
(5.50) 

6.6 
(18.8) 

2.3 
(2.2) 

.6 
( .6) 

.4 
( .5) 

.8 
(5.) 

.1 
(2.2) 

.01 
( 1. 3) 

.1 
( 1.1) 

1.2 
(1.5) 

. 1 
(. 3) 

.7 
('3. 4) 

. 2 
( .2) 

.2 
(. 6) 

0 
(0) 

1986 

3.40 
(2.60) 

53.9 
(80.9) 

3.9 
(3.9) 

. 7 
(. 7) 

1.2 
(1. 2) 

6.4 
(10.1) 

1.4 
(1. 7) 

. 5 
( .8) 

.9 
(1 .2) 

4.1 
(4.4) 

2.7 
(5.0) 

28.0 
(ilO.O) 

. 7 
(. 7) 

3.6 
(4.6) 

.02 
(3. 7) 

14. U.S. Grid: Non-Sunbelt 0 0 0 
(O) (0) (3.0) 

SUMMARY OF RESULTS (Expressed il~ Present Values of 1977 5106) 

Gross Domestic Consumer Benefits 

Gross Foreign Consumer Benefits 

Environmental Benefits 

Program Cost 

Net Domestic Benefits 

86.5 

190.9 

7.6 

224.8 

-130.7 

1996 

.40 
( .40) 

721 
(738) 

6.6 
(6.6) 

.8 
( .8) 

1. 7 
(1. 7) 

77.5 
(78. 5)" 

9.4 
(9. 5) 

2.5 
(2.6) 

4.1 
( 4.1) 

9.7 
wn 
SR.O 

(58. 7} 

97.2 
(98.2) 

1.4 
(1.4) 

9.8 
(9.9) 

261.3 
(267.S) 

180.8 
(188.6) 

Discounted Gross 
Benefits (SlOb) 

18.4 

4.7 

5.4 

32.7 

5.1 

2.2 

4.2 

19.4 

18.0 

133.7 

3.3 

16.6 

7.9 

6.0 

a Also assumes a 2% real electricity growth rate and a price reduction breakthrough from R&D 
occuring in 1990. All other assumptions are explained in Section B of this chapter. 

b Indicates Results without the Initiative. 
c Indicates Results with the Initiative. 
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nearly threefold to about 19 MW in 1982, and by 50% to 81 MW in 

1986. Sales in 1996 (following an array price reduction 

breakthrough) are slightly higher than without the initiative, 

738 MW. Array prices in 1982 are $5.50/Wp with the initiative and 

$8.10/Wp without it. In 1986, arrays prices are $2.60/Wp with the 

initi.ative and $3.40/Wp without it. 

Without the initiative, the foreign intermediate-lift pumping 

market (10) accounts for more than half of the 1986 market; other 

foreign markets pro vi de another 11 MW so that the total of the 

five foreign markets is 39 MW or about 75% of total 1986 array 

sales. About half of the domestic sales are highway and street 

lighting (4), and about half of the remaining U.S. market is 

communications (1). Under the initiative, most of the increased 

domestic sales occur in outdoor lighting (4) and the foreign 

pumping markets (9, 10,12). If the grid-connected markets being 

subsidized under the initiative are excluded, foreign sales 

account for about 75% of sales in 1986 under the initiative. 

Benefits from the procurement are concentrated in the near-term 

and intermediate markets. The largest category of domestic· 

consumer benefit ($32.7 million, or about 40%) comes from outdoor 

lighting (4); communications (1) is next with $18.4 million (or 

about 21%); the grid connected markets account for only about 

$13.9 million or 16% of the $86.5 million gross domestic consumer 

benefits. Environmental benefits are small accounting for another 

$8 million; but when the present value of progr~m costs of $244.8 

million is added, the net domestic benefit is -$130.7 million. 

Benefits in foreign markets total $190.9 million, with $133.7 

million of this in the medium lift pumping market (10). 

Under this large market scenario, the weighting of foreign versus 

domestic benefits has a critical impact on the evaluation of the 

federal initiative. If foreign market benefits are given no 
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credit, the net benefit of the initiative is -$130.7 million. If 

foreign benefits are weighted fully, the world benefits of the 

initiative outweigh the U.S. costs by about $30 million. If 

foreign benefits are weighted at 50% of domestic benefits (50 

cents on the dollar), the result is to offset about three-fourths 

of the loss for a net benefit of -$35.3 million. 

Small Near-Term and Intermediate Market Scenario 

The next market scenario considered corresponds to a very limited 

set of domestic and foreign markets for photovoltaics in the array 

price range of $2 to $10/Wp. Outdoor lighting, primarily streets 

and highways, and pumping applications are assumed to be small in 

th·i s case, 

connected 

with break even prices approaching those for grid-

applications. The communications and cathodic 

protection markets are smaller in size and more difficult to 

penetrate than in the previous case because of assumed 1 ower 

breakeven prices. The numerical assumptions of this market case 

are shown in column 1 of Table 35. 

Table 38 summarizes the results of the integrating model using the 

assumptions for the 11 Small market scenario. 11 The annual array 

sales in the absence of the initiative are quite low: 2.8 MW in 

1982 and 5.2 MW in 1986. Even with initiative sales included, 

annual sales are still small: 7.0 MW in 1982 and 12.2 MW in 1986. 

At this level of sales, it may be possible for a few manufacturers 

to instan automated production facilities; in the absence of the 

initiative, the photnvoltaic sales by 1986 would not support an 

invc~tmPnt in even one 10 MW/year plnnt. 

Array and system prices decline slowly under this market scenario, 

but the initiative h~s ~orne impact on achieving price reductions 

(from a commercial market price of $8.00/Wp without the initiative 

in 1982 to $5.70/Wp with the initiative). 
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TABLE 38. RESULTS OF THE INTEGRATING MODEL SMALL INTERMEDIATE MARKETS SCENARIOa 
TOTAL ARRAY PRODUCTION 

AND PRICES 1978 1982 1986 1996 
Array Prices ($1975/Wp) 13.50b 8.00 4.20 .80 

(13.50)c (5.70) (3.20) ( .80) 
Total Array Sales (MW/Yr) .8 2.8 5.2 99.0 

( .8) (7 .0) (12 .2) (109. 9) 

Discounted Gross 
ANNUAL SALES BY MARKET (MW/YR) Benefits ($106) 

1. u.s. Communications .6 2.2 3.7 6.3 24.6 ( .6) (2. 1) (3.8) (6.3) 
2. U.S. Shallow Well .2 .4 . 5 .6 4.6 Cnthndic: ( .2) ( .4) ( .5) ( .6) 

3. U.S. Deep We 11 0 .01 .1 .2 . 5 Cathodic (0) ( .01) (.1) ( .2) 
4. U.S. Outdoor 0 . 01 .04 .5 .4 Lighting (0) (3.1) ( .9) (. 5) 

5. u.s. Government: 0 0 0 0 0 DOD (0) (0) (0) (0) 

6. U.S. Government 0 0 .04 .6 . 5 Non-DOD (0) (. 7) (.1) (. 7) 

7. u.s. Consumer 0 .02 .1 1.5 1.3 (0) (. 7) ( .2) ( 1. 5) 

8. Foreign 0 .02 .2 2.1 7..0 Communications (0) ( .04) (. 3) (2.2) 

9. Foreign Pumping: 0 .02 .4 13.0 6.0 
Low-Lift (0) (.1) (1.0) (13. 3) 

10. Foreign Pumping: 0 0 .02 3.3 1.0 Medium-Lift (0) (0) (.07} (3.4) 

11. Foreign Deep Well 0 .01 .1 . 2 .6 
Cathodic . (0) ( .02) (.1) ( .2) 

12. Foreign Remote 0 0 0 .3 .1 
Power (0) (0) (. 01) (. 3) 

13. u.s. Grid: Sun be 1t 0 0 .01 54.8 10.8 (0) (0) (2.8) (62.4) 

14. u.s. Grid: Non Sun be 1 t 0 0 0 15.7 7.8 (0) (0) (2 .4) (18. 4) 

SUMMARY OF RESULTS (Expressed as Present Values of 1977 5106) 

Gross Domestic Consumer Benefits 50.5 

Gross r-oreign Consumer Benefits 9.7 

Environmental Benefits 5.3 

Program Cost 224.8 

Net Domestic Benefits -169.0 

J Also assumes a 2% real electricity growth rate and a price reduction breakthrough from R&D 
occurring in 1990. All other assumptions are in Section B of this chapter. 

b Indicates Results without the Initiative 
c Indicates Results with the Initiative. 
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The dominant market without the initiative is domestic 

communication (1). However, in the 1990s, following the 

development of new technology and array prices approaching one 

dollar, a low-lift irrigation market in foreign countries (9) and 

grid-connected applications (13,14) develop as well. With the 

initiative, the U.S. outdoor lighting market and U.S. grid­

connected markets are significantly larger in 1986 than without 

the initiative. By 1996, the markets are about the same size with 

or without thP. initiative, except in grid applications (13;14), 

where sales are 78 MW instead of 70 MW. 

In this 11 small market scenario, .. half of the gross domestic 

consumer benefit comes in the communications market (1) and about 

one-third from the residential grid-connected applications 

(13,14). The gross benefits in foreign markets total $9.7 

million. In this case, benefits are far less than program costs, 

regardless of how foreign consumer benefits are weighted. If 

foreign benefits are ignored, the net benefit from the initiative 

is -$169.0 million. If foreign benefits are weighted at 50%, the 

net benefit is increased only slightly, to -$164.2 million. 

Moderate Near-Term and Intermediate Market Scenario 

The 11 moderate market scenari 0 11 contains market size and brea keven 

price estimates between the extremes of the large market scenario 

and the small market scenario. Under this scenario, modest 

potentia 1 intermediate mar~ets of the order of 70 megawatts of 

annual array sales can be developed at array prices above $2/Wp. 

The details of this ma1·ket scenario ar·e shuwn in column 2 of Table 

35. 

Table 39 summarizes the results of this scenario. The initiative 

results in total array sales being increased by 9 MW in 1982 and 

by 12 MW in 1986. The reduction in array price in 1986 is $0.80. 
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TABLE 39. RESULTS OF THE INTEGRATING MODEL MODERATE INTERMEDIATE MARKETS SCENARIOa 
TOTAL ARRAY PRODUCTION 

AND PRICES 1978 1982 1986 1996 
Array Prices ($1975/Wp) 13. 60b 7.90 3.50 .60 

(13.60)c (5.30) (2. 70) ( .60) 
Total Array Sales (~11~/Yr) 1.0 4.6 17.2 293.2 

(1.0) (13.6) (29.3) (309.1) 

ANNUAL SALES BY MARKET (MW/YR) 
Discounted Grgss 
Benefits ( $1 0 ) 

1. u.s. Communications .6 2.4 3.9 6.7 20.5 (. 6) (2. 2) (3. 9) (6 .6) 
2. u.s. Shallow Well .3 .6 . 7 .8 5.1 Cathodic (. 3) ( .6) (. 7} ( .8) 

3. U.S. Deep Well .02 .3 .8 1.2 4.1 Cathodic ( .02) (. 3) ( .8) (1 .2) 
4. U.S. Outdoor 0 .1 .8 8.5 5.0 Lighting (0) (3.9) (2.4) (8.6) 
5. u.s. Government: 0 .03 .7 4.3 2.4 DOD (O) (2.2) (. 5) (4.3) 

6. U.S. Government: 0 .01 . 5 2.5 2.7 Non-DOD (O} (1. 4) ( .8) (2. 5) 

7. U.S. Consumer .03 .1 .8 4.0 4.8 ( .03) (1. 1) (1 .2) (i.O) 

8. Foreign .1 .8 2.3 5.4 
Communications ( .1) (. 9) (2.5) (5.4) 12.5 

9. Foreign Pumping: 0 .1 1.4 29.1 11.2 
Low-Lift (0) ( .2) (2.8) (29.6) 

10. Foreign Pumping: 0 .1 2.8 9.6 16.4 
Medium-Lift (0) (. 4) (4.2) (9.8) 

11. Foreign Deep Well 0 .2 . 7 1.4 3.8 
Cathodic (0) ( .2) (. 7) (1 .4) 

12. Foreign Remote 0 .1 1.9 5.2 10,7 
. Power (0) ( .4} (2. 5) (5.2) 

13. u.s. Grid: Sunbelt 0 0 .02 151.3 9.7 (0) (0) (3. 5) (160.3) 

14. u.s. Gtid: Non-Sunbelt 0 0 0 63.S 7.1 
(O) (O) (2. 9) (69.4) 

SUMMARY OF RESULTS (Expressed as Present Values of 1977 $106) 

Gross Domestic Consumer Benefits 61.4 
Gross Foreign Consumer Benefits 54.7 

Environmental Benefits 6.4 

Program Cost 224.8 
Net Domestic Benefits - 156.9 

a Also assumes a 2% real electricity gro~1th rate and a price reduction breakthrough from 
R&D in 1990. Other assumptions in Section B of this chapter. 

b Indicates Results without the Initiative. 
c Indicates Results with the Initiative. 
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The initiative has very little effect on market size in 1996. 

However, grid-connected applications are expanded slightly. The 
total gross domestic benefit derived from the initiative is $61.4 

million. In the small markets scenario, that gross benefit was 
$50.5 million. In the large markets case, the total gross 
benefits of the initiative were $86.5 million. Foreign market 
benefits total $54.7 million, with about half of this total coming 
from the pumping markets (9,10). The net domestic benefit under 
this scenario is -$156.9 million. If foreign benefits are 
included-at 50% of their total value, the present value of the net 
benefit from the initiative would be -$129.6 million. 

Very Large Near-Term and Intermediate Market Scenario 

The very large market case represents the most optimistic 
forecasts of market sizes that are available. This case contains 
substantially 1 arger near-term and intermediate markets than the 
large market scenario discussed above. The results of the 
integrating model with these assumptions of market size are given 
in Table 40. Annual array sales in 1986 are 258 MW without the 
initiative and 290 MW with the initiative. Although the 
initiative has a significant impact on sa·les in this case, the 
total is still below the DOE program goal of 500 MW/yr by 1986. 

The array sales in 1982 with the initiative (56 MW) exceed the DOE 

program goa 1 of 20 MW. However, the 20 MW goal is reached even 
without the initiative in this very large market case. Even under 
th1s very large intermediate market case, very few grid-connected 
photovoltaic applications have been installed by 1986 except 
through directly subsidized purchases under the initi~tive. 

In this very large intermediate market case, there are substantial 
consumer benefits in the intermediate markets from accelerating 
the array price reductions. Consumer benefits from the grid­
connected markets (13, 14) are very small ($7 million), while DOD 
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TABLE 40. RESULTS OF THE INTEGRATING MODEL VERY LARGE INTERMEDIATE MARKETS SCENARIOa 

TOTAL ARRAY PRODUCTION 
AND PRICES 

Array Prices ($1975/Wp) 

Total Array Sales (MW/Yr) 

ANNUAL SALES BY ~1ARKET (MW/YR) 
1. U.S. Communications 

2. U.S. Shallow Well 
Cathodic 

3. U.S. Deep Well 
Cathodic 

4. U.S. Outdoor 
Lighting 

5. U.S. Government: 
DOD 

6. U.S. Government: 
Non-DQf) 

7. U.S. Consumer 

8. Foreign 
Communications 

9. Foreign Pumping: 
Low-Lift' 

10. Foreign Pumping: 
Medium-Lift 

11. Foreign Deep Well 
Cathodic 

12. Foreign Remote 
Power 

13. U.S. Grid: Sunbelt 

1978 
14.90b 

(14.90)c 

3.6 
(3.6) 

1.3 
\1.3) 

. 6 
( .6) 

.1 
(. 1 ) 

0 
(0) 

0 
(O) 

0 
(0) 

.9 
( .9) 

. 9 
(. 9) 

0 
(O) 

0 
(0) 

0 
(0) 

0 
(O) 

0 
(O) 

1982 

6.90 
(5.60) 
36.1 

(56.5) 

3.1 
(3.1) 

1.3 
(1. J) 

2.1 
(2.1) 
4.4 

(9. 7) 

1.0 
(3.9) 

. 2 
(2.3) 

2.6 
(2.4) 
6.1 

(6.0) 
.6 

(1.1) 

!3.5 
(16. 7) 

1.2 (1: 2) 

4.9 
(6.9) 

0 
(0) 

1986 

2.40 
(2.10) 

258.0 
(290.2) 

4.2 
(4.2) 

L6 
( 1. 6) 

5.3 
(5.3) 
32.8 

(38.9) 
21.1 

(23.9) 
3.1 

( 3. ~) 

4.4 
(4.4) 
11.6 

(11. 6) 
18.8 

(22.8) 
121.9 

(131.3) 
4.2 

(4.2) 
29.0 

(30.3) 
. 1 

(4. 7) 

14. U.S. Grid: Non-Sunbelt 0 0 .02 
(OJ (OJ (3.7) 

SUMMARY OF RESULTS (Expressed as Present Values of 1977 5106) 

Gross Domestic Consumer Benefits 39.2 
Gross Foreign Consumer Benefits 241 .6 
Environmental Benefits 6.8 

Program Costs 224.8 
Net Domestic Benefits -128.9 

1996 

.30 
(. 30) 

1496.3 
(1505.8) 

6.8 
(6.8) 
1.9 

(1. 9) 
7.5 

(7. 5) 

224.9 
(225.6) 

98.2 
(98.5) 

7.8 
(7. 9) 

7.6 
( 7. 6) 

21.9 
(21. 9) 
126.8 

(127.3) 
253.8 

(264.4) 
8.3 

(8.3) 
53.0 

(53. 1) 
330.6 

(333. 1) 

337.0 
(341 .8) 

Discounted Gross 
Benefits ( $1 o6) 

3.1. 

1.6 

7.3 

40.2 

20.8 

3.3 

5.7 

13.4 

22.8 

156.7 

7.0 

41.6 

4.2 

3.1 

a Also assumes a 2~; real escalation rate of ele(;tricity and a price !'eduction breakthrough 
in 1990. 

b Indicates Results without the Initiative. 

c Indicates Results with the Initiative. 
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and U.S. outdoor lighting markets (4, 5) yield benefits totaling 

about $24 million. U.S. communication and cathodic protection 
markets (1, 2, 3) yield benefits of $12 million. Foreign consumer 
benefits for this case are $242 million, roughly three times the 
domestic gross benefits of $89 million. The net benefits of the 
initiative in this case are -$128.9 million without any 
contribution from foreign markets and -$8.1 million if foreign 
benefits are weighted at 50% of their consumer surplus value. The 
init~ative yields a positivG net benefit in this very large market 
case if foreign market benefits are weighted at 53% of their value 
(53 cents on the dollar) or more. 

Comparison of the Four Market Cases 

The four market cases discussed above reflect a spectrum of 
assumptions on the size of near-term and intermediate photovoltaic 
applications that might generate a market pull to reduce the price 
of photovo ltai c arrays and, hence, increase market penetration. 
Table 41 compares array sales and array price in these four cases. 
The difference in level of sales extends over a factor of 100 from 
the small market case to the very 1 arge market case. The 
difference in array price is much less pronounced; and, in fact, 
the moderate, large, and very large market cases yield essentially 
the same results for array prices throughout the 1980s. The 
similarity in results is partially due to the assumptions that 
array price reductions normally attributed to production 
experience will be delayed under very rapid capacity expansion. 
In all three of these cases, the industry 'is expanding rapidly 
enough so that this constraint on rapid price reducliun h; 

significant. 
market case 

A sensitivity analysis case was run on the large 
with this price reduction constraint ignored. 

I gnur· ·i r1g Ltlt: cu11~ Lr·ct i 11t is equi va 1 ent to assuming that no matter 
how rapidly demand and sales expand the industry can expand 
production to meet that demand in an orderly manner and wilJ still 
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TABLE 41 

COMPARISON OF MARKET CASES 

Part I: Array Sales, Prices, and Total P.V. Array Industry Revenues 

Market 
Scenario 
Case 

Small 

Moderate 

Large 

Very Large 

Sensitivity 
Case 

Large MrtrkP.t. 
Scenario with 
Limits Removed 
on Array Price 
Reduction with 
Cumulative 
Production 
Experience 

Government 
Procurement 
Initiative 
in Effect? 

No 
Yes 

No 
Yes 

No 
Yes 

No 
· Yes 

No 
Yes 

Array Prices 
( $1975/\~!2} 

1982 

8.00 
5.70 

7.90 
5.30 

8.10 
5.50 

6.90 
5.60 

4.34 
3.53 

174 

1986 

4.20 
3.20 

3.50 
2.70 

3.40 
2.60 

2.40 
2.10 

2:06 
l. 79 

Array Sales 
(MW/Yr) 

1982 

2.8 
7.0 

4.6 
13.6 

6.6 
18.8 

36.1 
56.5 

21.0 
44.0 

1986 

5.2 
12.2 

17.2 
29.3 

53.9 
80.9 

258.0 
290.2 

95.3 
119.7 

Total 
Revenue to 
P.V. Array 
Industry 

($1975 X 106) 
1982. 1986 

22.4 21.8 
39.9 39.0 

36.3 60.2 
72.1 79.1 

53.5 183.3 
103.4 210.3 

249.1 619.2 
316.4 609.4 



take advantage of all avenues available to reduce price. With the 

constraint removed, array prices were decreased and sales 

increased; but the net benefits from the initiative were not 

significantly affected (i.e., the results changed by less than $19 

million). 

The limitations on capacity expansion and the speed with which 

reductions in array prices occur will be significant in 

determining the rate at which photovoltaics can expand into 

near-term and intermediate markets. The 1 arge and very 1 arge 

market cases shown in this chapter correspond to 11 Seller•s market 11 

situations with very rapid expansion of production capacity. 

However, these situations differ from the seller's market scenario 

outlined in the assessment by Gnostic Concepts Inc. (Appendix H, 

Volume III) because the integrating model results assume that the 

industry will continue to lower prices \'Jith increased production 

and not take advantage of the opportunity to reap addi ti anal 
profits. 

Table 41 also compares the market scenarios by calculating the 

total revenue received by the photovoltaic array manufacturing 

industry. In the small market scenario industry revenues do not 

exceed $40 million per year and remain constant through the 1980s. 

This situation would not be favorable to industry investment in 

production facilities. In the moderate market scenario, industry 

revenues range from $40 million to $80 million per year. In this 

scenario, the market pull initiative pulls array prices down far 
enough to keep industry annual revenue constant· at about 

$75 million per year during the 1980s. Without the initintive, 

array prices. decline slower and annual revenue iAcreases from 
$36 million in 1982 to $60 million. In the large market scenario, 

total industry revenues look much more attractive. Without the 

initiative, revenues more than triple between 1982 and 1986 (from 

$54 million per year to $183 million per year). The initiative 
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produces higher revenues 

the initiative) and 

$210 million/yr. 

in 1982 (about twice as large as without 

the revenues double by 1986 to 

The very large market scenario yields photovoltaic array 

production industry revenues of $250 million to $600 million per 

year. The initiative results in higher revenues in 1982 but in 

1986 the situation is reversed. Both the large and very large 

scenario revenues -emphasize that it is possible for the 

photovoltaic industry to be prosperous even when the net benefits 

of the initiative are negative. In fact, in these scenarios it is 

the healthy photovoltaics industry that is causing the initiative 

to have very little impact over an R&D program without the 

initiative. 

The four market scenarios can also be compared by the benefits of 

the initiative under each case. Table 42 presents that 

comparison.· The gross benefits to current or near-term U.S. 

markets (i.e., communications and cathodic protection) do not 

change significantly under most of the market scenarios. The 

largest changes in gross U.S. benefits occur in the intermediate 

markets such as lighting, government, and consumer applications. 

In the grid-connected markets, gross benefits decline with larger 

estimates of near-term and intermediate market sizes. This 

decline occurs because larger intermediate markets create a 

"demand-pulP situation for photovoltaics even vJithout the 

initiative. This demand pull allows a small penetration into the 

grid markets without the initiative. The incremental impact of 

the initiative on the grid markets is small and becomes less 

important as the intermediate market size estimates are increased. 

The 1 arger market scenarios result in 1 arger benefits of the 

initiative in fore·ign intermediate markets. Benefits from sales 

in foreign markets might be regarded as i ncl udi ng some export 
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T!\BLE 42 

COMPARISON OF MARKET CASES 

Part I~: Benefits of the Initiatfvea 

______ ~_ro.:..;s::..:~· Domestic Benefits in: 

Market Scenario: 

Small 

Moderate 

Lar!Je 

Very Large 

O:ommun,i cat f-.ons. 
and C3thoji c 

ProtectiJn M~rkets 

30 

30 

~9 

12 

------'-----

Lighting, 
Government, 
and Consumer 

Markets 

2 

15 

70 

Gross 
G~id-Connected roreign 

Markets Benefit ----

19 10 

17 !.'5 

14 191 

7 242 

Net Benefit from Initiativ~ 
-~iJ!l!!:inq Foreign Benefits at: 

0% 10% 50% 90% 100% 

-1&9 -168 -164 -160 -159 

-157 -151 -130 -108 -102 

-131 -112 -36 +41 +60 

-129 -104 -7 +90 +114 

a Benefits are discounted a~ a 5% real rate throughout the analyses in this chapter. 



benefit to industry and balance-of-payment benefits to the United 

States and helping to accomplish U.S. foreign policy goals in 

aiding developing countries. Weighting these benefits at about 

50% of their dollar amount in the case of very large intermediate 

markets would cause the initiative to have a total positive net 

benefit. However, in other cases the benefits from intermediate 

markets are not sufficient to offset the large program cost. The 

last five columns of the table display alternative weights for 

foreign markets consumer surplus. 

Impact of the Initiative on Grid-Connected Applications 

The results above indicate that the initiative is not successful 

in accomplishing an early penetration of grid-connected 

photovoltaics through a demand pull, regardless of whether the 

intermediate markets are small or very large. Under the nominal 

assumptions, significant grid-connected market applications 

require breakeven systems prices of the order of $1/Wp at today•s 

electricity prices. The additional array price reduction 

generated from the initiative has little effect in reaching this 

goal. 

What changes in assumptions would lead to a major penetration of 

the grid-connected markets by photovoltaics in the mid- to late-

1980s? The price pattern of grid electricity delivered to 

residential consumers can have an impact. If electricity prices 

(measured in constant dollars) were to increase by 50% to 100% 

between now and 1990, the requirements for array price, balance­

of-system, and system integration price reduction would be eased 

considerably. Accordingly, this issue was investigated by 

examining a series of cases on the integrating model in which the 

breakeven system price for grid competitive applications was 

assumed to rise more rapidly. The nominal assumption of 2% annual 

escalation in real electricity prices was first changed to 4%. An 
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extreme case at a 6% rate of increase was also examined. This 
latter case represents a doubling of electricity prices by 1990 

and a tripling over the next 20 years (Table 43). 

TABLE 43 

THE IMPACT OF ALTERNATIVE ANNUAL ESCALATION 
RATES ON RELATIVE ELECTRICITY PRICES IN SELECTED YEARS 

Annual Rate of 
Increase in 

Competing System 
for Residential 

Application Relative Electricity Prices 
(Delivered Grid (1978 = 1.0) 
Electricit~} 1978 1986 1990 1996 

2% 1.0 1.17. 1.27 1.43 

4% 1.0 1.37 1.60 2.03 

6% 1.0 1.59 2.01 2.85 

Table 44 summarizes the results for these sensitivity analyses. 4 

Array sales and array prices for 1986 and 1996 are given with and 

without the initiative, and benefits from the initiative in grid 
markets and total domestic benefits are shown in the right-hand 
co 1 umns. 

4The detailed results corresponding to this table and all the 
tables of this chapter are in Appendix C, Volume II. 
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TABLE 44. RESULTS OF THE INTEGRATING MODEL UNDER VARIOUS ELECTRICITY 
ESCA'LAT IO~I RATES AND t1ARKET SIZES (With a Price Reduction Breakthrough Assumed to Enter the Market in 1990) 

ASSUMED REJil. ASSUMED ARRAY SALES GROS~ IJENEF ITS NET DOMESTIC 
GRID ELECTRICITY t1ARKET SIZE IN OF THE INITIATIVE BENEFITS OF THE 

PRICE GROWTii (NE.n.R AND JROCUREME tH GRID MARKETS ARRAY PRICES IN GRID MARKETS INITIATIVE 
(ANNUAL RAnE) INTERMEDIATE) [tHT IAT IVE? {MW/YR.) ($1975/WQ) ($ MILLION) ($ MILLION) 

1986 1996 1986 1996 

2% S111a 11 .No .01 70 4.20 .80 
Yes 5.2 81 3.20 .80 18.6 -169 

Moderate No .02 215 3.50 .60 
Yes 6.4 "230 2.70 .60 16.8 -157 

Large No .02 442 3.40 .40 
Yes 6.7 456 2.60 .40 13.9 -131 

Very large No 012 668 2.40 .30 
Yes 8.4 675 2.10 .30 7.3 -129 

co 4% Sma 11 No .04 898 4.20 .50 
0 Yes 15.7 964 3.20 .50 49.5 -131 

Moderate No .07 1336 3.50 .40 
Yes 7.2 1375 2.70 .40 38.9 -129 

Large No 0.1 1773 3.30 .40 
Yes 7.5 1797 2.60 .40 29.5 -111 

Very Large No 0 5 2127 2.40 .30 
Yes 9.8 2136 2.10 .30 13.9 -120 

6% S111a11 No 0 1 2459 4.20 .40 
Yes 6.5 2503 3.20 .40 78.3 -98 

Moderate No .2 2682 3.50 .40 
Yes 8.7 2709 2.70 .40 63.5 -101 

Large No 0.3 2877 3.40 .30 J 
Yes 9.1 2897 2.60 .30 53.8 -82 

Very Large No 1.5 3034 2.40 ,30 
Yes 13.1 3041 2.10 .30 24.4 ~107 



The cases di sp 1 ayed in the tab 1 e show that even under a 6% 

electricity growth rate there is little penetration of the 

residential grid-connected market by 1986. In 1996, the 

penetration of the grid market is about 70 MWp to 700 MWp under 

the 2% growth rate, depending on the size of the intermediate 

market and therefore the array price achieved. The initiative 

makes little difference in the size of this market. Under the 6% 

electricity growth assumption, the 1996 grid market is 2 to 3 

GWp/year~ but again we see that the initiative makes relatively 

little difference in terms of level of sales or price. The 4% 

growth rate leads to 1996 array sales of 900 MW to 2,000 MW. This 

situation gives the most significant indication of how larger 

intermediate markets accelerate the development of grid 

applications by lowering array price into the grid-competitive 

range. The initiative has some effect in accelerating the price 

reduction process in the case of the small market size. As the 

market size estimates increase, the acceleration effect of the 

initiative becomes smaller. 

In light of these results, the obvious next question is: Why does 

the initiative not have a larger effect in accelerating grid 

market development? First, under the 6% growth case, the 

penetration of grid markets does not occur until the late 1980s. 

Second, due to the results of the supply workshop, we have assumed 

some type of photovoltaic array price reduction breakthrough will 

occur in the late 1980s and enter the market in 1990. Experience 

gained through the initiative has relatively little impact in 

accelerating the development of a new generation of photovoltaic 

technology in the 1990s. 

One could hypothesize the less probable situation in which no 

price reduction breakthrough occurs before the end of the modeled 

time horizon. Under this scenario, any penetration of grid 

markets under high real electricity price increases must come from 
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the near-term technologies that would be supported under the 

initiative. Table 45 corresponds to Table 44, except that no 

price reduction breakthrough is assumed to occur until after the 

time horizon of the model (2006). Under this set of conditions, 

the initiative can make a large difference in benefits if the 6% 

growth rate case is assumed to be probable. If both the small 

market size case and the 6% electricity growth rate are assumed, 

the benefits from the initiative are $1.05 million. The effect 

of the initiative in this situation is to assure development of a 

photovoltaics industry that can have a major impact in grid 

applications in the 1990s. In other cases, the. development of 

larger intermediate markets assures the viability of the industry 

and achieves significant price reduction even if the initiative is 

not instituted. Therefore, the marginal benefits of the 

initiative are reduced. 

The Value of Array Price Reduction Breakthroughs 

In a future where electricity prices escalate rapidly, the value 

of R&D breakthroughs to a lower cost photovoltaic technol~gy also 

increase. The integrating model does not include a representation 

of how the size of near-term and intermediate markets and the 

presence or absence of the procurement initiative may affect the 

chances of a chi evi ng such an array price reduction breakthrough. 

llowever, the moue l cdr I be used to determ1 ne what such a 

breakthrough would be worth. Table 46 shows the worth of an array 

price reduction breakthrough under the same ~ets of assumptions 
used to evaluate the initiative. Except in the small market 

scenario coupled with the case of 2% real electricity growth, in 

which the commercialization of photovoltaics is very limited, the 

benefits of the breakthrough range from $2 bi 11 ion to $10 billion. 
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TAE.LE 45. RESULTS OF -liE INTEGRATING MODEL UNDER VARIOUS REAL 

ELECTRICITY ESCLATION RUES AND t1ARKETS (Without a Price Reduction Array Breakthrough; 

ASSU~1ED A::SUfvlED ARRAY SALES GROSS BENEFITS NET DOMESTIC 
REAL ELECTR:CJTY MAR<ET SIZE IN OF THE INITIATIVE BENEFITS OF THE 

PR l CE GRQI.JTH ( NE.lR AND PROCJREMENT GRID NJI.RKETS ARRAY PRICES IN GRID MARKETS INITIATIVE 

- (ANNUAL RATE) liHE~.MEDIATE"1 INITJATIVE? IMW/YR.) ( $1975/~l[l) ($ MILLION) ($ MILLION) 
1986 1996 1986 1996 

2% Small NJ .01 .8 4.20 2.50 
Y~s 5.2 1.7 3.20 2.20 7.3 -166 

Moderate Nb .02 5.4 3.50 l. 70 
Y~s 6.40 8.60 2.70 1.60 12.8 -144 

Larg:: rt:J .02 26 3.40 l. 20 
Y~s 6.70 32 2.60 1.10 14.9 -107 

Very Large No .1 84 2.40 .90 
Yes B.4 89 2.10 .90 8.2 -112 

co 
w 4% Small r'kl .• 04 10 4.20 2.40 

Yes 5.7 24 3.20 2.10 263.0 +106 

Moderate No .07 72 3.50 1.60 
Yes 7.. 2 108 2.70 l. 50 169.1 +28 

Lar~ [\() .1 247 3.40 1.10 
'l'es 7.5 288 2.60 1.10 103.5 -6 

Very Large (l.o . 5 526 2.40 .90 
'l:es 9.8 744 2.10 .90 36.4 -78 

6% Srna l" f'.o .l 165 4.20 2.10 
les 6.5 336 3.20 l. 70 1153.8 +1054 

Moderate t-o . 2 575 3.50 l. 40 
les s.a 805 2.70 1.20 599.9 +501 

Lan;;e r-o . 3 1189 3.40 1.00 
~es 9. l 1347 2.60 1.00 308.3 +226 

Ver} Large Mo 1.5 1840 2.40 .80 
Yes 1:;. 1 1878 2.10 .80 87.4 -18 



TABLE 46. THE vALUE OF ,'\N ARRAY PRICE REDUCT ION BREAKTHROUGH IN PHOTOVOLTAJCS NET DOMESTIC 
ARRAY SALES GROSS BENEFITS OF BENEFIT OF A 

GRID ELECTRICITY PRICE REDl:CTION IN A PRICE REDUCTION PRICE REDUCTION 
PRICE GROWTH MARKET BREAKTHRCUGH GRJ D MARKETS ARRAY PRICES BREAKTHROUGH IN GRID BREAKTHROUGH 
(ANNil.UL RATE: SCENARIO IN 1990? ~MW/YR.) ~$1975/W~) MARKETS (~ MILLION} ($ MILLION) 

B86 19 9_§_ 1 86 1996 

a Small No .01 .8 4.20 2.50 
Yes .01 3.1 4.20 1.80 126 174 

t1odera te No .02 5.4 3.50 l. 70 
Yes .02 148 3.50 .70 1473 1734 

Large No .02 26 3.40 1.20 
Yes .02 453 3.40 .40 201 ~· 2680 

Very Large No a a 
Yes 

4% Small No .04 10 4.20 2.40 
Yes .04 54 4.20 1.60 2851 3012 

CX> 
Moderate No .07 72 3.50 l.6Q 

~ Yes .07 1084 3.50 .50 5884 6401 

Large No .09 247 3.40 1.10 
Yes .09 1790 3.40 .40 2804 7046 

Very Large No 
Yes 

a a 

6':\ Small No . 1 165 4.20 2.10 
Yes . 1 1003 4.20 .90 6563 6852 

Moderate No .2 575 3.50 1.40 
Yes .2 2540 3.50 .40 8833 9372 

Large No . 3 1189 3.40 1.00 
Yes .3 2873 3.40 .30 8751 9557 

Very Large No 
Yes 

a a 

a Runs of the interating model for the •1ery large market cases were not made; the benefits would be in 
excess of those or the large market case. 



As mentioned earlier, most of the cases presented assume a price 

reduction breakthrough occurs in 1990. In the case where no 

price breakthrough occurs within the time horizon of the model, 

the intermediate market is small, and electricity prices escalate 

at 6% per year, the initiative achieves a high value--$1 billion 

in discounted domestic net benefits. Suppose a breakthrough to a 

new photovoltaic technology is assumed to occur later than 1990. 

A sensitivity case was examined with a breakthrough assumed to 

occur in time for massive entry of the new technology into the 

market in 1996. The domestic net benefit from the initiative in 

this case is $48 million, which is above the value of -$98 

million for the nominal assumption of entry of the new technology 

into the market in 1990 and far below the value of $1.0 billion 

for the initiative in the case of no R&D breakthrough. Table 47 

shows that the timing of the breakthrough is important ·to the 

value of the initiative but not as important as the fact that one 

occurs in the time period where grid-competitive markets are 

developing. When a new technology becomes available, the impact 

of the initiative in gaining early experience on near-term 

technology is of much less consequence. Under all except the 

small market case, this experience is obtained through 

nonsubsidized interme9iate applications. The initiative only 

accelerates this experience slightly. Under the small market 

case, the experience is of great value assuming (1) that 

photovoltaics are urgently needed by the 1990s (the 6% electricity 

price growth assumption) ·and (2) no better photovoltaic technology 

comes along in the next 10 years (i.e., no breakthrough is 

assumed). The industry indicates ·that this combination of events 
is unlikely, but not impossible. 
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TABLE 47 

SENSITIVITY OF INTEGRATING MODEL RESULTS 
TO PRICE REDUCTION BREAKTHROUGHa . 

Net Benefit from the 
Initiative ($millions) 

Value of the R&D 
Breakthrough 
(Increase in Consumer 
Benefit) Compared to 
No Breakthrough Case 
( $ mi 11 ions) 

Breakthrough 
in 1990 

-98 

6,852 

Breakthrough 
in 1996 

+48 

No 
Breakthrough 
before 2006 

+1,054 

aResults shown assume small intermediate market scenario and high 
real electricity price growth (6%). 

D. ANALYSIS UNDER UNCERTAINTY 

The cases that have been presented in Section C can be displayed 
in the form of a 11 tree 11 of alternative scenarios, which is shown 
in Figure 18. The first stage of the tree is the size of the near 
and intermediate markets; the second stage is the escalation rate 
in the real price of grid electricity, and the third stage 

concerns the possibility of an array price breakthrough with the 
representative year for the breakthrough taken as 1990. The 
numbers at the end of each branch of the tree represent net 
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Expected :Jet Discounted 
g., .. .,(,,,,, 

U.3. ~conomic and 
Env i r·Qnm~n+a I eE:!nef l+s 
-$115M 

U.S. Economi,c and 
Envi·rcnmental, Foreign 
Economic 9e~efits at 
50% of Value = -$67M 

UNOERTAY.E 
INITIATIVE 

MARKET 
SCENARIO 

0.4 

Small 
0.3 

REAL 
GRO~ 
RATE IN 
ELECTRICITY 
PRICES 

,0,3 

0.6 

0. I 

0.3 

2% 
0.6 

I 

PRICE 
REDUCTION 
BREAK-THROUGH 
IN DECADE 
CENTERED AT 
1990 

YES 
0.8 

NO 
0.2 

YES 
0.8 

NO 
0.2 

YES 
/ 0.8 

NO 
0.2 

YES 
0.8 

' NL 0.2 

YfS 
0.8 

NO 
0.2 

YES 
0.8 

NO 

I 
0.2 

YES 

r-~A~~--_j~ 0

0

.u8 
O.J ~ 

I 
0 . .2 

'•'E~ 

/ u.a 
0.3 

0.2 

YES 
0.8 

NO 
0.2 

YES 
~1 '~ 0.8 

r--ui:'-.'-:1---~ NO 

0.2 

YES 
/ 0.0 

0.3 NO 
0.2 

YES 
0.8 

0.~ , NO 

0.2 

NET 
OOMESTICa 
BENEFITS 
<Sxl06) 

-107 

-18 

-120 

-129 

-112 

.82 

- 111 

-6 

- 131 

- 107 

- 101 

501 

-1~ 

7R 

- 157 

- 144 

-98 

- 131 

11)6 

- 169 

- 1-':!) 

GROSS 
FOREIGN 
BENEFITS 
<Sxi06) 

241 

275 

241 

274 

242 

273 

191 

190 

256 

191 

253 

54 

100 

54 

55 

37 

9 

TC _,_ 

11) 

a Net Domestic Benefits= "'resent Value ::>f >ross Domestic Benefits ·~lnus the Present Value of the Initiative's Costs 

Figure 18. Analytical Results of Alternative Scenarios Using a 5~~ 
Real Discount Rate 
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1. 

2. 

3. 

domestic benefits (i.e., gross domestic benefits minus program 
costs, in$ millions) and gross benefits in foreign markets 
($millions). 

If probabilities are assigned to each branch, a probability 
associated with each of the scenarios in the tree can be 
calculated. Table 48 shows an illustrative set of probabilities 
based on an assessment of all the information obtained in the 
venture analysts. The conclusions of the analysis are not 
particularly sensitive to changes in these values.5 Their main 
purpose is to illustrate that only under very unlikely sets of 
circumstances does the analysis show net positive benefits for the 
initiative. 

TABLE 48 

PROBABILITY ASSESSMENTS FOR TREE CALCULATION 

Market Cases 

Case: Very Large Large Moderate Small 
Probability: 0.1 0.2 0.4 0.3 

Escalation Rate in 
Reai Electric it.l: 
Prices 

Case: 2% 4% 6% 
Probability: .6 .3 .1 

Arra~ Price Reduction 
Breakthrough in 
Photovo lta i cs? 

Case: Yes (by 1990) No 
Probabi 1 i ty:. .8 .2 

5rn fact, most of the project team believed that the 10% 
probability of 6% electricity prices increases for 15 to 20 
years was high and that the 20% probability of no PV break­
through before 2006 was also high. 
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If only domestic benefits are included, the probability 

distribution on net benefit is presented in Figure 19. There is 

only a 5% chance of positive benefits--these cases represent a 6% 

real electricity price growth and no array price reduction 

breakthrough. The mean or expected value of this distribution is 

-$115 million. In other words, the discounted expected gross 

domestic benefits are only about half the discounted program 

costs. 

If foreign benefits are included at 50 cents on the dollar, the 

probability distribution of net benefit is represented as 

Figure 20. The probability of pas it i ve net benefits is now about 

15%. The incremental benefits have come from benefits to foreign 

markets under the very large market case. There is a 85% chance 

of negative net benefits from the initiative. The mean or 

expected value of this probability distribution is -$67 million. 

Resolving uncertainty as to which market case applies may be 

pass i b l e over the next few years with an expanded program of 

market studies and system tests and applications directed at the 

near-term and intermediate markets. 

The other case motivating the initiative is a small market, high 

escalation in electricity price, and no price breakthrough. This 

case is unlikely, but costly if it occurs. The benefits of the 

initiative are best conceived as insurance if this unlikely set of 

circumstances should prevail. However, there is no need for an 

immediate commitment to the i niti ati ve. If after several years 

further information indicates that near-term and intermediate 

photovoltaic markets are very small and electricity prices may 

escalate to double or triple their current levels, it may be 

appropriate to investigate in more detail how near-term 

photovoltaic technologies can be developed as a backstop in case 
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the cheaper arrays expected from advanced technologies should fail 

to arrive from R&D breakthroughs. 

E. SENSITIVITY TO .DATA AND ASSUMPTIONS IN THE ANALYSIS 

The analysis presented in this chapter is complex. As discussed 

in Chapter IV, a relatively detailed integrating model was 

developed and exercised over a wide variety of cases. Five 

successive rounds of analysis were carried out; at each stage both 

the model and data set were carefully ex ami ned and refined and 

extensive sensitivity analysis carried out to gain insight as to 

which elements of data and assumptions were driving the 

conclusions of the model. In the preceding two sections, we have 

presented the analysis as it has evolved from this process, 

highlighting the crucial uncertainties and their impact on the 

benefits of the procurement initiative. In this section, we 

review the insights regarding data and assumptions that are less 

sensitive in determining the overall conclusions of the venture 

analysis. In most instances, these insights are drawn from 

sensitivity runs on the integrating model, summarized in 

Appendix C, Volume II. 

Supply Issues 

There has been much discussion of array price reduction, balance­

of-system experience, and cost-of-system installation and markup 

as these determine the cost of photovoltaic systems over time in 

various market applications. The huge market uncertainties make 

these issues of secondary importance because their impact will be 

to change the breakeven price at which various markets can be 

penetrated~, The near·- terrn and i ntermed1 ate markets are uncertain 

in size and breakeven price. These uncertainties are resolvable 
only with market studies, system tests and applications, and, 

ultimately, market experience. The uncertainty of the near-term 
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and intermediate markets has been reflected in the analysis by· 

carrying through four market scenarios. If array prices decline 

more rapidly, these markets would develop more rapidly than we 

have assumed; but the qualitative character of the results for the 

four cases would remain essentially the same. Similarly, balance­

of-system, systems integration, and markup can have the effect of 

accelerating a retarding market development somewhat; but the 

effect on the benefits of the multi- eye 1 e procurement initiative 

is slight. Sensitivity runs confirm this insight. 

Penetration into grid-competitive applications such as residential 

use depends critically on the economics of the competing energy 

source, assumed to be grid electricity. If real electricity 

prices remain at or near today•s levels, very low array prices, 

balance-of-system costs, system integration, and markups are 

required to achieve any significant penetration into grid 

application. Thus, sensitivity to any of these factors taken by 

itself is low. If lower costs occurred in all cost factors, we 

would obtain penetrations into the grid market similar to those 

achieved under the 4% and 6% electricity price growth cases. 

Research and deve 1 opment breakthroughs can be regarded as 

discontinuous changes in array prices that come from new knowledge 

and processes rather than the cumulative experience of large-scale 

production. As we have shown, price reduction breakthroughs 

reduce the net benefits of the initiative, but may lead to earlier 

penetration into the grid-connected market and, therefore, to very 

high benefit~ for federal policies leading to u. price 

breakth1·ough. Such policies have not been analyzed in detai I 

within the venture analysis, but the sensitivity analysis on the 

integrating model indicates a very high value for such 

breakthroughs in contrast to that for the initiative. 
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The decline in array price is assumed to come from steady 
evolutionary progress as larger volumes of production experience 
are obtained. Rapid expansion of the industry has been assumed to 
delay price reductions, but the price reduction commensurate with 
cumulative experience is achieved after industry growth drops to a 
more moderate level. Thus, in the case of 1 arge markets, price 
reduction and market sales growth are slowed somewhat. 
Sensitivity analysis of this assumption indicates that this 
disruption has little effect on the benefits of the initiative. 

Market Issues 

The dominant issues of the venture analysis are uncertainty in 
market size and breakeven price. The market growth rate and the 
growth rate in price of competing technologies are important 
because they affect market size and breakeven price in future 
years. The four market cases and three cases for escalation in 
grid electricity prices hav·e been chosen so that these 
uncertainties are well represented. The system price breakeven 
point for grid electricity in residential applications is a 
complex calculation. A critical assumption of that calculation is 
the rate at which the utility will buy electricity back from the 
residence (termed the buyback rate). If 100% buyback is assumed, 
the breakeven price for grid applications increases about 30%. 

This is similar in its impact on grid penetration in 1990 as 
increasing electricity price escalation from 2% to 4% or 4% to 6%. 
The implications of utility buyback on the worth of a photovoltaic 
system is discussed further in Chapter II. 

The price sensitivity and lag parameters in the market share model 
have relatively smal I effects on the benefits from the initiative. 
Making the grid-connected market less price sensitive would bring 
in more grid-connected applications earlier, and this increases 
the benefits of the initiative by the order of $20 million. 
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Similarly, making some of the intermediate markets more price 

sensitive would reduce initiative benefits. Increasing the lag in 

market penetration tends to favor the initiative slightly since 

the initiative procurements are assumed to establish market 

penetration directly without a lagged effect. 

Initiative Definition 

The analysis took as . its point of departure. (l c:;t?t of bl.lrl!)et 

allocations over time. However, the exact budget allocations to 

specific markets were not specified. In addition to the nominal 

procurement puttcrn de5cribed in Section B above; alternatives 

were investigated in which a much larger fraction of the money was 

spent in grid competitive applications and in which a significant 

share was spent in foreign markets. These alternatives did not 

provide benefits as large as the nominal procurement pattern, even 

if benefits in foreign markets were considered with the same 

weight as domestic benefits. However, only a few alternatives 

wPrP invPstigntPn. 

Federal Decision Criteria 

Sensitivity to the discount rate was carried out for selected 

cases. The discount rate appears .to be very insensitive for cases 

in which the benefits accrue largely in the intermediate markets. 

This sensitivity occurs primarily because costs and benefits occur 

in similar time patterns. The complete analyses outlinedin this 

chapter were conducted first with a 10% discount rate and then 

w i til i:l 5% rate for· ·., m: I us ion in the report. Using the 

probabilities outlined in Table 48, the expected net. benefits of 

the initiative using a 10% discount rate are -$87 million. When 

the discount rate is 5%, the expected .net benefit of the 
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initiative is -$115 million.6 This result occurs because the 

lower discount rate increases. the value of the grid competitive 

market benefits under ··both the initiative and base case 

situations. Second, the lower discount rate increases the present 

value of program costs as well as the program benefits. 

F. ALTERNATIVE FEDERAL ACTIONS 

Federal Guaranteed ~at Low Array Prices 

The analytical methods used in this venture analysis can also be 

used to evaluate other federal alternatives for accelerating the 

development of photovoltaics. Where the alternatives differ 

considerably from the procurement initiative, it may be necessary 

to modify the model and probabilistic analysis to fit the 

characteristics of the new alternative. Nonetheless, many of the 

ideas that have been developed here may apply. 

We shall examine briefly the proposal that the federal government 

guarantees to buy up to 20 MW at a maximum price of $2/Wp. At 

1 east one manufacturer has asserted that they could meet this 

price and production goal and would be willing to deliver this 

quantity of production to the government provided the government 

agreed not to resell it on the open market and provided they could 

be assured a supply of polysilicon at a rric:P. lnw enQIIQh t.o 

support the $2/Wp array price. 

6The decision trees using both the 10% and 5% discount rate are 
displayed at the back of Appendix C, Volume II. 
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Analysis of this proposal is predicated on several assumptions: 

1. With the procurement, an array price of $2/Wp will be 

established in the private market beginning in 1983. 

2. Without the procurement, array price declines will 

follow the experience curve set forth in the nominal 

(noninitiative) case. 

3. A moderate market size and a 2% electricity price growth 

rate were used as the illustrative scenario to run this 

. case. 

The results summarized in Table 49 indicate potential gross 

domestic consumer benefits of $150 million if an array price 

breakthrouqh in 1990 is assumed. Without an R&D breakthrough~ 

benefits are much larger, $650 million. Foreign benefits, if 

counted at 50 cents on the dollar, would increase these results to 

$232 million and $880 million, respectively. If a DOE program 

cost of $40 mi 11 ion is assumed, these benefits would appear to 

make the . program advantageous. However, this comparison must be 

viewed with caution for two rcu.sons. First, the 20 MW ofu.rru.ys 

should have va I ue for tests and app 1 i cations that should offset 

much or even all of the $40 million cost. Second, the $40 million 

program cost only covers the cost of the arrays. Designing, 

pu1~chasing, and installing these arrays into working systems could 

cost $40 million to $80 million more. It should be recalled that 

the federal government is currently planning to spend 

approximately $100 million on the Federal Photovoltaic Utilizatio~ 

Program (FPUP). 
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TABLE 49 

POTENTIAL BENEFITS OF FEDERAL 
GUARANTEED PURCHASE AT $2/Wp ARRAY PRICE 

Array Price Array Sales 
($/W~} (MW/Yr) 

Gross Benefit 
Using 10% Discount Rate 

Case 1986 1996 1986 1996 Domestic 'Foreign 

Moderate Market, 2% 
Growth Rate in Grid 
Electricity Price, 3.50 0.40 17 493 
Array Price Breakthrough 
in 1990, No In i t i .at i ve 

Same :with Procurement 
Leading to $2 Array 
Cost in 1982, Price 1.50 0.40 34 528 149 
Breakthr.ough in 1990 

Moderate Market, 2% 
Growth Rate in Grid 
Electricity Price, 3..50 1.70 17 69 
No Price Bre.akthrough 
in 1990 

Same with Procurement 
Leadin,g to $2 Array 
Cost in 1982, No 1.50 0.90 34 152 657 
Price Breakthrough 
i.n 1990 

.Analysis of this case should be regarded with some caution. More 

extensive investigation is needed before concluding that the 20 MW 

procurement .at $.2 is a desirable federal action. Nonetheless, 

these preliminary calculations s.how it co:uld be more promising 

than the multi-cycle procurement designed .around a demand-pull 

philosophy. 
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VI. OBSERVATIONS, CONCLUSIONS, AND RECOMMENDATIONS 

A. OBSERVATIONS ON KEY ISSUES 

One of the key elements of the venture analysis methodology has 

been the use of multiple parallel approaches to key aspects of the 

project. The approaches used were: the integrating mode 1, the 

photovoltaic industry cross-impact workshop, the market/demand 

workshop, and the Gnostic Concepts, Inc., assP.ssment. Table 50 

presents the key issues of thP. vP.nt.11rP rmalyc;;is and response£ to 

these issues from the four approaches. The appl"oaches did not 

always directly address each issue. Often issues were addressed 

only indirectly. When an issue was addressed by all four 

approaches, there was usually some disagreement. However, the 

differences usually represent differences of degree rather than 

directly opposing views. 

B. SETTING FOR MAJOR CONCLUSIONS 

To place the major conclusions of the venture analysis in the 

proper perspective, it is important to summar·ize the findings 

concerning the future potential of photovoltaics as an energy 

source, the current status of the photovoltai c industry, and the 

content of the national photovoltaic plan. These findings are not 

major conclusions of the analysis but rather provide a context in 

which the major conclusions should be interpreted. 

Discussions with the resec1rc::h r.nmmunity, photovoltai c supplier!:;, 

and potcnti.Jl buyers, as well as the a11alyticul results of the 

venture analysis,show that photovoltaics has the potential to be a 

significant source of electrical energy for the United States. 

There is disagreement, however, concerning how lnrge this potential 

contribution could be and when it can be realized. 
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TABLE 50 

OUSERVATIONS ON KEY ISSUES OF TilE VENTURE ANALYSIS 

---------,------------,,-----------...------------------------r---GNOSi"ITCONCEPTS-;---INC-;----

KrY I SSIIES I NTEGRAf IIIG I'·OilEL RESUL ~~- SUP Pl. Y HORKSIIOP llESIILTS t-IARKETS IJORKSHOP RESULTS ASSESSMENT RESUL !_L _______ _ 

1. \-Jill the initiative N•lt much; the initidtive has 
he 1 p in 111eel i n!J the $2/~lp i ts 1 a rges t impact in the ear 1 y 
array prke go:tl in 19B2? 19'30s. flm<ever, in every case 

2. Will the i·titiative 
help in 111eetin,1 the 
S. 5U/ 1-~P a n-ay :>.-ice yoa 1 
in 19:!6'1 

th: $2/Wp atTay :pt·ice yoal is 
still not mel. The uncertainty 
of the neat· dnd int,muecliate 
market sizes is a much tuore 
si!)nifican•i factoo· in deter­
or:iuiuy prices tl dtl th<e impact 
of the initiati~e. 

Very 1 itt 1 e·; p.-ice reduct i ous 
due tu the initiative dre f~r 
tl'O small to arl-iP.ve this ~coal. 

IP•·ices ret:tdin ,.u,ll ove•- $.5(1/flp 
111 1986 cxct.!1>t 1·-h0ol a tech- . 
nology bn·akthrcu~lo is assumed. 

Yes; it is 5tl'i- prol:·able that 
that $2/Wp goal is reached in 
1982 with the initiative and 
1983 1<i thout. 

Not much; the goal of $.50/Wp 
has a 50:£ probabi 1 i ty of 
occurring in 1988 with the 
initiative and in 1989 with­
out. 

Not directly addressed; however 
those offering opinions suy­
gested that the initiative 
would not significantly accel­
erate developments in their 
mar-kets (i.e., conuuunications, 
cathodic protection, and 
agricultural pumping). 

Not directly addressed; see 
comment on issue ill. 

No; the initiative will have 
no impact on meeting the 
1982 price yoal. They predict 
$2.08/Wp for concentrators 
and $3.31/Wp for flat-plate 
silicon modules in 1982 
with or without the initiative. 

No; the initiative will have no 
effect. In 1986, array prices 
are predicted to be $.97/Wp 
for concentrator arrdys and 
$1.31/Wp for flat-plate silicon 
arrays with or without the 
initiative. 

-----------+------------+----------------r-------------------------1----------
3. I-Ii 11 the i-1 it i at i vc 
help iu meetitt~ the 
500 N'.-1/yo·. yo a~ i" 1 'Jl!6? 

Nut much; the initiative usual­
ly result~ in the prortuctior; of 
10-50 additio11al 1-1\-1/yr. 'i11 
1936. flm<ever, ev~11 the 
larg<:st market ~ell:tl'i(lS yield 
only 20U 1-lH/yr. by 1986. The 
uncertainty in iutermediale 
tn.arl.et sizes and el:ct1·ici ty 
pri(eS again ouL·tei~h the 
inopdct of the initi,tive. 

Yes; the initiative is 
expected to increase the 
prouability of a 500 MW sus­
tainable market to 50'1: in 1986 
from about 25% in 1986 under 
the base case only. 

Prouably not; market sizes in 
U.S. cononunications, cathodic 
protection and agricultural 
pumping were not believed to 
have this potential. Earliest 
penetration of utility markets 
~ill be in the 1S90s. 

Proballl y not; the maxi mum 
attainable p1~duction is 
estimated to be approximat~ly 
80 Ml~ i n 1986 . 



KEY ISSUES 

4. I~ tile in it ic:tivc 
a more effect h·e pol il:y 
option thil!l incrEaSP.•i · 
R&n without the 
ini tiative"i 

T 1\lllf 50 
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INTEGRATING MODEL RESULTS 

No; ~ensitivity au~lysis 
injicates tha~ if R&D outl1ys 
le~d ~o o1. lm<-t;ost tec!•nQloyy 
br.~akthrwghs, the benefj ts · 
wo'Jld Si!Jilifi·:~nt]J outweign 
those of the initiative under 

I ~l~IOSt all proJable sceu,a_ rig~ .. 
i 

SUPPLY I-IJRKSIIOP RESULTS 

I! some res(ll'!ns; the initia­
ti ~e WOIJ l d all ow a Sllli) ll ( li!O 
M!-1) indus t•Y to be reache~ 
sooner, au i11fras tr·uc ture tG 
develo1i ioo~r; earlier indus­
t '}' prod!JC t ion i nves tmen t, and 
·~uider redw:;tiou in nonarray 
sy~.te111 components. Increased 
R;Oiiould stimulate private 
-~•.D, has ten the qeve l opmet] t 
o" thin-fill!> and high .. 
e;ficiency sJlar cells. Some 
,j~monstratio~s tc· obtain infor·­
QJol.ion are n~cessary. 

MAfiK[TS ~JORKSIIOP RESULTS 

Not directly ad!lressed; sq11e 
tests and applications were 
thought to be needed for 
pumping dnd gr i\1- comwcted 
applications. 

GNOSTIC CONCEPTS, INC., 
ASSES~MENT RESULTS 

Prgbab]y not; althqugh this 
que~tions was not directly 
addressed in the Gnostic's 
Assessn.lent, jt is implied tl1at 
an R&D increase would at 
least be as effective dS the 
initiative in n1eetinit proyram 
goals. Also, a procurement 
delayed to the late 1980s 
would also be more effective. 
Ho~1ever, some small den10ns t1·a t ions 
to obtain information are 
necessary. 

-----------------i~------------------~---------------------+---------------------r-----------------------
S. lloes tie initiative 
have an imj.act on pene­
trating l~r~e yrid­
connected L.S. iuarkets? 

G. l)o the econonti c 
b',nefi ts of the 
initiative ;·ldJTont the 
costs? 

No: the i1itic:ive's mdjQr 
i11111act in all likely scenarios 
is on ir;termedjate and fqreig1 
markets. llre~~even prices 
in grjd-connec:ed JUarkets a1·e 
too low to be dffected by 
thE- initi4tiv~:. unle5s re~l 
electrici:y pr·ces triple in 
the next ·15-2C' yea1·s. 

llo; the initi:>tive r·esults 
in ~n expect\!d 11ct loss liase<,J 
nn :urrenl ll!ar;;cl and supply 
infJnuc:tio)ll, 

Uncertain; t1e initiative does 
sone to incr~ase the proba­
bility of reaching $. 50/I·Jp or 
t~.e development of thin-film 
techno 1 ogi es. IIQWever, the 
iLitiative m~y Himulate favor­
atle actions by utilities and 
PG(:s sooner. 

·11·e industr·y felt that the 
economic benefits to them ~<Ould 
be positive ~ut thQs~; beuefits 
wen:! not mea~ 11red, They felt 
tl~'l would not be.H t11e costs 
ciJ-ec-tl_y and therefo•·e favored 
tl~ initiati\e. 

No; utilities felt a large 
multi -eye le demo us tra t ion ill 
this Lime was not aprropriate. 
A 1 imi ted number of control1led 
experiments wuulcJ he t110r·e use­
ful. 

Not din;ctl.v <HI<Iressed; the 
~enera] attitude w~s that the 
initiative 1·10nld qot produ~e 
many useful •·esults. 

No; as it is not proposed. !low­
ever, ]0~1er cost demonstrations 
in tire early 1980s and grid­
connected tests on a larger 
scale in the late-1980s would 
have a positive impact 011 these 
markets. 

No; the initiative has l itlle 
positive effect 011 either 
p•·ice o1· quantity goals and 
could have a ne~ative effect 
on the industry if a "seller's 
market" occurs between 1982 
and 1986. 
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7. Ar·e there ben~fits Yes; although domestic Yes; any increased go1•ernmen~ Yes; informational benefits Yes; reorganization of the 
to the initiative other economic benefits .are the involvement represent5 a ·would result fr·om procurements initiative to demonstrate 
than tho;e captur·ed by prim3ry measure used in the needed federal COIIUIIi tment ta in the pumping and grid- grid-connected applications 
consumer surplus model, environmental and photovoltaics. Information3l connected markets. Questions in the late 1980s would be 
calculations? foreign uenefits are estimated benefits of tests and ap~li-:a- of the appropriate funding ·valuable. The informational 

and do result fro11; the tions cannot be replaced with level of these procurements benefits of a small demonstration 
initiative. R&D or market studies only. 'were raised. starting in the mid-1980s are 

An initiative could also help very valuable. 
utility attitudes toward 
photovoltaics become more 
positive and encourage the 
establishment of a pile-to-
voltaic infrastructure. 

-- ---------·---+------·-----
8. Are there disbenefits 
to the initiative other 
than those captured by 
consumer surplus 
caculations? 

Not addressed; vendor response 
analysis indicated that if 
investment is sti111ulated by 
the initiative, tl\is invest­
ment could be in s~on to be 
obsalete producti~n equip­
ment. Also, private sector 
resources could sh.i ft al<ay· 
from R&D to production invest­
ments. 

No major disbenefits were 
suggested. 

Yes; a few participants stated 
that the initiative could 
demonstrate that photovoltaics 
is not cost-competitive. As 
a result, market interest in 
photovoltaics could be 
reduced. 

Probably not; delays in price 
reduction that could result from 
3dded demand by the initiative in 
an already capacity constrained 
industry are considered in the 
model. 



The current photovoltaic industry is characterized by high prices 

for its product and nongovernment sales in small remote markets, 

primarily communications and cathodic protection. For small 

purchases (50-100 Wp), current commercial module prices typically 

range from $24/Wp to '$10/Wp (FOB factory, 1975 dollars). The 

current high prices of photovoltaic arrays and photovoltaic power 

systems are the key obstacle that must be overcome before 

widespread use of photovoltaics will occur. 

The current national photovoltaic program attempts to reduce the 

current high prices of photovoltaics through three parallel 

approaches. First, research is conducted on new photovo lta i c 

technologies (such as thin films and advanced material devices) 

with the potential for very low costs. Second, continued 

development of current photovoltaic technologies (e.g., single 

crystal silicon, both flatplates and concentrators) is undertaken 

to achieve cost reductions through improvements in array design 

and production techniques. The third element is a market pull 

strategy aimed at st imul at i ng markets and private sector 

investment in cost-reducing production facilities. 

As stated previously, the main question addressed by the venture 

analysis concerns the effectiveness of the market pull strategy in 

achieving the price reductions necessary to penetrate large energy 

markets. The first three conclusions deal specifically with the 

market pull initiative. The remainder deal with alternatives to 

the market pull strategy. 
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C. MAJOR CONCLUSIONS 

The r~arket Pull Initiative is Not An Effective Mechanism to 

Achieve the Required Photovoltaic System Price Reductions 

The photovoltaic industry currently faces highly uncertafn 
intermediate markets for its product. There are serious questions 
concerning the number and type of sales that will occur as array 

prices drop from their current levels to about $1/Wp to$0.50/Wp. 

The market pull initiative is jesigned to pull photovoltaic system 
prices from their present levels to the range of $1/Wpto $0.50/Wp 

by stimulating a large demand for photovoltaics at relatively high 

prices. The stimulated demand will then presumably induce the 

industry to make production investments that will a chi eve lower 

costs. Lower costs and competition among suppliers should result 
in lower prices which will then stimulate additional demand and 

lead to further investment. These rei nf orci ng events are assumed 
to continue until grid-connected markets become feasible, and 
photovoltaics begin to displace conventional energy supplies. 

Market studies undertaken for DOE have identified a large number 

of potential intermediate photovoltai c markets. The ranges of 
market size estimates and competitive photovoltaic price estimates 
contained ·in exist-ing studies are very large. Discussions with 
representatives of potential intermediate markets during the 
market demand workshop and other meetings reinforced the 
uncertainty in the intermediate markets. 

Another indication of the uncertainty surrounding these 
in termed ·i ate markets is the actions and statements of the 

industry. The general enthusiasm of the industry for the -
initiative as reflected in the supply workshop indicates that it 

perceives an investment in production equipment to currently be a 
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high risk. The industry generally believes that government 

purchases in the 1980s would help reduce that risk. Finally, at 

least one potentially large photovoltaic supplier has explicitly 

stated that intermediate photovoltaic markets do not exist. In a 

recent 1 etter to DOE, the president of Texas Instruments 

Incorporated stated: 

... Our work also suggests, at least in the U.S., 
that the demand for electrical energy as a function of 
pr1ce 1s d1scontinuous. Only a few scattered 
applicv.tion:a arij available at array price!: of $1 to 
$15 per watt. . . In the case of photovoltaic 
devices, the lack of demand above $1 per peak watt is 
not conducive to the step-by-step process improvements 
such as have beer made in the manufacture of 
integrated circuits. 

Because of this uncertainty, the effectiveness of the initiati've 

was analyzed under a range of possible market scenarios. If the 

intermediate markets are 1 arge (i.e., 250 MWp/yr or 1 arger at 

system prices above $1/Wp}, the integrating model showed the 

photovo ltai c industry waul d grow rapidly even without the added 

stimulus of the market pull initiative. The incremental benefits 

of the initiative under large markPt s~Pnarios rlid not offset the 

initi.J.tivc's co:;t. If the int~1·mediate illll"r"kets are C:tcluctlly ~ructll 

or do not materialize (i.e., annual markets of less than 40 MWp at 

system prices above $1/Wp), then the market pull initiative will 

pr-obably have little impact on 11 pulling 11 photovoltaic prices into 

the range needed to penetrate 1 arge energy saving markets. Only 

under a very restrictive set of circumstances did the procurement 
initiative significantly accelerate the penetration of grid­

connected markets. These circumstances simultaneously require: a 

very small intermediate market; a rapid rate of escalation of 

1Letter of May 1, 1978, from J. Fred Suey, President, Texas 
Instruments, Inc., to Dr. John Deutsch, Director, Office of 
Energy Research, Department of Energy. 
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electricity prices,(nearly a threefold real increase by 1990); and 
no array price breakthroughs resulting from photovoltaic research 
and development. The large benefits of the initiative under these 
circumstances occur because the photovoltaic price reductions 
caused by the initiative enable today•s photovoltaic technology to 
make energy contributions earlier than in the base case. 

The size of the U.S. outdoor lighting market and the foreign 
pumping market could make them significant for the development of 
the photovoltaic industry. There have been no U.S. supported 
system tests or experiments in either of these markets. U.S. 
photovoltaic suppliers will have to compete with foreign suppliers 
in international markets. 

The Impact of the Initiative on Grid Competitive Markets is 
Probably Small 

Under most scenarios, the market pull initiative has very little 
effect on the . penetration of photovoltaics into U.S. grid­
connected markets. The initiative is ineffective oecause it does 
not reduce photovoltaic prices to the range needed to penetrate 
those markets. Most studies, including this venture analysis, 
indicate that photovoltaic system prices without storage must 
reach $0.50 to $1/Wp before they are grid competitive in the 

'I 

United States~ barring a sharp escalation ir1 electr1city prices.L 

2The first photovoltaic systems installed in the grid will 
probably not have on-site storage. Rather, they will use the 
grid as a substitute for storage (i.e., the system will sell 
excess electricity to the grid when it is not needed on site 
~nd huy grid electricity when lhe photovoltaic system does 
not supply the total demand). Storage costs will be a significant 
portion of the balance of the system. If the gr1d systems 
considered in this analysis included storage, the allowable 
price of the array would be lower than those indicated. 
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This conclusioh does not imply that the initiative is necessarily 

the lowest cost means of insuring that photovoltaicsa·re available 

to the grid market. For example, a price reduction breakthrough 

resulting from R&D may bring the industry into a competitive 

position for serving grid markets at a lower cost than achievable 

from production experience in intermediate·markets using existing 

technologies. 

The Value of the MarkP.t Pull Initi_ative ~epen.~ on !he Goals of 

the Department of Energy 

An explicit goal of the Department of Energy in the area of 

photovoltaics is the displacement of conventional energy sources, 

especially imported fuels. Under most scenarios ex ami ned by the 

venture analysis, the energy displacement benefits of the 

initiative do not justify the-program•s cost. The net loss is due 

primarily to the nature of the U.S. markets that the initiative 

will be able to stimulate. Most current photovoltaic applications 

either use vPry little enerqy (e.g., remote communications) or; 

until penetrated by photovoltaics, used no energy at all (e.g., 

new applic~tinns of ~athodic protection). 

The initiative can also be judged by its effect on sustaining the 

photovoltai c industry through a di scent i nui ty in market demand 

between current prices and the $0.50 to $1/Wp system prices 

necessary to penetrate energy saving markets. The initiative is 

of value in achieving this goal only if near-term and intermediate 

markets are very small. If large intermediate markets develop, 

these nonsubs1d1zed markets alone should accelerate the 

development of a larger photovoltaic industry. Under this latter 

situation, the marginal benefits of the initiative do not outweigh 

its cost. In fact, the program could be detrimental to the 

industry because it would add more demand to an industry that is 

already expanding very rapidly. 
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Other criteria for judging the initiative are how it benefits 
foreign markets, its impact on U.S. exports of photovoltaic 

systems, or the indirect benefits of foreign sales on U.S. 

intermediate markets. The indirect benefits of foreign sales on 

U.S. intermediate markets are expected to be small. If some 
fraction of gross benefits to other nations (measured as consumer 

surplus) is added to the U.S. benefit calculation, the initiative 

could become more attractive, especially if intermediate foreign 
markets prove to be very 1 arge. Most of the intermediate 
photovoltaic markets may be overseas. Therefore, most of the 

benefits from reducing prices would be accrued overseas. 

The Benefits of a Price Reduction Breakthrough Outweigh the 
Benefits of the Market Pull Initiative 

An array price reduction bre~kthrough in photovoltaics would have 

a major impact on achieving the DOE program goals and in 

displacing conventional energy sources. Therefore, federal 

funding of photovoltaic research a·nd technology development to 
achieve this breakthrough has the potential to yield benefits in 

excess of the cost of these research and deve 1 opment programs. 
The breakthrough needed to yield these benefits is a discrete 
change in array price, not in technology. Thus, theachieve­
ment of low-cost arrays is just as important whether the 

basic devices are single crystal silicon or thin film. 

The results of the integrating model indicate that under almost 

all scenarios, the benefits of a price reduction breakthrough 
range from several hundred million to several billion dollars. 

The integratir1y rnodel also indicated that the timing of the 

breakthrough is not as important as the fact that one occurs in 

the time period when grid-competitive markets are developing 
(i.e., in the 1990s). 
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fl Series of Field Tests and Expe_!'_jments Explicitly Directed Toward 

Ascertaining Performance and Market Information is Necessary 

Only very limited information is currently available on the 

potential size of i ntermerli nte markets and the performance 

required by potentia 1 purchasers in each market. There is a 1 so 

very little information on the performance of alternative 

photovoltaic designs in these applications. The need to address 

the performance uncertainties is also important in U.S. grid­

connected markets. Discussions with utilities during the 

market workshop highlighted the need for performance data over a 

period of 10 to 20 years. 

D. RECOMMENDATIONS 

Currently available information does not support an affirmative 

decision on the market pull decision. Therefore, the project team 

recommends that the initiative not be implemented until and unless 

the conditions necessary for its success arise. 

The project team also recommends that research and devel oprnent on . 
both silicon and competing photovoltaic technologies be 

accelerated. A series of moderately funded field tests and 

experiments should also be continued, with the explicit objective 

of obtaining market and performance information rather than the 

encouragement of pr1 vate sector investment ctnd pr'i ce reduction 

through market pull. These tests should include grid-connected 

applications of sufficient size to obtain realistic information on 

the interaction between the photovolt.aic systems .and the grid 

servicing these systems. 
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The project team recommends that these experiments be augmented by 

an intensive set of market studies designed to reduce the market 

uncertainty that photovoltaic vendors face. These studies should 
include a major investigation of international markets for 
photovo ltai cs. Reducing this uncertainty by derrionstrat i ng that 

markets exist in the system price range above $1/Wp will encourage 
investment and production by vendors and insure that a healthy 
industry exists to service the energy savings markets in the 
future. If markets are proven not to exist in this price range, 
then a more serious prob 1 em requiring further changes in the 
national photovoltaic program may have to be addressed. 

The venture analysis primarily investigated one strategy to 
accelerate the commercial development of photovoltaics. The 

potential of photovoltaics as a U.S. energy resource underlines 
the need for further investigation of alternative government 
strategies. For example, end-use incentives, incentives to 
stimulate foreign sales, alternative federal array or system 

purchase programs, or incentives to stimulate investment by the 
photovoltaic industry should be investigated. The results of the 
venture analysis suggest that no critical decisions concerning the 
commercialization of photovoltaics have to be made immediately. 

Therefore, it is recommended that the avail ab 1 e time be used to 
identify effective policies for accelerating the commercial 

-development of photovoltaics. 

The recommendations outlined above are consistent with the 
photovoltaic research, development, and demonstration bill (HR 
12874) recently approved by the U.S. House of Representatives. 
The purrnc;e of the bill is: 

To provide for an accelerated program of research, 
development, and demonstration of solar photovoltaic 
energy technologies leading to early competitive 
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applicability of such technologi!s to be carried out 
by the Department of Energy . . . 

The bill represents a ten 
photovoltaics. While the bill 

year federal commitment to 
does set forth some specific 

program requirements, considerable flexibility is provided in 
structuring the priorities of the federal photovoltaic program. 
The bill charges the Department of Energy with the responsibility 
to conduct the program planning necessary to most effectively 
achieve the objectives of the bill. 

3HR 12874, 95th Congress, 2nd Session, May 25, 1978, p. 1. 
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