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Abstract 

The Solar ~ r r a y '  Manufacturing Industry Costing Standards (SAMICS) provide stand- 
ard formats, data, assumptions, and procedures for determining the price a hypothetical 
solar array manufacturer would have to be able to obtain in the market to realize a 
specified aftcr-tax rate of return on equity for a specified level of production. 

This document presents the methodology and its theoretical background. It is con- 
tended that the model is sufficiently general to be used in any production-line manufac- 
turing environment. 

Implementation of this methodology by the Solar Array Manufacturing Industry 
Simulation computer program (SAMIS 111, Release 1 )  is discussed. 



Introduction 

What must the market price for photovoltaic solar modules be to cover the costs of 
manufacturing and make a reasonable profit? The Solar Array Manufacturing Industry 
Costing Standards (SAMICS) provide a standardized procedure and data base to answer 
that question. 

The SAMICS methodology is quite general - application to production-line manufac- 
turing outside the solar array industry is expected to require only relatively minor aug- 
mentation of the data base. 

This executive summary* contains a discussion of capabilities and limitations, a non- 
technical overview of the methodology, and a description of the input data which must be 
collected. It also describes the activities that have been and are being taken to ensure 
validity of the results and contains an up-to-date bibliography of related documents. 

Background 

The Solar Array Manufacturing Industry Costing Standards were developed to provide 
a fair, consistent, reliable way of comparing manufacturing processes being developed by 
dozens of Low-Cost Solar Array (LSA) Project subcontractors. In addition to providing 
guidance on the setting of research priorities, SAMICS was intended to help assess the 
progress of the LSA project toward its hundred-fold cost reduction goal and to determine 
the price implications of some of the possible governmental actions that might be taken. 

Even within the confines of an ongoing, well-established, full-scale industry, estimation 
of the costs of manufacturing is a difficult undertaking. The solar array industry is even 
more challenging, since it is expected to increase in capacity by several orders of mag- 
nitude over the next few decades. There is no apriori reason to expect current overhead or 
markup ratios to be applicable to the solar array industry of the future. In particular, the 
wide range of manufacturing process alternatives being investigated by LSA subcontrac- 
tors implies different overhead structures for different process sequences. 

The approach taken by SAMICS is conceptually very simple and fundamental: describe 
the direct requirements of each manufacturing process; determine the personnel, 
facilities, utilities, materials, supplies, and number of machines needed to produce a 
specified annual amount of the final product; then infer the facilities, indirect personnel, 
and so forth that are needed to support the totality of the direct requirements. To obtain a 
realistic result, many of the complications of the real world are carefully modeled. Those 
complications, however, are internal to the model: a user need only describe the 
manufacturing process sequence and apply SAMICS (which is available both as a manual 
procedure and as a computer program) to produce an estimate of the market price that 
must be received to obtain a specified profit. Detailed manufacturing cost breakdowns are 
developed along the way. This procedure is illustrated in Figure 1. 

*This summary is based on il paper (Reference 9) presented at the Thirteenth IEEE Ph~tovoltaics 
Specialists' Conference, held in Washington, D.C., June 5-8, 1978. 



- PROFIT 

1. The SAMICS proach. (1) Use laboratory research and development to iden- 3' tify and (2) d me the direct rquirements of new manufacturing process steps. 
(3) Combine these process descr~ptions with descriptions of existing processes to 
define complete manufacturing process sequences. (4) Assume an industry size 
and (5) apply the SAMICS methodolo Internal to the methodology, use 
(5a) the standardizing assumptions an 'F data base to irlfer facilities, indirect 
personnel, depreciation, co orate income tax, and all other components of 
overhead, including profit. %e results are (6) prices, quantities, and detailed 
.breakdowns. 

Capabilities and Limitations 

The SAMICS methodology is very general, and is expected to be usable in virtually any 
manufacturing industry (see Figure 2). SAMICS can be used to estimate the manufactur- 
ing costs and product prices associated with process alternatives in the context of com- 
plete manufacturing sequences. It can also be used to assess thq impact of changes in fi- 
nancial parameters, such as costs of input goods or services, inflation rates, tax policies, 
bte~ai l  rates, &d required reiurn on equity. Economies of scale can also be investigated, 
as al! costs and indirect requirements are described as functions of annual quantities. 

.SAMICS is limited, however, by a number of underlying assumptions. Perhaps the most 
important of these limitations is the fact that the market interaction of supply and demand 
is ignored: demand is assumed to be known, steady over time, and unaffected by the 
resultant SAMICS price estimate. That is, the SAMICS price is what the hypothetical in- 
dustry would have to be able to charge if it were to recover all of the costs of manufactur- 
ing and make the specified profit. There is no guarantee that this p r i e  would ever ac- 
tually occur in the market. 



INPUT 

DIRECT REQUIREMENTS 
OF PROCESSES I N  A 
PROCESS SEQUENCE 
(PRODUCTION LINE) 

PRODUCT PRICES, 
EXPENSES AND 

BY PROCESS 

Figure 2. SAMICS Capabilities. SAMICS provides estimates of product prices and 
process-by-process expenses for a specified sequence of well-defined manufactur- 
mg process steps in a standardized estimating environment. SAMICS is not 
restricted in applicability to the manufacturing of solar arrays, but does assume 
dedicated production lines. In addition to allowing comparison of competing pro- 
cess steps and determination of economies of scale, SAMICS can assess the effects 
of changes in 

Economic conditions (interest rates, inflation rates, prices), 
Government policies (tax credits, depreciation formulas, industry structure), 
Company management (fiscal structure, required rate of return on equity). 

A second major limitation is that all factories in the industry are assumed to operate in 
a production-line mode. SAMICS does not include cost elements to account for set-up 
costs or fnr sequencing bottleneck costs, such as must be considered in job shops and flow 
shops. Nor does SAMICS consider the use of specific work stations for the production of 
a variety of products. (SAMICS companies, however, can produce a range of products.) 
The SAMICS data base contains an assumption that every factory operates around the 
clock for 345 days per year. The changes required to permit user specification of the num- 
ber of shifts, the number of operating days per year, and so on, are minor and are cur- 
rently being implemented. 

The SAMICS factories are sized by the input annual production quantity, the fractions 
of capacity at which the plants operate, and the detailed process descriptions. The costs of 
allowing room for expansion can thus be identified. SAMICS can compare the costs of 
factories of different sizes and the same production level or of the same size and different 
production levels, but these cost differences are not the incremental costs of growth: 
SAMICS assumes that each factory was built from scratch. The fact that the SAMICS fac- 
tories do not grow does not preclude the industry from growing; additional factories with 
the same or different technology can enter the industry. (These new factories may change 



the market price, but they cannot change the prices the modeled factories have to be able 
to charge to cover costs and make the specified profit.) 

The operating costs (and revenues) of real companies vary widely from year to year, 
especially in the first few years of operation. In order to calculate a unique annual cost 
rate, SAMICS assumes that the modeled factories have reached a steady-state operating 
condition, but that they are still paying off the expenses of getting started. The eventual 
factory shut-down is assumed to be so far in the future that its effects on costs are negligi- 
ble. The resultant smoothing of annual costs does take into account escalation rates and 
each company's discount rate. 

Learning curve phenomena can be easily investigated, but only by explicitly assuming 
which pa~allleters of which process descr~pt~ons change, and by how much. 

INDUSTRY FINAL PRODUCT: MODULES 

MODULE CO. 
ARRAY CO. 

MAKERS LIST: 
PRODUCT: MODULES 

PRODUCT: MODULES 
PURCl IASCD ROOUC I : LtLLb 

'PRODUCT: POLY 
PRODUCT: WAFERS 

WAFER CO. - 100% 

PRODUCT: WAFERS 

PRODUCT: POLY 

POlY CO. - 100% 

RODUCT: POLY 

PRODUCT: NONE 

Figure 3. A Possible Structure of the SAMICS Industry. The companies that make the in- 
dustr's final product, arid their shares of the market are specified on a "Makers 
-List.' Each product required by a company has a "Su pliers List." (In SAMICS 
terminology, a :productw is something made within t ! e modeled industry. Pro- 
ducts not made within the industry are called "commodities," and their prices are 
input, rather than calculated.) In this illustration, SAMCO is more vertically in- 
tegrated than MODCO; although they bath make modules, SAMCO's input pro- 
duct is closer to the raw materials end of the industry. 



Overview of the SAMICS Methodology 

In concept, the SAMICS methodology is quite simple. Complications come iri only in 
the detailed submodels that are internal to the model (such as in the calculation of cor- 
porate income taxes). 

The structure of the industry is defined by specifying who (which of the hypothetical 
companies) buys what from whom, as illustrated in Figure 3. Each hypothetical company 
is defined by listing the manufacturing processes it contains and by specifying.values for a 
variety of financial parameters. Except for the process iists, these inputs are standardized. 
The company description is illustrated in Figure 4. 

Each manufacturing process (see Figure 5) is defined in terms of a few performance and 
cost parameters and a detailed list of its direct requirements. (Direct requirements are 
those things required by the process to produce its product, such as factory floor space, 
assembly line workers, electricity, cooling water, sulfuric acid, and silicon wafers.) 

\-- COMPANY 
IDENTIFIER 

Figure 4. The SAMICS Company Description. Non-standardized input consists of com- 
pany identifiers (a short referent and a longer descriptive name), a list of products 
produced, a list of processes used, and a list of purchased products. Each 
purchased roduct has a list of suppliers. Not shown in this figure IS the collection 
of standarlhed financial parameters. 



DIRECT REQUIREMENTS 

CT(S) REQUIRED 

. - -. Y -pa - - -==z .,. 

COST FACTORS DESCRIPTION AND' PER MACHINE PER SHIFT REQUIREMENTS 
CHARACTERISTICS PER MACHINE 

Figure 5. The SAMICS Manufacturing Process Description. The core of the input to the 
SAMICS methodology is the description of manufacturing processes. The number 
of machines is determ~ned from the annual output quantity and the process charac- 
teristics (output rate and machine duty cycle). The process sequence is determined 
from the inputloutput product specifications. Direct requirements are determined 
from the direct requirements of the process, the number of machines, and standar- 
dized o eratinp; times. Indirect r ~iroments (farenen, air cnnditinning, parking % lot, etc.7 are determined by the SA ICS methodology to be those needed to sup- 
port (after aggregation to the company's scale of operation) the direct require- 
ments. 

An extensive body of standardized dafa i s  a part of SAMICS. This standard data in- 
cludes indirect requirements relationships (such as how much building space is needed 
for each square meter of factory floor space), price inhrmation for all direct and indirect 
requirements, capital cost estimating relationships for each of the facilities parameters, 
and economic parameters (such as the general rate of inflation and the corporate income 
tax rate schedule). The casual user of SAMICS need not concern himself with any of this 
standard data. 

Once the descriptive data is ready, the user specifies the annual production quantity of 
the industry, and the SAMICS methodology is applied [either by hand or  by using the 
SAMIS 111 computer program (References 7 .10 , l l ) J  as illustrated by Figures 6,7,  and 8. 

First, all product and direct requirement quantities are calculated from the annual 
quantity of the industry by using the industry structure and the process descriptions. 
Within each company, direct requirements are collected and uscd to infer the indirect re- 
quirements. 

Then, starting at the raw materials end of the industry, so that product prices are al- 
ways known when needed, all of the annual expenses of each hypothetical company are 
calculated in turn, using standardized prices. Overhead expenses are calculated explicitly 



INDUSTRY SIZE OF 100 lo6 W ~ ~ J Y E A R  
HARDWARE PERFORMANCE OF 100 Wpk/MODULE - 

FINAL PRODUCT QUANTITY (lo6 MODULENEAR) 
PRODUCT: 400,000 MODULESNEAR 
PURCHASED PRODUCT: 

SUPPLIER(5): CELL CO. - 100% 

PRODUCT: 8.8 x lo7 CELLS/YEAR 
PRODUCT: 600,000 MODULES/YEAR PURCHASED PRODUCT: 

9.6 lo7 WAFERS~YEAR 
SUPPLIER(5): WAFER CO. - 100% 

R(S): POLY CO. - 100% 

PRODUCT: 9.6 x lo7 WAFERSNEAR 
PURCHASED PRODUCT: 

SUPPLIER(5): POLY CO. - 100% 

Figure 6. The SAMICS Methodology Quantities Calculation. ' The assumed annual indus- 
try demand generates "orders" for each company's output product(s). The 
purchased product quantities are determined by generating similar "orders" for 
each process step in each company's process s uence, using manufacturing pro- 
cess yields. After all quantities have been calcu "I ated, prices of all intra-industry 
products are calculated, starting at the raw materials end of the industry, as illustr- 
ated by Figure 7. 

from the indirect requirements. Remaining company expenses (such as replacement of 
facilities, income taxes, profit, and partial recovery of start-up expenses) are calculated 
from a financial model of the firm. To facilitate detailed study, all expenses are allocated 
back to the processes. Finally, product prices are calculated by equating annual revenues 
to annual expenses. Eventually, the price'of the final product of the industry is obtained. 

Input Data Requirements 

For use in the solar array industry, SAMICS specifies all of the input data required ex- 
cept the company process lists and the detailed process descriptions. It should be noted, 
however, that SAMICS is still evolving, as is the technology with which it is intended to 
deal. Hence, frequent minor additions to the standard data base are to be expected. 



COMPANY PRODUCT: PRICE OF 
9.6 107 WAFERSAEAR WAFERS O....,,,,,A 

DIRECT EXPENSES 
INDIRECT EXPENSES 

PROCURED PRODUCT EXPENSES 

I 
PRICE Or POLY (SOLAR GRADE POLYSILICOt.0 

PRODUCED PRODUCT FROM MODEL OF POLYCO 
3.2 x 106 KG/YEAR 

Figure 7. The SAMICS Methodology Price Calculation. During the calculation of product 
quantities (Figure 6 and the left side of this figure), annual direct needs are ac- 
cumulated within each company. Standard assumptions are used to infer company 
indirect requirements. Financial models provide estimates of overhead expenses, 
then the company's product price is chosen sp that annual revenues equal annual 
expenses. (Profit is considered to be one of the expenses that must be covered by 
revenue). This price is then passed along to the company that purchases this com- 
pany's product. 

It will generally be the case that the most difficult, time-consuming activity in the ap- 
plication of SAMICS will be the development of an initial set of process descriptions. A 
detailed understanding of the direct requirements of each of the processes in the hy- 
pothetical companies is essential for the preparation of any detailed cost estimate. 

Application Bepnd the Slar Array Industry 

In order to apply the SAMICS methodology to other industries, it is necessary to 
replace the standard industry structure data with data which is appropriate. It is also 
necessary to develop the relevant process descriptions. These are straightforward pro- 
cedures. 

A more difficult requirement is the need to augment the standardized data base. Price 
information must be obtained for any new kinds of direct or indirect trequirements. 
Capital cost estimating relationships are needed for any new kinds of facilities 
parameters. And, indirect requirements relationships must be developed for every new 
kind of direct and indirect requirement. None of these is particularly difficult to do, but 
the character of the analyses required is different from that of the other data preparation 
tasks. 



BASIC CONCEPTS 

TOTAL = DIRECT + INDIRECT 
INDIRECTI = 1. FUNCTIONii (TOTAL .) 

I I 

TOTAL REQM'T FOR X 

I *tFAST" ALGORITHM 

T-D 

T c D + N  

Figure 8. The SAMICS Methodology Indirect Requirements Inference. Direct require- 
ments, such as the lpborers and floor space shown at the left, must be supported in 
order to run a company The laborers require supervisors and plant lighting (to 
mention just two of their needs). The supervisors, in turn, require secretarial sup- 
port and office uipment; the lighting requires electricity; and so on. Floor space 
requires walls an "% ceilings. The facilities require guards and fences. These indlrect 
requirement relationships are defined numerically by standardized functions, as 
suggested in the upper right of this figure. A fast algorithm for calculating the in- 
direct requirements resulting from the direct requirements has been developed, 
and is hinted at ip the box at the lower right. 

Validation Activities 

Ensuring that the SAMICS methodology produces believable price estimates and cost 
breakdowns has been a major consideration throughout its three years of development 
(Figure 9). 

There are three major components to the validation plan. The first is an ongoing 
solicitation of criticism, both constructive and otherwise. The methodology has been pre- 
sented in detail within the Jet Propulsion Laboratory, at Low-Cost Solar Array Project 
Integration Meetings, at DOE Photovoltaics Program semiannual reviews, at IEEE 
Photovoltaics Specialists Conferences, and at a joint meeting of the Operations Research 
Society of America (ORSA) and the Institute of Management Sciences (TIMS). Individual 
LSA project contractors have been asked to comment on the methodology. A manage- 
ment consulting firm was even hired to prepare a detailed critique (Reference 4). 

The second major part of the validatian plan is the comparison of SAMICS results with 
the results of a detailed conceptual plant design produced by conventional methods. This 
comparison is underway - conceptual plant designs for a specified process sequence at 
three scales of operation were obtained from a contract in the summer of 1977 (Reference 



EXPERIENCE - 

Figure 9. Validation of SAMICS. Intensive and extensive attention has been given to 
assuring the validity of SAMICS in all four of the follow~ng.areas: Standardized 
data (economic parameters, indirect requirements relationships, and rice versus 
quantity functions); standardized methodology, including the SAM f S I11 com- 
puter program; nonstandardized data - the process descriptions; and, most lm- 
portant of all, the reasonableness of results, 

5, Volume 111): the SAMICS methodology is being applied to the same sequence at the 
same scales of operation during the latter part of 1978. 

'I'hc third major part of the validation plan is the continual application of common 
sense and experienced judgment by users of the methodology. This is. expected to be 
especially valuable in finding and correcting flaws in the standardized price data. 

In addition to the major steps described above, the validation plan includes close atten- 
tion to many more minor details. For example, despite the novelty of many of the 
SAMICS submodels and algorithms, much of the extensive cost estimation literature has 
been reviewed, assessed, and incorporated. The approach chosen minimizes the use of 
judgmental factors and "undetermined coefficients" in order to maximize the testability 
of the methodology. Modern programming mcthods - such as use of a design language, 
structured design, and "egoless programming" -were employed to ensure correctness of 
the computer program. The complete methodology was simplified to produce a manual 
procedure, which was then applied to a complete process sequence. The resulting price 
estimates and cost breakdowns were then assessed for validity. These manual results have 
been compared in detail with the computer results for the same process sequence. 



Much, but not all, of the validation plan has been completed. Release of the 
methodology and the computer program before validation is complete does entail some 
'risk. This risk is unavoidable, however, because part of the validation prpcess requires 
application by as wide a variety of users as possible. Deferring application until no risk 
remains would result in unacceptable delays in implementation. 

Obtaining a SAMICS Capability 

Full instructions for applying the manual SAMICS procedures are contained in 
References 2, 3, 5 (Volume I), 12, and 13. 

The computerized version of the SAMICS methodology can be obtained in either of 
two forms. Virtually immediate access can be achieved by establishing an account with 
NCSS, Inc. (a nationwide time-sharing service - call (21 3) 277-75 1 1 collect, ask for Ms. 
Susanna Chen, and mention the SAMIS 111 computer program) then obtaining detailed 
instructions for SAMIS 111 operation from Mr. Paul J. Firnett of JPL (call (213) 
354-4670). Mr. Firnett will also send you a copy ,of the SAMIS User's Guide (Reference 
10). 

The SAMIS 111 computer program is intended to be portable to any machine with a 
Simscript 11.5 compiler. A tape copy of the source code can also be obtained from Mr. 
Firnett. Those who wish to establish the program on their own computer system will also 
want to obtain copies of References 7 and 11. 

Eventually, the SAMIS 111 will be available from COSMIC (the Computer Software 
Management and Information Center, Suite 112, Barrow -Hall, University' of Georgia, 
~ t h e ' n s ,  Georgia 30602, (404) 542-3265), which was established to disseminate computer 
software developed by governmental agencies to other governmental agencies, to indus- 
try, and to educational and research institutions. 

SAMICS Documentation 

The SAMICS methodology is fully described by the documentation listed in this sec- 
tion. copies may be obtained from the 

LSA Data Center 
Jet Propulsion Lahorat.ory 
4800 Oak Grove Drive 
Pasadena, CA 91 103 
(213) 354-4321 

Since SAMICS is still under development, there is an active mailing list for those in- 
terested in' updates. To bc addcd to that distributioli lisl, please write Mr. Robert G. 
Chamberlain at the same address. 
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