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Interior. 

This report is for sale by the National Technical Information Service, 
Sprinqfield, Virginia 22151. 
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ABSTRACT 

At the request of the u.s. Bureau of Mines, the Colllllittee on Materials 
SUbstitution Methodoloqy assessed the available analytical modelinq techniques 
for their utility in treatinq and interpretinq the mechanisms of materials 
substitution. The techniques were classified under eiqht cateqories, viz., 
extrapolation, case studies, optimization, econometrics, input/output, 
simulation, judgmental studies, and enqineerinq studies. Invited papers on 
the techniques were presented and discussed at a workshop. Throuqh extensive 
deliberations, the workshop and committee examined the strenqths and 
weaknesses of the techniques and ranked each from three points of view: 
requirements of the technique, potential uses, and criteria for selection. 
The rankinqs assigned were hiqh, medium, and low1 they are displayed in 
tabular form in three tables. 

While offeriDCJ no explicit recommendations, the committee reached a 
number of conclusions. It concluded that no sinqle technique can provide a 
comprehensive means of forecastinq and analyzinq substitution amonq 
materials. However, a qood qrasp of the strenqths and weaknesses of the 
available techniques is necessary to understand the effects of various factors 
on materials substitution. It also concluded that the analyst is more 
important than the technique. Some modelinq techniques are better suited to 
retrospective analysis (e.q., econometrics). Others are more suitable for 
accountinq for future uncertainties and prospects (e.q., simulation or 
judgmental models). Materials substitution is most appropriately analyzed in 
terms of the lonq run. 

In summary, the report outlines the potential of the available 
techniques for expandinq our ability to treat and manaqe the substitution of 
one material for another. In liqht of this potential, the committee believes 
that the techniques examined merit viqorous development, refinement, and 
augmentation. 
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PRE PACE 

The current interest in materials substitution has several sources. An 
inportant one is that most industrial nations, includinq the United States, 
are net importers of many materials. As such, they are vulnerable to 
disturbances of prices and supplies, includinq disturbances induced by 
producer nations, actinq sinqly or as cartels. Materials-importinq nations, 
therefore, ar:e stronqly interested in potential substitutes for imported 
commodities. In particular, they are interested in the time required to make 
specific substitutions and the disruptions likely to result from such shifts. 

In the lonqer run, the possible depletion of natural resources creates a 
need to be able to assess the substitutability of reproducible or relatively 
abundant materials for scaa:e materials. It is also essential to be able to 
manaqe limited stocks of natural resources in the optimum manner. 

Aqainet the backdrop of such concerns, the National Materials Advisory 
Board*, at the request of the Bureau of Mines, fo:r:med the ColllDittee on 
Materials Substitution Methodoloqy. The committee'• task was to assess the 
available analytical tools for their utility in treatinq and interpretinq the 
mechanisms of materials substitution. Typical issues which these analytical 
techniques miqht be used to address include: 

At current prices, and assuminq no radical chanqe in technoloqy or 
consumer preference, what will be the market share of caapetinq 
materials in specific applications at various points in the future? 

If a disruption occurred in the market for a material, what would be 
the substitution dynamics in the end use applications? (i.e., How 
much could be substituted for at various prices? How lonq 
would it take to make the substitutions?) 

• 
What will be the effects of technoloqical chanqe on the competition 
between materials in specific applications (e.q., How will the 
requirements for hiqher operatinq temperatures in the future affect 
the competition between cobalt and nickel in superalloys?)? 

In addition to assessinq the strenqths and weaknesses of the techniques, 
the committee was to evaluate the potential for nev research dir:ections and 
the desirability of developinq new analytical techniques. 

~OTo achieve these qoals, the committee invited 30 to 40 persons to a 
workshop on June 11-12, 1980. The workshop was held at Woods Hole, Massachusetts, 
to minimize disruptive influences. Invited papers were presented durinq the first 
day of the workshop. The presentations were followed by deliberations by separate 
workinq qroups that continued into the followinq day. Durinq the last half of the 
second day a plenary session was held to hear and to discuss the reports of the 
workinq qroups. 
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The purpose of this meetinq was to examine the strenqths and weaknesses 
of the available substitution methodoloqies when applied to national materials 
requirements, and to the forecastinq and analysis of materials markets. The 
attendees were called upon also to define the methodoloqies needed for these 
problems and, where such methodoloqies did not exist, to discuss whether or not 
they could be developed. In addition, comments pertaininq to the development 
of new data bases or the refinement of existinq ones were solicited. 

This report is a canpilation of the workshop's findings (Part l), the 
invited papers (Part 2), and the summary and conclusions of the committee. 

The committee wishes to extend its thanks and appreciation to its 
technical advisors and other participants in the Woods Hole workshop. 
Particular thanks are due tho•'! who presented formal papers. The contributions 
of all who attended were invaluable to the committee's work. 

Joel P. Clark, Chairman 

* The National Materials Advisory Board is a unit of the Commission on 
Bnqineerinq and Technical Systems of the National Research Council. Its 
c;reneral purpose is the advancement of materials science afld enqineerinq in the 
national interest. 
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SUMMARY AND CO!CLOSIONS 

SUMMARY 

There is concern in the industrialized countries of the world about 
future problems in the markets for non-fuel minerals. These potential 
problems may be classified into two cateqoriea: resource depletion, and 
sudden interruptions in prices or supplies. 

Substitution amonq materials is an important option that is often 
available to any industrialized society. In theory it can provide solutions 
to both of the potential problems mentioned above. However, in spite of its 
importance, there is much to learn about material• substitution. In 
particular, the drivinq forces for substitution, the time delays necessary for 
substitution, and interdependence of materials requirements are not well 
understood in moat mineral markets. 

There are a number of techniques that have been or can be applied to the 
study and analysis of materials substitution. The ~ttee on Materials 
Substitution Methodology has classified them under eiqht headinqa: 

• Extrapolation • I~t/output 
• ca ae Studies • Simulation 
• Optimization • Judgmental Studies 
• Eccnometrica • Enqineerinq Studies 

The committee has examined these methods of analysis and ranked them in 
terms of their relative atrenqtha and weaknesses. The methods are essentially 
modelinq techniques, and the committee has ranked them from three point• of 
view: requirements of the techniquer potential usesr and criteria for 
selection for particular u••· The rankinqs asaiqned are hiqh, medium, and 
lowr they are displayed in tabular fom in Tables l, 2, and 3 (pp. 4-6). 

CO!CLOSIONS 

The committee concludes from its deliberations that no ainqle technique 
can provide a comprehensive means of forecastinq and analyzinq of substitution 
amonq materials. That is, there is no unique method which can be used to 
forecast substitution amonq materials or to analyze (1) the implication of a 
substitution on such factors as the demands for canpetinq or canplementary 

l 
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3 

level, qreater understandinq of, and ability to develop, substitution 
strateqies could promote effective use of natural resources. Furthermore, 
such techniques could enable industries to identify the points of their 
qreatest sensitivity to materials supply and to act accordinqly. 

In sum, this report outlines the strenqths and weaknesses of the 
techniques which are currently available as tools for forecastinq and analysis 
of materials substitution. 
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Table 1. Co9'>1lrison of Requirements of the Technique 

Bxtrapo- case Optlii- Bcono- Input/ Simu- Judcr Bnqi-
lat ion Studies zation metrics Output lation mental neerinq 

Data 
Requirements Lov Hiqh Hiqh Hiqh Hiqh Medium Medium Hiqh 

Costa -
Buildinq Lov Medium Medium Medium Medium Hiqh Medium Medium 

Costa -
Maintenance Lov Lov Medium Medium Hiqh Medium Medium Medium 

Costa -
Uainq and Low Low Hiqh Medium Hiqh Hiqh Medium Hiqh • 
Documentation 

Costa of 
Calculation Low NA Medium Medium Hiqh Medium LOI Medium 

Personnel Low Medium Medium Medium Medium Medium Hiqh Medium 

Development 
Time Low Hiqh Hiqh Medium Hiqh Hiqh LOI Hiqh 

Requirementss LOI means that the requireaent• are staple. 
High indicate• that the requirements are COllplex or detailed. 
NAs Not Applicable 
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Tab1e 2. Comparison of Potential Uses of the Techniques 

Bxtrapo- Case Optiai- Bcono- Input/ Simu- Judg- BDCJi-
lat ion Studies zation metric• output lat ion mental neeriDCJ 

Forecasting 
Short Ra 1111)~ Medium NA Low Medium NA Low Hiqh Medium 

Forecasting 
Medium Ra Dl)e Low NA Medium Low NA Medium Low Low 

Forecasting 
Long Ra Dl)e Low NA Medium Low NA Medium Low Low 

Impact 
Analysis NA Medium Hiqh Low NA Hiqh Low Hiqh 
Technoloqy 

Impact 
Analysis NA Medium Hiqh Medium 
Economic 

NA Hi9h Low Medi\Dll 
VI 

Impact 
Analysis 
Policy/Re~- NA Medium Medium Medium NA Hi9h Low Low 
latory 

Material• 
Selection NA Low Medium Low NA Low Medium Hi9h 

Historical 
Analysis NA High Medium Hi9h Low Medium Medium Mediwn 

Implications 
of Subati- NA Medium Medium Low Medium Medium Medium NA 

'tution 

Potential Uses1 Low means aore difficult to use or le•• effective :rib means easier to use or more effective 
_ means not applicable 
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Table 3. Comparison of Criteria for Selection 

Bx tr a po- case Optimi- Bcono- Input/ Simu- Judq- Bnqi-
lation Studies zation metrics Output la ti on mental neerinq 

Application Desireds 
PorecastiDEJ Medium NA LCM Medium NA Low Hiqh LCM 
Analysis NA Medium Hiqh Medium NA Hiqh Low Hiqh 

Budqet and Time 
Constraints Low High Medium Medium Medium Hiqh Medium Hiqh 

Sensitivity to 
Chanqes in: 

Technoloqy Low LCM Hiqh Medium Medium Medium Medium Medium 

Economic 
Factors Low LCM Low Hiqh Medium Medium Medium Medium 

CJ\ 
Transparency: 

To Naive User Hiqh High Medium LCM Hiqh Low Hiqh Hiqh 
To Expert User Hiqh Hiqh Hiqh Medium Medium Medium Low Medium 

Ability to Validate: 
Internal 
to Method High Medium Low Hiqh Low Low Medium 'Low 

External to 
Method Medium Low Medium Hiqh Medium Medium LCM Low 

Level of 
Aqqreqation High Low Medium Hiqh Medium Medium Low LCM 

to Hiqh to Hiqh to Hiqh to Hiqh 

Selection Criteria: ~or application desired, a hiqh rating is favorable. !'or those 
characteristics that are desirable, i.e., transparency, ability to validate, and level 
aqqreqation, a hiqh ratiDIJ is qood. Por those characteristic• that are undesirable, 
i.e., budqet and time constraints, sensitivity to chanqes in technology or economic 
factors, a hiqh ratiDEJ is bad. 

NA means not app1icab1e 
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INTROO'OCTION 

The essential role of mineral resources in the industrial and 
defense-related industries of the United States is well recoqnized. The 
adverse effects of supply disruptions and discontinuous changes in prices 
became painfully clear in the last decade, especially in the enerqy markets. 
Now there i• considerable concern among the industrialized nations of the world 
about the potential for the occurrence of similar event• in the non-fuel 
mineral markets in the current decade. 

Potential problems related to non-fuel mineral markets may be classified 
into two categories: reaou:rce depletion, and sudden interruptions in mineral 
prices or supplies. There is some concern that resource depletion will 
severely constrain economic growth in the not-so-distant future. For example, 
it has been suggested (Skinner 1976 & 1979) that the few abundant materials in 
the earth's crust (e.g., iron, aluminum maqnesium, titanium) must inevitably 
replace the scarcer ones in most enqineerinq applications, and that the cost 
of extraction of geochemically scarce elements will undergo steep increases as 
lCMer qrade ores are processed. 

On the other side of the debate are those who arque that substitution 
among material• and technological chanqe are the mechanism• that will provide 
our society with an inexhaustible source of raw materials in the future 
(Goeller 1976, Smith 1979). Indeed a number of economic studies have shCMn 
that substitution and new technologies have reduced the real prices of raw 
materials over the last century (Smith 1979). 

Interruptions in the prices or supplies of minerals have occurred in the 
past due to a number of factors, including the formation of cartels, military 
actions, civil disturbances, embargoes and natural disasters. The potential 
for supply interruptions and/or large price increases has increased in a 
number of mineral markets in recent years. Of particular concern is the 
increasingly complex and unstable political situation in the central and 
southern regions of Africa. For instance, the invasion of the Shaba province 
of Z&ire in 1978 by Katanqan rebels was a major factor in the approximately 
seven-fold increase in the dealer price of cobalt durinq a one year period. 
Moreover, there are a number of other important materials, on which the United 
States is almost entirely dependent, that are produced predominantly in 
southern Africa. These include chromite, manganese, platinum, and palladium. 

The ability to substitute for materials that are in short supply or that 
are subject to rapid price escalations is an important option that should be 
available to any industrialized society. That is not to say that substitution 
is technically feasible in every instance or that it is economically feasible 
in the range of historic materials prices. However, if material substitution 

7 
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were to occur in an ideal manner, we could expect to see a solution to the 
problem of lonq-run resource depletion (Goeller 1976) as well as a means of 
amelioratinq the adverse consequences of sudden market disruptions. Despite 
its importance, we have much to learn about materials substitution. Por 
instance, the primary drivinq forces for material substitution--relative 
prices, technoloqical chanqe, qovernment requlation, consumer 
preferences--vary from material to material and from application to 
application. These drivinq forces have not been analyzed in depth for most 
material markets. other factors which are usually poorly understood include 
the time response necessary for substitution to occur at various relative 
price ratios, the reversibility of the substitution process, and the 
interdependent nature of material requirements in particular, applications. 

The ability of material users to substitute back and forth amonq 
materials as relative prices chanqe, i.e., the reversibility, varies from 
application to application. There is a chanqe in relative price that is 
required to induce substitution in the opposite direction once the oriqina.l 
substitution has occurred. In many instances, a qreater relative price is 
required to effect a substitution in the opposite direction because of the 
necessity to make expenditures for capital equipment in the oriqinal 
substitution process. !'or instance, if cobalt-base superalloys are 
substituted for by nickel-base superalloys, there will be an attendant chanqe 
in requirements for "minor" alloyinq elements such as tantalum and columbium. 

The pu~ose of this report is to critically assess the various 
methodoloqical approaches which are currently available as tools for 
forecastinq and ana.lyzinq substitution amonq materials with the followinq 
questions in mind: 

What is now available? 

What are the strenqths and weaknesses of each approach? 

What is needed to improve our capabilities? 

The objectives of this effort were: 

(1) To describe approaches which are suitable for forecastinq and 
analysis of substitution amonq materials over the short, medium, 
and lonq terms. 

(2) To provide an opportunity for the presentation and review of papers 
dealinq with the use of the major methodoloqical approaches in a 
forum where representatives c~ alternative points of view were 
present (i.e., advocates of different m.ethodoloqies). 

( 3) To identify limitations which are inherent in the methodoloqical 
approaches themselves or which result from applyinq a model in a 
particular context. 
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( 4) To describe approaches which are suitable for forecasting and 
analysis of substitution among materials over the short, medium, 
and long tel':llls. 

The Comnittee on Materials Substitution Methodology classified the 
available methodological approaches under eight headings: 

• Extrapolation • Input/output 
• case Studies • Simulation 
• Optimization • Jud9Jll8ntal Studies 
• Econometrics • Engineering Studies 

The committee pursued its efforts primarily by means of a two-day 
workshop. Invited papers on the various techniques were presented and then 
were analyzed by small working groups made up of invi tad participants as well 
as committee members. The committee used the reports of these analyses and 
further extensive deliberations to arrive at its consensus findings. 

This report of the committee's findings is in two parts. Part l 
includes discussions of each of the eight analytical techniques examined and 
an evaluation of the relative strengths and weaknes~es of each. The committee 
consensus as to the strengths and weaknesses is also presented in tabular fol':lll 
to pel':lllit ready assessment of the utility of a given technique for a given 

. purpose. Part 2 of this report canprises the invited papers at the workshop. 
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PART l 

WORKSHOP RESULTS 
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WORKSHOP RESULTS 

EXTRAPOLATION 

Extrapolative or pure time-series forecaatinq techniques use the 
historic behavior of a variable to predict ita future. The diatinguishinq 
feature of these techniques is the forecastinq function, which depends only on 
time. Usually, the variable of interest ia observed at discrete, equally 
spaced intervals, and acme systematic pattern ia identified. Thia pattern is 
then forecast to continue. The simplest example of an extrapolative technique 
ia linear trend analysia--fittinq a atraiqht line to historical data and 
projectinq the continuation of the fitted trend. B0111ever, much more 
sophisticated techniques can be used to estimate a variety of nonlinear trends 
as well as cyclical deviations from these trends. 

Por extrapolative techniques to be useful, historical relationships must 
be relatively stabler we must aaawae that the future will be like the past, a 
possibility that becomes increaainqly unrealistic as the forecaatinq period 
leDIJthena. Therefore, extrapolative techniques are often more appropriate for 
short-texm than for lonq-texm forecastinq. 

The Use of Extrapolative Techniques 

In the area of materials substitution, extrapolative techniques have 
been applied most often to market-share data. If x1 and X2 represent 
consumption of canpetinq materials for a particular puzpoae, then s1 , the 
market share of the first material, ia s1 • x1/CX1+x2 > and s2 • l - s1 • 
Extrapolative techniques can be used to predict the evolution of these shares, 
over time. 

Several consequences of formulatinq the analysis in this way are: 

(1) The market must be definedr i.e., the area 
of potential substitution must be known in advance. 

( 2) Appropriate units must be chosen for meaaurinq x1 and x2• 

( 3) The forecaatinq function can only assume values 
between O and l. 

11 
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Market definition can be complicated by changes in technology and in consumer 
tastes. Choosing appropriate units presents a problem because materials 
possess many properties (strength, ductility, electrical and thermal 
conductivity, for example), but one summary measure of the materials' utility 
must be selected. The requirement that the forecasting function assume only 
values between 0 and 1 implies that linear trend fitting is rarely justified 
(market shares eventually become negative or greater than 1). However, a 
linear relationship can be used to forecast the consumption ratio, x1/x2 • 

Trends can be assumed to conform to a variety of nonlinear functional 
forms--exponential, logarithmic, or sinusoidal, for example. However, by far 
the most common functional form used to study trends in market shares is the 
logistic form, 

s1 • [l +exp - K (t-u)]-1, 

where, at s 1 • .S, t • u, and the rate of change of the fraction substituted 
is .2SK. The assumption underlying the use of a logistic-curve trend is that 
the percentage change in the new material's market share will be proportional 
to the old material's market share. s1 initially increases slowly, but, as 
the new material takes hold, the increase is more rapid. However, as the 
market is saturated, the increase in Si slows aqain. The percentage change 
in s1 ' s market share decreases monotonically. However, the absolute change 
increases and then decreases.) When s1 is plotted as a function of time, it 
takes on the familiar "S" shape. Pisher and Pry (1971) fitted logistic curves 
to 17 historic examples of substitutions (synthetic for natural fibers, for 
example) and found that, in each case, the "S" shape gave a reasonably good 
approximation to the data. 

Pisher and Pry's method provides a description of the substitution 
process that has a certain intuitive appeal. However, it does not explain why 
some substitutions progress more rapidly than others. The logistic function 
is a family of curves, each completely defined by two parameters, K and u. 
several authors have attempted to model the determination of the parameters K 
and u (or, equivalently, the speed of the new material's or product's 
penetration of the market). Mansfield (1961) looked at the percentage of 
tims adopting an innovation and found that differences in adoption rates were 
explained by the profitability of installing the innovation and by the size of 
the investment required to install it. He also looked at other determinants-­
the durability of capital, the rate of growth of the firm,and the phase of the 
business cycle--but found that these factors were statistically insignificant. 
Ayres, Noble, and overly (1971) used the logistic curve to forecast 
interindustry patterns of trade (changes in input-output coefficients over 
time) and concluded that changes in relative prices explain differences in 
rates of substitution. They assume that (1) the price ratio, P1/P2, 
decays exponentially over time, (2) the percentage change in consumption ratio 
is linearly related to the percent range in price ratio, and showed that these 
assumptions imply logistic-curve time patterns for market shares. 
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More complicated time-series forecastinq techniques attempt to explain a 
variable's systematic deviations from its fitted trend. For example, both 
Box-Jenkins and spectral techniques examine the behavior of a detrended time 
aeries (Mansfield 1961). (A Box and Jenkins forecastinq equation consists of 
the ratio of two polynomials in the backahift operator. Detailed discussions 
are found in Box and Jenkins ( 1·976) • Spectral techniques are discussed by 
Bloomfield (1976). Box-Jenkins techniques look at behavior in the time domain 
and relate present values of a variable to its history. These techniques are 
particularly useful for predictinq responses to random shocks. Spectral 
techniques look at behavior in the frequency domain. They decompose a time 
series into a set of orthoqonal components, each associated with a frequency, 
and show the contribution of each frequency band to the total variance of the 
variable. Box-Jenkins and spectral techniques have been used extensively to 
forecast a variety of time series but, to the committee's knowledqe, they have 
not been used to model substitution. 

Strenqths and Weaknesses 

The principal advantaqe of extrapolative forecastinq models is the 
extreme ease with which they can be constructed. With a loqistic-curve trend 
for Sir the market share of product l, S1/Cl-S1) is an exponential 
function of time, and, therefore, its loqarithm is a linear function of time. 
Ordinary least squares can thus be used to estimate the two parameters in the 
equation. If the trend a·ssumes some other commonly used functional fo:rm, 
estimation is apt to be equally simple. In addition, data requirements are 
very modest. All that is needed is time-series observations on x1 and 
X2--consumption of the competinq materials in the area of interest. 

Because the models are so simple, however, their usefulness for 
forecastinq and analysis is fairly limited. Extrapolative. techniques have 
been used to forecast market shares over lonq periods (several decades). 
However, any major chanqe in relative prices, technoloqy, or qovernment policy 
will upset these forecasts. These methods are most useful, therefore, for 
short-run forecastinq when chanqes in the underlyinq structure are expected to 
be minor. 

Extrapolative techniques provide a very convenient and easy-to-interpret 
summary of the history of market penetration. However, the models do not lend 
themselves to assessinq the impacts of future events such as new government 
requlations, supply disruptions, or cost chanqes. (Box-Jenkins techniques can 
be used to assess the impact of exoqeneous shocks. However, it must be assumed 
that the reaction will be the same reqardless of the source of the shock.) The 
simple form of the models does not capture the complexity of factors or casual 
relationships that actually determine substitution. 

Validation of model output is very simple, at least for the historical 
period--i.e., the observed market shares can be plotted aqainst their fitted 
trends. However, because these models are more descriptive than causal, there 
is little structure to validate. 
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For a given application, therefore, the ease and low cost of 
constructinq and using these models must be balanced aqainst their limited 
usefulness for forecasting and analysis. 

CASE STUDIES 

Case studies of material substitution entail an in-depth analysis of 
changes in material consumption in one or a number of specific end uses. Por 
example, the investigation by Demler and Tilton found in Part 2 of this volume 
identifies the amount of tin used annually to produce beer and soft drink 
containers in the United States durinq 1950-1977. In addition, case studies 
examine the factors responsible for material substitution. They attempt to 
assess the relative importance of changes in material prices, technoloqy, 
qovernment requlations, consumer tastes and preferences, and the other factors 
responsible for substitution. 

In sane studies the analysis of the underlyinq factors responsible for 
chanqes in material consumption is preceded by an intermediate step that 
breaks down the chanqes in material use into various causal components. Por 
instance, Demler and Tilton in their analysis of beer and soft drink 
containers (Part 2 of this report), assess the effects on tin consumption of 
chanqes over time in (l) beer and soft drink consumptionr (2) the portion of 
consumption shipped in packaged containers, such as bottles and cans, as 
opposed to kegs and other bulk containersr ( 3) the portion of the packaged 
beverage shipped in tinplate cansr (4) the number of tinplate cans of averaqe 
size needed per barrel of beverager and ( S) the weight of the tin in an 
averaqe tinplate beverage can. This intermediate step helps determine how 
much of the change over time of material usage is due to material 
substitution. It is also useful in assessinq the importance of material 
prices and the other factors that ultimately are responsible for chanqes in 
material usage. 

Use of Case Studies 

Case studies a:re a particularly useful tool for analyzinq material 
substitution. Their depth and detail can provide insights into the nature and 
the determinants of material substitution that other methodologies miss. Case 
studies can also be used to test more general hypotheses or models of material 
substitution. They may produce unanticipated findinqs regarding the factors 
affecting substitution, the nature of the functional relationship between 
these factors and material usage, the time lags and responses in these 
relationships, and other important considerations. such findinqs may then 
stimulate the formulation of new and better hypotheses and models. 

In addition to expanding our general understanding of material 
substitution, case studies may also provide useful information for contingency 
planninq. The National Materials Advisory Board, qovernm.ent agencies, and 
other organizations on a number of occasions have estimated the extent to 
which material substitution could alleviate critical material shortages in the 
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event that imports of particular commodities were cut off durinq a national 
emerqency. careful case studies of the major end uses of such commodities can 
assist in such evaluations. They can provide info:rmation on the extent to 
which alternative materials miqht be employed, the cost in terms of poorer 
perfo:rmance or hiqher prices, the time required to make such chanqes, and the 
implications for the available supply of the alternative materials. In 
similar fashion, case studies can facilitate efforts to appraise the effects 
of chanqes in qovernment requlations, material prices, or other variables on 
material usaqe. 

Limitations of case Studies 

Aside from such continqency forecastinq, case studies are not an 
appropriate tool for forecastinq. By their nature, they focus on the past. 
It is true that in extendinq our knawledqe of material substitution, case 
studies enhance our ability to specify causal models for forecastinq and 
analysis of material requirements one, five, or 20 years in the future. In 
the process of conductinq case studies, we may also enhance our ability to 
develop better judqmental models for assessinq future material needs. Still, 
the case study approach by itself involves explaininq, rather than predicting, 
material substitution. 

Several other limitations of the case study approach should be noted. 
The scope of most such studies is quite narrcM, since they focus typically on 
material consumption in one or several end uses. As a result, their findinqs 
may be specific to the particular end uses examined, and these may or may not 
be of much importance. It is possible, of course, to determine the extent to 
which conclusions can be qeneralized by conductinq a larqe number of case 
studies, but this is costly both in terms of the funds and man-hours required. 

Bven when onl.y a few end uses are considered, an extensive effort is 
often required to carry out a case study. Considerable data, much of which 
may not be readily available, must be qathered and analyzed. Where 
information is lackinq, techniques for obtaininq reliable estimates must be 
devised. Interpretinq the data and drawinq valid conclusions usually involves 
some judqment, which should be checked by those with knowledqe and experience 
in the end use sectors examined. This typically involves interviewinq and 
travel. As a result, case studies are expensive in terms of the quality and 
the quantity of research time they require. 

Complementary Value 

In considerinq the relative advantaqes and disadvantaqes of the case 
study methodoloqy, it is important to point out that this approach should be 
considered more of a canpl.ement than a substitute for other material 
substitution methodoloqies. As noted earlier, case studies provide a useful 
means of checkinq or testinq other methodoloqies. By their narrow focus and 
depth, they also provide insiqhts into the nature of material substitution 
that enhance the analytical capability and forecastinq accuracy of other 
approaches. 
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OPTIMIZATION TEX:HNIQUES 

The optimization of a system, such as a materials system or subsector, 
implies a selection of individual processes or material forms from several 
alternatives on the basis of the specific optimization criterion, usually 
minimum cost. In optimization analyses, the critical factors are the 
characterization of the competinq options and the specification of the 
objective function to be optimized. Optimization is a normative process, 
indicatinq the preferred decision or direction--what should be done--qiven the 
assumptions made in the analysis (behavior patterns, the form of the 
constraints, and the objective function, etc.). In some cases, particularly 
where uncertainties are not dominant and objectives are relatively simple, the 
optimization process also has some simulation capabilities. 

The major optimization techniques that are employed in resource 
allocation, process selection, and substitution analysis are mathematical 
p:roqramminq (linear and nonlinear), dynamic proqramminq, and optimal-control 
theory. Of these, linear proqramminq has been used extensively in view of its 
ability to include extensive technical detail on the system beinq analyzed. A 
major strenqth of these optimization techniques is the facility with which an 
analyst can include both technical and economic factors in his analysis. The 
descriptive equations of an optimi;ation model are usually developed in 
physical terms--e.q., enerqy and material balances, equipment utilization, and 
manpower requirements--while the objective functions qenerally consider such 
economic considerations as cost minimization or profit maximization. Solutions 
to resource-allocation or process-selection problems formulated alonq these 

·lines reveal the marqinal value, or cost, of limited resources. 

The role of optimization in the analysis of ~stitution possibilities 
amonq materials depends primarily on the point in the materials system at 
which the substitution may occur. The possibilities for insiqhts throuqh 
formal optimization are usually qreatest when the competinq resources or 
technoloqies produce almost identical products or services. Under these 
circumstances, the market shares amonq competitors can readily be analyzed as 
a relatively simple function of the cost of the use of the alternative 
material resources, the cost of conversion technoloqies, the efficiency of 
material resource use, the cost of ancillary inputs such as enerqy and labor, 
and the environmental or requlatory contraints. The variables can be handled 
in moat process optimization models usinq a sinqle profit- or 
welfare-maximizinq function. 

Strenqths and Weaknesses 

In the analysis of substitution within the materials system, 
optimization techniques have proven to be stronqest in the analysis of 
resource inputs and process selection. !'or example, optimization techniques 
have been applied successfully to the steel, aluminum, paper, and other 
materials sectors to analyze the effect of chanqinq costs of resources, 
ene~qy, and labor on the plant or process involved in the production of these 
materials. The success of these applications reflects the flexibility of this 
technique as well as the practicality of its application. New information or 
expert opinion can be incorporated in these models without costly revisions, 
and the results can be compared readily aqainst reality. 

Copyright © National Academy of Sciences. All rights reserved.

Analytical Techniques for Studying Substitution Among Materials
http://www.nap.edu/catalog.php?record_id=19585

http://www.nap.edu/catalog.php?record_id=19585


17 

On the other hand, if the products from alternative resources or 
processes differ in quality, durability, esthetics, etc., the resultinq 
multiattribute problem in optimization is more difficult to model. Techniques 
exist for multiobjective optimization, but they are difficult to apply in 
practice and the results show considerable sensitivity to uncertain technical 
parameters and judCJ1118ntal weiqhtinqs. In situations such as these, optimal 
solutions may be tested for "robustness" aqainst the major uncertainties--
e. 9., how sensitive is the normative solution to chanqes in the state of the 
world or other relative factors. Under these circumstances, especial 
consideration must be qiven to those optimization results that display 
"flip-flop" behavior--i.e., a tendency to switch between extreme solutions 
followinq amall chanqes in model parameters. 

In practical applications, particularly where larqe uncertainties exist 
or objectives are canplex, there has been considerable criticism of the 
oversimplification necessary to apply optimization techniques. Some of this 
criticism is deservedr in particular, the problem of data availability plaques 
this form of analysis, whose major advantaqe is its ability to include ccmpl•x 
technical and economic interrelationships. However, alternative techniques do 
not handle such problems well either. 

Use of Optimization 

Solutions determined by optimization techniques can provide useful 
insiqhts into the feasible limits of, aay, coat minimization or profit 
maximization under idealized circumstances. While auch solutions may not be 
practical, they do not provide a well-characterized benchmark aqainst which 
practical comprises may be qauqed. In this sense, normative optimization is 
similar to the idealized carnet-cycle limits in the:modyn.amics. While the 
presence of irreversibility induced by friction and enerqy. exchanqe ccmplicate 
the desiqn and analysis of real processes, it has still proven quite useful to 
consider the ideal Carnot-cycle limits as a benchmark for comparison. 

This is not to imply that the current optimization techniques are the 
last word in the analysis of substitution. As the above paraqraphs indicate, 
a qreat deal of research must be done before a satisfactory substitution 
modelinq technique will be available. Amonq the problems are the 
incorporation of the dynamic nature of substitution into an optimization model 
and the coupliDIJ of dynamic and linear proqraminq models. In addition, there 
are a variety of specific applications and materials sets for which 
substitution optimization needs to be done. 

BCONOMETRICS 

Empirical econometrics analysis is a way of deacribinq the behavior of a 
particular market (or the economy as a whole) with a relatively small number 
of simple equations. Once these equations have been established, they can be 
easily used to predict the future values of relevant variables or to study the 
effects of chanqes in the values of variables such as taxes, import quotas, etc. 
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The strengths and weaknesses of econometric analysis are inherent in the 
methods used to establish the equations which constitute the econometric model. 
Hence it is useful to outline these methods; the substitution of aluminum for 
copper in the electrical conductor market will be used below to furnish an 
intuitive feel for the strengths and weaknesses of the methods. 

Econometric analysis can be viewed as comprising three conceptually 
different phases: application and adaptation of economic theory; data 
collection; and application of econometric theory. 

In the first phase, the analyst applies economic theory to the particular 
market under consideration. For example, copper and aluminum cables are 
intennediate goods used as inputs in the production of other goods. Economic 
theory links the demand for intermediate goods to the production function (or 
to the cost function) of the end-users. However, economic theory also has to 
be extended to take into account industry-specific features. In the 
copper-aluminum case, one such feature is the u.s. producer price system for 
copper in the l960's and l970's. 

The outcome of the first phase is the specification of the equations 
which will be used to describe the market. In the copper-aluminum example, 
the analyst would develop one equation describing the aggregate demand for 
electrical conductors and a set of equations for the share of each 
conductor--copper, aluminum, or a possible third substitute--in the aqqreqate 
demand. Each equation would have sane coefficients or parameters which would 
be estimated from historical data. The equations would usually have simple 
functional foDlS, the most comm.only used fonns being linear and log-linear. 

The ability to specify the descriptive equations on the basis of 
rigorous economic theory is one of the major strengths of ,econometric 
analysis. When this is done with care, it is usually possible to interpret 
the equations in a simple, intuitive manner. This makes it possible for even 
lay users to appraise critically the spirit (if not the details) of the 
analysis. 

Conversely, because of this reliance on economic theory, it is d~fficult 
to incorporate qualitative effects into simple quantitative equations. 
However, when the qualitative effects are strong and pervasive, the analyst 
can usually take them into account through sane well-established--though ad 
hoc--procedures, such as "dummy variables." 

The second phase of econometric analysis is obtaining historical data 
for the variables included in the equations specified in the first phase. 
While this is conceptually easy, there are many practical difficulties. For 
example, no i:-.formation is available for the actual transactions price of 
aluminum prior to the early l970's. Consequently, econometric models of this 
market have previously relied on some proxy variable such as the price of 
aluminum in Frankfurt. Further, the agencies that report the primary data 
sanetimes change their methods of gathering and aggregating field data, so 
that the reported data do not constitute a consistent measure. Finally, the 
report data may simply be inaccurate; this problem is particularly serious 
when studying international markets, since the published data for some 
countries often reflect guesses and estimates rather than actual statistics. 
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The outcome of the second ata9e is a set of numerical, historical data 
on the relevant variables. Thia is another major advantage of econometric 
analysis, since the basis of the analyst's derivations is made clear and 
explicit. Further, other analysts can use the same data to teat their notions 
of market behavior. 

The reliance on historical data, hCMever, also introduces a major 
limitation in econometric analysis. Thia limitation is that the equations 
based on historical data cannot incorporate any knowledge the analyst may have 
about likely chanqea in the future. For example, equations that explain the 
shares of aluminum and copper in the electrical conductor market (on the basis 
of the relative prices of aluminum and copper) would be useless if a third 
conductor--such as optical fibers for communications tranamiaaions--were to 
become commercially f•aible. Similarly, major political and social chanqes 
may also invalidate the equations. In short, if the structure of the market 
chanqea significantly, equations baaed on historical data will aerioualy 
misrepresent future market behavior. 

The third phase is the application of econometric theory. The task here 
is to choose the appropriate mathematical and statistical methods to calculate 
the parameters (coefficients) of the equations, using the data collected in 
the second phase. In this phase, the analyst also takes into account any 
problem8 with the data. While many problems cannot be eliminated, it is 
aanetimes possible to minimize their impact with the choice of an appropriate 
method of calculation. 

The outcome of the third phase is a set of estimates of the parameters, 
toqether with a number of summary statistics which indicate--to other analysts, 
at least, if not to lay uaera--the level of reliability or the precision of 
these estimates. !'or example, the analyst may report an e.atimated elasticity 
of substitution between copper and aluminum of, say, 0.8, with a standard 
error of o.os. Thia would mean that a 10 percent chanqe in the copper-aluminum 
price ratio would be expected to l•d to an 8 percent chan9e in the 
copper-aluminum quantity ratio. Further, this expected challCJe would almost 
surely be within the range of 7 to 9 percent. 

The use of rigorously established, statistically sound methods to 
estimate the parameters and their precision levels is one of the attractive 
features of econometric analysis. When this feature is linked to equations 
baaed on economic theory, the result is that econometric analysis becomes a 
powerful tool with wide and general applicability. However, the technique can 
also be misused by analysts who, for one reason or another, are not careful 
enough to maintain the level of rigor required in each of the three phases 
described above. Further, even the moat careful analyst cannot overcane the 
limitations inherent in relying on historica~ data. 

In particular, great care must be taken if an econometric model must be 
used to make forecasts outside the historical rallCJe of the data collected in 
phase two. Furthermore, dramatic variations between observed and predicted 
market behavior could be an indication of a major structural challCJe in the 
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market, which could invalidate the model developed. This problem is of special 
concern when modelinq materials substitution, since the object of the analysis 
is to predict structural shifts. In such cases, incorporating enqineering and 
other information directly into the econometric analysis can greatly improve 
the usefulness of econometrics. 

The major conclusion is that econometrics, when properly applied, can be 
a very useful tool in studying past materials substitutions, in forecasting the 
future if it will sufficiently resemble the past, and in incorporatinq certain 
kinds of engineering information into a consistent econometric analysis. 

INPUT-OUTPUT 

In any systematic approach to the question of materials substitution, 
two considerations occur. One, can a substitution be made? That is, within 
the context of technical feasibility and economic efficiency, which materials 
are admissable candidates as substitutes for each other, and under what 
conditions should one or more of them be chosen to the exclusion of others? 
Two, assuming that a substitution of one material for another has been 
implemented, what are the implications of that substitution for the system at 
larqe, within the context of institutional, economic, social, environmental, 
international, and physical constraints. Because of the complex interrelation­
ships that characterize modern developed economies, it is impossible to know 
the direct and indirect consequences of a sinqle change in the economy--i.e., 
the substitution of one material for another--without a firm understanding of 
the underlyinq structural relationships that constitute a modern economy. 

The input-output technique is not designed to address considerations of 
the first kind: questions that center on what techniques of production should 
be used, when the switch to a new technique should be executed, or what 
materials are likely candidates for substitution. On the other hand, the 
input-output technique is in an advantageous position to consider questions of 
the second kind: what are the direct and indirect implications of a materials 
substitution for the system as a whole? In addition, since input-output tables 
can be very finely disagqreqated, material by material, by observinq both flows 
and coefficients, the method sheds some light on where to center research for 
possible future materials substitution by identifyinq the sectors and materials 
in which substitution from a technical point of view may be feasible. 

SIMULATION 

A simulation model is not always entirely distinquishable from the other 
model methodologies consider9d. To distinquish the differences from other 
modelinq approaches--and the differences in practice are in degree, not in 
kind--it is useful to contrast the simulation approach to the other causal 
modelinq methodologies considered, i.e., econometrics and optimization. An 
econometric model can be defined as one in which first, a relation between 
economic variables is hypothesized, and, secondly, statistical procedures are 
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applied to detennine whether or not the hypothesized interdependence can be 
accepted. The relations specified are sometimes dynamic and sometimes not, 
and econometric models may comprise a large number of equations. A process 
optimization model, on the other hand, is one in which the optimum mix of 
alternative substitutable inputs is determined to produce a well characterized 
output. Optimization models generally ascribe and attribute rational economic 
decision-making to the decision-maker being modeled, and can be either 
statically or dynamically specified. In its simplest form, a simulation model 
is nothing more than a hypothesis of interrelationships among variables, 
typically dynamically specified, in which the time behavior of the 
interrelations are revealed via simulation--the process of integrating the 
differential equations. (The term simulation is also applied to the process 
of solving both econometric and optimization models. Thus, the solution 
procedure is not the characteristic that distinquishes the alternative 
approaches. ) A simulation model can be distinguished most clearly from the 
other causal modelinq approaches as one not requirinq hypothesis testing in 
the statistical sense nor attribution of rational economic decision-making to 
the actors being modeled. 

Typically a simulation model will interconnect submodels that capture 
generally accepted behavior in the small in an attempt to simulate overall 
perfonnance in the large. As practiced in some fonns, the model will often 
articulate global constraints, generally accepted to exist, but quantified 
only approximately, usually because of limitations of knowledge, that have 
important implications for the time behavior of the model variables. For 
example, constraints that trigger turninq points, or changes from growth to 
decline or vice versa, or chanqes from growth to stable steady states are 
favorite targets of analysis. 

Probably the greatest strenqth of the simulation methodology is its 
flexibility. One is not constrained by data or economic rationality in 
constructing relationships of the model. Such flexibility is sometimes needed. 

Often, important questions are questions simply because data are 
unavailable. The simulation approach allows the application of scientific 
thought to the problem at hand, nonetheless. such an approach might take the 
form of analyzinq the sensitivity of the system's behavior to an important 
missing element of data to determine the importance of the missing data. Por 
this reason, the simulation approach is popular in a research environment. 
However, the model's results are always contingent upon accepting the "BIG" 
hypothesis that the model specification is correct--usually a matter of faith, 
since, because of limitations of data, the more scientific econometric 
approach cannot be applied. 

As far as the ability of the simulation approach to deal with other than 
economic rationality is concerned, it is useful to observe that political 
processes often evolve solutions to economic problems that are politically 
acceptable but not economically rational. To the extent that the simulation 
approach to modelinq can reflect the political realities, it might be preferred 
to the econometric or optimization approach as a descriptor of reality. 
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Especially when actions of government are likely to influence model variables, 
and qovernment itself is internal to the structure of the model, simulation 
may be the only fruitful modelinq approach. The limitation is that political 
science itself is a very inexact science and does not lend itself well to the 
precise fozmulation of interactions required in computer models. 

It must also be said that the simulation modelinq methodoloqy does not 
preclude part of its structure's beinq derived throuqh statistical techniques 
nor parts of the model's displayinq economic rationality. A simulation model 
most artfully constructed may be comprised of components econometrically 
derived, especially for aqqreqates such as larqe numbers of consumers, and 
other parts based upon optimization or process models of particular industries, 
fiJ:ms within an industry, or alternative production processes within an 
industry, all embedded in a aimulatinq device where still other components of 
the model are baaed on neither econometric or optimization approaches. In such 
a model it is obviously inadvisable to diatinquiah the three alternative 
approaches to causal modelinq as separate and mutually exclusive. They are not. 

JUDGMENTAL 

It has been known for a very lonq time that individual problem-aolvinq 
ability varies and that individual planninq horizons vary. The expert problem 
solver appears to be mentally quided by larqe numbers of patterns servinq as an 
index to relevent parts of the knOll!'ledqe store. Nobel laureate Herbert Simon 
and his associates suqqeat that the patterns are "rich schemata that can quide 
a problem's interpretation and solution and add crucial pieces of info:rmation. 
Thia capacity to use pattern-indexed schemata is probably a larqe part of what 
we call physical intuition." Iarkin (1980) Linatone (1975) and Loya (1978) 
discuss the differential discountinq which affects thinkinq about the future 
as well as the past. 

Such analyses confinl that individuals may indeed be a source of valuable 
inaiqhts about the future. Much is made in the popular literature of predictions 
made by experts that have proven wronq; such cases appear to be more entertaininq 
than correct predictions (a case of Schade~reude). Nevertheless, forecaatinq by 
judgmental means remains in wide use in industry. A recent survey of more than 
100 fil11l8 on the usefulness of 10 technoloqical forecaatinq techniques (Balachandra 
1980) placed expert opinion at the top. Fourteen of the 18 industries covered claim 
expert opinion as the moat useful technique. The industries include construction, 
paper, chemicals, refineries, primary metals, fabricated metals, and machinery. 
Brainstominq also ranked hiqh, much hiqher than, say, simulation (Balachandra 
1980). 

There are other considerations. The methods favored by scientists and 
enqineera rely on data and models (or combinations thereof). This dependence is 
based on the qreat success in the use of the science-based paradigms in dealinq 
with the well-structured problems that comprise purely technoloqical research and 
development. However, sociotechnical problems are ill-structured, and the same 
paradigms and modes of inquiry prove quite inadequate. Assessment of the impacts 
of technoloqical substitution in particular is illustrative of such ill-structured 
problems. Multiple perspectives are needed that sweep in other paradigms and 
inquiry systems (Linstone, Part 2 this report). Judgmental methods provide the 
opportunity to employ such perspectives. 
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Pinally, multip1e perspectives can fill another function--communication 
of output. Not surprisinqly, they can significantly facilitate effective 
communication with parties whose involvement is vital but who are not 
scientists or enqineers. 

Intuitive Approaches 

Expert opinion can be solicited by personal dialogue or interview, by 
qroup sessions or committees, and by questionnaires or remote conferencinq. 
Lendaria (1979) lists three classes of techniques that can assist in drawinq 
out ideas: 

below. 

(a) Procedures that provide an atmosphere for freewheelinq thinkinq, 
brainsto:rminq, nominal qroup technique, Delphi, ccmputerized 
conf erencinq. 

(b) Structund semantic quida.nce, scenarios, functional analysis, 
attributed listinq. 

(c) Structured qecmetric quidance trees, diqraphs or cognitive maps, 
networks, pattern ncognition methods. 

A representative example of each of these tools is discussed briefly 

Type (a) Delphi 

Delphi involves a qroup (in this application a panel of experts) in a 
remote, structured, confennce procedure usinq iterative questionaires while 
maintaininq individual anonymity. The use of Delphi in technology 
substitution is illustrated in Linstone (paper presented in Part 2)1 more 
details may be found in Linstone and Tureft (1975). 

Advantacp•· Ease of use--no lonq traininq or technical backqround 
required to do Delphi. 

Low cost--participants can remain at their own workinq places or hemes. 

Ability to brinq in many viara--experts can be drawn from distant places 
and in sizable numbers. 

Multip1e perspectivea--facilitates introduction of several perspectives. 

Plexibility--can be easily modified for specific needs <••CJ•, first a 
panel of reseu:ch experts, then a panel of development or production experts). 

No forcinq of consensus--iteration of rounds proceeds until stability is 
attained whether consensus or not. 

Diaadvantaqes. Difficulty in experts' handlinq of environmental chanqes. 

Copyright © National Academy of Sciences. All rights reserved.

Analytical Techniques for Studying Substitution Among Materials
http://www.nap.edu/catalog.php?record_id=19585

http://www.nap.edu/catalog.php?record_id=19585


24 

Individuals have problems in simultaneously projecting many chanqes. 
They can handle only a few and assume everything else remains unchanged 
( ceteris pa.ribus). Thus multiple substitutions and future changes in values 
or criteria of utility tend to be ignored. 

Possibility of manipulation--as with most tools, manipulation is a 
residual danger. The selection of panelists, the feedback data, and the 
wording of statements can all be altered. 

Ease of misuse--ease of use also implies ease of misuse (e.g., sloppy 
execution) • 

Type (b) Scenarios 

Scenarios are more useful in forecasting needs than capabilities. They 
represent an effort to provide a more holistic basis for forecasting using 
both trends and possible events. Scenarios are, in effect, future histories. 

Advantages• Holistic approach facilitates inclusion of interactions-­
there is less likelihood of the ceteris paribus fallacy found with many 
techniques. 

Ease of communication--scenarios are easily understood, in contrast with 
sophisticated modeling tools. 

Disavantages. Low predictive pcwer--the many variables included lead to 
low probability of occurrence of any one scenario. (Consider 20 events 
occurring or not occurring with a probability of 0.9 each. The likelihood of 
a scenario involving all is only 0.12.) 

Writing problems--technologists are not usually adept at developing 
useful scenarios1 their background militates against the use of multiple 
perspectives which add vital dimension to any scenario. 

Low value for capability forecasts--scenarios are not well suited to 
forecasts of technological capability. 

Type (c) Digraphs or Cognitive Maps 

Digraphs a:re typical of structural modeling tools and are particularly 
appropriate for technology assessment (Linstone, et al 1979). For example, 
the tracing of consequences of a materials substitution can be facilitated by 
a directed graph or cognitive map. Such maps can augment intuition by 
clarifying the effects of a large number of interactions. Structural modeling 
inherently emphasizes structure rather than data, the geometri~ rather than 
the arithmetic 
Di graphs can illuminate deviation-amplifying and deviation-counteracting (or 
dampening) loops of impacts as well as indicate in a semiquantitative way the 
dynamic behavior of key variables (by means of simple computer programs). 
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Advantages• Ease of use--simplicity of diqraphs permits use with 
minimal traininq as well as ability to alter model readily. 

Ability to consider many interactions--intuition can be effectively 
aUCJDlented by these tools. 

Low-coat. 

Both cumulative and proportional (or lonq-term and short-term) 
connections. 

Diadvantaqes• Subtle asaumptions--uaually limited to paii:wise 
interactions, transitivity. 

Structural chanqes must be introduced externally. 

Easy misuse--misinterpretation of semiquantitative as fully quantitative 
output in computer calculations. 

We conclude that judgmental models have an important role in 
technoloqical forecaatinq and aasesament in qeneral, and in technoloqical 
substitution in particular. Their simplicity can be misleadinq, however, if 
skill and care are not exercised in their application. 

ENGINEERING 

The last of the causal methods considered by the committee was 
enqineerinq analyses. Examples are described by Gordon and Noton in their 
presentations in Part 2 of this report. The Gordon method involves use of a 
relatively simple and atraiqht-foi:ward analytical technique already reduced to 
computer format1 the Noton procedure involves manual use of a qreat deal of 
enqineerinq and coat data on a variety of materials, forms, and fabrication 
techniques to evaluate substitution options in the aerospace industry. 
Noton' s procedures can be qreatly expanded for use in many other industries 
and could also be reduced to computer format for automatic selection of 
least-cost substitutes. Althouqh somewhat less complex but with qreater 
breadth than Noton's model, the Reference Materials System (RMS) described by 
Roffman in his workshop presentation in Part 2 shows, in principal, how this 
miqht be done as related to substitution. 

Enqineerinq analysis methods differ fxom the other methods discussed in 
that they permit evaluation of physical criteria, production processes and 
methods, and enqineerinq parameters as well as economic factors. Thus they 
can be used as subroutines in econometric and input/output models,-to:juatify· 
and validate coats and other economic factors commonly used in such purely 
economic models. In addition they can be used in conjunction with optimization 
and system simulation models to specify constraints, parameters and other 
relationships in the models. Moat scientific and enqineerinq relationships 
have well-founded, well-developed mathematical concepts and are often more 
readily treated analytically than are the softer issues in computer models. 
Like all modeling techniques, however, enqineerinq analysis has difficulty in 
addreasinq many judgmental issues, such as the resolution of social and 
political problems. 
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In the simplest, least-cost substitution model, only the costs of the 
oriqinal and substitute material are considered. Gordon's model, however, 
qoes on to evalute relative material quantities, additional (or decreased) 
capital and operatinq costs required for producinq the substitute material or 
product, and additional (or decreased) life-cycle costs associated with use of 
the substitute. Gordon then illustrates use of the model in substitution of 
coke-produced for charcoal-produced piq iron in the production of bar iron 
(steel) in 17th century Enqland and substitution of aluminum for copper in 
automobile radiators and in-house wirinq. Gordon's paper shows that 
consideration of factors other than just materials costs can lead to very 
different conclusions about the value of the substitute. 

Gordon's method suqqests that factors other than materials cost are 
evaluated manually in somewhat the same way as in Noton's handbook procedure. 
However, this approach is not inherent in the method, since each factor can be 
reduced to a computer subroutine to find the appropriate cost. 

Strengths and Weaknesses 

The strengths of a Gordon-type model are: first, the model is quantified 
and gives numerical overall coat comparisons between materialsr second, it is 
quite comprehensive and gives life cycle rather than just initial production 
costs for a substitute productr and third, it can readily be expanded to 
include multiple comparisons and coupled effects. 

The Gordon-type model also has inherent weaknesses. It as11W11es technical 
feasibility of substitutionsr in reality, these must often be proven through 
experience, particularly in total life-cycle evaluations. Secondly, the model 
fails to evaluate political, social, and environmental as well as purely 
economic factors, but this is a shortcoming in all other types of models as 
well. Further, it does not address sUbstitute processes or functional 
substitutions but only material-material alternativesr inclusion of substitute 
processes in the model would be feasible, but inclusion of functional 
substitutes would be more difficult. Finally, the model does not permit easy 
inclusion of quantum changes, such as substitution of solar for conventional 
energy. 

With regard to input considerations for engineering analysis models in 
general, two important factors are model development and operating costs, and 
the availability of data. The costs of developinq a simple model such as 
Gordon's should be moderate, but costs increase rapidly as the number of 
subroutines for evaluating the various cost factors is enlarqed and as the 
number of process steps is increased. The costs of developinq models such as 
Hoffman's RMS model and of computerizinq Noton's handbook procedure would be 
high because of their complexities. However, once developed, all of these 
models would be relatively inexpensive to use. With regard to data availability, 
basic chemical, physical, and enqineerinq data are widely available. On the other 
hand, much of the production data are unavailable. For example, about 20 percent 
of U .s. Bureau of Mines national production data are withheld for proprietary 
reasons, and in many cases u.s. Department of Colllllerce Standard Industrial 
Classification information is insufficiently disagqreqated to be totally useful. 
In addition, evaluation of newer, alternative processes will generally be difficult 
because the details of most new processes are tightly guarded by industry. 
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Current enqineerinq models have forecastinq value mainly for the short 
tenn Cl to 3 years) and to a limited extent for the intermediate term (next 3 
to 5 years). This characteristic stems larqely from lack of ability to predict 
quantum jumps in technolOCJY as well as limited availability of data on new 
processes under development. Enqineerinq-analysis models are, or can be made, 
very flexible and have.an added value in that they can evaluate and judqe many 
tachnoloqical factors that purely economic models cannot. For similar reasons 
they are probably the most pragmatic of models. Finally, the use of these 
models can be valuable in identifyinq technical and other areas where additional 
input must be developed to increase assurance of the model's validity. For 
example, it was pointed out that life-cycle substitute coats may be hiqhly 
suspect in many cases. Thia ahortcominq can be remedied by conductinq 
accelerated teats and field trials on substitutes. 

SUMMARY OP' WORICSROP RESULTS 

The findinqa of the camnittee and the invited participants in the workshop 
at WOOds Hole are summarized in Tables l, 2, and 3 (pp. 4-6) and npeated here 
(pp. 28-30). 

Table l canpares the substitution methodoloqiea examined on the basis of 
the requirements their implementation entails. These include financial 
requirements, data requirements, and manpower requirements. 

Table 2 compares the applicability of these techniques to the spectrum of 
materials substitution problems. These include forecastinq, impact analysis, 
and retrospective analysis. 

Table 3 outlines the selection criteria to be applied durinq the selection 
of an appropriate methodoloqy. Included are validation, fiexibility, and 
transparency. 

In each cateqory, the methodoloqies are ranked in Tables l, 2, and 3 in 
terms of low, medium, and hiqh. The bases of the rankinqa are discussed below. 

Requirements of the Methodoloqies 

Table l summarizes the coanittee' s assessment of the requirements of the 
eiqht methodoloqies discussed. These requirements may be broken down into four 
major divisions: data requirements, costs, support staff (personnel) 
requirements, and development time requirements. 

Data Requirements 

Extrapolative techniques were found to have the lowest data requirements. 
This result is not au:rpriainq in liqht of the modest objectives of such 
techniques. 

Si1111lation and judgmental techniques were qiven medium rankinqs in this 
area. The emphasis of simulation techniques on measurable flows and transactions 
rather than the structural underpinninqs of the system to be modeled explains 
their medium rankinq. The assignment of the same rankinq to judgmental models 
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Table l. Comparison of Requirements of the Techniques 

Bxtrapo- Case Optiai- Bcono- Input/ Sim\1- Jud er Bnqi-
lat ion Studies zation metrics output lat ion mental neerinq 

Data 
Requirements Low Hiqh Hiqh Hiqh Hiqh Medium Medium Hiqh 

Costs -
Buildinq Low Medium Medium Medium Medium Hiqh Medium Medium 

Costs -
Maintenance Low Low Medium Medium Hiqh Medium Medium Medium N 

OD 

Costs -
Usinq and Low Low Hiqh Medium Hiqh Hiqh Medium Hiqh 
Documentation 

Costs of 
Calculation Low NA Medium Medium Hiqh Medium LOlll Medium 

Personnel Low Medium Medium Medium Medium Medium Hiqh Medium 

Development 
Time Low Hiqh Hiqh Medium Hiqh Hiqh Low Hiqh 

Requirements s ~means that the. requirements are aiaple. 
~ indicates that the requirements are c0111plax or detailed. 
NAs Not Applicable 
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Table 2. Comparison of Potential Uses of the Technique 

Bxtrapo- Case Optiai- Eco no- Input/ Sialu- Judq- Enqi-
lat ion Studies zation metrics Output lation mental neerinq 

Porecasti~ 
Short Ranqe Medium NA Low Median NA Low Hiqh Medium 

Porecastinq 
Medium Ra R)e Low NA Median Low NA Medium Low Low 

Porecastinq 
LOR) Ranqe Low NA Medium Low NA Medium Low Low 

Impact 
Analysis NA Medium Riqh Low NA Hiqh Low Hiqh 
Technoloqy 

Impact 
N 

Analysis NA Medium Riqh Median NA Hiqh Low Medium \0 

Economic 

Impact 
Analysis 
Policy/Regu- NA Medium Medium Medium NA Hiqh Low Low 
latory 

Materials 
Selection NA Low Medium Low NA Low Medium Hiqh 

Historical 
Analysis NA Hiqh Medium Riqh Low Medium Medium Medium 

Implications 
t of Substi- NA Medi ma Medium Low Medium Medium Medium NA 

tution 

Potential Uses: Low means more difficult to use or less effective 
Riqh means easier to use or more effective 
NA means not applicable 
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. .,. ___ -· 
--~-----·· -- -------- --- --------·· 

Bxtrapo- Case Optillli- Bcono- Input/ Simu- Judq- Engi-
lation Studies zation metrics Output lation mental neerinq 

Application Desired: 
Fore ca sting Medium NA Low Medium· NA Low High Low 
Analysis NA Medium High Medium NA High Low High 

Budget and Time 
Constraints Low High Medium Medium Medium High Medium High 

Sensitivity to 
Changes in: 

Technology Low Low High Medium Medium Medium Medium Medium 

Economic 
Factors Low Low Low High Medium Medium Medium Medium 

Transparency: w 
To Naive User High High Medium Low High Low High High 0 

To Expert User High High High Medium Medium Medium Low Medium 

Ability to Validate: 
Internal 
to Method High Medium Low High Low Low Medium Low 

External to 
Method Medium Low Medium High Medium Medium Low Low 

Level of 
Aggregation High Low Medium High Medium Medium Low Low 

to High to High to High to High 

Selection Criteria: For application desired, a high rating is favorable. For those 
characteristics that are desirable, i.e., transparency, ability to validate, and level 
aggregation, a high rating is good. For those characteristics that are undesirable, 
i.e., budget and time constraints, sensitivity to changes in technology or economic 
factors, a high rating is bad. 

NA means not applicable 
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requires a bit more explanation. In establishing a judgmental model, the model 
makers are actually establishing a framework within which the experts selected 
can interact productively. The amount of data required to establish such a 
framework is, of course, quite low, although the model makers must collect 
sufficient data to assure that the framework they construct will be effective. 
However, the search for the requisite experts and the maintenance of their 
expertise entail significant data requirements. 

The remaining five techniques were given high ranking in the data­
requirements category. Engineering, input/output, and optimization techniques 
require detailed technical data, while econometric techniques require detailed 
statistical data. case studies require all of the above and more. 

Coats 

The costs of implementing these various techniques were broken down into 
two main categories: the coats of creating a model and the subsequent cost of 
calculation. The creation costs were further broken down into three categories: 
the coats of buildinq, maintaining, and using the model. 

Coats of Creating a Model 

Building the Model. Extrapolative techniques were given a low ranking in 
the cost of building a model. Relatively inexpensive softwa're is readily 
available to perf o:rm any but the most complex extrapolative calculations, and 
moat of these proqrams are written for the inexpert user. 

At the other end of the spectrum, simulation models were given a high 
ranking. This reflects the nonative nature of this technique, as well as the 
specialized nature of the model formulation. There is no such thing as a 
standard simulation of any materials sector, and every practitioner has his own 
preferred programming language and methodology. 

Between these two extremes lie the other six techniques. The structure 
of each of these techniques is relatively consistent across all applications 
and the mathematical techniques are well established with the practitioners. 

Maintaininq the model. The costs of maintaining a model are related 
directly to the structure of the model developed. The more difficult the 
incorporation of new data, the more costly the model maintenance. Based on 
this criterion, input/output techniques were given the sole high ranking. The 
incorporation of every new piece of data requires a reformulation of the 
transfonation matrix and can be very tedious and time-consuming. 

Extrapolative and case-oriented studies were given a low ranking because 
of the ease with which new data can be incorporated. New and diverse data, of 
course, are the essence of case studies, so the low ranking is not surprising. 
Extrapolative techniques can incorporate new data by simply adding it to the 
data base the computer operates on. 
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The remaininq five techniques were given a medium rankinq. In each case, 
the incorporation of new data requires an addition to or a minor revision of 
the model. With enqineering and optimization models, one would expect new data 
to be incorporated in the form of new or modified constraints, technical or 
economic, which can be readily included. Similarly, with econometric studies, 
new data imply either the inclusion of a new regression va.rible or the revision 
of a block of regression data. In sane cases, simulation models may require 
only minor changes when it is desired to incorporate new data. The 
incorporation of new data may hCMever, require extensive revisions of the model 
structure. 

Using the Model. This category examined the costs a naive user would 
face in learning to use a model's results. The assessment included the 
difficulties associated with interpreting the model's results. 

In the lCM category were placed extrapolative and case-oriented models. 
The lCM rankinq of these models is readily explainable since their results and 
reasoning generally are clearly understandable and interpretable by the layman. 

In the high category were placed optimization, enqineerinq, input/output, 
and simulation techniques, which require a degree of technical or economic 
specialization on the part of the user. This requirement does not actually 
reflect the capabilities needed by the user, but users who are unaware of the 
technical or economic canplexity of the techniques run a serious risk of 
misunderstanding or misapplying the results. 

The remaininq techniques, econometrics and judgmental, received a medium 
rank in this category. In the case of econometric models, this ranking 
reflects the ease with which the results may be presented, as well as the fact 
that there are subtleties in the use of such models which require some care. 
This is also the case with judgmental models, although the derivation of the 
results may be somewhat less apparent to the layman. It is important to note 
that this facile appearance may also be used to conceal biases and agenda. 

Costs of Calculation 

This category reflects the expected cost of obtaining results with a 
model and the cost of an analyst's time for interpreting these results. 
Extrapolative models were given a low rankinq in this category, once again 
reflecting the moderate objectives and results of the technique. Judgmental 
models also received a low ranking. Although the costs of using experts may be 
high, the technique does not require full-time participation by them. 
Input/output models were also given a high rankinq. This ranking reflects the 
extensive computing time required and the interpretive skills necessary. In 
particular, the inversion of the large transformation matrices entailed in 
these models is a consiaerable effort requiring a siqnif icant amount of 
canputinq time and ability. Given a medium ranking were econometric, 
simulation, optimization, and engineering models. Each of these models 
requires a degree of computation on the order of that required by the 
techniques in the high category, but far less work is needed to interpret the 
results. 
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Personnel Requirements 

This cateqory outlines the relative deqree of technical competence 
required of the personnel involved in the construction, maintenance, and use of 
the varioas models. 

In the hiqh cateqory are judgmental techniques. These techniques rely on 
avowed experts in the field(s} under study, who make judgments and 
determinations under a variety of conditions. It is self-evident that such 
techniques would make major demands on the competence of the participants. 

In the low cateqory are extrapolative techniques. Once aqain, this 
rankinq is consistent with the view that an extrapolative technique is a qood 
start, but hardly a riqoroua treatment of the subject. 

The other aix techniques were placed in the medium cateqory. Thia 
rankiDIJ perhaps understates the personnel requirements of these techniques, 
which are not by any means amenable to unsophisticated treatment. However, on 
a relative scale, the techniques are certainly leas demandinq than the 
judgmental method. In qeneral, they require a uaer with aiqnificant inaiqhta 
into the technical and economic aspects of the system under study, as well as 
an appreciation of the vaqaries and assumptions inherent in the techniques 
applied. Furthermore, an ability to validate the model's reaulta ia essential 
for any uaer. 

Development-Time Requirements 

Thia cateqory compares the times required to develop the varioaa models 
examined. 

Extrapolative techniques, were placed in the low cateqory for fairly 
obvioaa reasons. The data requirements are not substantial, and a number of 
mathematical techniques for treatinq the data are readily available. Al ao 
placed in the low cateqory were judgmental models. While a certain deqree of 
preparation ia required, the main time requirement is the time needed to brinq 
the experts together and qive them an opportunity to interact, which is much 
leaa time than that required by the other techniques. 

case studies and eDIJineerinq techniques were qiven hiqh rankinqa. case 
atudiea require significant blocks of time for collectinq data, but much leaa 
for analyzinq the data. The hiqh rankinq for enqineerinq techniques is a 
reault of similar conaiderationa--the difficulty of collectiDIJ many kinda of 
enqineerinq data, especially coat-related and proprietary technical data. 

Optimization, input/output, and simulation techniques also received hi9h 
rankinqa. Althouqh these models employ fairly standardized techniques, the 
actual development of a model requires extensive examination of previous and 
current modelinq eff orta and other studies in order to formulate and refine the 
relationship on which the models will be baaed. Because of the reliance on 
previous work, these techniques also require siqnificant development time. 
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Econometric techniques were qiven a medium rankinq. Thia rankinq 
reflects the relative standardization of the structures and the methods of 
these techniques. While the data requirements may be as qreat as those of the 
preceding techniques, far less time is required to develop the structure and 
application of these techniques. 

Potential Uses of the Models 

Table 2 depicts the committee's estimate of the appropriate uses for the 
modelinq methods examined. As in Table l, the techniques were ranked as low, 
medium, and hiqh. The committee broke the potential applications of these 
modelinq techniques into five cateqories: 

l. '!'orecastinq 4. Historical analysis 
2. Impact analysis 5. Implications for substitution 
l. Material selection 

'!'orecastinq 

Porecastinq was broken into three natural cateqories: short ranqe (l to 3 
years), medium range (4 to 10 years), and lonq ranqe (qreater than 10 years). 
Case-ori~nted and input/output techniques were not incl11ded in this rankinq 
because they are clearly inapplicable to forecasting. 

Short Range. Judgmental models were qiven a hiqh rankinq in short-ranqe 
forecasting, reflectinq the committee'• judqment that experts in a field are 
more likely to be able to balance the multitude of short-ranqe factors that 

·contribute to conditions in the near term. At the other end of the spectrum 
were optimization and simulation techniques. These methods were qiven low 
rankinqa based on their inability to reflect satisfactoril.Y the dynamics of 
abrupt chanqea in the systems beinq modeled. Extrapolative and econometric 
models were qiven medium rankinqs because of the stronq influence of past 
trends and incremental chanqe in the results of these models. Enqineerinq 
models were also qiven medium rankinq in liqht of the fact that they rely on 
extant technoloqy, which qenerally will not be subject to abrupt chanqes, 
reqardlesa of other dynamics. 

Medium Ranqe. In medium-ranqe forecaatinq, only medium or lCM rankinqs 
were qiven. Purthei:more, most of the techniques lost favor as the time ranqe 
expanded. Enqineering, extrapolative, and econometric models dropped from 
medium to low rankinqs and judgmental models dropped from a hiqh to a low 
ranking. In each case, the drop in rankinq results from the very factors that 
made these techniques advisable in the short ranqe. The reliance of the 
techniques upon past data and incremental chanqe qrows increasinqly detrimental 
as the time horizon expands. PurthemQre, techniques that are more likely to 
incorporate a stronq present-oriented bias, such as judqmental techniques, tend 
to lose qround more rapidly. This is in direct contrast to techniques that are 
able to treat abrupt chanqes and dynamic situations more satisfactorily, such 
as optimization and simulation, which were qiven medium rankinq. 
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Lonq Ranqe• In lonq-ranqe forecastinq, much the same considerations 
hold as were outlined in the medium-ranqe cateqory, and the rankinqs reflect 
this similarity. It is important to remember that these rankinqs are only 
relative and that, in qeneral, the lonqer the time horizon, the less certain 
one can be about the results of any predictive model. So, even thouqh 
optimization models are qiven the same rankinq in the lonq ranqe as in the 
medium ranqe, one would tend to qive less credence to the results of a 
lonqranqe study than to the results of a medium-ranqe one. 

Impact Analysis 

Three types of impact analysis were specifically considered in this 
rankinq of model applicability. These are: 

a. Technoloqy impacts 
b. Bconomic impacts 
c. Policy/requlatory impacts 

Once aqain, certain techniquea--extrapolative and input/output--were excluded 
from consideration. The exclusion of extrapolative techniques reflects the 
inability to treat such problems, while the exclusion of input/output 

·techniques reflects the sheer difficulty of convertinq the transactions matrix 
to reflect one policy chanqe, much less several. 

Technoloqy Impacts. Optimization, simulation, and enqineerinq 
techniques were qiven hiqh rankinqa in technoloqy impact. Models constructed 
with each of these techniques can be easily altered to reflect alternative 
technolOCJies. Bconometric models were qiven a low rankinq because of the hiqh 
level of aqqreqation that marks econometric statistics. Because of this 
aqqreqation, it is very difficult to di&tiDCJUi•h the impacts of specific 
technolOCJical chanqea. Judqmental techniques also qarnered a low rankinq, 
baaed on the perception that, while such models are able to point out areas in 
which technoloqical chanqea are desirable, the full impacts of such chanqea 
are rarely considered beyond the immediate short ranqe. Case studies were 
qiven medium rankinq. Thia rankinq was qiven because in these models the 
primary analytical means of treatinq technolOCJical chanqe is personal, expert 
estimation which, while very subjective, can brinq many otherwise 
unquantifiable factors to bear on the problem. However, this technique is 
very structure-oriented, and the i~cts of the chanqe in structure that would 
accClllpany a chanqe in technoloqy would be difficult to assess. 

Economic Impacts. Optimization and simulation techniques were qiven hiqh 
"' rankinq in economic impact, reflectinq the ability of both to create, ao to speak, 

their own economic environment within which the relative impacts of many factors 
can be analyzed. Furthermore, this economic environment may be altered readily 
within the basic framework of the model. Case, econometric, and enqineerinq 
studies were qiven medium rankinqa. The case-study technique, beinq a~ facto 
type of study, is better suited to the analysis of observed chanqea in economic 
conditions than to the analysis of expected behavior in response to predicted 
economic chanqes. Similarly, econometric studies, while able to reflect the 
underlyinq structure of observed economic interactions, are less reliable when 
examininq activity under economic conditions outside the norm. 
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Enqineerinq models tend to submerqe economic parameters inside of 
discountinq or capitalization equations, of which the sensitivity to shifts in 
economic conditions is rarely dependent upon more than a discountinq rate. 
Judqmental models were qiven a low rankinq in this cateqory as well. Such models 
were considered to be likely to reflect a broader perspective of the impacts of 
economic chanqes than would be useful for i~ct analysis. Furthermore, a 
complete picture of these impacts qenerally is beyond the scope of judmental 
models. 

Policy/Regulatory Impa.cts. Simulation techniques received a hiqh rankinq 
in policy/requlatory impacts. This rankinq results from the relative ease with 
which chanqes in policy can be incorporated into simulation models, especially 
where impacts on materials flows may be readily quantified. Case and econometric 
studies were qiven medium rankinqs for much the same reasons as in the 
economic-impact cateqory. Optimization techniques were ranked medium in this 
cateqory, primarily because of the difficulty associated with isolatinq the 
impact of specific policy on this technique's results. Enqineerinq models were 
qiven a lcw rankinq in thi.s cateqory, reflectinq a wide perception that 
enqineerinq models result in solutions that are policy independent. Judgmental 
models, as in the previous impact areas, also were ranked low. 

Usefulness for Materials Selection 

Enqineerinq models were ranked hiqh in usefulness for materials selection. 
The ability of these models to compare a variety of materials options on the baai.s 
of their enqineerinq utility and other scientific criteria is a clear advantaqe 
over the other techniques considered. 

case, simulation, and econometric studies fared less well, receivinq low 
rankinqs from the committee. Both case studies and econometric models are more 
indicative of past perfonnance than of future tendencies. Simulation earned its 
low rankinq for much the same reasons. These models tend to reflect the behavior 
of factors within the context of the very structures that would be eliminated by 
a technoloqical or enqineerinq innovation. 

Optimization was qiven a medium rankinq. While this technique is limited 
in the same fashion as simulation models, sufficient flexibility can be introduced 
into the model to reflect the responses of optimal decision-makers to chanqes in 
the availability of alternative materials. Judgmental models were also qiven a 
medium rankinq. While these models can reflect many perceptions and criteria, 
the effects of personal biases on the model's results cannot be discounted. 

Historical Analysis 

case studies and econometric analyses were qiven hiqh rankings in historical 
analysis. Since these techniques are based on historical analysis, one would 
expect them to perfo:rm best in this area. Input/output models were low rank 
because of their "present-orientedness." These models are desiqned to describe 
current material flows rather than to outline the path that led to the present 
situation. Optimization and enqineerinq analyses were ranked medium because of 
their relative inability to trace the path of transition from one situation to 
another. These models, once a clearly better approach is made available, select 
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the newer approach, and frequently do not reflect the laq times involved in such 
changes. Simulation and judgmental techniques were also ranked medium. Once 
aqain, these techniques are "present-oriented" and would not be expected to yield 
results as useful as those qiven by more backward lookinq techniques. 

Impl.icattona of Substitution 

In this cateqory, the committee attempted to rank the available techniques 
on the basis of their ability to offer insiqht into the impacts that materials 
substitution would have on the system under study. Most techniques received 
tentative rankinqs of medium except for econometrics, which was ranked low in 
view of its insensitivity to major future chanqes in consumption. Of the 
remaininq techniques, input/output was qiven serious consideration in liqht of 
its ability to reflect minutely the impacts of chanqea in materials-consumption 
pattema. on the other hand, optimization and enqineerinq techniques were found 
to be more able to quantify the benefits and costs of such chanqes, while 
simulation techniques were expected to offer major inaiqhta into the effects of 
policy chanqes. 

SELECTION CRITERIA 

The criteria for aelectinq a way to forecast and analyze materials 
substitution for both the expert and the naive user a~e detailed in Table J. The 
rankinqs Clow, medium, and hiqh} are meant to indicate the relative atrenqths and 
weaknesses of each technique, and the interpretation as to whether low means the 
technique is or is not less desirable depends on the specific criteria described 
below. These criteria canprise the questions that a potential user should be 
aaki:nq, for there are fundamental differences amonq the techniques and no ainqle 
one is superior in all respects for all uses. The moat fundamental question is 
what will the analysis and results be used for and who will be uainq them and for 
how lonq. Use of the selection criteria in Table l should permit the user to 
address these considerations. 

The eiqht methods at hand are applied almost without exception to forecast 
trends and events or to understand and analyze past occurrences. The purpose of 
forecastinq is obvious1 however, the purpose of analyzinq the past goes beyond 
simply an intellectual understandinq. Once the process of materials substitution 
has been modeled, questions relatinq to hypothetical chanqes in various 
factors--auch as new technoloqies, changes in prices, and so forth--can be posed 
and their probable implications traced as they affect the model. some techniques 
are more useful in conductinq these "what if" questioninqa than others. Clearly 
the success of any particular application depends on the quality of the specific 
model and the data employed to estimate it. 

Model buildinq is a way to abstract systematically fran the canplexitiea of 
th• real world and to stress the critical or core relationships that are thouqht 
to describe that reality. Model-buildinq techniques such as those described in 
this report are the most widely used and have proven successful in the past. 
However, each technique imposes both explicit and implicit assumptions and 
restrictions on the model builder in addition to those abstractions he controls 
directly when specifyinq a model. The criticality of the technique-related 
assumptions surfaces in the Application Desired and the Transparency criteria of 
Table J. 
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Application Desired 

l!'orecastinq. In forecasting one makes assumptions about the future state 
of the world and attempts to trace the effects of the events or conditions 
assumed. Hence the farther into the future one is forecastinq, the less 
meaningful past experience becomes. In forecasting with extrapolative techniques 
the analyst assumes that past trends will continue, and consequently the method 
is ranked medium for short-term forecast (less than five years as denoted in 
Table 3) and low for forecasts of greater length. Case studies and input/ output 
analysis are unranked for forecasting in Table 3. The methods involved in case 
studies are primarily ad hoc and depend entirely on past behavior1 therefore, 
they cannot be used in, forecasting. In input/output analysis, the economy is 
assumed to remain in long-term equilibrium and technoloqy is rigidly defined, 
implying the technique is inappropriate for forecasting. Econometric estimates 
rely on past data, but allow the investigator to extract information about a wide 
variety of relationships, sane or all of which may continue into the future. 
This ability earns econometric analysis a medium rank. The limitations of 
optimization, simulation, and the engineering methods include restrictive implicit 
assumptions and failure to consider the effects of key variables which may cause 
change in the future1 these techniques earn a low rank. Judqmental techniques 
produce forecasts based on expert opinion, and their accuracy depends on the 
quality of the chosen experts or, equally important, the current state of thinking 
within the industry or discipline. Judgmental methods earn a high rank, for if 
specialists in the real world have formed opinions about the future that are not 
likely to be realized, then forecasting is a vacuum. 

The contribution of analysis, in addition to understanding, is alternative 
outcomes produced by different "what ifs" and sensitivity about the results. 
Techniques that accommodate a wide variety of assumptions about technology and 
economic conditions and that allow for discontinuities from the past and no~tive 
judgments about the future are most productive in this respect. Optimization, 
simulation, and engineerinq approaches rank high because they produce this output. 
Case studies are ranked medium because each is unique. Econometric models are 
ranked medium because the estimated relationships among variables rely on the past 
and thus are less able to accommodate structural chanqes or values for variables 
outside of the range of past observations. Input/output methods can trace through 
implications of substitution, but in themselves are not suited to analysis. 
Judqmental models are ranked low unless the questions posed to the participants 
specifically include the "what if" questions. When this is th• case, judqmental 
models would advance to medium, but not to high, because subsequent ''what if" 
questions entail another replication of the method. 

Budqet and Time Constraints 

Constraints on budget and the time available to produce results vary 
directly, and the rankings in Table 3 summarize those found in Table l. 

Sensitivity to Changes 

Technology• The sensitivity of a technique to changes in technoloqy and 
economic factors differs from analysis because these changes may be posed 
hypothetically, may be assumed to follow recent behavior, and may be extended to 
ranges far outside historical experience. Clearly a method must explicitly 
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consider technoloqy in order to be sensitive to chanqea in it. Consequently, 
optimization, simulation, and enqineerinq rank hiqh in this respect in Table 3. 
Caae studies, where frequently the technoloqy ia invariant, are ranked low. 
Econometrics, where teehnoloqical chanqe ia sometimes implicitly built Tiito the 
model and lesa often described explicitly, must be ranked medium. In judgmental 
methods, technoloqical chanqe must be posited and responses as to ita effect 
elicited. This additional complexity qives judmental methods medium rankinq. In 
extrapolation, tec:hnoloqical trends are assumed to continue as they had in the 
past, earninq it a low rankinq with respect to technoloqical or economic cha1199s. 
Althouqh moat input/output models imply that technoloqy is frozen, it is possible 
to account for technoloqieal chanqe, which nud99s the techniques to medium. 

Economic !'actors. Econometric methods invariably inelude--and, in fact, 
stresa--ec:onomic relationships and thua rank hiqh in aenaitivity to economic 
chanqea. Sinulation may include economic factors, qivinq the respective hiqh and 
medium rankinqs. In all other techniques, the roles of prices and economic 
equilibrium am usually ignored or implicitly aaaumed to be constant, thua makinq 
them unresponsive to economic variables. However it ia poaaible to incorporate 
assumed economic chanqea in both judgmental and enqineerinq techniques, which 
would raise their claaasification to medium. When one wishes to trace throuqh 
the effects of chanqea in demand or economic factors other than price, 
input/output indicates th• primary and secondary effects in a detailed way, 
qivinq it a medium rank. 

Transparency 

The level of transparency ia the deqree to which the structure of the 
relationship• amonq variables can be clearly understood and the effects of 
chanqes in variables on forecasts and simulations are loqical and consistent. 
!'or a method to be transparent, the aaaumptiona and premiaea that underly the 
method, data, and relationship• should be made explicit and their implications 
ahould be intuitively plausible. Althouqh techniques may involve sophisticated 
statistical or mathematical methods, some may be more easily explained to naive 
nontechnical users than others. !'urthemore, some method• may not be transparent 
even to experts because of their canplexity, particularly in how clearly the 
model and uae of the method are deacribed in technical documentation. 

Expert Users. Al thouqh econometrics and input/output technique• are well 
underatood, it is possible to introduce unnoticed aasumptions, either by accident 
or by design, that may deceive an expert, earninq th••• techniques a medium 
rankinq. Simulation and enqineerinq approaches are ad hoc techniques, which 
mean• confusion is possible, placinq them also in the medium cateqory. In 
judgmental techniques, no one, not even the investic:rators, knows what is in the 
minds of the respondents, what their premises, prejudices, and the like may be. 
Therefore, these are ranked low in transparency. The methods of extrapolation, 
case studies, and optimization are explicit and have been replicated so many 
tims that deception is unlikely, placinq them in the hiqh cateqory. 

Naive Users. Transparency to the lay person depends on how loqical and 
straiqhtfonrard the technique appears to be when explained in nontechnical 
tams. Extrapolation, case studies, input/output, judgmental, and enqineerinq 
approaches can be relatively easily explained which earns them hiqh rankinqs. 
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Optimization is complex but comprehensible with a moderate amount of explanation, 
so it qets a medium. Both econometrics and simulation can most likely be 
explained only by means of black box analoqies and mystifyinq jarqon, which earn 
them a low rankinq. (Note that "transparency" in this context does not mean that 
the naive user has an understandinq of the inner workinqs or even the important 
relationship in the models. It merely is a measure of how easily one can qrasp 
the overview of the technique. Because of this inconsistency in the distinctions 
between transparency to expert and naive users, one arrives at the situation where 
it is specified that the transparency to naive users of certain techniques (i.e., 
judqmental) is hiqh, but to expert users it is low.) 

Ability to Validate 

In ratinq the ability to validate the output of a model, it should be 
recoqnized that there is no way to quarantee the accuracy of forecasts or 
sensitivity analyses. However, sane methods explicitly account for variability 
of past data, which provides a means of measurinq how accurately they explain 
past events. Althouqh other techniques fail to check for ac<=Uracy internally, 
the structure of the model and its output are quantified in a manner that allOflf s 
usinq past data to check the accuracy of predictions. External validation is 
possible for all techniques by means of review by panels of experts. 

Internal to Method. Internally derived validation occurs for the 
statistically baaed methods of extrapolation and econometrics, which qivea them a 
high rankr however, a unique or limited data base diminishes the value of any 
statistical internal or external teat. Because history and analysis occur 
coincidently in case studies, the method is qiven a medium. If iterative methods 
such as Delphi are used in judqmental models, the coincidence of initial 
responses and the speed of converqence to consensus or a stable diversity 
indicates the confidence experts have in their judgmenta1 tlle method earns a 
medium. All other a ranked low. 

The ability to use external inf oxmation and data to validate model output 
is potentially hiqh for all methods. However, we chose to limit this criterion 
to formal, statistical methods of validation. In this case, only econometrics 
ranks hiqh, because there are numerous formal teats of validation. SOiie of these 
tests may be applied to extrapolation, which earns a medium rank. The 
quantifiable outputs of optimization, and input/output, simulation make them 
susceptible to external validation, which earns them a medium. Judgmental, 
enqineerinq, and case studies are ranked low, either because they fail to produce 
quantifiable outputs or because the outputs may be in a f oxm that makes them 
difficult to teat. 

Level of Aqqreqation 

The final criterion that miqht be employed for selection is the level of 
aqqreqation for which the technique is moat suitable. Extrapolation and 
econometrics depend on plentiful, accurate data and a wide ranqe for the 
variables beinq observed. Furthexmore, the abstract behavior assumed in 
economics and specified in econometric models is more likely to be revealed at an 
industry or hiqher level of aqqreqation for cross-sectional data and in 
relatively lonq trends for time series data, thus requirinq a hiqh level of 
aqqreqation. Econometrics and extrapolation, therefore, rank hiqh in level of 
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aqqreqation. Conversely, case studies and enqineerinq models most frequently 
apply to a sinqle situation or technoloqy and can take many unique and detailed 
factors into consideration, mak.inq them moat suitable for individual firms and 
the lowest level of aqqreqation. Judgmental models are unique in that they are 
suitable for all levels of aqqreqation. Optimization, input/output, and 
simulation, while nearly as flexible, are clasaif ied as beinq most applicable for 
medium to hiqh levels of aqqreqation. 

Value of Judgment 

A final point should be emphasized. The eiqht techniques were considered 
individually in Table 3. However, judCJlllent and feedback from practioners and 
experts will enhance any of the other seven techniques. Porecastinq and analysis 
are both art and science and require simplification and abstraction. Human 
judqmental i~uts can be used effectively to identify defects in the models 
thmaael vea and in the forecasts and simulations undertaken with them. The blind 
appl !cation of a ainqle technique is ill advised and at best should be used to 
stimulate thouqht and discussion amonq those who are affected and those who are 
ma.kinq decision•· 

SUMMARY 

The precedinq paqea ha~e served to outline both the atrenqths of exiatinq 
techniques for the study and analysis of materials substitution and those areas 
of substitution about which these techniques provide little or no inaiqht. The 
task is to develop nev techniques and to refine the existinq ones in order to 
narrow or to eliminate these blind spots. 

The incentives that resulted in the formation of the Committee on Materials 
Substitution Methodoloqy are no leas valid today than when the camnittee was 
formd. Re•ource depletion and political upheaval have always been factors to be 
considered, but the potential for supply disruption• and price validity resultinq 
from effective cartels and/or military action• has enhanced our sensitivity to 
the need for more effective planninq and understandinq at the national level. 

The benefits that may be derived from the development of these techniques 
are not limited to the national level. At the industry level, qreater 
underatandinq of and ability to develop substitution atrateqies could promote 
more effective use of natural resources. Furthermore, such techniques could 
enable industries to identify the point of their qreateat aen•itivity to materials 
supply and to act accordinqly. 

This report outlines the potential of the techniques available for expandinq 
our ability to treat and, potentially, to manaqe the substitution of one material 
for another. Further study of these techniques in liqht of this potential is 
merited1 this report has described a number of specific areas, the exploration of 
which should broaden their applicability. 
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CO!CLUSIONS 

It is clear from the foreqoinq that no sinqle technique can provide a 
comprehensive means of forecastinq and analyzinq substitution amonq materials. 
Nevertheless, if one is to understand the effects of such factors as technoloqical 
chanqe, relative prices, and chanqes in the requlatory environment on materials 
substitution, one must have a qood understandinq of the strenqths and weaknesses 
of the available techniques, as summarized in Tables, l, 2, and 3. 

One of the most stronqly held views of the committee was that the analyst 
is more important than the technique. When the analyst lacks a detailed 
understandinq of the technique, the technoloqy or the market forces, the resul.ts 
are often confusinq, misleadinq, and inconsistent. When successful, the 
techniques explored here enable the user to anticipate shifts in materials demand 
and to evaluate technoloqic and economic opportunities. 

Some modelinq techniques are better suited to retrospective analysis 
(econometrics, for example). Others are more suitable for takinq future 
uncertainties and prospects into account (simulation and/or judgmental models, 
for example). In either case, the moat appropriate time frame for analyzinq 
materials substitution is the lonq run. Since technoloqy for the moat part is 
embedded in capital (machinery, processinq equipment, etc.), the capability for 
materials substitution is severely constrained over the short run when the capitai 
stock is fixed. Therefore, materials substitution, with some exceptions, should 
be viewed with a telescope rather than a microscope. In other words, the emphasis 
should be on the lonq run. 

Materials substitution depends on technoloqy embodied in past investments 
and, therefore, occurs at different rates in each industry as chanqea in the 
econalli.c environment make substitution profitable. This implies that 
disaqqreqation by material, industry, and product shape is sometimes necessary to 
understand why substitution has taken place in the past and what its prospects 
are in the future. Modelinq based on data on product shape and end use enables 
the researcher to track past chanqes and to predict future ones. Aqqreqate 
indexes, in contrast, are inappropriate because of differinq technoloqies and 
rates of adaptation of technoloqical chanqe amonq industries. 

The analysis and evaluation of the techniques examined in this report 
reveal, as noted earlier, that no sinqle one is ideally suited to modelinq 
materials substitution. Were such an ideal technique to exist, it would take 
into account the physical laws of nature, the properties of alternative 
material«J, and the realities of the marketplace. The capital and materials input 
decision is both an econalli.c and an enqineerinq one. To concentrate on one 
without considerinq the other is likely to result in inaccurate or misleadinq 
perceptions. 

The benefits that may be derived from the development of existinq techniques 
are not limited to the national level. At the industry level, qreater 
understandinq of, and ability to develop, substutition strateqies could promote 
more effective use of natural resources. Furthermore, such techniques could 
enable industries to identify the points of their qreatest sensitivity to 
materials supply and to act accordinqly. 
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In summary, this report outlines the potential of the techniques available 
for expandin9 our ability to treat and, eventually, to mana9e the substitution of 
one material for another. In li9ht of this potential, the committee believes 
that the methodolo9ical approaches which currently exist are useful· for limited 
purposes. Their utility would be improved by further development and 
refinement. Moreover, there is considerable room for new conceptual approaches, 
especially ones that can successfully inteqrate aspects of economic theory, 
operations research techniques, and en9ineerin9 principles. 
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MATERIAL SUBSTITUTION AND TIN CONSUMPTION 
IN THE BEVERAGE-CONTAINER INDUSTRY* 

Frederick R. Demler and John E. Tilton 
Department of Mineral Economics 
Pennsylvania State University 

Much has been written in recent years concerning the importance of 
material substitution. It is often argued, for example, that the use of 
relatively abundant materials in place of increasingly scarce materials helps 
offset, and may even postpone indefinitely, the tendency for real material 
costs to rise as a result of resource depletion. 

~orest products provide a striking illustration of the benefit of 
material substitution. During the 19th century, the abundance of timber in 
the United States led to its widespread use as. both a structural material and 
a fuel. By the end of that century, however, the country had consumed much of 
its a'17ailable timber stands and faced a shortage of this vital resource that 
threatened to interrupt the nation's rapid economic development. The 
substitution of coal, petroleum, and natural gas for wood as a fuel, and iron 
and steel, aluminum, cement, and plastics for wood as a material, however, 
averted a severe shortage and allowed the country to continue its rapid rate 
of economic expansion during the 20th century (Rosenberg 1973). 

In addition to alleviatillCJ long-run shortages caused by resource 
depletion, material substitution may in some instances help soften the effects 
of abrupt and unexpected shortages caused by wars, embargoes, and other types 
of short-run supply interruptions. Material substitution also plays a major 
role in the growth of material demand and so must be considered in forecasting 
future requirements as well as the need for new mining and processing capacity. 

* This article draws heavily on Demler ( farthcominq) and Tilton ( 1979). It is 
based on a res•rch that the Pennsylvania State University is conducting on 
material substitution in tin-usinq industries (Tilton, forthcominq) under a 
grant from the National Science Foundation. It is one of four case studies. 
The others are examining material substitution in vegetable and fruit 
containers (Grubb, forthcoming), in various uses of solder (Canavan, 
forthcominq) , and in the use of tin chemicals as stablizers in the production 
of polyvinyl chloride (WC) plastic (Gill, forthcoming). 
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Despite its importance, we still have much to learn about the nature of 
material substitution. '!!'or example, is the replacement of one material by 
another usually motivated by a chanqe in their relative prices? Or, are 
qovernment requlations, consumer preferences, technoloqical breakthrou~~s, 
product competition, and other factors more frequently of overridinq 
importance? What are the principal factors affectinq the time requirements 
for substitution? What kinds of substitutions can be made quickly, and so 
relieve abrupt and unexpected shortaqes? What types require years or decades 
to effect completely? 

Tin Consumption in Beveraqe Containers 

To provide insiqhts into such questions, we are examininq material 
substitution and its effects on tin consumption in beer and soft-drink 
containers in the United States since 1950. The first step in this analysis 
documents the amount of tin, chromium, steel, aluminum, qlass, and plastic 
used each year. The f indinqs ( Fiqure 1) reveal that tin consumption in 
beveraqe containers dropped shaxply from 1950 throuqh 1957 and then partially 
recovered before declininq once aqain durinq the 1970's. This fiqure also 
indicates that, while all of the tin used for beveraqe containers went into 
beer cans in 1950, the softdrink market by the end of the 1970's was consuminq 
more than twice as much tin as the beer market. 

The Apparent Determinants of Tin Consumption 

The second step in the analysis identifies and assesses what we call the 
apparent determinants of tin consumption. For beer or soft drink containers 
the five apparent determinants are the barrels of beveraqe consumed in any 
qiven year; the proportion of that consumption that is shipped in packaqed 
containers, such as bottles and cans, as opposed to bulk containers, such as 
keqs; the proportion of the packaqed beveraqe that is shipped in tinplate cans; 
the number of averaqe volume tinplate cans required ber barrel of beveraqe, and 
the weiqht of the tin in an averaqe-sized tinplate can. Since the product of 
these determinants forms an identity with tin consumption, once the values of 
the fomer are known, the latter is determined. Thus, chanqes over time in the 
amount of tin used in beer or soft drink containers can, in the first instance, 
be explained by cha nqes in one or more of these determinants. 

Figures 2 and 3 show that the consumption of both beer and soft drinks 
has qrown consistently and substantially since 1950, tendinq to stimulate the 
use of tin. The fiqures also indicate that the percentaqe of total consumption 
shipped in packaqed containers has fallen for beer and risen for soft drinks. 
so the effect of the second determinant differs for the two be,rer~qes, tending 
to increase the use of tin in beer and to decrease its use in soft drinks. 

Packaged sales account for the largest share of both the beer and 
soft-drink markets, and it is here that the most strenuous competition among 
materials is found. As ~igures 4 and 5 indicate, the returnable bottle 
dominated the mix of packaqed containers in 1950. Its markets share since, 
however, has deteriorated rapidly in beer and more qradually in soft drinks. 
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In the beer market, the returnable bottle was surpassed by the tinplate can in 
1965, the tin-free steel can (which uses chrome rather than tin to cover the 
steel sheet) in 1971, and the aluminum can and one-way qlass bottle in 1973. 
Today more beer is shipped in aluminum cans than in any other type of 
container. In the softdrink market, the new types of containers have been 
introduced more slowly. Here the returnable bottle is still the most widely 
used container, thouqh it has faced increasinq competition since the early 
l960's from the one-way bottle, the tinplate can, the tin-free steel can, the 
aluminum can, and more recently the plastic bottle. 

Between 1950 and 1977, the share of the packaqed market for beer 
containers held by the tinplate can declined sliqhtly, reducinq the use of 
tin. In contrast, its share of the softdrink market increased substantially 
over this period and in the process stimulated the consumption of tin. 

The fourth apparent determinant of tin usaqe, the number of 
averaqe-sized tinplate can required per barrel of beveraqe, chanqed little 
over the period. This is because the averaqe-sized tinplate can remained very 
close -to 1:2 ounces for both beer and soft drinks. 

The final determinant is the weiqht of.tin in t!)e averaqe sized-ti11»late 
can. As Piqure 6 illustrates, this fell very rapidly between 1950 and 1957 
and then continued to decline at a more leisurely pace over the next two 
decades. As a result, the tin required per can in 1977 was less than 10 
percent of the amount in 1950. 

overall, the major determinant fosterinq the use of tin in beveraqe 
containers was the qrowth in beer and soft-drink consumption. Por soft 
drinks, the penetration of the tinplate can into the market for packaqed 
containers was also an important development stimulatinq tin usaqe. The major 
determinant reducinq tin consumption was the substantial reduction in the tin 
content of the averaqe-sized can. 

Underlyinq ?actors Af fectinq Tin Consumption 

While the apparent deteminants indicate how tin consumption has chanqed 
over time, they are affected in turn by underlyinq factors--the price of tin 
and alternative materials, technoloqical chanqe, consumer preferences, 
qovernment requlations, and a multitude of other considerations. The third 
step in our analysis involves identifyinq and assessinq the relative effects 
of the major underlyinq factors that are ultimately responsible for the 
chanqes in tin usaqe occurrinq ov'!r time :i!l in b9vera9e containers. While 
this step cannot be carried out with the same empirical precision as the 
second step, one can nevertheless obtain a fairly reliable picture of the 
important underlyinq factors from the trade literature and interviews with 
industry personnel. 
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Almost all of the growth in beer and soft-drink consumption since 1950 
can be explained by changes in three factors1 the population of the United 
States, the age distribution of that population, and per-capita incane. The 
overriding underly~nq factor affecting the tin content of tinplate cans and 
the share of the package-container market held by tinplate cans--the two other 
major determinants of tin consumption--is technological change. The sharp 
drop in the tin content of tinplate came between 1950 and 1957 (Figure 6) 
occurred as electrolytic tinning replaced the older, more tin-intensive, 
hot-dip method of producing tinplate. The more recent reductions in the tin 
content of the tinplate can can be directly related to the introduction of the 
aluminum flip top in 1961, the tin-free steel bottom in 1967, the two-piece 
tir.plate can in 1971, and the lighter tin coatings supplemented by enamels 
during the first half of the 1970's. 

The daninant role of new technology in alterinq the mix of package 
containers and the share of the tinplate can in that mix is even more readily 
apparent. In the early 1950 's, the tinplate can fabricated by the three-piece 
technoloqy with the soldered side seam monopolized the can market. Aluminum 
could not be economically soldered and was thus excluded from the market. In 
1958, Coor's Brewing and Beatrice Foods introduced the impact-extruded 
two-piece aluminum can. While this technoloqy enabled aluminum to be used as 
a canmaking material, because of lower cost. In 1963, Reynolds ·Aluminum first 
produced an aluminum can using the draw-and-iron process, which proved to be a 
competitive two-piece technoloqy. Between 1963 and 1977, the market share of 
the aluminum can consistently increased (Piqure 4 and 5). 

The aluminum challenge forced other container manufacturers to respond. 
Steelmakers introduced the tin-free steel can, a chrome-plated steel can. 
Since this can could not be economically soldered, new joining techniques were 
required. Continental Can developed a welded seam and American Can a cemented 
seam. With these developments, the use of the tin-free steel can expanded 
rapidly, largely as a substitute for the more expensive three-piece tinplate 
can. 

Steel producers and canmakers also were experimantinq with two-piece 
steel cans. Pure steel (blackplate), tin-free steel, and tinplate were tested 
as potential materials for the two-piece technology. Blackplate, the least 
expensive material, proved to lack the necessary properties of corrosion 
resistance and lubricity. Lubricity is essential for proper forming of the 
can body in the two-piece process. Tin-free steel was also relatively 
inexpensive, but again lacked lubricity. Only tinplate, because of its tin 
content, had the needed lubricity as well as corrosion resistance, and so it 
became the material usad to produce two-piece steel cans. These cans first 
appeared for beer in 1971 and for soft drinks in 1973. As Piqure 4 and 5 
indicate, their growth since has helped the tinplate can maintain or recover 
its share of the package market in beer and softdrink containers. 

Material prices have also been important, as one could expect on the 
basis of economic theory. However, their fnfluence has been largely indirect, 
exerted through the incentives they provide for developing new cost-savinq 
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technoloqies. Very few instances can be found where one material can be 
substituted for another usinq the same technoloqy and production facilities. 
one significant exception is the d~l canmakinq facility, which can switch 
between tinplate and aluminum sheet in about four hours. Such can lines, 
however, still account for only a small proportion of total capacity, havinq 
been first introduced in 1976. 

A number of other underlyinq factors have also influenced tin consumption 
in beer and softdrink containers. Leqislation requirinq deposits on containers 
to encouraqe their recyclinq has favored the returnable bottle, and amonq cans, 
the aluminum container, which is composed of only one material and so is easier 
to recycle. Changes in social customs that have led to the decline of the 
local tavern and the rise of the fast-food chains have altered the relative 
importance of packaqed and bulk containers. The desire for convenience has 
favored the use of the aluminum flip top, and the taste preferences of certain 
consumers have helped maintain the use of the totally inert qlass bottle. The 
larqer size of beer pl.ants compared to soft-drink bottlers has encouraqed the 
earlier introduction and diffusion of new containers in that beveraqe. 
Althouqh these factors have all influenced tin consumption, the most important 
underlyinq factors are technoloqy and material prices, alonq with the trends 
in demoqraphy and per-capita income which are larqely responsible for the 
substantial qrowth in beer and soft-drink consumption over the past 30 years. 

Implications 

While it is hazardous to qeneralize on the basis of one or even several 
case studies, our investiqation of tin consumption in beer and softdrink 
containers, suqqests that material substitution qreatly affects material 
requirements over the lonqer run, a period of 20 years or more, and may even 
sublltantially alter requirements within a period as short as several years. 
Thus, forecastinq techniques that do not explicitly take into account the 
effects of material substitution are likely to perform poorly. 

In addition, the findinq that technoloqical chanqe is the dominant 
umerlyinq factor causinq material substitution and that chanqes in material 
prices larqely influence material demand indirectly by influencinq the rate 
and direction of new technoloqy has two important implications. Pirst, it 
suqqests that material substitution qreatly canplicates forecastinq future 
requirements, for the ultimate effects of the new technoloqy induced by price 
chanqes, alonq with the speed with which it will be generated, are hiqhly 
uncertain and difficult to predict. Second, it implies that material 
substitution may not be qreat help in alleviatinq shortaqes due to wars, 
embarqoes, strikes, cyclical surges in demand, inadequate.investment in new 
mines and processinq facilities, and other causes that tend to persist for 
only a f• years. By the time shortaqes and the resultinq hiqher prices have 
stimulated the technoloqical developments needed to permit the substitution of 
more readily available and cheaper materials, such shortaqes are likely to 
have passed. In the interim, when the dislocation to the economy may be quite 
severe, material substitution may be limited in the contribution it can make. 
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ANALYSIS OP THE MATEMALS SYSTEM--THE ROLE OP OPTIMl:ZATION 

Kenneth c. Hoffman 
Mathtech, Inc. 

The materials system is composed of integrated set of resources and 
technoloqical processes operatinq in a complex institutional framework. 
substitution amonq resources is an important feature of the system and occurs 
in response to relative price chanqes, scarcity, technoloqical chanqe, and 
regulation. 

SUbatitution may take place at several points in the materials system. 
Resources may be substituted to produce virtually identical products or close 
equivalenta--e.q., natural rubber from quayule or hevea, and synthetic rubber 
from oil or coal. SUbstantially different materials may be sutstituted in 
end-use functions--e.q., aluminum for steel in autaaobiles. More subtle but 
hiqhly siqnif icant substitutions occur due to more drastic chanqes in the 
end-use function--e. q., the displacement of enerqy intensive vacuum tubes and 
associated electric supply systems with transistors and later, intergrated 
circuits. 

Clearly, the analysis of substitution possibilities amonq materials is 
an extremely complex affair. The role of optimization will vary, dependinq 
primarily on the point in the materials system at which the substitution may 
occur. In qeneral, the possibilities for insiqhts throuqh formal optimization 
are greatest when the ccmpetinq resources or technoloqies produce almost 
identical products or services. Under these circumstances, the market share · 
amonq ccmpetitors can be analyzed as a relatively simple function of the cost 
of the alternative material resources, cost of conversion technoloqies, 
efficiency of use of material resources, cost of ancillary inputs such as 
enerqy and labor, and environmental or requlatory constraints. These 
variables can be handled in most process optimization models usinq a sinqle 
profit or welfare maximizinq objective function. On the other hand, when the 
products fraa alternative resources or processes differ with respect to 
quality, durability, esthetics, etc., it is difficult to handle this 
multi-attribute problem in optimization models. Techniques exist for 
multi-objective optimization1 however, they are difficult to apply in practice 
and qive rise to considerable sensitivity to uncertain technical parameters 
and judgmental weiqhtinqs. 

The discussion up to this point has indicated the complexity of the 
materials system and the differences in approach that apply at various points 
in the system. It will be helpful to clarify the nature of the enerqy system 
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and, for this purpose, the Reference Materials System (RMS) will be employed. 
The RMS is a network description of the physical flows of materials from 
resource to end use. The RMS evolved from previous work on an analytical 
fraun.ork for enerqy analysis--the Reference Enerqy System. The RMS was 
developed usinq similar principles as an information framework in support of 
the Committee on Renewable Resources for Industrial Materials of the National 
Research Council. 

In any analytical activity it is necessary to first define the structure 
and scope of the system beinq analyzed and to develop an information base 
containinq all relevant and available data. No such comprehensive data base 
exists for the materials sector of the economy and this is a serious obstacle 
to the analysis or optimization of substitution possibilities. Several 
excellent individual studies have been done in specific sectors1 however, 
these cannot be assembled or inteqrated into a comprehensive picture due to 
the absence of standardized units and definitions that cover the entire 
materials system. A substantial portion of this paper will be devoted to the 
outline of a materials information system based on the RMS. The intent is to 
stimulate camnent and thinkinq on the structure and form of a practical 
information system usinq the RMS as a "straw man." Pollowinq that discussion 
of the structure of the materials system, the role of optimization in 
analyzinq substitution possibilities.at various steps in the system is 
reviwed. 

Elements of the Materials System 

It is traditional to review the econany of a nation from the perspective 
of financial institutions with production, trade and conswaption expressed in 
monetary units. Many of the policy levers available to qovernments are of a 
monetary or fiscal nature, so it is quite understandable that moat information 
systems dealinq with major sectors of the econany stress this type of econanic 
data. As resource problems arise in specific sectors of the economy, attention 
must be focused on the physical aspects of production, trade, and consumption. 
In addition, the recoqnition of the need for lonq term research and development 
to solve resource supply and substitution and conservation problems lead to an 
increased need for comprehensive information on enerqy and materials throuqh 
econany. 

Information on the physical aspects of resource supply, conversion, and 
utilization does not, of course, replace financial economic data, but is 
canplementary to such data in providinq a complete picture of the structure of 
the economy of a nation. This paper outlines a framework that may be employed 
to orqanize information on the physical flow of materials from their 
harvestinq, or extraction, throuqh the conversion steps required to produce 
useful materials, to their utilization, maintenance, and recyclinq in specific 
sectors. The incorporation of the utilization step is of special importance 
since it is this portion of the materials systems that qoverns the conservation 
of materials and the substitution of abundant materials for scarce ones. While 
the information-system orqanized about the physical flow of materials throuqh 
the economy, other factors of production in the economy such as energy, labor, 
and capital, may be incorporated alonq with environmental effects. 
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The materials information· system outlined here 
larqe variety of data systems and analytical models. 
informat~on system to simulation models and economic 
demonstrated in a conceptual way. 

is compatible with a 
Coupling of the 

models has been 

The availability of materials for housing, durable goods, industrial 
construction, transportation systems, and enerqy is central to the life-style 
and prosperity of a nation. The materials system is quite caaplex in viw of 
the existence of a large number of natural sources of renewable and 
nonrenwable character, and the multitude of technical activities operating 
within a complex institutional framework. The technical activities include 
the extrapolation for a wide range of materials resources, conversion of these 
resources into useful products, operation and maintenance of these products 
over their life spans, and, finally, recovery or recycling of these products 
back into the resource stream. Although the materials system itself is a 
vital. element of the nation's econany, this system has close relationships 
with other sectors including its effect on employment, enerqy needs, capital 
requirements, and the environment. Technical and policy options designed to 
deal. with specific issues may alter the trade-offs among these sectors. 

While enerqy problems occupy muc:h of the nation's attention and are 
dealt with by a cabinet-level agency, the Department of Enerqy, there is no 
focal point for the formulation and coordination of materials policies. 
Supply, demand, and allocations within the o.s. materials system are largely 
determined by independent forces working through the market in the private 
sector. However, the problems arising from growing environmental concern and 
chanqing patterns in the international supply and demand of resources generally 
induc:e changes in ·resource markets that are outside the sc~e of the 
decision-making capacity of the private sector. Government support for 
research and development in the materials system is increasing but is still 
quite fragmented. Government policies as well as private sector decisions must 
be baaed on improved up-to-date knowledge of the technical, economic, and 
environmental parameters of the materials system.. This kind of information is 
also sought by scientists and engineers who need technical data on materials 
properties and processes, and by industrial managers who seek information on 
materials supply, demand, and potential markets. 

A large number of formal and informal materials information systems have 
been devised, both in private and public sectors. Unfortunately these systems, 
in addition to being quite disparate and incanpatible, are generally deficient 
in that they consider only isolated aspects of the materials system. The need 
to address the broad technical and policy questions in both the public and 
private sectors points toward the requirements for a framework within which 
econanic, environmental, and technical factors involved in the supply and 
utilization of all alternative materials may be simultaneously considered for 
analysis of the materials system. The objective of this section is to outline 
a comprehensive framework, the RMS, that may be used to organize relevant 
information. In addition, the framework is compatible with a wide variety of 
analytical methods that may be employed to assess the broad impacts of 
materials policies. The RMS represents the supply and demand balance in the 
material.a system and the technologies employed to produce and utilize materials. 
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An important feature of this framework is the inco:rporation of the 
utilization, maintenance, and recyclinq portion of the system at the same 
level of detail as the supply side. These portions of the materials system 
are often iqnored in policy analysis. 

Many studies have been performed on the enerqy and environmental aspects 
of materials production. Makino and Berry (1973) and Midwest Research 
Institute (Hunt and Welch 1974) have published information on the enerqy 
inputs to the production of qlass, aluminum, and plastic container materials, 
and Ayres and Kneese (1969) has analyzed environmental impacts associated with 
materials production. Hannon (1972) has considered the direct and indirect 
enerqy inputs to materials usinq input/output modelinq in the analysis of 
recyclinq policies. The RMS format provides a comprehensive and standard 
format in which the results of such process analysis of specific materials and 
production steps may be displayed. The methodoloqy is similar to the Reference 
Enerqy System which has been coupled to inter-industry models of the economy 
(Hoffman 1975) and can be used in a similar manner to provide a qeneralized 
coupled process and economic model for use in technoloqy and policy analysis. 

The RMS concept has been employed as the central systems analysis 
approach by the Committee on Renewable Resources of the National Research 
.Council. The thrust of the study was to identify the most promisinq areas for 
substitutinq nonrenewables by renewables which in turn would highliqht the 
research and development proqrams needed to overcome the barriers to production 
and use of renewable resources. The RMS approach has also been adopted for a 
study (Kearney 1977) in Ireland concerned with the use of biomass as a source 
of enerqy. Althouqh the specific emphasis on the various policy objectives 
will vary from country to country dependinq upon its staqe. of development, 
mineral base, etc., the RMS, because of its qeneral nature, can be adapted as 
a policy and planning tool to any national situation. For example, trade-offs 
between the labor requirements and capital expenditures as influenced by a 
particular technoloqy will be somewhat different in an industrialized country 
as compared with a developinq country where the policy objectives may differ. 
Such policy objectives are exogenous to the RMS and may be formulated 
independently. 

The nation's materials system can be thought of as consisting of an 
inteqrated set of technical activities such as exploration, refining, 
conversion, transportation, fabrication of material resources into useful 
products, and, finally, the maintenance and recycling of these products. The 
RMS is a network representation of the physical flow of materials throuqh all 
of the production and utilization steps that a resource must qo throuqh to be 
used for a specific purpose in.the economy. The scope of the RMS is outlined 
in Table 4. At the left-hand side is a listinq of resources, both renewable 
and nonrenewable, while the products and end uses, defined at the functional 
level, are listed on the right side. The definition of the use of materials 
for specific functions and purposes is central to the RMS concept. Only at 
this level can conservation and substitution opportunities be analyzed with 
any technical reliability. Enqineerinq properties such as strenqth-to-weight 
ratios, corrosion resistance, and durability must be considered. 
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Table 4. Scope of Reference Materials System and Associated Data Elements 
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The completed RMS, involvinq a network representation of the flow of 
materials from the resource side throuqh all of the "activities" listed alonq 
the top to a specific end use, such as buildinq and construction, for the year 
1977 is shown in Piqure 7. This fiqure is Q.U&ntified in terms of the mass of 
material flowinq annually throuqh each activity. While the material flows on 
the supply side were obtained from the Statistical Abstract (1978) and the 
annual statistical reports, of The Aluminum Association (1977) and the Iron 
and Steel Institute (1978), put out by various trade associations, the data on 
the demand side were mostly estimated usinq the product mixes and conversion 
ratios, as they existed in the year 1974, from the materials source book 
(Bhagat 1976). The network can also be quantified in terms of enerqy use, 
cost, labor, and enviroanental effects associated with each activity. A path 
from a specific resource to a specific end use is called a "trajectory." Each 
"activity" in the trajectory represents a technical process or production step 
that is characterized by both a material flow element (and material losses) 
and the data elements listed--e.q., enerqy requirements, other material inputs, 
labor and capital needs, and environmental effects. The activity cateqory 
involvinq "installation, erection, and maintenance," not relevant in the enerqy 
system, is of special importance in the case of a materials system for 
evaluatinq life-cycle usaqe characteristics of materials. Opportunities for 
recyclinq of materials are identified in terms of activities characterized by 
material flows and data elements. Imports and exports of resources and 
products can be indicated by flow vectors from and into the appropriate nodes. 

The RMS illustrated in Piqure 7 is simplified and aqqreqated for 
presentation purposes only. Additional detail is provided in versions of this 
system that have been developed for policy studies. An example of additional 
infoniation that is needed is alloyinq materials such as cpromium, molybdenum, 
and cobalt that provide desired strenqth and corrosion resistant properties 
for certain applications. 

It is feared by many that resource scarcity will limit future economic 
and social development. Analysis of the role of materials in our society 
requires the extension of the RMS to a qeneral economic framework. The 
conventional input/output framework provides a detailed picture of the 
structure of the economy of inter-industry flows. While normally quantified 
in monetary units, input/output tables have also been quantified in physical 
terms (mass flows, enerqy flows, etc.). The RMS provides the basis for 
estimatinq the technoloqical coefficients and material substitutions 
represented in the input/output tables. Piqure 8 shows the format of a 
modified input/output table. The flow of materials resources throuqh the 
materials conversion processes into the other nonmaterial industry sectors and 
the final demand sectors is represented by coefficients representinq the mass 
of specific materials required per dollar or physical unit of output in the 
industry sectors. The summation of total outputs in dollar terms represents 
the Gross National Product (GNP) of the nation. This framework then provides 
the analytical link between GNP (which when exhibited in terms of individual 
sector elements is representative of a life-style pattern) and the requirement 
for specific materials. When presented at this level of detail, the results 
of enqineerinq analysis may be represented in a policy framework. This step 
of introducinq the physical representation of a technical system in an economic 
framework has been accomplished for the enerqy system but not as yet fpr the 
materials system. 
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Figure 7. U. S. Materials System, 1977 
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The loqic of incorporatinq a physical representation of a technical 
system in an economic framework alonq with consideration or resource, labor, 
capital, and environmental factors is illustrated in Figure 9. This figure 
illustrates the way in which resources and technoloqy underlie the economy of 
a nat.:ion and affect its environment. Startinq at the bottom, resources are 
employed in technoloqical systems to produce qoods and services in the econany. 
Environmental effects are also produced that must be balanced aqainst benefits 
of production. Policy actions or decisions taken at any level can affect the 
need for and use of the materials and technoloqy employed in the nation's 
economy. 

RMS projections of material flows, canpatible with the econanic forecasts 
for future years, ay 1985 and 2000, can be prepared, assuminq a natural 
evolution of technoloqies and no new federal policy initiatives. This 
projected system can then be used as a base case for substitution analysis and 
technoloqy assessment as discussed in the following sections. The RMS can be 
prepared to represent the flow of materials throuqh an industry, reqions of 
the country, or the entire country. 

Analysis of Materials Utilization and Substitution 

The RMS and the associated data can support models and analysis of 
materials utilization and aubstitution. The overall incremental effects of the 
substitution determined by optimization or other appropriate methods can be 
ascertained by adjustinq the material flows and attendant enerqy, economic, and 
environmental implications indicated on the RMS diaqram and backup data sheets. 

The overall analysis involves these steps, followinq the definition of a 
base, or most likely, case, in the RMS format: 

l. Determination of the specific supply or end-use' sectors of the RMS 
to be considered in the analysis. 

2. Definition of new processes and resources to be analyzed in the 
affected trajectory from the resource to the specific end use 
(definition of losses, enerqy, labor and capital requirements, and 
environmental effects). 

3. Analysis, usinq optimization or other appropriate models of flows 
throuqh the affected trajectories in the RMS to reflect the revised 
utilization or substitution of materials and/or new processes. 

4. Accumulation and tabulation of resource, enerqy, labor, capital, 
and environmental consequences of the utilization or substitution 
in the RMS format. 
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SOCIQ·TECHNICAL SYSTEM HIERARCHY 
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In analyzinq the specific nature of the substitution, it is necesary to 
address the specific application. The mass ratio of substitution (e.q., kq of 
paper that would replace a kq of plastic) depends on the specific application 
and the nature of the material. Thus, at the point of end use, one would have 
to focus on paper baqs, for example, as a substitute for polyethylene baqs. 
The determination of these substitution ratios must be done exoqeneously, usinq 
opt:imization, simulation, or judqmental techniques, and the results reflected 
in the revised or perturbed RMS. In certain instances, material preferences 
and substitution may be constrained or influenced by such factors as esthetics 
and codes or standards. 

The parameters of the technical characteristics of new processes must 
al.so be developed for inclusion in the data base by people with a process 
background. The intent of the RMS format is to capture those characteristics 
of the technoloqy that are important to materials policy formulation and make 
them available in a consistent and canprehensive format. 

Pollowinq these steps, the pertubation of the appropriate trajectories 
and the accumulation of information on detailed consequences is straiqhtfoxward 
usinq the RMS. In the case of .an analysis of the substitut:ion of paper baqs 
for polyethylene baqs, for example, the flows throuqh the wood-to-paper 
trajectory would increase by the appropriate amount while the flow of crude 
o:il and natural qas throuqh the petrochemical trajectory would be decreased. 
The full materials system implications may then be traced all the way back to 
the forest and the source of the oil, imported or domestic. The results of 
the analysis -.y then be used as a basis of support or revision of the oriqinal 
utilization of substitution measure. 

when used in this fashion, the RMS can be a useful technique for the 
analysis of materials policy. It must be recoqnized that the technique focuses 
on the physical structure of the system and its requirements. Thus, althouqh 
substitution analysis may be performed in a rather direct manner, in cases of 
more qeneral policy analysis, the effects of a policy action on the supply or 
demand for materials use and on the physical structure of the system must be 
developed or estimated prior to use of the RMS. 

The case study to evaluate the enerqy implications of substitution of 
plastics by paper products for certain kinds of packaqinq and containers 
follows. 

Ca• Study of Material Substitution in Containers and Paclcaqinq Sector 

Packaqinq is used for three major classes of qoods: durable, nondurable, 
and foodstuffs. The ovexwhelminq fraction of durable qoods is paclcaqed in 
corruqated cardboard. Corruqated cardboard is also most cOlllllOnly used as a 
packinq material in the case of durables. Nondurable& consists of clothinq, 
textiles, and chemicals and require a variety of paclcaqinq characteristics. 
Foodstuffs, the third major area for paclcaqinq, represents about 15 percent of 
the production activity of the o.s. economy and account for 60 percent of the 
total shipment value of the entire ranqe of qoods that are paclcaqed. This 
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sector involves the widest variety and larqest amount of packaqinq materials, 
apart from corruqated ~ardboard, produced from renewable resources. In the 
followinq discussion, specific examples have been chosen for which both 
nonrenewables and renewables can be interchanqeably used to meet certain 
packaqinq requirements. such examples are: sanitary food containers used for 
milk, butter, marqerine, frozen foods, ice cream, shorteninq, etc1 trays for 
pacJcaqinq meats, eqqs, and produce1 and flexible containers--e.q., baqs and 
sacks. 

Al thouqh labor requirements and capital costs are also important 
considerations in the comparison of alternative materials, attention is 
focused exclusively on enerqy implications in this case study of materials for 
containers and packaqinq. 

In connection with sanitary food containers, two RMS trajectories are 
shown in P'iqure 10. These correspond to the special case of half-qallon 
containers made of plastic and paper. Mass flows and energy values shown in 
the fiqure under each activity link refer to requirements for manufacture of 
one container of each type. Enerqy data are in terms of the "qross" value of 
energy requirement. Summinq all the energy components alonq the two 
trajectories, one can see that plastic bottle weiqhinq 54 qrams needs about 
8.4 x 106 joules, ·whereas an equivalent paper carton weiqhinq 64 qrams needs 
6.4 x 106 joules. Also, the plastic bottle requires 22 qrams and 55 qrams 
of natural gas and crude oil, respectively, as chemical feedstock, while an 
equivalent paper carton needs 130 qrams of qroundwood. Addinq the energy 
content of raw materials, the total energy inputs to a plastic bottle and an 
equivalent paper carton work out to 11.9 x 106 and 7.9 x 106 joules, 
respectively. 

In Figure 11, two trajectories for the manufacture of size 6 meat trays 
from atyrofoam and from molded wood pulp are shown. The energy requirement in 
the two cases add up to about the same value, 0.9 x 106 joules each. Here 
aqain, takinq into account that 2.3 qrams of natural qas and 7.2 qrams of 
crude oil are needed as chemical feedstocks in the case of the polystyrene 
tray and 30 qrams of qroundwood is needed as raw material for one pulp tray, 
the total energy values increase to 1.3 x 106 joules, remaininq the same in 
both cases. 

In the case of flexible containers, polyethylene is used for plastic 
baqa and tcraft paper for paper baqs. The energy coat of tcraft paper 
is (Table 5) ::48 x 106 joules/kq, and that of polyethylene =160 x 106 
joules/kq or 3.3 times as much. But, because medium-weiqht polyethylene baqa 
weiqh only half as much as an equivalent paper baq, the ratio of enerqy 
consumption of plastic .and paper baqs is =l.65:1. 

The above canparison is not entirely fair to plastics if there is the 
possibility of reusinq the plastic containers. As an example, to make and 
fill a half-qallon plastic milk container a sinqle time requires about 
8.4 x 106 joules of enerqy. If it were reused, and the washinq and fillinq 
costs remained the same with each use C=3.2 x 106 joules), then the cost 
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would drop to 5.8 x 106 joules with one reuse, to 4.9 x 106 joules with 
two reuaea, and to 4.5 x 106 joules with three reuses. Similarly, althouqh 
a ainqle uae of plastic baqa requires more energ-y than paperbaqs, the two 
become comparable if more durable polyethylene baqs are reused once. These 
results are summarized in Table 5. Osinq this information in conjunction with 
RMS with sufficient disaqqreqation in the containers and packaqinq sector, the 
peturbation technique can be applied in a rather straiqhtfo:z:ward manner to 
aaseas the full materials system implications in terms of energ-y and source 
requirements arisinq from the substitution measures considered here. 

CONCLUSIONS 

The Role of Optimization 

The optimization of a system, such as the materials system or a 
aubaector, implies a selection of individual processes or material forms amonq 
alternatives on the basis of the specific optimization criteria, usually 
minimum coat. In optimization analyses, the critical factors are the 
characterization of competinq options and the specifications of the objectives 
to be optimized. Optimization is qenerally considered to be a normative 
process indicatinq the preferred decision or direction--what should be 
done--qiven the aaaumptiona that are in the analysis. In some cases, 
particularly where uncertainties are not dominant and objectives are relatively 
simple, the optimization process has some simulation capability aa well. 

In more caaplex situations, optimal solutions may be teated for 
"robustness• aqainat the major uncertaintiea--e.q., how sensitive ia the 
normative solution to chanqes in the state of the world or the other relevant 
factors. Techniques of multi-objective analysis have been developed to deal 
with caaplex objective functions that include several attributes. 

In practical applications, particularly where larqe uncertainties exist 
or objectives are caaplex, there has been considerable criticism of the over 
simplification necessary to apply optimization techniques. Some of this 
criticism 
is deaervedJ however, alternative techniques really do not handle such 
problems well either. Solutions determined by optimization techniques can 
provide useful insiqhts into the feasible limits of, aay, coat minimization or 
profit maximization under idealized circumstances. While such solutions may 
not be practical, they provide a well characterized benchmark aqainat which 
practical compromises may be qauqed. In this sense, a normative optimization 
ia similar to the idealized Carnot-cycle limits in thermodynamics. While the 
presence of irreversibility induced by friction and energ-y exchanqe complicates 
the desiqn and analysis of real processes, it has still proven quite useful to 
consider the ideal Carnot-cycle limits as a benchmark for comparison. 
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The major optimization techniques that are employed in resource 
allocation, process selection, and substitution analysis include mathematical 
proqramminq (linear and nonlinear), dynamic proqramminq, and optimal control 
theory. Linear proqra111Dinq has been used extensively in view of the ability 
to solve very larqe sets of equations and to capture extensive technical detail 
on the structure of the system beinq analyzed. A major strenqth of the 
technique is to combine technical and econanic factors. The structural 
equations of an optimization model are usually developed in physical 
terma--e.q., enerqy and material balances, equipment utilization, and manpower 
requirementsr while the objective functions qenerally involve such economic 
parameters as cost minimization or profit maximization. Solutions to resource 
allocation or process selection problems formulated alonq these lines reveal 
the marqinal value, or coat, of constrained resources. Examples of this class 
of model include the work of Pilati (1979) and Sparrow (1978). 

In application to the analysis of substitution within the materials 
system, optimization techniques have proven to have their qreateat atrenqth in 
the analysis of resource inputs and process selection to produce a well 
characterized process. Optimization techniques have been applied successfully 
to steel, aluminum, paper, and other materials sectors to analyze the effect 
of chanqinq costs of resources, e~erqy, and labor on the production plant or 
process to produce these material a. There has been less success in applyinq 
optimization techniques to end-use substitution of materials, due larqely to 
the many attributes that are involved in the materials selection process. 
Questions of cost, durability, and eathetica are all involved in a very complex 
decision problem. Optimization is practiced implicitly in the product deaiqn 
as, in the case of the automobile, weiqht and cost objectives are specified 
and material substitution options are explored at the component level. 

A more fruitful area in materials utilization and substitution for the 
DK>re formal optimization modelinq approaches is the selection of materials to 
achieve life-cycle coat minimization. The materials system is full of examples 
where minimum first coat has dominated the materials selection process. Thia 
has acmeti.Jlllea led to very hiqh operatinq and maintenance coats that are often 
borne by qroupa other than those benefitinq from the initial selection. Thia 
is a question of qood desiqn practice as well as public policy. Increased 
emphasis must be placed on life-cycle cost minimization, takinq operatinq, 
maintenance, and disposal coats into account alonq with first coat. 
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RECENT ADVANCES IN ECONOMETRIC ESTIMATION OF MATERIALS SUBSTITUTION 

INTRODUCTION 

Marqaret E. Slade 
Bureau of Economics 

Federal Trade Commission 
Washinqton, o.c. 

The 18th century classical economists, particularly Malthus and Ricardo, 
were very aware of the role of land in the production process. To them, the 
principal inputs to production were land and labor. Much of their focus was 
on aqricultural land, which more broadly defined can be taken to encompass all 
natural-resource inputs, nonrenewable aa well as renewable. Aa the Western 
world became more industrialized, however, the interest in natural resources 
was replaced by an emphasis on capital. The neoclassical production function 
of the 19th century was a function solely of capital and labor, and, until 
recently, moat aqqreqate production functions that have been estimated were of 
the value-added variety, with intermediate inputs such as energy and materials 
ignored. However, in the 1970 •a several developments led to a renewed interest 
in the role of natural resources in production. On the political aide, the 
Arab oil embarqo, the Orqanization of Petroleum Exportinq Countries• price 
increases, and the United States• qrowinq dependence on imports of many 
minerals focused attention on the possible scarcity of nonrenewable energy and 
minerals. And on the theoretical aide, the derivation of more sophisticated 
techniques for estimatinq production and coat functions made it possible to 
aaaesa factor substitution possibilities with qreater accuracy. 

Interest in the possibility of aubatitutinq materials for other inputs 
to the production process ia motivated by several concerns. Perhaps the moat 
important ones are those pertaininq to short-run supply disruptions and to 
long-run exhaustion of depletable natural resources. In the short run, most 
industrial nations, as net importers of many minerals, are vulnerable to 
cartel action and embarqoes by producinq countries. They therefore need to 
knew what substitutes exist for ccmmodities that are temporarily in short 
supply and how lonq it takes to substitute an available commodity for one 
whose price has increased or that cannot be obtained. In the lonq run, as the 
stocks of natural resources are depleted, it becanes essential to assess the 
possibility of substitutinq reproducible inputs such as capital and labor for 
scarce inputs such aa nonrenewable enerqy and minerals. Econometric models 
have been constructed and estimated to help us understand the process of 
substitution and to aid in asseasinq the importance of both these issues. 
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In this paper, some recent advances in econometric estimation of 
material substitution possibilities are discussed. The orqanization of the 
paper is as follows: 

• The relationship between separable production functions and 
substitutability is developed, flexible functional forms are 
defined, and the notion of duality is discussed. 

• Some of the earlier estimates of elasticities of substitution 
between materials and other inputs that were obtained from flexible 
production-function models are reviewed and more recent 
modifications to the earlier models are described. 

• Areas for further research are suqqested. 

SEPARABILITY, FLEXIBILITY, AND DUALITY 

Materials are used primarily as intermediate inputs to the production of 
final qoods. Therefore, the demand for materials is derived, that is, it is 
induced by the demand for the products that materials produced. To model 
substitution, we must therefore model the way in which materials are used in 
production. The econometric approach to modelinq production is to estimate 
production functions that show the quantity of output that can be obtained 
from qiven input quantities and how the level of output chanqes as the 
quantities of inputs chanqe. With neoclassical production function, 
substitution possibilities are assumed to be smooth and continuous (i.e., it 
is assumed that small changes in relative factor prices can lead to small 
chanqes in relative factor usage). A neoclassical production function can 
therefore be thouqht of as a smooth approximation to an enqineerinq production 
function with a larqe number of production processes. Some of the conceptual 
problems that arise in modelinq production functions are discussed briefly 
below. 

In order to estimate production functions, we must aqqreqate inputs. 
For example, "labor" is not homoqeneous but consists of unskilled, clerical, 
technical, professional, and many other classes of laborers. Each of these 
classes is in turn an aqqreqate of many subclasses. The way in which inputs 
can be aqqreqated relates directly to the possibility of substitution. To 
understand this relationship, some definitions are in order. 

The elasticity of substitution between two factors of production is the 
percent chanqe in factor proportions due to a percent chanqe in their marqinal 
rate of technical substitution (i.e., in the slope of the isoquant relatinq 
the two factors). If firms minimize cost, they will equate the marqinal rate 
of technical substitution between factors to the factor price ratio. 
Therefore, the elasticity of substitution measures the percent chanqe in 
factor usaqe ratio due to a percent change in the factor price ratio. If the 
elasticity of substitution is infinite, the inputs are perfect substitutes, 
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whereas if the elasticity is zero, no substitution is possible.1 If the 
elasticity of substitution is neqative, the two inputs are said to be 
c~le•nta. That is, instead of beinq replacements for one another in 
production, the iq;>uta must be used toqether and an increase in the price of 
one will reduce the demand for the other.2 Moat recent econometric work on 
materials substitution has focused on estimatinq elasticities of substitution 
between materials as an aqqreqate and other input aqqreqatea, or between 
different materials. 

A production function is said to be stronqly separable if substitution 
between inputs in two qroupa or classes of inputs does not depend on the 
quantity of inputs in other qroupa. Separability is an important concept 
because, if production functions are not separable, we cannot simply look at 
prices and availability of materials to determine their use but must also know 
about the capital stock in place and the availability of enerqy and laborers 
before we can assess substitutability. If input qroupa are separable, the 
estimation of production functions can be sequential. That is, we can 
determine the optimal (least-coat) mix of material inputs, the optimal mix of 
enerqy inputs, and so forth, and, holdinq these within-qroup proportions 
constant, we can determine the optimal mix of materials and enerqy in an 
overall production function. If no partitioninq of inputs is possible, we 
must estimate production functions with a very larqe number of arguments. 

Berndt and Christensen (1973) showed that stronq separability is 
equivalent to the assumption that all elasticities of substitution 
between inputs from different qroupa are both equal and constant •3 Stronq 
separability therefore places a priority restrictions on substitution 
possibilities. It is these restrictions that have qenerated interest in ao­
called flexible functional forma.4 

l With a Leontief (fixed coefficient) production function, the elasticity of 
substitution is zero, whereas with a Cobb-Douqlaaa function, it is 
identically one. 

2 Complements are usually defined in terms of their cross-elasticity of 
demand, not their elasticity of substitution. However the Allen partial 
elasticity of substitution, which measures the response of derived demand 
to an input price chanqe, holdinq output and all other input prices fixed, 
is equal to the cross-elasticity of demand divided by the input's cost 
share. Because the cost share is always positive, the siqns of the 
cross-elasticity of demand and the Allen partial elasticity of 
substitution are the same. Therefore, the two definitions are equivalent 
if the Allen partial elasticity of substitution is used. 

3 It is the Allen partial elasticities of substitution that are equal and 
constant. 

4 Plexible forms have not eliminated the separability assumption (i.e., no 
matter how much we disaqqreqate, some separability assumption is made in 
the choice of input qroups). However, flexible forms have hiqhliqhtad the 
importance of such assumptions. 
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A functional form is said to be flexible if it satisfies two conditions: 

(l.) it places no a priori restrictions on the elasticities of 
aubatitut!on, and 

(2.) it provides a local second-order approximation to an arbitrary 
twice-differential function.s 

Several canmonly used flexible forms are: the transcendental loqarithmic 
(tranaloq) (Christensen, Jorqenaon, and Lau, 1971), the qeneralized Leontif 
(Diatert, 1971), and the qeneralized Cobb-Douqlaaa (Diatert, 1973). 

Elasticities of substitution are not always estimated from production 
functions. Often it is easier to estimate the coat function, which relates 
minimum production coat to input prices and output level, than to estimate the 
production function. If certain restrictions are placed on the coat function, 
duality theory assures us that a well-defined production function exists 
(Shephard, 1953). The dual of a particular coat function such aa a tranaloq 
ia not necessarily a tranaloq production function. However, the technoloqiea 
of input substitution can be determined by analyzinq the coat function alone. 
The uae of duality theory in the derivation of production and cost functions 
haa revolutionized production modelinq in the last decade. 

PRODUCTION-FUNCTION MODELS 

First-Generation Models 

Moat of the earlier estimates of elasticities of substitution between 
materials and other input qroupa were obtained uainq a four-input tranaloq 
production or coat function. The four-factor coat function ia quadratic in 
the loqarithms of the prices of the four inputa--capital (It), labor (L), 
enerqy (E), and materials (M).6 

Generally, cost-minimizinq input-demand equations are derived fran the 
coat function (uainq Shephard• a lemma) and estimated jointl.y with the coat 
funetion. 7 The elasticities of substitution, which are not constrained to 
be constant but vary with the input• a coat share (i.e. , with the ratio of 
expenditure on the input to total expenditure), are functionally related to 
the coat-function parameters and can therefore be calculated from estimates of 
these parameters. In addition, the (7jfn-and croaa-price elasticities of demand 
are analytically related to the elasticities of substitution. 

5 A second-order approximation ia one .that iqnores hiqher order terms in a 
Taylor-aeries expansion of the function. 

6 These inputs are themselves aqqreqatea, often constructed uainq a Diviaia 
index. 

7 For a discussion of Shephard's lemma, see Diewert (1974). 
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Examples of empirical estimates of elasticities of substitution between 
materials and other input qroupa usinq transloq production or cost functions 
include Hudson and Jorqenson (1975) ,e Berndt and Wood (1975), and Humphrey 
and Moroney (1975) •9 The results in these papers cast doubt on previous 
empirical studies of investment demand and capital-labor substitution which 
used a value-added (capital-labor or KL) specification. For example, Berndt 
and Wood (1975) tested the hypothesis that capital and labor are separable 
from enerqy and materials and found that the parameter restrictions that would 
imply separability were not satisfied. Therefore, at least a four-input 
specification is warranted. 

These earlier studies, while an improvement on the typical value-added 
approach, do not help answer some of the moat intereatinq questions about 
materials substitution. As noted in the introduction, much of the attention 
qivan to materials substitution stems from interest in either the short-run 
problem of supply disruptions (i.e., beinq cut off from imports of raw 
materials) or in the lonq-:r:un probl.em of runninq out of exhaustible 
resources. Because the early capital-labor-enerqy-materials (KLEM) models 
were static, they could not tell us how lonq the substitution process takes 
(i.e., how quickly we can substitute away from unavailable materials durinq 
periods of temporary supply diaruptiona).10 Many of the later models 
described in the next section attempt to remedy this problem by introducinq 
dynamic adjustment to chanqe conditions. 

The lonq-run problem of subatitutinq reproducible inputs for dep~etable 
natural resources is much more difficult to analyze in an econometric 
frametork. We need to know the extent of substitution that is possible at 
very low levels of use of one or more inputs, and exiatinq data does not 
qenerally provide such observations. As Oaaqupta and Heal (1979) point out, 
the assumption that the elasticity of substitution is independent of the 
capital-resource ratio is a treacherous one to make. Therefore, econometric 
models tell us little about the ease of adjuatinq to lonq-run natural-resource 
scarcity and should not be used to assess the impact of runninq out of 
critical materials. 

Second-Generation Models 

Second-qeneration models will be classified as those that attempt to 
remedy two of the problems encountered with the earlier specifications. The 
problems are those related to dynamic adjustment and to aqqreqation. 

Dynamic Models 

There are many reasons why, in the real world, substitution takes time. 
For example, if the price of an input qoea up, it may have to -remain &t-the 
hiqher level for a considerable time before purchasers expect the hiqher price 

8 'l'he Hudson-Jorqenson model consists of KLEM sulnodels for nine industrial 
sectors. 

9 Humphrey and Moroney used a three-input (J.CLM) model for twelve product 
qroupa. 

10 A static model describes a system in a state of equilibrium but does not 
specify the adjustment to equilibrium after the system has been perturbed. 
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to persist and decide to look for a substitute. Even after the desirability 
of substitution is perceived, chanqinq factor proportions may involve planninq, 
iaauinq new contracts, and alterinq capital equipment and is therefore neither 
instantaneous nor costless. We can thus expect factor markets to be in 
disequilibrium (i.e., we can expect delays in adjuatinq to optimal factor 
proportions after a chanqe in factor-price ratios) and should attempt to 
incorporate the adjustment process into models of input choice. 

There are many methods of introducinq dynamic adjustment into models of 
factor substitution. For example, Berndt, Fuss, and Waverman (1978) proposed 
two dynamic approaches. First, they incorporated lCoyck adjustment matrices 
into a static system of factor demand equations, and second, they introduced 
coats of adjustment into the lonq-run optimization process. Denny, Puss, and 
wavenan (forthcominq) constructed a model where firms minimize the present 
value of future costs, subject to internal risinq marqinal costs of adjustinq 
their capital stock. Slade ( forthcominq) assumed that firms minimized costs 
with respect to expected factor prices, and added qeneralized price-expectations 
equations to a model of input selection. And Brown and Christensen (forthcominq) 
employed an inqenioua method to obtain lonq-run elasticities of substitution 
from a short-run coat function. In the short-run, equilibrium is presumed for 
the variable factors, conditional on qiven levels for the fixed factors, whereas 
in the lonq run, all inputs (variable and fixed) are in equilibrium. The 
evidence from these different approaches indicates that the assumption of 
equilibrium in all factor markets is rarely justified and that static models 
often yield incorrect estimates of elasticities of substitution. However, one 
drawback to dynamic models is that the method of introducinq the adju8tment 
process affects the estimates of elasticities of substitution obtained. 
Considerable care should therefore be taken in aelectinq an appropriate model 
(i.e., one that closely corresponds to the market beinq modeled). 

Aqqreqation 

It was noted that production functions with leas than four inputs may 
lead to erroneous estimates of substitution possibilities. It remains to be 
seen, however, if four inputs are sufficient. Questions arise such as: 

• Is it meaninqful to construct a sinqle aqqreqate of raw materials 
used at the economy level? and 

• If it is meaninqful to construct such an aqqreqate, how can we 
measure it? 

There are some of the issues that tau (1979) discussed in a paper 
dealinq with the measurement of raw materials inputs at the plant, firm, 
industry, and economy level. 

When we aqqreqate inputs into qroups, we must choose a measure for the 
aqqreqate. A common procedure is to choose one characteristic (e.q., Btu 
value for fuels) to use as a weiqht.ll However, this practice implicitly 
assumes that all fuels are perfect substitutes in production. The problem is 
more complex for raw materials because there is no obvious choice of a 
characteristic to use as a weiqht. It is therefore preferable to consider a 
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veotor of characteriatica of materials and construct hedonic price equations. 
Additional problems arise when aqqreqatinq inputs acroaa plants and acroaa 
industries. In thia caae, the hedonic price equation will depend on a vector 
of plant (or indu8try) characteriatica in addition to the characteristic• of 
material•. Further complication• arise when aqqreqatinq across end-use 
sectors. Usually we are forced to make aome aimplifyinq aaaumptiona--that 
prices of all raw materials move toqether or that quantities of raw materials 
are used in fixed proportions (Hicks and Leontief aqqreqation, respectively). 
tau (1979) concluded hi• analysis of materials aqqreqation with the statement 
that it appears unlikely that, at the econany level, the coat function ia 
separable in the prices of raw materials ao that a meaninqful index of 
aqgreqate r• materials can be constructed. Hi a conclusion raises queationa 
about the practice of estimatinq four-input KLEM production function• for the 
econcmy as a whole.12 

Numeroua empirical atudiea have demonstrated that the minimal 
requirements for conaiatent input aqqreqation are rarely found in actual data 
and that aqqreqation at any level ia thua almost always improper in a 
theoretical aenae.13 The queation then becanea, what aorta of errors do we 
make when we aqqreqate? In addition to the question of input aqqreqation, the 
question of technoloqy aqqreqation ia very important because it affect• the 
interpretation of ~· production function as an approximation to a set of 
interrelated enqineerinq activities. When technoloqy aqqreqation takes place, 
even the aqqreqation of simple aubproceasea, there ia no quarantee that the 
enqineerinq character of the aubproceaa will be reflected in the aqqreqate. 
In contrast to input aqqreqation, with technoloqy aqqreqation, we have little 
or no theoretical baaia to discriminate between aqqreqatea. !Copp and Smith 
(forthcominq), in an empirical atudy of resource substitution under input and 
technoloqy aqqreqationa, concluded that aqqreqation of proqreaaively more 
diverae input• lead• to a diminution of the atatiatical aiqnificance of the 
estimated elaaticitie• of aub•titution but not to a reversal of their aiqna. 
The lo•• of atati8tical aiqnificance can be interpreted as a decrease in the 
power of the neoclaaaical econometric model to approximate the underlyinq 
enqineerinq featurea. More aerioualy, they found that aqqreqation across 
technoloqie• may lead to the inability of the neoclassical econometric model 
to diacriminate between relationahip• of substitutability and complementarity 
(which ia intuitively plausible because inputs can be substitutes in one 
technoloqy and complements in another). In view of theae results, it aeema 
imperative that substitution be measured at a much more disaqqreqate level 
than ha• been cODlllOn practice in the paat. 

ll In conatructinq indices, we can form a quantity of a price aqqreqate. The 
Btu i•, or course, a quantity aqqreqate. Moat recent atudie• uainq coat 
functions employ a price aqqreqate. The price aqqreqate avoids the need 
for a conaiatent quantity index by relyinq on competitive-market models 
(an aaaumption that is often violated in practice). 

12 Similar problem• arise in meaaurinq a capital aqqreqate. 
13 Minimal requirements for consistent input aqqreqation are that the input 

qroupa be homothetically weakly separable. 
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One result of the realization that disaqqreqation is imperative has been 
the construction of qreatly expanded data bases. For example, Jorqenson and 
Fraumeni (forthcominq) compiled capital, labor, energy, and materials inputs 
to thirty-six industrial sectors of the u.s. economy, annually for the period 
1958-1974. They also constructed indices of the sectoral outputs and all four 
sectoral inputs for the same period. Finally, they computed indices of 
sectoral rates of technical chanqe. These data enabled them to characterize 
substitution possibilities amonq inputs and chanqes in these possibilities 
over time at a much more disaqqreqated level than had been previously 
attempted. 

SUGGESTIONS 1!'0R PUR!'HER RESEARCH 

There are many directions in which econometric methods of modelinq 
materials substitution can move, only two of which will be mentioned here: 
the formation of price expectations and rationinq. 

Rational Expectations 

Typically, models of materials substitution either iqnore price 
expectations or assume that expectations are formed in an adaptive fashion 
(i.e., that expected prices are soma function of past observed prices) • 
.However, it may be more appropriate to incorporate the notion of rational 
expectations into dynamic models. The rational expectations hypothesis first 
fozmulated by Muth (1961) is that the appropriate forecast of a variable is the 
expected value of that variable, conditional on all of the information 
available at the time of the forecast (not just the past history of the 
variable) • If firms are naqlectinq some information in forminq price 
forecasts, their forecasts will be wronq and speculators will have an incentive 
to intervene in the market. For example, if firms that purchase copper 
forecast a price for copper that is too lOllf, speculators will purchase future 
contracts for copper and the fOEWard price of copper will rise. Adaptive 
expectations, therefore, unlike rational expectations, are not self-confirminq. 
One contribution to empirical work of the literature on rational expectations 
is the attempt to disentanqle the structural parameters of the (production or 
coat) function from the (price) expectations equation. Lucas (1976) pointed 
out that macro models constructed usinq adaptive expectations cannot be used 
for policy analysis because the way in which people respond to chanqed policy 
variables depends on the source of the chanqe. This idea can also be important 
in modelinq materials markets. 1!'or example, it is not realistic to assume 
that purchasers of copper will react to hiqher copper prices that result from 
political disruptions in Zaire (that they perceive as temporary) in the same 
way as they will react to hiqher copper prices that result from environmental 
controls on smelter emm.issions (that they perceive as permanent). In addition, 
purchasers of matllltrials react more rapidly to information that they perceive as 
accurate than to information that they perceive as fuzzy or uncertain. If the 
source of a chanqe is a determinant of the speed of adjustment to that chanqe, 
the distributed laq parameters in a model should be endoqenously determined 
(i.e., they should chanqe with chanqes in the exoqenous variables), especially 
if the model will be used for policy analysis and forecastinq. The 
incorporation of rational expectations could therefore be a valuable extension 
to dynamic models of materials substitution. 

Copyright © National Academy of Sciences. All rights reserved.

Analytical Techniques for Studying Substitution Among Materials
http://www.nap.edu/catalog.php?record_id=19585

http://www.nap.edu/catalog.php?record_id=19585


83 

Rationinq 

The notion of disequilibrium in factor markets was mentioned. It was 
assumed that firms were not equatinq factor-price ratios to their marqinal 
rate of technical substitution because there were costs associated with 
chanqinq factor proportions. However, there are other ways in which 
disequilibri1B can occur. In many metals markets, particularly those where 
prices are administered, rationinq is a coaaon phenomenon (i.e., producers do 
not allow prices to rise to the level that would equate supply and demand in 
the short run but, instead, selectively ration). Rationinq is sometimes 
explained as an attmpt to prevent the lonq-run substitution away from a 
coaaodity that miqht be triqgered by a very hiqh price for that commodity 
(s•, for example, McNicol, 1975). When rationinq occurs, the assumption that 
consumers are able to obtain materials at their market price is violated. 
Macttinnon and Olalfiler (1980), in an empirical study of the u.s. copper 
market, shoved that estimated own-price elasticities of demand are 
siqnificantly different when rationinq is considered from those obtained when 
equilibrium is assumed. Presumably, estimates of elasticities of substitution 
would also be affected by the consideration of nonprice rationinq. Therefore, 
in markets where rationinq is prevalent, disequilibrium models should provide 
better estimates of substitution possibilities than do the present equ~librium 
models. 

None of the models discussed in this paper can be considered the ultimate 
econometric model of materials substitution. Althouqh expectations and 
rationinq have been focused on as topics worthy of future research efforts, 
there is room for improvement and further refinement in many ar•s· Because 
materials substitution will remain a topic of vital importance and empirical 
relevance, mch proqress in modelinq should occur in the next few years and we 
can expect third-qeneration models to emerqe that will supersede the first-and 
second-qeneration efforts that are discussed here. 
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MODELING THE DYNAMICS OP SUBSTITUTION 

James M. Lyneis 
Puqh Roberts Associates, Inc. 

Cambridqe, Massachusetts 

The metals industries are emerqinq from another period of short supply 
and escalatinq prices. Some of the latest shortaqe was no doubt caused by 
normal industry cycles. But many observers see lonqer-term trends 
contributinq to the shortaqes and portendinq qreater future difficulties. 
These trends include depletion of ore bodies in developed countries and 
consequent concentration of supply in less developed countries, environmental 
costs and restrictions on supply, political instability in key supplyinq 
countries, and increased canpetition for available supply because of 
industrialization in developinq countries. 

These lonqer-tarm trends offer the potential for the formation of 
effective cartels, supply disruptions, and extortionate price-fixinq. Serious 
econcmic disruption coW.d occur unless qovernments, producers, and consumers 
take appropriate actions to protect themselves from dependence on foreiqn 
sources of critical metals. 

But the need for action, and the appropriate actions·, depend importantly 
on the potential for substitution. To the extent that demand can. be shifted 
to alternative materials, the effects of supply disruptions will be 
mitiqated. As a result, buffer stocks and research can be focused on those 
segments of demand for which substitution is impossible or impractical. 

Bow will supply and demand evolve under the likely trends for economic 
qr0111th, technoloqical chanqe, and other key factors? How quickly will 
substitution occur in the case of supply disruptions or rapid price 
escalation? How larqe a buffer stock is necessary durinq the transition and 
for the unsubstitutable demand? What are the impacts on the markets of 
canpetitinq materials? An understandinq of the dynamics of substitution is 
easential to the development of effective action. 

Dynamics of Subetitution 

Subetitution is a dynamic process--that is, it occurs over time as a 
consequence of chanqinq conditions. As in all dynamic processes, feedback, 
inertia, and delays play important roles. 
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Peedback occurs whenever an action qenerates a response, and the response 
then elicits further action, as illustrated in Pigure 12. In the process of 
substitution, feedback occurs at the macro- and the micro-levels. At the 
macro-level, shown in !'iqure 13, an increase in price encouraqes substitution, 
which then reduces demand. The reduction in demand, other thinqs remaininq 
equal, decreases price, thereby slowinq or reversinq the substitution. Piqure 13 
illustrates what miqht be called "short-run substitution," where competinq 
materials are readily available and accepted. Piqure 14 expands Fiqure 13 to 
inco:rporate "lonq-run substitution." An increase in prices causes investment 
in research and development. Eventually, alternative technoloqies are 
developed which in turn increase substitution, reduce demand, and decrease 
price. The principal characteristic of feedback is that actions today 
influence what happens in the future. Por example, substitution today may 
reduce substitution in the future because prices are lower. Feedback is 
therefore an essential element of dynamic behavior. 

Feedback also influences substitution on the micro-level, as illustrated 
in Figure 15. Market share moves over time toward the market share indicated 
by relative prices. The speed of the movement is governed by resistance to 
chanqe. When market share, say of aluminum in electrical uses, is low, 
resistance to chanqe is hiqh and substitution occurs only slowly. But as 
market share builds, resistance to chanqe falls, thereby increaainq the rate 
of substitution and producinq a "bandwagon" effect. Thia micro-lewl feedback 
affects the speed with which substitution occurs. Inertia reflects the 
tendency to continue doinq what you have been doinq in the past and is 
represented by levels (accumulations or stocks) in a model. Fi.gure 16 
illustrates how inertia is a part of the micro-level feedback process. Demand 
for copper is a function of desired materials use and current market share of 
copper. Current market share is a level which adjusts over time toward market 
share indicated by relative· price. Users will continua to employ copper until 
inertia is overcome and current market share adjusts to indicated market share. 

Delays are the final elment in dynamic processea. Delays qovern the 
amount of inertia in a system. Several delays are important in substitution: 

l. The lenqth of time over which price chanqes must persist before 
substitution is warranted 

2. .Delays in developinq alternative technoloqies 

3. Delays in adoptinq the competinq materials, as qoverned by 
resistance to chanqe and minimum times to convert. 

The costs of conversion and the ratio of material costs to total product cost 
influence the lenqth of these delays. 

In summary, substitution is a process which occurs over time in response 
in chanqinq conditions. Some of these conditions may be external to the 
substitution process itself--for example, supply shortaqes which cause an 
increase in price. But others are the result of feedbacks from past chanqes: 
prior substitution affects current prices which in turn affect current 
substitution. Inertia and delays influence the speed with which substitution 
occurs. An accurate forecast requires that these processes be represented, as 
they critically affect behavior. 
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A Generic Model of Substitution 

The dynamics of substitution cannot qanerally be separated from the 
larqar dynamics of supply and demand, of which it is an inteqral part. 
Therefore, any model of "substitution" must also incorporate some of the 
macro-feedbacks affectinq supply and demand. These issues are discussed in 
the first subsection balOlll. The detailed process of substitution, qanerally 
represented on an end-use basis, is then discussed in the followinq subsection. 

Macro-'!'eedbacks Influencinq Substitution 

Pigure 17 illustrates the macro-feedbacks which affect the dynamics of 
substitution. Which of these feedbacks are modeled, and in hOlll much detail, 
depends on the purpose of the modal. Short-term models used for forecastinq 
purposes may take the price of ccmpetinq materials and technoloqies as qiven1 
mid-term models for policy purpoaea--for example, determininq the size of 
buff er stoclcs--may want to consider the effects of disruptions in the supply 
of one metal on other metals, and hence Dl\lllt consider these feedbaclcs1 
lcnqer-term models may want to consider the likely evolution of alternative 
technol09ies. 

It is therefore impossible to define a "qeneric" model of these 
macro-level feedbacks. Pigure 17 merely serves to hiqhliqht the ranqe of 
possibilities which must be considered: 

( l) short-run affect of price1 

(2) affect of substitution on price of ccmpetinq materials1 

( 3) price-supply1 and 

(4) development of alternative technol09ies, which may reduce the 
amount of material needed or introduce new competinq mateials. 

Detailed Substitution Process 

Pigure 18 shows the factors determininq the specific amount of 
substitution. Because many of these factors are easier to pinpoint for 
particular end uses of a metal, the structure shown is often duplicated to 
determine substitution on an end-use basis. 

The first characteristic of substitution illustrated in Figure 18 is 
that demand is split into substitutable and nonsubatitutable components, as 
qoverned by leqal and technoloqical constraints. This split is important from 
a policy point of view because, dapendinq on the speed with which substitution 
occurs, only the nonaubstitutable demand need be covered in any supply 
disruption. 
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SUbstitutable demand, toqether with desired market share, determines 
danand for the material. Supply shortaqes may, however, constrain substitution 
and slow actual qains in market share. 

Resistance to chanqe affects how quickly desired market share increases 
or decreases. Resistance to chanqe is expressed in years required to make 
chanqes. Mathematically, it equals: 

RrC • BRTC * ECMS 

RrC-Resistance to Chanqe (Years) 

BRrC--Basic Resistance to Chanqe (Years) 

BCMS--Effect of current Market Share (Dimensionless) 

The basic resistance to chanqe represents the reluctance to adopt somathinq 
n• over a tried and true product. It is a constant which may be different 
for different end uaas. Effect of current market share acts to reduce the 
constant as market share increases or as adoption spreads. The effect is 
illustrated in Piqure 19. When the substitution is just beqinninq and market 
share is l.ar, consumers are wary of substitutinq. They qenerally prefer to 
wait until the market share qrows somewhat and that application is tested 
before they .move. This type of hesitancy leads to the "bandwaqon" phenomenon 
which beqins with slow qrowth, as some innovative users perceive a cost or 
technical adVantaqe, then qoes throuqh a phase of fairly rapid qrowth as 
customers perceive a successful application, and finally qoes throuqh a 
levelinq-off phase as maximum market share is achieved (also referred to as 

· "S-shaped qrowth"). A minimwn resistance reflects the "time required to make 
a conversion." 

The functional chanqe in market share depends on relative price per 
functional unit and on conversion costs, as illustrated in Pigure 2 o. When 
relative prices, determined by the difference between material price per 
functional unit and c0mpetinq material price per functional unit, are equal, 
fractional chanqe in market share equals zero-and-consumers have no incentive 
to chanqe so they stick with present materials. As prices fall relative to 
ccmpetinq materials, fractional chanqe increases until it reaches 1.0--all 
conaumers of the competinq material desire to switch to the material in 
question. Conversely, as prices rise relative to canpetinq materials, 
fractional chanqe falls until it reaches neqative 1.0--all consumers of the 
material desire to switch to the ccmpetinq material. (Recall that reluctance 
to chanqe qoverns how quicJcly the chanqe occurs.) 

As the drivinq force behind chanqe, price difference are COlll>&red to 
conversion costs spread over a payback period. When the ratio is l.O (or 
neqative 1.0), the price difference is such that conversion coats will be 
recovered in the payback period. Not everyone switches material at this 
point, however. Some people are more risk averse than others and therefore 
require a shorter payback period. other people may have hiqher conversion 
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costs than the averaqe used as an index and hence switch at a hiqher price 
difference. Finally, to the extent the model aqqreqates several end uses, 
conversion costs are likely to be dispersed about an averaqe. Por these 
reasons, complete conversion does not occur until price difference exceeds 
conversion costs by three times. 

The price differential is based not on current price but on an averaqe 
of prices. such an averaqinq reflects the desire to assure that price chanqes 
are permanent before makinq a switch. The lenqth of the averaqinq time 
probably depends on the cost of conversion. If costs are low, quick switches 
between materials can be justified. If costs are hiqh, price chanqes must 
last lonqer in order to pay back conversion costs. 

Several ccmplicatinq factors can be introduced into the model of the 
substitution process. Pirst, conversion costs miqht differ dependinq on the 
direction of the chanqe. Second, more than one canpetinq material can be 
considered, althouqh this may not be important if the end-use disaqqreqation · 
is detailed enouqh. And finally, availability or security of supply can be 
introduced as a reason to substitute materials. 

In summary, the model of the substitution process captures a number of 
relevant considerations: legal and technical constraints makinq some demand 
unsubstitutabler resistance to chanqe and bandwaqon effectsr breakeven coats 
based on a functional unit baaisr conversion costar and the need for a price 
chanqe to be persistent to elicit subatitution. By representinq theae 
factors, the model can more accurately portray the time behavior of the 
substitution process. 

Model Applications 

Puqh Roberts Associates, Inc. , has successfully employed various 
versions of both the macro- and micro-feedback processes durinq a number of 
modelinq studies over the past five years, includinq: 

• An analysis of supply and demand for copper in the United States 
(for the National Science Foundation 1976). 

• Porecastinq price trends for copper (several proprietary clients, 
1976-79). 

• Analysis of supply and demand for soda ash (proprietary investment 
analysis). 

• Analysis of worldwide demand for copper, aluminum, steel, nickel, 
and nanqaneeA over the next 20 years (proprietary, 1979-present). 
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BCONOM!TRICS AND DEMAND MODELING 

Bernard V. Reddy 
Jama s C. Burrows 

Charles River Associates, Incorporated 
Boston, Massachusetts 

An analysis of the applicability of econometrics to issues of materials 
substitutions must beqin with a clear understandinq of what econometrics is. 
The first editor of Econometrica and cowinner of the first Noble prize awarded 
in economics, Raqnar !'risch (1933), defined econometrics as follows: 

Thus, econometrics ia by no means the same as economic statistics. Nor 
is it identical with what we call qeneral economic theory, althouqh a 
considerable portion of this theory has a definitely quantitative 
character. Nor should econometrics be taken as synonomoua with the 
application.of mathematics to economics. Experience has shewn that each 
of these three view-points, that of statistics, economic theory, and 
mathematic&, is a necessary but not by itself a sufficient condition for 
a real underatandinq of the quantitative relations in modern economic 
life. It is the unification of all three that is powerful. And it is 
this unification that constitutes econometrics. 

This definition indicates clearly that econometrics is more than trend 
aJW.lysis, more than the blind application of statistical tools to economic 
data. When estimatinq a demand equation the econometrician first must take 
care in specifyinq the equation so that it is consistent with economic theory 
and physical reality. Only then can the econometrician use the tools of 
mathematics and statistics to estimate the equation. 

Many atatistical techniques are qrouped toqether under the headinq of 
econometrics, but this paper will focus on least squares and its variants, 
becauae they are by far the most commonly applied statistical tools used in 
the estimation of models of demand. 

Implicit Assumption& 

Many of the aasumptions implicit in econometric analysis are discussed 
in Baavelmo's (1944) semi:r:ml article. Co!)stancy of _the functional. relationship 
and reversibility both are implicit in the use of reqression equations. 

95 
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Constant Relationships 

A reqression equation states that a given variable is a function of 
other variables. The general form of a linear regression equation is: 

where: 

r 
Yt • bo • i Xit bi + eit (1) 

- Dependent variable in period t1 

Xit • The ith independent variable in period t1 

bi • Coefficient to be estimated for independent variable i1 

9t • The unobservable error in period t.• 

*Assumed for convenience, is that observations of variables 
are made over time, the usual case with demand models for 
metals. Very fw demand models for metals pool observations across 
states or countries. 

The unknown parameters bi are assumed to remain constant throughout the 
estimation period and forecast peri~. If one or more of the bi are thought 
to be changing over time, the manner of chanqe should be specified explicitly 
and incorporated into the equation, leaving an equation with a new set of 
unknown parameters that, in fact, will remain constant. This will be discussed 
in greater detail below in the section on equation specification. The implicit 
assumption of constancy in the function relating the exogenous variables to 
the endogenous variable means that a regression equation can be used to predict 
the future only if the future will be similar to the past. Sudden nw 
developments, such as those caused by technological advances, cannot be 
predicted with econometric methods. 

Reversibility 

A corollary to the i~licit assumption of constancy is reversibility. 
Suppose an exogenous variable changes but then returns to its original level. 
The regression equation states that the original change will lead to a chanqe 
in the endogenous variable, but when the exogenous variable returns to its 
original level, so must the endogenous variable (assuming that all other 
variables have remained constant) • This assumption is not always valid for 
metal markets, because some substititions are not reversible. For example, 
for many years ceramic magnets were cheaper than Alnico magnets, which contain 
substantial quantities of cobalt. However, many users of Alnico magnets did 
not bother to substitute ceramics for Alnico's, because the desiqn costs of 
such substitutions were rather high. When. cobalt prices increased to record 
levels in 1978 and 1979, many of these substitutions finally were made. Even 
if cobalt prices return to their pre-1978 levels, in constant dollars, these 
substitutions in many cases will not be reversed. A regression equation 
estimated for the demand for cobalt in Alnico's would recognize the recent 
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decline in cobalt consumption in this category as a price effect, but the 
equation would also imply that cobalt would regain that market if the price 
fell. Blind estimation of such a regression equation would lead to misleading 
results. 

Estimation Methods 

Ordinary least squares generally is the estimation method chosen for 
regression equations, but in certain circumstances other methods are 
appropriate. Ordinary least squares is the most appropriate estimator, in a 
certain well-defined manner, if the error term in Equation l satisfies the 
follow conditions: 

• The error terms are not correlated over time. 

• The error terms over time have the same variance. 

• The error terms are uncorrelated with the variables on the right 
aide of the regression equation. 

The causes of failure of one or more of these assumptions, and the appropriate 
methods correcting for them are discussed below. 

Autocorrelation 

If the error terms are correlated over time, autocorrelation is said to 
be present. Autocorrelation in and of itself is not a sufficient reason to 
avoid using ordinary least squares, although it can be a source of major 
difficulties if certain other problems accompany it. Without such other 
problems, autocorrelation will cause the parameter variances of ordinary least 
squares to be hiqher than the parameter variances of the most efficient 
estimation methods. Purthermore, the estimates of the parameter variances 
printed by a regresaion program will understate the true parameter variances. 
However, least squares will still yield unbiased estimates--that is, on the 
average (in the expectational sense) the coefficient estimates will be correct. 
In addition, the most efficient methods are known to be superior to least 
squares only in large samples. It is not clear that they are superior in an 
equation estimated with only 20 observations, as is often the case in annual 
metal models. 

The appropriate estimation method in the presence of autocorrelation 
calls for transforminq the data in a particular manner and applying least 
squares. The transformation may have to be repeated several times. If one of 
the variables appearing on the right side of the equation is the dependent 
variable in an earlier period, the existence of autocorrelation is a serious 
problem, and more sophisticated methods are called for in handling it. 
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Reteroacedaaticity 

Heteroacedasticity exists when the error terms have different variance 
in different time periods. This is likely to happen in many equations that 
describe market behavior over time, if the market is qrowinq. The error terms 
may appear to have multiplicative, rather than additive, effects in a qrowinq 
demand sector. Fortunately, heteroscedasticity is a problem that qenerally 
can be ignored. As with autocorrelation, heteroacedasticity causes least 
squares to have hiqher parameter variances than do more efficient methods, but 
least squares still is unbiased. Simple transformations of the equations can 
correct for heteroscedasticity. Bstimatinq an equation in loqs often serve• 
to correct for it, as the loqarithmic form assumes that the error terms have 
multiplicative effects. 

Simultaneity and Related Problems 

The most serious failures of the assumptions qenerally made for least 
squares concern the correlation between the error term• and the riqht-hand 
variables in an equation. If one or more variables are correlated with the 
error tem, then all of the parameter estimates will be biased and 
inconsistent. 
Thia a88Ulllption of no correlation usually fails because the variable in 

question is an endoqenoua variable in the aame simultaneous model. 

Consider a simple, two-equation model of a hypothetical market: 

(2) 
and 

(3) 

with the market-clearinq identity o • S cloainq the model, where: 

S • Supply. 

D • Demand. 

P • Price. 

CAP • Production capacity. 

The price is determined implicity by the market-clearinq identity. Because of 
the market-clearinq identity, we can set the supply equation equal to the 
demand equation and solve for price, which will be a function of both error 
terms, 81. and e2. As a result, price will be correlated with the error 
terms in both equations. The use of ordinary least squares will lead to 
biased, inconsistent parameter eatimates •. ·Simulta.neoua equation methods 
qenerally should be used to "purqe" the correlation from the price variable in 
estimatinq the supply and demand equations. 
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However, simultaneous equation methods are demonstrably superior to 
ordinary least squares only if larqe samples are available. They are biased 
in small samples, althouqh the bias disappears as the sample size increases. 
As a result, it is not clear that simultaneous equation methods are superior 
to least squares in samples with 30 or fewer observations. 

Multicollinearity 

Multicollinearity does not result from the failure of arJ¥ of the error 
term assumption• in least squares, but many econometricians attempt to correct 
for it. Multicollinearity arises when two or more of the exoqenous variables 
in an equation are so hiqhly correlated over time that the method of least 
squares cannot distinquish the independent effects of the variables. Parameter 
estimates are imprecise when multicollinearity is present, althouqh the 
equation miqht fit very well. Multicollinearity essentially is a data 
problem: the exoqenous variables are not different enouqh. As a re8Ul.t, 
attempts to correct for multicollinearity without addinq additional 
information are misquided. Sometime• it is possible to know in advance the 
relative maqnitudes of the coefficients of the variables that are causinq the 
problem. If so, it is a simple matter to impose conatraints on the 
coefficients in estimation and improve the parameter estimates considerably. 

Specification 

In many ways equation specification is the most difficult task facinq 
the applied econometrician. Economic theory and technoloqical relationships 
sometimes dictate that certain variables should enter an equation in a 
particular manner. In most cases considerable judqment must be applied in 
specifyinq an equation, even if the variables that belonq in it are known. 

Punctio:nal Form 

The first task in specifyinq an equation is to select a functional form. 
The most common fo:r:ms are linear and loqarithmic, but semiloq and other forma 
are used occasionally. All simple functional forms should be considered as 
approximations to what are undoubtedly far more complicated relationships. 

Linear Form 

The linear form as in Equation l is probably the most commonly 
specified. A linear specification carries many implications. First, the 
error term has additive, not multiplicative effects. Second, the elasticities 
are of the form: Bi • bi Xi/Y. This means that the elasticity estimates 
are not constant (which is not necessarily a drawback) • The price elasticity 
of a linear demand equation, assuminq that price has the expected neqative 
coefficient, approaches neqative infinity as price approaches some positive 
yet finite level. The elasticity of demand with respect to a measure of 
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economic activity approaches unity as economic activity increases, as does the 
elasticity of supply with respect to price. Third, the marginal effects of 
each exogenous variable on the endoqenous variable are independant. For 
example, the effect on demand of an increase in price do not depend on the 
level of economic activity. 

Logarithmic Form 

The logarithmic form looks identical to the linear form, except that all 
of the economic variables are replaced with their natural logs: 

(4) 

The elasticities in the logarithmic equation are simply the coefficients, the 
bi, 1 so they are constant. This means that as price goes up, larqer increases 
in price are required to elicit constant declines in demand. The error terms 
have multiplicative effects, as can be seen by exponentiating both sides of 
Equation 4. The marginal effects of exoqenoua variables on the endogenous 
variable depend on the levels of the other exoqenoua variables. This can be 
desirable property if it is thouqht that price influences the unit input of a 
qood into a production process. However, it can lead to problems if two 
measures of economic activity are included in a demand equation. 'For example, 
suppose tm't a demand equation is estimated for ferrochromium consumption, and 
the the production of stainless steel and the production of alloy steel are 
included in the equation. Why should the marqinal effect of stainleea steel 
production on ferrochromium consumption depend on the level of alloy steel 
production? Thia property generally makes the loqarithmic form underairable 
if two or more measures of economic activity must be included in a demand 
equation. 

Other Forms 

Although econometric equations can be specified in other form.a, they 
seldom are. Probably the moat common other form is a mixture of the linear 
and logarithmic. 'For example, the log of the dependent variable can be 
reqreaaed on a linear function of the independent variables: 

(5) 

In this form the elasticities can be expressed as bi Xl' which means that 
all elasticities approach infinity (or negative infinity, if b1 is less than 
zero) as the independent variables approach infinity. A price elasticity of 
demand specified in semiloq form, therefore, is a canpromise between the fixed 
price elasticity of the logarithmic model and the rapidly chanqing elaaticity 
of the linear model. 

This semiloq specification has one major drawback in demand modelinq. 
The elasticity of demand with respect to an economic activity variable, like 
chromium consumption with respect to stainless steel production, should not 
increase without bound. This suggests that a mixed model might be appealing 
in sane cases: 
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This specification, to which other variables might be added, has a constant 
elasticity for X and a chanqing elasticity for P. 

Interactive Effects 

Variables can be entered into an equation in almost any form, provided 
that the form accords with economic theory and technological constraints. 
Powers, inverses, loqs, and other forms can be used. Of potentially greater 
interest, however, is the ease with which interactive effects can be 
incorporated into an equation. Por example, suppose that a certain price 
effect is expected to be observed only if the price is above a specified 
level. In that case two price variables can be defined, one equal to the 
minimum of price and the specified level, and the other equal to the 
difference between price and the specified level, if positive, and zero 
othei:wise. That is, suppose that p• is the point at which the price effect 
chanqes. Then define Pit • min (Pt,P"') and P2t • max (0,Pt-P"'). The 
equation specification becomes: 

(7) 

Consider again the case of nonreversible substitution. Suppose that 
demand in a particular sector includes two uses, one of which is subject to 
irreversible substitution if the price exceeds some level P•. Then define the 
variable. 

Zt •max (0, max (Pn-P"')). 
m<t 

That is, Zt equals the largest spread observed between P and P*, if positive: 
if P has never exceeded P*, then Zt is defined as zero. The demand equation 
might be specified as: 

(8) 

As long as the price remains below P*, no irreversible substitution occurs. 
If the price increases above P, a sort of ratchet effect occurs. The hiqher 
the price goes, the qreater the permanent decline in demand. 

Many other kinds of interactive effects are possible. They can involve 
two or more economic variables, or they can involve economic variables and 
dummy variables (indicator variables that generally take on values of either 
zero or one), or they can involve time trends. The flexibility provided by 
interactive effects greatly expands the usefulness of econometric analyses of 
metal demands. 

Dulllny Variables 

Dunmy variables have many other uses. Suppose that a price effect or an 
economic activity effect is thought to have chanqed after a certain year, due 
to technological change or other reasons. Then a dummy variable defined as 
zero before the chanqe and one after can be used to measure the change in one 

Copyright © National Academy of Sciences. All rights reserved.

Analytical Techniques for Studying Substitution Among Materials
http://www.nap.edu/catalog.php?record_id=19585

http://www.nap.edu/catalog.php?record_id=19585


102 

of several ways. In the case of a price effect the dummy can be entered in an 
interactive manner with the price variable. Par an economic activity effect, 
such as a sudden decline in the unit consumption of metal in a particular use, 
the dummy could be entered directly into a l09arithmic equation or interacted 
with the variable in question in a linear equation. In this way the data can 
be used to measure the effects of the technoloqical chanqe. 

Laqa 

In many cases, the effects of a chanqe in price or economic activity are 
not felt immediately but are spread over a number of years. In such 
circumstances the inclusion of only the current price or a current measure of 
economic activity inadequately reflects real world behavior. Laqqed values 
must be entered into the equation in some manner. 

Laq structures can take many shapes, some of which are depicted in 
!'igure 21. Laq structures usually are imposed, within broad limits, on 
variables because simply inc:1udinq many laqqed variables in an equation usually 
leads to a hiqh deqree of multicollinearity. Impoainq a laq structure can be 
viewed as usinq prior info:r:mation to eliminate the multicollinearity. 

Most of the laq structures depicted in Pigure 21 are imposed by 
constructinq one or more new variables and usinq them in the reqreaaion 
equation. !'or example, suppose that the linearly declininq laq atructure is 
appropriate for price effects in a qiven equation, with a maximum laq of T. 
Thia laq structure can be imposed by constructinq: 

T 
zt - r (T+1-m> Pt-ml' c (T+l > (T+2 )/2 > 

m-0 

and replacinq the price variables in the equation with Zt• 

(9) 

The major exception to this approach is the qeometric laq and its 
variants. The qeometric laq is imposed by inc:ludinq the laqqed dependent 
variable in the riqht side of the reqresaion equation: 

(10) 

The qeometric laq is attractive because of the simplicity it offers in 
estimation, but the simplicity can be deceivinq. The major problem is that it 
i~oses the same laq structure on all of the exoqenoua variables in the 
equation. Special techniques can be used to impose the laq structure on only 
one variable, but then the simplicity disappears. Furthermore, the problem of 
autocorrelation with a laqqed endoqenoua variable can arise. The linearity 
declininq laq probably is preferable to the qeometric laq in most demand 
equations. 
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Pigure 21. Examples of Lag Structures with Means of Lag of 2.5 Periods 

Lo119 lag structures aelc!om are imposed on economic activity variables in 
c!emand equationa, because the effects of such variable• generally are more 
illlllec!iate. An amual model aeldom will contain more than the current and. one 
lagged economic activity variable. 'l'he coefficient of the current variable 
generally shoulc! be positive, but the coefficient of the lagged variable often 
can be negative, depending on the particular specification. Suppose that a 
c!emanc! equation i• being estimated for a product generally usec! in capital 
gooda, but that no CJOOd measure exists of inveatment in the appropriate sector 
of the economy. In thia case consumption of the metal is likely to be relatec! 
positively to both output and the increase in output in that sector. 'l'hia 
impliea a negative coefficient for tbe l•gged e.conomic activity variable.-
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Deflation of Variables 

All variables measured in dollars, whether they be prices, shipments, 
inventories, or other relevant variables, should be deflated by appropriate 
price deflators before beinq included in demand equations. 

Demands for materials are real, physical demands, and they respond to 
real movements in the economy. Mixinq real and nomial variables in a 
reqression equation is seldom if ever justified. 

Combined Methods 

Economectric methods need not depend solely on statistical analyses of 
data. If information is available that is not fully reflected in the data, it 
should be used to improve the accuracy and applicability of the econometric 
results. This procedure often combnines econometric and enqineerinq methods. 

In a project for the Experimental Technoloqy Incentives Proqram of the 
National Bureau of Standards, researchers at Charles River Associates foll0111ed 
such an approach in constructinq demand equations for both chromium and 
manqanese. We were interested in findinq how demand would respond to movements 
in price far beyond this historical ranqe, by a factor of approximately 10. 
Econometric methods alone cannot be trusted to yield accurate an8Wers to such 
questions, because they only reflect past behavior and future behavior is 
likely to be quite different. We gathered enqineerinq information on the 
technoloqical possibilities for substitution and conservation over time, at 
various price levels. On a judgmental basis we then derived enqineerinq 
estimates of the price elasticity of demand at prices far outside the 
historical ranqe. We then used this information in estimatinq demand 
equation, inposinq the enqineerinq elasticities on the reqression equation. 
The result, for both chromium and manqanese, was a demand curve that reflected 
the enqineerinq realities that consumers would face at vastly hiqher prices. 

A somewhat different approach was used in a recent study of the world 
cobalt market that Charles River Associates performed. Economists and 
enqineers worked toqether to determine the economic and technical feasibility 
of substitutinq other materials for cobalt in its major applications, at three 
different price levels. Porecasts of economic activity then were made, 
concentratinq on those variables that are most important in determininq the 
level of cobalt. Judgmental forecasts of demand in each of the important uses 
were made for a 10-year period for each of the three price levels. These 
judgmental forecasts were pooled across price levels and reqresaed on the 
measures of economic activity and prices, to derive enqineerinq economic 
demand curves for the future. The equations were used in a model of the 
cobalt market to analyze the likely path of future cobalt prices. This 
approach enabled us to predict demand at price levels other than those .assUl'!led 
in the enqineerinq analysis, and to chanqe the assumptions concerninq economic 
qr0111th without beinq forced to redo the judgmental forecasts. 
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Usefulness and Limitations 

EconOflletric analysis of materials demand is particularly useful when 
applied in situations that can be parametrized to resemble the past. If a 
major shift in technoloqy will occur in the future, econometrics can be used 
to summarize the extent of the shift, as Charles River Associates did for 
cobalt, but econometrics cannot predict that such a shift will occur. Por 
example, econometrics could not have been used in the late 1960's to predict 
the shift from low carbon ferrochromium to hiqh carbon ferrochromium that 
would take place in the followinq decade after the introduction of the 
arqon-oxyqen decarburization (AOD) process in stainless steel production. 
Common sense said that such a substitution would occur, but the statistical 
data available would have been of no value in assessinq the likely extent of 
the shift. The data available in the last decade, however, probably could be 
used to predict the extent of a reverse substitution, should the AOD process 
suddenly lose its economic advanta99s (a hiqhly unlikely event). 

One of the problems encountered when ~pplyinq an econometric demand 
equation to a suddenly different world can be seen in Piqure 22. This fiqure 
depicts three demand curves--linear, loqarithmic, and semiloq--with the same 
elasticity (-1.0) and demand levels at P • 2. It is immediately apparent that 
the curves differ very little for prices between 1.5 and 2.5 Given historical 
data in such a ran99, the curves may be virtually indistinquishable on a 
statistical basis. That is, all three specifications miqht fit the data 
equally well. Por forecaatinq within the historical ranqe, it should matter 
little which demand curve is used. If a sudden shortaqe develops and price 
increases drastically, however, the curves are very different. Consider price 
increases from a hypothetical historical averaqe of P • 2. In order to realize 
a 50 percent decline in demand, the linear curve would call for a price 
increase on only 50 percent, the semiloq curve for an i~rease of 70 percent, 
and the logarithmic curve for an increase of 100 percent. To realize a decline 
in demand of 75 percent, the linear curve calla for a 75 percent increase in 
price, the semiloq curve for a 120 percent increase, and the logarithmic curve 
for a 300 percent increase. The functional form chosen is very important to the 
analysis, althouqh historically the choice of functional form mattered little. 

The lesson is clear. Great care should be taken if an economic model 
must be used to forecast outside the historical ranqe of the data. 
Incorporatinq enqineerinq and other information directly into the econometric 
analysis can qreatly improve the usefulness of econometrics in such 
appl !cations. 

The major conclusion to be drawn from this paper is that econometrics, 
if properly applied, can be a very useful tool in atudyinq past materials 
substitution, in forecastinq the future if it will sufficiently resemble the 
present, and in incorporatinq certain kinda of enqineerinq infoniation into a 
consistent market analysis. Great care must be taken at each step of the 
analysis, from equation specification, throuqh estimation, and into use. As 
Priach said: 

Economectrica is a powerful tool, but also a danqerous one. There are 
so many chances of abuainq it, that it should only be put into the hands 
of really first-rate men. Others should be absolutely discouraqed from 
takinq up econometrics. (Frisch, 1946) 
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MATERIAT..S SRORrAGES AND/OR MATERIALS SUBSTITUTION: 
ALTERNATIVE PATHS TO THE YEAR 2000 

Ira Sohn 
Institute for Economic Analysis 
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New York 

John Maynard Keynes, the celebrated British economist and government 
adviser, once remarked that the role of government policies should be directed 
to short-term disturbances rather than lonq-term considerations because, "in 
the long-run we are all dead." However, it is unclear if the statement was 
made by ICeynes the Economist or Keynes the Government Adviser. If it was the 
latter, the long-run probably is the day after nection Day, while if it was 
the former, the short-run could be years, or however long is required to chanqe 
the amount of a previously fixed primary input--i.e., labor, capital, natural 
resources, or technology. 

One would have hoped that it was Keynes the Economist speakinq but · 
judging by his classic treatise, (1936), around which most western economic 
policy decisions have been framed since the end of the last World War, 
unfortunately policy decisions baaed on short-term political expediencies have 
all too often supplanted considerations based on an integrated, comprehensive, 
and internally consistent long-term approach. Of all the western countries, 
guided by the Keynesian approach, it is in the United States that his obsession 
with the politician's myopia is most exemplified. Many of our current economic 
and political problems, domestically and internationally, can be attributed to 
this fixation of focusing on the immediate short-term without regard to the 
wider long-term approach. 

Nowhere is our prevailinq short-sighted approach to economic problems 
more acute than in our treatment of the so called "primary factors of 
production," mentioned above. A shortage of engineers cannot be relieved in 
one, two, or even three years. On the other hand, a surplus of teachers 
cannot be removed in one year. New capacity for extraction and processing of 
minerals, both fuel and nonfuel, cannot be brought on-stream, judging by 
today's experiences, even in five years. The development and installation of 
new technologies involves massive research expenditures in terms of human, 
material, and financial resources. Even the comfort of a full four-year 
Presidential term of office could not effectively address these problems. 

107 
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Recoqnizinq that the lead time needed to supply additional enerqy 
capacity is anywhere from five to 12 years, dependinq on the energy source, or 
as we are painfully witnesainq, at least three to five years to retool the 
automobile industry, how can we incorporate these "technical" facts into our 
methodoloqical framework? If the nation is to make a serious attempt to limit 
its dependence on increasinqly unreliable sources of foreiqn oil by qeneratinq 
enerqy from our ample domestic coal sources, who is to insure that the rollinq 
stock and railroad track needed to transport the coal, not to say the 
additional steel capacity required to build the cars and track, will be 
forthcaninq? Can we at least provide the siqnals for this chanqe by describinq 
the implications of this policy on the whole structure of industrial output? 
How will employment opportunities be affected by the adoption of this policy 
or any combination of other alternative enerqy policies? 

Generally speakinq, our economy is required to turn out, on an annual 
basis, a hiqh "standard of livinq" for approximately 220 million people. That 
"standard of livinq" is shaped by three forces: a culture, which fixes what 
economists refer to as the "tastes and preferences• of consumersr technoloqy, 
which prescribes the efficient means for producinq the qooda and aervicear and 
the endowments of primary reaources--labor, capital, and natural resources, 
the stock of which influences on the one hand what is produced domestically 
and on the other which qoods are imported in order to secure the above 
"standard of livinq. 11 

In addition to the physical constraints of factor endowments and the 
technoloqical constraints imposed on production, social, institutional, and 
environmental 1 imitations are deaiqned by the qovarnment to influence or 
conform with the consumer's "tastes and preferences.• 

Any ccmprehenaive overview of our increaainqly complmc economy has to 
describe the structure of consumption, the technoloqical structure, and the 
factor endowments in addition to the political, demoqraphic, social, 
environmental, and institutional phenomena around which the accommodatinq, and 
in many cases, canpetinq economic relationships are woven. 

over more than four decades since Xeynea wrote, our underatandinq about 
the way in which our economy, so to say, "hanqa toqether• has become both 
wider and deeper. our methodoloqical approach to econamic analysis, what 
Schumpeter referred to as the "economist's analytical tool kit, 11 now 
incorporates the input-output technique, which ha.a facilitated a structural 
description of the economy baaed on an empirical inveatiqation of i ta 
component pai.ts. 

The input-output technique of economic analysis, first introduced some 
40 years ago, is specifically desiqned as a tool for the systematic ~nalysis 
of the mutual interdependence between the different parts of an economy. It 
is a method of analysis which describes the economy as a system of interactinq 
activities--both in a direct and indirect way. Hence, it is particularly well 
suited not only to the preparation of internally consistent multisectoral 
projections of prevailinq economic trends but also for a detailed quantitative 
assessment of both the direct and indirect secondary effects of any sinqle 
policy action or any combination of policy actions. 
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An input-output table provides a systematic picture of the flow of qoods 
and services amonq all the producinq and consuminq sectors of a qiven econcmy; 
that is, amonq all the various branches of business, households, and 
government. It could also reqister the flow of qoods and services out of a 
qiven reqion and the flow of qoods and services received from the outside. 
The input structure of each producinq sector is specified in terms of what 
miqht be called its technoloqy or its "cookinq recipe," that is, a set of 
technical coefficients specifyinq the amount of qoods and services, includinq 
labor, that a sector has to absorb to produce a unit of its own output. A 
separate set of capital coefficients describes the stocks of buildinqs and 
equipment as well as of all kinds of workinq inventories that each producinq 
sector maintains in the process of transforminq the proper combination of its 
inputs into its final output of qoods and services. The inputs of primary 
natural resources, such as aqricultural land, water, and ores, the output of 
pollutants by all producinq sectors of the economy, as well as households 
(i.e., consumption patterns), are depicted and analyzed in modern input-output 
analysis alonq with the production and consumption of ordinary qoods. Prices 
are also determined·in an open input-output system from a set of equations 
which states that the price which each productive sector of the economy 
receives must equal the total payments made by it, per unit of its product, 
for inputs purchased from itself and from the other industries, plus a 
"value-added,." which essentially represents payment for labor, capital, taxes, 
etc. 

The input-output approach is particularly well suited to address 
questions of public policy debate. Por example, if the current rate of 
foreiqn imports as a percentaqe of total U .s. sales persists or increases, 
what will be the direct and, perhaps more important, the indirect effects of 
this on the demand for labor in the u.s.? What are the direct and indirect 
coats imposed on domestic manufacturers that can be attributed to current or 
future EPA abatement standards? Or, what are the direct and indirect 
implications for the domestic economy, if hiqh-strenqth plastics are 
substituted for metallic materials in automobiles? 

In addition to the concern currently beinq voiced with regard to our 
dependence on foreiqn sources of supply to satisfy our enerqy requirements, we 
are also examininq our position with regard to long-tam, nonfuel mineral 
resources--both metallic and nonmetallic. 

'l'HB APPLICATION OP INPU'l'-<XJTPUT ANALYSIS TO MODEL THE MINERALS SECTOR* 

Concern about the adequacy of nonfuel mineral supplies, import 
dependence, trade restrictions, environmental and safety requlation, risinq 
prices, sluqqi~h technoloqical innovation, and failure to expand capacity,. as 
well as environmental consequences of more intensive mineral exploitation, is 

• This section first appeared in the "The Puture of the U .s. Minerals 
Industry Within the Chanqinq Structure of the u.s. and World Economy,• 
w. Leontief, s. Nasar-O'Brien, I. Sohn, c. Varsavsky, AIME Annual 
Meetinq, Las Vegas, Nevada, Pebruary l 98 O. 
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clearly qrcwinq in the United States. As yet, there is no comprehensive or 
consistent proqram for nonfuel minerals, nor has one been proposed. In fact, 
the collection and assembly of elementary information and the application of 
systematic analysis are still in their very early staqes with respect to 
nonfuel minerals. 

A research proqram now in its third and final year is a study of the 
production and consumption of 26 nonfuel minerals in the United States to the 
year 2000. The study beinq funded by the RANN division of the National Science 
Poundation and the Bureau of Mines. The model which is beinq constructed is 
not a minerals model per se, but rather a qeneral input-output model whose 
formul.ation and data base permit its use for analyzinq the present and future 
position of nonfuel minerals in the United States economy. 

A model of this type can be helpful in answerinq certain types of 
questions. Por example, 

• What are the economic and (uo a limited extend) environmental 
consequences of technoloqical chanqe in minerals producinq and 
consuminq sectors? 

• What are the implications of scarcity_ due to insufficient mininq 
and processinq capacity? 

• What are the economic iJll'lications of specific environmental, 
trade, subsidy, or tax policies? 

• What are the consequences of increased national income and 
population qrowth on minerals demand? 

• What are the consequences of chanqes in the canposition of the 
final bill of qoods on minerals demand? 

In short, the model is desiqned to address questions concerninq mineral 
requirements under alternative hypothetical scenarios, rather than with the 
determinants of supply or final demand. Input-output models depart from 
"mainstream" economics modelinq approaches to minerals supply and demand in 
that they represent intermediate demand explicitly, and focus on chanqes in 
the intermediate structure of demand stemminq from substitution, and/or 
adoption of n• technoloqies. Purthermore, the focus on technoloqical 
unde:rpinninqs permits the introduction, as in this particular model, of 
physical quantities (i.e. , tons) and the expression of physical characteristics 
in the formulation of the equations. The corollary to the introduction of 
physical, rather than value, units is qreater and qreater disaqgreqation of 
producinq and conauminq sectors. The fact that not only the sectors under 
study at a particular time are represented, but that an attempt is made uo 
describe all economic and at least sane noneconomic physical flews and stocks 
(emissions, for instance), implies both consistency and the ability to explore 
interdependence and second-order effects. 
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A feature of the particular strateqy employed in the current study which 
should be emphasized--and the ease with which this type of model lends itself 
to the strateqy--is the use of alternative scenarios as opposed to a "best 
guess." The model, deliberately, has many more variables than equations. 
Additional degrees of freedom reflect, essentially, two underlying attitudes 
held by the model builders. Pirst, that the future is determined not s~ly 
by today's structure, but also by deliberate policy. Second, that most basic 
information about possible future income levels, consumption patterns, 
technological change and substitution, population qrowth, estimates of resource 
stocks, policies, and contingencies is fairly primitive, biased toward the 
present and past, and all projections based on this information are subject to 
a very great rallCJe of uncertainty. The use of scenarios--based on alternative 
estimates for various combinations of variables specified as exogenous--allcws 
the analysts to make use of currently available information to explore the 
implications of alternative facts and policies without, however, obscuring from 
the u•r of these results the range of uncertainty which is likely to be the 
case. 

SPECIPIC PEATURES OP MINERALS INDUSTRIES 

Classification of Minerals 

One of the basic requirements for a model which aspires to realism (and 
application to empirical problms) is that it captures the "major" specific 
characteristics of the industries or commodities which will be studiedr in the 
case of minerals, these characteristics have qenerally to do with the 
underlyinq physical and technological properties and relationships. 

The "essential" description is that of the profile of production and 
ccnsumption of each nonfuel mineral. Denand for minerals is derived fran the 
demand for products which embody minerals or require them for their production. 
Chanqes in the requirements for minerals result from technological changes, 
substitution between materials, and chan99s in the level and composition of 
final demand. A matrix of input-output coefficients permits the tracing of 
demand for final CJOOds and services to the demand for specific minerals. There 
are i1"ut-output coefficients in official tables that are derived from actual 
transactions between different sectors in a particular year, balancing all 
purchases of inputs with sales of outputs, and dividing the amount of each 
sector's inputs by the sector's output. Each column vector of the matrix, 
therefore, is a sort of "cooking recipe" or list of needed ingredients which 
represents the "average" technoloqy of production at one point in time. 

Since statistical data on interindustry purchases and sales are limited, 
very often, to "reiatively larqe acjqregates of minerals (for instance, 
nonferrous metals, ferrous metals, non metallic minerals), which lump together, 
from the point of view of a study of this nature, rather heterogeneous 
commodities, disaggreqation of existillCJ official input-output sectors requires 
the use of a judicious mix of enqineering information, common sense, and 
practical considerations. 
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By-Products 

The mineral extraction and processinq sectors of the economy very often 
in addition of their principal output, qenerate varyinq amounts of by-products 
or co-products. Por example, siqnif icant amounts of molybdenum are recovered 
in the mininq of copper in southern Arizona. On the other hand, current 
environmental policy has required smelters and refineries to control their 
sulfur dioxide emissions below certain prescribed levels. One consequence of 
the leqislation, accordinq to experts are the Bureau of Mines, is that if 
current abatement policies are maintained, the amount of by-product sulfuric 
acid produced by the domestic copper, steel, and petroleum industries should 
be sufficient to satisfy total annual u.s. demand for sulfuric acid by the 
year 1985, thus eliminatinq the need for a domestic elemental sulfur industry. 
Therefore, any model which attempts to describe the minerals sector within the 
wider context of a social economic framework should be able to incorporate 
both of these by-products, other minerals, and pollution into the model. 

Recyclinq 

Domestic supplies of minerals can be augmented not only by imports but 
also by recyclinq. Of the 26 minerals included in the study, 13 are currently 
recycled to one deqree or another in the United States. Recyclinq ·of both 
heme and secondary scrap should be taken into account in projectinq the 
required levels of mininq and •-ltinCJ activity needed to satisfy future levels 
of final demand. It would also be of interest to calculate the implications 
for the demand for minerals resultinq from alternative rates of recyclinq in 
selected minerals. Therefore, recyclinq activities, and the flexibility of 
varyinq their rates, is yet another characteristic of the minerals sector that 
is beinq incorporated into the model. 

Capital Require .. nts 

The minerals sector, includinq both the mininq and processinq staqes, is 
characterized as beinq hiqhly capital intensive as well as requirinCJ relatively 
lonq lead times to brinq n• industrial capacity into operation. Concern has 
been voiced both in the private and public sectors reqardinq the insufficient 
capacity of domestic suppliers of metallic and nonmetallic nonfuel minerals to 
meet the current and projected levels of demand for minerals. Increaainqly, 
we have been forced to look abroad for supplementary and in some cases, 
competitive sources of supply. 

Before prcmotinq policies conducive to capital formation in the minerals 
sector, it is necesary to have a blueprint of the capital structure of this 
sector--i.e., a detailed bill of plant and equipment that must be in place, and 
then a detailed account of the capital requirements.needed to expand capacity. 
With this information in hand, internally consistent and well coordinated 
policies can be formulated, directed at individual sectors, to insure the 
smooth expansion of required capacity. 
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With cooperation from major metal producers, such as ASARCO, Inc., 
AMAX, Inc., Phelps-DodCJe, Inc., and INCO, Inc., we have been obtaininCJ detailed 
eneJineerinCJ data describinCJ the plant and equipment requirements of smelters 
and mines, disaCJC}regated to the level of individual pieces of equipment and 
construction materials for each section of the installation. The data are then 
conaiC}Ded to about 50 SIC four-diCJit cateCJories, thus ma1·;inq them COlllMltible 
with the foxmat of the input-output framework. 

Structure of the Minerals Model 

The foundation upon which the minerals model is beiftCJ constructed is the 
recently released 1972 u.s. Input-output Table. (Thia table, prepared by the 
Bureau of Economic Analysis, Department of Commerce, divides the economy into 
496 sectors. A version of the table aeJCJreCJated to 85 sectors is published in 
the Survey of Current Business, Pebruary and April 1979.) Since this table, 
ewn at its most detailed lewl of diaaCJC}reCJation, has only four nonfuel 
mineral mininCJ aec:tora and only seven prim.ry metal sectors, considerable 
effort is beinCJ expended in disaeJC}reCJatinCJ these sectors in order to 
incorporate a detailed description of the minillCJ and proceasillCJ of the 
follovin9 minerals specified in our study: 

Steel Industry 

Iron 
Nickel 
ManCJ&nese 
Chromium 
Silicon 
TuftCJ8ten 
Molybdenum 
Vanadium 

Miscellaneous Chemicals 

sulphur 
Pluorine 
Chlorine 
Sodium 
Boron 

Non-Ferrous Metals 

Bauxite and Other aluminum 
bearinq ores 

Copper 
Titanium 
Lead 
Precious Metals 

(CJOld, silver, platinum) 
Zinc 
MaCJn&Sium 
Tin 
Mercury 

Pertilizer Industry 

Potassium 
Phosphorus 

Both mininCJ and processin9 sectors are beinCJ developed for each of the 
above 26 minerals. In this way, it becomes possible to distribute the output 
of each of these sectors to its users and to account for all the inputs that 
enter into the production of each sectors' output. The input-output techniques 
can accommodate the use of different physical values (i.e., tons, ounces, etc.) 
or dollar values to serve as a unit of account for the output of each sector. 

Copyright © National Academy of Sciences. All rights reserved.

Analytical Techniques for Studying Substitution Among Materials
http://www.nap.edu/catalog.php?record_id=19585

http://www.nap.edu/catalog.php?record_id=19585


114 

Consequently, where appropriate, we are exploitinq this special feature of 
iq;»ut-output analysis. Althouqh not shewn here because of its detail, in 
aqqreqate representation of the structural matrix for the minerals model, 
specially tailored for describinq the activities of the minerals sector of the 
economy in detail, both with respect to .its inputs and the use of its output. 
would shew 173 rc::Ms and 153 columns of classification. In soma cases, the 85 
sector level of aqqreqation of the Department of Commerce Input-Output table 
is used to represent economic sectors, such as Office, Computinq and Accountinq 
Machines, or Radio, Television and Communication Equipment. In others, the 
more detailed 496-sector classification is uaed--i.e., Blast Furnace and Steel 
Mills, or Copper Rollinq and Drawinq. Pinally, in the case of a majority of 
the minerals, specially developed sectors are incorporated and made canpatible 
with the 85 and 496 sectors. The so-called "peculiarities" of the minerals 
sector that were discussed above, such as by-products and recyclinq, are 
explicitly taken into account in deacribinq the minerals sector within the 
broader framework of the economy. 

The United Nations World Input-Output Model 

Since minerals are international in character, projectinq the future 
consumption of minerals necessitates qlobal projections. The United Nations 
(tJN) World Input-output Model is a n•ly forqed tool capable of trackinq many 
economic and social interdependencies throuqhout the world. Capita its qlobal 
scope, the model diaplaya an unusual deqrae of detail. 

In order that it miqht acccmmodate the larqest possible amounts of data, 
the model divides the worl.d • s economy into 15 reqions which fall into three 
main qroupss the developed reqiona, characterized by considerable industry 
and relatively hiqh per capita income (North America, Eu:rop~, Soviet Union, 
Australia, South Africa, and Japan); the leas developed reqions rich in 
natural resources (the Middle Bast, Venezuela, some of the Andean countries, 
and some countries in arid and tropical Africah and the leas developed 
countries with ffl/lf resources. The model describes each reqion in terms of 45 
sectors of economic activity, includinq various types of aqriculture, mininq 
manufacturinq, utilities, construction, services, transportation, 
ccnmunication, and pollution abatement. Thouqh each reqion is initially 
treated separately, the model provides a canplex linkaqe mechanism which 
anal.yzea their interconnections throuqh trade, foreiqn investment, loans and 
interest payments, and foreiqn aid. 

The UN model has yielded several different projections of the future 
world economy, dependinq on which of several assumptions about the rates of 
qrowth of population and of qrosa product per capita one choses to use. !'or 
each reqion, for example, we did not predict a sinql.e rate of population 
qrowth, but made alternative projections based on a hiqh, a medium, and a low 
rate. The deqree of detail in our model permitted the use of very specialized 
data--for example, about specific industries in specific reqions--and resulted 
in relatively specific conclusicns. The conclusions, however, are not based 
solely on the alternative assumptions about the qrowth of population and per 
capita qross productr they are also subject to modification by other variables. 
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Estimates of available reserves of various mineral resources differ widely. 
We did not choose a111Dnq them., but made alternative canputations on the basis 
of different estimates. We did not attempt, however, to predict possible 
discoveries of mineral resources. Ultimately, we constructed a set of 
scenarios, or hypothetical pictures of the world economy in cominq decades, by 
introducinq alternative assumptions about·some of its canponents into the 
model and meaaurinq their effect on other components. 

Blllbedded in the structure of the World Model, which is beinq modified to 
incorporate a 111Dre detailed minerals classification, are the latest official 
endowments estimates, by reqion of reserves and subeconomic resources for most 
of the minerals in our study. The model will track the depletion of these 
stocks, by mineral and reqion, to the year 2000. 

As a result of the increasinq likelihood by 1990 of deep-sea mininq of 
manqanese nodules, with appreciable amounts of cobalt, copper, and nickel as a 
co-product, we are attemptinq to build this new source of supply into the 
framavork. 

Bence, the need for inteqratinq both the production (endowment) side 
with the consumption aide to insure internal consistency in the world 
economy. The qradual "depletion first on a national and later on a qlobal 
basis of estimated proven reserves will result in sane combination of the 
followinq choices: 

l. A substitution away from the "depleted" mineral to more abundant 
minerals or other materials, such as plastics, without violatinq 
the technoloqical, environmental and other constraints discussed 
above. 

2. Increased recyclinq of the "depleted" mineral in order to reduce 
the rate of extraction of the mineral, aqain carried out within the 
context of the above constraints. 

3. An increase in the share of imports out of total u.s. domestic 
supply, with a simultaneous shift in export shares in favor of 
those reqions endowed with both fuel and nonfuel resources (i.e., 
Australia, Mexico, Columbia) • 

4. Better "maintenance" of existinq qoods and structures in which 
minerals are embedded--i.e., a deliberate policy of protectinq new 
structures and equipment aqainst corrosion. 

A recent study on the economic effects of metallic corrosion (Battelle 
1978) c~letctd ·tor the·nreau of -Standards ·by the Battelle Columbus 
Laboratories, carried out a aeries of projections of the use of metals in the 
o.s. econany based on alternative assumptions reqardinq corrosion protection 
of plant and equipment. 
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A series of projections based on various combinations of assumptions 
from the first three qroups are beinq formulated within the context of the 
u.s. and world models incorporatinq the expanded mineral sectors described 
above. 

For example, scenarios are beinq formulated to introduce a qradual 
increase in recyclinq rates of the 13 metals presently beinq recycled. 
Current recyclinq rates of these selected metals are presented in Table 6. 
The present study, however, stops short of considerinq the whole complex 
question of the qeneration of old scrap from discarded qoods and structures, 
which would require linkinq the final demand sectors back to the production 
sectors via estimated "lifetimes" of commodities. In order to close the 
system, modelinq the qeneration of old scrap would, of course, be the next 
l oqical step. 

1 

Table 6. Current Recycling Rates for Selected Metals1 

Iron & Steel (m.s.t) 
Copper (t.a.t) 
Lead (t.s.t) 
Zinc (t.a.t) 
Aluminum (t.a.t) 
Nickel (t.a.t) 
Chromium (t.s.t) 
Gold (t.t.o) 
Silver (m.t.o) 
Tunqsten (t.lb) 
Mercury ( flasks) 
Tin (l.t) 
Maqnesium (t.s.t) 

33.36' 
19.01, 
34.30, 
s.20, 
4.50, 

30.10, 
5.90\ 
a.so, 

20.30, 
3.5, 

22.90, 
18.60, 
0.54' 

Ratio of old scrap/total domestic demand, except for iron and 
steel, ratio of purchased scrap/total domestic demand. All 
ratios are for 1972. Source: Mineral Pacts and Problems, 
Bicentennial Edition, Bur•u of Mines, Bulletin 667, u.s. 
Department of the Interior 1975. 

Scenarios are also beinq developed within the context of the minerals 
model described above to accommodate materials substitution over the next 20 
years in certain key sectors of the economy. For example, in the l980's 
hiqh-atrenqth plastics and/or nickel and titanium baaed superalloys are 
expected to be used at the expense of steel in the automobile, aerospace, and 
construction sectors. The i1'->Ut-output methodoloqy is in a particularly 
advantaqeous position to incorporate technoloqical change in materials use 
into a detailed profile of our complex economy while assessing the implications 
for the primary factors of production--labor and enerqy--resultinq from the 
substitution. 
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A third "class" of scenarios beinq formulated is the future position of 
the u.s. economy with respect to trade in nonfuel minerals. This entails 
projectinq the future share of imports as a percentaqe of total o.s. 
consumption of the 26 minerals in our study as well as the future export 
potential of the other reqions of the world, as represented in the World Model. 

Table 7 pre•nts the trade coefficients which are beinq used for the 
baseline scenario, projectinq the demand for the 26 nonfuel minerals to the 
year 2000. The baseline scenario is formulated under the followinq 
assumptions: 

l. No technoloqical chanqe. 

2. No chanqe in recyclinq rates. 

3. No chanqes in the iq>0rt-export shares of the O .s. mineral• sectors 
from the 1972 base year. 

4. Final demand projections supplied by the Bureau of Labor 
Statistics, u.s. Department of Labor. 

Table 7. 1972 Trade Coefficient• for Metallic Minerals Used in Baseline 
Scenario•* 

Iron 
Molybdenum 
Nickel 
Tunqaten 
Manqaneae 
Chromium 
Copper 
Lead 
Zinc 
Gold 
Silver 
Bauxite 
Mercury 
Vanadium 
Platinum 
Titanium 
Tin 
other Nonferrous Metals 

*Trade Coefficients • Exports - Imports 
Domestic Consumption 

-0.44 
+0.37 
-0.90 
-0.43 
-0.96 
-0.94 
-0.10 
-0.35 
-0.62 
-0.78 
-0.35 
-0.78 
-0.77 
-0.22 
-0.66 
-0.54 
-0.98 
-0.0003 
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With baseline projections of mineral consumption on hand, we are 
formulatinq alternative sets of assumptions with regard to the future rate of 
world economic development, o.s. economic qrOllfth, conservation p:r:oqraDIS 
th:rouqh increased recyclinq, chanqinq patterns of world trade in minerals, and 
technoloqical chanqe. Bach of the alternative scenarios will produce, as 
expected, different projections for the o.s. and w~rld minerals output levels 
to the year 2000. 

The question of whether or not sufficient capacity to extract, process, 
and transport the projected level of future o.s. minerals output will be 
forthcaainq, is not a question that this study chooses to consider. In other 
words, utilizinq the tool of input-output analysis, this research proqram is 
projectinq the minerals, and all other sectoral, output levels of the o.s. 
economy under alternative institutional, economic, technoloqical, and social 
settinqa. Pawrable public and private policy decisions will, no doubt, be 
needed to insure a smooth and continuous increase in capacity to supply the 
projected needs of the o.s. and world economy to the year 2000. The 
implementation of these policies is, however, beyond the scope of this 
project. 

In any· systematic approach to the question of materials substitution, 
two relevant considerations occur: One, can a substitution be made? That is, 
within the context of technical feasibility and economic efficiency, which 
materials are admissible candidates as substitutes for each other, and to the 
exclusion of others? 'l'wo, aasuminq a substitution of one material for another 
has been implemented, what are the implications of that substitution for the 
system at larqe, within the C°'1text of institutional, economic, social, 
environmental, international, and physical constraint•. Due to the complex 
interrelationships that characterize modern developed economies, it is 
impossible to know the direct and indirect consequences resultinq from a 
ainqle chanqe in the economy--i.e., the substitution of. one material for 
another, without a firm underatandinq of the underlyinq structural 
relationships that constitute a modern economy. 

The input-output technique is~ deaiqned to address considerations of 
the first kind, that is, questions that center on what techniques of 
production should be used, when should the switch to a new technique be 
executed, what materials are likely candidates for substitution. 

On the other hand, the input-output technique is in an advantaCJ&OU• 
position to consider questions of the second kind: what are the direct and 
indirect implications for the system as a whole resultinq from materials 
substitution. In addition, since input-output tables can be very finely 
disaqqregated, material by material, by obaervinq both flows and coefficients, 
the approach does shad 1 iqht on where to center research for possible future 
materials substitutions, that is by identifyinq the sectors and materials in 
which substitution, at least from a technical if not economic point of vier, 
may be feasible. 
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With increasinqly qreater lead times required to brinq new capacity on 
stream, due to technical as well as environmental reasons, the technique of 
input-output analysis is in a position to provide the necessary signals to 
private and public policy decision makers. The need for creatinq an 
institution equipped with a detailed and accurate profile of our increasinqly 
caaplex economy cannot be underestimated at a ·time when we are reminded, 
almost daily, of the fraqility of the entire network of relations that 
constitute the world economy. This institution would be mandated to oversee 
and coordinate the projected lonq-term changes in our economy--.rhether these 
chanqes are manifested in trade policy, environmental policy, social policy, 
or technol09ical chanqe--in a systematic and internally consistent way. The 
well documented success of the No:r:weqian and Japanese economies is, at least 
in part, due to a concerted and deliberate att9111>t to seek institutionalized, 
rational, lonq-texm coordination of the economy in the face of chan9in9 
economic assumptions, while keepinq short-term political whims at bay. 

RBPBRENCBS 

Keynes, J. M. 1936. The General Theory of Employment, Interest and Money. 
Harcourt, Brace and World. New York. 

Economic Effects of Metallic Corrosion in the United States. 1978. A report 
to the National Bureau of Standards by Battelle Columbus Laboratories, 
Columbus, Ohio. 

. ~ ' ... .. ' ... 

Copyright © National Academy of Sciences. All rights reserved.

Analytical Techniques for Studying Substitution Among Materials
http://www.nap.edu/catalog.php?record_id=19585

http://www.nap.edu/catalog.php?record_id=19585


Copyright © National Academy of Sciences. All rights reserved.

Analytical Techniques for Studying Substitution Among Materials
http://www.nap.edu/catalog.php?record_id=19585

http://www.nap.edu/catalog.php?record_id=19585


Introduction 

PROJECTIONS AND FORECASTS OF U.S. MINERAL 
DEMAND BY THE U.S. BUREAU OP' MINES* 

v. Anthony Cammarota, Jr. 
William Y. Mo 
Barry w. IClein 

u.s. Department of the Interior, Bureau of Mines 

The Bureau of Mines forecastinq system consists of two important 
components: statistical projections and continqency forecasts. The system is 
currently used to derive u.s. demand projections and forecasts for mineral 
commodities by end-use cateqories in the year 2000~ 

Both end-use demand projections and forecasts are published in the 
Bureau of Mines "Mineral Commodity Profiles" series. These reports provide 
the qeneral public and decision makers with an overview of present and 
probable future supply-demand relationships for individual mineral industries. 

ln many cases in the decision-makinq process, it is asked how the Bureau 
of Mines projections and forecasts of future u.s. demand by end-use cateqories 
were derived. The primary purpose of this paper is to describe the methodoloqy 
involved in derivinq these projections and forecasts so that the user can make 
intelliqent use of them. 

The derivation of statistical projections is a more standardized and 
well-known procedure than makinq continqency forecasts. Therefore, the 
statistical projections will be described in the first part, and continqency 
forecasts based on the statistical projections as a quide will be presented in 
the second part. Zinc will be used as an example in both cases. 

* Presented at the l09th Annual Meetinq of the American Institute of Mininq 
Metallurqical and Petroleum Enqineers, Inc., Las Veqas, Nevada, 
February 24-29, 1980. 
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Statistical Projections 

In the Bureau of Mines statistical demand projections system, it is 
assumed that the end-use consumption of a mineral camnodity can be approximated 
by a simple linear reqression equation, as follows: 

Yt •a+ b Xi:+ 8t(for t-l,2,3, ••••• ,n) (l) 

where Yt • end-u• consumption of a mineral coaaodity at time t, 

Xi: • a macroeconomic variable at time t, 

8t • a disturbance term, 

and a and b are parameters. 

Equation (l) specifies that end-use consumption of a mineral conaodity 
is related primarily to a macroeconomic variable. Because mineral camnodities 
are basic raw materials used in our economy, it is not unreasonable to expect 
that the demand for a mineral commodity will depend upon qeneral economic 
conditions, and that the danand for the mineral will chanqe as economic 
conditions chanqe. Purthermore, mineral commodities may be used by different 
sectors of the economy in a variety of ways. Therefore, 38 macroeconomic 
variables are selected as possible explanatory variables. The list o~ these 
variables is qiven in the appendix. 

Equation (1) is defined basically by two parameters, a and b, but the 
relationship is inexact because it also contains a disturbance (or error) term 8t• 
The inclusion of an error term in equation ( l) is to take into account the 
influence of omitted variables, the error of approximation of the functional 
fozm, and other unpredictable random effects. 

The unknown parameters a and b must be estimated by reference to 
observable data for acme particular historical period. The data period 
selected for most camnodities is 1960-77r in some cases, the estimated 
equations ware based on.a shorter period because end-use consumption data were 
not available as far back as 1960. Basically, the estimation method attempts 
to find the numerical estimates for the parameters a and b that, when used in 
Equation (1), best explain the known historical data. In other words, the 
objective of the method is to estimate the parameter values that make the 
accumulated squares of the sample period prediction errors as small as 
possible. This is commonly known as the "least-squares" criterion. . 

With additional assumptions about the disturbance term 8t in (1), the 
"least squares" estimators have additional desirable propertius such as the 
"beat linear unbiased" and "maximum likelihood" properties. 

After several estimated equations have been obtained for an end-use 
consumption of a mineral camnodity, it becomes necessary to determine which 
estimated equation should be selected as a basis for derivinq the statistical 
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projection. Obviously, amon9 the estimated equations, the equation that has 
the smllest sum of the squared residuals (or predicted errors) should be 
selected. This is equivalent to selectin9 the estimated equation that has the 
hiqhest coefficient of determination (R2 - value). 

The maximum value of R2 is 1 which only occurs when all historical 
data points lie exactly on the estimated reqression liner the observed values 
of the dependent variable Ot would be equal to the correspondin9 predicted 
values calculated from the estimated reqression line. As the independent (or 
explanatory) variable e~lains less and less of the variation in the dependent 
variable, the value of R fall• closer and closer to zero. Hence, the R2 -
value provides a useful measure that can be used to determine which macroeconomic 
variable beat describes the historical pattern of each end-use consumption and, 
therefore, which macroeconomic variable should be used as an explanatory factor 
for derivin9 each end-use statistical projection. Purthermore, if we assume 
that the relationship ahcflln by the selected estimated equation will continue 
into the future, then projection can be easily obtained by aolvin9 this 
estimated equation for the variable to be projected by subatitutin9 the 
appropriate period's value for the macroeconomic explanatory variable in the 
estimated equation. Pollovin9 this procedure, the statistical projection of 
zinc used for transportation, for example, is estimated to be 487,000 short 
tons in the year 2000, which is equivalent to 440,000 metric tons. Thia fiqure 
is o~ained from the equation havinq the hi9hest R2 - value amon9 the 
estimated 
equations: 

Yt•l20.2968 + 1.8423 PRBAtJ'l'Ot R2•0.5660 

where Yt • zinc used for transportation at time t, in thousand short tons, 
and PRBAtJ'l'Ot • Pederal Reserve Board o.s. Industrial Production Index for 
automobiles at time t (1967•1000). 

(2) 

other U. s. macroeconomic explanatory variables that were used to 
estimate zinc consumption equations for the transportation end use included 
qross national product, population, 9ross private domestic investment, and the 
Pederal Reserve Board Industrial Production indexes for total productionr 
transportation equipmentr motor vehicles and partsr automobilesr trucks,· 
bu.see, trailersr aircraft and partsr ships and boater tiresr fabricated metal 
productsr and basic steel and mill products. The RJ. - values associated 
with these estimated equations ranqe from 0.0443 to 0.5534. 

The value of PRBAU'l'O in the above equation for the year 2000 is 199, 
baaed on a macroeconomic forecastin9 model from Data Resources, Inc. (ORI). 

In the context of'uain9 the estimated Equation (2)·for projection · · · ·· 
purposes, it is assumed that the past empirical relationship will continue in 
the future. Of course, for many reasons this relationship mi9ht not hold in 
the futurer therefore contin9ency analyses to derive a set of forecasts are 
necessary. 
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Contin9ency Forecasts 

In-depth contiDCJency forecasts have been made for about 90 mineral 
cOlllllOdities at approximately five-year intervals. The purpose of contin99ncy 
analysis is to try to identify those problems or opportunities that could 
cause demand for a particular commodity to deviate markedly from its 
historical trend line. For major commodities or those commodities that had 
siCJDificant changes in supply, demand, economic, or environmental aspects, 
forecasts were updated when appropriate--usually once but sometimes twice 
durin9 the past five-years. Because chan99s drastic enou9h to chan99 
significantly a 20-plus-year forecast seldom occur, the interim forecasts were 
not as detailed as those made every five years. 

Three to five specialists on related commodities participate in makin9 
the forecast every five years. For example, in the case of zinc, the zinc 
caamodity specialist, specialists for other base metals, and specialists for 
metals coproduced with zinc served as a forecastin9 CJrOUp directed by the 
branch or division chief responsible for ensurinq consistency amon9 camodity 
9roups. 

The camodity specialist discussed the major end use of his or her 
camodity and described to the panel the economic or industrial indicators 
that historically related most closely to each end use as determined by the 
reCJ1'8ssion analysis. Usin9 the statistical projection as a CJUide, the 
specialist arrived at the lCllf, hi9h, and most probable demand. Other 
specialists on the panel then critiqued the specialist'• decisions, drawin9 on 
both their 9eneral knowledge and their knowled9e of their commodities as it 
related to the commodity under discussion. Information on the properties of, 
and the present and future supply-d-nd situation for, the various 
camodities was especially useful in determinin9 the potential for 
substitution. 

The specialist then recorded the su99estions for the panel concernin9 
the impact of various contin99ncies on the low, hiCJh, and probable demand for 
each end use. If CJrowth for that commodity was expected to be affected by, or 
affect the 9rowth of, another commodity, then when the second camnodity was 
forecast this information was taken into account by the second panel. 
Continuity between panels was achieved by the presence of the appropriate 
branch or division chief on all panels. OiriDCJ to the interrelationships amon9 
camoditiea, and the nUllber of commodities and specialists, most specialists 
served on several panels, resultin9 in further interchaDCJe of related facts 
and ideas. 

Interim forecasts made between the five-year major forecasts are 
CJeDerally made by the specialists, who calla·on other· specialists with related 
caamodities as the need arises. His or her contiDCJency analysis and forecasts 
are revieved by the branch or division chief. 

When there is no indication since the previous forecast of a significant 
chaDCJe in the outlook for the commodity, the demand quantities in 2000 are not 
chan9ed, but the avera9e annual 9rowth rate may chaDCJe as a result of usiDCJ a 
different base year. 
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Returnin9 to zinc, as a specific example, continqency forecasts represent 
the qualitative judCJlll8nts of the Bureau of Mines specialists applied to the 
quantitative statistical projections of end use. The forecast of total zinc 
d-nd to the year 2000, 2 million metric tons, is the sum of the forecast 
demands for each major end-use cate90ry. The end-use forecasts to the year 
2000 am made on the basis of the specialists' judCJlll8nt about the impact on the 
projected demand for zinc of possible technol09ical development• and market 
trends that mi9ht occur. The commodity specialist determines a forecast ranqe 
delineated by a hiCJh and low tlat are based on assumptions related to such 
factors as technolOCJY, substitution, and chan9inq d-nd patterns. The 
probable forecast is baaed on an apprai•l of those developments that are most 
likely to occur based on present knowled9e. 

To illustrate the use of contiDCJency forecastin9, we can look at zinc 
and one of its major end uses, transportation, which in 1977 accounted for 
almost one-quarter of total demand. It should be pointed out tlat the use of 
zinc oxide in tires is included under another end-use cate90ry, rubber 
products. The amount of zinc used historically in transportation was estimated 
by correlatinq the quantities of zinc used in 9alvanizinq, diecastin9, and 
brass and bronze, as reported to the Bureau of Mines, with industry shipments 
of 9alvanized sheet and strip, brass, and diecastinq to the transportation 
segment of the econaay. The American Iron and Steel Institute, the Cooper 
Development Association, and the Zinc Institute, Inc. conduct surveys on 
shipments of these produQts to various industries. '?his information serves a a 
the CJUide in makin9 the estimates. Ueinq this technique we estimated that 
about 270,000 metric tons of zinc was used in transportation in 1977. Of this 
total, about 178,000 tons was in the foxm of diecastinqs, 22,000 tons in brass, 
and 70,000 tons in zinc-coated steel such as CJ&lvanized sheet and Zincro-metal. 
The d-nd in 1977 and the low, hi9h, and probable d-nd in 2000 are shorn in 
Table 8. 

Table 8. u.s. Zinc Demand for Transportation, 1977 and 2000 (Thousand metric tons) 

Contin9ency 
1977 forecast to 2000 

Low Hi9h Probable 

Zinc-coated steel 70 90 100 90 
Brase 22 15 10 10 
Diecastin9 178 170 180 180 
Batteries 95 530 180 

Quantity total 270 370 820 460 

All of the contin9ency f orecaete utilize the statistical projections as 
their point of departure. The statistical projection for zinc used in 
transportation i• 440,000 metric tons in the year 2000, as shewn in the 
previous section. To obtain the low forecast, we assumed that a small portion 
of the forecast production of 19 million vehicles in 2000 would be electric 
vehicle• (EV) powered by zinc-based batteries such as zinc-nickel or 
zinc-chlorine. In conjunction with this development, less brass would be used 
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in radiators, and less zinc in diecastinqs would be used in smaller cars that 
would make up the major model series. Zinc-coated steel would play a major 
role in preventinq corrosion of vehicle bodies, as Government requlations 
requirinq minimum service life of auto bodies are implemented. Based on these 
continqencies, an estimate was made for the use of zinc for brass, diecastinq, 

.coatinqs, and batteries, as sh0111n in the table, to five total lOlll zinc demand 
of 370,000 tons for the transportation segment. 

Por the hiqh of the ranqe, we assumed a hiqher than forecast qrowth rate 
of vehicle production, leadinq to production of 20 million vehicles, of which 
abau.t one-half would be EV's uainq zinc-baaed batteries. Zinc-coated steel 
wOllld still be a major factor, and zinc diecastinq would continue to play a 
part, as plastics beccme expensive and possibly in short supply. Both of these 
technical end uses show small qains over the lOlll estimate in the table. The 
use of zinc in brass shows a decline in the hiqh forecast because mw:h leas 
brass wOllld be used in radiators with the hiqh number of EV' a beinq produced. 
It is evident that the hiqh forecast of 820,000 tons of zinc envisions 
tremendous qr0111th in zinc-based batteriea1 zinc daaand in transportation would 
be up only sliqhtly over that of 1977 unless EV' s become a dcminant factor. 

Por the probable estimate, we assume a 1C111er than forecast qrOllfth rate 
in vehicle production, as production shifts to more mass transit vehicles, 
ferer cars and trucks, and smaller cars. A moderate number of EV' a could be 
produced. Uainq the same relationship betw.-n vehicle production and zinc 
demand as we used for the lOlll and hiqh forecasts, total probable demand was 
set at 460,000 tons, near the lov side of the ranqe. 

In summary, the Bureau of Mines forecastinq method uses historical data 
and reqresaion analyses, coupled with projected econcmic indicators, to rev.al 
a future trend as a startinq point. Continqency analysis takes into account 
many other factors that will influence demand and arrive at a ranqe of 
possibilities baaed on expert judqment. 
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APPENDIX 

Macroeconomic Variables Used in Bureau of Mines Statistical Demand Projection 
System: 

u.s. qross national product. 
o.s. population. 
u.s. qross private domestic investment. 
o.s. new construction activity. 

Federal Reserve Board indexes of u.s. industrial production: 

Total production 
Textile mill products 
Paper and products 
Chemical and products 

Basic chemicals 
Synthetic materials 
Paints 

Petroleum products 
Rubber and plastic products 

Tires 
Rubber excludinq .:tires. 
Plastic products 

Stone, clay and qlass 
Iron and steel 

Basic steel and mill products 

Fabricated metal products 
Metal cans 
Hardware, pl umbinq, structural metal 

Nonelectrical machinery 
Construction and allied equipment 
Metalworkinq machinery 
Special and qeneral industrial equipment 

Electrical machinery 
Major electrical equipment and parts 
Househould appliances 
Co11111Unication equipment 

Transportation equipment 
Motor vehicles and parts 
Automobiles 
Trucks, buses, and trailers 
Aircraft, and parts 
Ships and boats 
Food and products 
Ordnance 
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Abstract 

A DESIGN/MANUPACTURING INTERACTION TOOL POR 
JaTBRIAL SUBSTITUTION TRADE-O!'FS 

Bryan R. Noton 
Battelle Columbus Laboratories 

Columbus, Ohio 

Conlltraints frequently exist in achievinq cost-effective materials 
substitution and include lack of manufacturinq cost-data to conduct 
trade-studies, cost of redesiqn, additional testinq and toolinq, and 
requirements to maintain foxm, fit and function of parts to production. 
Additional desiqn tools are necessary for the conceptual, preliminary and 
detailed desiqn pha•s· Such quides must, for example, enable desiqners to 
evaluate alternative concepts and the manufacturinq technoloqies needed for 

· elllerqinq materials. At the conceptual and preliminary desiqn pha•a, changes 
will have minimal coat impact. Current methods of estimatinq maunfacturinq 
costs are discussed. The application of the Air Force ICAM Manufacturinq 
Cost/Desiqn Guide: (IC/DG) to the materials substitution problem, assistinq 
deaiqners and manufacturinq enqineers to avoid coat-drivers due to shortages, 
lonq lead-times, etc., is reviwed. 

Materials Substitution Backqround 

We are n011 in an age for which we are unprepared, an age of material 
shortages. 

We are all acutely aware of the enerqy dilemmar many solutions are 
proposed and just as many controversial objections and constraints tOllfard 
proqresa are advanced. However iq>ortant the enerqy crisis is, of equal 
importance is the increaainq awareness of materials shortaqes and the 
inaediate need to find alternative materials. 

Sane of the contributinq factors to material shortages are: 

• Up to 90 percent of the columbium, manqanese, tantalum, cobalt, 
chrcmium, bauxite, and alumina used in the United States are 
imported. Op to SO percent of many other iq>ortant materials are 
iq>orted. 

• Political upheavals in acme of the axportinq countries have 
disrupted supplies resultinq in siqnificant price increa•s· 
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• Lead-times for many materials and components have increased by a 
factor of from 2 to 4 times since 1977. Examples are: 

- Aluminum sheet1 18 weeks in 1977 to 72 weeks in 1980. 

- Precision forgings1 27 weeks in 1977 to 80 weeks in 1980. 

- Purchased parts (bullt-to-print)J 35 weeks in 1977 to 78 
weeks in 1980. 

Another important factor which contributes to material substitution and 
the quest for alternative materials is the necessity for increased performance 
of complex systems such as jet-engines. The desiqn engineer is driven and 
assessed by his ability to provide the marketplace with an ever-improved 
product with increased perfoxmance. The complex external forces and internal 
interactions in the design-to-cost process are shown in Piqure 23. To 
accomplish these objectives, the enqineer, using advanced technology, has not 
only improved existing materials, but has developed new "man-made" materials, 
nar products, and nw manufacturing technologies. A fw examples in the 
aerospace industry are: 

• Transition of the air frame structure from "wood-wire-cloth" to 
high-strength sheet metal structures utilizing aluminum and 
titanium. 

• High-strength aluminum, steel and titanium alloys. 

• Development of high-strength, high-modulus composite materials. 

• Advanced weldinq technology1 e.g., electron-beam; laser, and plasma. 

• Environmental protection of surfaces. 

• High-atrenqth fasteners. 

• High-strength castings and forgings. 

• Powdered metal technology (shape technology) • 

• Improved metal removal cutting tools. 

• Numerous applications of computer technology (CAM and CAD). 

• Development of solid-state electronics. 

The aerospace desiqn team priorities are shown in Piqure 24. To continue 
to meet the requirements for increased performance in face of material 
shortages and lead-time problems, engineers must have a working knowledge of 
the coat impact on manufacturing when selecting materials for new designs or 
when substituting alternative materials to improve performance or to overcome 
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a material shortage. The Air Poree ICAM Manufacturinq Cost/Desiqn Guide will 
provide this capability in desiqn-to-cost efforts in all phases of the 
evolution of the desiqn, as well as i~ the production phase of the product. 

Constraints to Material Substitution 

Just as constraints exist in the enarqy problem, such is also the case 
with the materials shorta99s problem. Sane of these constraints are: 

• Lack of enqineerinq desiqn data. 

• Lack of adequate manufacturinq cost data to conduct trade studies. 

• Lack of in-service experience with sane new materials. 

• Initial 11start-up11 1 e.q., toolinq, new skills, learninq curves, and 
hiqh cost of sane materials, such as advanced composites, titanium, 
and steel alloys. 

• Increased loqistic inventory required for more than one spare 
replacement. 

• Reluctance to chanqe, e.q., "let scmeone else take the risk" or the 
"not invented here" syndrome. 

• Cost of redesiqn, additional testinq, toolinq, and also retraininq. 

• Necessity to maintain the "form, fit, and function" of parts 
desiqned and already camaitted to production. 

• Investment requirements in new facilities and equipment. 

Conceptual Desiqn Phase 

In today's competitive environment, the survival of a company depends on 
the ability of its desiqn enqineers to anticipate the needs and requirements 
of the custaaer, and to perceive how to meet those requirements at a lower 
cost and in a shorter time-span than competitors. 

Top priority must be qiven to performance. Performance is achieved not 
only by superior knowledqe and skill in the application of desiqn theory and 
enqineerinq disciplines related to the product, but also of iq>e>rtance is the 
creative and inventive mind. However, the desiqn enqineer must also recoqnize 
that performance must be achieved at an affordable cost and a major constraint 
to this necessary qoal, amonq others, is the shortaqe of strateqic materials. 
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8··.,, 
--

P'igure 23. Importance of Recognition of External Poree& and Internal 
Interactions in Design-to-Coat. 
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PiC)Ure 24. Present Aircraft Deaiqn Team Priorities 

At the prepropoaal or conceptual deaiqn phase, decisions must be made 
which will enaure that the materials selected, when required will be readily 
a •ilable and C08t-effective to use. The ability to accurately predict 
technology advances and materials requirements is an important factor in the 
conceptual deaiqn phase. Examples of these factor• area 

• Lonq-ranqe predictions for materials, includinq availability and 
coat projections must be utilized to avoid potential problems. 

• Time is available to evaluate alternative deaiqn approaches. 

• Several alternative deaiqn concepts or options can be evaluated. 

• Manuf acturinq technology can be applied to "productionize• any new 
pr~cess/method required to utilize advanced materials. 

• Material property data can be qenerated and made available to 
deai911era. 
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• Decisions made at the conceptual desiCJ!l pha•e are more readily 
chanqed with little or no co•t impact. 

• De9ree of commonality with existin9 desiCJ!l& can be studied to 
reduce toolin9 and manufacturinq cost•. 

• Provides the lead.-time for the procurement of new facilities or 
equipment. 

• Projected customer performance requirements, fundinq constraints, 
and schedule requirements are bein9 9enerated. 

• Provides mana9ement with the opportunity to evaluate lonq-term 
commitments and improve the competitive position of the company. 

Importance of MC/DG at the Conceptual 

Oe&iCJ!l Phase 

Al thou9h decisions made by the de&iCJ!l en9ineer at this early pha•e are 
subject to chan9e, they nomally have a major impact on the total life-cycle 
coats of the system to be developed.. The decreasinq levera9e to achieve 
minimum coat, as the investments in a system increase, is shown in Pigure 25. 
Examples of the decisions made throucJ}lout the d.e&iCJ!l process and their cost 
impact are illustrated in Pi9Ures 26 and 2 7. It is moat important that the 
d.eaiCJ!l enqineer is provided with qualitative and quantitative manufacturing 
cost data, besides mechanical property data, etc., if a d.e&iCJ!l i• to evolve 
that not only meets or exceeds performance 90&1•, but does so at an affordable 
coat and. ahead of the competition. 
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Figure 26. Major Decisions and Decreasing Cost Impact With Time 
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The JC/DG is a source of manufacturin9 man-hour data for both metallic 
and nonmetallic discrete parts and assemblies. It allows the desiCJn en9ineer 
to evaluate "on paper" the various de&iCJn approaches envisioned and their 
relative overall manufacturinq cost. The contents of the JC/DG, when fully 
developed, are sh0111n in PiCJUre 28. Examples of how the JC/DG will be able to 
aid the design enqineer at the conceptual de•ign phase, are: 

• Based on lon~ranqe material costs and projections of availability, 
evaluate alternative solutions, such as the application of 
composi tea vs. metal a. 

• Avoid cost-drivers by determininq the lowest cost manufacturinq 
methods/processes with available materials. 

• Righli9ht the potential cost impact resultin9 from designs 
utilizinq strateqic metals and alloys such as titanium, cobalt, and 
chmmiua. Study design alternatives to identify cost impact early 
and avoid "built-in" cost escalation. 

• Provide mana9ement with realistic, timely estimates of projected 
manufacturin9 coats. 

• Pacilitate interaction between manufacturinq and enqineerinq at the 
phase when manufacturin9 input to the de&iCJn will have the maximum 
impact on producibility. 

• Provide design enqineer• with a comprehensive source of data or a 
tool to enable trade-off a to be conducted between manufacturinq 
costs, includinq te•t, inspection, and evluation (TI&B), and the 
perfozmance of the mystem. 
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Preliminary Desiqn Phase 

Durlnq this phase, the final desiqn concept or confiquration is 
selected. If in preparation for a desiqn competition, the "hcmework" has been 
acccmplished and the customer's requirements have been defined with a 
:reasonable deqree of accuracy, this phase constitutes primarily a review of 
the conceptual desiqn more closely meetinq the requirements of the "Request for 
Propo•l" (RFP) at the most competitive cost. Durinq this critical phase, the 
overall confiquration is "frozen." The followinq are examples of the major 
decisions which have to be made: 

• Perf0%Dlance parameters. 

• Envelope the basic confiquration and size the desiqn. 

• Define weiqht tarqets. 

• Material selection for major components. 

• Major manufacturing siibassemblies or break-backs. 

• Deqree of commonality with existinq desiqns. 

• Major "make-or-buy" decisions. 

• Major testinq requirements, e.q., aerodynamic, acoustic, structural 
fatique and materials. 

• Optimum master schedule. 

• Manufacturing plan/toolinq policy. 

• Manpower and skill requirements. 

• Pundi.nq requirements. 

• Marketinq plan. 

It is incumbent on the design engineer to indicate, by providinq 
adequate and factual test data, that the projected performance claims made in 
the initial proposal to the custcmer will be met. Of equal importance, is the 
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responsibility of manufacturin9 to satisfy the customer that the product can 
be built on schedule, at the contractual price, and without overruns. In 
today's climate of double-di9it inflation and material availability 
uncertainties, this poses a major problem to both the manufacturer and the 
customer. The methods of dete:rminin9 cost and their accuracy must be capable 
of substantiation with factual backup data for both in-house evaluation and 
customer review. 

Current Methods of Estimatinq Manufacturinq Costs 

The bases for most cost estimations of products are "historical data," 
drawn fmm a data bank. These costs are in cate9ories such as the followinq: 

• Material cost trends and projections. 

• Man-hours per pound of structure. 

• Standard hour data. 

• Learninq curve slopes. 

• Productivity trends. 

• Avera9e toolinq costs by type of tool. 

• Avera9e cost per part. 

• Processinq costs. 

• ~roduction control costs. 

• Test, inspection, and evaluation (TI&E) costs. 

• overhead pools. 

• Administrative costs. 

MC/DG As a Costin9 Method.olOCJY Aid 

Historical data, reqardless of the constraints, will continue to be used 
to estimate manufacturin9 costs. However, the desiqner can utilize MC/DG 
formats such as shown in !'iC)Ures 29 and 30 to conduct trade-offs between 
structural performance and manufacturin9 cost. Such formats showinq 
qualitative data, put the desiqner on the lowest cost track early in the 
development phase where the levera9e exists to reduce cost. 

The MC/DG is not a cost-estimatin9 manual, but rather a 9uide toward 
lower cost, enablin9 desiqners and manufacturin9 en9ineers to avoid 
cost-drivers. As such, it becomes a tool to evaluate the compatibility of the 
proposed desiqn with a market, and customer's accepted "bench-mark" or 
"baseline" of low cost desiqn. A low manufacturinq cost for a desiqn 
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utilizinq hiqh cost material or with extensive lead-time, may not meet the 
criteria for affordable performance. The alternatives for different 
materials, desiqn concepts and manufacturinq technoloqies, can be evaluated 
with the !C/DG. The desiqn approach is illustrated in Piqure 31 for a 
fuselaqe shear-panel study. The methodoloqy to define base parts (•implest 
qeometry) and desiqner-influenced cost elements (DICE) are schematically •hown 
in Piqure 3 2. 

Production Desiqn Phase 

Althouqh the principal desiqn decisions pertaininq to the material to be 
u•ed on the primary •tructural components are made in the previous desiqn 
pha•e, many important deci•ion• are also necessary durinq the production de•iqn 
phase. 

Detail desiqn of each of the frequently thousands of part•, requires a 
comprehensive knowledqe of the effect of desiqner-influenced co•t element• 
(DICE) on discrete part•· DICE miqht add 25 percent to manufacturing 
man-hour•· Selection of material for the detail parts mu•t be compatible with 
the structural confiquration, loadinq, corrosion, and many other requirement•, 
but th• designer frequently has considerable latitude in selectinq the material 
formJ e.q., bar, plate, •heet, forqinq, and casting for metal•, or tape or 
broadqoods for fibrous composite•· 
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Piqure 29. Typical Format Showinq Relative Cost Impact of Various 
Manufacturinq Technoloqies for Aluminum, Steel and Titanium 
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Figure 30. Typical Designer-Oriented Cost-Estimating Format 
Showing Man-Hours (Values Omitted for Proprietary Reasons} 
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Figure 32. Basepart and Designer Influenced Co•t Element (DICE) Approach 
in Utilizing K:/DG 

It is at this critical phase, that the design is •1ocked-in• and change• 
made after design release must meet the •form, fit, and function• requirements. 
This results in added coats for retesting, retoolinq, scrap or •alvage of 
completed parts, and interruption of the learning curve, resulting in •chedule 
delay•· 

During this phase, schedules are tight and deci•ions are made rapidly. 
The designer-oriented formats in the K:/DG have been especially developed to 
minimize the possibility of schedule slippage. The K:/DG will be available in 
hard copy (3-ring binder and pocket version), and al•o as a computerized data 
ba•e and interactive canputerized syatem (Manufacturinq Cost/Design System­
K:/DS) • 

Production Phase 

Provided that an acceptable design has been released and every effort 
ha• been made to utilize the lowest cost materials and manufacturing 
technologies, the product should proceed into production at an acceptable coat 
level. Unfortunately, this is an ideal situation, but continued application 
of design-to-cost (OTC) and manufacturinq-to-cost (MTC) (Figure 26), as 
exemplified by the K:/DG, will help to achieve the desired goal of affordable 
performance. 
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Most production proqrama experience a "start-up" and "shake-down" phase 
to correct enqineerinq and toolin9 discrepancies and achieve shop learninq. 
This is normal, but the cost and schedule impact can be minimized if corrective 
action is taken in a timely and or9anized manner. 

An indirect benefit of the N::/DG is the mutual understandin9 and 
interaction that results between desiqn enqineerinq and manufacturinq. 

The N::/DG continues to be a valuable tool throu9hout the production 
proqram. For example, when fully developed, it: 

• Provides data necessary to evaluate the cost impact of proposed or 
necessa:r:y chanqes brou9ht about, for example by chan9ea in system 
missions. 

• Provides justification and a method to evaluate coat impact of 
necessary changes resultin9 from the requirement to substitute 
alternative materials due to ahorta9ea, lead-times or increased 
performance requirements C cost could either be lowexed or 
increased) • 

• Provides cost analysis data necessary ta justify the feasibility of 
introducin9 new materials or emer9in9 technolo9ies into onqoinq 
proqrams. 

• Provides a "bench-mark" or "baseline" to document qaina in 
productivity. 

• Promote• better industry and customer relations by providin9 a 
common baseline or atartin9 point for cost vs. performance studies. 

• Provides method• to determine "break-even" points for introduction 
of, for example, for9inqa or precision castin9s, vs. "hog-outs." 
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COST OP SUBSTITUTION FOR SCARCE RESOURCES 
IN AN INDUSTRIAL ECONOMY 

Robert B • Gordon 
Yal.e University 

Many of the material.• used in modern industry and aqriculture are 
obtained from mineral re•ource• that we perceive to be finite. We expect, 
therefore, that they will be exhau•ted eventually. 'l.Vo general solutions to 
thi• problem have been offered. One is the a•sertion that the requisite 
material• can be obtained from the ordinary rocks ~f the earth's crust as 
sufficient enerqy from nuclear power •ources become• available for required 
concentration and extraction procedures (see, for example, Brown, 1954). The 
other is that increa•ed technical sophistication will make it possible to find 
substitutes for materials which become •carce or unavailable. The technical 
problama involved in making such substitution• are diacu•sed here with a view 
of working out a methodoloqy that can be used to estimate substitution costs. 
If there is to be salvation through substitution, not only must the replacement 
of scarce materials by abundant one• be technically feasible, but the cost• of 
making the substitutions mu•t not become an exce•sive economic burden. 

Importance of Subetitution Costs 

Experience in confronting material.• shortages throughout the period of 
rapid industrial growth of the last two centuries supports the idea that 
eechnoloqical. advances will always make possible substitution of alternative 
material.a for scarce resources. Examples of industrial development curtailed 
or re•tricted by shortages of material.a resources are confined to restricted 
geographical areas or short time interval•. It is helpful to begin the 
discu•sion by examining some example• of successful substitution for scarce 
resources. 

Charcoal vs. Coal in British Iron Industry 

The response of the 18th century British iron industry to dimimishing 
charcoal supplies and limited water power sources is frequently cited as an 
example of how technoloqical •olutions to problems caused by finite resources 
develop (Deane, 1965). At the beginning of the 18th century charcoal was the 
only fuel that could be used to produce pig iron in a blast furnace. The air 
bla•t for the furnace was supplied by pumps driven by water power. Pig iron 
was produced at places where ore, wood for charcoal burning, and water power 
were all available in the same locality, since transport of bulk commodities 
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over lonq distances wa• impractical at that time (Deane, 1965). Water power 
is a finite (but renewable) resource whose maqnitude is determined by the 
stream flow and fall at the site where power is qenerated. Wood for charcoal 
burninq is renewable at the forest placement rate, but existinq forest stands 
were beinq exploited much more rapidly than the replacement rate in 18th 
century Britain--i.e., the sustainable wood yield wa• much lea• than the rate 
of use. Local shortaqes of wood for charcoal burninq were recoqnized as early 
as 1558 in the well-established iron-makinq districts of Great Britain 
(Aitchison, 1960) and qrowth of the industry would have been severely curtailed 
after 1750 had an alternative fuel not been found. 

The technical development required to permit substitution of coal for 
wex>d in iron smeltinq was worked out by Abraham Darby in 1709 (Hyde, 1977). 
The costs involved in makinq the sub•titution are discussed later in thi• 
paper1 they became favorable for use of the sub•titute fuel after 1750. The 
rate of transition from charcoal to coal f irinq of blast furnaces in Britain 
after this date can be compared with the law propo•ed by Fisher and Pry (1975) 

f 
1-f 

• exp 2 (t-t0 ) (1) 

to describe substitutions based on technical chanqe. Here f is the fraction 
of substitute material used, t is time, t 0 the time at which substitution is 
half complete and is a time constant. Hyde (1977) has tabulated data from 
which f can be computed durinq the transition period. The amount of 
sub•titution is plotted in the form of Equation (1) in Fiqure 331 the data are 
a reasonably qood fit to the equation. The •take-over time," the time interval 
between f • 0.1 and f • 0.9, is found to be 38 years and t 0 is 1774. Comparison 
with the table of take-over times qiven by Fi•her and Pry shows that the 
transition from the use of charcoal to coke in iron makinq in the 19th century 
was fairly rapid even by 20th century standards. 

The problem of adequate pumpinq power for the air blast in iron smel.tinq 
was also solved by adoption of an existinq technoloqical development, in this 
case one not oriqinatinq in the iron industry. The •team enqine, oriqinally 
developed for mine pumpinq, was used to run the air pumps of blast furnaces 
where adequate water power was not available. Water power continued to be 
used at older blast furnace installations throuqh the 18th century, but after 
about 1750 new furnaces used steam-powered blowinq machinery. The use of 
steam power made it possible to locate furnaces near •ources of fuel and ore 
without reqard to availability of water power. It also made furnace operation 
independent of variations in stream flow and eliminated the need to shut down 
durinq the summer (low flow) period (Hyde, 1977). The adoption of 
steam-powered blowinq permitted qrowth of the indu•try and resulted in co•t 
savi nqs in iron production. 

Both substitutions made to overcome limits on qrowth due to scarce 
resources in the 18th century British iron industry utilized technoloqy that 
was available when required and proceeded rapidly once economic conditions 
were favorable. They took place durinq a time when the iron industry was 
expandinq rapidly in size and utilized a little-exploited mineral resource, 
the rich coal deposits of Great Britain. 
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PiCJUr• 33. Sub•titution of Coal for Wood in Iron Smelting in Britain 
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Molybdenum vs. Tunqsten in Hiqh-Speed Steel 

A more recent example of successful substitution for a scarce resource 
in the iron industry is the use of molybdenum in place of tunqsten in 
high-speed steel, the steel used to make cuttinq tools that can operate at the 
hiqh temperatures developed in metal-cuttinq machines that achieve hiqh 
production rates. The early forms of hiqh-speed steel contained up to 18 
percent tunqsten and were in qeneral use up to the time of World War II. The 
introduction of e.s percent molybdenum makes it possible to reduce the tunqsten 
content of hiqh speed steel to 1.5 percent with no loss of the properties 
required in cuttinq tools. A method of protectinq the surface of molybdenum 
hiqh-speed steel durinq heat treatment so that it would not be deqraded by 
decarburization was developed in 1930 at the WatertC111n Arsenal (Roberts, 
Hamaker, and Johnson, 1962). Thus, when a shortaqe of tunqsten developed 
durinq the war, it was possible to adopt technoloqical advances already made 
to effect replacement of a scarce material by a more abundant one. The 
transition to the use of molybdenum hiqh-speed •teel was completed after the 
war because it is a l0111er cost product that offer• •ervice equivalent to that 
of the more expensive alloy using tunqsten. 

Substitution in the Future 

P'iaher and Pry (1975) li•t 14 examples of take-over times for the 
replacement of a scarce by a more abundant material, and there are certainly 
many more examples that have not yet been examined quantitatively. Near 
universal succes• in the past in findinq sub•titute• for resource• that have 
become scarce and at the same time achievinq a reduction in costs is the ba•is 
of the optimistic view of the possibilities of •ubstitution for materials that 
may become scarce in the future. This past experience may not be an altoqether 
reliable quide in the years ahead because: 

• It is likely that there are some material• used in particular 
applications in contemporary technoloqy for which there are no 
possible substitutes. 

• Substitutions have been made in the past on a pair-wise basis, as 
in the replacement of charcoal by coke in the blast furnace or 
tungsten by molybdenum in hiqh-sp•d steel. It was not, for 
example, necessary to consider how the replacement of charcoal by 
coke influenced the availability of coal for mine pumpinq. As it 
becomes necessary to make more substitution• in the future it 
becomes less likely they can be considered as isolated pairs that 
can be examined independently of other uses for the materials in 
question. 

• Substitution of alternative ~aterisl.s in complex technological 
applications often result• in unanticipated difficultie• and side 
effects that may qreatly raise the cost of makinq the 
substitution. Such problems may arise even in simple applications, 
but they are more likely to occur, and to be more co•tly, as the 
complexity of technoloqical systems increases. 
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Sub•titution may be impos•ible in the case of material exploited because 
of a unique property. Only a few examples are found in modern technology, 
however. One is the use of silver halides in photographic materials. The 
sen•itivity of the silver halides to light and their response to chemical 
"developers" depends on a unique set of physical characteristics--the presence 
of the right canbination of defect structure, band gaps, and atomic mobility 
in AgCl and AgBr crystals (Mott and Gureny, 1940). No substitut~ materials 
have been found in many years of exploration for alternatives, and solid state 
phy•ics offers no promise that they will be found in the future. Diminished 
availability of silver may be a constraint on the use of photography. 

A second example of a unique material application is the use of helium 
to attain temperatures belc:M about 20°K. Theoretical understandinq of the 
properties of helium at low temperature shc:Ms that this is a unique material 
and hold• out no prospect that a substitute refrigerant can be found for the 
very low temperature range. Recognition of this was responsible for the 
initiation of helium recovery and storage programs in the u.s. by the Federal 
Government a number of y~rs aqo, even though the programs were uneconomic 
under existing market conditions. The subsequent demise of these programs was 
in response to removal of government protection from marketplace economics 
(Cook, 1979). 

A third example is the use of the metal niobium in superconductinq 
alloys. Those with the highest transition temperatures contain large 
proportions of niobium. Solid state theory does not yet predict the 
tran•ition temperatures of complex alloys, so a unique role for niobium in 
this application cannot be proved, but only modest increases of transition 
temperature have been attained by recent research efforts. Any large-•cale 
use of niobium-containinq superconducting alloys woul.d create an immediate 
supply problem. The helium and niobium problems are coupled. If an alloy 
with a superconductinq transition temperature in the liqui~ hydrogen range 
could be found, the future demand for helium as a refrigerant would be much 
reduced. 

It i• expected that many of the substitution problems that will arise in 
complex technological systems will turn out to be coupled. At the time 
molybdenum was substituted for tungsten in high-speed steel there were few 
competing uses for molybdenum. That is not true today. Most of the alloying 
elements used in steel today also have other usesr if the pattern of use of 
one of the elements in steel-making changes, these other uses will also be 
affected. The problem of substitution in coupled systems has not yet been 
addressed, and a discussion is not attempted here. It is reserved for a 
future paper. 

If substitution of a more-abundant for a less-abundant material is 
technically feasible, it is.n•ceeeary to.Jalov tbe.co~t of making the 
substitution in order to find out if it is advantageous to make the change. 
Increased technological complexity makes evaluation of substitution coats a 
more difficult problem, but to make predictions about the economic 
consequences of reduced availability of materials, accurate assessment of 
substitution costs is required. The problems that arise in making such 
assessments are examined next. 
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Calculation of Costs of Substitution 

The cost of substitutinq one material for another in the manufacture of 
a qiven product is made up of the followinq components: 

a. The cost of the substitute materials used, less the cost of the 
oriqinal material not used. 

b. The cost of redisiqninq the product and of the incremental plant 
and equipment needed to make the product out of the substitute 
material. 

c. The chanqe in the cost of manufacturinq the product when the 
substitute material is used. Cost increments due to chanqes in 
cuttinq, forminq, and joininq methods are included, as is the cost 
of additional materials required to make the product when the 
substitute materials is used in place of the oriqinal. 

d. The costs that arise from chanqes in product performance that are a 
consequence of the use of the substitute material. These include: 

1. Costs that arise from the weiqht chanqe of the product. 

2. Costs due to chanqes in the service life of the product. 

3. A cost allowance for unforeseen continqencies that arise from 
failure of the product to perform as expected. 

All of these may be expressed as cost per unit weight of the substitute 
material used. To express the total transition cost for desiqn and equipment 
as a unit cost, divided the total cost of chanqinq over to -a product made of 
the substitute material by the output durinq the life of the new equipment and 
multiply by a capital recovery factor (which may be taken to be 15 percent at 
the present time). 

The unit cost of substitution, cs,o,i' for substitute materials s used 
in place of oriqinal material o in product i is 

Q c 
c • P _ ~ + f t,i,s 
s,o,i s Po Q ~Q 

s,i s,i 
+ c - c + Ac m,i,s m,i,o i,s-o (2) 

where 

Ps - price of the substitute material. 

Po - price of the oriqinal material. 

Q i -o, quantity of the oriqinal material required to make product i. 
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quantity of substitute required to make product i. 

transition coat for product i and substitute material a. 

manufacturinq cost of product i made from oriqinal material o. 

manufacturinq cost of product i made from substitute 
material s. 

Aci,s-o • costs due to chanqe in product performance when substitute 
material is used. 

f • capital recovery factor. 

and the sum l: is taken over the time the new equipment produces product i with 
the substitute material. 

one qoal of substitution cost analysis is to calculate a switch price, 
the price at which substitute materials take over the function currently 
perfomed by the oriqinal material. The switch price, P*o,i,a' for product 
i and substitute material s is the value of p0 that makes cs,o,i • o. 

The immediate objective is to work out a systematic way of evaluatinq 
the terms in the substitution equation. The evaluation of the ratio 
Oo,J!Qs,i is based on the idea that there is sane property, or combination 
of properties, that determines the performance of a product made out of a 
qiwn material in each of its applications. Por example, in the electrical 
wirinq of a house it is the resistivity of the metal used to make the wire 
that detemines, for a qiven current-carryinq capacity, the size of the wire 
that must be used. If a heat exchanqer (such as an automobile radiator) is 
made of a substitute metal havinq a lower thermal conductivity than that of 
the material oriqinally used, then the size of the radiator will have to be 
increased if the same amount of heat transfer is to be effected. A first 
approximation to the design chanqes required can be made from canparison of 
the properties of the substitute and oriqinal materials. These determine the 
amount of substitute material, Qs, that will be required. 

In makinq these estimates for different uses of a qiven material it is 
helpful to classify uses accordinq to which material property, or combination 
of properties, is most important in each different application. These can be 
called "enqineerinq-use cateqories" to distinquish them from the "demand 
cateqories" by which camaodity markets are described. To illustrate, take the 
metal copper as an example. A set of enqineerincruse cateqories that 
incorporate nearly all the uses to which this metal is put will include: 

• Heat exchanqers (thermal conductivity is the dominant property)-. 

• Motors, qenerators, and transformers (electrical conductivity, ease 
of forminq joints by solderinq) • 
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• Pipe (ductility, corrosion resistance, ease of makinq solder 
joints). 

• Power transmission wire (electrical conductivity, corrosion 
resistance). 

• Cot11DUnication wire (electrical conductivity, corrosion resistance). 

• Machinery (corrosion resistance, strenqth, machinability, bearinq 
properties) • 

• Chemical a C toxicity) • 

Within each of these cateqories, Q0 , J/Q8 i should be about the same. Other 
tema in the substitution coat that are ~etermined by physical properties may 
also be nearly the same within one enqineering-use cateqory. Before attemptinq 
to make qaneralizationa about these terms, it will be useful to examine several 
examples of deteminations of substitution coats. 

Historical Example: The Substitution of Mineral Coal for Charcoal in Iron 
Makinq 

The principal products of the iron industry in the 18th century were piq 
iron and bar iron. Piq iron was produced from ore in a blast furnace and could 
be cast into useful articles (such as pots). It is a moderately atronq 
material but, because of its hiqh carbon and silicon content, is also brittle 
and cannot be mechanically worked, as by rollinq or hamerinq. Malleable iron, 
known as bar iron, was made in the 18th century by reducinq the carbon and 
silicon content of piq iron throuqh a aeries of processes carried out at an 
establishment known as a "forqe. • Early in the 19th century about half of the 
piq iron production was uaed for makinq bar ironr 100 years later this had 
increased to 70 percent. Before 1709, charcoal was the only fuel that could be 
used in the iron-makinq blast furnace, while after that date and until about 
the end of the century both charcoal-produced and coal-produced piq iron were 
available to the forqe operator. Either type of startinq material could be 
used to make bar iron, but a process modification was required when the 
startinq material was chanqed. The charcoal-fired blast furnace operated at a 
lower temperature than the coal-tired furnace and yielded piq iron with a lower 
silicon contentr less fuel was required to convert this piq to bar iron at the 
forqe. 

Por this example consider the substitution of coal-produced for 
charcoal-produced piq iron as the atartinq material for makinq bar iron. In 
the cost of substitution equation, let 

p 8 • cost of coke-produced piq iron Cexcludinq capital coats). 

p0 • coat of charcoal-produced piq iron (excludinq capital 
coats). 

Copyright © National Academy of Sciences. All rights reserved.

Analytical Techniques for Studying Substitution Among Materials
http://www.nap.edu/catalog.php?record_id=19585

http://www.nap.edu/catalog.php?record_id=19585


151 

• tons of charcoal-produced piq iron required to produce 1 
ton of bar iron. 

• tons of coke-produced piq iron required to produce 1 ton of 
bar iron. 

ct • capital coat of coke-produced piq iron less the capital 
cost of charcoal-produced piq. 

Acm • fuel and other costs in makinq l ton of bar iron at the 
forqe from coke-produced piq less the fuel and other costs 
of makin9 l ton of bar iron from charcoal-produced piq. 

• costs that arise from differences in the properties of bar 
iron made from coke-produced and charcoal-produced piq. 

Conversion of charcoal-produced and coke-produced piq in the forqe yield bar 
iron with equivalent properties. Hence, Aci,a-o • o. The remaininq costs 
can be evaluated from data published by Hyde (1977). The manufacturinq coats 
of makinq bar iron from the two types of pi9 are qiven in Hyde' a table for the 
time interval 1730-1739. Conversion of coke-produced piq requires more 
atart.inq material and more fuel than does conversion of charcoal-produced piq. 
Other costs are the same. Hence A Cm •/l.24/ton, the cost of the additional 
charcoal fuel used in the forqe. Coal came into use in forqea later than in 
blast furnaces and in a variety of different processes durinq the late 18th 
century. Estimates of ; are not available for the processes and woW.d 
probably be quite difficult to make. We will assume t~t, for our purposes, a 
sufficiently accurate estimate of the manufacturinq coat difference durinq the 
transition period can be made by correctinq the 1730-39 estimate for the rise 
of price of charcoal used in forqea in successive decades. (These prices are 
qiven by Hyder capital costs for coke-fired blast furnaces are also listed). 
Por the charcoal-fired furnace we use his estimate of,f0.66/ton and assume 
this to be constant throuqh the 18th century. The ratio QofQ8 • 0.92, 
accordinq to the data from Hyde. The prices p8 and p0 are also from 
Hyde. These data have been used in the followinq computation of substitution 
cost (Table 9): 

Table 9. Cost of substitution in the Manufacture of Bar Iron 

Time Interval P2 Po Qol'Qs Ct Ca 

1730-1750 5.50 5.03 0.92 o.54 l.24 2.85 
1750-1760 3.36 5.37 0.92 0.14 l.46 0.02 
1760-1770 2.44 6.29 0.92 -0.16 l.65 -1.86 
1770-1780 2.71 7.02 0.92 0.34 1.80 -1.61 

Note: all costs are expressed as;Jl?/ton of iron 
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The steady rise in p0 and in cm during the time interval shown in 
the table is due principally to the rise in the price of charcoal, which 
started to increase rapidly after 1750. This increase resulted from risinq 
demand and increasingly restricted supplies. During the 1750's, p 8 was 
substantially lower than p0 , bit cs was still positive. Despite the lower 
cost of coal-produced pig iron, it was still not the preferred material for 
making bar iron because of the higher capital manufacturing costs its. use 
entailed. Data showinq the relative amounts of two types of pig iron used for 
making bar iron at forges during the transition period are not available but, 
since most pig iron produced durinq the transition period was converted to bar 
iron, it is likely that the transition curve shCMn in Figure 33 applies and 
the mid point of the transition interval was 1774. The data clearly show that, 
although a substitute material was available because of a technological advance 
made in 1709, and a shortage of wood for charcoal makinq had been an official 
and public concern for many years, the substitute material was not adopted on 
more than a local basis until c8 became negative. 

We turn nCM to examples of substitution costs in the more complex 
technology of modern industry and examine two illustrations of the costs 
involved in replacinq copper by aluminum. Copper is a geochemically scarce 
element, while aluminum is abundant (Skinner, 1976) and has properties that 
make it the most likely substitute for copper in many applications. 

The Cost of Substitution for Copper in Automobile Radiators 

Suppose that aluminum is to be substituted for copper in the manufacture 
of automobile radiators. The function of a radiator is to transfer heat from 
the coolinq fluid circulated through the enqine to the ambient air. The heat 
transfer effected through the radiator depends on the temperature difference 
between the coolant fluid and the air, on the thermal resistance of the 
radiator. This resistance is the sum of resistances due to boundary layers at 
the fluid-metal and air-metal interfaces and the resistance of the metal wall 
of the radiator, which depends on the thickness of the metal and its thermal 
conductivity. The thermal conductivity of aluminum is 54 percent less than 
that of copper. An aluminum radiator made to the same pattem as a copper one 
wOllld have a greater thermal resistance1 if it is to perform the same service 
as the copper radiator, it must be made larger. HCM much larger depends on 
the relative magnitudes of the different contributions to the thermal 
resistance. If resistance due to heat flCM through the metal is much lu:qer 
than the other sources of thermal resistance, the increase in size can be 
estimated by assuming that: 

• The operatinq temperatures and wall thickness in the two radiators 
are the same. 

• Chanqes in the fluid-flCM characteristics in the two radiators can 
be neglected. 

• It is heat flCM through the metal walls of the radiator that 
determines the amount of heat transferred. 
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Under these assumptions an aluminum radiator yielding equivalent cooling would 
have a radiatinq surface l.9 times greater than that of the equivalent radiator 
made of copper. The additional area could be realized by increasing the 
cross-sect~onal area of the radiator, or its lenqth, or both in appropriate 
proportion. We will now estimate the incremental costs involved in making and 
usinq this radiator. 

a. Materials Coat. The average 1978 price for copper was $1.45/kg and 
of aluminum, $1.17/kg. The density of copper is 8960 kg/m3 and that of 
aluminum, 2700kg/m3. In a straight volume substitution, l kg of aluminum 
replaces 3.32 kg of copper. Under the assumptions listed above, a radiator 
made of copper need be only 54 percent as biq as one made of aluminum to effect 
the same heat transfer. Hence, in this application l kg of aluminum (cost $1.17) 
replaces only l. 78 kq of copper ( costinq $2 .56). The materials cost increment 
for this substitution in radiators, therefore, is $1.41/kg. 

b. Desiqn and Tool Cost. Data for this estimate were supplied by the 
G & 0 Manufacturing Company of New Haven. They estimate that it would cost 
$2.5 million to redesiqn their product and retool their operation to produce 
an aluminum radiator. In the 10 years after the transition they would produce 
2.0 x 107 kg of aluminum radiators. The desiqn and retoolinq cost is 
calculated as the investment required, times a capital recovery factor of 0.15, 
divided by the mass of the radiators produced annually. This is $0.19/kg. 

c. Manufacturinq Costs. Since both copper and aluminum are easily cut 
and formed, we assume no increment in the cost of these operations when the 
substitution is made. Copper radiator parts are joined by soldering and 
aluminum parts by vacuum brazinq. The cost of the brazing equipment is figured 
into item b above, and we assume that there is no incremental cost in joining 
operations by the two methods once the requisite equipment is in place and 
operating. No additional materials are required to make a radiator of aluminum 
rather than copper. Thus, the manufacturinq cost increment is nil. 

d. Service Costs. An aluminum radiator is 44 percent ligher than an 
equivalent-service copper radiatorr its use in a vehicle may result in improved 
fuel economy. We assume that when a liqhter radiator is used, ccmpensatinq 
desiqn changes are made that keep the vehicle perf omance unchanqed. The 
Office of Puel Economy, National Highway and Traffic Safety Administration, 
asserts that, under these conditions, the relation between distance traveled 
per gallon of fuel, f, and vehicle effective weight, w, is 

f - k w-0 •8 

where k is a constant. The effective weiqht of the vehicle is the curb weiqht 
plus 300 lb. of passenger weiqht. The value of k was determined from the 
a~raqe of 1979 u.s. passenqer car weight and fuel consumption, viz., 3400 lb. 
and 19 mpq. If there is no other chanqe in vehicle weiqht--i.e., no chanqe in 
the total weiqht of coolant or in the vehicle structure to accaamodate the 
aluminum radiator--then f is increased by 0.029 mpg. If fuel costs $1/qal and 
the vehicle is driven 100,000 miles, the fuel cost is reduced by $1.72/kg of 
aluminum used in the radiator. If the vehicle life is five years, the saving 
is reduced by l.1-5 • 0.62 and is $1.07/kq. 
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Alternative assumptions are possible. Por example, if there is no 
cc:mpensatinq design chanqe to retain performance when the substitution is made, 
the exponent in the above equation for f becomes -0.4. The savin9 in fuel cost 
due to the use of the aluminum radiator is then only $0.50/k9. If it is 
necessary to chanqe the size of the vehicle to accommodate the aluminum 
radiator (which is lar9er than the equivalent copper radiator), there may be an 
increase rather than a decrease in vehicle wei9ht. Suppose, for example, that 
radiator thickness is increased from l in. to 1.86 in. and that the vehicle 
lenqth is increased 0.86 in. to allow space for the new radiator. If the 
principal structure of the vehicle were 120 in. lonq and wei9hed 3400 lb., the 
increment in lenC}th would add approximately 24 lb. to its wei9ht and the net 
we19ht chan9e when the aluminum radiator was used would be a 17 lb. increase. 
There would then be an increase in total fuel cost over the life of the vehicle 
of $2.24/kq. 

Practical experience that shows how lonq aluminum radiators will last in 
service is not now available. It is anticipated that the potential for 
corrosion problems in aluminum radiators is hi9her than it is in copper ones, 
but in the absence of data we will assume that the service life of aluminum 
radiators can be made to be as qreat as that of copper ones and char9e no cost 
increment for a chanqe in service life. However, an allowance has to be made 
for the possibility that this expectation will not be fulfilled and for the 
fact that the repair of aluminum radiators will cost more than the cost of 
radiator repair work done now (primarily because the aluminum cannot be 
soldered). To allow for this we include a continqency cost of 25 percent of 
the cost of makinq the aluminum radiator--i.e., $0.33/k9. 

The substitution cost of aluminum for copper in automobile radiators 
under the two sets of assumptions discussed is shown in Table 10. 

Table 10. Cost of Substitution of Aluminum for Copper in Automobile Radiators 

1.45 
1.45 

NarESs All in $/k9 

1.78 
l.78 

0.19 
0.19 

l • No size chanqe in vehicle. 

0 -l.07+o.33 
0 2.24+0.33 

-1.96 
l.35 

2. Vehicle size increased to accomodate lar9er radiator. 

NO?ES 

1 
2 

The most important term is that due to t.'le cha11CJ9 in vehicle operatin9 
el!pense due to the chanqe in radiator wei9ht. The assumptions made are not 
necessarily the most extreme estimates of this cost increment that could be 
made. If metal resistance is not the dominant source of thermal resistance in 
the radiator, Qol'Qs will be lar9er and the size increase of the radiator 
will be smaller. This will make Cs more favorable for substitution. The 
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results show that a reliable estimate of c 8 in this case requires a more 
detailed analysis of technical detail than has been presented here, as well as 
assumptions about the life and operatin9 characteristics of the vehicles in 
which the substitutions are made. 

In the next example these difficulties do not come up. 

Substitution of Aluminum for Copper in Heme Wirinq 

The condition of equivalent service from the two materials in this 
application is that the electrical resistance and lenC}th of the wire remain 
the same when the substitution is made. Let 

R - electrical resistance • pR./A. 

R. - lenqth of wire used. 

A - cross-sectional area of the wire. 

p - electrical reaiativity. 

w - wei9ht of wire per unit lenqth - Ad. 

d - density of the metal used. 

The subscript "A" is for aluminum and "C" for copper. Prom the conditions 
that RA • Re and R.A ~ R.C we find 

WA AdA -rc- - cac- - 0.53 

when 

Pc • 1.65 x io-8 f2aa 
Pc • 2.88 x io-80.. __ _ 

de • 8960 k9/m3 
dA • 2700 k9/m3 

In a typical house, 300 m of 114 AWG copper wire is used in the electric 
power distribution system. Thia wei9ha 5.6 kq and can be replaced by 3.0 k9 
of aluminum wire. The coat aavin9 on material in one heme is then $4.61 at 
averaqe 1978 prices. If direct substitution of aluminum for copper wire is 
made with no other chaDCJe& in the electrical system, there is no redeaiC}n 
coat. The same, or similar, wire-drawinq equipment can be used for aluminum 
as for copper, and the difference in manufacturinq coat will be small. The 
wei9ht difference between copper and aluminum results in no chanqe in 
perfoniance in houae~irin9. The other coat that needs to be considered,. 
however, is the continqency coat for potential failure of the aluminum wire to 
function as well as expected in the houae-..ririn9 application. 
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Aluminum was first used for house wirinq in the 1960's. Between 1.5 and 
2.0 x 106 hanes had all-aluminum wirinq by 1972 (Newman, 1975). By 1970 it 
was recoCJllized that there was a serious safety problem in many aluminum-wired 
banes due to overheatinq in wall receptacles, switches, and junction and panel 
boxes. In some cases, temperatures hiqh enouqh to iC)llite an adjacent wooden 
structure were attained, and several serious fires have been traced to 
overheated junction boxes. 

Four factors contribute to excessive heat qeneration at junctions between 
aluminum and other metals carryinq electric current (Mittleman, 19691 NBS, 
1974). These are: 

• Biqh electrical resistance due to failure to break the oxide film 
on the aluminum wire when a mechanical joint is made. 

• Creep of the aluminum wire in mechanical joints, which reaults in a 
loss of contact pressure. 

• Expansion of the aluminum wire due to hea,tinq, causinq accelerated 
creep. 

• Electrolytic corrosion at dissimilar-metal contacts. 

Hiqh temperature at a junction with aluminum wire may reault even when current 
well below rated circuit capacity is flowinq. Bence, fuses and circuit 
breakers do not provide protection aqainst overheatinq due to hiqh junction 
resistance. Junction failures are a direct consequence of physical properties 
of aluminum that are different from those of copper, viz: 

• Rapid fozmation of a hard, continuous oxide on a freshly exposed 
metal surface. 

• Lower melting temperature, Tm, so that at room temperature the 
ratio T/Tm is hiqher for aluminum than copper. (Creep rate 
scales as T/'lln and so is relatively qreater in aluminum wire.) 

• Lower yield strenqth of the pure metal. 

Satisfactory junctions with aluminum wire can be made, but have to be desiCJlled 
to make allowance for the difference in properties of aluminum and copper. 

One method of estimatinq the continqency cost for failures in aluminum 
house wirinq is to use data for the number of receptacle repairs and 
replacements detezmined by inspection of a sample of homes built in 1969-70 
and surveyed in 1977-78 by the Franklin Institute (Anon. 1979). They report: 

Al (WBS) * Cu (WBS)* 
Number of repairs per heme-year 0.060 0.018 

*WBS • wirinq bindinq screw1 i.e., Al or Cu wire secured under a 
bindinq screw in the receptacle. 
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Suppose that in a typical home there are 30 electrical receptacles. 
Then in an aluminum-wired home there will be 10 receptacles per kilogram of 
aluminum wire used in the electrical system, and in a copper~ired heme there 
will be 5.4 receptacles per kilogram of copper wire. Assume that the life of 
the heme electrical system is 50 years. The number of receptacles that will 
require repair or replacement durinq the service life of the electrical wirinq 
is then: 

Por Al wire: 50 x 0.060 • 3/house. 
Por Cu wire: 50 x 0.018 • 0.9/house. 

In the aluminum-wired house, 10 percent of the receptacles will require 
attention, while the copper-,,,ired house only 3 percent will. A local 
electrical contractor estimated that the averaqe cost of repair or replacement 
would be about $10. Bence, the continqency cost difference required to allow 
for the different junction failure rates experienced with the two types of 
wirinq ia: 

Por Al wire: 
Por Cu w·ire: 

10 x 10, x $10 -
5.4 x 3, x $10 -

$10/kq 
1.6/kq 

$8.4/kq 

This is a contribution to the cost of substitution that must be included 
when no cost allowance is made for redesiqn of the home wirinq system and the 
aluminum wire is installed in the same way as copper wire so that there is no 
allowance for an installation cost increment. The substitution cost is shown 
in Table 11. An arqument that ~c8_0 should be even larqer can be made on 
the 9rounds that the cost of havinq wirinq out of service durinq the time that 
repairs were made was not included. The cost of loss of property and life in 
fires oriqinatinq at overheated junctions has not been included either. 

Table 11. Aluminum for Copper SUbstitution Cost in Heme Electrical Wirinq 

1.17 1.45 1.88 0 0 8.4 6.94 

Note: All expressed in $/kq. 

At the time aluminum wire was first offered as a substitute for copper 
wire there waa an immediate cost advantaqe in its use. The results presented 
in Table 11 show that, had the full cost of usinq aluminum without desiqn 
chanqes beinq made in household electrical receptacle• been known, the 
decision to use aluminum wire would not have been taken. In a recalculation 
of c 8 under today' a conditions, allowance would have to be made for the cost 
of desiqn and manufacture of receptacles compatible with aluminum wire and the 
costs of testinq and certification of its use. Estimates of these coats have 
not yet been made. 
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Discussion and Conclusions 

Contributions to the cost of substitution from factors other than 
materials costs are important in all three of the examples examined. In the 
substitution of coke-produced for charcoal-produced iron, the increment in 
manufacturinq cost was the moat important of these extra charges. Bar iron is 
a relatively simple metallurqical material, and it was not made to very precise 
specifications in the 18th century. Exact specification of properties was not 
required by iron users of the time, and the mechanical systems they were 
buildinq were relatively insensitive to variations in material properties. 
The lack of an entry for continqency cost in Table 9 is made with the benefit 
of hindsiqht, but it seems clear that such costs were much less likely to be 
larqe in the technoloqy of the 18th century than in the technoloqy of today. 
Costs that enter ~c8_0 are expected to be increasinqly qreat as the technical 
sophistication of society increases. Technical systems are increasinqly 
interdependent, so that an unanticipated failure in one system is more likely 
to raise costs in others. Despite the availability of a qreat deal more 
technical expertise today, it would be hard to make a convincinq case that the 
consequences of makinq chanqes in technical systems can be better foreseen 
today than in the past. There is no difficulty in compilinq a list of 
technical systems that have failed to perfom as expected and have incurred 
costs well above those desiqned for. The problems that arose from the use of 
aluminum in house-w irinq provide an excellent example. 

A second qeneralization that may be drawn from the examples examined 
here is that, even when substitution of one material for another is technically 
feasible, the substitution will not be made until there is an economic 
advantaqe that can be seen in the framework of cost infomation perceived by 
those responsible for makinq the decision on which material to use. In the 
British iron industry example, the decision between coke-produced and 
charcoal-produced iron was made by individual ironmasters who were concerned 
with both fixed and variable costar the transfomation to the widespread 'use 
of coke-produced iron did not beqin until the total costs recoqnized by 
ironmasters were favorable. That their understandinq of the costs was reliable 
is shown by the fact that the transformation was completed and became the 
accepted practice of the industry. In the case of the substitution of 
aluminum for copper in automobile radiators, c 8 may be positive or neqative, 
dependinq on the assumptions made. (The choice of assumptions amonq those 
arquinq this problem may depend on noneconomic factors. ) The industry seems 
to be in a state of indecision about this particular substitution today. The 
decisions made to use aluminum house wire in the l960's were taken by persons 
primarily concerned with p8 - p0 CQofs>. This appreciation of the costs 
~f substitution was seriously incomplete, and the use of aluminum house wire 
at the time proved to be a false start. (The use of aluminum electrical wire 
in homes is now prohibited by some buildinq codes.) The actual cost of makinq 
the substitution, when it is eventually dono, will be much qreater than 
oriqinally assumed. 

The principal sources of uncertainty in estimatinq cost of substitution 
are evaluation of all of the costs due to chanqe in the performance of the 
product made with substitute material and the proper allowance for continqency 
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coats. The uncertainty in determininq both is likely to increase as more 
substitutions are forced by material shortaqes and as substitutions are made 
in more complicated systems. 
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TICHNOLOGICAL SUBSTITUTION: 
REVISITING THE METHODOLOGY 

Harold A. Linstone 
Puture• Research Institute 
Portland State University 

Portland, Oreqon 

The puzpose of thi• paper is to review briefly the forecastinq 
mthodolOCJY in the context of technoloqical substitution. The diacus•ion is 
divided into four part•s data-baaed, model-baaed, Delphi, and 
multiple-perspective concepts. Sufficient references are included to pexmit 
the interested reader to delve more deeply into thi• very active field. 

Data-baaed Methods 

Traditionally we have looked to scientists and technoloqists for 
forecasts of technology and substitution of the new for the old. By far the 
mo•t common method they have used is trend extrapolation--accordinq to 
nathematician Eric Bell one of the two qreat evils we inherited from the 
Greeks. 

!'igure• 34 and 35 present two trend extrapolations shoving a 
technoloqical characteristic varyinq with re8Pect to time., The first is taken 
from an early book on technoloqical forecastinq (Ayers 1968), the second from 
the moat recent i•aue of Science ( ICear l 980) • The points to be •phasized in 
•uch time series are these: 

a. They are data-based--i.e., they rely on empirical input from the 
recent past. 

b. They assume continuation of the system structure--elements and 
interactiona--as well as environment from the pa•t into the future. 

c. Macro-system forecasts tend to be more reliable then micro-system 
forecasts. 

An implication of a and b is that trend extrapolations are conservative 
and tend to lack imaqination--they perceive the future like a driver movinq 
the car forward with his eyes on the rear-view mirror. The scientist is 
comfortable with data, but there exist no future data, so he is constrained by 
the available data to an extension of the past. This is usually reasonable 
for near-term or short-ranqe forecasts, but can prove hazardous for lonq-ranqe 
predictions. 

161 
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Forecasts are hiqhly sensitive to the, often opaque, core assumptions. 
Ascher (1978) has demonstrated that a forecast usinq a very crude methodoloqy 
and sound core assumptions is usually more accurate than one with a very 
sophisticated methodoloqy and inappropriate core assumptions. The lesson is 
obvious: the assumptions need at least as much attention as the data search 
and collection. 

An implication of b and c is that envelope curves are more likely to 
indicate forthcominq substitutions than study of any one component. In 
Figure 36, for example, neither the cyclotron nor the betatron curve offers a 
qood basis for anticipatinq aynchrotrons. An envelope curve comes much closer 
to suqqestinq that the cyclotron and betatron will face substitution by a new 
aystem which is not an extension of either. 

The macroview is more concerned with the function or task to be done, 
while the microview deals with a specific means of accomplishinq that task. 
Thus in 1929 aeronautical enCJineer Nevil Shute No:tWay firmly predicted that by 
1980 coDlllercial aircraft would be limited to a cruisinq speed of 110 to 130 
mph and a ranqe of 600 miles (Ayers 1969). He assumed that we would rely on 
propeller aircraft for the next 50 years. But a forecast of air transportation 
systems need not--in fact, should not--ha.ve made such a restrictive assumption. 

The forecaster concerned with technoloqical substitution should always 
carefully examine the tacit assumptions underlyinq the forecast. 

Models 

The difference between unlimited exponential and limited loqistic curve 
qrCMth ( Fiqure 37) can be viewed from the perspective of substitution. The 
fomer neither motivates substitution nor represents its pattern. If a 
material is in unlimited supply, exponential qrO!llth is theoretically possible 
(althouqh practically impossible on a finite earth). If it is in limited 
supply or has saturated the market, we are usually concerned about 
substitution. We either face an inability to fill the demand in the face of 
i:eaource shortaqes and riainq prices ( e. q., wood fuel), or we seek to create a 
new market by makinq a readily available product or process obsolete (e.q., 
black and white television). 

The loqistic (or Pearl) curve presents us with a surprisinqly useful 
model of the technoloqical substitution process. The underlyinq assumption is 
that the rate of adoption of a nsr product or process is proportional to the 
fraction of the old one still in use. Mathematically we express this 
relationship as follows: if f is the fraction of the market captured by the 
innovation, t the time, and b a constant, then 

J:../df)- b (1-f) 
f\dt 

If t 0 is the time at which the fractional substitution reaches its 
midpoint--i.e., f • 1/2--interqration yields the familiar loqistic curve 

f• 1 
l+exp b(t-t ) 

0 
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Fisher and Pry (1971) have analyzed l 7 cases of substitution (Table 12) and 
found strikinq support for this model once the data are normalized (l'igure 38). 

Blackman (1972) and Floyd (1968) have developed variations which can, 
together with Fisher and Pry, be incorporated in the more qeneral equation 

Cl-a) Gn F:f J-+<1 ~n F~f + F:J· cl + c2 t. 

where F • upper limit of the market share f, 

C1,C2 • constraints 

a • dimensionless factor, 0 < a < 1. 

The case a• l corresponds to Floyd's model, a • O to Blackman's model, and a 
• O, F • l to the Fisher-Pry modal. Sharif and Kabir (l976a) find that 
F • l is usually a reasonable assumption (i.e., 100 percent substitution) and 
pei:mits aimplification of the preceedinq equation to the form: 

ln -Jr +a l~f • c1 + c2t. 

Here the second term on the left aide of the equation is a "delay factor" and 
a "delay coefficient." Sharif and Kabir provide guidelines for selectinq the 
proper delay coefficient. 

Another interestinq variation stemminq from Fisher and Pry has been put 
forward by Marchetti (1977) in his work on enerqy substitution. He is 
concerned with more than two enerqy s011rces competinq at one time for the 
market--e.q., a mix of coal, oil, qas, and nuclear energy. This situation is 
sanetimes known as "multilevel substitution." As he recalls, 

I had to extend the treatment sliqhtly with extra stipulation that one 
of the fractions is defined as the difference to l of the sum of th;-­
others. This fraction follCMs the [Fisher-Pry] equation ••• most of the 
time but not always. It finally shows saturation ••• The fraction dealt 
with in this way correspond• to the oldest of the qrowinq ones. The 
rule can be expressed in the form: first in - first out. 

He is then able to fit more than a century of data nearly perfectly usinq only 
two constants for each enerqy source, the dates for l percent and 50 percent 
market fraction (Fiqure 39). Neither war, wild price oscillation, energy 
price, depression, nor available reserves seem to disturb the basic trend of 
substitution. The U .s. and world enerqy substitution trends are shCMn in 
l'igure 40 beqinninq in 1850 and becominq a forecast in 1970. The transparency 
of the model permits examination of various future options: introduction of 
solar or fusion enerqy, faster nuclear penetration, a nuclear moratorium, 
etc. The method illuminates several key points for Marchetti: (a) the robust 
internal dynamics of the enerqy substitution process (e.q., the coal share 
started to decline around World war I despite infinite reserves) 1 (b) the 
slow, inexorable pace of the process1 (c) criticality of the initial push, the 
take-off, for the lonq-term pattern of an enerqy source1 and (d) the value of 
a macroscopic view of the substitution process (suqqested earlier). 
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Table 12. Takeover Times (AT) and substitution Midpoints,T0 , for a 
Number of substitution Cases. 

At 
substitution Units Years 

Synthetic/Natural Rubber Pounds 58 
Synthetic/Natural Fibers Pounds 58 
Plastic/Natural Leather Equiv. Hides 57 
Margarine/Natural Butter Pounds 56 
Electric-Arc/Open-hearth Specifically Steels Tona 47 
Water-baaed/Oil-baaed House Paint Gallons 43 
Open-hearth/Bessemer Steel Tona 42 
SUlfate/Tree-tapped Turpentine Pounds 42 
Ti02/PbO-ZnO Paint Pigments Pounds 26 
Plastic/Hardwood Residence l"loora Square l"eet 25 
Plastic/other Pleasure-Boat Hulls Hulls 20 
Organic/Inorganic Insectides Pounds 19 
Synthetic/Natural Tire Fibers Pounds 17.5 
Plastic/Metal& Cara Pounds 16 
BOP/Open-Hearth Steel& Tona 10.5 
Detergent/Natural Soap (U.S.) Pounds 8.75 
Detergent/Natural Soap (Japan) Pounds 8.25 

Notes At is the time from 10 to 90 percent ta~eover. 

to 
Year 

1956 
1969 
1957 
1957 
1947 
1967 
1907 .... 
1959 °' °' 1949 
1966 
1966 
1946 
1948 
1981 
1968 
1951 
1962 
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Like Ascher, Marchetti appreciates the value of relatively •imple model•· 
However, a balanced •urvey requires consideration, even if briefly, of more 
canplex models. A favorite approach of modelers with an e119ineerin9 backqround 
is system dynamics. First applied outside electrical enqineerinq to industrial 
orc;J&nizations by Forrester, this type of model qained qreat popularity with the 
Club of Rome's "Limits to Growth." Sharif and Kabir (1976b) have addre••ed 
the multilevel sub•titution process u•inq system dynamic• a• shO!lln in Figure 
41. They apply it to caamercial aircraft propul•ion system•, a mix of piston, 
turboprop, and turbo e119ine•· 
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Economists have also developed a variety of substitution models, 
beqinninq with Zvi Gr iliches ( l 976) and Edwin Mansfield ( l 961) • The latter 
~or example, develops a dete1'Dlinistic model which computes the rate at which a 
nar pi:oduct innovation di11places an existing product in a qiven market as a 
~nction of (l) the proportion of the fi:rms already usinq the new product, 
(2) the profitability of the nar product relative to the old product, and 
(3) the inve•tment needed to adopt the new product. 

Blackman, SeliCJlll&n, and Soqliero ( l 976) extend this work by developinq 
an innovation index which indicate• the relative tendency of various industrial 
sectors to innovate. The index ia derived from various input variables which 
nfiect the extent to which resources are allocated to achieve innovation and 
output variables which measure the extent to which new product and process 
innovation is achieved. 

Stern, Ayres, and Shapanka (1976) take into account the fact that 
alternate technoloqies do not compete merely on the basis of price, but rather 
on the basis of the "utility" they provide. l"urther, the markets for which 
they compete •Y not be the •mne. These authors develop a model which includes 
numerous indicators of utility and market. They illu•trate their concept with 
a case study of the substitution of plastic for qlass in bottles. Table 13 
indicates the ranqe of indicators used. 

Table 13. Utility Analysis ~ttributes for Plastic/Glass Bottle 
substitution 

Attributes of Concern to Bottlers 

Chemical inertnes • 
Beat re•i•tance 
Nonpe:rmeability 
Pressure re•i•tance 
nexibility of color and shape 
Adaptability to axiatinq bottlinq equipment 

Attributes of Concern to Consumers 

Transparency 
Tradition 
Reusability 
Convenient dispensinq 

Attributes of Concern to Bottlers and Consumers 

Onbreakabil ity 
Liqht weiqht 

Attribute• of Social Concern 

Di sposability 
Recyclability 
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Not surprisinqly, input-output models are also used. Their advantaqe is 
the use of real, measurable physical or monetaxy quantities. The substitution 
alters the values, and the impacts can be readily traced. Ayres and Shapanlca 
(1976) use four steps: identification of trends that can be expressed as 
substitutions, translation of this information into a form necessaxy for an 
i1"ut-output model, use of loqistic curves to obtain trend extrapolation, and 
modification of existinq input-output coefficients in conformance with trend 
extrapolations. 

We may also obtain insiqhts from models not directly concerned with 
tachnoloqical substitution. One example will suffice. Economists such as 
lCu.znets and Kondratieff have developed models to explain business cycles. 
Recently Mensch (1979) has found interestin<J relationships between technoloqical 
innovations and the tcondratieff SO-year cycle model. This "lonq wave" consists 
of the sequence prosperity-recession-depression-revival. Table 14 presents the 
scheme accord inc} to Van Duij n ( l 977) • 

Table 14. ICondratieff Cycles 

Prosperity Recession Depression Recovery 

1783-1803 1815-1826 1826-1837 1837-1847 
1847-1866 1866-1875 1875-1884 1884-1893 
1893-1913 1921-1929 1929-1938 1938-1949 
1949-1967 1967-1975 

Mensch points out that basic invention occurs at a fairly steady pace 
while basic innovation experiences stronq surges. For example, canputers, 
radar, television, the atomic bomb, jet enqines, and automatic automobile 
transmissions were basic innovations which clustered in a relatively brief 
time span--when the u.s. emerqed from the depression and commenced its 
economic recovexy. At such times there is a willill<J!less to take risks and 
initiate major n81if capital investment. As the recovexy continues and 
prosperity commences, the anphasis shifts to product improvement rather than 
basic innovation. Prosperity reaches its peak, and exce•s capacity leads to 
layoffs and recession. Fiqure 42 illustrates the phenomenon. At the vexy 
least this model suqqests the need to consider different levels of 
substitution--e.q., total system and subsystan. 

Delphi 

Earlier we focused on data-based forecastinq methods and on model-based 
techniques. These are the accepted modes of inquixy in science and 
technoloqy. Delphi is a technique which, in addition to data- and model-based 
insiqhts, permits the introduction of intuition. It is thus more subjective. 
Delphi may be described as an iterative questionnaire procedure which involves 

. a qroup or panel while maintainin<J individual anonymity •. It is sometimes 
tamed a remote conferencill<J process. The key words are "iterative," implyill<J 
here several rounds of questioninq with feedback, and "anonymity," denotinq 
nonattribution of responses to individuals. The advantaqes of the procedure 
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are (l) structurinq in a way often not possible with a conference, (2) 
avoidance of dominance by stronq personalities or "biq names" in the field of 
inquiry, and (3) ability to draw in widely dispersed individuals who cannot be 
brouqht toqether in a conference at one time. The first published Delphi study 
(done at the RAND Co:rporation) appeared in 19641 since then, many technoloqical 
forecastinq studies have been done in industry and think tanks usinq this 
technique (Linstone and Turoff 1975). 

TRW Co:rporation' s PRCBE is a major in-house Delphi involvinq panels of 
scientists and enqineers in 14 different fields, ranqinq from manufacturinq 
processes to ocean technol09Y• The materials panel, for example, includes 25 
TRW technoloqists and developed forecasts in subareas such as composite 
materials, metals and alloys, photovoltaic and optical materials, coatinq, 
lubricants, and crystal•· The format for all panels requires judgments 
concerninq (l) desirability, (2) feasibility, (3) probability of occurrence 
(ever), and (4) timinq of occurrence on the assumption that the event will 
occur. In the case of (l) and (2) an index from -1 to +l is used. 

Typical results from the materials panel after three rounds: 

(a) Lubricants, seals, and adhesives 

Conventional fasteners will be replaced by hiqh-strenqth adhesives in 
SO percent assembly applications. 

Desirability 
Feasibility 
Probability 

.09 
-.14 

.61 

(b) Co!llposite Materials 

Year of occurrence 10 percent chance l 97S 
SO percent 1978 
90 percent l 98S 

Molded synthetic materials--e.q., reinforced plastics--will replace 
steel forqinqs for the first time in steering-linkaqe components 
(sockets, pitmans, idlers). 

De airability 
Feasibility 
Probability 

-.13 
-.20 

.46 

Year of occurrence 10 percent chance 1976 
50 percent 1982 
90 percent 1990 

A second example of a Delphi is the Plastics and Competinq Materials 
study for 1985, undertaken by Enzer in 1970 (Linetone and Turoff l97S). The 
study focuses on material property chanqes likely to affect widespread material 
uaaqe. The Delphi panel of experts is first presented with descriptions of 
major uses, properties, and proprietary qualities of 37 plastics and 16 
nonplastics in widespread uses. The panelists are asked to identify likely 
chanqes in the properties which would affect the use of the materials by 198S 
and to add n81if materials likely to be available at that time. The fomat and 
typical feedback of the initial round are illustrated in Piqure 43. 
Information presented to the panel is_ in Roman type, feedback in italics. 
Items noted as beinq in "Packaqe No. 2" are reassessed in Round 2 in qreater 
detail. The format and typical results of this round are shewn in Figure 44. 
In addition, overall u.s. plastics production is estimated by the panel. 
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ENGINEERING PLASTICS 

Materials for Which the Panel Anticipates Applications 
A Significant Iner ... In Ute by 1986 
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Figure 44. Typical Results of Final Assessment of Important Changes in Existing Plastics 
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A graph of production (including distribution among major markets) from 1960 
to 1970 is presented to the panel and an extrapolation to 1985 i• requested. 
Typical results are shown in Fiqure 45. Solid lines represent statistics, 
dashed lines, the median forecast, and shaded areas, the interquartile ranqe 
(i.e., SO percent of ~sponMs within shaded area). Clearly Delphi can be 
ueed to probe technological substitution possibilities. 

*""m U.S. l'llOOUCTION 
ClllU.IONS OI LS/Tit.) 

CUR"lNT SY IHS 

Applbnces 58 130 
Construction 206 1,050 
Furniture 270 825 
P&ck•9in9 170 475 
Tr•n•portation 200 575 
Other 90 440 

1950 6C 70 80 
YEAR 

Piqure 4 S. Total u .s. Production-Foamed Plastics 

Multiple Perspectives 

First, we took a "technical" perspective in addressing technoloqical 
substitution. Next, we introduced intuition, unavoidably subjective. We now 
open the b~ach further. In the early days of technological forecastinq it 
was customary to emphasize a dichotomy--exploratory forecasting (what~ we 
do technologically?) and normative forecasting (what should we do?) It was 
always asaumed that what will be done is dependent on both, the "can" and the 
"should." Technoloqical SUbStitution seems to fit the pattern comfortably. 
It was further assumed that the rational approach inherent in the technical 
perspective--objectivity, reductionism, coat and benefit criteria, 
optimization, etc.--was the only valid one. 
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Yet there were naqqinq doubts: Why were key decisions apparently not 
based on such rational analysis? Why were reasonable alternatives never 
considered? Even more questions were raised as technoloqy assessment became 
more formalized. ~orecasts were no lonqer enouqh1 there must be impact 
assessment and policy analysis. And there is inevitably feedback: the policy 
analysis can alter the forecast. 

This has led us to the concept of multiple perspectives, of augmentinq 
the technical, rational actor approach with two other111 the organizational 
and the individual. We emphasize that we are dealinq here with different 
paradi91ns, not different nathematical models. Table 15 compares the three 
perspectives alonq a number of dimensions. It should be stressed that we may 
look at a qiven technoloqy from any of these perspectives--i.e., we do not 
m•n to imply that a technoloqy must be vieved from a technical perspective or 
an organization from an organizational perspective. Thus we may see a 
technology from an orqanizational perspective (e.q., the Detroit auto 
manufacturers' lack of enthusiasm for electric cars, the Army Staff's lonq 
resistance to the substitution of the superior M-16 for the M-14 rifle). or 
we may see an orqanization from a technoloqical perspective ( e.q., the 
cybernetic theory of orqanizations, decision analysis). Herbert Simon or 
Cyert and March view orqanizations with a very different set of paradigms than 
do Machiavelli or Pranklin Roosevelt. 

So, too, we suspect that technoloqical substitution also may--in fact 
often should--be viewed from multiple persepctives. 

Figure 46 describes the concept schematically. We are currently testinq 
the feasibility of its application to technoloqy assesmaent for the National 
Science ?oundation (Linstone et al 1980). One of the cases under study is the 
substitution of quayule for heavea as a natural rubber source. Examples of 
factors bearinq on the substitution, cateqori-.d by the perspective providinq 
the insiqht, are qiven in 'l'able 16. Every application to date has tended to 
support the hypothesis that the orqanizational and individual perspectives are 
valuable in auCJlllentinq the technical perspective. And this effort unveils 
reasons for the frequent ineffectiveness of conventional systems analysis 
(e.q., computer simulations) and of technoloqical forecastinq and assessment 
in the context of private and public policy decisions. 
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Table 15. Three Perspectives 

WBLT 
ANSCHAUUNG 

CHARACTBR­
I ST I CS 

PRBPBRRBD 
INQUIRING 
SY ST BM 

T~HNICAL ( T) 

Science-technoloqy 

Cause effect 
Objective 
Problem solving 
Analysis 
Prediction 
Optimization 
Use of averages, Proba­
bilities 

Trade-offs 
Canplete rationalility 

Left neocortex 

Locken-data 
Leibnizian-aodel 

Jtantian-multilDOdel 

TIME COl«:BPT Technological tiae 
Zero discounting 

OIGANIZATIONAL (O) 

Organization 

Cause-effect & challenge-response 
Objective & subjective 
Problem avoidance/delegation 
Analysis & synthesis 
Action/implementation 
Satisfying 
Standard operating procedures 

Porochial priorities 
Pactoring/Practionating problems 
Incremental change 
Recognition of partial unpre-
dictability 

INDIVIDUAL (P) 

PsycholOCJY-behavior 

Challenge-response 
Subjective 
Game-in-process for most 
Intuition 
Pear of change and unknown 
Creativity and vision by 
Partial rationality 

Inner world/self 
Maslow hierarchy of needs 
t.eaming 
Power/influence/doadnance 

Left and right neocortex Left and right neocortex 

Heglian-dialectric 
Singerian-pragaatic 

Social time 
Moderate discounting 

Intuition-noumena 
Merleau-Oonty-negotiated 

Biological time 
High discounting 

.... ...,, ...,, 
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TECHNICAL PERSPECTIVE 

INDIVIDUAL 
PERSPECTIVES 
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Figure 46. Multiple Perspectives-A Singerian Inquiring System 

Copyright © National Academy of Sciences. All rights reserved.

Analytical Techniques for Studying Substitution Among Materials
http://www.nap.edu/catalog.php?record_id=19585

http://www.nap.edu/catalog.php?record_id=19585


Table 16. Examples of the Use of Multiple Perspectives on the Guayule/Hevea 
Substitution 

Technical Persp~tive . OrqanJ..~tional_ Perspective Individual Perspective 

Tests have shown CJU&yule to be 
a satisfactory substitute for 
hevea in aut01110bile and air­
craft tires (the primary use 
of natural rubber). 

Mexico has had a long history of 
interest in CJU&yule (wild natural 
growth, a research institute in 
Saltillo, a pilot processing plant) 
but relations with u.s. can generate 
strain. 

Bd Plynn (•Mr. Guayule Rubber 
News •) is a determined praaoter. 

Effective leadership of, and 
cooperation between, the Pederal 
Government (Alex Mercure, ChaiDlllln 
of Guayule Commission) and the 
California Department of Pood and 
Agriculture (lei Siddiqui) may 

In view of the JOO\ price 
increase of natural rubber 
since 1972, CJU&yule is becomil"lCJ 
competitive. 

Research is not the key issuer 
rather, production start-up raises 
the question of assumption of 
financial risk between the tire and 
rubber companies and the government 
(Pederal and California). 

spark implementation action. I-' 

Guayule develop•nt can aeet 
100\ of the projected natural 
rubber shortfall by 1991. 

Yield per acre is expected 
to double between 1985 and 2000. 

The Department of Agriculture has 
not been aggressiver the Guayule 
Commission aay become the lead 
group but has not done much to dater 
national security considerations may 
be decisiva (Asian turbulences Iran, 
Afghanistan, others?). 

Inbreeding appears to be a probl­
in tire and rubber industry manage­
aent. 

Rep. George Brown (Dea. , Cali­
fornia) has been a most effective 
advocate in the Congress and has 
been joined more recently by Sen. 
Doaenici (Rep., N.M.). Texas is 
lacking a strong Congressional 
supporter. 

...., 
'° 
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