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CHAPTER I
INTRODUCTION
The term "replacement" is so broad that almost any subject in
engineering economic analysis or management science could be classified
this way.

This thesis will use a definition of replacement that is

synonymous with displacement, i.e., the present incumbent machine and/or
process will be displaced by a more economic one.

The discussion will

generally refer to replacement of a machine tool by the purchase of
another machine tool; leasing is not explicitly considered.

However,

leasing can be more economical under certain conditions, and many of the
models discussed can be easily adapted for a comparison when either (or
both) the defender or challenger is leased.
The formulation of a replacement policy plays a major role in the
determination of the basic technological and economic progress of a
firm.

In turn, the aggregate of all such replacement policies in use

becomes a basic determinant of the level of activity of the entire
producer goods segment of the economy which is engaged in the manufacture of production equipment.

Thus, when firms begin to defer the

replacement of their equipment, the usual result is a decline in the
production of manufacturing equipment.

In turn, this leads to unemploy-

ment, and is often taken as one of the signals that a business recession
is under way, Morris [14].

The present state of the economy of the U.S.

could be used as an example of Morris's theory.

In fact, the current

administration has passed a tax incentive program to encourage industrial
replacement expenditures in an attempt to avoid a prolonged period of
recession.
1
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In Dynamic Equipment Policy [21], Terborgh gives three requisites
for a so\llld equipment policy.

They are:

1) a rational analytical

framework for the comparison of mechanical alternatives, 2) proper
organization, the responsibility for keeping abreast of current
developments and for bringing re-equipment proposals to a decision by the
appropriate officials in the hands of a competent individual with
sufficient time to do the job, and 3) proper attitude, including a
willingness to spend money - and to raise it if need be - for justified
equipment.

This thesis addresses the first point, the rational

analytical framework.

The literature regarding replacement analysis was

thoroughly researched by the author.

However, only the portions which

apply directly to replacement with technological considerations are
subsequently discussed.

CHAPTER II
REPLACEMENT MODELS
A.

A SIMPLE REPLACEMENT MODEL

The simplest replacement model is used to determine the economic
service life of an asset which will minimize the average cost per
period.

There is an economic life where the declining capital recovery

cost is offset by the increasing operation and maintenance costs.

The

goal is to choose n so as to minimize
AC

I

= n
n

where AC
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is the average cost per period over n periods, I is the initial

investment in the asset (salvage is assumed to be 0 at the end of the
economic life), and c. is the sum of operating and maintenance costs in
J

period j.

This is illustrated graphically in Figure 1.

The simplicity of the above formula makes its use restricted.

Some

other factors which should be considered when developing a replacement
model are listed below.
1.

Planning horizon.

The planning horizon should be the point farthest in the future
which is considered in the formulation of policy.

An

infinite planning

horizon is used when the analyst is unable to determine when the
activity under consideration will be terminated.

Sethi and Chand [18]

have developed a forecast horizon for the optimal replacement decision
which frees the solution from an arbitrary horizon.

They have shown

that there exists a forecast horizon T such that the optimal replacement
decision for the first machine (new or existing), based on the forecast
3
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of machine technology until period T, remains optimal for any longer
(than T) horizon, and for that matter, the infinite horizon problem.
2.

Technological change.

It would be quite unrealistic to assume that all future machines
will be exactly the same as those available now.

Therefore, the model

should explicitly recognize that machines which will become available
in the future will be more efficient, reliable, or productive than those
now on the market.

The effect of future technological advances should

be considered in the modeling of the initial and operating costs of
future models and as an influence on the salvage value of the defender.
However, a mathematical formulation of a model of future technological
advances and the parameter estimates to be used in the solution will be
difficult to rationally justify.
"forecasting ghosts."

Terborgh {21] referred to this as

This problem will be addressed in more de tail

later.
3.

Predictions of Cost Patterns over Asset Life.

An implicit assumption of the preceding example is that operating

and maintenance cost do not decrease with age, therefore assuring a
unique minimum to the average cost function.
Agee and Tanchoco ll] have prepared a comprehensive list of the
cost factors for justifying projects and suggestions for obtaining their
estimates.

Expenditures over time may be modeled as a continuous

variable (as electricity is consumed) or as discrete (the monthly
payment).

In designing a replacement model the cash flow form (discrete

or continuous) should be considered.
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4.

Time Value of Money.

The time value of money (an interest rate) should be considered in
any thorough economic analysis.

There is no IOOney on which the lender

or owner does not expect. a return, nor on which a user can avoid
reckoning a cost (even if only an opportunity cost).
B.

MAPI
It appears that the most widely used replacement models are based

on the work of George Terborgh [21,22] while he was Research Director
of the Machinery and Allied Products Institute (MAPI), i.e., the MAPI
method.

The first version was published in 1949 and dealt with replace-

ment problems only.

The second version and its revision were published

in 1958 and 1967, respectively, and were more general.

The MAPI method

was one of the first to take into consideration the effect of
technological change.
The MAPI method provides a series of charts and forms to facilitate
investment analysis computation.
of-return test.

The analysis is a one-more-year-rate-

However, the cost of the proposed machine includes the

cost of the disadvantages of installing the proposed machine now versus
waiting one year for an assumed improved machine which will appear at
that time.

The disadvantages of not waiting one year are capitalized

at 8.25% interest after taxes (the calculation of this rate is explained
later).

Taylor (20] labels the rate of return computed by the MAPI

method as an urgency rating.

While it suggests that the computation

gives a value to permit the numerical ranking of all projects, it does
not imply that it gives the conventional rate of return on the extra
investment.

7

Taylor [20] has summarized the features of the method as follows:
1.

The life period for the proposed equipment is its service
life, i.e., "the period for which you expect to keep the
asset."

This is the period of ownership; it is not defined

as the economic life.
2.

The prospective life period of the incumbent equipment is
one year.

The analysis is a one-more-year test.

The MAPI

formula, therefore, is designed only as a test of equipment
replacement.
3.

The formula capitalizes future sums beyond that of the first
year at 8.25%.

This rate is derived from a 10% after-tax

return on equity and a 25% debt ratio with a 3% interest
on debt.

The resulting 8.25%,

[(0.75)(0.10) + (0.25)(0.03)][100], is a fixed rate.

That

is, each of its components - debt ratio, debt-interest
rate, and after-tax equity return, is frozen.
4.

The urgency rating is a percentage of the incremental
investment after recovery of all costs, allowing for the
cost disadvantage, capitalized at 8.25%, of buying the
proposed unit now rather than waiting a year for improved
successors.

Different dollars therefore have different

time values within the formula.
5.

The inferiority of the equipment is presumed to increase
over the service life according to a predicted pattern or
model.

When the analyst predicts the service life he is

predicting the year when the model will show a minimum

8

annual cost.

A specific gradient becomes implicit once

the life period is predicted.
6.

A choice of three rates of

a..~nual

accumulation of inferi-

ority is available in the MAPI method:
a.

Standard projection, in which the rate of accumulation

of depreciation and obsolescence over the service life
neither speeds up nor slows down.

In this model the

increase in inferiority will be an arithmetic series in
which the gradient is g.
b.

Variant A, in which the rate of accumulation of

inferiority is slower in early life than in later life.
Mathematically, this is a geometric series in which the
annual differences between the inferiority in adjacent
years increases by the ratio a.

For example, if the

2
t-2
inferiority in any year t is g + ag +a g +·. ·+ a
g, the
difference in inferiority is increasing .by the ratio a.
For Variant A it is fixed by the relation an = 4, where n
is the service life.
c.

Variant B, in which the rate of accumulation of

inferiority is rapid in early life compared with later
life.

The annual cost of inferiority follows the formula

for Variant A except that the ratio a is fixed by the
relation an

= 0.25.

(Note in the standard projection that

a = 1.)
There are three basic formulas, but they differ only as to the
assumed accumulation of inferiority, that is, whether Standard Projec-

9

tion, Variant A, or Variant B.
tax depreciation:

Each formula is adjusted for the type of

sum-of-the-years' digits or straight line.

The same

formula is used for double-declining balance as for sum-of-the-years'
digits because the differences are considered negligible.
Terborgh (22] recognized the weaknesses of the method and specified
the following non-MAPI situation.
1.

Future capital additions during the lifetime of the proposed
equipment.

2.

Present capital additions to the existing equipment (because it
extends the life period of the equipment beyond the one-year
test for which the formula is designed).

3.

Existing equipment that for any reason has a more than one-year
economic life.

4.

Predictable changes in the real cost of the project resulting in
favorable or unfavorable future prices (not inflationary or
deflationary changes).

5.

Equipment not of the "deterioration and obsolescence" type,
such as situations where there is sudden and irreparable
failures, as in a light bulb.

6.

The situation termed "predictable partial obsolescence," which
occurs when a proposed machine of the deterioration and
obsolescence type is expected to be replaced suddenly by one
that is known to be under development.

Terborgh also suggested its main field of usefulness is in the
appraisal of minor investment projects since major projects tend to be
less amenable to formula solutions.
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Another limitation of the MAPI method is the assumption of unlimited
funds as pointed out by Shore [19].

For the case where funds are limited,

Shore [19] suggested a model using benefit-cost ratios in the objective
function subject to budget constraints.

The benefit-cost ratio is used

to measure the productivity of potential replacements when a particular
replacement is one of many investment alternatives which are competing
for limited funds.

In determining the benefits which are associated

with this investment it is the stream of savings that accrues from
investing in the challenger that is relevant.
of savings and this represents the benefit.

Replacement buys a stream
The additional outlay

required to purchase the challenger represents the cost, and from these
two one can generate a benefit-cost ratio.

However, by adhering to

Terborgh's suggestion that formula solutions should be used only for the
appraisal of minor projects, the assumption is made that unlimited funds
are available.
The MAPI method has become obsolete in several ways.

The 3% fixed

interest rate on debt capital is quite outdated, since the prime
interest rate has fluctuated between 15% and 20% over the last two years.
The depreciation methods became obsolete with the passage of the Economic
Recovery Tax Act of 1981 [6].
The advances made in the computer industry have made it possible
for almost all offices to have access to high speed computational devices.
The MAPI formulas could be progrannned so that the variables used in the
calculation of the capitalized interest rate could be adjusted as
necessary.
from tables.

The use of the computer could also eliminate interpolation

CHAPTER III
TECHNOLOGY
A.

CHAl~GE

AND ITS EFFECTS ON EQUIPMENT REPLACEMENT

REVIEW OF TECHNOLOGY CHANGE
1.

Background.

technological change.

Titere are numerous reasons for the study of
Authors such as Lave [9], Brown [4], and Salter

[17] have studied the effect of technology change on production functions
defined in terms of labor and capital and input/output ratios as the
result.
Other authors have studied the social and ecological implications
of current and future technologies.

Ayres [2] has asked "To what extent

should technology be feared as a threat or relied on as a panacea?".
Another area of study is research and development.

For example,

Cetron [5] has considered the problem of deciding whether research
dollars invested in a given project can be justified given a proposed
investment, completion date, and expected technological development.
Honeywell's PATTERN (Planning Assistance Through Technical Evaluation of
Relevance Numbers) is perhaps the best documented industrial adaptation
of the relevance tree approach to allocating resources to future
technical activities.
This paper will be concerned with the forecasting of technology
only as it relates to the operating decisions of the firm, and
specifically with equipment replacement.
Martino [12] defines "technology" as a set or series of technical
approaches which have some major characteristics in common, and which are
all used to solve the same problem or perform the same function.
Therefore, a technological forecast is a prediction of the future
11
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characteristics of useful machines, procedures, and techniques.
Four elements of a forecast which are susceptible to specification
are:
1)

the time period,

2)

the nature of technology,

3)

the characteristics to be exhibited by the technology, and

4)

the probability associated with the characteristics.

Martino [12] suggests that the measure of the value of a forecast
is not its validity, in terms of whether or not it comes out true, but
its utility in helping the decision maker arrive at a correct and timely
decision.

A forecast does not tell anything about the future.

Instead,

it tells only of the future implications of available information about
the past.

These implications are connected with the future through a

logical framework.

Hence, the utility of a forecast for decision making

purposes depends on the validity of the logical framework it uses, and the
extend to which it extracts all the implications which are contained in
the body of information available.
Stages which describe the progress of an innovation throughout its
life are:
a)

Scientific findings

b)

Laboratory feasibility

c)

Operating prototype

d)

Commerical introduction or operational use

e)

Widespread adoption

f)

Diffusion to other areas

g)

Social and economic impact.
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Pyke [15] has suggested that the number of technological innovations
is somehow proportional to the number of practicing scientists and
engineers.

He also notes that eighty to ninety percent of the scientists

and engineers who ever lived are alive today.

This implies that the

number of innovations per unit of time is increasing, that is,
technological innovation has "velocity".

The computer has increased the

productivity of the average scientist or engineer, thus the rate of
innovation per individual is increasing.

McHale {13] has made a study

which indicates that the rate at which typical technological innovations
move from conception to practical use is increasing.
Pyke [15] concludes that no longer can we afford a "wait and see"
attitude, which generally results in "management by response to crisis".
The industrial decision maker must not only anticipate the possible
innovations which may make the firm's products obsolete or the way in
which the firm produces them, but also must be alert to the opportunities
for new and more profitable utilization of the resources which have been
programmed for the future.
The concept presented with the program of the more or less
continuous nature of technical progress with major advances has been
recognized by Saha! [16].

He uses the farm tractor as an example.

The

design of the Fordson and the Farmall tractor models around the 1920's
marked the beginning of a new era in the history of technology.

The

Fordson's low cost of production paved the way for widespread adoption
of the tractor.

The Farmall was the first general-purpose tractor

adapted to a wide variety of farm operations.

The main point is that

both the Fordson and the Farmall were an outgrowth of a series of
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development efforts spanning more than a decade.

In turn, they have

shaped the course of technological development to this date.
Sahal [16] also contends that innovations in high-technology areas
such as the aerospace and electrical machine industries follow the same
general pattern outlined above.

His conclusions are that the emergence

of a technological guidepost often lies in the culmination of prior
advances, and the greater the variety of tasks to which a design is
adaptable, the mJre likely it is to serve as a guide to the general
direction of technical· advances.
Sahal [16] has observed that an established technique improves
radically when confronted with the prospect of being supplanted by a
new technique.
illustration.

The development of the steamship in 1850 is used for
The steamship was beset by a number of problems both in

the development of its key components and their adaption to each other.
As competition with steam technology intensified, the development of the
sailing technique gained momentum.

This upgrading enabled sailing ships

to compete effectively with the steamship for more than three decades
after 1850.
This example also illustrates two fundamental features of the
technological diffusion process.

First, an innovation seldom remains

unchanged during the course of its adoption.

In many instances, changes

in an innovation are a prerequisite to its adoption.

In other instances,

changes make possible new applications, thereby facilitating its adaption
beyond the originally conceived scope of its application.
Second, it is evident that the adaption of a new technique is often
related to the nature and significance of some comparable older
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technique in use.
related substitute.

It is possible that an innovation has no closely
However, when comparable techniques do exist, each

generally tends to affect the character of the other.
Linstone and Sahal [11] contend that each substitution, if
successful, normally tends to follow an S shaped (or "logistic") curve:
that is, it starts slowly as initial problems and resistances have to be
overcome; then it proceeds more rapidly as the competition between the
new and the old technology grows keener and the new technology gains an
advantage; and finally, as the market for the new technology approaches
saturation, the pace of substitution slows down.

Sometimes when the

process is completed, the old technology continues to retain some
specialized portion of the total market (i.e., a sub-market) for which
it is particularly well adapted.

Linstone and Sahal have developed a

computerized simulation model for the hypothesis given above.

One of

the examples they used was the substitution of plastic for glass in
bottles.
Forecast of technology must also account for major technological
changes or breakthroughs.

Martino [12] contends in examining the history

of a number of breakthroughs, that there are often precursor events
which can be used to give early warning of ultimate achievements.

On

the basis of this fact, it is possible to set up a deliberate program of
monitoring the environment for percursor events which can serve as
signals of coming breakthroughs.

The major problems in this type of

effort involves separating signals from noise, and determining the
significance of the signals.

However, a well-designed evaluation

procedure can be of considerable value in assuring that genuine signals
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are not missed, and that false alarms are reduced in number.
Bright [3] suggests that demonstrations, announcements of progress,
patent awards, and trade paper and professional society reports of
physical materialization of new technology deserve scrutiny.

Performance

data of technological improvements are often mentioned in trade journals,
professional society papers, technical reports of government agencies,
and in advertising literature.
The nature of usage can sometimes forewarn as to what other
technology must be created.
growing rapidly.

For instance, computer process control is

This means that instruments to sense and provide

computer input for dozens of different attributes of production processes
such as pressure, tension, color, viscosity, and so on must be developed.
Bright [3] also recommends that government actions that support
technological development, underwrite development, finance usage, or
prohibit or limit applications must be watched very closely.
signals rnay be available because formal government

a~tions

Earlier

almost

invariably are preceded by discussion, committee reviews and recommendations, and by reports of debates about alternatives.
Reflections of interest and commitments to areas, problems, or
phenomena also provide signals.

For example, a professional society

(such as the Material Handling Institute) may announce a seminar on
automated guided vehicles.

When five hundred engineers enroll instead

of the anticipated one hundred, this unusual response would be a signal.
Also, manufacturer's representatives are sometimes willing to
share information concerning the anticipated improvements in future
models and their expected market date.
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A well-designed monitoring program will systematically examine
specific sectors of the environment for possible signals, screen these
for their relevance, evaluate the relevant signals for significance, and
establish thresholds at which patterns of signals are deemed significant
and deserving of follow-up.

An adequate monitoring system can be operated

with only a modest amount of effort, while even such a system can never
guarantee that all breakthroughs will be predicted, nor that there will
not be any false alarms, it does represent a distinct improvement over a
haphazard or random system of providing early warning.
2.

Forecasting Methodology.

Tiie Delphi method of forecasting,

originally developed at the Rand Corporation, is mentioned in the
literature ((12], (5]) as being a primary tool or methodology for
technological forecasting.

Tiie Delphi procedure is characterized by

three features which distinguish it from the usual methods of group
interaction.

Tiiese are:

(a) anonymity; (b) iteration with controlled

feedback, and (c) statistical group response.
A Delphi sequence is carried out by interrogating a group of experts
with a series of questionnaires.

Each successive submission of a

questionnaire is referred to as a "round".

Tiie questionnaire not only

asks questions, but provides information to the group members about the
degree of group consensus, and also the arguments presented by the
members.

Tiie individual or agency carrying on the sequence extracts

from the questionnaire only those pieces of information that are
relevant to the issue, and presents these to the group.
usually consists of four rounds.

Tiie procedure

Typically, a group will produce a

forecast which contains only a majority viewpoint.
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One possible approach to more rigorous forecasting might be to
compare the technology to be forecast with some similar technology in
the past.

As an example, one might be interested in forecasting the

rate of adoption of some innovation in an industry.

Instead of

attempting to use intuition and opinion, the forecaster might examine
past situations where previous innovations were adopted in the same
industry, or similar innovations were adopted in other industries.
Despite the fact that the use of analogy, in varying degrees of
refinement, is a very common practice, there are problems which should
be recognized.

The forecaster may observe a few similarities between a

historical event and the present situation he is trying to forecast.
Instead of making the thorough comparison needed for a formal analogy,
he stops with the few observed similarities and assumes the two
situations are analogous.
The second difficulty arises from the fact that, even given the list
of causes and interactions in the historical or "model" situation, it is
never possible to determine with certainty that the event which did in
fact occur resulted from those causes and interactions.
The third problem, that of historical uniqueness, arises from the
second.

It may be difficult for the forecaster to determine whether or

not a given situation really belongs in the set of analogous situations.
It may not be clear whether the observed differences can be ignored, as
arising from historical uniqueness, or whether they are sufficient to
invalidate the analogy.
The fourth problem, historically conditioned awareness, also arises
from the second.

In order to make use of analogy, it must be assumed
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that people respond in a certain way to a set of circumstances, even
though it is not inevitable that they respond in that way.
Martino (12] presents a set of dimensions on which two situations
may be compared for similarity.

He specifies that not all the dimensions

will be important in every case, but they should all be checked to verify
whether or not they are important.
1)

Technological.

The dimensions are as follows:

The technological environment surrounding both

the model technology and the technology to be forecast must be
taken into account in constructing an analogy.
2)

Economic.

Since technology is intended to serve some function,

a function which is "useful" in the sense that people are
willing to give up other things to pay for it, technological
change will be influenced by economics.
3)

Managerial.

The introduction of innovation and technological

change does not just happen.

It must be managed.

It must be

possible for the manager to make rational decisions on the basis
of meaningful data.
4)

Political.

Every technological innovation represents some

degree of change.

But this change will almost inevitably be

reflected in change in the power of various groups and
individuals.
5)

Social.

Every innovation takes place within a society.

The

same innovation may take place within several different
societies, simultaneously or sequentially, but its course of
development will be affected to some extent by the differences
among the societies.
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6)

Cultural.

This dimension deals with the values, attitudes and

goals of the society in which the innovation exists.
7)

Ecological.

The real-world portion of this dimension is the

world, with its geography, climate, flora and fauna.
Other dimensions would include intellectual, religious, and ethical.
It has been objected that the forecaster cannot project beyond the
limit of the current technical approach without knowing what the
successor technical approach will be.

To forecast beyond the limits of

the current technical approach is equivalent to inventing the successor
technical approach.
The whole concept of trend extrapolation is based on a rejection of
this attitude.

The central concept is one of continuity.

The forecaster

cannot and need not state what technical approach will be used to
achieve the increased level of capability.

He needs only to observe the

rate of innovation and advance in the past and assume that this past
rate of innovation will continue into the future.

He can then fit an

appropriate trend to the historical data, and project this trend into
the future.
The forecast must be chosen to meet the following conditions to
avoid a misleading or erroneous forecast.
operational parameter.

First, it must be an

That is, it must be one which can be measured in

objectively meaningful quantitative terms.

Second, the parameter must

actually represent the level of functional capability of the technology
being forecast.

Third, the parameter chosen for forecasting must be

capable of application to differing technical approaches.

Fourth, the

parameter chosen must be one for which there is adequate historical data
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available.

Fifth, the historical data points must be selected

consistently.
Trend extrapolation forecasting is based on the assumption that
technological progress varies with time.
departure.

Fusfeld [7] offers a radical

He suggests that some kinds of technological parameters vary

with cumulative numbers of devices produced.

Then, if production is

not uniformly distributed over time, a different forecast will result.
Fusfeld's "technological progress function" is analogous to the
manufacturing progress function and the classical learning curves used
for many years in airplane manufacturing.
Several observations can be made from the previous discussions.
When valid data is not fully utilized, because of an unsophisticated
forecasting technique, a forecasting error has been made.

Also, if a

sophisticated technique is used utilizing imprecise and incomplete data,
a forecasting error has been made.
Forecast never forces a decision as noted by Martino [12].

A

decision maker may decide that, in view of the conditions forecast, a
certain set of actions is most likely to achieve his goals.
be said that the forecast forced him to take actions:

It cannot

the decision

maker does not lose any of his freedom by the fact of the forecast.

In

fact, if the forecast makes him aware of alternatives he might not
otherwise have discovered, it has increased his freedom.

The important

point is that the purpose of the forecast is to improve the quality of
his decisions, not to narrow the alternatives before him, not to force
him to particular decisions.
In summary, the forecast of technology change must account for both
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minor (or gradual) change and drastic changes (or major breakthroughs).
Extreme care must be exercised in selecting a methodology since the
data available on technology change are often imprecise and incomplete.
The model used in this thesis to describe technology change in
equipment replacement analysis is discussed next.

B.

MODELING OF TECHNOLOGY CHANGE AS IMPLEMENTED IN THIS THESIS
As noted previously the effect of forecasted technology as a

decrease in initial cost, a reduction in salvage value of the defender,
and/or reduced operating cost should be considered in a comprehensive
equipment replacement analysis.

An illustrative example presented

later assumes the technologically improved model will operate more
efficiently than the defender, but have an equivalent initial cost.
The decrease in salvage value of an equipment item over its
economic life is a function of three things:
1)

deterioration of the equipment due to use,

2)

decrease in market demand for the used equipment due to the
introduction of slightly more efficient models each year, and

3)

decrease in market demand for the used equipment due to major
technological breakthroughs in that type equipment.

Each of these is illustrated in Figure 2 where T* denotes the
economic life.

Figure 2 also illustrates that the rate of decrease due

to minor improvements may be different after the introduction of the
major improvement.
The decrease in salvage due to deterioration and the decrease due
to minor improvements of new models will be modeled as mathematical
fi.mctions of time.

The decrease due to a major change will be considered
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Salvage
Value

Initial
Cost

.....

"

T*

...... .....
.......

......

l - -.
-

T'

......

.......

...... .....
.....

2T*

Time

Salvage values considering only deterioration with no
technological improvements introduced
Salvage values considering deterioration and the
introduction of minor technological change
Salvage values considering the combination of deterioration,
minor technological improvements, and a major breakthrough
occurring at T'

Figure 2.

Graph of Salvage Value Function with Consideration
of Deterioration, Minor Technological Improvements,
and Major Breakthrough
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at specified time points in the BASIC program used for model
imp lemen ta ti on.
The operating cost of the equipment increases over time due to:
1)

deterioration of the equipment due to use,

2)

opportunity costs incurred by operating a less efficient
equipment item after minor improvements have been introduced,
and

3)

opportunity costs incurred when major improvements have been
made in the newer equipment and implementation is delayed.

These costs are illustrated in Figure 3.

Again, the opportunity

cost, as reflected by the rate of change due to gradual technological
change, may be different after the major breakthrough.
C.

AN IMPROVED REPLACEMENT MODEL WITH TECHNOLOGICAL

CHAi.~GE

M::>re work on the effects of technological change on economic life
of capital equipment has been done by Grinyer [8].

Grinyer contends

that the MAPI formula involves two unrealistic assumptions, namely that
salvage values are constant and that the initial operating costs of new
machines decrease as a linear function of time due to technological
change.

In practice, salvage values are functions of both time and the

rate of technological change.

A linear "rate of obsolescence," i.e.,

decrease in initial operating cost, is also unrealistic in that it
entails negative operating costs at some future time.
-Grinyer uses the following equation for the present value of the
opportunity costs of not disposing of the defender:
P =A - S(T)e-rT + fT E(t)e-rtdt
0

(1)
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Expense
$

Initial
Operating
Cost

T*

T'

2T*

- - - - Operating expenses considering only deterioration
• - Operating expenses considering deterioration and the
opportunity cost incurred by not implementing minor
technological changes which have been introduced
~~~~

Operating expenses considering the combination of
deterioration and the opportunity costs incurred by
not implementing minor technological changes which
have been introduced and not implementing a major
breakthrough which occurred at T'
Opportunity cost of not implementing technological
improvements

Figure 3.

Graph of Operating Expense Function With
Consideration of Deterioration, Minor
Technological Improvements, and Major
Breakthroughs

Time
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where A = Value of the defender at the time of the review,
S(T) = market value of the defender at the end of period T,
T
E(t)

=

the remaining life of the defender,

= operating

costs, including maintenance, during the tth period

from the review, and
r

= continuous

discount rate.

Then f 1 (·) is used to allow for the effect of obsolescence due to
technological change on salvage value.

The decrease in initial operating

cost of the best available alternative that is due to technological
change is denoted by f 2 (·).

An implicit assumption in the formulation

of f 1 and f 2 is that the challenger represents the most economic and
efficient machine currently available.
of) challengers is denoted by T*.

The life of the (infinite number

The costs associated with the

challenger are subscripted with c.
Equation (1) now becomes:

P =A - S(T)f 1 (T)e-rT +!OT E(t)e-rtdt

+

e

-rT
-rT*

1-e

[A

c -

S (T*) f (T*)e-rT*]
c
1

(2)

+ f (T)e-rT[l+f (T*)e-rT*+f (2T*)- 2 rT*+···] J.0T* E(t)e-rtdt
2
2
2
The next step was to set E(t)

=B+

Yt and S(t)

= Ae-kt.

The

parameters were varied for all variables with equation (2) being
evaluated for the linear functions f 1 (·) and f 2 (·).

Then negative

exponential functions were used for f 1 (·) and f 2 (·), and the evaluations
were performed again varying the variable parameters.
Grinyer [8] arrived at five main conclusions from the results.

They
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were:
1.

Technological change may under some circumstances, lead to an
increase in the economic lives of defender and successors.

· 2.

The theoretically deficient assumption of linearly falling
operating cost levels due to technological change may also
lead to errors of practical importance, by suggesting a
reduction in the life of the defender when an extension is
economic.

3.

Economic life of successors is sensitive to errors in estimates
of the rate of interest, rate of decrease of salvage value, and
operating cost gradient at low rates of technological change.
However, as the rate of change rises, the sensitivity decreases.

4.

The remaining life of the defender is much less sensitive to
errors in parameter estimates even at low rates of technological
change.

5.

The economic life of the defender is so insensitive to
variations in the parameters relating salvage value to the rate
of technological change that the models may be simplified to
set f 1 (T) = 1.

Thus, the effect of obsolescence on salvage

values may be removed from equation (2).

CHAPTER IV
REPLACEMENT MODEL IMPROVEMENTS
A.

AN AFTER-TAX ANALYSIS
Grinyer's (8] model can be improved upon by adding the factors

necessary for an after-tax analysis.

Remember that the purpose of the

accelerated depreciation and the liberal investment tax credits allowed
by the Economic Recovery Tax Act of 1981 (ERTA) [2] was to encourage
industry to invest in (or replace) capital equipment.

Leung and

Tanchoco (10] have formulated an after-tax replacement model
incorporating the Terborgh [22] model and the new 1981 tax laws.

A

similar formulation is used here.
A summary of the definitions of the variables used in the models
discussed below is contained in Appendix I.
Let p represent the federal income tax rate.

Then, the annual

after-tax cash flow for year tis represented by [(1-p)(revenue-cost)

+ p(depreciation expense)].

In the previous Grinyer [8] model the

equation was in terms of net cost so it immediately follows that the
cost functions, E(t) and E (t) should be multiplied by (1- p).
c
The ERTA specifies that the vast majority of industrial equipment
will be depreciated over three or five years.

Since most equipment has

a functional economic life greater than five, the case where the
depreciable life, h, is less than T* will be considered.here.
for the case when h > T* is given in Appendix II.
for cost will result in -p(depreciation).
depreciation percentage in year n.
terms of cost will be -p

h
k

~l

The model

Using a positive value

Let D represent the
n

Therefore, the after-tax effect in

D0 Ac e

-rn
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The appropriate values of D

n

29

are given in Table 1.
The assumption of

h~

T* implies that the book value at T* is zero,

and the exponential definition of S (T*), as defined in Appendix I,
c
implies S (T*) is greater than zero.
c

The next step is to account for the

depreciation recovery by multiplying S (T*) by (1- p).
c
The ERTA also allows an investment tax credit of a given percentage,
b, of the purchase price of the equipment where b is determined by the
depreciable life, h.
h~

Continuing with the previous assumption that

T*, there would be no recovery of credit at disposal.
The after-tax effect of the cash flows associated with the incumbent

is more difficult since the model does not account for the present age
of the equipment.

Also any of several methods of depreciation may be

in use presently or have been used.

For simplicity, it will be assumed

that since the equipment is being considered for replacement it is of
sufficient age that it is no longer being depreciated and that its book
value is very small.

However,

i~

this assumption was not correct the tax

consideration would be a depreciation recovery of p[S(T) - BT] with BT
denoting the book value at the end of period T.
The changes discussed above are now incorporated into equation (2)
to yield:
p = A -

( 1-p) s ( T) f 1 ( T) e
-r~

-rT

+ ( 1-p) JoT
h

E ( t) e

-rt

dt

e
-m
-~*
-rT* [A (1- b - p r D e
) - (1-p)S (T*)fl (T*)e
]
+
1-e
c
n=O n
c

(3)
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Table 1.

Depreciation Schedules Based on the Economic
Recovery Tax Act of 1981 [2]
Date Property is Placed in Service

Year

After Dec. 31, 1980
and Before
Jan. 1, 1985

After Dec. 31, 1984
and Before
Jan. 1, 1986

After Dec. 31, 1985

Depreciable Life

Depreciable Life

Depreciable Life

3

1

5

3

5

3

5

15

29

18

33

20

2

38

22

47

33

45

32

3

37

21

24

25

22

24

4

21

16

16

5

21

8

8

a)

percentage of depreciation against the original investment cost
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B.

VARIABLE PLANNING HORIZON MODEL USING FUTURE WORTH CRITERION

As noted previously in equation (3), the after-tax model used a
present worth criterion, an infinite planning horizon, continuous cash
flows, and a continuous discount rate.

In the author's opinion, a more

realistic approach is to use a future worth criterion, discrete cash
flows, continuous discounting, and a range of planning horizons.
With this approach, the future worth model for the defender over a
planning horizon of T years is:
FT= S(T)f 1 (T) +

i

t=l

E(t)er(T-t)

(4)

The value of FT can be computed, plotted against the values of T,
and the optimum value of T determined.

It is noted that FT is a future

cost which includes the opportunity cost of not implementating
technological improvements, both minor and drastic.

See Figures 2 and 3.

The same changes are made to the equation representing the after-tax
future cost for the challenger with h < T*.
F

*=

T

Ac (1- b) e rT* + (1-p )
-

p

A

h

E D e

c n=l

n

~*
t..

t=l

r(T*-n)

E(t) fz(t)er(T*-t)
(5)

- (l-p)S(T*)f 1 (T*)

The future value for each year given an equipment life of T* can
then be calculated, plotted, and compared for dominance to determine
the optimum T* for any planning horizon.
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Equation (5) can be readily adjusted for the case of h > T* as
illustrated in the following equations.
Case I.

BT*< S(T*)f 1 (T*)

A (1-b)erT* + (l-p)f 2 (T*)
c

Tr.* E(t)er(T*-t)

~l

(6)

_ p A Tr.* D er(T*-n) - [(1-p)S (T*)f (T*) + P BT]
c n=l n
c
1
+A (h-T*)(.02)
c

(7)

- p Ac Tr.* D er(T*-n) - S (T*)f (T*)
n=l n
c
1

The future worth is selected as the criterion to use for the following reasons:
1)

The objective to maximize future worth at some future date for
individual projects is consistent with the firm's overall goal
of profit maximization, or cost minimization.

2)

The assumption of an infinite planning horizon, though
convenient mathematically, is inappropriate for most realistic
replacement analysis.

The specification of a fixed planning

horizon tends to be too myopic as an alternative.
thesis a maximum planning horizon was defined.

In this

For any planning
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horizon less than this maximum the future costs for different
replacement lives were calculated and compared to determine the
optimal replacement cycle for the planning horizon in question.

CHAPTER V

MODEL IMPLEMENTATION
A BASIC program has been written with color graphics capability for
implementation on an Apple II Plus.

The BASIC program evaluates

equations (4) and (5) and plots the results over a specified maximum
planning horizon.

A flow diagram of the concepts implemented in the

program is given in Figure 4.
given in Table 2.

Variable and Parameter definitions are

A listing of the program is in Appendix III.

The program calculates the future cost of the project, including the
opportunity cost of not implementing technological improvements, with the
replacements occurring every T* years.

The future cost is calculated for

each year, up to a maximum defined planning horizon, and plotted against
time.

Five different replacement cycles can be input per run and the

future cost values plotted on the same graph per run.

The graph can

then be analyzed to determine which T* (replacement cycle) yields the
least cost over any planning horizon between one and the maximum which
was input.
The program compares depreciable life (h) and the replacement life
(T* or T) and implements the appropriate tax considerations depending on
which is larger.

If T*2_h, then the book value is compared to salvage

value at disposal to determine the capital gains/losses according to
equations (6) and (7).
The program also makes a provision for the changing depreciation
rates based on year of purchase as defined by the ERTA.

The different

depreciation schedules of the ERTA are given in Table 2.
Consideration is also given to the forecast of drastic and gradual
34
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I

Define the economic environment

i

I

Specify capital equipment cost, expense
function, and salvage value function
~

'
I

,
:speciry errects
or techno.l.og1ca.l.
change in capital equipment cost,
expense function, and salvage value
function

t

Determine appropriate ERTA depreciation
schedule based on year of
replacement
(a) 1981-1984
(b) 1985
(c) 1986-

t

Calculate Future Worth (FW) for the
specified planning horizon with replacement
cycle of T*

I

t
t

Write and plot results

I

Determine optimal value of T* based
on Future Worth Dominance Criterion

I
I

Figure 4.

~

Perform sensitivity analysis

I

Flow Diagram of Program Components
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Table 2.

BASIC Program Variable and Parameter Definitions

Parameter or
Variable Name

Definition

A

Initial cost

A(I, J)

Matrix containing the future costs for each run

B

Investment tax credit

BV

Book value

CC(I)

Effect of I

CG

Capital gains tax rate

D(J)

Depreciation percentage for the J

DE

Accumulated depreciation

E

Operating expense in year T

FC

Future cost without salvage effect

FE

Effect of minor technological changes on salvage value

FTWO

Effect of minor technological changes on the expense
(opportunity cost) function

th

technological breakthrough

th

year of ownership

Future cost
H

Depreciable life

HO

Maximwn planning horizon

M(I)

Total number of T*'s in current run

MC(I)

Year of technological breakthrough number I

oc

Initial operating expense

PH

Input as a stopping condition for maximum planning
horizon

R

Interest rate

s

Salvage value at year T

TNOW

Current year
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Table 2.
Parameter or
Variable Name

Definition

TR

Income tax rate

TS TAR

Replacement life

(cont.)
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technological changes occurring during the planning horizon with rates of
change and breakthrough dates as input variables.
The following assumptions were made in the model which was developed:
a)

machine output capacity is fixed (expansion effects are not
considered), and

b)

interest rate is constant over the entire planning horizon.

CHAPTER VI
NUMERICAL EXAMPLE
A.

PROBLEM DESCRIPTION
The BASIC program was run with arbitrary values assigned to the

parameters and variables.

The initial cost of the equipment was defined

as $50,000, and the first year's operating cost was defined as $10,000.
This was an after-tax analysis, so the regular tax rate, capital gains
tax rate, and depreciable life were defined as 48%, 30%, and three years,
respectively.

The salvage value was defined as decreasing exponentially

over the life of the equipment at a rate of .20 per year.

The operating

expenses increase linearly over the life of the equipment at a rate of
20% per year.

Twenty years was the maximum planning horizon.

A major technological improvement was forecast for 1998 that would
change the salvage and operating expense by 25%.

Gradual technological

improvements were forecasted as developing at the rate of 20% with the
effect on salvage value being defined as linear, and the effect on
operating expense being defined as exponential.
These results are given in Table 3, and Figure 5 shows these results
plotted.

It can be noted from the plot that the effect of postponing is

compounded, i.e., the difference in six year replacement cycles versus
nine year replacement cycles is greater than the difference in three
versus six.

This effect is expected since the opportunity cost of not

impleI!lE:nting improvements was included.
B.

SENSITIVITY ANALYSIS
A sensitivity analysis was performed by varying one variable or

parameter at a time and considering the effect of the variation.
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Results of Base Run

Table 3.

Future Cost Values
PHloa;i:zi:n_g +

Defined Replacement Life
T*=l2
T*=6
T*=9

T*=3

20,119
20,119
39,646
39,646
62,758
622758t
89, 118
91,846
129,531
116, 198
147 2 034t
177 2 684t
215, 771
181,897
256,468
219' 032
302,005
2602632t
307,443
356, 255
421,748
357,781
5002633t
4132973t
476,911
572, 685
650,919
545,073
737,941
6202 963t
705,670
838,039
960,562
802' 831
902,94lr 1 2 096,115t
1,017,304 1,230,794
1,142,299 1,378,242

1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002

Initial cost (A):

$50,000,

Interest:

Tax rate:

10%,

Depreciable life:

20,119
39,646
62,758
91,846
129,531
177, 684
242,762
330,108
4462617t
512,988
584,943
665,027
757,456
865'144
990,661
1,141,242
1,338,534
1,561,lOOt
1,744,683
1, 946,177

20,119
39,646
62,758
91,846
129 ,531
177,684
242,762
330,108
446,617
601,173
805'189
120732297t
1,205,577
1,350,372
1,510,956
1,692,353
1,904,726
2,139,577
2,410,989
2,726,369

T*=l5
20,119
39,646
62,758
91,846
129,531
177, 684
242,762
330,108
446,617
601,173
805,189
1,073,297
1,424,216
1,881,845
22476265lt
2,756,523
3,069,374
3,407,858
3,788,754
4,215,246

Initial operating cost (OC):
48%,

Capital gains rate:

$10,000,
30%,

3 years

One major change in 1998 with effect of 25% change
Sa1vage:

A x e (-.20)T

Expense:

QC+ (OC x .20 x (T-1))

Technology effects
Salvage:

1 - (.20 x T),

Expense:

e

(.20)T

~Planning horizon defined as anticipated last year of use of the equipment
Machine replaced at the end of the year indicated
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FUTURE COST
i

T*

= 15

,•

,.T* = 12

.........
TIME

Figure 5.

Plot of Future Cost Values From
Base Run
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using estimates, it is necessary for the decision maker to understand how
the parameters influence the results.

Tii.e following parameters were

varied as noted:
1.

Interest Rate.

As anticipated when the time value of money increases the future
costs over the planning horizon increase.

However, as the interest rate

increases, the ratio between the future cost with T*=3 and the future
cost at T*=6 decreases.

Tii.erefore, it can be concluded that replacement

at the optimal T* is more critical when interest rates are low.

Tii.ese

results are given in Table 4.
2.

Frequency of Major Technological Changes.

Table 5 reflects the effect of varying the number of breakthroughs.
Again the effect of incorporating the opportunity cost is reflected in
the increasing future cost with the new innovations not being implemented,
i.e., the total future cost with four innovations exceeds the total
future cost with one innovation for each replacement cycle tested.

Tii.e

smaller replacement cycles incorporate the improvements sooner causing
the rate of increase in future cost between one and four breakthroughs
to be less.

For example, with one innovation the increase due to

replacing every nine years versus six is forty-one percent, but with
four innovations the increase is forty-four percent.

However, it should

be noted that the optimum replacement cycle can be dependent on the
intervals between innovations.
3.

Sensitivity to Gradual Technological Change.

Tii.e values given in Table 6 indicate that the replacement cycle is
sensitive to the definition of the rate of gradual change.

Tii.e
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Table 4.

~

R

*

Effect of Interest Rate on Replacement Life

= 0.0

R

= 0.10

R

= 0.15

R

= 0.20

T*

=3

308,836

1,142,299

2,441,432

5,512,022

T*

=6

426,806

1,378,242

2 '778, 077

5,968,244

T*

=

9

685,478

1,946,177

3,671,011

7,411,960

T*

= 12

997,191

2,726,369

4,907,436

9,364,924

T*

= 15

1,793,196

4,215,246

6,930,005

12,104,585

Initial cost (A): $50,000,

Initial operating cost (OC): $10,000,

Capital gains rate: 30%,

Tax rate: 48%,

Depreciable life: 3 years,

One major change in 1998 with effect of 25% change
Salvage:

Ax e(-. 20)T

Expense:

OC + (OC x .20 x (T-1))

Technology effects
Salvage:

1 -

Expense:

e

(.20 x T)

(.20)T

Table 5.

Effect of Frequency of Major Technological Change
NC=l

NC=2

NC=4

1998

1990, 1998

1986, 1990, 1994, 1998

T* = 3

1,142,299

1,156,548

1,169,548

T* = 6

1,378,242

1,388,205

1,418,192

T* = 9

1, 946, 177

2,007,605

2,041,262

T* = 12

2,726,369

2,787,798

2,817,785

T* = 15

4,215,246

4,276,675

4,424,391

Initial cost (A): $50,000,
Tax rate: 48%,

Initial operating cost (OC): $10,000,

Capital gains rate: 30%,

Salvage:

A x e(-.20)T

Expense:

OC + (OC

x

.20

x

(T-1))

Technology effects
Salvage: 1 - (.20 x T)
Expense:
NC

=

e

(. 20) T

no. of major technological changes

Interest: 10%,

Depreciable life: 3 years,

""'"
""'"

Table 6.

f1

=

Sensitivity to Gradual Technological Change

linear

f 2 linear
CZ(I)=.l

f1 =

f 2 exponential

CZ(I)=.2

CZ(I)=.l

CZ(I)=.2

exponenti~l

f 2 linear
CZ(I)=.l

CZ(I)=.2

f 2 exponential
CZ(I)=.l

CZ(I)=.2

T* = 3

944,136

1,099,343

953,924

1,142,542

933,542

1,060,684

943,330

1,103,640

T* = 6

986,519

1, 175' 534

1,028,528

1,378,242

977,450

1, 156, 613

1,019,459

1,359,322

T* = 9

1,092,717

1,363,187

1,201,426

1, 946' 177

1,086,823

1,358,960

1,195,532

1,941,949

T* = 12

1,196,483

1,554,828

1,393,466

2,726,369

1,193,594

1,553,292

1,390,576

2, 724, 833

T* = 15

1,335,855

1,808,506

Initial cost (A): $50,000,
Capital gains rate: 30%,

1,689,070

4,215,246

1,334,359

Initial operating cost (OC): $10,000,
Depreciable life: 3 years,

One major change in 1998 with effect of 25% change
(- 20)T
·

Salvage:

A x e

Expense:

OC + (OC x .20 x (T-1))

~

VI

1,804,880

1,687,575

Tax rate: 48%,

4,221,621
Interest: 10%,
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difference in replacing every three years versus every six is less when
the rate of change is smaller.
4.

Decrease in Initial Operating Cost.

Other authors, [8] and [20], have contended that technological
improvements cause a decrease in the initial operating expense of new
equipment.

The hypothesis of Grinyer [8], that the decrease is

exponential instead of linear, was tested in the program.
is illustrated in Figure 6.
shown in Table 7.

This concept

The effect of decreasing future cost is

The difference in the values for the T*s suggest

that the optimal T* will be greater when the rate of decrease is larger.
5.

Taxes.

As noted previously, the ERTA depreciation laws and other tax

effects were considered in the original model.

Table 8 reflects the

results of the analysis compared to a before-tax analysis.

The

consideration of the tax savings of the expenses reduces the future cost,
and the difference in replacement at three years versus six years is
decreased.
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Annual
Operating
Expense

Initial
Operating
Cost

\

-- -

--T*

2T*

Time

- - - - Initial operating expense of equipment purchased at time T
Annual operating expense

Figure 6.

Decreasing Initial Operating
Cost Due to Technological
Change
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Table 7.

Effect of Decrease in Initial Operating
Expense Due to Technological Change

Decrease

0

-0.01

T*=3

1,142,299

1,082,964

956, 421

T*=6

1,378,242

1,329,704

1,193,521

T*=9

1, 946, 177

1,900,684

1,758,814

T*=l2

2,726,369

2,694,997

2,601,194

T*=l5

4,215,246

4,203,087

4,169,188

~

OC = OC * .EXP.(WW * (N-1)
Initial cost (A): $50,000,
~nterest:

10%,

*

TSTAR)
Initial operating cost (OC): $10,000,

Tax rate: 48%,

Capital gain rate: 30%,

Depreciable life: 3 years
One major change in 1998 with effect of 25% change
Sa 1vage:

A x e (-.20)T

Expense:

OC + (OC x .20 x (T-1))

Technology effects
Salvage: 1 - (.20
Expense: e

(. 20) T

x

T)

-0.05

49

Before-tax vs. After-tax Analysis

Table 8.

Before-Tax

After-Tax

T*=3

2,137,220

1,142,299

T*=6

2,613,250

1,378,242

T*=9

3,712,237

1,946,177

T*=l2

5,216, 717

2,726,369

T*=l5

8,081,139

4,215,246

Initial cost (A): $50,000,
Interest: 10%,

Initial operating cost (OC): $10,000,

Tax rate: 48%,

Capital gains rate: 30%,

Depreciable life: 3 years
One major change in 1998 with effect of 25% change
e(-. 20)T

Salvage:

A

Expense:

OC + (OC x .20 x (T-1))

x

Technology effects
Salvage: 1 - (.20
Expense: e

(.20)T

x

T)

CHAPTER VII
FURTHER REMARKS

This thesis provides a model for evaluating replacement decisions
which utilizes the latest technology in digital computation, the
microprocessor with graphic capability.

Replacement analysis for the

small firm had previously been limited to solution procedures which
could be solved manually.

Therefore, assumptions such as infinite

planning horizons and continuous cash flows were incorporated for
computational efficiency.
same reason.

Tax considerations were ignored for the

The BASIC program presented here releases the decision

maker from such unrealistic assumptions, and the graphics portion makes
the decision-making process virtually automatic using visual dominance
comparisons.
It is noted once again that the difficulty with utilizing the model
presented here would be forecasting the technology changes.

Since the

100del incorporates these forecasts as opportunity costs an audit of costs
incurred would not reflect the accuracy of the forecast.

Because the

sensitivity analysis has proven that the model is sensitive to these
forecasts, it is recommended that the decision maker understand the
effect of the forecasted changes versus no technology change in the
model before deciding on a particular replacement strategy to follow.
This thesis only considers a fixed replacement life during the
planning horizon.

The problem of determining an optimmn replacement

strategy when various combinations of lives can be used is recommended
for possible further study.

Possible approaches include iterative

methods where all possible combinations are listed and checked.
50
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Optimization procedures such as dynamic programming might also be
developed to determine a replacement strategy that will yield the
minimum future cost value for each defined planning horizon up to the
maximum horizon specified.
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APPENDIX I
Notation Summary
A

=

The salvage value of the defender at the time of the review.

A
c

=

The purchase price of the challenger, i.e., the best available
alternative equipment, at the time of the review.

OC

=

The first year operating expenses including maintenance.

P

=

Discounted present value of the future costs associated with
both the defender and an infinite series of replacements.

E(t)

The function giving the level of operating costs, including
maintenance, for the defender in the ith period from the
review.

E (t)
c

=

(E(t) = OC + OC

*

.2

*

t)

The function giving the level ofooperating costs, including
. t h e t th perio
. d f rom i nsta 11at i on.
ma i ntenance, f or successors in

S(t)

Salvage value of the defender at the end of the t
the review.
from the

k

=

(S(t)

100 del.

Ae

-kt

th

period from

was assumed when obtaining results

)

A parameter determining the rate of fall in salvage value as a
function of time.

s c ( t)

=

Salvage value of the challenger at the end of the tth period of
its life.

T

=

Remaining life of the defender.

T*

=

The life of each member of an infinite series of replacements.

p

=

Federal income tax rate.

h

=

The depreciable life.

b

=

Investment tax credit in decimals.
recovery period)
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(fixed based on given
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BT

=

Book value at the end of period T.

APPENDIX II

After-Tax Analysis when Depreciable
Life Exceeds Economic Life (T* ~ h)
The tax effect on the operating costs is not changed.
T*
-rn
The depreciation now becomes p A L D e
.
c n=l n
-rT*
The tax credit recovery is A0 (h-T*)(.02)e
.
The book value, BT* will be
T*
T*
A - A L D =A (1 - L D ).
c
c n=l n
c
n=l n
The value for

(A

c

- S (T*)f 1 (T*)e-rT*) in equation (2) will change
c

according to the following conditions.

This case will yield a capital loss instead of a depreciation
recovery.

The capital gain (loss) rate will be denoted by g.
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APPENDIX III
Listing of BASIC Program for After-tax Equipment
Replacement Analysis with Technology Change

-

":..··:. j

:=·r::: l r·1·T

.·

C:Fi

:i.~:1

15

16

1?

1:::
20
21
25

45

55

5E.

58

5:3

60
61

63

f:5

7~3

75

!

- -

-·

!"·~-

<~~ ..'; ;: -:,Hi..J~

~.:.H~~:f·

~110,.SC1

>

-;-~i::.:.

i ::,...- r-1::;._'. :·

DIM M(5): DIM 0(4)

DIM HCO:: 5)
Dit·i C.C(5)
Dit·i CZ<5>
qx = - (10 A 6)
f:t'r' = 0
H-JPUT <3 OF: 5 'rR. EOUIP. ?" ;H
rnPUT "TR:=<: F:RTE?" ;TF:
IMPUT II INTEREST F:ATE?" ;R
INPUT "CUF:F:Et·n 'r'ERF:?" ; n-~mi
rnPur "HHTIAL cosT?" ;A
I~iPUT "IMITIRL OPEF:. COST?" ;OC
H-iPUT "CHPITi:!L t3i:!H4S RATE? 11 ;CG
INPUT "CHANt3E ~:RTE Ut·HIL 1:::T Ht=l.JOF:?" ;CZ( ~J)
rnPUT "~m. OF MR.JOF: CHHt·it3ES?" ;tK:
FOR I

=1

TO NC

PF:Hff '"rR. OF CHAi'iGE ";I;" RMD FHCTOR?"
INPUT HC(I),.CCO::I)
F'R Hff II CHANGE RATE i:tFTER II ; HC( I )
I ~iPUT CZ( I >
~4E:=<T T
>=Ji = 0
i..J = 1

8~3

HiPUT "MA>=:.
I~4PUT

PLH~i.

!iOF:. ?";HO

"F:EPLRCEMENT LIFE?" ;TSTHF:

81 z = 1
S5 ::-=:t-~ = :=<~~ + 1
::+0 M( i..J ) = TSTi:!R

=

100 PH
1€1(1
105 C'r' = Tt-40k~
110 130TO 330

120 B

125

= •3.10

IF TNOH

= 1985 GOTO 165
= 1986 GOTO 185

130 IF TNOH >
135 D<0) = ~~1.15
14(1 [I( 1) = 0. 22'.

145

[!(

2>

= ~:1. 21
= 0.2i

15(1 [I( 3 ) = 0. 21

155 0(4)

160 t30TO 34i3
1E;5 0( 1j > = ~3.1:3
1 7(1 [i( 1 ) = 0. 33
i 75 0( 2 ) ::: 0. 25
i 8(1 [!( 3) = 0. 16
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58

190

1:35

20(1

GOTO 340

Ct ) = (1. 20

[!(

= ~3. 32
= 0. 24
= ~3. 1E;
= 0. 08

[I( 1)
2~:15 [!( 2 }
21 0 [I( 3:•
215 [I( 4 :··

220 GOTO 340
225 8 = 0.06
230 REM SCHEDULE FOR 3 YR. EQUIP
235 IF Tt-iOki = 1:3:::5 130TO 275
240 IF TNOH > = 1886 GOTO 305
245 [I( 0) = ~:::1. 25
25(1
255

26(1

2E:5

= 0. 3~::
= ~~i.37
= 0. ~:i
Di:. 4 > = 0

[I(

1)

[!(2)
[I( 3 )

270 130TO 340
275 [1(0) = 0.29

= 0. 47
2) = ~~1. 24
2:3~3 0( 3 ) = (1
2:35 [I( 4 ) = (1
3(1(1
GOTO 34(1
28~3 [1(1)

2:::5

[I(

D< [1) = t1. 33
31(1[1(1)=0.45
315 [1(2) = [1.22
32(1 0( 3 ) = (1
325 [Ii:, 4 ) = ~)

3~~15

32E:

130TO 340

=~*Cl - .02 * H)
FOR N = 1 TO PH
IF H = 3 GOTO 230
IF H = 5 GOTO 120
FOR T = 1 TO TST~R
S = ~ + EXP C - .2 + T)
E = OC +(QC* .2 * (T - 1)~
FE= 1 - CZ<Z - 1) + T
IF FE < 0 THEN FE = 0
FTHO = EXP CCZCZ - l) + T)
IF TNOH < > HC(Z) GOTO 380
FE= FE~ (1 - CCCZ))
FTHO = FTHO +Cl+ CCCZ))

330 Fµ

335

336

337

340

345
350
355
356

380

365

370
375

37E; Z = Z + 1

380 FH = ;H + EXP

385

IF T

390 FH

3'.35 FC

>5

= F~
= Ff·i

-

~R)

GOTO 395

(TR+~*

400 FH = FH - CS + FE)
405 REM
T = TST~R ;
410 DE = 0
415 FOR J

=1

420 DE= JE +

+Cl - TR)* FTHO + E
D<T - 1))
C~L

DIS EFFECT

TO T
• 0(J - 1).:i

(~
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425

=5

J

I~

43~:::1

.J

r·~E:>::T

GOTO 435

435 E:l..J = H - DE
440 IF BU = (8 * FE) THEN GOTO 470
445 IF BU < (S * FE) THEN GOTO 460
450 F~ = FH - (CG * (BU - <S * FE)))
455 130TO 470
460 FH = FN ~ (TR + (S + FE - BU))
485 REH OEP. LIFE > ECON. LIFE
470 IF H > T THEN FN = FH + (R * .02

= ( (r·~ - 1 * TSTHF: + T )
= 100:FH = INT (FN + P

475 'r'

::0

478 P
4:::[1 i=ii:: ;:.:;t-~, ;T

= FH

1)

IF FH > RX THEN RX

485

= F~

+

.5) / P

488 IF FN < RY THEN HY = FH
480 TT = TNOH + l
485 PF:rnT "HT ";TT; a FH = ";Ff·i
500 TNOH = TNOM + 1
505 IF T < TSTRR THEN FH = FC
510 IF HO< = C(N - 1) * TSTi=IR ~
515 t·~E::<T T
520 F~ = FH + (A - .02 + H * H)

525

~~E:=<T

535

IF P

540 TNOH

545

55[1

t·i

If-iPUT "~) TO

53~:::1
I.)

= I.)

::;TOP,

= 0 GOTO 555
= TNOH - HO

GOTO

* <H - T))

T)

THEN

1 T0 RUM" ;P

+ 1
80

555 Hi3F:
556 F:F: = Hi< - R'r'

PRINT XN,HO,RR

560

HCOLOR= 8
570 HPLOT 0,0 TO 0,159
575 HPLOT 0, 159 TO 27:3, 159
580 FOR I = 1 TO XN
585 K = t::: + 1
585

IF K = 4 THEN K = K + 1
TSTRR= ;t·1( I);"
HCOLOF:=" ;f<

580

585

PRHff

11

HCOLOR= t<

E:00

E:05 :=·=:P

11

= 1 : ._I = 1

810 YP = 158 - R(I,1) * 159 /HR
f;15 ._i = ._! + 1
620 X = 259 * J / HO
625 Y = 159 - R<I,J) * 159 /RR
E;35 IF ·..,>
640 'r' = [1

GOTO

8E;5

IF .J

67~)

HPLOT ;:<:P, 'iP TO :=·~, 'i

660 XP
t;75

E;55

HPLOT XP,YP TO X,Y

645

f;50
E:55

670

> ~) GOTO

~:.:

= X YP = Y

IF K

= €1

HO GOTO 615
7 GOTO 680

GOTO 530

60

S80
S85
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AFTER-TAX EQUIPMENT REPLACEMENT ANALYSIS
WITH TECHNOLOGY CHANGE
by
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ABSTRACT
This thesis contends that equipment replacement analysis should
consider the implications of technological change since a like for like
replacement is unrealistic with the current state of technological change.
The major effects of improvements are a decrease in salvage value and
opportunity expense of not implementing the latest innovations.

The

improvements appear as gradual changes and as major breakthroughs.
Technological forecasting may be accomplished by several different
methods including the Delphi method, analogy, and trend interpolation.
A discussion of these methods and sources of information are given.
The replacement model uses a future worth analysis, continuous
discounting, discrete cash flows, a range of planning horizons, and
incorporation of tax effects.
The model was implemented using a BASIC program with graphics
capability.

The inputs are current year, initial cost of the equipment,

the first years operating cost, regular tax rate, capital gains tax
rate, depreciable life (as defined by the ERTA), rates of gradual change,
number, dates and effect of major breakthroughs.
A discussion of the sensitivity of the model to the various inputs
is also given.

