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ECONOMIES OF SCALE AND INVESTMENT OVER TIMEL/

The allocation and coordination of investment is a central
featurs of development policy. Half the total investment activity
in underdew~loped countries is typically carried ou:t by %he
government itself; much of the remainder iz influenced through
licensing, price policies and import controls. When develcpment
policias are successful, large changes can be made in the
economic structure and the stock of capital doubled in ten or

fifteen years.

Problems of investment policv have usually been discussed in
terms approptiate to 4 mature economy in which the growth of the
capital astonk is slower and economies nf scale are relatively
unimportant., The frameworlk of partial analysis applied to
individual projects that is justifiable under these circumstances
breaks dcwn when there are significant economies of scale in
Yelated sectors of the economy. A more comprehensive economic
model is then needed to take account of the multiple limitations
on both the composition of output and the supply of factors. Since
new investment may produce relatively large changes in the economic
structurd over a period of a few years, partial analysis based on
existirg prices can be quite misleading. Not only do marginal
rules of allocation brwsak down, but even the possibility of calculating
numerical solutions to problems of any corplexity is only now beino

developed.

L/ We are indebted to David Kendrick, Stephenr Marglin and Paul
Roberts for helpful suggestions on the formulation of the problem and
computational possibilities. Andrew Szasz agsisted in the computations.
Our research has been supported by the Project for Quantitative Research
in Economic Development, Center for International Affairs., Harvard

University.
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In the obsence of a general theory of investment aliccation
for developing countries, a variety cf sp=wcia. theories ard intuirive
sugyestions have been put forward., Among rhe Lezt knowr. are the
Rosenstein-~Rodan theory of the Big Push /18, 18/, the Nurkse-
Lewis theories of Balanced Growth /12, 1b. 1i7/. Le=ibensteir‘s
concept. of Critical Minimum Effort /11/, Hirschmar 'z theory of
Unbalanced Growth /9/, and the attempts of 2uthors such as
Fleming /f7/, Lipton /13/, Scitovsky /20/, Stree.er /22/, and
Sutcliffe /23/ to reconcile some of the conflictirg conclusions.
Amorg the central issues in this debkat2 are.

(1) the effects of limited expor* possi-
bilities and economies of scale crn the
nptimal pattern of invastm

{ii) the relations between investments in
overhead facilities and in ccmmecdity
produc.tion;

(1ii) the importance of utilizing external
resources to secure Aan initial spurt
in investment and growth.
The discussion has served to clarify the assumptions underlying
the several approaches, but it has not yet pruvidad an adeguate

hasis for empirical analysis.

These questions cannot be answered without # more precise
description of the economic structure and specificatien cf
pelicy objectives. We therefore propose to reformilate
several earlier approaches in such a way that formal eoptimizing
procedures can be applied to the resulting mod:l. A s2ries

of experiments will then be undertaken to dz2termine the
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opt.imal investment patterns that are characteristic nof situations

involving economies of scale in related sactors.

I. FORMUIATION CF THE PROBLEM
In partial analysis, the effects of economies of scale
in one sector on investment in related sectors are traditionally

WL/

determination of the optimal choice of investments in inter-

discussed under the heading of "external economies. However,
related sectors involves a simultaneous allccation among them.
This requires a more comprehensive formulatior in which welfare
is maximized (or cost minimized) subject to constraints on
demand and factor use. In general eguilibrium analysis, it

is not necessary (and often not possible) to allocate welfare
gains or cost savings to individual investment decisions. For
this reascn, the concept of "external econromies” has never

acquired much operational value.

With allowance for econvomies of scale, n.r formulation of
the problem of investment choice will follcw the modified
input-output approach to development programmiry that is exemplified
in the models of Chenery and Kretschmer /3/, Manne /15/, Bruno /1/,
and Eckaus and Parikh /b/.g/ These programming models determine
the optimal pattern of investment when the composition of domestic

final demand is given and the main choices are between domestic

Y The clearest formulation of dynamic externalities is
that of Scitovsky /2¢/.

2/ The principal differences among these analyses are
in the degree of disadgregation, the treatment of investment
and other resource limitations, and the number of time periods
considered.
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product.ion ana imports. ‘'he problem ot vertical ard
horizontal interdependence is thus pcsad in a- empirical
context and simple form -- i.e., with both inpat coefficients

and +the composition of demand fixed.

The effects of economies of scale in a :ingle secter
on the pattern of investment over time ha*e keer analysed
in a partial equilibrium framework by Chenery /2/ zrd Manne /14/.
The growth of demand and the supply ccst of inputs are taken as
given , the optimum plant size and the intesr«als between
investments are determined to be a furcticn of the scale
ecoromies, the rate of growth of demand, the cost of imports,

and the interost rate.,

P~

Our apprcach incorporates elements cof this sin

'
(-]

e--
sector analysis into a simplified dynamic¢ interinduastry
programming model. The mndel has the fcllowing structural
characteristics:

(i) linear production activitiez with ezoncomizs

of scale in the use cf capital and constiant
coefficients for other inputs;

(ii) import and export activities for traded
commodities;

(iii) two scarce factors --- domestic investment rescurces
and impcrted goods;

(iv) domestic consumption of each commodity 2s 2 furcticn
of income;

(v) limited access to foreign loans:

(vi) a welfare function which depends on cornsumpticorn
over time, terminal capacity, and the amount of
terminal debt.
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These structural elemabts have been chosen to include
most of the determinants of the investment patterns describked
in the literature. The principal patterns previously discussed

may be identified as:

(i) Rodan ~-- Nurkse (Balanced) Growth., which is
characterized by simultaneo:s invastment
in many sectors and a large capital inflow
(big push) in early periods:

(ii) Scitovsky ~- Streeten (nbalanced) Growth,
in which there is an alternation of
investment among sectors with imports 1/
filling the gaps between supply and demand.’

(iii) Specialization according to existing comparative
advantage, normally in the export of primary
products and import of manufactured gocds.

Since the arguments for balanced urowth are based cn
the liﬁited possibilitiés of expanding exports, we have found
it useful to define the problem as that of joirtly allocating
investible resources and foreign exchange over time. The
lumpiness of efficient investments makes it necessary to
borrow and invest irregularly, so that the balance of payments
becomes as important in determining the optimal investment

pattern as the balance of savings and investment.

There are several tradeoffs to be considered in a frame-

work of significant scale economies and two scarce factors:

1 We refer to Streeten's analysis of the effects of
economies of scale /22, pp. 176-~177/, in which he cites an
example taken from Scitovsky. Hirschman's ccncept of unbalanced
growth /9/ is based on psychological reactions that cannot
readily be included in this type of analysis.
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(1) the cost of borrowing vs. the gains from
exploiting economies of scale;

(ii) the cost of deferring investmen: vs. the
gains from larger plants;

(iii) the loss of present consumption vs. the
creation of greater future capaciy:

(iv) the loss of current commecdity catrut vs.
the gain from exploiting scale economias
in overhead (non-importable) services.

Optimal patterns of investment invclve baiancing all
of these factecrs. They rarely produce the extreme sclutions

implied by mcre partial analyses.

II. THE MODEL

Previous studies of Chenery /4/ and Haidi /g/ have used
simple interindustry models to explore scme cf the effects of
economies of scale on investment patterans. These attempts
were severely limited by the lack of an efficient method of
solving proagramming problems inciuding econcomies of scale short
of enumerating all the feasible solutions. The recent
development of integer programming algorizhms makes it feasible
to work with models containing a greater number‘of activities
characterized by economies of scale. To @xploit these possi-
bilities, we have designed a four-~sector model containing
scale economies in two industries which is solved for up to
ten time periods. After an extensive prccess of trial ard
error, we have developed a computable model which includes most

of the significant features assumed in previcns studies



A. Activities in the Model

The first cycle of investment and production activity and
the parameter values for the basic model are rapresented in
activity analysis form in Table I. The magnitides of the most
important parameters are intended to be realistic although
the degree of aggregation makes the results of illustrative
value dnly. Table A-I of the Appendix gives a list of the
symbols used in the paper.

Production and trade activity and consumption levels in period
zero (the initial period) are.derived from specified initial
capital endowments under the assumption of no excess capacity.
Prcm these actaivity levels the initial endowments of savings
and foreign exchange available for investment are determined,l/
Consequently, the investment variables of period zero are the

first set of activities in the dynamic mcdel.

The four production sectors in the model are intended
to represent the manufacturing complex and the export sector
of a dual economy. The four sectors include firished, inter-
mediate, and primary goodseproducing industries ({sectors one
through three respectively) as well as a sector providing
ovarhead facilities (sector four). With the exception of
indirect investment activity, the rest of the eccnomy --
i.e., handicraft industry and traditional primary production

not included in sector three -~ is excluded from the modelug/

L Table 1II below illustrates these calculations.

2/ As an alternative interpretation, the four sectors in
the model might be understood to represent a highly integrated
set of sectors within an economy. One such set is the complex
described by Chenery /4/. which includes electric power, coal and
i¥xepn ore mining,steel and finished metal productg.


http:prodiudt.Zo
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Howew=r, the groduction oI finished and intermediate goonds
requires inputs from sectors outside the model. The "auxiliary
investment" (AI) activities show the cost of the increased
capacity necessary to provide the other inputs required for

1/

production in sectors one and two.

The intersection of the productiocn and trade activities
with the production and primary resource constraints of period
one in Table I gives the standard input—output‘portrayal of
economic activity. Due to our hypothetical economy's stage
of development, it is assumed that finished and intermediate
goods cannot be exported profitably and primary products
are not imported. The output of tho overhead sector is nect
traded. Production in sectors one and two alsc requires
non-competitive imports as intermediate irputs, as shown in the

"FE" row for period one.

Domestic savings (DS) are generated by production in
each sector, a formulation that avoids the necessity of
measuring total income separately. We assume tha+ the
traditional sector of the economy does not supply ret savings
and that public and private saving are rigidly linked to
production, as specified by the entiies in the "DS" row in the

production columns (Xl through X4).2/

1 The importance of "auxiliary investment" in this model
is the role it plays in matching the pattern of investment to
the supply of investible resources over time. Over-—-inves‘mant
in a sector to realize economies of scale need not be accompanied
by over-investment to provide the external inputs.

2 . , C g .

2/ This formulation allows for differences in taxes and
savings rates among sectors, but we have not utilized this
possibility in our numerical estimates.
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The consumption activaiy (civ), wnen encers the
cbjective function, assumes rigid complementzrity of d=mand
between the four goods%/ The consumption activity is stated
in terms of the grcwth of consumption above its initial
level.

We turn now to the investment variakles wf period zero.
A one-period gestation lag from investment to usable capacity
is assumed for each sector, so that investments in period
zero come on line in period one (see the capacity constraints).
Economies of scale enter the model in the invesiment cost
functions of sectors two and four (activities sz IQU and
F4, I4). These cost functions are characterized Ly a
"fixed charge" (Fi) incurred if investment takes place and
a "variable charge" (Ii) which depends on the level of
investment. The resulting cost function exhibits constant
marginal cost and declining average costnz/ The fixed
charge constraints assure that the fixed charge wilil be
incurred if capacity is built through the oper=:=tion of the

variable charge activity.

Investment in sectors one and three and auxiliary investment
take place at constant average cost. Investment in capacity in
any sector requires two factors, foreign exchange (FE) and
domestic savings (DS). The domestic savings charge associated
with an investment activity gives the total resourwce cost of
investment, while the foreign exchange charge expresses its import

component separately. The productive mechanism whereby savings are

1/ Lack of substitution in final consumption is the source
of “horizontal interdecpendence" assumed by Nurkse and other balanced
growth theorists.

2 . . .
2/ The two cout. functions are shown in figure 4 below.
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translated into capacity throuch investment is no% detailed
in the model.

The block of activities titled "Transf=r of Primary Inputs"
provides for the transfer of "FE" and ‘D3 roth between periods
and within the period. 1In this model constrai-ts cn the transfer
of investible resources over time assume v:ta! imprrtance
because they limit the extent to which scale econemies can be
realized through the concentration of investmen*t in one period.
Without activities providing for transfer over time of
investible resources, investment in a given period would be
limited to the investible resources generated in that period.

In the real world, such activities include chznges in foreign
exchange reserves and stocks of coemmnditi +  external borrowing,
and changes in the proportions of income that iy saved. We
include two such activities, borrowing and changes in reserves.
The debt activity (D), in accord with the conceptual framework
of national income accounting, yields a 2nit of both foreign
exchange and domestic savings at the cost of repaying both
resources in a later period. The YJFE activity (representing
reserve changes) transfers unused foreign exchange from one
period to the next. We neglect stockpiling of commodities,

so unused domestic savings cannot be similarly transferred
without being combined with imports as completed investment
projects.

A third transfer aétiviLy (M5) converts foraign
exchange into domestic resources for investment. The
increase in savings from this activity results from
reducing accumulated foreign exchange reserves. The additional

resources imported may be thought of as investment goods ---


http:const.,a.ts
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such as cement -- that ar« normally produced domesticaily.
The Llatter aspect has led us te assume that T urit of foreign

exchange can replace only 0.8 units of dcmestic savings (D3

The full medel consists of ten cycles of arcsivity like
that shown in Table I; it begins with investmen: in period
zero and ends with production, trade and ccas.mpticn in period
ten. In some cxperiments the modc  has alze hean computed for
shorter periods, which only necessitates a change in the

valuation of terminal capacity.

B. Constraints con the System.

This section gives a hrief verbal d:scription of the
pr:incipal constraints on the system. The Appendix centains

a formal algebraic statement of the optimizaticn medel.

In the first period the total ase cof foreign exchange
on investment account and the amount of savinys to be invested
are limited to the initial endowment of irvestuible resources
plus borrowing. Investment in each zucoeeding period is
similarly constrained by the production, trade and the transfer
activities of that period. The debt limit is formulated in
such a way that the borrowing of the previous period must be
repaid along with the interest charge, either through renewad
borrowing or from savings and forcign exchange gererated

by current production.

The availability of foreign borrowing to a less developed
country is one of the central limitations on the system.
Criticisms of the balanced growth theorics have stressed its
importance in the rea’ world. We show this t.mit in the form

of a ceiling on the .ilowable deht ot ecach perind.
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The debt limit is varied p.v = kvi-31lse +~ show its effect on

the optimal pattern of investment during the plan period.

Since labor is a free good in the model, production
is limited only by available capacity. In sectors one and
two production is further limited by the auxiliary capacity
needed in sectors outside the model to provide intermediate
inputs. Since resoﬁrces devoted to primary production are
not readily transferable to other sectors, we raguire that
the production level in sector three not fall. The consumption
of each product, both on final and intermediate account,
is equal to production plus imports (less exports) in each
periodol/

The final constraint is a means of incorporating the

of diminishing marginal utility
non-linear element{in the objective function. Consumption
growth (i.e., the level of the CN activity) is constrained
to be at least two units in each period. Without this
constraint, optimization often leads to a concentration

of consumption growth in a short period.

C. The Welfare Function and Terminal Conditions“z/

Since the operation of the modzl terminaces with production
and consumption in the final period, it is necassary to insure
sufricient foreign exchange and savings for post-plan growth.
The economy is required to provide these resources for post-plan

investment in amounts at least equal to their initial endowments.

v Equality is imposed on twy accounts: first, to preclude
the simultanecus production and disposal of a product to obtain
the savings thereby created (excess capacity in sector four would
give rise to this kind of behavior if product disposal were allowed);
and second, to avoid problems associated with the valvation of
utilized and excess capacity.

2/ The Appendix gives a more detailed discussion of the
terminal conditions and their derivation.
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Value is given in the objective function (in terms of the
contribution to post-terminal consumption) to the "excess"
foreign exchange and domestic savings passed into the poste

terminal future,

External debt is allowed in the terminal year, but its
level cannot be increased above that of the previous year.
The ccst of terminal debt in the objective function is the
opportunity cost in terms of consumption of the foreign
exchange and domestic savings required for repayment.

(The optimal solutions to the model as initially specified

always involve repayment of debt.)

Since over-~investment and excess capacity are expected
as a result of scale economies, it is necessary to value
terminal excess capacity in the objective furction. Excess
capacity in the cerminal period reduces the necessity for
investment in that: sector in the immediate future. Seen in
this light, the value of excess capacity in the terminal
period is the opportunity cvast of investible resources in
periods beyond the plan horizon needed to supply the expected
demands in these sectors. Transferring excess capacity to
post=~plan periods is thus similar to providing foreign
exchange and domestic savings for post-pnlan investment. Since
capacity is «pecific to a yiven sector, some tyrz2 of optimization
must be utilized to determine the opportunity <«ost of the
future foreign exchange and savings whose use is released by
virtue of terminal excess capacity. The procedure adopted
is described in the appendix., It should be noted :hat terminal
excess capacity can not be restricted a priori to those sectors

in which scale ecoromies are present.
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Having assessed the velue of excess capacity in the terminal
period, it is also necessary to value capacity utilized in
production in that period. The composite of terminal capacity
in each sector necessary to sustair a2 urit of consumpticn is
therefore given the value of one unit of consumption sustained
through an infinite time horizon (ignoring depreciaticn).
Consumption growth in each period is similarly given a value
in the objective function equal to the value of a stream of
consumption beginning in that period and continued through

the terminal period.

In summary, the function to be maximized is the sum
of four elements: (1) the discounted value of consumption
during the plan period; (2) the value ot capacity utilized
in the terminal period which was not present at the beginning
of the plan period; (3) the value of unused capacity in
each sector; (4) the cost of terminal debt. The activities in
the welfare function are all valuved in terms of composite

units of consumption over an infinite time horizon.

D. Solutions to the Model

In solving the model we have used the I.and and Doig
algorithm A(@¢/. This algorithm is a sophisticated, if time
consuming, means of searching among the feasible solutions
for the highest value of thr objective functions. In this
context a feasible solution results from a preccess of sub-
optimization. Each integer variable (the F?) is set at either

zero or one and the optimal values all other activities are
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determined by linear programming. In principle there are 2"
such feasible solutions (where *n" is the rumter of integer
variables), each of which is optimal for the pattern of fixed
charges incurred. The optimal solutions for several model

specifications are given in Appendix tables A~ITI, A-IV and A-V.

The prices associated with the feasible solutions
are similar to shadow prices of linear programming in that
they represent the marginal value products of the resources,
given the'"basis"and the patterh of fixed chargesul/' However,
the prices cannot be used to judge the profitability of a
scale economy activity not already in the modei. For such
activities the model must be solved again wheraver a new
integer variable is introduced. The question of whether or
not to invest in a sector with scale econcmies can thus ke
determined only by comparing the welfare value of the solutions
in which that investment does and dnes not take place. It is
only valid to use prices to test the profitability of other
activities for a given pattern of investment in scale economy
sectors,

In the process of obtaining the model in its present form
we worked with similarly specified models whiih were run for
three, four and seven periods. To solve directly
the ten period model with its twenty integer variables for
the optimal solution would have required days of computer
time. Therefore we relied on knowledge gained from these

earlier runs to select solutions for the ten period model.

L/ Two differences should be noted: (i) unlike linear
programming, prices associated with one set of activity levels
may also be associated with a different set of activity levels
(hence the problem with using prices as decision guides in scale-
economy models); (ii) the minimum value of the dual associated
with any integer solution will exceed the maximum value of the primal
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The following procedure was used. A four period model
having the same specifications as the ten period model
(except that terminal valuations differ) was solved for

the optimal pattern of fixed charges,;/ Next a seven
period model with the integer variables of the first four
periods set at the values of the optimal four period
solution was solved for the optimal pattern of fixed charges
in ﬁﬁe last three periods. This process was ther repeated

in going on to the ten period solution.

The best solution to the ten period model obtained in
this iterative fashion is not known to h~ the optimal
solution (with respect to the pattern of fixed charges incurred).
However, z number of alternative solutions to the ten period
model were computed using knowledge gained from the shorter
planning period models to set the integer variables at

2/

are confident that our "hest" solutions are at least close

different values.™ Since little improvement was achieved, we

to optimal.

' 24 This process required from three to four hours of time on
the IBM 7094 computer for each solution.

2
2/ The investment gattern and welfare values of 41 experimental
solutlons are summarized 1n ta le IV be
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TTI. INVESTMENT +ATTERNS

In order to derive some broad conclusions from these
experiments in optimization it is first necessary to identify
some general properties of the solutions. Since a complete
description of a ten-period solution requires several hundred
variables, we have sought key elements that determine the
dominant features of the pattern of resource allocation.

For most purposes a solution is adequately described by the yearly
amounts of capacity, production and .mports in each sector.

The pattern of investment is dominated by the size and timing

cf capacity increases in the scale-economy sectorsnl/ The
simplest characterization of an iunvesuwent pattern, therefore,

is by the number and size of plants built in sectors 2 and 4 during

the ten year period.

OQur experiments with the ten-period model lead to the
classification of investment patterns shown in Table II,
The original set of parameter specifications is identified as
Model I. 1Its optimal solution involves the construction of one
plant in sector 2 (steel) and two in sector 4 (overhead facilitlies)
during the ten year period. This investment pattern is identified
as B2 for Model I, or IB2. A number of alternatives must be

examined for each such pattern to determine the optimal time for

construction bf each plant.

Y Our cost function implies that capacity is increased
only by building new plants.
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The characteristics of the optimal solution for eachk
model can be brought out by comparison to a numker of the more
promising alternatives. Two alternative specifications of the
model have been made in which the amount of external resources
available was increased to make possible larger investments.
A complete listing of the solutions is given in Table IV..
They cover eight of the nine possible patterns indicated in
Table II. i/

A. The Basic Pattern

The features typnical of an optimal investment pattern
will be shown by considering the best solutions to Models I
and II. Their assumptions differ only in the increase in
external debt that is allowed during the plan period, which
is 75 units for Model I and 150 units for Model II. Model
II is taken as representative of developing countries in the
past decade, in which the net deficit on current account has
typically amounted to about a quarter of gross investment.g/
The increase in borrowing of 150 units in Model XI finances about
a quarter of investment in the first five years of the optimal
solution. Model III (discussed below) is designed to show the

effects of an equal increase in borrowing in the second five years.

v These were selected after extensive experimentation
with the three-period version of the model.

2/ This is the median value found by Chenery and Strout
/5 , p. 684/ for a sample of 31 underdeveloped countries.
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TABLE II,
T . x/
Investment Patterns in the Ten Year Model

Number of Number of Overhead Investments Total
Steel Plants (Sector 4) Solu-
{Sector 2) 1 2 3 tions
0 (a) Al (0) a2 (2) A3 (1) (3)
1 (B) Bl (2) B2 (15) B3 (10) (27)
2 (Q) cl (2) "2 3] 3 (3) (11)
Total solutions (4) (23) (14) (41)
Model I 0 4 11 15
Model II 3 7 2 12
Model III ' 1 12 1l 14

v Based on Table IV, Figures in parentheses show the
number of solutions corresponding to each pattern in the
first series of experiments. The three Models are
distinguished as follows:

Debt limit 75
Debt limit 150
debt limit 150 for years Ll-5, 300 thereafter.

Model I:
Model II:
Model III:
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The principal features of the optimal solutions

1/

Part "a" of each figure brings out the relations between

to Models I and II are shown in figures 1 and 2,

increases in capacity, production, imports and exports

in each of the four sectors. Because capacity is fully
utilized in period 0, the cycle starts with investment

in overhead facilities (symbolized by electric power),
which are necessary for increased production in all other
sectors. A steel plant is built in period 2 and a second
power plant in period 6. These three plants account for

about 40% of total investment in this segment of the economyv.

To adjust to these lumpy investments, borrowing is
increased in periods 0, 2 and 6, and investment in other
sectors is curtailed. 1In fact the low debt ceiling assumed
in Model I causes other investment to be virtually eliminated
in these three periods, as shown in figure 1C. The investment
and borrowing patterns are dominated by the timing of the
overhead investments, which take up 30% of the investment
resources and are concentrated in two periods. Scale,
economies make it optimal to build plants large enough to
take care of the growth of demand for the following five
yesars even when it is necesgssary to defer almost all other

investment in order to do so.

L7 The values of the main variables in the solutions
are given in Appendix B.
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Investiment in intermediate products (which we symbolize
by steel) takes place only once; the increase in capacity
in both models is equal to about twelve years growth of
total demand. As Manne has shown /14/, the availability
of imports makes it efficient to postpone construction

in order to build a larger plant with lower unit co ‘ts.

The inclusion of vertical and horizontal interdependence
in our model brings out a further feature not previously
noted: it is efficient in Model I (and to a lesser extent
in Model II) to reduce steel production in periods 5 and 6
in order to postpone the conciruction of added power capacit,
so that a more efficient plant can be built in period 6.

In this way, the importation of steel indirectly postpones

the requirement to expand power production and makes possible a
more economical plant. The expansion of primary production

and exports during these years provides a more economical
alternative to increasing power and steel production,

even though long run comparative advantage favors steel

when a larger plant can be built.

As a further reflection of the importance of realizing
greater economies of scale, consumption increases are held
to a minimum until after the second power plant has been
built. 1In period 7 production in all sectors expands,
final consumption rises more rapidly, and primary production
is diverted from exports to the production of intermediate
products and finished goods. Once the bottleneck has been

removed, there is a rapid increase in power use.

Recause of the evident effects cof the power shortage
in both models, i might be supposed that advancing the

construction ol Lhe second power plant by a year or two
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might be advantageous. This turns out not to ke *rue, as
shown in Table ]V below, berause the smaller plant that would
have to be built would hamper growth and raise costs in

later years.

The general pattern of investment revealed by these
solutions is much closer to the Scitovsky-3treeten concept
of alternating investments in different sectors than it
is to any of the versions of balanced growth. Exports are
essential to this pattern. In the short run it is efficient
to increase investment in primary producticn ever thcugh
long run comparative advantage favors import sibstitution in
the two manufacturing sectors. The latter factor is outweighed
by the increased flexibility made possibl=z by imports

during the transitional period when vapital is relatively scarce.

The effects of alternating scale econcmy investments on
the financing of total investment and imports are shown in
the last three figures for each model. Irreqular investment
requires the repayment of debt (and building zp of exchange
reserves) in order to finarce the bulge in investment and
imports of investment gcods in period 6 by again increasing
debt and recucing reserves.

The need to balance investment over time also leads to
investment in finished goods (in Model I) in adwarnce of
the increase in demand, even though there are nc econcmies
of scale in this sector. Without this further adaptation
to the lumpiness of investment in other se«tors, the increase

in total consumption would have to be deferred even longer.
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B. Effects of ''arying Ixternal Resources

It is apparent from the preceding discussion that external
resources are exceedingly important to the realizstion of ecoriomies
of scale because they make possible pericdic bulges in total
investment considerably in excess of domestic savings. In the
first two models, the cost assigned to external deb+ in the terminal
year caused it to be reduced to zero at the end of the period. The
marked increase in capacity in all sectors hetween Models T and TI
is therefore due entirely to temporary borrowin:, which makes it

possible to construct larger and more efficient pliants.

To explore this phenomer-n in .:o ater lctail, we have
assumed in Model IIi a further doubling in the availability of
external resources. To avoid an unrealistic bulge in invastment
in the first period, however, the debt limit is raised from 150
to 300 only in period 6. The cost of terminal debt has also been
lowered so that :t is no longer advantagecus to repay debt within

the ten-year period.

The coptimal investment and production pattern for Model III
is shown in figure 3a. It has the same timing of investment as
Models I and II, but there is now a more substantial "big push" in
period 7 after the debt limit is raised,l/ The power plant
completed in this period is 50% larger than that in Model 11 and
at the same time there is a pig jump in finished goods capacity.

These increases permit final consumption to increase much more

1 . . -

v A more gradual rise in the debt 1limit would nct greatly
affect the result, since this investment pattern is optimal even
without the further increase in external capital.
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rapidly than before and the excess steel and power capacity are

fully used by the end of the period.

The feasibility of this investment pattern requires that
the future spurt in demand for steel be anticipated at the
beginning of the period when the steel plant is built. Although
all conditions in Models1I and III are identical for the
first five years, the steel plant constructed in the first
five year plan under Model III must be 30 percent larger to
satisfy the future demand for steel five or six years later from

plants that will be built only when final demand increases.

The direct and indirect effects of increasing the availability
of foreign resources on total welfare are summed up in figure 4
and table III. The direct effect is the cost saving resulting from
constructing larger plants, which is shown in figure 4. The total
reduction in investment cost for Models II and ITI (compared with
the unit costs of Model I) is shown in table ITI, line 7. The
indirect effects of external borrowing are even greater, however.
The more rapid growth that is produced by more efficient allocation
of resources as well as lower-cost capacity results in a substantial
increase in total savings. Table IIT shows that for Model II,
where there is no increase in total debt compared to Model I, these
indirect effects account for over 60% of the substantial welfare

gain (21%) that results from inc:maszingy the debt limit.

The increase in external borrcwing in Model III produces
a gain in welfare of 60% above Model I. Cost savings from larger
plants and increased savings from more rapid growth again account

for the bulk of the total. Comparing Model 11 and Model III,
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TABLE III
Effects of eharrnal Pnspurcesi/
Model Change Model Change.
Model I II from I I1T from I
Terminal Consumption (CN9) 28 40 +12 54 +26
Total Value (W) 3436 4165 +729 5538 +2102
Total Investment (XZI) 1237 1398 +161 1758 +521
Capital Inflow (ZF) -27 -66 -39 200 +227
Total Savings (3-4) 1264 1464 +200 1558 +294
Average Productivity of
Investment (2 % 3) 2.78 2.98 3.15
Rources of Improvemént over Model I
Reduction in Investment Costg/ 102 185
Increased Savings 200 294
Increased Capital Inflow -39 227
Total (7+8+9) © 263 706
Productivityl (AW 2 (7+8+9) ] 2.77 2.98

1/ Derived from optimal solutions to each model as given in

Tables A-III, A-IV, and A~V below.

2/

Difference between actual investment cost and cost of building the
same size plants at the average unit costs of Model I.
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it can be seen that a net increase in capital inflow amounting to
15% of total investment is highly pioductive because of these
indirect effects. Further increases would be less productive
because the size of investment in Model III exploits most of

the available economies of scale.

C. Deviations from the Optimal Pattern

Since perfect coordination of investment cannct be achieved
in either a planred or a market economy, it is important to
determine the effects on total welfare of departures from
optimality in the size and timing of investments. As these
costs have been investigated by Manne and others /14/ in a
partial equilibrium context, we will concentrate on the adjustments
that are necessary in the pattern as a whole. A detailed examination
of one alternative solution illustrates the adjustments that can

be made and their net cost.

The optimal pattern for all three models requires sufficien:
foresight to accept periodic power shortages in order to build
larger plants. A plausible "real world'alternative would be to
keep up with demand at the cost of building smaller and more
expensive plants. Such an investment policy is illustrated in
figure 5, in which the investment cycle in sector 4 is cut from 6
to 3~4 years and 3 plants are built instead of 2. Optimgzation for
Model I under these restrictions gives the investment and production
patterns of figure 5, Keeping up with the demand for power
leads to higher steel and power production over the period and
greater power capacity at the end. The cost of this policy is

reflected in smaller power plants that cost 15% more per unit
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of capacity and hence reduce the investment available for
sectors 1 and 3. The welfare cost to the economy of this single
change in investment policy is 3% of the total value of Model

I, as shown in table Iv.i/ This pattern requires less advance
planning of investment, however, and is less dependent on steel

imports.

Table IV gives a number of other exawples of the cost of changes
in the investment pattern or of departures from optimal timing.
Timing of investment is more critical in Model I because limited
external resources reduce the possibilities for adjustments
in other sectors. The investment patterns that are most closely
competitive to the optimal (B2) are B3 for Model I and C2 for
Model III. Continued specialization on primary exports instead
of import substitution in steel is quite costly in all models
under the given assumptions, although the construction of the steel
plant can be postponed 2 or 3 years without great loss (as shown
by solution 30).

Apart from the ten-period solutions given in table IV, we
have calculated the effects of a number of different specifications
of the parameters in the model for shorter periods. Among the
changes tested were higher discount rates, greater returns from
exporting, Aand possible export of manufactured goods. Since the
results were essentially those predictable by partial analysis,

they will not be reproduced.

1/ The optimal Model I solution for pattern B3 is No. 24 (shown
in figure 5), which has a value of 3342. Solution No. 1l
is optimal for pattern B2 and has a value or 3436.
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TABLE IV.

Values obexper;mgqtal golutions.l/

Investment Timing of Invest- Model Model Model
Pattern ment in Sectors: I II III
' 2 4
A2 - 0,5 (1) 3950
: - G,7 (2) 3266
A3 - 0,4,7 {3) 2572
B1l 2 0 (4) 3553 [(5) 4291
B 2 1 0,5 (6) 5068
1 0,7 (7) 4130 ‘
2 0,4 [8) 3265
2 0,5 [9) 3405 (10) 5512
2 0,6 [11) 3436 4(12)4165 *{(13) 5538 «
2 G,7 1l4) 3382 |(1594157 |(16) 5511
2 0,8 (L7)4080 [(18) 5398
3 0,5 (19) 5008
3 0.7 (204117
B 3 1 0,4,7 [21))3254
2 0,3,7 [22))3148
2 0,4,6 [23) 3234}
2 0,4,7 [24) 3342%(25)3711
2 0,5,6 (26) 5034
2 0,5,7 {27) 3295
2 0,7,8 (28)3746
3 0,4,7 {29) 3255
5 0,4,7 (30) 3221
c1 2,7 0 (31)3601
2,8 0 (32)3644
Cc 2 1,3 0,5 (33) 4912
2,6 0,7 (34) 5471
2,7 0,7 (35)4068 |(36) 5474
2,7 0,8 (37) 5372
2,8 0,7 (38) 5438
C 3 1,3 1,4,7 |(39)3114
2,6 '0,4,7 |(40)3179
2,7 0,4,7 |(4l)3165

Y Each value is calculated from the optimal solution for the speci=-
fied timing of investments in sectors 2 and 4. Solution numbers
in parentheses. Best solutions for each Model are starred.

2/ Optimal solution for pattern B3, Model I.



~50~-

D. Implication for Developiny Planning

These experiments lwing out an aspect of development
plans _ that is only beginning to be adequately appreciateds
their function in balancing investment over time. Scitovsky /21,
213-214/ reached a very similar conclusion in trying to raconcile

the arguments for balanced and unbalanced growth:

... several-year investment plans, of which one hears
so much nowadays, may be regarded as plans for unbalanced growth,
extending to several years so as to restore balance by the end
of the period for which the plans are made. In the interim,
imbalance manifests itself by the completion of productive
capacity before the demand for its full utilization has arisen,
or by the creation of consumcig' Ar radu-:rs' demand berore
the capacity to fill this demand is completed. The temporary
excess capacity may have to be accepted in most cases as an inevitable
cost of (temporarily) unbalanced growth for the sake of secur ing
economies of scale; the temporary excess demand may be filled by
imports, which is one reason why the availability of foreign
loans or foreign exchange is so strategic a factor in investment
planning. Such dependence on foreign trade, however, is very
different from that which accompanies unbalanced growth concentrated
on industries with a comparative advantage. For one thing, this
is a temporary dependence, while that is permanent; for another,
the dependence here is primarily on foreign import supplies,

there on foreign export markets."

The costs of errors in judging plant size that may result
from poor forecasts of future demand and of improper timing
of interrelated investments are suggested by the solutions in
table IV. The welfare crsts shown understate the actual losses
likely to be incurred because they assume that the rest of the economy
adjusts optimally to the investment pattern in thc scale-cconomy

sectors, which is most unlikely.
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IV, CONCLUSIOuwo

This study has attempted to give greater precision to the
discussion of alternative investment patterns by restating several
of the principal hypotheses in programming terms., We have shown
that under realistic assumptions as to the nature of horizontal
and vertical interdependence, the timing of investment in scale-
economy sectors has a substantial effect on the timing in other
sectors and hence on the whole investment pattern. The optimal
pattern balances gains from larger plants against costs of
deferring investment in other sectors and the resulting loss
of growth in income and savings. The general characteristics of
this pattern include both the tvne ~% alternation envisaged by
Scitovsky and Streeten and the exploitation of an integrated

spurt . in investment foreseen by Rodan.

The use of a comprehensive optimizing model has also provided
some new perspectives on the characteristics of optimal allocation
patterns. 1In a rapidly growing economy the timing of investment
is often more important than the choice of sectors along static
comparative--advantage lines. 1In order to exploit economies of
scale in some sectors, it is necessary to limit investment in
others, if necessary by using small-scale techniques that will
prove to be inefficient at a later date. 1In our model, primary
production performs this function; it is expanded whenever
necessary to secure imports, even though these imports are

periodically replaced with lower cost domestic production.
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Although the conwept -~ ' n*iwal nrercapacity” was
derived from a partial equilibrium analysis, an explicit
consideration of the effects of interdependence leads to an
analogous concept of "optimal shortages“. The gains from
building a bigger power plant next year must be weighed against
the cost of lost production this year in power-using sectors.
These opportunity costs can only be determined in a more compre-

hensive analysis. Our optimal power cycle consists of 3-4 years of
excess capacity and 1-2 years of power shortages.

Even though the choice between domestic production and
imports is central to the present model, comparative advantage
is hard to define or measure in a system containing economies of
scale and limited investment reanrv-rg, “n the scale-economy
sectors, the critical question is the plantlsizeigg RHHE%Simport
substitution becomes profitable. There is no possibility of a
time~less ranking of projects along partial equilibriam lines
because the need to accommodate the lumpy investments causes
relative profitability to vary year by year, While this .
phenomenon is exaggerated by considering only part of the

whole economy as we have done, it is of ronsiderable empirical

importance @ in underdeveloped countries.

The policy significance of these theoretical and illustrative
findings can only be evaluated when more realistic models are
tested. Our results emphasi~e the “mportance of jointly planning
the allocation of investment and foreign exchapge over time in
order to allow for alternating production and imports. The
advantages of this broader approach to development planning appear
to be substantial as compared to more traditional methods of

allocating each scarce factor separately.
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TABLE A-I {continued)

Symbol

Usage

Parame ters

JOSpOU E U—

r Rate of interest on uxternal borrowing
uhjfnj Investment cost parameters (Unj gives foreign cxchange
icomponent, fnj total rcesource cost)
i _
Notes: Subscripts are used to denote sectors (i) and

investment patterns (k). i =1, 2, 3, 4 and k =

1, 2, 3, 4 unless otherwise stated.

Super:icripts denote time periods; T = 0, ... 10
Throuchout J will be used to desigrate the sot

of int.eger variables

Other small Roniar. and Greek letters are associated
with {.rminal wvaluations, see the section on derivation
of tesminal conditions in the Appendix ftor thoear
mean.ii e,
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TABLE A - II

Derivation of Terminal Conditions

Pattern Average Use at Parameters of Model
of Investment _CN = 50 Ly ‘ _ak . ”k 5k
cE ; DS aver DS Vll ‘ _yfj_, V16
aver FFE aver FE aver FE aver FEBE
I 7.21 26.68 3.70 | 9.48 B8.62 6.75
II 6.85 32.45 4.74 9.97 9.07 7.11 |
ITT | . 7.30 34.88 4.78 9.94 8.51 6.67 ;
v 6.94 38.28 5.51 9.85 8.95 7.01 ;
|
Variable Production Level X, ' xi, yi g
;;;rage FE § average DS i
Xl 120.0 .200 .530
X2 133.0 .293 . 766
X3 101.0 .600 /.000
X4 125.5 .1.739 3.261 i
AI1 120.0 | - .100 .270 ;
AIZ 133.0 .050 .150 g
Vll = 68.33, V13 = 61,99, V - 48,53;
w
where V = {QT 5.3 T
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Table A-II give the average investment of foreign enchange
and domestic savings associated with each pattern of production
fcr a consumption level of fifty units. These costs yield

the starting point of the valuation procedure.

In the context of themodel there are two principal
means of providing within the plan period for post-terminal
growth. Either investible resources may be passed into
the post—-terminal future or over~-investment within the
plan period may provide excess capacity to be used for
future growth. The welfare valuc asaociated wilh cuch
mode of guaranteeing post-terminal growth is the value

of the post-plan consumption which it makes pocsible.

The va’ue of one unit of consumption sustaincd rrom
period eleven through an intinite horizon is given by Vll.
Division of Vll by the average investment use of foreign
exchange by production pattern "k" gives the average
value of forcigu cxchange invested in that pattern (v ).

IR
"rk" gives tle total investment of resources nuaessary
to yield the value ak. Thus, the investment of 3.70
units of resources (foreign exchinge componant of onc)
in pattern I in period 10 gives rise to 9.44 units ot
welfare value. Value is given to the provision ui terminal
foreign exchange and investment resources only it the
provision exceeds the initial cndowment: of Lhese roeacuraot,
Equations (14) and (15) arc used to vajue toermieal

investible resources.

(14) (1.07)D9 - Ur'ng + .(mxm t .m.,\;l‘o ' MJ'O r M,m

10 L . ()
- 1. - D i S AVAL R
1 Kk k
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4
\ l l
(15) (1.07) D9 - >f= .0 . p0

Terminal debt is restricted to repayment of
borrowing in the ninth period and its cost is given
by the value of the investible resources in the post-
terminal period necesziry tor copayment (and interast
charges). The value of foreign exchange and savings
- used to determine the cost of borrowing represents an
educated guess on the basis of computations in Table
A-II. The cost of terminal borvowing in the bhasic model
is 9.19,

(16) D10 - (l.O?)D9 %0

¢TR is the value of terminal foreign cxchange and
domestic savings less the cost of terminal borrowing:
4
g = s wvp o0 pi0
TR K=l Kk k

The valuaticn of terniinal excess capacity is similer
-t the value tion of tarminal investible resources. The
existence of excess capacity available for use post-
plan represents a reduction in the investment necded

to obtain a given level of post-terminal growth.

Excess capacity should be valued in terms of thie inwvestibloe
resources which it "releases" from post-plan inwveste. nt,
One assumption is necessary to make the valuation: the
consumption value of 2xcess capacity depeads upon 1o
guickly it is put to asc. We have assumed a rite of
post-terminel growthe o oty consmump oo b por
period (this assumption 1o . cuwcial only for the {irgst

five post-terminal periods).  Any cveoss capae o Fiat
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would come on line in the first five post-terminal periods
under this assumption is valued as if it came on line in
the third post-terminal period. Any remaining excé$s |
cepacity in the terminal period which would come on

line after the fifth post-terminal period is valued as

if it came on line in the cighth post-terminal period.

A step function like that used here is necessary Lo
approximate the algebraically correct, but non-linear,
function which would value termiral excess capacity in
terms of the period in which it came on line. Two steps
were sufficient for the linear approximation. Some

runs were made in which excess capacity was valued

as though it came on line in the firs* post-terminal
period; this specification appeared highly unreascnable
because of the tendency for plants of the maximum
allowable si..e to be constructed in sector two in the

terminal per..od.

The va .ue of a unit of consumption available
. . C e . 13
from period thirteeu to infinity is V . The value

of a unit of foreign exchange and r units of investment

k
funds released from investment in pattern "k" by the

presence of excess capacity is 3 To ascertain the

K
amount of investible resources released by excess
capacity within a sector we assumed that pattern I is
the relevant production mode. The second column in

th2 lower ha!f of Table A-II gives the prcduction level
in each sect(r associated with the operation of the
coasnmption ¢ctivity at level fifty. The third and
foarth columns give thoe . o Yovedign oxehangoe
investment component and tulal investment necdod

for the level ¢l production in column two 1n cach scctor.
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FAC, and

through LC4, 1

On the first step activities EC1

EAC2 are constrained to be less than or equal to 24.0,
26.6, 20.2, 25.1, 24.0 and 26.6 respectively. Valuations
along the second step are derived in a similar manner

and they are given by 8'.

Equations (17) and (18) transform excess capacity
in the various sectors into the investment cost associated
with this capacity in the mamner explained ahove. inly
the first step of the function valuing terminal excess

capacity is shown. @ is the value of terminal excess

EC
capacity.
4 2 4
- 2 EC, - s EAC, + & C, v
(17) 7, ¥3 EC, -4 ) v EAC, + g VEC, * 0
4 2 4
» ' EC, - 2 'EAC, + { VEC,
(18) - 4r g x{ BCy =4y Y{EAC, + g FVEC =0
The va .ue ot tewwninal aidlized capacity is deter-

mined as fol..ows: In “he inmediate post-tcrminal peziods
production in the four sectors will take place at the
ratios given by the production levels of one (or, a
combination) of the patterns necessary to provide a

unit of consumption.' Th:s is so by virtue of the
assumed unchanging incremental pattern of consumption
demand with growth in incomn. The activity VUCk gives
th=2 value Vlj (=y) to the utilized capacity over and
above that wl ich exisved at the heginning of the plan
peciod necaes:ary to y.celd a unit ot consumption undoe
production pi ttev "F0 UsIng ot i cat ot choo o
th2 pattern v patterrsm wnieh toominal vtilized copacity

(beyond that available in Lhe initial periad) s vaiued
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allows the ".ntermediste” run to have somn infiuene:s
upon investm:nt in th: plan period. Equations (19)
throughk (22) are used to determine the va.ue ol

terminal uti.ized capacity (¢C,):

10

(19) -%7° + 2.40 VUC, + 2.40 vUc, - O

1 1 2

10 -
(20) - X, + 2.66 VUC, + 1.70 vuC, = 0
(21) - x%o +2.02 VUC, + 3.24 VUC, + 1.52 vuc,

+ 4.30 VUC4 <0

10 !

(22) - X,~ + 2.51 VUC, + 2.37 VUC, - 2.5¢% VUC,

+ 2.51 vucﬁ'a 0

\
for = fy YV

1n con:lusion, st is & priori impossible to
de termine th: post-plzn pattern of produc:ion; it
i¢ necessary to consider each pattern as 4 possible
means of achieving post-plan growth (at least with
reference to the immediate post-plan future).
Inclusion of all possible patterns allows the model
to determine terminal values within rcasonable limits
and without “heir beirg specificd in a more arbitrary
fzshiorn than that use:d here. And, explic.t stitement
ol the post=-slan inve:stment alternatives allows the
mcdel to optimize within the plan period frith prortial

knowladge of puut=plan abtermai v



The most arbitrary assumptions in the valuation
of terminal resources concern the appropriate level
of consumption from which average capacity costs are
determined, the rate of post-plan growth, and the
date on which cerminal boreowing must be ropaid.
The first two assumptions are necessary boouause average
investment c<ost is the relevant cost from which to
datermine the consumption value of the investible
resources: maximum welfare requires that the average
cost of providing the consumption bundle over the
long run be minimized. The assumption of a consumption
level of fifty units yields production levels reguiring
investment in plants of approximately the same sire as
those built within the plan period in the various
solutions. It is also in keeping with the derivation
of terminal valuss hy & means el strosoe s goter

madiate run alternatives.

A noteéble feature of the modecl resulting fron trnege
assumptions is the consistent failure to carry vxcess
capacity into the post-terminal future in zector fLour.
This failure, interestingly enough, pecrsists cven if
the size of plant in sector four used to determine
the terminal valuations is cut in half with all o s
remaining as specificd in the hogic model (o soven
period run was used). This feature of the mod:1 i
dnubtlessly linked tc the asswwption that debt must

be ropaid ir the first period atter the pboes Howe oo
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in one run debt was assumed to hc¢ paid off in the
twentieth post-terminal period (decreasing by more

than half the cost of terminal debt) and the assumed
post-+erminal plant size in snedor Tour wae iain

half as larg: as that given in Toble H-TT. The =nlution
to this (sevan period) run did not differ from th-
sol:tion to the model with terminal specifications 4s
outlined her:. Experience with the models of

various plan period lengths sugg:sts that tho aversion
to terminal débt and excess capacity in sector four

i« unreasonanle.

The Objective Function

imi 2 = + +
Maximize & ¢c ¢TR + ¢FC ¢C'

)

Variable l'cstrictions

As in standard linear programming, all vuriables
are restricted to non-negative levels. However, optimiza-
tion within the constraints is transformed into A
mixed integer programming problem by the following

reqguirement:

(23) b: =1 or 0; 1"

; - 0@1";' SR jed; T = U, ..

Fcuations (23) yield a "fixed c¢harge® imvestmert oot

functicn for sectors iwo and four.
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FIGURE la.
Optimal Solution for Model I:
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Optimal Solutions for Model IT .
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