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Abstract

The appropriate nethod for aggregating capital goods across vintages to
produce a single capital stock neasure has |ong been a contentious issue, and
the literature covering this topic is quite extensive. This paper presents a
met hodol ogy that estimates efficiency schedules within a production function
allowing the data to reveal how the efficiency of capital goods evolve as they
age. Specifically we insert a paraneterized investnent streaminto the
position of a capital variable in a production function, and then estinmate the
paraneters of the production function simultaneously with the paraneters of
the investnment stream Plant |evel panel data for a select group of stee

pl ants enpl oyi ng a common technol ogy are used to estimate the nodel. Qur
primary finding is that when using a sinple Cobb Douglas production function
the estimated efficiency schedul es appear to follow a geonetric pattern, which
is consistent with the estimates of econom c depreciation of Hulten and Wkof f
(1981). Results fromnore flexible functional forms produced nuch | ess
preci se and unreliable estimates.
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1. Introduction

The appropriate nethod for aggregating capital goods across vintages
into a single neasure of capital stock has |ong been a contentious issue, and
the literature covering this topic is extensive.! The works of Leontief
(1947), Fisher (1965) and Diewert (1980) explore the theoretical conditions
under which an aggregate capital stock exists and when a capital stock may be
expressed as a weighted sumacross all vintages of capital in use. These
wei ghts reflect the relative efficiency of capital as it ages, and the series
of these weights is referred to as an efficiency schedule. The enpirica
literature on capital efficiency schedules includes studies that estinmate
econom ¢ depreciation for specific classes of capital goods [e.g. Hall (1971)
and Hulten and Wkoff (1981)], dynam c factor demands that explicitly estimte
a geonetric capital efficiency rate [e.g. Epstein and Denny (1980), Kim
(1988), and Prucha and Nadiri (1990)], and nodels that neasure the effects of
a distributed lag of investnments on current profit [e.g. Pakes and Giliches
(1983)].2

Thi s paper presents a nethodol ogy that estimates capital efficiency
schedul es by inserting a paraneterized investnent streaminto the position of
a capital variable in a production function. The paraneters of the production
function are then simultaneously estimated with the paraneters of the
i nvestment stream In order to performthis exercise, data on inputs, output,
and previous investrments for a group of manufacturing plants that enploy a

common technology is required. To neet this need, the nodel is estimated

! See Hulten (1989) and Jorgenson (1989) for sumari es.

2 (btaining neasures of the decline in the productive ability is
difficult because the flow of capital services are not directly observabl e
because npbst capital is owner used, and the rents that accrue fromthe capita
are internalized by the owner. What is observed is a streamof capita
i nvestnments, so what nust be done is to convert these observed investnent
streanms into a capital stock neasure, where the capital stock is proportiona
to the capital services.



using a plant |level panel dataset fromthe Census Bureau' s Longitudina
Research Dat abase (LRD). The panel data used in this study provides tw neans
of identifying how efficiency of capital evolves as it ages. First, in a
cross section, plants are heterogenous with respect to their capital age
distributions. Ceteris paribus, if two plants differ only by the age of their
equi prent, then the plant with the ol der equi pnent will not be capabl e of
produci ng as much as the plant with newer capital. Second, the panel dataset
allows us to observe the levels of output and other inputs while the capita

of a plant ages.

W view this study as an exploratory exercise, testing whether the rich
panel data the LRD provides can indeed be used to estinmate the inpacts of
i nvestment on production. In particular, efficiency schedul es are esti mated
for a group of steel making plants that enploy electric arc furnace
technol ogy, also known as mni-mlls. These plants are ideal to study capita
efficiency in that they possess a common technol ogy and produce simlar
outputs. Unlike integrated steel plants, nmuch of the capital stock in these
pl ants was purchased in the 1970's and 1980's, coinciding with the coverage of
t he LRD.

Thi s paper tests several hypotheses regarding efficiency schedul es and
fundanment al questions regardi ng capital accumul ation. For instance, we test
whet her the efficiency of capital goods initially increase, due to |earning or
ot her phenonena. Pakes and Giliches (1983) find that when profits are
regressed on previous investnents, investnents nade 3-4 years prior have a
| arger inpact than nore recent investnments. This result is also consistent
with a long time to build story [Kydl and and Prescott (1982)] in which capital
purchased at tine t may not be productive until time t+1 or t+2 when the
entire project is conplete.

Once the capital becones productive, we estimate how quickly the

efficiency of capital deteriorates as it ages. Jorgenson (1989) reviews sone



of the differing opinions regarding the formof efficiency schedules. A point
of contention is whether nost production machinery is able to performclose to
original standards over tinme before rapidly deteriorating [e.g. one-hoss
shay], or whether machi nes becone steadily nore inefficient [e.g. geonetric].
These issues are not only inportant for obtaining accurate productivity
nmeasures, but also provide information for a wi de range of dynam c nodel s that
contain capital accunul ation equations. For instance, one of the nore
frequently used capital accumul ation equations is K=(1-8)K.;+l,.,, where K is
capital at time t, | is investnent, and 8 is the geonetric rate of decay. One
of our goals to test whether the data support this frequently used nodel.
Enpirically the nost popul ar nmethod for obtaining estinmates of
ef ficiency schedul es has been to exam ne prices of used capital goods. Studies
of this type collect price and age for specific asset types from second hand
mar ket s®. By exam ning how prices of used assets vary by age, economc
depreci ation, and hence, the decline in capital efficiency can be deduced [ see
Jorgenson (1973)]. As an exanple, consider a light bulb with an expected life
of two years. After one year, the light bulb still illum nates the sanme
amount of light as it did initially, it has not lost efficiency in a
producti ve sense. However, the light bulb has econonically depreciated since
the expected remaining lifetine of the light bulb has dimnished by one half.
In the special case where the |loss of efficiency is geonetric, then the rates

of econom c depreciation and the loss in efficiency are equival ent.

8 To date, Hulten and Wkoff (1981) have performed the nobst thorough and
conpr ehensi ve used asset price study, exam ning depreciation patterns for 22
cl asses of producer durables and 10 cl asses of structures. The question
ari ses whether the type of assets that participate in second hand nmarkets are
representative of assets in place. In particular, this paper uses plant |evel
data on U.S. steel mlls that enploy electric arc furnace technology. A large
portion of the production machinery in these plants is |arge, rather bulky,
and infrequently traded in second hand markets. |If |large machinery is under
represented in used asset markets and | arge machi nery depreciates at different
rates than small er machinery, then using depreciation rates based on used
asset price studies may be inappropriate.
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Anot her approach for inferring physical deterioration is to estinmate a
geonetric rate of deterioration within dynam c factor demand nodels. A large
share of these studies are based on Malinvaud (1953). |In these nodels, firns
take into account the adverse effects that current production has on nachi ne
life. The nore produced, the sooner machines will have to be repl aced.
Exampl es of enpirical applications include Epstein and Denny (1980), Kim
(1988) and Prucha and Nadiri (1990). These nodels possess the attractive
feature of nodeling the firms intertenporal optimzation problem A drawback
of these nodels is that they assune geonetric decay for tractability, while
this is an assunption we test. Additionally, the dynam c elenent in these
nodel s rely on quadratic adjustnent costs of capital, an assunption that has
cone under increasing criticism?*

Qur primary finding is that when using a Cobb Dougl as production
function, the estimated efficiency schedules follow a geonetric pattern, with
efficiency declining by 7-9% per year. These estimated geonetric rates of
deterioration are consistent with Hulten and Wkoff estinmates of economc
depreciation. Additionally, after the first year, the data do not support
initial increases in the efficiency schedule. The nodel is also estimated
using nore flexible forns, including other production functions and dynam c
factor demand nodels. However, the estimates fromthese nodels are extrenely
sensitive to nodel specification

Do these results inply that capital goods in mni-mlls physically
deteriorate at 7-9%a year? There is no doubt that ol der machines are nore
likely to suffer break downs nore frequently than newer machi nes. However,
the trade literature seens to suggest that the primary capital goods in this

i ndustry require mai ntenance proportionate to use, and there are instances of

4 Rothschild (1973) and Bertola and Cabell ero (1990) provide criticisns
of quadratic cost of adjustnment nodels. Dons and Dunne (1992) have shown t hat
t he observed plant |evel investnment behavi or appears to be inconsistent with
t he standard quadratic cost of adjustnent franeworKk.
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furnaces that were built in the 1940's still in use in the 1980's®. One
possi bl e explanation for this is that ol der equi pnent may not be used as
frequently as newer equi pnment. For instance, many plants possess nore than
one furnace. These plants are nore likely to use the newer and nore efficient
furnaces before having to use older furnaces. This results in ol der equipnent
being idled nore often than newer equi pnent, and consequently ol der equi pnent
may appear to be | ess productive than newer equi pnent.

The paper proceeds with a description of the nodels to be estimated in
section Il. Section Il describes the data used in estinmation while section
IV discusses the results. |In section V, several extensions to the basic
nodel s are explored. First, the estimation technique is nodified to exploit
the panel nature of the data. Second, a test is derived to test whether there
errors in the investnent deflators are non-exponential. Finally, sensitivity
analysis is performed by allow ng the functional form of the production

function to be nore flexible. The |last section sunmarizes and concl udes the

paper .

11. Model

This section presents the procedure used to estimate capital efficiency
schedul es. W begin by deconposing the effects of tine, vintage, and age on
the efficiency of a capital good. The capital stock at tinet, K, is a

constructed as a wei ghted sum of previous investnents:

(2.1) Kt:JZO*t,t—JIt,t—J

5 The primary pieces of capital equipnent in mni-mlls are the
electric arc furnaces, casters, and rollers. Publications such as 33 Metal
Producing U.S. Steel Industry Data Handbook 1989 present age distributions for
t hese pi eces of equipnent.



where |, .., is the nominal investnent nade at tinme t-J that has not been
retired by time t.® The weights, * .., neasure such effects as inflation
deterioration, and enbodi ed technical change, and these weights transformthe
nom nal investnments into common capital units.

Hal | (1968) decomposes * into three independent conponents; functions of

age, vintage, and tine.

(2.2)  *_ ., =d(t)b(t-J)M(J)

t

The first elenment of *, d(t), often referred to di senbodi ed technical change,
affects the productive ability of all inputs in production, not just capital.’
The second conmponent of *, b(t-J), varies by the vintage of the capital
Initially we assunme that the vintage conponent equals the investnment defl ator
series. This assunes that the investnent deflator series accurately captures
the effects of inflation and enbodi ed technical change. Under this scenario,
we need only estimate d and M. Section V exam nes the consequences and
results fromallowing b to deviate fromthe investnment deflator series.

The remaining termin *, M(J), is usually assuned to be a decreasing
function of age; as a piece of capital ages, it becones |ess productive.® W
refer to M(J) as the efficiency schedul e and several popular fornms for
efficiency schedul es have been posited in the capital neasurenent literature.
The formof M(J) varies by the characteristics of the capital goods under

consi deration. For exanple, light bul bs exhibit one hoss shay deterioration

5 In this paper we focus on constructing capital stocks for production
machi nery. Capital machinery is a heterogeneous m xture of different types of
capital goods, but our data does not break out the expenditures by type of
capi tal good

7 d(t) may be a result of Hi cks neutral technical change, or Harrod
techni cal change. G ven the production nodel that will be estimated, it wll
not be necessary to distinguish between these.

8 It may be argued that age in and of itself has little effect on
deterioration, but usage does. |In this case, age acts as a proxy for usage.
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[ight bulbs retain the sane | um nescence over tinme until they burn out. On
the other hand, dry ice experiences geonetric deterioration; the anmount of
dry ice that evaporates is proportional to the anount renaining.
Unfortunately the efficiency patterns for production machinery are unknown,
and we would like the data to tell us which pattern is correct.

Three functional forms of M(J) are discussed and used in estinmation
each with its own advantages and di sadvantages. These paraneterizations cover
a vast array of possible efficiency patterns. The first efficiency nodel is
the geonmetric. Due to its sinplicity and special characteristics, the
geonetric nodel is one of the nore widely used in applied and theoretica

nodel i ng,

(2.3)  M(J) =(1-8)°.

This nodel only has one paranmeter to be estimated, 8. Hulten and Wkoff
(1981) conpare the results froma geonetric nodel to a nore flexible and
paraneterized form the Box Cox transformation. The Box Cox nodel possesses
the ability to produce both concave and convex efficiency patterns, including

one hoss shay, geonetric, and |inear

(2.4)  M(J) =8, + 8,3,

3 _ 84 —
wher e J%Jsl, M%”:Mig_i

3 4

Al t hough the Box Cox has the flexibility to be concave or convex, it,
like the geonetric, does have the di sadvantage of being nonotonic. A priori
there are several reasons to expect M to be non nonotonic. For instance,

| earning how to optinmally use machinery may take tine, resulting in ol der
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machi nes being relatively being nore productive than newer machi nes.
I nvestment timng provides another reason for Mto initially increase. An
i nvestment nmade at time t may be part of a project not conpleted until tinme
t+2. The productive ability of capital purchased at t increases upon project
conpletion at tinme t+2.

A functional formthat possesses the ability to be non-nonotonic is the

pol ynomi al

(2.5)  M(J) :80+§j 8, J°
s=1

The pol ynom al has g+1 paraneters. A drawback to the polynom al is the
difficulty it has in fitting curves that contain flat regions. |If capita
equi prent initially deteriorates slowy, or reaches a plateau, then the
pol ynom al may not fare so well.

The geonetric, Box Cox, and pol ynom al functions enconpass the comonly
assuned fornms of efficiency. Qur goal is to estimate these three nodels and
|l et the data reveal which nodel is the nost appropriate. This goal is
acconpl i shed by substituting (2.1) and (2.2) into the capital variable in a
production function, and then estimating the paraneters of the production
function sinultaneously with the paraneters of M and d. For a Cobb Dougl as

production in log form the estinmated nodel becones:

t-1 ) T-1
(2.6) Q=%+ X8+ §In| L b(t-IMDI/ 5] ~ 2 (Y, e,
= ] =

where the i subscripts and superscripts denote plant i, Q is log of output,
X, is a k vector of log inputs and other variables, and the 's are

appropriately dinmensioned paraneter vectors. An i.i.d error term e, is



appended, where e;; ~ N(O,F?) . The disenbodied technical change conponent,
BJn(d(t)), is changed to a series of tine dunmes, Y,.., Yr,.
W estimate (2.6) using nonlinear |east squares. Before presenting the

estimation results, we briefly discuss the data used.

111. Data

In order to estimate a production function (2.6), data from production
units enploying a common technology is needed. Additionally, a near conplete
time series of investment for each unit is required. To neet these stringent
data requirenents, we use a panel dataset consisting of annual observations on
i ndi vi dual raw steel producing plants that enploy electric arc furnaces (EAFS)
as their sole source of raw steel making capacity. Most of the data itens
used in the estimation come fromconfidential, establishnent |evel data at the
U S. Census Bureau. Data on inputs and investnent cone fromthe Longitudina
Research Dat abase (LRD), while output data are taken fromthe Current
Industrial Reports (CIR). The LRD contains establishment |evel data on
enpl oyment, inventories, outputs, inputs, investnments, retirenments, and the
book val ue of capital. The LRD contains the 1963, 1967, 1972, 1977, and 1982
Census of Manufacturers and the Annual Survey of Manufacturers from 1973
t hrough 1986. Except for 1963 and 1967, annual investnments and retirenents
before 1972 are not avail able. Appendix A discusses the procedures used to
estimate investnments nmade prior to 1972.

The CIR augnents the LRD with seven digit output detail. Additionally,
the CIRidentifies the raw steel making technol ogy enpl oyed at the plant
level. The CIR data are used to construct output nmeasures and to identify
pl ants that use EAF technology. The CIR and LRD overlap between 1978 and
1986, and these are the data used in estimation

Table I'l11.1 presents sanple summary statistics. Notice that the sanple

Ssize begins to tail off after the 1982 steel depression. This is due to



several factors. First, 1983 is the end of an ASM panel, and several plants
failed to make the 1984 panel. Second, although mni-mlls have received nuch
attention due to their success against large integrated steel nmills, many
mni-mlls have gone bankrupted and closed. Finally, other observations are
dropped that contai ned erroneous or largely inputed data. These observations
tended to be at the beginning and end of a plant's Iife. This sanple
attrition results in declining industry coverage, as neasured by the tota

sanpl e EAF out put conpared to total industry EAF output.
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Table 111.1
Sanpl e Sunmary Statistics

Year N Average Eaf % of Al EAF Capacity
Qut put Qut put Utilization
1978 49 376 57 .90
1979 50 414 61 .95
1980 50 377 60 .90
1981 53 403 62 .91
1982 50 287 62 . 68
1983 46 312 54 .75
1984 39 391 49 . 86
1985 40 376 50 . 86
1986 35 433 50 . 89

N=number of observations Average EAF Output=1000's of tons of raw steel produced

% of All EAF OUTPUT=sample EAF output/total industry EAF output
Capacity Utilization=raw steel output/rated raw steel capability
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IV. Results

This section presents and discusses the paraneter estimates of (2.6).
Estimates fromthe geonetric, Box Cox, and polynom al nodels are presented and
conpared. Before preceding with the results, we address several points
concerning the inplenentation of the nodel: the treatnent of current year
i nvestment, and other variabl es included.

The effect of current year investnment on current year production is
anbi guous. Current year investnment does increase the current year capita
stock. However, the productivity of capital purchased in year t depends on
what time of year the investment is installed, and this information is
unavail able. New investnment may al so enter the production function outside of
the capital variable. Cost of adjustnent nodels postul ate that current
i nvestment di m ni shes current output. Conversely, dley and Pakes (1991)
suggest that current year investnent is positively correlated with omtted,
pl ant specific factors, such as managerial ability. The results presented in
this section are based on excluding current year investnment fromthe capita
stock: the hypothesis that the coefficient for current year investment is
zero, H,o M(1)=0, could never be rejected. However, current year investnent
as aratio to total capital appears in the nodel.

In prelimnary work, many other variables that may affect production
were included. These variables included ownership changes, unionization
pl ant age, output mx, and location information. The inclusion of these
variables had little inmpact on the remaining paraneters in the nodel. The
| ast point concerns the whether capital stock serves as an adequate proxy for
capital service. The traditional solution is to assunme that capital stock is
proportional to service, and this proportion is constant over tine and across
plants. To assume otherw se requires plant/year neasures of capacity
utilization. A plant specific capacity utilization neasure is constructed by

using the ratio of CIR data on raw steel production to private estimtes of
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raw steel naking capability. When neasures of capacity utilization are
included in the nodel, the capital paraneter, B usually increases, but the
paranmeters for the efficiency schedul es remai n unchanged. The results present
here do not make an adjustnent for capacity utilization

Figure V.1 presents the estimates of M in addition to a baseline
efficiency schedule. This baseline nodel constructs capital by using econonic
depreciation rates fromHulten and Wkoff (1981) and the 1977 Capital Flows
Table (CFT). The CFT presents distributions of asset purchases by 1-0
i ndustry group. For each of these asset categories Hulten and Wkoff have
estimated geonetric econonic depreciation rates. Using the CFT distribution
an average geonetric depreciation rate of 8=.09 is derived.®

The nost striking feature of figure IV.1 is the amazing simlarity
between the three estimated efficiency schedul es. The pol ynom al and Box- Cox
possess the ability to deviate greatly fromthe geonetric, but the best nodel
fits are obtained with geonetric-like patterns. The figure also includes a
90% confi dence interval generated fromthe pol ynom al nodel. This confidence
i nterval envel opes the other efficiency schedul es while excluding the baseline
case. The schedul es begin deviating at age 26, when the estimates begin
getting severely |l ess precise.

These estinmates are based on a val ue added definition of output [i.e.
val ue of shipnents-cost of materials]. Wuen (2.6) is estimated with materials
as a separate factor, the estimted geonetric rate of deterioration increases
to 8=.09, nearly identical to the baseline case. Again, the polynom al and

Box Cox mpdels nearly replicate the geonetric results.

® This figure is based on a correction for retirements, since data used
in estimation does nmake an adjustnent for retirenments. Based on a
conversation with Charles Hulten, the average depreciation rate is nultiplied
by two thirds.

10 less than 2% of all deflated investnent in this sanple is greater
than 25 years ol d.
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The simlarity between the efficiency schedul es is perhaps the strongest
result in this paper. Using used asset price data, Hulten and Wkoff (1981)
find a simlar result in that the Box-Cox results resenbles a geonetric

pattern. The geonetric decline in efficiency found in this paper supports the
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Table 1V.1
NLS Estimates of 2.6, Cobb-Douglas Production Function
(standard errors in parentheses)

Dependent Vari abl e=l og(shi pments-nmaterial s)

Basel i ne Ceonetric Box Cox Pol ynoni al *

I nt ercept 3.84 3.74 3.69 3.73
(.150) (.156) (.182) (.534)

K . 324 . 350 . 352 . 350
(.0356) (.0344) (.0383) (.0399)

L . 366 . 333 . 332 . 334
(.0358) (.0300) (.0301) (.0488)

E . 193 .188 . 189 . 189
(.0360) (.0360) (.0360) (.0347)

DK -.176 . 0742 . 0905 . 0716
(.338) (.344) (.345) (.593)

DK?2 . 380 . 101 . 0953 . 0999
(.673) (.681) (.682) (1.10)

DL -.333 -.3412 -.352 -. 347
(.0908) (.0907) (.0909) (.0373)

DL?2 -6.3E-4 -6.6E-4 -6.7E-4 -6.6E-4
(1.7E-4) (1.7E-4) (1.7E-4) (.0919)

Y79 . 0697 . 0679 . 0681 . 0677
(.0543) (.0540) (.0541) (.0541)

Y80 . 0805 . 0770 .0778 . 0765

(.0550) (.0548) (.0549) (.0549)

Y81 . 0362 . 0293 . 0298 . 287

(.0543) (.0541) (.0542) (.0542)

Y82 -. 0647 -.0768 -. 0759 -. 0775

(.0590) (.0589) (.0591) (.0591)

Y83 -. 145 -. 152 -. 150 -. 153

(.0579) (.0577) (.0580) (.0580)

Y84 -. 0258 -.0388 -.0380 -. 0401

(.0578) (.0573) (.0575) (.0575)

Y85 . 00160 -. 0150 -.0148 -. 165

(.0599) (.0601) (.0601) (.0601)

Y86 . 0561 . 0374 . 0374 . 0356

(.0608) (.0611) (.0613) (.0611)

R 90 .90 90 90

SSE 33.4 33.0 33.0 33.0

Nunber of observati ons=458

Not es: K=l og of capital L=log of Iabor, 1000's of production hours

E=l og of electricity, 1,000,000 s of kilowatts

DK=current real investment as a %of total real investnent

DL=% change in total enploynent, Y79-Y86=year dumm es, SSE=sum of squared
resi dual s
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T These are the results froma second order polynom al. Higher order
pol ynom al s produced only slightly snmaller SSE s.
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geonetric pattern of econom c depreciation found by Hulten and Wkoff since
physi cal deterioration and econom c depreciation coi nci de when deterioration
occurs geonetrically [see Jorgenson (1973)].

In a variety of ways we test whether the deterioration schedul e should
initially be convex, not concave, as in Pakes and Giliches (1983).
Specifically, for each nodel we test whether M remains constant or increases
during the first 2-3 years by allowing the efficiency schedule to deviate from
its functional form |In each case, the data did not support deviations from
the geonetric pattern

The actual paranmeter estimates and standard errors are presented in
Table IV.1. Gven that the three parameterizations of M yielded nearly
i dentical patterns, the magnitude and variance of paraneter estimates show
little variation across the nodels. The greatest variation in the table is
bet ween the basel i ne nodel and the other nodels. The baseline capita
coefficient is slightly lower, as is the overall nodel fit. Current
i nvestrment as a fraction of capital is uniformy insignificant, but the change
in labor is generally largely negative, perhaps supporting |arge costs of
adjustnment for labor. The only statistically significant time dumy is for
1983, a year in which the steel industry was only beginning to recover from

its 1982 depression.

V. Model Extensions

In this section we extend our analysis in three directions. First, the
estimation technique of Cornwall, Schm dt, and Sickles (CSS) (1990) is
extended to a nonlinear franework to exploit the panel nature of the data.
Second, we allow the vintage conmponent, b(t-J), to deviate fromthe deflator
series. The nodel no longer is identified, however, a test is devised as to
whet her the errors in the deflator series are not exponential. Lastly, the

Cobb Dougl as assunption is relaxed, and the results fromnore flexible
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functional forns are di scussed.

1. Panel Data

The om ssion of unobserved, plant |evel production factors when
estimating production functions can yield biased paraneter estimtes. Fixed
ef fects nodel s assune that these unobserved, plant specific factors vary by
pl ant, but do not vary over time. CSS present a nodel that extends the pane
data literature by allowing not only the intercepts to vary across plants, but
al so other slope coefficients. Their paper, which estimates productivity for
eight airlines, allows the efficiency tine patterns for each airline to foll ow
a unique time path. Their approach does not nodel why firmlevel efficiency
evolves, it only allows for the evolution to occur, and it allows the
exam nation of that evolution. W extend (2.6) to include plant specific

functions of tine.

t-1 .
(5.1) Q, =%, + X $ +$In JZ;b(th)M(J)“IYVJ
T-S S ) _
+E(ij+EtJ"ij+eit
=1 =0

The plant specific coefficients, ™;, enter as a polynom al function of tine.
For identification, the nunber of tine dunmmes is reduced by S.

For all values of S, equation (5.1) is nonlinear in variables and
paranmeters, and is estinmated by nonlinear |east squares (NLS). Wen S > 0,
the nodel is transformed to purge the plant specific conmponent. For

sinmplicity, collapse (5.1) into matrix notation

(5.2) Q' =X# +#In(K) +TS" +TD( + e,
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where TS is the bl ock diagonal time series matrix, TDis the tinme dunmy
matrix, and K is a vector containing the weighted investnent stream Let
Q=diag(TS), let PPQQQ Q, and let MeI-P . Miltiplying both sides of (5.2)
by Melimnates TS. On this transformed data, nonlinear |east squares can be
applied to obtain consistent estimates of B, (, ™, and M. Wen S=1, the data
is mean differenced as in traditional fixed effects nodels. !

We find that the estinmates for the geonetric deterioration function
when S=1 and S=2, closely resenble those when S=0, although the standard
errors increase significantly: 8=.08 when S=1 and S=2, with t-statistics |less
than 1. For the Box Cox and polynonmi al functions, the nodel has a difficult
ti me converging when S>0. In the case of the polynom al, the deterioration

esti mates becone nore volatile for J>10, and statistically insignificant.

2. Errors in Investment Deflators

The nodel s and results presented so far assunme that the investnent
deflators accurately neasure changes in technol ogy and price |evels.
Controversy has arisen over whether investnment deflators and price deflators
for capital goods in general, are properly constructed [see Gordon (1989) and
Tripplett (1989) for exanples]. 1In this section we discuss the consequences
and results when this assunption is rel axed.

Hal | (1968) denonstrates that when b is allowed to vary the three

conmponents of * are no | onger uniquely identified.

(5.3)  *_,,=d(t)b(t-J)M(J) =d"(t)b (t-I)M(J)
with d*(t) =R'd(t)

b*(t-J) =R b(t -J)

M(J) =R™M(J), for R>0

11 For a nore thorough description of this procedure, see Cornwal |,
Schmidt, and Sickles (1990).
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Let b be the correct deflator series. Suppose we use an investnent defl ator
series, bY, that understates the effect of technical progress, that is, bY <
b. When the error in the b" series increases exponentially over vintages,
then this is equivalent to (5.3) with R>1 and bv=b*". Under this special
scenario, estimates of d and M will be biased; d=d° and M=M". However, since
t he product of these biased paraneters replicate the true *, the rest of the
paranmeters in the production function will be unaffected.

Hal | proves that the identification issue raised in (5.3) has a unique
form the same * may be achieved by erroneous b, d, and M only when the errors
in these nmeasures are exponential. |If the errors in b are not exponenti al
then there do not exist M and d that produce the correct *. Under this
scenario, estimates of d and M will be biased in an unpredictabl e nmanner
Al so, given the inability the paraneters to replicate the true *, the
paranmeter estimates of 3 are also likely to be biased.

The enhanced nodel allows for non exponential errors in investnent
deflators by bisecting b, the correct deflator, into a product of the

i nvestment deflators and an error index.

(5.4)  b(t-J) =be(t-J)bO(t-J)

where b®(t-J) is the investnent deflator for vintage t-J, and

(5.5) be=1+3 ((t-J)
j=1

If there are no errors in b or the errors in the deflator are exponenti al
then the addition of (5.4) will not provide any inprovenent in data fit since
t he basic nodel suffices in producing the true *. 1In the case where the
errors are not exponential, adding (5.4) does allow the true * to be derived.

However, the enhanced nodel will not allow M, d, and b, to be separately
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identified as shown in (5.3), the enhanced nodel only provides the ability to
replicate the true *.

We test the restrictions inposed by the basic nodel, (=0 v i by using a
likelihood ratio test. The identification problemin (5.3) inplies that there
is no loss of predictive ability when one of the indices is restricted, and a
restriction nust be inposed for the nodel to converge. |In practice we inpose
a restriction on the di senbodi ed technical change conmponent, d(1978)=d(1986).
The enhanced nodel s did not provide a statistically better fit than the basic
nmodel s, inplying that if there are errors in the investnment deflators, these
errors may be exponential. Gven the identification problens, this is the
strongest test we can devi se.

This result may or may not be surprising for the electric steel mll
i ndustry. The basic steel technol ogy has remai ned unchanged, however, |arge
techni cal inprovenents are frequently reported in trade journals: the stee
maki ng process is nore conputerized, |arger transforners are nore energy
efficient, water cool ed panels save energy and extend refractory life. The
qguestion still remains whether investrment deflators truly capture the ful

i npact of these changes.

3. Other Models Tested

It is fair to criticize the results presented so far on several grounds.
Perhaps the greatest fault lies in nodel choice, the Cobb Dougl as production
function. The functional formis sinplistic and restrictive. A nore flexible
production function, the translog, which the Cobb Douglas is a special case,
is also estimated. We find that the estinmated efficiency schedules fromthe
translog are very sensitive to the precise specification. W also estimte
cost and factor demand equations with the assunption that capital is fixed in
the short run. Again, like the translog production function, the estinmates

for 8 proved sensitive to nodel specification, the results being extrenely
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unrobust. Specifically, these nodels are sensitive to which equations are
included in estimation, howtime is interacted with other inputs, and whet her
transl og or generalized | eontief functional forms are used. Further, cross
equation paraneter restrictions rarely hold statistically. Qur results
suggest that although flexible functions are theoretically attractive,

enpirically they produce unreliable estimates.

V1. Conclusions

Thi s paper investigates how the relative efficiency of capital varies by
age. This exercise is useful given the vital role capital plays in
producti on, and hence the analysis productivity and economic growh. To
estimate efficiency schedules, this study enploys a straight-forward
met hodol ogy: insert a paraneterized investnment streamfor a capital variable
in a production function, and then estimate the paraneters of the production
function sinultaneously with the paraneters of the investnment stream This
study exploits a rich panel data set that contains input, output, and
i nvestrment information for a group of steel producing plants that use the sanme
t echnol ogy.

Qur results show that reasonable and fairly precise estimtes of
efficiency schedul es are generated from sinple production nodels, the Cobb
Dougl as. Mre el aborate production and factor demand nodel s produce much | ess
preci se estimtes. However, for the sinple production nodels severa
interesting results emerge. The relative efficiency of capital appears to
deteriorate at approximately a geonetric rate. This is simlar to results
from studies that exam ne the dual to this problem of exam ning prices of used
assets. Although the estimated geonetric rate depends on the functional form
of the production function, the estimates are simlar to those of Hulten and
Wkof f (1981).

Thi s paper has denonstrated that plant |evel panel data provide a new
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source of information on capital accunulation in the manufacturing sector, and
an inportant tool in testing fundanental hypotheses regardi ng the productive
capability of capital as it ages. A natural course for future research would
be to expand this analysis to other industries, since the characteristics of

capital differ markedly across industries.
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Appendix A: Presample Investment Estimation

As nmentioned in the data section, continuous annual investnment data do
not exist prior to 1972. However, for those plants that started before 1972,
the 1972 book val ue of capital, BV,, is observed, and BV;, is the sumof al
net investnents made on or before 1972. The problemis how to appropriately
di stribute BV;, over the presanple period. 1In this section, two conpl enentary
nodel s of presanple gross investnment and retirenment are presented.

The first method exploits observed investnment behavior of young plants
in the insanple period. These plants display a pattern of investing heavily
intheir first two years followed by a substantial reduction during the next
two years. This witnessed investnment pattern is used to inpute the first four
or five gross investnents made by plants born after 1958.

The second nethod inputes gross investnents and retirenments for ol der
plants. More specifically, gross investnments made between the 1963, 1967 and
1972 CM s are nodel ed as a function of plant age, gross industry investmnent,
and the initial and endi ng book values of capital. The change in the book
val ue of capital between two censuses equals the sumof gross investnents |ess
retirements made during the interval. Once gross investnents are estinated,
then retirements can be cal cul at ed.

Both nethods rely heavily on a plant's start date, t,. The start dates
for the plants used in this study were ascertained fromvarious trade
journals. Oher studies using the LRD may obtain sone birth data that were
collected in the 1975 and 1981 ASMs. Because the birth data may not be
available in for every plant, the follow ng discussion is general in that it
assunmes that birth information for one reason or another is not avail able.
However, when the birth information is available a plant's start date is
known, as is the case for all plants in this paper, then the estinmation

procedure is easily anmended.
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The first step for both inputation procedures is to classify each pl ant
born before 1972 into one of three categories. The classification is

determ ned by when a plant is first observed in a CM

GROUP First CM Start Date
1 1972 1967 < t, < 1972
2 1967 1963 < t, < 1967
3 1963 ty < 1963

The birth year for plants in groups 1 & 2 fall within an interval ranging from
the census of first appearance to the previous avail able census. W nake no

| ower bound assunptions concerning plants that start before 1963.

Imputation Method #1

The first inputation nethod is used in inmputing (lsxe, .., l7271) for
group 1 and (lezes, .., ler6s) fOr group 2. Based on the observation that young
plants rarely retire any equipnment in the first 5 years of operation, we
assune no retirenments are made in the first four or five years of a plant.

There are several reasons to expect why investnment patterns for new
plants in the U S electric steel mll industry followa simlar pattern
large initial investnents followed by smaller investnents. A plant in this
industry is initially built with a certain scale and changing this scale
requires relatively |large expenditures. |If nanagers initially do not know
their true costs or market demand, they may wait several periods until naking
| arge investnents. Another reason for this pattern could be that a new pl ant
is likely to enbody the | atest technol ogy. Wen there is technical progress,
the margi nal benefit of investing into a new technol ogy increases with tine.
Initially after the plant comences operation, this margi nal benefit will be
smal | .

To examine the initial investnent patterns of new plants, we conpute the
real net investnent distribution for plants that started after 1972. Table

A.1 presents neans and standard deviations for these vectors. These data
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i ndicate that, on average, the initial two investnents in a plant are |arge
relative to consequent investnments. Another interesting phenonmenon that
occurs is the large investnments that occur again when plants are 5 years ol d.
Portions of the standard deviations in colums 1 and 2 is attributable to the
timng of plant construction. For several plants, the initial investnment is
smal |, beginning towards the later half of the year. The investnment nmade in
the second period for these plants will tend to be quite large. |In contrast,
for plants that begin construction early in the year, the second period
investrment will be small. Associated with the construction timng issue is
when the LRD picks up these plants. |If the LRD picks up births with a tine

lag, then an investnment streamw ||l be [unped together into the first period.

)))))))))))))))))))))))))))))))))))))))2|_))b)l))))A))1))))))))))))))))))))))))))
able A

Mean Real Net Investnent Distributions by Plant Age
(standard devi ations in parentheses)

Year of Operation

1 2 3 4 5 N
Age 2 .834 . 167 - - - 16
(. 290) (. 290)
3 .724 . 226 . 0498 - - 14
(.326) (.316) (. 0892)
4 .657 . 238 . 0533 . 0518 - 12
(.344) (.319) (.0843)  (.0744)
5 .453 . 236 . 0529 . 0515 . 206 12

(.329) (. 306) (.0709)  (.0325)  (.251)

))))))))))))))))))))))))))5))))))))))))))))))))))))))))))))))))))))))))))))
N = nunber of plants

Usi ng i nvestnent patterns of plants born after 1972 as a basis of
i mputing presanple investnent patterns has limted use. The LRD can only
calcul ate real net investnent distributions to a maxi numof 15 years. Notice
that the nunber of plants contributing to estimating the table A 1
di stributions decreases from16 to 12. |Investnent spans greater than 5 years

are not presented due to small sanples and hi gh vari ances.

24



We assune the probability of birth is uniformy distributed between 1968
and 1971 for group 1, and between 1963 and 1967 for group 2. A nean estimated
real investment distribution not conditional on plant age is cal culated for
the two periods. Using these distribution and BV;, we estinmate the 1967-1971
i nvestnments for group 1, and using BVg; we estimate the 1963-1966 investnents
for group 2.

Imputation Method #2

The first nmethod of inputation takes advantage of the special behavior
of young plants. Now we present the nethodol ogy used for older plants. W
use plant specification informati on observed in the 1963, 1967, and 1972 CM s
to infer annual investnents and retirenents.

Consi der the follow ng exanple. Suppose BV,,=200 and BV4,=100. An
i nfinite nunber of |inear conbinations of gross investnents and retirenents
could have occurred in the 1972-1967 period. At the one extreme, gross
i nvestnments for the period could have been 100 with no retirenents. Suppose
we assuned total investnents totaled 150. Then sinultaneously we are assum ng
retirements=50

Using insanple data we estimate the rel ati onship between changes in book
val ue and gross industry investnent for 4 and 5 year periods. W then apply
the paraneter estimates fromthe insanple estimation, B, to the foll ow ng
nodel
(A 1) (l7e, .., lg) = 9(BVyy, BVe7, A g7 .72, B) .
where G represents gross industry investnment. A 1l is estimated using a
linear SUR nodel to minimze the variance of B. The book val ues and gross
i ndustry investnent are fully interacted. Estimates of R are used to inmpute
the 1964- 1966 and 1968-1971 gross investnents. Retirements are cal cul ated by
| ooking at total gross estimated i nvestnents and the change in book val ues of

capital
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