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I.  INTRODUCTION

Most capital goods are used up in the
process of producing output. Machine
tools wear out, trucks break down, elec-
tronic equipment becomes obsolete. When
an asset reaches a point at which it is no
longer economical to repair and maintain,
it is withdrawn from service. As the phys-
ical deterioration and retirement of assets
cause the productive capacity to decline to
zero, a parallel loss in asset financial value
occurs. This depreciation of value is a cost
that must be subtracted from gross reve-
nue in order to determine the income
accruing to the asset. It is also the amount
that must be added to the balance sheet in
order to keep wealth intact.

These are relatively straightforward
distinctions that are routinely used in var-
ious fields of economics: in studies of
economic growth, particularly in the new
growth theory with its focus on the role of
capital formation; in environmental eco-
nomics, with its concerns about sustain-
able growth; in production theory with the
study of capital formation; in industrial
organization with issues involving the
rate of return to capital; and in public
finance, with its interest in the taxation of
income from capital. It is therefore per-
plexing that these important distinctions
have been the source of much confusion
and error. It is common, for example, to
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see “deterioration” called “depreciation,”
though the former is a quantity concept
and the latter refers to financial value.
Other confusions have led to the inference
that there are two logically separate con-
cepts of capital, one appropriate for
wealth accounting and the other for the
study of productivity and growth.

Part of the problem lies with the his-
toric confusion and controversy within
capital theory itself. The controversy is
manifest in academic debates over the role
of capital in economic growth (viz. the
“Cambridge Controversies” in capital the-
ory). A major source of difficulty arises
from the fact that, by definition, a capital
good yields its services over the course of
several years and the fact that capital
goods are generally owner utilized. This
leads to a fundamental difference vis a vis
non-capital inputs like labor and materials
that complicates the measurement prob-
lem enormously and necessitates the use
of imputational methods and approxima-
tions to get at the underlying economic
prices and quantities. Unlike labor, which
is purely an input, capital goods are both
inputs and outputs of the production pro-
cess, and this fact adds yet another dimen-
sion to the analysis.

In the spring of 1992 the current state
of research on capital, wealth, and depre-
ciation was the subject of a one-day Con-
ference on Research in Income and Wealth
symposium, held in Washington D.C. at
the Board of Governors of the Federal
Reserve under the auspices of the National
Bureau of Economic Research. This sym-
posium ranged over many of the issues in
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HULTEN & WYKOFF: ECONOMIC DEPRECIATION 11

the measurement of economic deprecia-
tion, and presented both an appraisal of
past research and an important set of new
results. The five following papers of this
issue of Economic Inquiry are devoted to
the proceedings of the workshop in the
hope that further research interest will be
stimulated in this crucial and under-re-
searched branch of economics.

ll. ISSUES IN DEPRECIATION ANALYSIS

Given the history of confusion sur-
rounding the concept of economic depre-
ciation, it would seem useful to precede
the conference papers with a few introduc-
tory remarks about the problem of depre-
ciation. We will start with the simple ex-
ample of a small manufacturing company
that owns three machines: one that was
purchased at the beginning of the current
year (1996) at a cost of $100,000, one pur-
chased five years ago at a cost of $80,000,
and one purchased twenty years ago for
$40,000. The three machines are intended
to perform the same set of tasks and are
essentially the same, except for wear and
tear due to age and to design improve-
ments that have occurred over time. The
average useful life of this type of machine
as calculated for accounting purposes is
fifteen years, and the firm uses the
straight-line method of accounting depre-
ciation. The net book value of the firm
(historical cost, less accumulated straight-
line depreciation) is thus $146,667, and
annual accounting depreciation is $12,000.
Finally, the operating revenue after ex-
penses is $20,000.

These data are typical of the informa-
tion available for analyzing macro- and
microeconomic issues that involve capital
variables (issues of growth, production,
investment, wealth, etc.). The basic ques-
tion is whether or not such data are suffi-
cient for the demands made on them. The
answer is, unfortunately, that they are not.
Knowledge of the historical pattern of
investment is not sufficient to determine

the amount of productive capacity in a
firm, industry, or economy. This becomes
apparent when the example above is re-
worked in analytical form.,

The collection of capital goods available
for production in year t may be repre-
sented by [I, I, , ... , I, ;]—in the case of
our small firm, this collection has three
elements corresponding to a new capital
good, and one five-year-old and one
twenty-year-old capital good. The histori-
cal cost (and gross book value) of the
collection is equal to

(1) BV, =Pl ol + Py ol g + ...
.o Plr-—l‘,oltm‘r

where Plo denote the purchase price of a
new capital good in year t. For our exam-
ple, Plissso= $]00,000, P11991,0: $80,000,
Plszeo= $40,000, and thus BVXuws, the gross
book value, is equal to $220,000. The his-
torical price of new machines Plo is ob-
servable, but it tells little about the value
(or shadow price) of a machine that has
been in operation for a number of years,
PL.. This second price, reflecting the re-
maining present value of the income ac-
cruing to the machine, is the amount that
a rational investor would be willing to pay
to acquire the machine in a second-hand
market. The total value of the collection
L, I, 4, ..., I_4] is thus equal to

K I I . pl
(2) 1% f:Pf,OIf+Pt,]It71Jr"'fpf,T]fvT'

This is clearly different than the gross
book value measure, BVK. It is also differ-
ent, in practice, from net book value, VK,
($146,667), constructed by accountants
using straight-line depreciation. Although
this is intended to approximate VX, such
measures are problematic because me-
chanical book value measures bear no nec-
essary relationship to the remaining asset
financial value after adjusting for true eco-
nomic depreciation—unless of course the
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12 ECONOMIC INQUIRY

latter should happen to coincide with a
straight-line depreciation pattern.

It is also different from the value of the
services rendered by the collection of cap-
ital goods, as well as from the in-use
productive capacity of the collection. The
former is equal to the product of the
annual shadow price that each good in the
collection could be rented for, PXs, and the
available quantities I, ., summed over the

active vintages.
@  wK =P+ PNyt
+PS I g

This term 7X, is the total gross rental value

of the capital goods in the collection, or,
in accounting terminology, property in-
come. It corresponds in our numerical ex-
ample to the $20,000 generated by the firm
with three assets. Note that it is the sum
of past investments valued using vintage
rental prices, while the value of capital
stock is the sum value at vintage asset
prices.

The price PX is a straightforward con-
cept when capital goods are rented in
formal markets. This occurs with residen-
tial apartments and houses, space in office
buildings and retail stores, automobiles,
hand tools and construction equipment,
etc. In these cases, there is an explicit
market price corresponding to PX. How-
ever, most types of fixed capital are
owner-utilized, and the rent is therefore
implicit—e.g., the implicit rent that home-
owners “pay” themselves for using the
house they own. This gives rise to the
terminology “quasi-rent” and “user cost”
when referring to the gross annual return
to owner-utilized capital.

The quasi-rent and user cost of capital
are notionally equivalent to the rental
price, since the latter is the opportunity
cost that owners must forgo when decid-
ing to use their own capital goods. There
are, however, some important qualifica-

tions that tend to make the user cost
concept elusive, and sometimes deceptive.
First, most owner-utilized capital is fixed
in the short run, and the return to this
quasi-fixed capital is an ex post residual,
the amount left over from revenue after all
current expenses are paid. Hence the term
“quasi rent.” The rental price, on the other
hand, is the ex ante cost of acquiring the
right to use the capital good for a stipu-
lated period of time. Under perfect fore-
sight with full utilization the two concepts
will tend to converge. With uncertainty,
they may not.

There is also a second problem: the ex
ante expected degree to which capital is
utilized may differ from ex post utiliza-
tion, even if fluctuations in demand are
correctly anticipated. And, older capital
may be less intensely utilized than newer
units. These situations lead to the possibil-
ity that the implied services obtained from
a given capital good may vary with inten-
sity of use. This is recognized in the older
user-cost literature as the dual to a stock-
flow distinction and, in this context, the
rental price PX is viewed as the annual
price of capital services, while P! is the
stock price of capital. A more recent view
does away with this stock-flow distinc-
tion, noting that the flow of services is not
inherent in the stock of capital itself, but
depends on the amount of variable inputs
applied to the quasi-fixed stock (Berndt
and Fuss [1986] and Hulten [1986]). This
leads to an ex ante rental versus ex post
quasi-rent of the concept of the capital
stock. In this model capital utilization is
defined as a function of the wedge be-
tween the two rents.

These distinctions take us far beyond
the purpose of this simple introduction,
but anyone approaching this field should
be aware of these issues. From here on, we
will ignore them by assuming that de-
mand is constant and that capital is uti-
lized at a constant rate. We will also as-
sume perfect foresight.
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HULTEN & WYKOFF: ECONOMIC DEPRECIATION 13

The productive capacity of the collec-
tion [I,, I,_, ..., I,_;] is yet another variant
on the symmetries implied by equations
(1), (2) and (3). The “quantity” of capital
associated with this set of capital goods is
defined as the amount of new investment
that would be needed to produce exactly
the same amount of output. The goods in
each vintage are assumed to be equivalent
to some fraction of the capital in the new-
est vintage, regardless of how the charac-
teristics of the capital goods have changed
over time. Given this assumption, past
vintages of capital can be added up to get
the total amount of “capital stock”:

(4) Kt:“polf-i_('p]ll’*l b +(pTIt’—T'

The weights, ¢,, express the productive ca-

pacity of s-year-old assets as a fraction of
the productive capacity of a newly pro-
duced asset. The ¢’s are thus indexes of a
relative efficiency in which in-use effi-
ciency of a new asset is normalized:
©p=1.1

Studies of economic growth and pro-
ductivity which are based on production
functions with capital as an input need
estimates of the capital stock equation (4);
studies of income and wealth need esti-
mates of equation (2) and the components
of equation (3), adjusted for true depreci-
ation. However, what is available is only
equation (1), the left-hand side of equation
(3), and, of course, the approximate ac-
counting value of the left-hand side of
equation (2). The data which are typically
available are thus not sufficient, but what
further steps are needed to bridge the gap?
This question has occupied the field of
income and wealth accounting for several
decades and has required some creative

1. The ¢’s can be given an interpretation in terms
of the stock-flow distinction (i.e., they convert the
stock into a flow of services equivalent), or they can
be seen as stock weights that express capital goods of
different ages into a common income generating
equivalent.

answers. The papers in this issue discuss
some of these answers and provide some
new ones. As a background for this dis-
cussion, we lay out, in the following sec-
tion, the basic framework of depreciation
analysis.

. THE FRAMEWORK OF DEPRECIATION
ANALYSIS

The three equations set out above can,
and have, been treated as separate inde-
pendent entities. However, this leads to
potential inconsistencies that are a prob-
lem for economic studies of production,
growth, taxation, etc., and it is therefore
useful to treat the equations above as part
of a unified framework. There are several
possible candidates for such a framework,
the obvious candidate being that provided
by neoclassical economic theory.2

Three relationships of the neoclassical
model govern the capital accounting exer-
cise. The first is the aggregate production
function, which may be expressed as

(5) Q;=AF(Ly, Ky)
=AF(Ly, [@ply_q + @112 + ... + 07l (147)))

Given this aggregate representation tech-
nology, the marginal product of any vin-
tage s of investment can be expressed as

© PN /PQ=0Q; /8l = 05Q; /K,

We have imposed here the second key as-
sumption: that rental prices PX. are pro-
portional to marginal products. This du-
ality relation is essential for establishing
the link between capital income and the
productive capacity of capital goods, and
thus between equation (3) and the aggre-
gate capital stock (4). This expression is
also significant because it demonstrates

2. See Hulten [1990; 1995] for a discussion of the
possibilities.
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14 ECONOMIC INQUIRY

that the efficiency index ¢, is really noth-
ing more than the sequence of the ratios
of the marginal products of s-year-old as-
sets to the marginal product of a new
asset.3
The third economic relation of impor-

tance is the link between marginal prod-
ucts (rents) and the price of capital goods
Phs. The price of a capital good in a fully
arbitraged asset market is just equal to the
present value of the income that the asset
is expected to generate over the remainder
of its useful life. The general expression
for the remaining present value of an
s-year-old asset is

T
Plt,s = Zpl\tﬁ—r,ﬁt/(l'f_r)wll

=0

(7)

where we have assumed for simplicity
that the discount rate is constant over
time. When s =0, we have the expression
for a new asset. This expression links the
asset financial valuation equation (2) to
revenue equation (3) and to stock equation
(4).

This framework lays bare the funda-
mental economics of the capital vintage
model and makes clear the crucial role of
the g-efficiencies in the process of depre-
ciation-deterioration. The ¢’s are a key
determinant of the rental price, and by
extension, of the asset price, which can be
expressed, after some algebraic manipula-
tion, as

T
Plt,s - Z(\DS+TPKf+T,0 / (1+’,)r+l.
=0

(8)

The result is a formulation that expresses
the remaining present value of an asset in
terms of the rental price of a new asset.

3. As an aside, the Leontief [1947] Aggregation
Theorem states that capital can be aggregated using
equation (4) if, and only if, the ratio ¢ is a constant
number. Moreover, the aggregate production function
(5) exists only under this condition.

Reproduced with permission of the copyright owner.

This expression provides an important in-
sight into the link between the production
(quantity) and valuation (price) sides of
the capital problem. The relative marginal
product of capital could be inserted into
(7) in place of ¢, in which case it becomes
clear that the financial value of the stock
of capital derives from its productivity in
generating future output.

Equation (7) also provides an insight
into the nature of economic externalities
and depreciation. Expression (7) can be
made to yield

€) 6t,splt,s be Plt,s T PI

f,5+1
T
- Z ((ps+r i (ps+r+1)Pkt+t,O/(l+r)Hl
=0

where §,, is the percentage difference in
price of capital between two successive
ages in the same year (ie., §,=1
~(Plis.1/P)). This expresses the erosion
of capital financial value due to the pro-
cess of aging. It is also the definition of
economic depreciation: the amount of cap-
ital financial value that must be “put
back” in order to keep the real value of
the wealth intact. This is the definition of
economic depreciation noted in the intro-
duction, and it is seen to be equal to the
present value of the shift in asset efficiency
from one age to the next. In other words,
when an asset is used in the production
of output over the course of a year, it is
the erosion of current and future produc-
tive capacity {(¢,,— 9u1): 1=01,..1},
which Jorgenson calls the mortality se-
quence, that causes the erosion of asset
value (Pl — Plisn),

IV.  EFFICIENCY AND DEPRECIATION
PATTERNS
There are an infinite number of possible
efficiency functions, and indeed, every
piece of capital probably has its own
unique pattern. However, the literature
has focused on three cases:

Further reproduction prohibited without permissionyay



HULTEN & WYKOFF: ECONOMIC DEPRECIATION 15

(1) The constant efficiency pattern, also
known as the “one-hoss-shay” pattern,
which has the form:

(10)  @p=¢1=-.. =011=1, 974, =0

t=0,1,.2, ..

In the one-hoss-shay form, assets retain
full efficiency until they completely fall
apart. In this form, the efficiency sequence
is completely characterized by the service
life T, and the measurement problem re-
duces to the problem of estimating T.

(2) The straight-line pattern, in which
the efficiency falls off linearly until the
date of retirement:

(11) Po=1,0;=1-(1/T),
¢2:14(2/T), sasy (P'Tflzlf[(T_l)/T]

P =0 ©=101,2, ;.
In this form, efficiency decays in equal in-
crements every year, ie., ¢_—¢,=1/T.
As with the one-hoss-shay pattern, T com-
pletely determines the efficiency pattern.

(3) Geometric decay, in which the pro-
ductive capacity of an asset decays at a
constant rate & = (9, ; — 9,) / ¢,_;. This gives

the efficiency sequence

12) @p=1, ¢;=(1-3), g, =(1-5)% ...,

o, =(1-39), ...

This form is characterized by a single pa-
rameter as in the preceding cases, but the
parameter is now the rate & rather than
the service life T.

These patterns describe the path of ef-
ficiency over time, and they should not be
confused with the corresponding path of
economic depreciation. Equation (9)
makes it clear that the two paths are
linked, and it is well known that the
one-hoss-shay pattern of efficiency im-

plies straight-line depreciation with a zero
rate of discount, and a concave pattern
with a positive discount rate. It is also
clear from equation (9) that straight-line
efficiency is not the same as straight-line
depreciation. Indeed, only the geometric
form has this self-dual property, which
makes it an attractive alternative on a
priori grounds.

V. ESTIMATION OF EFFICIENCY AND
DEPRECIATION PATTERNS

It is clear, given the central importance
of the ¢-efficiencies, that any attempt to
implement the empirical framework laid
out in the preceding section requires an
estimate of the efficiency pattern. The bad
news is that, since the ¢’s are ratios of
marginal products, they are not directly
observable. The good news is that the
association between the rental prices and
the ¢’s in equation (6) means that the
former can, in principle, be used to esti-
mate the latter. In other words, if there
were active rental markets for capital ser-
vices as there are for labor services, the
observed prices could be used to estimate
the marginal products. And, the rest of the
framework would follow from these esti-
mates.

But, again, there is bad news: most
capital is owner utilized, like much of the
stock of single-family houses. This means
that owners of capital, in effect, rent it to
themselves, leaving no data track for the
analyst to observe. This leads to the situ-
ation where the rental price must be esti-
mated from the ¢’s, not the other way
around. This is accomplished by using the
Hall-Jorgenson [1967] “user cost” formu-
lation, in which equation (8) is solved to
yield:
(13) PKt,s =[r- Pist T+ pf,s)sf,slplt,::'

This expression has a straight-forward in-
terpretation: the equilibrium (shadow)
rental cost of an asset equals the ex post
return to the money invested in the asset
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16 ECONOMIC INQUIRY

r, adjusted for asset revaluation,
p = (P11 /Pl siq) + 1, plus the cost of eco-
nomic depreciation. In this formulation,
the rate of return, r, is measured on an ex
post basis and thus includes any excess
returns or rents accruing to the asset (or
any deficits).*

This still leaves the question of estimat-
ing the ¢’s and 8’s. Fortunately, there are
several possibilities besides the use of
rental prices. If there is a thick resale
market for a particular type of asset, the
8’s can be estimated from the definition
8= 1= (P /P, and this leads to es-
timates of the ¢’s [when depreciation is
geometric, ¢, = (1 - 8)’]. However, though
more readily available than rental prices—
indeed richly available for many asset
types—resale price data are not available
every year for every type of asset, and thus
3,5 cannot be computed for the universe of

depreciable capital. This leads to the ne-
cessity of approximation methods in order
to build up a picture of the general expe-
rience of the entire stock of capital.

We have followed this approach in a
series of studies of non-residential struc-
tures and producers’ durable equipment
in the U.S. (Hulten and Wykoff [1981a;
1981b]), Hulten, Robertson, and Wykoff
[1989], and Wykoff [1989]. Our basic ap-
proach is based on the observation of a
sample of second-hand asset resale prices
which we use to discriminate between the
leading depreciation patterns noted
above. If economic depreciation has the
straight-line form, for example, then a
regression analysis which uses flexible
functional forms should indicate that the
asset’s price declines linearly with age; if
assets retain their full productive capacity

4. The ex post rate of return is found by inserting
the user cost formula (1) into the expression for capital
income (3) and solving for r. This is possible because
the other terms are observable, or, in the case of the
average rate of economic depreciation §, can be im-
puted or estimated. Berndt and Fuss [1986] show that
the ex post rental price, so defined, equals the marginal
product of capital.

up to the point of retirement, ie., are
one-hoss shays, the analysis should indi-
cate a pattern that declines more slowly
than the straight-line pattern when the
discount rate is positive; if depreciation
has the geometric form, then the fitted
pattern should decline at a constant rate
with age.

We have used this approach to study
the depreciation patterns of a variety of
fixed business assets in the United States
(e.g., machine tools, construction equip-
ment, autos and trucks, office equipment,
office buildings, factories, warehouses,
and other buildings). The straight-line and
concave patterns are strongly rejected;
geometric is also rejected, but the esti-
mated patterns are extremely close to
(though steeper than) the geometric form,
even for structures. Although it is rejected
statistically, the geometric pattern is far
closer to the estimated pattern than either
of the other two candidates. This leads us
to accept the geometric pattern as a rea-
sonable approximation for broad groups
of assets, and to extend our results to
assets for which no resale markets exist by
imputing depreciation rates based on an
assumption relating the rate of geometric
decline to the useful lives of assets.> A
recent paper by Barbara Fraumeni reviews
the literature on economic depreciation
and finds that the weight of evidence
strongly supports this form of deprecia-
tion. A summary of our estimates of asset
class depreciation rates, which has been
condensed and updated, is provided in
Table 1.

5. Information is available on the average service
life, T, from several sources. The rate of depreciation
for non-marketed assets can be estimated using a two-
step procedure based on the “declining balance” for-
mula 8= X/T. Under the “double declining balance”
form, X = 2. The value of X can be estimated using the
formula x = 3T for those assets for which these esti-
mates are available. In the Hulten-Wykoff studies, the
average value of X for producers’ durable equipment
was found to be 1.65 (later revised to 1.86). For non-
residential structures, X was found to be 0.91. Once X
is fixed, & follows for other assets whose average ser-
vice life is available.
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TABLE I
Rates of Economic Depreciation

Asset Class

Approximate
Depreciation Rate

Producers” Durable Equipment

Furniture & Fixtures 12%
Agricultural Machinery 12%
Industrial Machinery and Equipment 12%
Construction Tractors and Equipment 18%
Farm Tractors 18%
Service Industry Equipment 18%
Electrical Equipment 18%
Aircraft 18%
Trucks and Autos 30%
Office and Computing Equipment 30%
Non-Residential Structures 03%

and updated.

VI. CRITICISMS OF THE USED ASSET PRICE
APPROACH

The geometric form is a matter of great
controversy (see, for example, the debate
between Feldstein and Rothschild [1974]
and Jorgenson [1973]). Feldstein and Roth-
schild point out that the ¢’s and &’s are
variables that are subject to choices about
the degree of utilization and maintenance,
and other factors. They also note that
depreciation can take many forms: in-
creased down time through breakage or
repair, loss in serviceability from wear and
tear, wastage of materials, etc. A theory of
efficiency functions should capture all of
this and, in principle, allow each asset to
be different. Importantly, there is no rea-
sonable expectation that the pattern is
fixed, much less fixed with a geometric
pattern.

The geometric form is also regarded by
many observers as intuitively implausible

Source. Based on more detailed estimates by Hulten and Wykoff [1981a], revised

because of the rapid loss of efficiency in
the early years of asset life (for example,
34 percent of an asset’s productivity is lost
over four years with a 10 percent rate of
depreciation). Moreover, pure geometric
decline means that assets are never com-
pletely retired and this implies that the
service life is infinite. When viewed from
this intuitive standpoint, the most plausi-
ble pattern may well seem to be the “one-
hoss shay,” in which capital appears to
retain the bulk of its productive capacity
throughout its useful life. It is hard to
believe that the productive capacity of
desks, chairs, and blackboards “evapo-
rates” at a constant rate every year. It thus
would seem that the geometric pattern is
decidedly inappropriate.

Criticism has also been voiced about
the viability of used-asset market price
data as an indicator of in-use asset values.
One argument, drawing on the Akerlof
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18 ECONOMIC INQUIRY

Lemons Model, is that assets resold in
second-hand markets are not representa-
tive of the underlying population of as-
sets, because only poorer quality units are
sold when used. Others express concerns
about the thinness of resale markets, be-
lieving that it is sporadic in nature and is
dominated by dealers who under-bid.

VIl. EVALUATION OF THE EVIDENCE

Taken together, these intuitive argu-
ments above suggest that this is a case in
which the econometric evidence leads to
the wrong result. However, it may also be
true that the intuition, not the economet-
rics, is faulty. Intuition tends to be based
on personal experience of individual
cases, particularly personal experience of
consumer automobiles. Moreover, what
may be true on a case-by-case basis may
not be true of an entire population of
assets. If so, this has important implica-
tions for evaluating econometric results,
which typically reflect the average experi-
ence of whole populations and not indi-
vidual units.

For instance, it may well be true that
every single asset in a group of 1000 assets
depreciates as a one-hoss shay, but that the
group as a whole experiences near-geo-
metric depreciation. This fallacy of com-
position arises from the fact that different
assets in the group are retired at different
dates: some may last only a year or two,
others ten to fifteen years. When the expe-
rience of the short-lived assets is averaged
against the experience of the long-lived
assets, and the average cohort experience
is graphed, it will look nearly geometric if
the 1000 assets have a retirement distribu-
tion of the sort used by the Bureau of
Economic Analysis (i.e., one of the
Winfrey distributions). Thus, the average
asset (in the sense of an asset that embod-
ies the experience of 1/1000 each of 1000
assets in the group) is not one hoss shay,
but something that is much closer to the
geometric pattern. This can easily be ver-
ified by performing this experiment using

the parameters of the Bureau of Economic
Analysis’s capital stock program.®

There are, of course, applications in
which the experience of one individual
asset is at issue. However, most applica-
tions in growth, production analysis, en-
vironmental economics, industry studies,
and tax analysis, are concerned primarily
with the average experience of a heteroge-
neous population of capital, and not with
the idiosyncratic behavior of each individ-
ual asset. In this regard, the Feldstein and
Rothschild critique may well be correct
about the complexity of the depreciation
process for individual assets while, at the
same time, the idiosyncrasies of individ-
ual experience actually average out in the
population, so that one observes compar-
atively stable and predictable depreciation
patterns over all. Such stability was found
in our 1989 study with James Robertson.

Intuition about the lemons problem
also may be potentially faulty. Business
capital, unlike personal autos, is resold for
reasons not associated with asset quality
per se, but because of events such as plant
closings, shifts in product demand, or de-
cisions related to tax optimization, inven-
tory control or liquidity requirements.
Structures, similarly, may be sold for the
same reasons that any piece of real estate
is sold. There is thus no strong basis for
believing that only “lemons” come on to
the market. Moreover, it is by no means
clear that asymmetrical information is a
problem: the decision to buy a used asset
like a building is usually made by experts
in the resale market whose economic sur-
vival depends on the ability to spot defec-
tive assets. Akerlof himself explains that
sellers have an economic incentive to help
potential buyers overcome the asymmetric

6. The fallacy of composition in effect is exacer-
bated by the fact that heterogeneous assets are neces-
sarily grouped together to make the estimation prob-
lem manageable. The machine tool class, for example,
includes tools that last three years (grinders) with tools
that last more than thirty years (metal presses).
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information problem. Indeed, were this
not so, the logic of the lemons argument
itself would imply no (or very tiny) used-
asset markets.

VIIl.  TECHNICAL CHANGE AND
OBSOLESCENCE

When new vintages of capital are intro-
duced into the market, they often contain
new “state of the art” technology. If this
new technology is superior, then the ar-
rival of new, better vintages of capital will
depress prices of existing old vintages of
capital which do not contain the new
technology. This decline in value of old
vintages is obsolescence the decline in price
resulting from the introduction of new
vintages of capital. Thus, obsolescence is
the effect on older vintages of capital of
the introduction of new technology embod-
ied in new vintages of capital. In other
words, embodied technical change results
in obsolescence of older vintages of capital
if the new change cannot be grafted onto
the older assets. Until now, we have not
tried to identify the obsolescence term. We
now turn to that problem.

This problem may be very important.
Cole et al. [1986] found that quality
change in the price of new IBM computers
fell at compound rates of between 10 per-
cent and 20 percent per year. Their results
led the Bureau of Economic Analysis to
adjust its investment goods’ prices in the
national accounts. Robert J. Gordon [1990]
extended this adjustment to all producers’
durable equipment and reports a signifi-
cant quality adjustment for many assets.

The key issues in disentangling and
identifying the obsolescence and decay
components of depreciation can be illus-
trated by the following diagram which
plots the asset price, p',; for a collection of
similar assets of various ages at a given
point in time, t. This is the age-price profile
estimated in Hulten and Wykoff [1981].

Economic depreciation is, by definition,
the decline in price along the age dimen-
sion, i.e., the partial derivative of p/,; with

respect to age s, represented in Figure 1 by
the move along the lower age-price profile
from a to b. This move is driven by two
factors:

(1) As an asset ages, it may lose some
of its original productive efficiency, and
also each year moves it one year closer to
its date of retirement from service. Both
effects cause the remaining present value
to decline.

(2) As an asset ages, newer assets may
appear with technologically superior de-
signs. The arrival of the superior competi-
tors does not reduce the productivity inher-
ent in existing assets, but it can reduce their
prices when the cost savings realized by the
technically superior assets becomes (nega-
tively) capitalized into the prices of the
older, obsolescent, vintages of capital.

Figure 1 shows a shift in the age-price
profile from ¢t =1 to t = 2. This shift also is
driven by two factors:

(1) General price inflation exerts up-
ward pressure on all prices over time and,
even without inflation, supply and de-
mand shocks can change relative prices
between periods which can shift the age-
price profile.

(2) The age-price profile may shift with
time, and it may not, as a result of improve-
ments in the quality of new assets.

As noted in Hulten [1995], improve-
ments in the quality of new assets push up
the price of new assets when quality im-
provements are achieved at a cost, ie,
research and development expenditures
and more costly materials. When, how-
ever, quality improvements are costless,
the transactions prices of new investment
goods in competitive markets are not af-
fected and the age-price profile does not
shift with respect to time. (For example,
the price of a new computer this year,
adjusted for inflation, may be approxi-
mately the same as the price of new com-
puters last year even though this year’s
model is technologically superior.) Since
most quality changes are far from costless,
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the time dimension of the age-price profile
normally shifts outward.

The actual, observed total year-to-year
change in the transactions price of a given
asset is the outcome of all these effects,
and is represented by the move from a to
¢. It 'decomposes into depreciation (the
pure age effect) shown by the move from
a to b, and revaluation (the pure time
effect) shown by the shift from b to c.

Sorting out the various underlying ef-
fects is difficult and;, when decay, obsoles-
cence, and revaluation occur at constant
geometric rates, Hall [1968] shows that the
three rates cannot be identified separately
from data in the two dimensional asset
price array phs. Hall, in [1971], goes on to
demonstrate that price-hedonic estimation
techniques can provide one way around
this identification problem. However,
again as Hulten [1995] has pointed out, a
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fourth factor, the cost of attaining a given
rate of asset quality change, is implicit in
the problem, and this factor complicates
the issue by vitiating interpretation of he-
donic coefficients. However, economic de-
preciation estimates are independent of
this additional factor even though the re-
valuation term is not.

IX. CONTENTS REVIEW

As we noted at the outset, heated argu-
ment has marked much of the debate on
capital measurement. Jack Triplett’s paper
deals with the famous 1970s debate be-
tween Edward Denison on the one hand
and Dale Jorgenson and Zvi Griliches on
the other. Triplett argues that the disagree-
ment boiled down to a different perspec-
tive on the role of capital in the income
accounting literature of Denison from the
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growth and productivity literature of
Jorgenson and Griliches. Triplett bridges
the intellectual gap between Denison and
thus the Bureau of Economic Analysis to
the model we have outlined above.
Triplett’s equation (3a) goes to the heart of
the dispute that had stymied reconcilia-
tion. Triplett’s equation (3a) links the
Jorgenson definition of economic depreci-
ation to the Denison concepts of exhaus-
tion and decay. Triplett's expression
k(1,5) — k(2,5) in his equation (3a) is simply
the Jorgenson term, ¢, — ¢,,,, the decline in
efficiency which Jorgenson calls the mor-
tality function:

(14) Ms = Qs — Qg41-

The mortality function appears in equa-
tion (9) above as a key aspect of economic
depreciation. Triplett’s contribution is to
explain and thus reconcile a major dis-
pute, paving the way for construction of
a coherent measure of capital in the Sys-
tem of National Accounts.

Dale Jorgenson, a major contributor to
this literature, in his up-to-date summary
in this volume of the econometrics of
economic depreciation links the Hall ap-
proach to the various econometric models
for estimating depreciation taking into
consideration both in-use depreciation
and retirement. Jorgenson reviews major
new data provided by the statistical agen-
cies in the U.S. and recent attempts to
estimate obsolescence as well as a sum-
mary of the empirical depreciation litera-
ture itself. Thus, combined with this intro-
duction, Triplett’s reconciliation, and
Jorgenson'’s linkage of the theory of depre-
ciation to empirical research we have a
comprehensive and coherent research
agenda into measurement of capital
stocks.

Ishaq Nadiri and Ingmar Prucha signif-
icantly advance the measurement of capi-
tal by solving three problems. These are
the problem of permitting endogenous de-

preciation, the problem of limited used-
asset price data, and the problem of esti-
mating the stocks of intangible assets,
such as goodwill and research and devel-
opment (R&D). When one considers mea-
surement of depreciation of large fixed
capital assets like dams, paper mills, and
nuclear reactors it is obvious that a mea-
surement solution that does not rely on
used-asset prices must be found.

Nadiri and Prucha implement their
framework for the total U.S. manufactur-
ing industry. By assuming that a period-t
cost function, dual to the production func-
tion, yields conventional output from the
period-t input mix, and simultaneously
yields the new period-t+1 values for these
inputs, they render depreciation as an
endogenous byproduct of cost minimiza-
tion. Since their assets include expendi-
tures on R&D, they are able to extend the
analysis to measure the stock of endoge-
nous R&D capital.

In a related contribution, Mark Doms
exploits production function analysis to
directly infer efficiency sequences, o,, for

plant-level data in which capital assets are
held in-place between periods. This is a
two-fold contribution. Jorgenson [1973]
suggested that the efficiency sequence
could be thought of as an efficiency “func-
tion” whose form would depend upon the
decline over age and time of marginal
products of various vintages of capital, so
that rather than try to measure ¢, from

relative rental prices for each individual
vintage t — s, one could estimate a pattern
which would represent the path of effi-
ciency decline throughout the life of a
cohort of capital.

Doms, like Nadiri and Prucha, does not
require used-asset market prices to obtain
his endogenously driven efficiency func-
tion estimates. This not only enlarges the
scope of measurable depreciable capital
but provides a check on inferences about
depreciation drawn from used-asset mar-
ket prices. Doms applies his methodology
to steel plant capital. Again we have an
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illustration of a new method for estimat-
ing Jorgenson’s efficiency sequence, and
thus the mortality sequence in Triplett’s
equation (3a).

Another major problem confronted by
estimators of depreciation involves cor-
recting used-asset prices for early asset
retirement. We showed in Hulten and
Wykoff [1981a] that without a correction
for retirement, a censored sample would
result in downward-biased estimates of
the true depreciation rates. Oliner studies
the consequences for vintage capital of
new computerized technology that favors
newer vintages of machine tools by allow-
ing them to receive numerical instruc-
tions. This technological innovation re-
places the need for a machinist, thus re-
ducing risk, increasing quality control,
and making newer vintages of capital
technologically superior to the older vin-
tages by reducing labor input costs. Oliner
develops a framework for estimating ob-
solescence of capital while at the same
time integrating a new set of retirement
figures into the analysis.

One important aspect of the Oliner
paper is its analysis of retirements. In
theory, retirement should occur as soon as
quasi-rents fall so low that the present
discounted value of the remainder is less
than scrap value. Until Oliner’s work we
had only one or two actual empirical stud-
ies of retirement. The Bureau of Economic
Analysis still uses the Winfrey studies
from the 1930s.

Oliner’s paper is important for another
reason. The role of technical change is
absolutely central to growth, capital mea-
surement and productivity. How does one
measure technical change, the impact of
new goods and the separable effects of
obsolescence and deterioration? This is
another topic that has been a subject of
much debate in recent years and has led

to considerable confusion. Several recent
studies have started to deal with the spe-
cial and important case of new technol-
ogy—the new goods problem. The appar-
ent acceleration in new goods production
resulting from the technological advances
of computers, electronics, telecommunica-
tions and biotechnology has wrecked
havoc in measurement of quantity and
price measures. The very definition of a
good comes in to question. Is a VCR a
raere technical advance over recording de-
vices or is it an entirely new product
without predecessors? Regardless of how
one answers this question, the modeling
of technical change and its impact on
capital values is closely related to these
problems and concerns.

X. CONCLUSION

The papers included in this special sec-
tion cover many of the important issues in
empirical analysis of economic deprecia-
tion. There are certainly other issues as
well, for example, the issue of quality
change in new assets and its link to obso-
lescence and depreciation, and the role
played by the cost of achieving quality
change (Hulten [1995b]). The link to envi-
ronmental economics is another area in
which further research is needed on eco-
nomic depreciation and asset depletion, as
is the issue of how uncertainty about fu-
ture technology, prices and other events
affects asset and service prices, asset re-
tirement, and economic depreciation.

It seems to us that the analysis of eco-
nomic depreciation remains a potentially
fertile field for further research. The pa-
pers in this volume not only make impor-
tant contributions in their own right, but
also suggest new opportunities for signif-
icant contributions to this important, but
rather neglected, area of economics.
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