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ABSTRACT

Japanese government planners use the average age of the
manufacturing capital stock as one measure of their country's
international "competitiveness." Compared to the U.S., the data
show that Japanese dépreciation rates are higher and that capital
stocks are younger.

In much of economic analysis, higher rates of depreciation are
assumed to result in poorer economic performance. A high
depreciation rate lowers the net capital stock, and decreases the
level of output.

In this paper, we argue that Japan's high depreciation rate is
caused by that country's high rate of technological progress. High
depreciation rates may be a symptom of a rapidly growing economy.

Our results have implications for the international comparison
of investment rates. Many economists have compared U.S. and
Japanese investment rates net of the depreciation of capital.
Presumably, economists are interested in investment rates because
of the belief that high rates are positively correlated with a high
level of economic performance.

If technological‘progress causes depreciation rates éo Le
high, however, net investment rates may not be informative about a
nation's welfare. Two countries with the same net investment rate-
can have different rates of per capita output growth if their rates
of technological progress are different. We show that the
investment rate gross of depreciation may be a better indicator of

welfare.



Technological Progress and Endogenous Capital Depreciation:
Evidence from the U.S. and Japan

Robert Dekle'
I. Introduction.

In this paper, we will examine how depreciation and
scrapping rates change when a country's rate of technological
progress changes. In much of economic theory, the rate of
capital depreciation is assumed to be fixed.? A high rate of
depreciation lowers the net capital stock, and decreases the
level of output.

Higher rates of depreciation, however, may not always result
in poorer economic performance. If the best technology is
embedded in only the latest vintage of capital, a rise in the
rate of technological progress may mean that capital is scrapped
earlier and that measured depreciation rates are higher. A high
rate of depreciation may be a symptom of a country with a high
rate of technological progress.

It is well-known that post-war Japan invested in capital of
the latest vintages, sometimes imported from the United States or

from Europe. For example, the Japanese steel industry became

'The author is: Economist in the Division of International
Finance, Board of Governors of the Federal Reserve System, and-
Assistant Professor of Economics and International Relations,
Boston University. I thank the very helpful discussions with Sam
Kortum, and especially Debraj Ray. All errors are entirely my own.
This paper represents the view of the author and should not be
interpreted as reflecting those of the Board of Governors of the
Federal Reserve System or other members of its staff.

°An often-used functional form is the exponential rate of
depreciation.
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highly efficient by scrapping old equipment and investing in
oxygen—-consuming open-hearth furnaces (Kosai, 1986). Observers
to Japan from the United States in the 1960s were surprised to
find Japanese firms demolishing relatively recent entire plants
and building brand new factories on the same site.?3

Japanese government planners use the average age of the
manufacturing capital stock as one measure of their counntry's
international "competitiveness" (Kuninori, 1988). Compared to
the U.S., the data show that Japanese depreciation rates are
higher and that capital stocks are younger (Table 1).

In this paper, we attempt to simulate using U.S. and
Japanese data the negative association between the rate of
technological progress and the age of the marginal (oldest)
capital stock. We take as the starting point, one of the
simplest general equilibrium models that allow for endogenous
scrap dates, the Solow, Tobin, von Weizsacker, Yaari (1956)
fixed-coefficients vintage capital model.

A well-known feature of the model is that steady-states
exist only when technical progress is of the purely labor-saving
variety (Solow, et. al., 1966; Inada, 1968). We simulate the
steady-state for reasonable American and Japanese parame:er
values and find that the rate of labor-augmenting technical

progress and the age of the marginal capital stock are,

3In 1965, NKK steel scrapped a 5.5 million ton plant built
only five years ago, and constructed on the same lot in suburban
Tokyo, a 6 million ton ultramodern facility (McCraw and O'Brien,
1986) .
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surprisingly, positively related. A rise in the rate of
technological progress lowers the depreciation rate. our
simulation results are contrary to much of the anecdotal evidence
linking high depreciation and scrapping rates with a high rate of
technological progress.

Our steady-state results conflict with the empirical
evidence because we employ a special type of technical progress,
that of Harrod-neutrality. A higher rate of technical progress
will raise the net returns to new capital and induce faster
scrapping. In the case of purely labor-augmenting technical
progress (automation), however, there is an offsetting effect.
Automation reduces the labor required to produce a unit of
output. With full-employment, the excess labor will have to be
absorbed in the earlier vintages, raising the age of the marginal
capital stock and lowering the depreciation rate.

For Japan between 1950 and 1970 and for many developing
countries today such as Indonesia and China, labor is abundant
relative to capital. The literature on induced technical
innovation (Hicks, 1932, pp. 124-25; Kennedy, 1964; Phelps and
Drandakis, 1966) argues that technical progress proceeds in the
direction to save on the most slowly growing factors. The
assump:-ion of Harrod-neutral technical progress appears to be too
restrictive for Japan during its high growth era. cCapital-
augmenting innovations may have occurred.

To allow for capital-augmenting technical progress, we

examine paths other than the steady-state. This paper is one of
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the first to simulate transition paths for the vintage capital
model for different rates of capital-augmenting technical
progress. We find that an increase in the rate of capital-
augmenting technical progress lowers the age of the oldest:
capital stock.

At least since Solow (1962), it has been known that vintage
capital with fixed coefficients will induce endogenous
obsolescence. More recently Scott (1991) and Young (1992) have
informally argued that depreciation is not due to physical "wear-
and-tear", but rather is induced by the appearance of more
advanced capital goods. The contribution of our paper is to show
that the direction of endogenous capital obsolescence crucially
depends on the variety of the technical progress.

This paperAis organized as follows. The next Section
outlines some key features of the Leontief production, embodied
technical progress model of Solow et.al. (1966). We show that
steady-state balanced-growth paths exist only for the spécial
case when technical progress is purely labor-augmenting.

Section 3 simulates the model for the steady-state for the
United States and’for Japan. We find, surprisingly, that a
higher réte bfutechnical progress will raise the ages of the
marginal and average capital stocks and lower the rate of
depreciation. 1In addition, we find new ways of interpretihg
traditional growth accounting exercises under vintage capital
effects. It has been mentioned by Stiglitz and Cass (1969) and

others that in the presence of vintage capital, the usual Solcw
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(1956) procedure for calculating the rate of total factor
productivity will induce a specification error. We show that if
capital is measured correctly, the specifidation error is not, at
least in theory, serious. Solow residuals can be calculated in
the usual way, and the rate of technical progress in the vintage-
capital model can be retrieved.

In Section 4, we will first prove that a faster rate of
capital-augmenting technical progress in the general path (not
necessarily the steady-state) will result in a younger marginal
capital stock. We then estimate using Japanese data between 1957
and 1983 that the rate of capital-augmenting technical progress
was significantly different from zero. Finally, by performing
dynamic simulations, we confirm that along the convergent path, a
rise in the rate of capital-augmenting progress lowers the age of

the oldest capital stock.

IT. Capital and Labor Augmenting Technical Progress in the

Vintage Capital Model.

The starting point for our analysis is the famous Solow
et.al. (1966) vintage capital model, which assumes fixed-
coefficient technology with embodied technical progress.*
Capital may last forever, but it is generally not used forever,

as better, more modern capital displaces it.

‘Tte main difference between the Solow et. al. (1966)
presentation and ours is that we also allow capital of a given
vintage to lose productivity at a rate of ¢ due to physical "wear-
and-teai."
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The model is characterized by three equations: The output

equation,

Y(t)- f w(v) I(v) et dy, (1)
t-m(t)

and the two resource constraints,

t
Nty - [ Jﬁ—%r(v) dv, (2)

t-m(t)

sY(t)=I(t). | | (3)

'.;Y(t) is gross output at time t, N(t), the total labor supply,
I(v) is the level of gross investment of vintage v, u(v), the
output per year producible with one unit of capital of vintage v,

(v),‘the output per year per man producible on capital of
‘v1ntage v, m(t) the age of the oldest V1ntage of capital in use
at time t, o the rate at which the product1v1tyrof capltal v
decllnes, and S 1s the exogenously glven flxed—rate of saving out
of gross income. For 51mp11c1ty, we assume that households do
not optimize when determining»thelr llfetlme consumptlon

proflles.5

Equatlon (1) says that gross output is equal to the welghted
sum of the capltal of dlfferent v1ntages, where the welght of

vintage v capital ;s u(v)exp(-&(t—v)).‘ If p(v) is 1ncrea51ng

, 5Scalvo (1976) has examined the putty-clay model in an

optimizing framework. Unlike in the malleable capital Ramsey
model, Calvo could not prove that the optimal plan approaches a
steady-state. To our knowledge, the properties of the “clay-clay"
model in an Optllelng framework have yet to be devel.oped.
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with v, there is capital augmenting technical progress. Because
of "wear-and-tear" and higher maintenance costs, an unit of
vintage v capital becomes less productive at the rate of ¢.%¢

Equation (2) states that the demand for labor equals its
supply. Each unit of vintage v capital employs u(v)/A(v) units
of labor. Summing over all of the capital vintages in use, we
get the demand for labor. Equation (3) is the definition for the
gross saving rate.

Differentiating (1) and (2) with respect to t and after some
algebra, we get,

dY(t)/dt-l(t—m(t))e_om(t)N(t) Nl(t) "flv"(t) (1-)'(t“_m(t)_)e'°m(t))s.’ .

Y(et) N(t) A(t)

(4)

Equation (4) is the dynamic and growth accounting equation
for the fixed;coefficiehts vinﬁagé capital model. A(tjm(t))exp(-
om(t)) is the marginal product of labor ét time t, w(t).> Hiring
one more unit of labor will mean that capital that was previously
scrapped must be brought back into service, réising output by

A(t-m(t))exp(-om(t)).

®Note that & does not appear in equation (2). o0 is distinct
from the rate of - depreciation by © ‘evaporation. 1If - capital
evaporated, labor will be released at the rate of 0, and o will
also appear in (2). 1If capital evaporated at the rate of o, the
path of m(t) will not affected. Less productive capital uses less
labor, so the productivity loss will not be a reason to scrap
capital earlier. : ;

In our set-up, the decline in the productivity of capital does
not release labor. An increase in o will mean that to conserve
labor, capital will have to be scrapped earlier. For example,
through "wear-and-tear," a factory assembly line of a given vintage
may become less productive over time, but the number of workers
required to operate the assembly line may be the same.
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The term before s is the gross quasi-rent of vintage t
capital at time, p(t,t). The addition of an unit of capital will
raise output by p(t). To operate this capital, however, labor
units must be removed from the oldest vintage of capital,
lowering output by [(up(t)/A(t)]1*(A(t-m(t))*exp(-om(t)). If newer
capital uses less labor (A(t)>A(t-m(t))), there is a net increase
in output from this labor reallocation from old to new capital.

Solow et. al. showed that (4) converges to a steady-state
when A(v)=exp(Av), N(t)=N*exp(nt), and u(v)=u(0); that is,
technological progress is purely labor augmenting. Inada (1968)
has further proved that the only type of technical progress
consistent with the steady-state is the purely labor-augmenting
variety.

To see this, solve (1) and (2) for u(v)=u(0)*exp(ut) and

I(v)=I(0)*exp(gv), to get,

N*ent_____“_o______*l'(o) se (h-2+g) t(l_e—(u-1+g)m(t)) , (1)°'
(p-A+g)
and
Y(t)-__lﬂl_.*r(o)*e(uﬂﬂt(1+e-m*wvth” . (2)°
O+p+

From (1)', for m(t}) to be constant, g=n+A-u. Substituting

this g into (2)', we get,

Y(t)-___li?___*_‘[(o)*e(m}.)t(l_e-(mho)m(t)) . (5)
O+p+g
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Y(t) will be growing at n+A, which is different from the growth
rate of investment. With positive rates of capital-augmenting
technical progress, balanced growth paths cannot exist. The
investment-output ratio will asymptotically go to zero.

The non-existence of the steady-state under positive rates
of capital augmenting technical progress is unfortunate since a
country like Japan has probably recently experienced technical
change of the capital "saving" variety. The literature on
induced technical progress has argued that technical progress
proceeds in the direction to conserve on the most slowly growing
factors (Hicks, 1932, pp.124-25; Kennedy, 1964; Phelps and
Drandakis, 1966). Pre-1965 Japan appeared‘to be capital scarce.
In 1965, Japan's capital-output ratio was 1.27 compared to 4.55
in that year for the United States. For Japan, technical change
may have proceeded in the direction to conserve on capital.

Kawagoe, Otsuka, and Hayami (1986) attempted to measure
biases in technical change in agriculture for the United States
and for Japan. They found that differences in the patterns of
technical change in the two countries were induced by differences
in the levels of relative factor prices. The authors conclude
that both countries developed agricultural technology in the
direction of facilitating the substitution of relatively abundant
factors for scarce factors according to market signals. Japan.
developed technology to conserve on land, the United States on‘
labor. Japan is of course much more densely populated than the

United States.
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ITII. FEndogenous capital scrapping and depreciation in the

steady-state: U.S. and Japanese evidence.

In this Section, we will simulate the fixed-coefficient
vintage capital model developed in the previous Section. We will
assume that Japan achieved its steady-state level of m around
1976. The U.S. is assumed to have been around its steady-state m
for the entire post-war period.” The previous Section showed
that g=A+n is a candidate for the growth rate in the balanced
growth path when technical progress is purely labor-augmenting.

The Section concludes by drawing implications of the vintage
capital model for growth accounting.

For u=0, equation (5) collapses to,

g=L(E) _ g+g
Y(t) p,l1-e-(er9m]

(s)*

The price of a unit of vintage v capital at time t is the

present discounted value of future quasi-rents from time t to

v+m,

v+m

P(t, V) -p‘of [e-o(u—v)_el(u—v—m)e—om] e—rudu, (5)
t

where r is the real rate of interest.

‘Cchristiano (1989) and Iwamoto (1993) both assume that the
U.S. economy has been around its steady-state since Worlc War II.
The Japanese economy, in contrast, had a capital-labor ratio of 12
percent of the U.S. value in 1946 (Iwamoto, 1993). Both Christiano
(1989) and Iwamoto (1993) model the 1955-1975 period in post-war
Japan as an economy in a transition path. Comparing the American
and Japanese capital-output ratios over time, Iwamoto (1993)
concludes that the Japanese economy has reached close to the

steady-state (close to the U.S. capital-output ratio) by the mid-
1970s.
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The market value of capital is then,

t
K(t)-fP(t,V,)I(O)eg"dv. (7)

t-m

and the rate of depreciation is defined as the difference between
gross and net investment, divided by the level of gross
investment.

dK(t)

dt (8)
I(t) |

I(t)-
m-

The simulations adopt the following strategy. We normalize
P(t,t)=1, and given the values of the other parameters, solve
(5)' and (6) simultaneously for r and m, subject to the non-
negativity constraint for r. The value of v is derived from
simple substitution.

Data.

Table 2 depicts the parameter values used for the
simulations. The average annual gross saving and population
growth rates are from Summers and Heston (1991). In the steady-
state, the rate of labor-augmenting technical progress is equal
to the growth in real wages. The average annual growth rate of
real wages is from the OECD National Accounts, Detailed Tables
(various years).

L(0) and o were chosen to satisfy the non-negativity
constra:int for r, and to give plausible results for the average

vintage of existing capital. From Kuninori (1984), we know that

the average vintages of capital in manufacturing for Japan and
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for the United States are 6.78 and 9.47. For Japan, a J as small
as that of the United States would result in a negative r. That
Japan's o is high may be indicative of the high "wear-and-tear"
of Japanese capital equipment. Because of the country's long
labor hours, capital is used more intensively, and it may wear
8

faster.

The Simulation Results.

Table 3 shows how the age of the oldest (marginal) capital
stock changes when there is a change in the rate of labor
augmenting technical progress.

Surprisingly a higher rate of technical progress raises the
ages of the marginal and average capital stocks. A higher rate
of A will increase the steady-state level of gross investment.
Given a fixed growth rate of labor, capital will have to be
scrapped earlier. For labor-augmenting technical progress,

however, the of fsetting effect dominates: the amount of labor

needed to man each unit of capital falls. With full-employment,

the displaced labor will work on the earlier vintages.

The depreciation rate, o, falls with an increase in A. An
increase in the quantity of existing capital (m) raises
R(t)/I(t), lowering . For a given gross saving rate, the fall
in © raises the net saving rate.

Table 4 depicts how m and © change with the gross saving

rate, s. The results for the baseline parameter valuss are

8In 1983, the average working hours for Japanese non-
agricultural workers were 40.4; for the United sStates, the hours
were 35.0 (Prime Minister's Office, 1985, p-.48).
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underlined. At the baseline, the average ages of the capital
stocks for both countries closely match the values in Table 1.

A rise in s raises the quantity of new capital and labor
will be transferred from the old capital to the new, lowering m.
The depreciation rate, however, falls. A high s lowers r, the
real interest rate, raising the price of an unit of capital.
Although there are fewer physical units of capital, each unit has
a higher price, raising the market value of capital, K(t), and
lowering w.

Implications for Growth Accounting.

Suppose that a researcher tries to measure total factor
productivity (the Solow residual) the usual way when production
in the actual economy is fixed-coefficients with Harrod-neutral
technical progress. What is the bias, if any, in using the
normal Solow residual as an estimate for the rate of technical
progress?

Setting u(t)=1, in the steady-state, (4) becomes,

dy(t)/dt

v D) -Bxn+p (t, t) *s, (4)"'

where B is the labor-share of output and p(t,t) is the quasi-rent
of vintage t capital at time t. (4)'' is the growth accounting
equation for the fixed-coefficients vintage capital model in the
steady-state.

The Solow residual is usually calculated as,

dY(t)/dt_B*n_(l_B)* dK(t) /dt

Y(¢t) K(t) (9)
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Stiglitz and Cass (1969) argue that in the presence of
vintage capital effects, the usual Solow (1956) procedure for
calculating the rate of total factor productivity growth induces
a specification error.

From (9), we can see that a specification error does not
exist when (dK(t)/dt)/K(t) is defined as the growth rate of the
market value of the capital stock.

In our vintage capital model, the steady-state growth rate
of both output and the market value of capital is g=A+n.
Substituting g for (dY(t)/dt)/Y(t) and (dK(t)/dt)/K(t) in (9) and
simplifying, the estimated Solow residual is B*A. Given
estimates of the labor share of gross output, B, and the growth
rates of both labor and the market value of capital, we can
retrieve the rate of labor-augmenting technical progress from the
usual growth accounting methods.

Examples with Japanese and U.S. Data.

Below, Solow residuals are estimated using Japanese and U.S.
data on the growth rates of capital and labor. As a measure of
the growth rate of the market value of capital, we use the
average annual growth rate of household net financial assets.’

To capture the steady-state, the Japanese and U.S. data are
time-averaged between 1976 and 1988 and 1955 and 1988,
respectively. For the labor share of gross output, we use 0.70

for Japan and 0.67 for the United States (Bernard and Jones,

9Japanese household balance sheets are from EPA(1992).
American household balance sheets are from the Federal Reserve
Board (1990).
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1993). All values are real.

Japanese Data.

Between 1975 and 1988, the average annual growth rate of the
market value of capital was 0.088. We know that the average
annual growth rates of gross output and labor in this period were
0.041 and 0.007. Substituting these values into the usual growth
account.ing equation (9), total factor productivity (the Solow
residual) is estimated as 0.70%*0.014.

We showed above that the Solow residual divided by the labor
share should give us a measure of the rate of labor-augmenting
technical progress in the vintage capital model. Using Japanese
data, the rate of Harrod-neutral technical progress in.the
vintage capital model (0.034) is underestimated by the usual
Solow procedure (0.014).

U.S. Data.

Between 1955 and 1988, the avepgge‘annual,growth rate of the
market value of capital was 0.070; the average annual grqwfh
rates of real gross output and labor were 0.031 and 0.012. iotal
factor productivity is calculated aslo.QB*0,00Q;S (from<eq.(9)).

Again, the rate of Harrod-neutral technical progfess invthe
vintage capital model (0.019) is underestimated bydphe’ugual
Solow method (0.00018) .. |

For both countries, unlike what the theory predicts, the
usual growth accounting techniques give misleadingly low
estimates of the rate of technical progress when the growth rate

of the market value of capital is used. This is because the
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market value of capital in the data grows much faster than the
values derived from the simulations.

One reason for the very rapid growth in the observed market
values of capital may be the equity premium (Mehra and Prescott,
1985). With uncertainty, the average increase in the market
value of capital in the data will include a premium that is

absent in our certainty model.

This Section has shown that in the steady-state, the U.S.-
Japan differences in the capital vintages and in the depreciation
rates cannot be explained by differences in A. We were able to
calibrate the benchmark m's for both countries by raising Japan's
gross saving rate and g. To achieve an inverse association
between the rate of technical progress and the age of the
marginal capital stock, we must drop the assumption of purely
labor-augmenting technical progress. To do this, we must examine

paths other than the steady-state.

IV. Capital Augmenting Technical Progress in the Transition Path.

In this section, we will first prove that a faster rate of
capital-augmenting technical progress in the general path will
result in a younger marginal capital stock. We then show that
for Japanese data, the rate of capital-augmenting technical
progress, u, along the convergent path was significantly
different from zero at 8.6 percent per year.

We use this estimated p to benchmark the Japanese economy's
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convergent path between 1957 to 1975. Performing dynamic
simulations, we confirm that a rise in u lowers m, the age of the
oldest capital stock. A rise in A increases m along the
convergent path.

Capital augmenting technical progress and scrapping.

Assume that two economies, A and A', are the same in all
respects, except that u'(t) > u(t) for all t. Assume that A(t)
behaves so that u'(t)/A(t) and u(t)/A(t) are non-increasing in t.
Also, assume that initially, Y'(71)>Y(71) for 0<=71<=T.

" We wish to prove that, m'(T)<m(T).

Proof by Contradiction:

Assume to the contrary that, t-m(T)>=t-m'(T).

Since initially I'(7)>I(7), if t is "large" enough, we can
~discard enough I'(7) to mimic the I(7) path.

Then,

Y/ (T) - f w (V) I(v) dv> Y (T),
t-m(T)

and I'(T) is greater than I(T).
We can increase T, repeat the argument, and show that
I'(T)>I(T) for all T.

Then, given,

T
N(T) - f L——I’(V)dv- f -%%—;-I(V)dv,
T-m

T-m’ (T
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m' (T)<m(T), which is a contradiction.

The above proof shows that along any path, a higher rate of
capital-augmenting technical progress will lead to a yourger
capital stock. This is verified for the convergent path in the
numerical simulations in Section 4.3.

Estimation of the rate of capital augmenting technical

progress for Japan.

Assume that A(t)=exp(At). Let g(t)=Y(t)/exp(-(A+n)t), or
output per efficiency units of labor. Using the definitions for

s and n, we can rewrite (4) as,

g’(t) - 1) . n ~Asm(t) -g*xm(t) 4)?
e (sp(t)-A-n)-(sp(t) g{t))*e xe . (4)

From equations (1)', (2)', and (3), if u(t) approaches u(0)

asymptotically, it can be shown that in the steady-state,

M¥=-——_1log SHe-0-n-A , ' (10)
g+A+n Sp,
n

gx= . (11)

Plugging-in the values for Japan from Table 2, we get
g*=0.432 and m*=14.21.
Transforming (4)' with the help of (10) and (11),

- t -(Avo)ms (4 _ n __"- ~(A+o)m(t) (q g 3. 12
g(t) sp(t)e ( suog*) ° ( sp(t)g(t)) (12)

g’'(t)
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Japan in the early 1950s had output below the steady-state,
g*(t) <= g(t), and whatever capital stock remained after the
World War II bombing was older than today's, m(t)>m*. Then (12)
implies that g'(t) >= o.

As mentioned, Solow, et.al. showed that (12) (or 4)
converges to an unique steady state (10) and (11), when L(t) is a
constant. Here we parameterize u(t) as k(0) (1-exp(-ut)) so that
in the steady-state, if >0, u(t)=u(0).

Differentiating equation (2) with respect to time, re-

arranging, and using the above notation for g(t), we get,

m/( t) _l+e}.(t-m(t))e-om(t)nentz_p ( t) e-km(t) sg( t) e (A+n) tZ’ (13)

where,

Z- [p.(t—m(t) ) sg(t-m(t)) e (A+n) (t—m(t))]-l.

Equation (13) is intractable for estimation jointly with
(12). For estimation, we will approximate m(t) by m*(l+exp(-
kt)). As t increases, m(t) approaches mx,1°

For more efficient estimation, we exploit the expression for

the marginal product of labor, and estimate

w(t) _e-(l+o)mt(1+e‘kt)' (14),
eht .

In the simulations in the next subsection, the two
differential equations (12) and (13) will be numerically solved for
the g(t) and m(t) paths.
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jointly with equation (12) by non-linear least squares. For both
equations, we assume additive errors caused by the mis-
measurement of the dependent variables. Ail parameters other

than k and u are set at their steady-state benchmark values

depicted in Tables 2 and 4.

Data.

To estimate (12) and (14) on annual data between 1957 and
1988, we need a trend term, and data on wages and full employment
output, Y(t). We obtain wages by dividing aggregate wage
payments (Economic Planning Agency (EPA), various years) by the
total number of workers (Prime Minister's Office, various years).
Raw GNP is from EPA (various years). Since Y(t) in the moclel is
at full-employment, we calculate the Japanese natural rate of
output by the method of Nelson (1989)."

Table 5 depicts the raw data g'(t)/g(t), in percent, and
w(t)/exp(At), in millions of 1980 yen. Although fluctuating, the
growth rate of g(t) declines over time; by the late 1980s, the
growth rate is close to zero. Wages per efficiency units of
labor reach their maximum of a million yen per year by the mid
1970s. These data provide further evidence that Japan appiroached
its steady-state by the mid-1970s.

Results.

Table 6 shows the non-linear least squares estimates of k

and p. The second column displays the results when an AR(1)

"'Nelson's (1989) procedure allows us to make inferences about
movements in the natural level of real GNP by the relative
fluctuations of the price level and actual real GNP.
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process is assumed for the error terms.
We find in both columns that p is significantly different
from zero. With p 0.086, by 1975, u(t) is equal to 79 percent of
its steady-state value of u(0).

Simulation of the Convergent Path.

In this subsection, we trace the convergent paths for g(t)
and m(t) by solving the differential equations (12) and (13)
simultaneously. We assume as before that u(t) is wp(0) (1-exp(-
put)) where u=0.086 as estimated.'?

We choose 1957 as the starting date. 1In 1957, g(t) in the
data was 0.18. We pick an initial m(t) so that the economy will
converge to the steady-state values of g* (0.418) and m* (14.21;
in about 18 years (1957-1975).

The boxed lines in Figures 1 and 2 plot the results of the
simulations for m(t). m(t) drops very rapidly in the first
decacde and then gradually converges to its steady-state value.

We next perform comparative dynamics exercises. We raise
A(t) and p(t) and examine what happens to m(t) along the
convergent path.

As before, a rise in A(t) raises m* (Figure 1). This
increase tilts the entire m(t) profile upwards. The rate of
scrapping slows along the entire convergent path.

In sharp contrast, along the convergent path, an increase in

u(t) lowers m(t); scrapping occurs sooner (Figure 2). Newer

2Ihe fourth-order Runge-Kutter algorithm (in Mathcad) is used
to solve (12) and (13).
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capital is more productive so firms allocate labor to the latest
capital vintages. Unlike in the case when A(t) rises, when u(t)
increases, newer capital does not require less labor. Technical
progress therefore induces a net re-allocation of labor from old
to new capital.

IV. Conclusion.

This paper has shown that the bias in technical progress
crucially affects the sign of the relationship between the rates
of technical progress and capital scrapping. If technical
progress is of the capital-augmenting variety, then a rise in the
rate of technical progress will raise the rate of scrapping,
making the capital stock younger.

our results have implications for international comparisons
of investment rates. For example, most authors (Hayashi, 1986;
Horioka, 1990; Dekle, 1993) have compared U.S. and Japanese
investment rates net of the depreciation of capital. Presumably,
economists are interested in investment rates because of ihe
pelief that high rates are positively correlated with a high
level of economic performance.

If technological progress causes depreciation rates to be
high, however, net investment rates may not be informative about
a nation's welfare. Two countries with the same net investment
rate can have different rates of per capita output growth if
their rates of technological progress are different.

The investment rate gross of depreciation may be a ketter

indicator of welfare.
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Table 1

Depreciation Rates and the Average Age of
the Capital Stock
(U.S. and Japan)

Depreciation/Gross Investment

U.s. Japan
1970 0.345 0.373
1975 0.411 0.513
1980 0.387 0.551
1985 0.399 0.605
1989 0.428 0.593

Source: Hayashi (1991).

Average Age of the Capital Stock

U.s. Japan
1970 9.8 4.9
1975 9.6 5.7
1980 14.2 9.1
1984 10.1 6.9

Source: Kuninori (1984).



Population
Growth
Rate

Wage
Growth
Rate

Gross Saving
Rate

p(0)

ag

source: Population growth rate, a
Wage Growth Rate,

Heston (1991).
Tables.
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Table 2

(Initial Parameter

Japan
(Annual Average,

1976~

O.

0.

0.

0.

0.

1988)

007

034

38

45

11

Values)

U.S.
(Annual Average,
1955-1988)

0.012

0.019

0.24

0.45

0.055

nd Gross Saving Rate, 3Summers and
OECD National Account:s, Detailed
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Table 3

Changes in the Rate of Labor-Augmenting Technical Progress.

Steady-state Simulation Results for the U.s.

Labor-augment. Net Saving Age of Oldest Depreciation
Tech. Prog. Rate Capital Rate (Dep/I)
(Average Age
of Capital Stock)

0.010 0.021 14.61 0.933
(7.07) _

0.020 0.025 18.82 0.929
(8.47)

0.030 0.032 23.55 0.895
(9.86)

*Gross saving rate fixed at the baseline value of 0.24,

Steady-state Simulation Results for Japan

Labor-augment. Net Saving Age of Oldest Depreciation
Tech. Prog. Rate Capital Rate (Dep/I)
(Average Age
of Capital Stock)

0.01.0 0.029 10.69 0.952
(5.18)

0.020 0.037 11.79 0.938
(5.58)

0.030 0.047 13.36 0.919
(6.13)

0.040 0.061 15.94 0.894
(6.98)

*Gross saving rate fixed at the baseline value of 0.38.
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Table 4

Changes in Gross Saving Rates.

Steady-state Simulation Results for the U.S.

Gross Saving Net Saving Age of Oldest Depreciation
Rate Rate Capital Rate (Dep/I)
(Average Age
of Capital Stock)

0.20 0.017 36.20 0.931
(14.78)

0.22 0.021 23.61 . 0.924
(10.38)

0.24 0.025 o 18.50 0.919
{9.37)

0.26 0.029 15.44 0.915
(7.10)

*Labor—augmenting technical progress fixed at the baseline value ot
0.019.

*Results for the baseline gross saving rate of 0.24 are underlined.

Steady-state Simulation Results for Japan

Gross Saving Net Saving ' Age of Oldest Depreciation
Rate Rate : Capital Rate (Dep/I)
‘(Average Age
of Capital Stock)

0.34 0.042 . 28.72 0.952
(11.61)

0.38 . 0.052 14.21 0.938
(6.42)

0.42 - 0.062 . 10.62 . 0.919
" (4.93)

0.46 0.072 8.66 : 0.894

f SR T (4.07) ‘

‘fLabor-augmenting technical progress fixed at the baseline value

*Results for the baseline gross saving rate of 0.38 are underlined.
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Table 6

Joint Estimation of Equations (12) and (14)
with Data in Table 5

Non-linear Least Squares Generalized Method
of Moments with
AR(1) Correction

k 0.019 0.019
(11.86) (1.94)
n 0.086 0.086
(9.13) (2.09)
Log-likelihood: 61.56

t-statistics in parentheses.
Number of Observations: 32.



1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988

w(t) /exp(At)

Source:

0.39574
0.41920
0.43466
0.45027
0.47500
0.52058
0.54791
0.58236
0.61289
0.63241
0.65942
0.69948
0.75506
0.82255
0.87967
0.93276
0.96343
0.99855
1.03850
1.04758
1.04321
1.02236
1.03142
1.02580
1.03078
1.02522
1.01254
1.00826
0.99972
0.98356
0.98546
0.99742
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Table 5
Data Used for Estimation

g'(t)/g(t)

0.020974
0.094773
-0.026744
0.053486
0.063920
0.12004
-0.0034488
0.065329
0.062364
0.012661
0.067066
0.076161
0.072997
0.066884
0.057799
-0.010133
-0.031997
-0.025367
0.069835
-0.016708
0.022906
0.020355
0.027972
-0.0096149
0.018433
0.00023992
0.0011307
-0.013997
0.0088593
0.0030270
0.0032080
0.0015742

See Text.
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