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VARl ANCE PROPERTI ES OF

SOLOW S PRODUCTI VI TY RESI DUAL AND

THEI R CYCLI CAL | MPLI CATI ONS

Abst ract

For the United States econony (1960-1989), the
correlation between the growh rates of the Sol ow residual and
the real price of energy (government spending) is -0.55 (0.09).
The Sol ow resi dual confounds novenents in energy prices and
governnent spending with those in true technol ogy. Wy? To
address this question, this study devel ops a nodel to see if it
quantitatively captures the endogenous transm ssion nechani sm
under | ying the observed Sol ow residual correlations. It does.
The transm ssi on nechani sm depends on endogenous capit al
utilization. Wth this transm ssion nechanismin place, and with
t he occurrence of shocks to "true' technol ogy, energy prices, and
gover nnent spendi ng, the nodel econony accounts for 76 or 89
percent of U S output volatility, well matches the U S
enpirical regularities involving capital utilization and the
Solow residual, and is generally consistent with other features
of U S. business cycles.



I nt roducti on

Popul ar di scussion often refers to energy price
nmovenents as shocks, shocks that are equivalent, in sonme sense,
to technol ogy shocks and inportant sources of fluctuations in
economc activity. In fact, Hall (1988, 1990) rejects the
invariance properties of Solow s productivity residual, a neasure
of technol ogy shocks, primarily because it reflects oil price
changes. ! Mbre exactly, using United States data (1953-1984), he
finds that the nost striking evidence against the invariance of
the Sol ow residual to novenents in exogenous vari abl es (ot her
than true technology) is that of significantly negative
correlations between the growth rates of sectoral Sol ow residuals
and the nomnal price of oil, for nost sectors of the econony.
Anot her fact, documented by the present study for the United
States (1960-1989), is that the correl ation between the growth
rate of the aggregate Sol ow residual and the real price of energy
is -0.55. Finally, evidence for the postwar United States on the
significance of the relationship wherein oil price increases
preceed nost recessions, is in Hamlton (1983) and Dot sey and
Reid (1992).

Shocks to government spending are possibly inportant
sources of economc fluctuations al so, although they appear to be
quite different fromtechnol ogy shocks. Consider that Hall
(1988, 1990) finds significantly positive correl ati ons between

the growmth rates of sectoral Solowresiduals and mlitary
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purchases for only a few sectors of the econony. Furthernore,
the present study shows that the correlation between the growh
rates of the aggregate Sol ow residual and total government
spending is only 0.09.

These facts pronpt the questions: How do energy price
shocks transmt so strongly to the Solow residual? Wy is it,
si mul taneously, that governnent spendi ng shocks inpact only
slightly on the Sol ow residual ? Does the explicit accounting for
this transm ssi on nechani smnean that the variance of the
isolated, "true' technol ogy conponent of the Solow residual is
negligible? Wuat is the quantitative inportance of “true
t echnol ogy, energy price, and government spendi ng shocks,
occurring in the presence of the Solow residual's transm ssion
nmechani sm in generating busi ness cycle phenonena? In short,
what do the variance properties of Solow s productivity residual
imply for cyclical fluctuations? These questions are the focus
her e.

To address these questions, this study devel ops a nodel
with perfect conpetition and constant returns to scale, that is
quantitatively capabl e of capturing the endogenous production
channel s underlyi ng the observed Sol ow resi dual correl ations.
The channel s are: capital services, for a given stock of capital
and capital depreciation, which influences the stock of capital

over time. Each depends on endogenous capital utilization.
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Since energy enters the production function only because it is
essential to the utilization of capital, the endogenous
fluctuations in utilization and energy use are tightly |inked.

Sol ow residual growth can significantly differ from true
technol ogy growth by incorporating the effects of fluctuations in
capital wutilization, operating through the two indicated
channels. QG ven the endogeneity of utilization and its |inkage
to energy use, all shocks, but especially energy price shocks,
will inpact on the Solow residual. Lucas (1987) al so points out,
in principle, that novenents in the Sol ow residual possibly cloud
those in true technol ogy because of fluctuations in capital
utilization.

The nodel 's production structure is novel. As suggested
above, there are two costs to the capital utilization decision:
an energy and a depreciation cost. The production structure
extends that of Taubman and WI ki nson (1970) and G eenwood,
Hercowitz and Huf frman (1988) by admtting the energy cost to
utilization. A so, the production structure differs fromthat of
a traditional energy nodel (see e.g. Rasche and Tatom (1981)),
where capital utilization is fixed and the elasticity of
substitution between the capital stock and energy is unity. The
difference stens fromthe existence of the depreciation cost of
utilization and the |inkage between it and energy use. This

creates an indirect channel, working through the stock of



-4 -

capital, in addition to the direct production function channel,
by which fluctuations in energy infiltrate the econony.

The inposition of the nodel's first-order condition for
utilization, capital accumul ati on equation and production
function on published U S tine series data (on output, |abor
hours, investnment and energy prices) generates U S tinme series
on utilization, "true' capital and "true' technology. A crucia
finding is that this "true' technology neasure is inpervious to
novenents in U S energy prices and governnent spending. The
upshot is that the fluctuations in U S. capital utilization,
responding to changes in U S. energy prices and gover nnent
spending, actually do offer a quantitative explanation of the
Sol ow residual correlations observed in the U S data.

The explanation is consistent with perfect conpetition and
constant returns to scale. Therefore, it sharply differs from
Hal | 's (1988, 1990) explanation, which relies on inperfect
conpetition and increasing returns to scale. It also turns out
that the variance of "true' technology is not substantially
smal l er than that of the Sol ow residual itself.

Both the energy and depreciation cost margins of the
capital utilization decision play a crucial role in making the
U S. measure of "true' technol ogy inpervious to changes in U S.
energy prices. Absent the energy cost margin, then the U S

capital utilization series does not respond to energy price
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changes. This inplies that the associated U.S. "true' technol ogy
neasure is not free frominfluence of energy price changes.

Absent the depreciation cost nmargin, then the elasticity of
output with respect to energy use nust be reduced to essentially
equal the energy share of output. This nunber is too snall to
generate a U S capital utilization series that is sufficiently
responsi ve to energy price novenents to render the associ ated
U S “true' technol ogy neasure pure fromthe effects of energy
pri ce changes.

Calibrating the nodel econony to the U S data and
examning its cyclical inplications allows evaluation of the
nodel and assessment of the quantitative inportance of "true
t echnol ogy, energy price and governnment spendi ng shocks in
generating cyclical phenonena. The eval uation gauges the nodel's
ability to account for fluctuations in the U S time series on
capital utilization, "true' capital, the Sol ow residual and
st andard macroeconomc vari ables. The enpirical regularities
obtaining for the fornmer series constitute new di nensions for the
eval uation of business cycl e nodel s.

The nodel, with all three shocks operating, accounts for
76 or 89 percent of U S output volatility, well matches the U S
regularities involving capital utilization and the Sol ow
residual, and is generally consistent with other facts

characterizing U S. business cycles. Energy price shocks pronote
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the nodel's ability to match the U S data al ong nany di nensi ons.
Shocks to government spending exert quite a mxed influence on
the nodel's explanation of the U S data.

Section Il outlines the nodel and sol ution technique.
Section Il describes the enpirical data and nmeasures of
technol ogy growth. Section IV notes the «calibration and
eval uation procedures. Section V presents and di scusses the

findings. Section M concludes the paper

I1. The Model and Sol uti on Techni que

(i) The Econom c Environnment

Consi der an environment with a representative firmand
househol d and a governnment. The representative firmis a price
taker on all narkets, solving the follow ng probl em

(1) max Ht =Y - tht - rtktht
(I ¢, khy)

subject to the production function:

(2) yi = Kz, kih) = (zd)° (keh) @2, 0< 6<1

where: 1 is per-capita profit, y is per-capita output, wis the
wage rate for labor, | is per-capita |abor hours, r is the rental
rate for capital services, k is the per-capita stock of capital

in place at the beginning of the period, his the utilization
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rate of k, z is the exogenous technol ogy vari abl e, © is the | abor
share of output and subscript t denotes tinme t. The production
function, F, satisfies standard properties, constant returns to
scale and a unitary elasticity of substitution between | . and k.
dven constant returns to scale, permanent technol ogi cal change
nmust be of | abor-augnenting formto ensure that the nodel is
consi stent with balanced growh (see King, Plosser and Rebel o
(1988)). This rationalizes the way in which z . enters (2). The
production function differs fromthe standard neocl assi cal one
solely by the inclusion of h ,, representing the intensity of
capital utilization (i.e., the nunber of hours per period and/or
t he speed per hour at which the capital stock is operated). For
agiven k,, h, determnes the flow of capital services, k . h,. The
manner in which h ;, enters (2) follows Taubrman and WI ki nson
(1970) and G eenwood, Hercow tz and Huf fran (1988), admtting
flexi ble proportions between | , and h, and a direct relationship
between | abor's productivity and h ..

The representative household is infinitely-lived with

pref erences over consunption and | ei sure defined by:

E = g'u(c,,l,) ., wu(c,l,) =logc, +vlog(l-1,) , 0<p<1,
O t-=0
where: c is per-capita consunption, B is the discount factor, %

is a preference paraneter and the tine endowrent is normnalized at
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unity. The nonentary utility function, u, satisfies standard
properties and a unitary elasticity of substitution between
consunption and leisure. The latter restriction ensures that the
nodel is consistent with balanced growh and a stationary
allocation of time to market work (see Kydl and (1984)).

The househol d' s capital stock evol ves according to:

Kig =1 - 8(h) Tk +1i 5h,) =hflw , 0<3() <1, o

t H

where: i is per-capita gross investnent and w IS a paraneter.
Equation (4) differs fromthe standard capital accumul ation
equation by allow ng variabl e depreciati on; & i's an increasing
convex function of h . This specification also follows that in
Taubman and WI ki nson (1970) and G eenwood, Hercow tz and Huff man
(1988). It captures Keynes's notion of the user cost to capital,
with higher utilization causing faster depreciation, at an
increasing rate, because of wear and tear. In the present
environnent, utilization also involves an energy cost.

Specifically:

(5 eJk, =alh,) , ah,) =hyv , v

[\
[

where: e is per-capita energy usage and v IS a paraneter.
Equation (5) is a technical relationship capturing the idea that
energy is essential to the utilization of capital, with an

increase in utilization increasing energy usage, per unit of
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capital, at an increasing rate. Jorgenson and Giliches (1967)
espoused a simlar idea: electricity and utilized capital are
conpl enentary in production. The convexity of the function, a,
is notivated by considerations of di mnishing nmargi nal energy
ef ficiency.

Al owi ng an energy cost dinension to the capital
utilization decision narks an inportant difference between the
production structure here and that in Taubman and W1 ki nson
(1970) and G eenwood, Hercowi tz and Huf fman (1988). Al so,
consider the followng. Use (5) to substitute for h . in (2),

obt ai ni ng:

(2') ye = (z,,)° [k &V g (1) L] (9

This production function is identical in formto one that holds
capital utilization fixed and maintains a unitary elasticity of
substitution between the capital stock and energy, as in sone
earlier energy nodels (e.g. Rasche and Tatom (1981)). But, the
production structure here differs crucially fromthat of those
earlier energy nodels by allow ng depreciation to depend on
utilization and, through it, on energy use. This creates an

i ndi rect channel, working through the stock of capital, in
addition to the direct production function channel, by which
fluctuations in energy inpact on the econony.

The househol d's budget constraint is:



(6) wl, + (1- 7)rikihy =c, +i, + p,e, + X,
where: 1 is the tax rate on capital incone, p is the exogenous
relative price of energy and x is the lunp-sumtax. Equation (6)
sets total income equal to total expenditure. The household is a
price taker on all markets, views transfers and taxes as given,
and maxi m zes expected lifetime utility in (3) by choosing c t
I, Kisy, hy, and therefore i , and e,, subject to the technical and
budget constraints in (4) - (6).

Covernnent enters the econony by purchasi ng goods and

taxi ng i ncone according to:
(7) g = Xy + 1rkh,

where: g is per-capita exogenous governnent purchases. This is a
sinple specification of fiscal policy; governnment's budget

bal ances each period, governnent spending is exogenous and there
is only one type of distortional incone taxation. (See G eenwood
and Huf fman (1991) and Cool ey and Hansen (1992) for anal yses of
various types of distortional taxes.) Shocks to governnent
spendi ng i npact on the econony only through wealth effects.
Section Il indicates the reason for explicitly including capital
t axati on.

The stochastic exogenous shock structure is:

(8) 10g(Z () = log(z,) +10g(z) + Uy
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(9) 109(g (1) = pgl0og(g:) + (1- pg)log(g) + Ugw, 9 =0z
<pg<l

(10) log(p (1) = eplog(pe) + (1- pp)log(p) + U, 0< p, <1
wher e: Iog(i_) Is the nean growh of z |, Iog(é} I's the nean of

Iog(é}), log(p) is the nean of log(p ) and py; p, are paraneters.
The innovations u ,.;, Uy, and u,,, have zero neans, and are the
realizations fromthe stationary Markov distribution function

®(U;y, 1 U) at the beginning of tine (t+1); where u ,, IS a vector
conprising of the three innovations. The specification of the g ¢
process inplies that novenents in z |, generate pernanent novenents

in g,, while changes in g , cause tenporary fluctuations ing ..

(ii) The Conpetitive Equilibrium

The econony's conpetitive equilibriumobtains when the
firmand househol d sol ve their problens and the governnent budget

constraint holds. It is inplicitly defined by:

(11) w, = Fy (zd, kih)z,
(12) ro= Fp (zy kihy)
(13) _UZ(Ctilt) :ul(ctalt)wt

(14) &' (h)ky +a (hypke = (1- 7)rk,
(15)
u (¢, 1) =8 F[ul (€ liy) ((1_T) Moy +1-3(h ) - a(ht+l)pt+l>]



(16) yt'ptet:Ct+it+gt

(2), (4) - (5 and (7) - (10).

Equations (11) and (12) equate factor prices to the
respective margi nal productivities. The efficiency condition
governing | , is equation (13). The sumof the margi na
depreci ation and energy costs is set equal to the after-tax
marginal return to an increase in h , in equation (14),
determning the efficient value of h ,. Equation (15) is the
efficiency condition governing capital accunulation. It differs
fromthe standard one not only by including h ,,; but al so by
subtracting the margi nal energy cost fromthe after-tax narginal
return to an increase in k ,,,. The resource constraint for the
econony i s equation (16), obtained by substituting (7) into (6)
while noting (2), (11) and (12). It sets incone, y ¢ - P&,
equal to expenditure, ¢ , +i, + g, , for the representative agent.
Ohe interpretation of the termp e, is that it is value added to
the production of final goods, y , by a foreign econony at price,
p;- Inthis interpretation, the donestic econony exports
(imports) final (internediate) goods to (fron) this foreign
econony in the anmount p .e,; it is the only international trade
that occurs and trade bal ances each peri od.

In this econony a positive shock top , wll directly
cause a negative incone effect (see (16)) that works to decrease

c, and increase | ,. From(14), the efficient value of h | falls,
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which in turn reduces | abor's nmarginal productivity and pronotes
an intratenporal substitution effect to decrease c . and | , (see
(11) and (13)). In addition, the fall in h | directly inpacts on
the production function, working to reduce y , and to enhance the
negative inconme effect of the shock top . This is the sense,
then, in which a positive energy price shock is tantanount to a
negative technol ogy shock in the present environnent. |If the
increase in p, is sonewhat persistent, intertenporal substitution
margins are affected as follows (see (15)): capital accunul ation
declines as agents snooth consunption and anti ci pate | ower

returns to investnent.

A positive shock to g ; will also cause a negative income
effect (see (16)) that tends to reduce ¢ , and raise | ,. The
increase in | , increases the margi nal productivity of capital
services and thus also the efficient value of h , (see (12) and
(14)). Labor's nmarginal productivity falls as | . rises, but it
does so by a snaller anount than it would in the absence of the
increase in h,. The fall in labor's marginal productivity
pronpts an intratenporal substitution effect that enhances the
decrease in c, and mtigates the increase in| . The increases
inl, and h, cause y, to increase, danpening the negative incone
effect of the shock to g ;. To the extent that the shock is
tenporary, it is likely that investnent falls as agents snooth

consunpt i on.



(ii1) The Sol ution Techni que

An exact solution for the conpetitive equilibriumis not
possi ble. An approxi mate sol uti on was obtai ned using the
t echni que advanced by King, Plosser and Rebel o (1988). Appendi x

1 indicates the key steps.

I11. The Enpirical Data and Measures of Technol ogy G owth

(i) The Enpirical Data

The enpirical data are annual, real, per-capita data for the
United States over the period 1960-1989. The calibration and
eval uation use this data. The choice of periodicity and time
period stens fromthe desire to use
the | ongest and nost rel evant data series on energy usage
avai | abl e. Appendi x 2 presents full details and sources of the
publ i shed dat a.

Energy usage is the sumof electricity, coal, natura
gas and petrol eum usage by the private non-energy production
sector of the econony. The four conponents of this energy good
serve as weights in the construction of the energy price
deflator. The real price of energy is the ratio of the energy
price deflator to the gross domestic product price deflator
Qutput is gross donestic product plus energy usage | ess the sum
of gross housing, government and energy-sector products.

Consunption is personal consuner expenditure on nondurabl es and
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services mnus that on housing services and energy goods.
| nvestment is gross private donestic fixed investnent in
nonresidential capital, excluding that conponent for the energy
sector. (Governnent spending i s governnment purchases of goods and
services. Labor hours are the product of enpl oynent and average
hours per worker per year,
where enpl oynent is private non-energy sector enpl oynent.

One neasure of the capital stock, denoted by k |, is the
net stock of private donestic fixed nonresidential capital
excl udi ng that conponent for the energy sector. 2 The Per pet ual
| nventory Method underlies the construction of k {; It assumes a
constant depreciation rate. Accordingly, k { is not the enpirical
counterpart to the nodel's capital stock, k ,. Published data
al so do not provide a satisfactory enpirical counterpart to h -
Existing utilization nmeasures consist of the detrended conponent
of manufacturing output and a survey nmeasure for only part of the
econony that includes the utility sector (defined as m ning,
manuf acturing and utilities).

However, the nodel's structure, conbi ned with other

publ i shed data, inplies enpirical series for h , and k,.
Specifically:
(14") hf“’” + ht(“-)pt =(1-7)(1-8)y,/ (k) , and

(4) Ko =[1- 3(h)lky + iy ' 5(hy) = h{l o,



together with published data onp , y, and i, inply enpirical
series for h, and k,.® Equation (14') derives from(14), by
noting (2), (12) and functional forns for d(h,) and a(h,).

Val ues for paraneters in (14') and (4) cone fromthe nodel
calibration, which uses growth observations, estimnmated paraneters
of the exogenous processes, and ot her studies.

This data generation process reveal ed the necessity of
including realistic distortional capital incone taxation in the
nodel to bring the
nodel ' s bal anced-growt h-path value for (y (/k;) intoline with the
average U S. data value of (y ,/ky) (whichis 0.95). The initial
val ue of k, was next chosen to achieve equality between those two
values (it is 0.0148). Figures 1 and 2 show the resultant h . and
K.

(ii) The Enpirical Measures of Technol ogy G owth

The inposition of (2) on the enpirical data gives rise
to the measure of "true' technology growh (i.e., true according

to the nodel):

(17) aAlog z, = aAlogy, - © Alog |, - (1-6)(alog k, + alog h,)
1/6

The standard neasure of technol ogy growth, Sol ow residual grow h,

iS:

(18) Alog sr, =[ alogy, - 6 aAlog |, - (1-6) alog k; ]/ 6
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where: sr denotes the Sol ow residual. The val ue of 6 cones fromthe
nodel calibration. Figures 3 and 4 display z , and sr,. The two
technol ogy neasures differ in their treatnment of utilization and
nmeasurenent of capital. The distinction is an inportant one.

Consider the tine series properties in Table 1.

Table 1
VAR ABLE % SD CCRRS
Rz
Al og sr 2.60 1.00
0.77 (0.000)
Al og z, 2.25 0. 77 (0.000)
1.00
Al og g, 2.95 0.09 (0.632)
0.02 (0.921)
Al og p 10. 39 -0.55 (0.002) -
0. 001 (0.995)
Key : % SD denot es the percentage standard devi ati on.

CORRS denotes the correlation with Al og sr,.

CORRZ denotes the correlation with Alog z,.

Par ent heses contain two-tailed narginal significance levels for at-
test.

The correl ations between Alog sr, and Alog g, and between

Alog z, and Alog g, are both mldly positive and insignificant.
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A sharp difference energes across the correl ati ons between Al og
sr, and Alog p, and between
aAlog z, and Alog p,. The forner is strongly negative and
significant while the latter is negligible and insignificant.
These findings are consistent with those in Hall (1988,1990) for
the United States (1953-84). Hall finds significantly negative
(positive) correlations between the growh rates of sectoral
Sol ow residuals and nomnal oil prices (real mlitary purchases),
for many (a few) sectors of the econony.

The significant Sol ow residual correl ati ons nmake
nonsense of viewing it as a neasure of true technol ogy. Hall
(1988, 1990) argues that such correlations stemfromthe
exi stence of narket inperfection conbined with increasing
returns to scale. QGven the insignificant correlations invol ving
Alog z, in Table 1, an alternative explanation is possible. The
fluctuations in capital utilization, responding to novenents in
energy prices and governnment spendi ng, explain the Sol ow residual
correlations. They do so in a nmanner consistent wth perfect
conpetition and constant returns to scale. 1In addition, with
view to the standard devi ati ons of Alog z, and Alog sr, in Table
1, this explanation obtains while the variance of Alog z, is not
substantially smaller than that of Al og sr ..

Both the energy and depreciati on cost nargins of the

capital utilization decision play a critical role in achieving



- 19 -

the insignificant correlation between Alog z, and Alog p,

Consi der (14') once again:
(14") hgwﬂ)-+h§V43pt::(1—1)(1—e)yt/(kthg

Absent the energy cost margin, then the termincluding p ¢

di sappears from(14'), inplying that h , is unresponsive to p ;
The upshot is that the associated U S. “true' technol ogy neasure
is not purged of the influence of energy price changes. Next,
rearrange (14'), noting (5 and the functional forns for 3(hy)
and a(h,), to get:

(1-8) o K

ptet
= (1-1) L 5(h)
Y, v VoY, !

(14")

Absent the depreciation cost margin, then the terminvol ving
5(h,) disappears

from(14"), inplying that the elasticity of output wth respect
to energy use,

(1-6)/v, (multiplied by (1- <)), equals the energy share of
out put .

Calibrating the nodel to match average values of the U S. energy
and capital

shares of output, and capital incone taxes, then requires a val ue
for v that

is "too high." It is too highto generate a h |, series
sufficiently responsive

to p, (see (14')) to render the associated U S. "true' technol ogy
neasure pure

fromthe effects of energy price novenents.
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Mai ntaining the nore restrictive assunptions of a fixed
proportionate rel ationship between the hours worked by capital
and | abor, and constant depreciation, as in Kydl and and Prescott
(1988, 1991), does not give rise to a satisfactory Al og z,
series. Specifically, that Alog z, exhibits very simlar
dynamcs to those of Alog sr,. The correlation between the two
series is 0.996 and Alog z, shows a correlation with Alog p,
(alog g,) equal to -0.54 (0.07). This result, essentially,
obtai ns not only because of the small capital share but al so
because the correl ation between the rate of change of hours per
worker and Alog p, is not sufficiently negative. (Contrast the
latter correlation, equalling -0.41, to the correl ation between
Alog h, and aAlog p,, equalling -0.86.)

Hal | (1988, 1990) rules out fluctuations in capital
utilization as being quantitatively capabl e of explaining the
Sol ow residual correlations. The reason for the apparent
i nconsi stency between that argument and the one advanced here
concerns the nodelling of the utilization rate. Hall maintains a
fixed proportionate relati onship between capital utilization and
total labor hours per unit of the capital stock, as well as
constant depreciation. This is very simlar to the Kydl and and
Prescott (1988, 1991) nodel. The present nodel does not inpose

such restrictions.



- 21 -

V. Calibration and Eval uati on

This section outlines the calibration and eval uation
procedures, first advanced by Kydl and and Prescott (1982).
Define the nodel's tine period to be one year. To denote the
steady state values of nodel variables, use the notation
introduced earlier except omt time subscripts and use a bar to
signify the stationary counterpart of a variable (except for z).

(i) Calibration

Fi rst consider the exogenously-set values for paraneters
and variabl es, based on U S. data averages or other studies.
| nposi ng bal anced grow h and equation (2) on U S data gives z
1.0162, which equals the average gross growth rate of US. vy .
The gross, after-tax real return to capital along the nodel's
bal anced growt h pat h, z-_/B, Is set equal to 1.0650, the value in
King, Pl osser and Rebel o (1988). © equals 0.70, the value in
G eenwood, Hercowitz and Krusell (1992). | is set equal to
0.3529, the U S average value for the ratio of hours worked to
total nonsl eepi ng hours (per worker). 5(h) equals 0.0796, the

average depreciation rate of k |; conputed as the average val ue of

the US series: (i, -k, +k/)/k . The governnent share of

out put , é?;l Is 0.2695, equalling the average value of U'S
0:/y:. The energy share of output, (pe _)/;, Is 0.0430, equal to

the average value of U S (p :e)/y.. pis set equal to 0.9386,
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which is the average value of US. p ,. 1 equals 0.35, the value
in Geenwood and Huf fman (1991).

Next consi der the endogenously-derived paraneter val ues.
No outside guide is available for the val ues of o and wv.
However, using the foregoing exogenousl y-set val ues together
with: (a) the steady-state conditions determning h and the
energy-capital ratio along the bal anced growh path, e _/(EZ4) and
(b) the definitions of &(h) and a(h), allows sinultaneous
solution for h, ® and v. The resultant val ue of o(v) is 1.4435
(1.7260). There is no direct evidence on the val ue of v. The
f or egoi ng exogenousl y- set
val ues conbined with the steady state conditions of the nodel inply
= 2.1874.

Least - squares regressions give consistent estinates of
the paraneters of the stochastic exogenous processes. The nost

par si moni ous and adequat e specifications are:

(8") log(z () =10g(z,) +10g(z) + U,.4, Uzt = €z
T N,e4
(gl) Iog(g t+1) = pgl Og(gt) + (1' pg)log(g) + ugt+1a ugt+1 = egt+1
+ I]gegt
(10I) IOg(p t+1) = ppl Og(pt) + (1' pp)l Og(p) tu pt+11 upt+1 = €ptna
+ I]pept

where: e;, IS a stationary, zero-nean, serially-uncorrel ated

innovation and n;, is a paraneter (i=2z, g, p). Table 2 presents
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the findings (the key indicates new notation). The coefficient
estinmates are significantly greater than zero

(at approximately the 5%significance level). Therefore, they

provide values for o, p, n, ng and n, The point estinates: o,,
&, and &, give values for o, o, and o, respectively. O the
covari ance estimates, only &, is significantly different from
zero (based on t-tests on the coefficients of
| east - squar es regressi ons of &, on &, (i =z, 9, p)).
Therefore, set
Gy = Oy Oy = 0 @nd oy, = 0. Analysis of residua
autocorrel ati ons suggests that the residuals are serially
uncorrelated. Table 3 lists paraneter and steady-state variabl e
val ues.

There is no inconsistency across the findings of a
significant correlation between innovations to Alog z, and log g,

and an insignificant correl ation between Alog z, and Al og g,
Consi der an application of the G anger Representati on Theorem
Begi n by supposing that log g , and log z, are 1(1), cointegrated
processes w th independent innovations and coi ntegrating vector,

[1 -1]. An exanple of the error-correction-formfor the vector

stochastic process, [ alog g, Alog z,]', is:
alo t 1 3 | -1
TN TR I A I A TR
1) e D N ] F
Alog z, oty 0 log z .,

€t
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where e,, and e, are stationary, zero-nean, independent
i nnovations and o, o,
and o5 are positive scalars. From (19) it follows that:

(20) log g = (1- )09 g1 + (o) + (ey-ey)
Under bal anced growth, E( alog z,) = E(alog g,). UWsing this
hypot hesi s and

taki ng expectations in (19) gives:

(21) - = oglog g
Substituting (21) into (20) inplies:

(22) log g = (1-o3)log g1 + aslog g + (ey-ey)

The second equation in (19) and equation (22) have exactly the
sane structures as equations (8) and (9'), respectively. From
(19) and (22) it is clear that the innovations to alog z, (ey)
and tolog g, (e - ey) Wll exhibit negative covariation, while
t he i ndependence of e, from e, may be sufficient to cause an

insignificant correlation between Alog z, and alog g,
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Table 2

Coefficient Estinates

%, = 0.3598 (0.1895)

b, = 0.9098 (0.0354) A, = 0.7862 (0.1961)

e 0. 9039 (0.0652) o 0. 3376 (0.2041)

p

O
°
Il

Resi dual Properties

&, = 0.0210 &, = -0.0003 C = -
0. 5417
&, = 0.0284 &,, = -0.0002 Cyp = -
0. 0982
&, = 0.0966 g = -0.0002 C g = -
0. 0610

Aut ocorrel ati ons
(S.E = 0.185)

& &y S0
Lag 1 0.01 -0. 06 0.03
Lag 2 0.25 0.25 0. 16
Lag 3 -0. 02 -0. 06 0.13
Lag 4 0. 16 0. 06 -0. 06
Lag 5 0. 04 -0.03 0. 04
Q5) = 2.61 Q5) =211 Q5) =
1.41
Xi = 9.49 x3 = 7.81 2

=7.81




Key:

Not e:
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N denotes an estinated quantity.
Standard errors are in parent heses.
o; is the standard deviation of e, (i =2z, 9, p).
o;; (c;;) is the covariance (correl ation) between e, and ¢, (i,j =2z, g,

p) .
S.E. denotes standard error.

Qis the Box-Pierce statistic.

x? is the critical value of the chi-square, at the 5% significance
level and i degrees of freedom

Sanpl e period: 1961-1989.

The calibrated values of z~ and p were inposed on (8') and (10') during
the estimation. The nean of U S g , was inposed on (9') during its
estimation.
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Tabl e 3
Pr ef er ences Steady State Vari abl es
g = 0.9542 y oz 0. 1896
y/ (kz1) = 0.9513 -
v = 2.1874 c — = 0.1113
i — = 0.0191 - -
Producti on g = 0.0511 gl/y = 0.2695
p = 0.9386 - -
2 =0.70 e = 0.0087 pe /'y = 0.0430
e/ (kzt) = 0.0436
o = 1.4435 | = 0.3529
v = 1.7260 k = 0.2026 3(h) = 0.0796
h = 0.2234
Tax rate
Tt =0.35
Stochastic Structure
z = 1.0162 n, = 0.3598 5, = 0.0210 Sy
=-0. 0003
op =0
g = 0.0511 o, = 0.9098 o, = 0.0284 Cgr =
Oyg
ng = 0.7862 Cgp =
0
p = 0.9386 op = 0.9039 o, = 0.0966 Cpy =
0
n, = 0.3376 Cpg =




(ii) Evaluation

(a) Sinulate tine paths for the logarithmc |evels of variables
of interest, using the Markovian decision rules and | ans of
nmoti on of the exogenous variables for the nonstationary econony.
The time paths have 30 observations, the size of the
U S data sanple. Any one sinulation corresponds to one sanpl e
of 30 realizations of the vector e = [e, ey en]. Two
alternative approaches are taken to obtain this sanple: [1] uses
a normal random nunber generator; [2] uses the actual sequence of
residuals fromthe estinati on exercise. The approach in [1] is
generally the one taken in the existing literature. |Its
advant ages include the possibility of reduci ng dependency on
initial conditions as well as on sanpling uncertainty. |Its
di sadvantage is that it inposes the assunption of normally
distributed i nnovations. The approach in [2] reverses this
scenario. |Its disadvantages lie in its dependency on initial
condi tions and exposure to the idiosyncracies of a sanple
realization. |Its advantage is that it does not inpose a strong
distributional assunption on e,. This nmay be an inportant
advantage in the present context, where e, especially is
unlikely to have a normal distribution. |In order to reap the
advant ages for the approach in [1], 500 independent sanpl es, each
initially consisting of 200 observations, are sinmul ated; then,

the first 170 observations are di scarded fromeach sanple. For
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each sinmulation, in each approach, the steady state val ues of
state variables and z , = 1 provide initial conditions.

(b) For each nodel sanple, filter the data. Then conpute
summary statistics for the filtered data. For the approach in

[1], the statistics are averages across the 500 sanpl es.

(c) Conpare the statistics for the nodel data to the
corresponding statistics for the US. filtered, logarithmc-I|evel
dat a.

The Hodrick-Prescott filtering nmethod underlies nost of
the statistics because of its promnence in quantitative
nmacr oeconom ¢ studi es (see Kydland and Prescott (1990)). The
snmoot hi ng paraneter for the Hodrick-Prescott filter is set at
400, the value comonly used for annual data. The first-
difference filter underlies the statistics relating to analysis
of the Sol ow residual since the interest in these stens fromthe
docunented regularities at the first-difference frequency (in
Section I11).

The foregoing evaluation is undertaken for the nodel
descri bed earlier, henceforth referred to as the basic nodel. It
is also undertaken for two special variants: one that abstracts
fromenergy price shocks (by setting o, = 0) and one that
abstracts fromshocks to the stationary conponent of governnent

spending (by setting o, = 0). The latter two experinents permt
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isolation of the contribution of energy-price and tenporary
gover nnent spendi ng shocks to the basic nodel. To keep this

isolation pure, the experinments use the sane sets of innovations.

V. The Fi ndi ngs

(i) Basic Model

Consider the findings for the basic nodel, starting with
Table 4. 4
In the U S data, the salient features of the standard devi ati ons
are: the well-known facts that consunption, |abor hours and
capital are less volatile, while investnent is nore volatile than
out put; energy usage, utilization and depreciation are quite
volatile. The nodel accounts for 76 or 89 percent of the
volatility of U S output. It captures the aforenenti oned
relative volatilities, except that of consunption for the nornal
i nnovati ons case, and generally captures the absol ute
volatilities. The nodel significantly exaggerates the volatility
of investrment and, for the nornal innovations approach, somewhat
understates the volatility of depreciation. The predicted
energy-usage volatility is internmediate to that of the two
alternative U S. energy-usage neasures.

Each series in the U S data exhibits high persistency.

The nodel mmcs this well. Onily the persistency of consunption
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and, for the normal innovations case, of |abor hours is sonewhat
under st at ed.

The U S data showthat all series are strongly
procyclical, except for capital and the average productivity of
capital services, which are countercyclical. The nodel predicts
this dinmension closely. Exceptions are that the nodel does not
predict the countercyclicality of US k ,,, and, for nornal
i nnovations approach, it underestinmates the countercyclicality of
US k,. A so, when using normal (actual) innovations, |abor
hours (consunption) are not procyclical enough.

The U S. correlation between | abor hours and its average
productivity is positive and the U S. correl ation between capital
services (energy usage) and its average productivity (energy
prices) is negative. The nodel generally perforns well in this
regard. One significant discrepancy is that the nodel, when
usi ng normal innovations, fails to predict the positive
correlation between | abor and its average productivity. The
predicted correl ati on between energy usage and energy prices is
intermediate to that for the two alternative U S. energy-usage
nmeasur es.

In the U S, data, output exhibits a positive (negative)
correlation with technol ogy and government spendi ng (energy
prices). The nodel closely captures this dinension for the

actual innovations case, sonewhat |ess closely for nornal
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innovations case. |In particular, regarding the correlation
bet ween out put and energy prices, the nodel predictions of -0.41
or -0.62 are greater than or conme close to, respectively, the
U S. data val ue of -0.68.

Table 5 shows that the nodel fits the U S Sol ow
resi dual facts. Notice especially, for the correlati on between
the growth rates of the Sol ow resi dual and energy prices, the
nodel predictions of -0.43 or -0.47 are close to the U S data
val ue of -0.55.

In short, Tables 4 and 5 suggest that the nodel explains
a high fraction of U S output volatility, quite well mnatches the
U S regularities involving energy prices, energy usage, capital
utilization and the Sol ow residual, and is generally consistent
with other features of U S. business cycles. D screpancies
bet ween the nodel and U S. data, for both sinulation approaches,
that seemsignificant are the overstatenment of investnent
volatility and the understatenent of both the persistency of
consunption and the countercyclicality of capital. 5

It is possible that these discrepancies partly stemfrom
| ack of support for the assunption of a unitary elasticity of
intertenporal substitution in consunption (see Finn, Hoffnman and
Schl agenhauf (1990)). Lower values of this elasticity inply |ess
willingness to substitute consunption intertenporally, naking

investnent |ess volatile and consunption nore procyclical and
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persistent. Wth regard to the discrepancy involving k 1

consi der the underlying behavi or of d(hy), k, and i ,. For these
variabl es, the nost noticeable differences across the nodel and

U.S. data are the excessively high correl ati on between k . and vy,
and the standard deviation of i . Both of these differences form
the prime reasons for why k ,,, is too procyclical. The
excessively high correlation between k , and y,, in turn, seens to
reflect that the intertenporal substitution effect, encouragi ng
capital accunulation, is too strong relative to the wealth

effect, discouraging capital accumul ati on, when antici pated

i ncreases in next period s output occur.

(ii) Contribution of Energy Price Shocks to Basic Mdel

Tables 6 and 7 present the findings for the nodel wth
= 0. Conpare these tables with Tables 4 and 5, respectively.
Ener gy-price shocks contribute 7.47 or 18.75 percent to the
percentage of U S. output volatility accounted for by the basic
nodel . The quantitatively significant effects arising fromthe
i ncl usion of these shocks are:

(a) The increase in the volatilities of investnent, energy
usage, utilization, depreciation and, for the actual
i nnovations case, of the average productivity of capital
servi ces.

(b) The persistency of investnent increases when using actua

i nnovat i ons.
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(c) Aswitch fromstrongly procyclical to countercyclical
average productivity of capital services and, for the nornmnal
i nnovations approach, a fall in the procyclicality of energy
usage.

(d) The change froma strong positive to a strong negative
correlation between capital services and its average
productivity and, when using actual innovations, froma
negative to a positive correlation between |abor and its
average productivity.

The effects al ong these di nensions constitute inprovenents in the

basic nodel's ability to match the U S. data, with the one

exception of the effect on investnent volatility. 1In addition,
it is only by including energy-price shocks that the basic nodel
can predict the strong negative correl ati ons between energy
prices and each of energy usage, output and the Sol ow resi dual
mani fested in the US. data. Sonme intuition about these effects
fol | ows.

A positive energy-price shock strongly decreases
utilization and capital services, pronpting a fall in output and
arisein the average productivity of capital services. The
shock is a major source of negative covariation between the
average productivity of capital services and each of output and
capital services. A positive energy-price shock, by reducing

utilization, also reduces energy usage, inplying that it is a
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source of positive covariation between energy usage and out put.
But, it nust be a weaker source of this positive covariation than
t echnol ogy or government spendi ng shocks since including energy-
price shocks causes the procyclicality of energy usage to fall.

As Section Il indicates, a positive energy-price shock, by
decreasing utilization, also decreases the narginal productivity
of labor hours. This creates an intratenporal substitution

effect to reduce | abor hours and to enhance positive conovenent
bet ween | abor hours and out put.

(ii1) Contribution of Tenporary Governnent Spendi ng Shocks to

Basi ¢ Model
Consi der the findings for the nodel wth o, = 0 in Tables 8

and 9. In particular, conpare these tables to Tables 4 and 5,
respectively. Tenporary governnent spendi ng shocks change the
percentage of U S. output volatility accounted for by the basic
nodel by -7.82 or 9.90 percent. The quantitatively significant
effects arising fromthe inclusion of these shocks are:

(a) Consunption volatility switches frombeing snmaller to
greater than output volatility, for the nornal innovations
case.

(b) The decrease (increase) in the persistency of investnent
(l'abor), when using actual innovations.

(c) The procyclicality of consunption (labor) falls for the

actual (nornal) innovations case.
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(d) The correlation between |abor and its average productivity
decreases, especially when using normal innovations.

(e) The decrease in the procyclicality of governnment spendi ng,
for normal innovations case.

(f) The correlation between the Sol ow residual and gover nnent
spendi ng decr eases.

The effects al ong these di nensions constitute inprovenents in the

basic nodel's ability to match the U S data, except for the

effects on the relative volatility of consunption, the

procylicality of consunption and | abor and the correlation

between | abor and its average productivity. Some intuition for

these effects foll ows.

The reduced volatility of output stens fromthe negative
covari ance between innovations to the tenporary conponent of
gover nnent spendi ng and to technol ogy, and the fact that both
types of innovations cause output novenents in the sane
direction. To highlight this, consider that for a nodel econony
(with normal innovations) identical in all respects to the basic
nodel econony except for setting o,y = 0, the standard deviation
of output is 3.02. This exceeds the standard devi ation of out put
in the nodel econony with
oy = 0 (and nornal innovations), 2.85, and in the basic nodel
econony (w th normal innovations), 2.58.

As indicated in Section Il, a positive shock to
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gover nnent spendi ng causes a negative incone effect (and sets in
notion intratenporal substitution effects) that decreases
consunption and i ncreases |abor, utilization and output. The
shock affects consunption and | abor nore strongly than it does
output, and is a source of negative (positive) covariation

bet ween consunption (labor) and output. Tenporary gover nnment
spendi ng shocks nmust be a weaker source of positive covariation
bet ween | abor and out put than are technol ogy and energy-price
shocks, since inclusion of the forner reduces the procyclicality
of labor. Q@ ven the property of dimnishing | abor productivity,
a positive government spendi ng shock, by increasing |abor,
decreases its average productivity. The shock is a nmajor source
of negative covariation between these two vari abl es.

Fol | owi ng the sinul ation approach usi ng nor nal
innovations, it is interesting to elucidate the strong inpact of
maintaining o,, <0 on the correlations between |abor and each
of output and | abor's average productivity (the tables explain
new notation). For the nodel econony with o, = O
c(l,, y;,) =0.69 and c(l ,, APl ,) = 0.53. A nodel econony that is
identical in all respects to the basic nodel econony except for
setting o, = 0, displays: c(l ,, y,) =0.61 and c(l , APl ;) = 0.24.
Finally, for the basic nodel econony, where O, <00 c(ly, yy) =
0.30 and c(I ,, APl ,) = -0.13.

Bot h out put and the Sol ow residual are highly correl ated
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wi th technol ogy. The perfect |inkage between technol ogy and
gover nnent spendi ng, obtaining by construction, breaks by

al l owi ng tenporary shocks to governnent spending. Al so,

gover nnent spending i npacts positively but |ess strongly on
out put and the Sol ow residual than does technol ogy, since the
former can only work through the endogenous responses of | abor
and/or utilization. Including tenporary government spendi ng
shocks, therefore, reduces the correl ati ons between gover nnent

spendi ng and each of output and the Sol ow resi dual .

VI. Concl usion

For the United States econony (1960-1989), the
correl ation between the growh rates of the Sol ow residual and
the real price of energy (government spending) is -0.55 (0.09).
These correl ations suggest that the Sol ow resi dual confounds
novenents in energy prices and governnent spending with those in
true technology. The question arises as to how energy price and
gover nnent spendi ng shocks transmt to the Sol ow resi dual
Furthernore, with this transm ssion nmechanismin place, what is
the quantitative inportance of energy price, governnent spendi ng
and true technol ogy shocks in generating business cycle
phenonmena?

To address these questions, this study devel ops a nodel
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featuring perfect conpetition and constant returns to scale, that
is quantitatively capabl e of capturing the endogenous production
channel s underlyi ng the observed Sol ow resi dual correl ations.
These channel s depend on endogenous capital wutilization. Solow
residual growth can, then, significantly differ from true

t echnol ogy growt h because it absorbs the effects of fluctuations
inutilization. dven the endogeneity of capital utilization and
its close linkage to energy use, all shocks, but especially
energy price shocks, will inpact on the Sol ow residual .

The nodel, together with published U S tine series
data, generates U S. time series on utilization. An inportant
finding is that fluctuations in this utilization series,
responding to novenments in U S. energy prices and government
spendi ng, actually do provide a quantitative explanati on of the
Sol ow residual correlations observed in the U S data. S nce the
expl anation is consistent with perfect conpetition and const ant
returns to scale, it sharply differs fromHall's (1988, 1990)
expl anation that relies on inperfect conpetition and increasing
returns to scale.

| ncorporating shocks to "true' technol ogy, energy
prices, and government spending, the nodel econony accounts for
76 or 89 percent of U S output volatility, well matches the U S
enpirical regularities involving capital utilization and the

Solow residual, and is generally consistent with other features
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of U S business cycles. Energy price shocks pronote the match
bet ween the nodel and U S. data al ong many di nensi ons.

Gover nnent spendi ng shocks exert m xed effects on the coherence
bet ween the nodel and U S. dat a.

Ext endi ng the nodel to address questions concerning the
dynam cs of small open economes (see Finn (1990) and Mendoza
(1991)), particularly their real exchange rate dynam cs, and
i nternational business cycle behavior
(see Stockman and Tesar (1990)) seens an exciting avenue for

future research
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Table 4: Basic Moddel and U.S. Data (HP Filtered Data)

Vari abl e Model , Nor mal | nnovat i ons Model , Act ual | nnovati ons U S Data,
1960- 1989
% SD AUTOL QCRRY % SD AUTOL OCRRY % SD
AUTOL QCRRY
Y, 2.58 0. 69 1.00 3.02 0. 82 1.00 3.40
0. 68 1.00
C: 2.63 0. 56 0.77 2.33 0.53 0.61 1.95
0.80 0.86
i 12. 86 0. 38 0.75 14.03 0. 46 0. 88 7.40
0.55 0.81
e 6.84 0. 65 0.73 9.18 0.85 0. 82 3.55 (10.02)

0.68 (0.81) 0.81 (0.76)

I 1.10 0.31 0.30 1.59 0.59 0.65 2.26
0. 63 0. 87
k. 1.54 0.76 -0.09 1.65 0.77 -0.18 1.68
0. 86 -0.36
K 1.54 0.76 0.31 1.65 0.77 0.35 1.68
0. 86 -0.22
h, 4.13 0.64 0.71 5.51 0. 83 0.82 6. 03
0. 80 0.79
3(hy) 5. 96 0.64 0.71 7.95 0.83 0. 82 8.70
0. 80 0.79
APl 2.48 0.63 0.90 2.32 0.68 0. 86 1.83
0.72 0.79
APKs, 2.73 0.62 -0.10 3.38 0.78 -0.35 4.03
0.78 -0.19

c(l . APl,) c(ks,, APks,) c(e,, p) c(l., APl\) c(ks,, APks,) c(e. p.) c(l v, APlY) c(ksy,



APks.) c(e;, p.)
.0 81 '90;88 (_0_979.74 -0.92 0.17 -0.84 -0.96 0.38
oy, S%e 20 e(Ve 8)  elye P ey z) eV 8)  c(yo P) eV z)  o(Ye 8)
0.57 _8:§g 0.34 -0.41 0.63 0.72 -0.62 0.48
Key: (1) AP, is the average product of | .

(2)

(3)

APks, is the average product of ks ,
ks, = kih,.

% SD denot es the percentage standard devi ati on

AUTOL denotes the first-order autocorrel ation coefficient.
CORRY denotes the correlation withy .

c(.,.) denotes the correl ati on between the indicated vari abl es.

In panel Il two values are reported for each statistic involving e .- The first value
pertains to the case when e ; is measured using the published data described in Appendi x

2. The second val ue, in parentheses, pertains to the case when e |, is neasured by using
equation (5) and the enpirical measures of h  and k, described in Section Ill. The second
nmeasure of e, was constructed and its properties were summarized due to the reservations
about the first neasure, which are discussed in Appendix 2.




Table 5: Basic Mddel and U.S. Data (First-Di fferenced Data)
|

Vari abl e Model , Nor mal | nnovat i ons Model , Act ual | nnovat i ons U S Data,
1960- 1989

% SD OCRRS OCRRZ % SD OCRRS OCRRZ %SD
RS O
Sr 3.08 1.00 0. 87 2.92 1.00 0. 85 2.60
1.00 0.77
z, 2.20 0. 87 1.00 2.24 0. 85 1.00 2.25
0.77 1.00
O 3.17 0.13 0.14 3.08 0.24 0.12 2.95
0. 09 0. 02
P: 10. 40 -0.43 0.01 10. 44 -0.47 -0.02 10. 39
0. 55 -0. 001

Key:

% SD denot es the percentage standard devi ati on.
CCORRS denotes the correlation with sr .
CORRZ denotes the correlation with z

t-
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Table 6: Mdel with o, = 0 (HP Filtered Data)
I Il
Vari abl e Model , Nor mal | nnovati ons Model Act ua
I nnovat i ons
% SD AUTOL QORRY % SD AUTOL
QCRRY
Y 1 00 2.33 0. 69 1.00 2.38 0.76
L
Ct0.48 2.40 0. 56 0.73 2.23 0.58
|t0_77 10. 26 0.23 0.70 10. 66 0.18
et0_998 2.61 0. 68 0.998 2. 67 0.75
|t0.56 1.08 0.33 0.31 1.52 0.58
k{0.18 1.36 0.74 -0.10 1.47 0.71
k 0. 39 1.36 0.74 0.30 1.47 0.71
t+1
hto_88 1.80 0. 64 0.87 1.88 0. 68
6(8 b8 2.59 0.64 0.87 2.71 0.68
t
AFb 77 2.23 0.63 0.88 1.99 0. 67
t
AFBS86 0.99 0. 64 0.87 1.15 0. 66
i
APKs ) c(l (, APl ,) c(ks,, APks,) c(l , APl,) c(ks;
0.59 -0.15 0. 68 - 0.10
c(y v z)  c(Ye, 9v) c(y «» z)  c(ye Q)
0.56 0. 90 0.38 0.83
Key: see key to Table 4.
Table 7: Mdel with o, = 0 (First-Differenced Data)




Vari abl e Model , Nor mal | nnovati ons Model Act ual
| nnovati ons
% SD CCRRS CORRZ % SD CCRRS
CORRZ
Sr, 2.73 1.00 0.98 2. 66 1.00
0. 98
Z, 2.20 0.98 1.00 2.24 0. 98
1.00
O 3.17 0.15 0.14 3.08 0.13
0.12

Key: see key to Table 5.
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wWth o, =0 (HP Filtered Data)

Vari abl e Model , Nor mal | nnovati ons Model , Act ua
| nnovati ons
% SD AUTOL CORRY % SD AUTOL

CORRY

Vi 2.85 0. 69 1. 00 2.68 0.76
1.00

C, 2.26 0.57 0.94 2.19 0.64
0.94

i 11. 36 0.55 0.81 12. 26 0.70

0. 82

e 6. 97 0. 65 0.72 8.55 0.82
0.72

(I 0. 67 0.30 0. 69 0. 64 0.29

0. 64

K, 1.40 0.81 -0.11 1. 66 0.85 -
0.12

6 33 1.40 0.81 0. 30 1. 66 0.85

t+1

h, 4.19 0.64 0.71 5.17 0.81
0.71

5(hy) 6. 04 0.64 0.71 7.47 0.81
0.71
APl , 2.44 0.64 0.98 2.33 0.71
0.98
APKs, 2.76 0.63 -0.02 3.53 0.81 -
0.22

c(l , APl) c(ks., APks;) c(e;, p) c(l, APl;) c(ks,, APKs;)
c(ew, pi)
2095 0.53 -0.68 -0.90 0. 46 -0.85
ey, pfVe 20 e(ye @) ey p) oY z) (v @)
-0 48 0.90 0.90 -0.37 0.83 0.83

Key: see key to Table 4.
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Table 9: Mdel with o = 0 (First-Differenced Data)

Vari abl e Model , Nor mal | nnovati ons Model Act ual
| nnovati ons
% SD CCRRS CCRRZ % SD CCRRS
CORRZ

Sr, 3.16 1.00 0. 88 2.98 1.00
0. 86

Z, 2.20 0. 88 1.00 2.24 0. 86
1.00

O 2.20 0. 88 1.00 2.24 0. 86
1.00

P: 10. 40 -0.42 0.01 10. 44 -0. 46
0. 02

Key: see key to Table 5.
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Endnot es

Sol ow residual growh is output growh | ess the share

wei ghted grow h rates of |abor hours and the capital stock.
The shares are factor shares in a Cobb-Dougl as production
function. This approach to nmeasuring technology growh is
due to Sol ow (1957).

Energy usage was added to obtain the output neasure because
gross domestic product of the private non-energy production
sector is value added by that sector. G oss housing product
and consumner spendi ng on housi ng services were subtracted in
obt ai ni ng the out put and consunpti on measures, respectively,
because they are activities associated wth househol d
production (see G eenwood and Hercowitz (1991)). The

out put, consunption, investnent, enploynment and capital
measures are net of energy sector activities since the nodel
does not expl ain them

Thi s procedure uses equation (14') rather than (5) to

m ni m ze dependency on the published e |, series. As pointed
out in Appendix 2, the latter measure is not an accurate

one.

The coefficient values of the four fundamental |inear
Mar kovi an decision rules for the stationary basi c econony
ar e:

0. 03] Ik hﬁﬁﬂ [ 0.81 -0.81 -0.01 -0.03 -0.25  0.14

= 10.27 -0. 27 -0.15 -0.09 0. 16 -0.09
! 0. 20 0. 20 0.23 -0.01 -0.23 0.13
J {-0.67 0. 67 0.13 -0.31 -0.13 0. 07

The innovation, u ,, enters the stationary econony as a
negati ve, serially-correlated technol ogy shock. The white-
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noi se innovations: «e,, e, and e, inpact on the econony
through their positive influence on expectations of future
t echnol ogy, governnent spending and energy price shocks.
The adjustnent coefficient, 0.81, is snmaller than that
reported in other studies which assune a fixed utilization
rate (e.g. 0.95 for the divisible-labor econony nodel in
King, Plosser and Rebel o (1988)). This suggests that
endogenous utilization results in faster adjustnent to

di sturbances since it provides an additional margin al ong
whi ch agents can respond. The signs of the above
coefficients can be rationalized by considering the
interaction between wealth, intertenporal and intratenporal
substitution effects.

An earlier version of this paper, evaluates an indivisible-
| abor nodel. The indivisible-labor nodel nodifies the basic
nodel by specifying utility as a linear function of |eisure
(see e.g. Hansen (1985)) and by changing the calibrated
value of v to 3.38. In general, the volatility
(persistency) of fluctuations is higher (lower) in the

i ndi vi si bl e-1 abor econony than in the basic econony,
inmplying a better match with the U S. data al ong sone

di mensions but a worse match along others. In particular,

t he enhanced volatility of labor (investnent) inplies a
better (worse) fit with the U S data. These findings
suggest that, in the presence of technol ogy, governnent
spendi ng, and energy price shocks, the increase in the
substitutability of leisure inherent in the indivisible

| abor specification may be too strong.
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Appendi x 1: The Sol uti on Techni que

Step [1]: A stationarity-inducing transfornmation of node

variables is undert aken since exogenous growt h occurs, stemmng from
the growh of z ,. Denote the new stationary vari abl es
by:
gt = s,/ z, , for s, =w, ¢, Y, €, I X N ki =
Kl z,.
The variables | , h,, r,, p4, §t and i nnovation vector u , are al so

stationary. Conpetitive equilibriumfor the stationary econony

isinplicitly defined by:
(11') w, = o y,/1,
(12') r, =(1-0) y /[ K., exp(-u,)Z ]

(13') v/ (1-1,) =W/,

(14') hleH + h D p o= (1-1)r,

(15")
-1 -1 =>-1 ht®+l ht\)+l
co =8 ; ctﬂ_exp(—uztﬂ)z (1—r)rt+l ht+l +1 - — Py .4

(16') y - p& =Cy + i, + 0,

(2) y. =1¢[ kihexp(-uy)zt ]9

(4) kew =1[1- h?/w]EteXp('uzt);_l‘*it



(5) @&,/[k, exp(-u,)z '] =hv

(8") g_t = ;t + TrtEthteXp('uzt) Z__l

and (9) - (10). This systemderives fromthe conpetitive
equi libriumfor the nonstationary econony, by noting the
stationarity transformation, equation (8) and the functional
forns for F, u, &, and a.

Step [2]: Find the determnistic steady state of the stationary
econony.

Step [3]: btain a linear approximation of the stationary
system around the determnistic steady state and i nvoke certainty
equi val ence. This invol ves expressi ng each
equation in terns of the innovations and vari abl es
that are percentage deviations fromtheir steady
state val ues:

§, = log(s,/s), for s, = Gh, Cy, ;;, €, I X¢o Ny ke Ty, hy 1y, py

and g,, s = steady state value of s .

Step [4]: Specify the MA(1) structures of the innovation

processes:
Uy = €4 + N, €1
Uy = € t Ng g1
Uyg = €x t Np €piaa

where: e;, IS a zero-nmean, white noise innovati on process and n;
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is a paraneter (i =2z, g, p). Section |V discusses these
speci ficati ons.

Step [5]: Cbtain the particular solution to the approxi nate
systemthat is
. ¢ _
consistent with transversality condition: im et a Ky O,

t oo

where: XA, is the

| agrange nmul tiplier associated with the resource constraint
(16").

Step [6]: The solution, in general form is:

X = AL X + Ay ey

N

s.= B X, for s, =W, €., V., &, T, X, Ay, 'y, Ay, F,
where: X = [Ry Uy 8 P ex ey eu] is the state vector at
time t.

€. = [€u €gu  €xal IS the white noise innovation vector at
tinme t+1.

A, A, and B are matrices, of appropriate size, whose el enents

are scal ar functions of the paraneters of the approximate system

Step [7]: Use the solution in [6], the definitionof s ", in[3],
the definitions of s_t and Q}H in[1l] and equation (8) to find the

approxi mate conpetitive equilibrumprocess for the nonstationary

econony.
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Appendi x 2: The Data

The data are annual, real, per-capita data for the United States
(1960- 1989) .

(1) Energy Usage, Prices and Product

The sources for this data are: (1) State Energy Data Report:

Consunption Estimates 1960- 1989, Energy Information

Admnistration (SEDR); (2) Annual Energy Review 1990, Energy

I nformati on Adm nistration (AER). The conversion factors in the

Appendi ces of the AER are used to establish BTU neasures. Sone

i nportant reservations about the accuracy of the energy usage

seri es incl ude:

(a) Conmercial sector energy usage is inaccurate. |Its usage is
sonetinmes part of residential sector usage and vi ce-versa.
Its coal usage, particularly, only roughly separates from
that of the residential sector. This coal usage series also
i ncl udes governnent usage. The present study attenpts to
i sol ate comercial sector natural gas and petrol eum usage
fromthat of the government by using enpl oynent share data.

(b) Transportation sector notor gasoline usage is approxi nmated
by taking a constant fraction (0.25) of published notor
gasol i ne usage. The latter also includes governnent and
private non-busi ness usage.

(c) Energy-production sector energy usage is not entirely



excl uded.
(d) The conversion factors used in obtaining BTU neasures are
appr oxi mat e.

Energy Usage (trillions of BTUs): the sumof electricity (ELEC,

coal (QCQAL), natural gas (NATG and petrol eum (PETR) usage by the

private non-energy production sector of the econony.

ELEC = CSE + | SE + TSE

CSE = commercial sector electricity usage. Series is in Table
94 AER

ISE = industrial sector electricity usage. Series is in Table
12 SEDR

TSE = transportation sector electricity usage. Series is in

Tabl e 13 SEDR

CAL = CSC + ISC + TSC

CSC = commercial sector coal usage. Series is in Table 11
SEDR
ISC = industrial sector coal usage. Series in Table 12 SEDR

(i ncl udes net
inports of coke) |ess the coke plant coal usage from Tabl e
83 AER

TSC = transportation sector coal usage. Series is in Table 13

SEDR



NATG = CSG + | SG
CSG = commercial sector natural gas usage. Series in Table 11
SEDR
mul tiplied by the coomercial sector enploynment share
series (subsection (ii) defines and docunents this series,
(a)).
ISG = industrial sector natural gas usage. Series in Table 12
SEDR | ess the
| ease and plant fuel series in Table 77 AER
PETR = CSP + | SP + TSP
CSP = commercial sector petroleumusage. Series in Table 11
SEDR | ess the
strategic petroleumreserve acquisition series in Table
66 AER multiplied by the commercial sector enpl oynent
share series (subsection (ii) defines and docunents this

series, (b)).

ISP = industrial sector petroleumusage. Series is in Table 12

SEDR (excl udi ng those conponents listed in the asphalt and
road oil, lubricants and “other' categories).

TSP = transportation sector petroleumusage. Series is in

Tabl e 13 SEDR
(excluding that conponent listed in the [ubricants
category and 0. 75 of that conponent listed in the notor

gasol i ne category).
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Energy Prices (dollar prices per trillion BTUs).

pelec = price of electricity. Series is in Table 100 AER

pcoal price of coal. Series is in Table 88 AER

pnatg = price of natural gas. Series is in Table 79 AER

ppetr price of petroleum= (x ; + X,)/X;

X4 dol l ar value of total production plus net inports of oil and
petrol eum products. Series are in Tables 32-34 AER
X, = dol l ar value of natural gas plant |iquids production
eval uated at donestic crude oil prices (series from Tabl es
29, 51 AER).
X5 = econony-w de consunption of petrol eum nmneasured in

trillion BTUs. Series is in Table 9 SEDR

Energy Usage (billions of current dollars):

(pel ec. ELEC + pcoal. COAL + pnatg. NATG + ppetr. PETR), scal ed

appropriately. Energy Usage (billions of 1987 dollars): the

constant 1987 price counterpart to the foregoi ng energy usage
series.

Energy Price Deflator (1987=100): the ratio of energy usage in

current dollars to energy usage in 1987 dol |l ars.

Energy Product (billions of current dollars): the sumof the

val ue of fossil fuel production (series is in Table 32 AER) and
val ue added by the electricity-producing sector. The latter's
definition is sales less the values of oil, coal and natural gas
inputs (series are in Table 92 AER al so, the price series

descri bed above are used).
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(ii) Al Qher Data

Sources for remaining data are Gtibase and: (1) National Incone
and Walth Dvision, BEA U S. Departnent of Commerce (DQO); (2)
"Fi xed Reproduci ble Tangible Walth in the United States, Revised
Estimates" by John C. Misgrave, Survey of Qurrent Busi ness, BEA
U S. Departnent of Commerce, January 1992, pp. 106-137 (SCB)

Unl ess ot herw se stated, the source is Gtibase.

Popul ati on (thousands of persons): civilian non-institutional
popul ati on aged si xteen and over.

Aggregate Price Deflator (1987=100): gross donestic product price

defl at or.

Qut put (billions of 1987 dollars): gross donestic product plus
energy usage mnus the sumof gross housing, governnent and

ener gy-sector products (subsection (i) indicates definitions and
sources for the energy itens).

Consunption (billions of 1987 dollars): personal consuner

expendi ture on nondurabl e goods and services mnus the sum of
that on housing services, gasoline and oil, fuel oil and coal,
electricity and gas.

I nvestnment (billions of 1987 dollars): gross private domestic
fixed investnment in nonresidential capital excluding that
conponent for the coal mning, oil and gas extraction, petrol eum
and coal - product manufacturing, electricity and gas-service

sectors. Source: DC
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Gover nnent Spending (billions of 1987 dollars): governnent

pur chases of goods and servi ces.

Labor hours: the product of enploynent and hours per worker per

year. Enpl oynent (thousands of persons) is total enployment
(civilian plus resident armed forces) m nus government enpl oynent
pl us arned forces overseas mnus the sumof enploynment in the
coal mning, oil and gas extraction, petroleumand coal - product
manuf acturing, electricity, gas-and sanitary-service sectors.
Hours per worker per year is an average across all workers in al
i ndustries.

Capital Stock (billions of 1987 dollars): net stock of private

donestic fixed nonresidential capital excluding that conponent
for the coal mning, oil and gas extraction, petrol eumand coal -
product manufacturing, electricity and

gas-service sectors. Source: SCB

Commer ci al Sector Enpl oynment Share Series.

Series (a) : equals 1 - x ,/(x; + X,), where x,; = enpl oynment

(t housands of persons) in governnent, and x , = enpl oynent

(t housands of persons) in services, finance, insurance and real
estate, wholesale and retail trade, communications and

agriculture, forestry and fi shing.

Series (b) : equals 1 - x ,/(x, + X3), where x; =X, | ess enpl oynment
(thousands of persons) in agriculture, forestry and fishing.

Rel ative Price of Energy (1987=1): ratio of energy price deflator




to aggregate price deflator.
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Table L1 [Low energy share econony]

VAR ABLE % SD OORRS
ORRZ

Al og sr, 2.60 1. 00

0.66 (0.00)

Alog z, 2. 47 0. 66 (0.000)
1. 00

Al og g, 2.95 0.09 (0.632)
0.16 (0.412)

Alog p, 10. 39 -0.55 (0.002)
0.10 (0.623)

Table L2 [Low energy share econony]

Coefficient Estinates

%, = 0.24 (0.19)
b, = 0.91 (0.04) %, = 0.48 (0. 20)

o, = 0.90 (0.07) n, = 0.34 (0. 20)

Resi dual Properties

5, = 0.0240 &,, = -0.0004
0. 5427
&, = 0.0301 &,, = -0.0004

0.1794



&, = 0.0966
0. 0095

Lag 1
Lag 2
Lag 3
Lag 4

Lag 5

1.41

=7.81

5o = 0.0000

Aut ocorrel ati ons

(S_E = 0.185)

N
€2t

0. 00
0.29
-0.15
0.12
-0.08
Q5) = 3.58

X2 = 90.49

D>

gt

0. 02
0. 24
-0.22
0. 04
-0.17
Q5) = 3.94

x5 =

gp

D>

pt

0. 03
0.16
0.13
-0.06
0. 04
Qq5) =
7.81 X2




Tabl e L3: Low Energy Share Econony Mdel and U S. Data (HP filtered data)

Vari abl e Model , Nor mal | nnovat i ons Model , Act ual | nnovat i ons US Data
1960- 1989
% SD AUTOL QCRRY % SD AUTOL OCRRY % SD
AUTOL QCRRY
Y, 2.62 0. 67 1.00 3.36 0.85 1.00 3.40
0. 68 1.00
C: 2.61 0.55 0.84 2.53 0.57 0.75 1.95
0.80 0.86
i 9.92 0.53 0. 80 12.27 0. 69 0.92 7.40
0.55 0.81
e 6. 42 0. 65 0.71 9.36 0. 87 0. 88 3.55 (9.28)

0.68 (0.55) 0.81 (0.70)

I 0.93 0. 37 0. 27 1.43 0. 67 0. 66 2.26
0. 63 0. 87
k. 1.32 0.81 -0.03 l1.61 0.84 -0.13 1.34
0.76 -0.32
K 1.32 0.81 0.35 1.61 0.84 0.34 1.34
0.76 -0.18
h, 3.45 0.64 0.69 4. 97 0. 86 0. 88 4. 88
0.55 0.73
3(hy) 5.09 0.64 0.69 7.33 0. 86 0. 88 7.19
0.55 0.73
APl 2.52 0.61 0.93 2.65 0.71 0.91 1.83
0.72 0.79
APKs, 2.32 0.62 0.09 2.61 0.75 -0.30 3.69
0. 47 0. 07

APKs ) Cg‘g!,upﬁPll) c(ks,, APks,) c(e., p.) c(l,, APl,) c(ks,, APks,) c(e,, p) c(l,, APl,) c(ks,,

-0 71 _90988 (_0_719.60 -0.88 0.29 -0.75 -0.95 0.38

c(yuo z)  c(ye 9 c(yo, P ey, z) oy, Q) c(Ye Po) c(ye z)  c(Yeo 90



c(Ye, Pu)

0.57 ) 8 gg 0.43 -0.32 0. 82 0.77 -0.69 0.62

Table L4: Low Energy Share Econony Mddel and U S. Data (first-differenced data)

Vari abl e Model , Nor mal | nnovat i ons Model , Act ual | nnovat i ons U S Data,
1960- 1989
% SD QCRRS QCRRZ % SD QCRRS OORRZ % SD
QCRRS OORRZ
Sr, 3.19 1.00 0.92 3.11 1.00 0.91 2.60
1.00 0. 66
z, 2.44 0.92 1.00 2.46 0.91 1.00 2. 47
0. 66 1.00
O 2.97 0. 26 0.25 3.10 0.34 0.25 2.95
0. 09 0.16
o} 10. 40 -0.34 0.01 10. 44 -0.45 -0.12 10. 39

-0.55 -0.10




Tabl e L5: Constant Depreciation Econonmy Mddel (HP filtered data)

Vari abl e Model , Nor mal | nnovati ons Model , Act ua
| nnovati ons
% SD AUTOL CORRY % SD AUTOL

CORRY

¢ 2.22 0. 69 1. 00 2.55 0.83
1.00

C, 2.37 0. 60 0.75 2.11 0. 60
0.56

i 8.20 0. 36 0.74 8.77 0. 37
0.79

e 13.01 0.63 0.51 17. 45 0.84
0. 69

(I 1.01 0. 47 0.24 1.44 0.70
0. 62

K, 1.49 0.81 0.18 1. 64 0.82
0.17

6 65 1.49 0.81 0.56 1. 64 0.82
t+1

h, 2.86 0.62 0. 49 3.80 0.83
0. 68
APl , 2.19 0. 65 0. 88 2.01 0.70
0.83
APKs, 2.70 0. 65 0.17 3.18 0.76 -
0.10

c(e,, p Ul o AP clks,, APks.) c(e., p)  c(l., APl c(ks., APks,)

-0.99 -0.20 -0.71 -0.99 0. 07 -0.80
c(y., pt)C(ytx Zy) ey 90) c(Y:, Pr) c(y., z) c(Y., 90
-0. 60 0. 82 0. 39 -0.37 0. 65 0.72

Table L6: Constant Depreciation Econony Mdel (first-differenced data)

Vari abl e Model , Nor mal | nnovati ons Model , Act ua
| nnovati ons



sr,
0.91

Zy
1.00

% SD

2.57

2.20

3.17

10. 40

CORRS CORRZ
1.00 0.91
0.91 1.00
0.13 0.14

-0.40 0.01

% SD

2.63

2.24

3.08

10. 44

1.00

0.91

0.24

-0.42
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