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Abstract

Recent work based on sticky price-wage estimated dynamic stochastic general equi-
librium (DSGE) models suggests investment shocks are the most important drivers of
post-World War II US business cycles. Consumption, however, typically falls after an
investment shock. This finding sits oddly with the observed business cycle comovement
where consumption, along with hours-worked and investment, moves with economic ac-
tivity. We show that this comovement problem is resolved in an estimated DSGE model
when the cost of capital utilization is specified in terms of increased depreciation of
capital, as originally proposed by Greenwood et al. (1988) in a neoclassical setting.
Traditionally, the cost of utilization is specified in terms of forgone consumption fol-
lowing Christiano et al. (2005), who studied the effects of monetary policy shocks. The
alternative specification we consider has two additional implications relative to the tra-
ditional one: (i) it has a substantially better fit with the data and (ii) the contribution
of investment shocks to the variance of consumption is over three times larger. The
contributions to output, investment, and hours, are also relatively higher, suggesting
that these shocks may be quantitatively even more important than previous estimates
based on the traditional specification.
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1. Introduction

Recent research based on estimated dynamic stochastic general equilibrium (DSGE) models sug-
gests investment shocks are the most important drivers of business cycle fluctuations in the post-
World War IT US economy. Justiniano et al. (2009a) find, using a model with a variety of real
and nominal frictions similar to Christiano et al. (2005) and Smets and Wouters (2007), that over
half the fluctuations in output and hours, and over 80% of the fluctuations in investment are
driven by investment shocks. These shocks may manifest as shocks either to the marginal effi-
ciency of investment, as in Greenwood et al. (1988), or to the investment-specific technology as in
Greenwood et al. (1997), and recent work favours the former interpretation (see Justiniano et al.
(2009Db)). Previously, using a structural vector autoregression methodology, Fisher (2006) found
that investment-specific shocks are the dominant source of business cycles in the US.

Despite their quantitative importance, however, one difficulty remains: consumption typically
falls (or does not rise immediately) after a positive investment shock in the model. Thus the model
economy does not produce comovement among macroeconomic variables in response to an invest-
ment shock, unlike observed business cycles in which consumption, investment, hours, and output
all move together. This lack of comovement is clearly problematic in viewing investment shocks
as an important source of business cycles. Early work of Barro and King (1984) pointed out this
problem in the neoclassical model. Subsequently, Greenwood et al. (1988) showed that incorporat-
ing variable capital utilization in that model can introduce a channel which can potentially lead to
a rise in current consumption after an investment shock. In DSGE models with real and nominal
frictions, the countercyclicality of markups can, in theory, provide yet another channel that can
help alleviate the comovement problem (see Justiniano et al. (2009a)). But despite the presence of
variable capital utilization and countercyclical markups, it is puzzling that the current generation
of estimated DSGE models continue to display the comovement problem in the estimated response
of consumption to investment shocks.

In this paper we show that a crucial feature behind this failure is the way the cost of utilization is
typically modeled in estimated DSGE models. Following Christiano et al. (2005) (hereafter CEE),

the cost of increasing capital utilization enters directly in the household’s budget constraint as lost



consumption. The reason why the cost of utilization is specified in terms of lost consumption goods
is that it allows utilization to rise after an expansionary monetary policy shock (see footnote 20
in Christiano et al. (2001)). This mechanism prevents a sharp rise in marginal cost and limits the
extent to which labor productivity falls in response to a positive monetary policy shock, thereby
generating persistent output and inflation responses. The motivation behind this modeling choice
is, therefore, the need to be consistent with what happens after a monetary policy innovation.
Subsequently, the CEE specification has been widely adopted in the estimated DSGE literature
(prominent early examples include Smets and Wouters (2003), Altig et al. (2005), and Levin et al.
(2005), among others). The downside of specifying the cost of utilization this way, however, is that
it shuts down an amplification channel that turns out to be potentially important for the effects of
investment shocks. This channel is missing in the CEE specification but it was originally considered
by Greenwood et al. (1988) (hereafter GHH) in a neoclassical real business cycle model.

The objective of this paper is to assess the consequences of the GHH specification and contrast
them with those of the traditional CEE specification. To accomplish this task, we estimate an
augmented version of the Smets and Wouters (2007) model which includes the preference structure
suggested by Jaimovich and Rebelo (2009). We use quarterly US data on seven macroeconomic
time series over the period 1954:3 - 2004:4 and Bayesian methods to estimate the model and conduct
quantitative analysis.

We show that in an estimated DSGE model, when the cost of higher capital utilization is in
terms of a higher depreciation rate of capital then comovement occurs. Specifically, after an in-
vestment shock, consumption rises along with other macroeconomic variables. The reason behind
this finding is that optimal capital utilization under the GHH specification depends on the differ-
ence between the rental rate of capital and the value of installed capital. A positive investment
shock implies that this difference rises and, therefore, boosts utilization. On impact, the fall in
the value of installed capital is the primary driver of this difference as the rental rate of capital
does not immediately increase. The shock creates strong incentives to build new capital which
is more productive relative to current capital stock, therefore, the shadow value of installed cap-
ital falls on impact and investment rises. Capital utilization is relatively cheaper which means

quicker depreciation of less productive installed capital. It has a direct effect of increasing output



on impact. Moreover, capital utilization further amplifies the positive effect of the countercyclical
price markup on labour demand, and hence equilibrium hours. The amplification in hump-shaped
investment and hours responses leads to an amplification in the output response beyond the first
quarter. Consumption rises on impact due to both the larger availability of output on impact
and the consumption-smoothing behaviour of the households, thereby ensuring comovement. By
contrast, under the CEE specification, utilization depends only on the rental rate of capital, and
the second amplification channel through the value of installed capital is absent. The GHH spec-
ification, therefore, provides useful amplification in an estimated DSGE model and overcomes the
comovement problem in response to investment shocks.

We find that the GHH specification has additional implications. First, the empirical fit of the
DSGE model with the GHH specification substantially dominates the one with the CEE specifica-
tion. Interestingly, the responses of real variables to monetary policy shocks remain broadly similar
across the two specifications. Second, the contribution of investment shocks to the unconditional
variance of consumption growth is over 3 times larger under GHH relative to CEE. The contribu-
tions to the variance of output growth, hours, investment growth, wage growth, nominal interest
rate, and inflation are also relatively higher. These findings suggest that investment shocks may be
quantitatively even more important than previous estimates based on the CEE specification.

Based on our findings, we conclude that adopting the GHH specification for modeling the cost
of utilization in DSGE models may help in better understanding the effects of investment shocks,
especially since these shocks appear to be relatively more important than monetary shocks as
sources of business cycles.

The rest of the paper is structured as follows. Section 2 describes the model and the two
specifications, section 3 presents the estimation methodology, while section 4 presents estimation

results and section 5 concludes.

2. The model

We consider a DSGE model that is widely used in the literature following Christiano et al. (2005),

Smets and Wouters (2003), and Smets and Wouters (2007). This model has a variety of real and



nominal frictions that are helpful in accounting for the conditional responses of macroeconomic
variables to unanticipated shocks. Moreover, as DelNegro et al. (2007) show, this model has a
superior fit with the US data. The model has households that consume goods and services, supply
specialized labor on a monopolistically competitive labor market, rent capital services to firms
and make investment decisions. Firms choose the optimal level of labor and capital and supply
differentiated products on a monopolistically competitive goods market. Prices and wages are
re-optimized at random intervals as in Calvo (1983) and Erceg et al. (2000). When they are
not re-optimized, prices and wages are partially indexed to past inflation rates. There are seven
types of orthogonal structural shocks: TFP, investment (interpreted either as investment-specific
or marginal efficiency of investment), preference, price and wage mark-ups, government spending,

and monetary policy.

2.1 Preferences

We introduce the preference structure suggested by Jaimovich and Rebelo (2009) which conveniently

nests two special cases which we describe below. The utility function of household j € [0, 1] is
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is a geometric average of current and past consumption levels, Cy and X;_1, respectively, and L;(7)
are labour services (hours) supplied to firms in the production sector. The operator E; denotes
expectation conditional on the information available at time ¢, 0 < 6 < 1, 07 > 0, x > 0, g, > 0,
0 <w<1and Eff is the preference shock specified in section 2.4. When w = 1 the preferences
are the same as in King et al. (1988) with the implication that intertemporal substitution effect
influences labour effort. When w = 0 the preferences are the same as in Greenwood et al. (1988),

with the implication that intertemporal consumption-saving choice does not affect labour effort.



2.2 Budget constraint, capital accumulation, and the aggregate
resource constraint

Under the CEE specification, utilization of capital is costly for the households in terms of consump-
tion units. Utilization of capital, however, does not influence the depreciation rate. Under the GHH
specification, the cost of capital utilization is in terms of the depreciation of existing capital. These
differences in the two specifications affect three equations in the model: the household’s budget
constraint, the capital accumulation equation, and the aggregate resource constraint. We present

these equations below. The rest of the model is exactly identical under both specifications.

2.2.1 The CEE specification

The budget constraint and the capital accumulation equation are given as

B, Bi1  Wi(j)Li(j) RFZK; 1 Div,
Cy+ 1, —T, < —a(Z)K,;_ 2
t+t+RtPt S 2 + 2 + 2 a(Zy) K1+ 2 (2)
and
i Iy
Kt = (1 — 5)Kt_1 -+ Et 1-8 _[7 It (3)
t—1

respectively, where [; is investment, B; are nominal government bonds, R; is the gross nominal
interest rate, P; is the price level, T} is lump-sum taxes, W;(j) is the nominal wage, R} is the rental
rate on capital, Z; is the utilization rate of capital, a(Z;) is an increasing and convex function of the
utilization rate, and Div; the dividends distributed to the households from labour unions. The left
hand side of (2) represents real expenditures at time ¢ net of taxes on consumption, investment, and
bonds. The right hand side of (2) indicates real receipts from wage income, earnings from supplying

capital services net of cost, and dividends. In (3), S( Itljl) is a convex investment adjustment cost

function. In the steady state it is assumed that, S = S’ =0 and S” > 0.

The aggregate resource constraint is

Ct + It + Gt + a(Zt)Kt_l = Yt (4)

where the term a(Z;)K;—; indicates the cost of variable utilization in terms of consumption.



2.2.2 The GHH specification

The budget constraint and the capital accumulation equation are given as

B, Bio1  Wi(§)Li(j) RFZ K1  Div
Ci+1 T, < 5
t+t+RtPt t<p + 2 + 2 + 2 (5)
and
i I
Kt = (1 - 5(Zt))Kt—1 + 6t 1-— S i It (6)

where 0 < §(Z;) < 1 shows that the depreciation rate of existing capital depends on its utilization.
As in Greenwood et al. (1988), this is a convex function that satisfies the following properties.
& > 0 indicating that a higher utilization of capital is costly in terms of the depreciation of capital
stock, and 6" > 0 indicating that the marginal depreciation rate increases as utilization rises. In
the steady state (denoted by a ) we assume, Z, = 1. Using the restriction, ¢'(Z,) = r¥ = R¥/P,,
the second order derivative, §” governs the dynamics of utilization in the model around the steady
state.! Its this additional parameter we estimate in the GHH version.

The aggregate resource constraint is
Ci+ 1L +Gi =Y, (7)

Note that the cost of capital utilization does not appear explicitly in the aggregate resource con-

straint.

2.3 Optimal utilization of capital

Since the only modification we consider is the cost of utilization, the first-order conditions for
optimal utilization of capital under the two specifications are different, and are given by the following

equations. Under the CEE specification

Rk
= d(2) ()
and under the GHH specification
Rk
?t = Q:0'(Zy) 9)
t

!The restriction is, §'(Z,)Q. = r¥. The value of installed capital in the steady state Q.=1.



where Q; = % is the shadow value of installed capital in consumption units, given by the ratio of the
marginal value of installed capital, vy, and the marginal value of consumption, A;. These variables,
A+ and vy, are the Lagrange multipliers associated with (5) and (6) in the household’s optimization
problem, respectively. As evident from (9), optimal utilization under the GHH depends on @, and
this property has important consequences for generating comovement after an investment shock as

shown in section 4.

2.4 The log-linearized model

Using the same notation as in Smets and Wouters (2007), we present the log-linearized equations
of the model here where lower case letters denote log deviations from steady state values.

From (4), the log-linearized aggregate resource constraint under the CEE specification is
Y = cycr + iyiy + 2yz + €7 (10)

Output, v, is the sum of consumption, ¢;, investment, i, capital utilization costs, z,2;, and an
government spending disturbance, /. The coefficient ¢, = 1 — g, — i, is the steady state share
of consumption in output. The coefficients g, and i, are the steady state shares of government
spending and investment in output, respectively. The coefficient z, = rfky, where k, is the steady
state capital output ratio. These steady state shares are linked to other model parameters, which
are shown in Table 1. The government spending disturbance is assumed to follow a first-order
autoregressive (AR (1)) process with a mean zero IID normal error term, n9 ~ N(0,0,), where o,

is the standard deviation, given as

el = pgei_1 + 1 (11)
Similarly, from (7) the log-linearized aggregate resource constraint under the GHH specification is
Y = cyCt + iyis + € (12)

Capital services used in production are a function of capital installed in the previous period,

k¢—1, and capital utilization, z;, and given as

]ﬁts = kt—l + 2 (13)
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where capital utilization under the CEE specification is a function of the rental rate of capital
(log-linearizing (8)),

1 _
¢¢rf (14)

and 0 < ¥ < 1 is a positive function of the elasticity of the capital utilization adjustment cost

Zt =

function with respect to utilization. Log-linearizing (9) we get the optimal capital utilization under

the GHH specification as
k
T‘*

A (Tf - Qt) (15)

zZt =

Log-linearizing (3) we obtain the capital accumulation equation under the CEE specification as
1—-6 1-90 1-90 ,
kt:( )k:t_1+<1—( )>z’t—|—<1—( )>5§ (16)
Y Y v

and log-linearizing (6) we obtain the capital accumulation equation under the GHH specification

ky = (1;5)1@1 + <1 - (1;5)> it + (1— (1;5)> el — 5/72*% (17)

as

The remaining equations of the model are identical for the two cases. The log-linearized first-

order condition for consumption is
ct = EBrepr1 + cl(rt — Eymiy) + coB(liyr — 1) + C3Et(96t+1 —xy) + Cl(EtE?Jrl - 5?) (18)

where the coefficients ¢; and ¢ depend on the underlying model parameters and the steady state
level of hours worked, and c3 = 62(1—&—01)*1. The expressions for ¢; and ¢s are given in the Appendix.
In the equation above, current consumption depends on future expected and past consumption
(through the z; variable), expected hours growth, the real interest rate and the preference shock.
The preference shock is assumed to follow a first-order autoregressive (AR (1)) process with a mean

zero 1ID normal error term, n° ~ N (0, 03,), where oy, is the standard deviation, given as
b b b
€ = PoEi_1 1) (19)

Investment is described by the Euler equation

1

1 ,
. . l1-0o . )
=——— |41+ 0 °F + — (¢t + 20
(2 1+ Byl-oe (Zt 1 Y 141 Y (@ 8t)> (20)



where in the above equation, ¢ is the second derivative of the investment adjustment cost function,

S < Iﬁl ), evaluated at the steady state. I; is the level of investment at time t. The parameter + is
the common, deterministic, growth rate of output, consumption investment and wages. The shock
to investment-specific technology is ! is assumed to follow a first-order autoregressive (AR(1))
process with a mean zero IID normal error term, n° ~ N(0, 0;), where o; is the standard deviation,
given as

el = prei_1 +; (21)

The dynamics of the value of capital, ¢;, are described by

k
- (p — " gk _ (=9
q = —(r¢ — Eymyqr) + e 5))Et7't+1 + e 5))EtQt+1 (22)

where rf denotes the rental rate on capital and ¢ is the depreciation rate.

The aggregate production function is given by
ye = p(aky + (1 — a)l; + &) (23)

That is, output is produced using capital (kf) and labor services (l;). The parameter ¢, is one plus
the share of fixed costs in production. The variable €f is the total factor productivity shock and is
assumed to follow a first-order autoregressive (AR (1)) process with a mean zero IID normal error

term, n® ~ N(0, 0,), where o, is the standard deviation, given as
ef = pagi_1 + 0 (24)
In the goods market, we can define the price mark-up as,
W =mpl, —w; = alk] — l;) +ef —wy (25)

where mpl, is the marginal product of labour, and w; is the real wage.

Inflation dynamics are described by the New-Keynesian Phillips curve
Ty = M1+ +moEymi — mapy + ef (26)

whete 11 = i/ (L4+87"7,), ma = 100 (L4871 7%1y), 7y = 1/ (14+B71 0, [(1= Byt oe6,)(1-

&p)/&p((0p — 1)ep + 1)]. In the notation above 1 — &, denotes the probability that a given firm will

9



be able to reset its price and ¢, denotes the degree of indexation to past inflation by firms who do
not optimally adjust prices. Finally, €, is a parameter that governs the curvature of the Kimball
goods market aggregator, and (¢, — 1) denotes the share of fixed costs in production.? The price

mark-up disturbance follows an ARMA(1,1) process given as

ef = ppet_ +1E — Hpnlf (27)

with a mean zero IID normal error term 7Y ~ N(0,0,) and o, is the standard deviation.
Cost minimization by firms implies that the capital-labor ratio is inversely related to the rental

rate of capital and positively related to the wage rate.
rf = —(kf — 1) + w, (28)
Similar to the goods market, in the labour market the wage markup is given by
Wy = wp— mrsg
= wi— (1= x0T (1w {4y {FTemDy,)
(1= xw L@ (1 gL (T g (T e ), )

(1 _ XwL)(kl"rUl),y(wfl)/uJ)fl (Xngkl-i-Ul),.y(wfl)/th) (29)

Note that the mrs; expression is implied by the preferences in (1).

The wage inflation dynamics are described by

wy = wiwi—1 + (1 — wi)(Bywir + Bymiyr) — wamg + wame—1 — wapy’ + & (30)
_ 1 _ 148y, _ w _ (1-&w) (A= "7€w)
where w1 = T W2 = ety W = Trpyt=ee A0 W1 = m e S (@ Dew sy 10

parameters (1 —&,,) and ¢,, denote the probability of resetting wages and the degree of indexation
to past wages, respectively. o; is the elasticity of labor supply with respect to the real wage, and
(¢ — 1) denotes the steady state labor market markup. Similar to the goods market formulation
€y denotes the curvature parameter for the Kimball labor market aggregator. The wage mark up

disturbance is assumed to follow an ARMA(1,1) process

w

€ = PwEi_1 + N — Hwli-1 (31)

2The Kimball goods (and labour) market aggregator implies that the demand elasticity of differentiated
goods under monopolistic competition depends on their relative price (see Kimball (1995)). This helps obtain
plausible duration of price and wage contracts.
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where " is a mean zero IID normal error term 7}’ ~ N(0,0,) and oy, is the standard deviation.

The monetary authority follows a generalized Taylor rule,

re = prie1 + (1= p)[rame + 1y (ye =y + oyl — v)) — o1 — vl 1)) + & (32)

The policy instrument is the nominal interest rate, r;, which is adjusted gradually in response
to inflation and the output gap, (y; — y{ ), defined as the difference between actual and potential
output, ytf , where the latter is the level of output that would prevail in equilibrium with flexible
prices and in the absence of the two mark-up shocks. In addition, policy responds to the growth of
the output gap. The parameter p captures the degree of interest rate smoothing. The disturbance
g} is the monetary policy shock and is assumed to follow an AR(1) process with a mean zero IID

normal error term, n" ~ N (0, 0,), where o, is the standard deviation,

€ = preg_1 +0p (33)

3. Estimation methodology and data

In this section we describe the data and the Bayesian estimation methodology used in the empirical

analysis.

3.1 Data

We estimate the model using quarterly US data (1954:3 - 2004:4) on output, consumption, inflation,
investment, hours worked, wages and the nominal interest rate. All nominal series are expressed
in real terms by dividing with the GDP deflator. Moreover, output, consumption, investment
and hours worked are expressed in per capita terms by dividing with civilian non-institutional
population between 16 and 65. We define nominal consumption as the sum of personal consumption
expenditures on nondurable goods and services. As in Justiniano et al. (2009a), we define nominal
gross investment as the sum of personal consumption expenditures on durable goods and gross
private domestic investment. Real wages are defined as compensation per hour in the non-farm
business sector divided by the GDP deflator. Hours worked is the log of hours of all persons in

the non-farm business sector, divided by the population. Inflation is measured as the quarterly log
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difference in the GDP deflator. The nominal interest rate series is the effective Federal Funds rate.
All data except the interest rate are in logs and seasonally adjusted. Notice that we do not demean
or de-trend the data but estimate a common (deterministic) trend of the trending variables along

the balanced growth path of the model.

3.2 Bayesian methodology

We use the Bayesian methodology to estimate a subset of model parameters. This methodology
is now extensively used in estimating DSGE models and recent overviews are presented in An
and Schorfheide (2007) and Fernandez-Villaverde (2009). The key steps in this methodology are as
follows. The model presented in the previous sections is solved using standard numerical techniques

and the solution is expressed in state-space form as follows:

xy = Axi_1 + Bey

[ Yt — Yt—1 ] [ Y ]
Ct — C¢—1 Y
it — it—1 v
Yi=| w—wi1 |+ | v
Iy L,
e ™
L Tt . L r .

where A and B denote matrices of reduced form coefficients that are non-linear functions of the
structural parameters. z; denotes the vector of model variables, &; the vector of exogenous distur-
bances and

Yt = [A log}/;ﬁ Alog Ctu Alog It7 Alog %)log Lt7ﬂ-t7 Rt]
t

the vector of observable variables at time ¢ to be used in the estimation below, and A denotes
the first-difference operator. Let © denote the vector that contains all the structural parameters
of the model. The non-sample information is summarized with a prior distribution with density
p(©).3 The sample information (conditional on version M; of the DSGE model) is contained in

the likelihood function, p(Y7|©, M;), where Yy = [Y1,...,Yr|" contains the data. The likelihood

3We assume that parameters are a priori independent from each other. This is a widely used assumption
in the applied DSGE literature and implies the joint prior distribution equals the product of marginal priors.
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function allows one to update the prior distribution of ©, p(©). Then, using Bayes’ theorem, we

can express the posterior distribution of the parameters as

\_ p(Y7[©,M;)p(©)
PO, M:) = p(Yr|M;)

(34)

where the denominator, p(Yrp|M;) = [p(0,Y7|M;)dO, in (34) is the marginal data density
conditional on model M;. In Bayesian analysis the marginal data density constitutes a measure of
model fit with two dimensions: goodness of in-sample fit and a penalty for model complexity. The
posterior distribution of parameters is evaluated numerically using the random walk Metropolis-
Hastings algorithm. We simulate the posterior using a sample of 2,000,000 draws and use this (after
dropping the first 20% of the draws) to (i) report the mean, and the 10 and 90 percentiles of the
posterior distribution of the estimated parameters and (ii) evaluate the marginal likelihood of the

model.* All estimations are done using DYNARE.®

3.3 Prior distribution

Tables 1 and 2 lists the choice of priors for the GHH and CEE specifications, respectively. We
use prior distributions that conform to the assumptions used in Smets and Wouters (2007) and
Justiniano et al. (2009a).

The first five columns in Tables 1 and 2 list the parameters and the assumptions on the prior
distributions. All parameters of the model are the same under the CEE and the GHH specifications
except for one: the capital utilization elasticity. A number of parameters are held fixed prior to
estimation. The curvature parameters for the Kimball goods and labor market aggregators, ¢, and
€w, are both set equal to 10 and the steady state labor market markup, ¢, is set at 1.5 as in Smets
and Wouters (2007). We set the capital share parameter in production, «, equal to 0.3, and the
steady state government spending to output ratio equal to 0.22, the average value in the sample.
Finally, we normalize x in the utility function equal to one. In the CEE specification, we set the
depreciation rate for capital, J, equal to 0.025 a value conventional at the quarterly frequency.

All the other parameters are estimated. Under the GHH specification, capital depreciation is

4We also calculate convergence diagnostics in order to check and ensure the stability of the posterior
distributions of parameters as described in Brooks and Gelman (1998).
Shttp://www.cepremap.cnrs.fr/dynare/. The replication files are available upon request.
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endogenous, and 8" determines the capital utilization elasticity, which we estimate. We set the
mean of the prior distribution for this parameter at 0.15 with a standard deviation of 0.10. Under
the CEE specification, parameter v represents this elasticity. The prior mean we assume for ¢”
implies a relatively low elasticity of capital utilization with respect to the rental rate, equal to 0.22.
The role of capital utilization under the GHH specification is, therefore, purposefully muted. By
contrast, under the CEE specification, the prior mean of 1 is 0.5 which implies an elasticity of one.
The role of capital utilization in that specification is purposefully large. In this way, we let the

capital utilization channel to be a priori relatively weak under the GHH specification.

4. Results

In this section we present the parameter estimates, variance decompositions, and the impulse

responses to investment and monetary policy shocks.

4.1 Parameter estimates

It is evident from comparing Tables 1 (column 6) and 2 (column 6) that most parameters estimates
are similar across the two specifications. There are, however, some differences which we highlight
here. First, the parameter that governs capital utilization elasticity under the GHH specification,
0" is 0.08. This implies an elasticity of capacity utilization equal to 0.47. By contrast, under
the CEE specification, ¥ = 0.79 which implies an elasticity of 0.21, slightly less than half of
the GHH specification. Second, the estimated wealth elasticity parameter is smaller under the
GHH (0.53) relative to the CEE (0.83) specification, but still higher than the prior mean of 0.5.
For both specifications, therefore, the data seem to support an intermediate preference structure
with consumption-saving choice having an influence on labour supply. Third, the Calvo price and
wage stickiness parameters imply a slightly longer contract durations under the GHH specification
relative to the CEE specification. Finally, estimates of the investment adjustment cost parameter,

¢ are slightly larger under the GHH specification.
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4.2 Variance decompositions

Table 3 presents the contribution of each shock to the unconditional variance of the seven observed
variables, along with the 10-90 percentile intervals. There are four notable findings. First, the
contribution of investment shocks to all the seven data series is higher under the GHH specification
(Panel A) relative to the CEE specification (Panel B). In particular, the variance shares in output
(72.44%) and hours (38.80%) are substantially higher under the GHH specification relative to
the CEE specification, which are equal to 57% and 26%, respectively. Second, the contribution
to the variance of consumption growth under the GHH specification is over 3 times that under
the CEE specification. It is useful to note that, in the literature, the estimates of the variance
share of consumption accounted for by investment shocks are typically below 4% (see, for example,
Justiniano et al. (2009a)). The contributions to the variance of output growth, hours, investment
growth, wage growth, nominal interest rate, and inflation are also relatively higher. Third, the
contributions of TFP shocks to the variance of four of the seven data series are smaller under the
GHH specification. In particular, the contribution to output growth falls from 15.8% under CEE
specification to below 9% under the GHH specification. TFP shocks, therefore, turn out to be even
less important than previously estimated in DSGE models. Fourth, the quantitative significance
of monetary shocks, however, is small and similar across both specifications. Their contribution
to the variance of investment growth, hours, wage growth, nominal interest and inflation is below
5%, and to the variance in consumption and output growth is ranked behind TFP and investment
shocks. The key implication of these findings is that investment shocks may play an even bigger
role as drivers of business cycles than suggested by previous estimates (see, for example, Justiniano

et al. (2009a)).5

6Note that, as Justiniano et al. (2009b) show, when the relative price of investment is included in the
estimation as an additional observable series to identify investment-specific shocks, the shocks to marginal
efficiency of investment dominate the shocks to investment-specific technology in accounting for the variance
shares of output, investment, and hours. In the present set up, we use this broad interpretation of the
investment shock and do not distinguish between these two types of shocks.

15



4.3 Impulse responses

Figure 1 displays the impulse responses to an investment shock. First note that consumption
rises upon impact under the GHH specification (solid line) and displays comovement with output,
investment, and hours. By contrast, under the CEE specification consumption is initially close
to zero (in fact it is slightly below zero). A similar negative impact response of consumption is
obtained, for example, when investment shock is interpreted exclusively as a shock to the marginal
efficiency of investment (see, for example, Figure 2 in Justiniano et al. (2009b)).

A positive investment shock implies a lower cost of depreciation in consumption units and thus

a larger response of utilization to an investment shock. To see the intuition, rewriting (20) as
a = —¢; + 7 [(1+ By 77)iy — i1 — By 7 Byigy] (35)

The shadow value of installed capital depends inversely on the investment shock, and combining
(35) with (15) to get

rk ’l"k

2t = 5,,7*2*(7"5 —q) = ﬁ (Tf +e— oy [(1+ Byt )iy — ey — ﬂ’Yl*gCEtitH]) (36)
From (36) we see that optimal capital utilization depends positively on & upon impact, in contrast
to the CEE specification (14). The difference between the rental rate of capital and the shadow
value of capital rises after an investment shock as the value of installed capital declines, as shown
in Figure 1. This feature allows utilization to respond more strongly to an investment shock under
the GHH specification compared to that under the CEE specification and is key to generating
comovement. The positive (and persistent) investment shock creates strong incentives to build new
capital that is more productive relative to current capital stock, therefore, the shadow value of
installed capital ¢; falls on impact. Since installed capital is less valuable, it is cheaper to increase
the rate of utilization and depreciate the current capital stock. The rental rate on capital rises

slowly, contributing to increased utilization of capital.”

"As seen in Figure 1, the rental rate on capital initially falls on impact under the GHH specification. This
occurs because, in equilibrium, the strong increase in current utilization raises the capital services-hours
ratio, (ki — I;) relatively more than the wage. From (28), it is clear that this can reduce ¥. The fall in ¢,
however, ensures that (rf — ¢;) remains positive on impact. Under the CEE specification, the response of
utilization is not strong enough to raise (kf — l;), therefore, the rental rate on capital rises on impact.
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The positive investment shock, in the presence of investment adjustment costs, translates into
a hump-shaped response for investment. The amplification under the GHH specification relative
to CEE, as reflected in the gap between the two impulse responses, occurs because higher capital
utilization quickly depreciates the less productive capital stock and raises the marginal productivity
of future capital, inducing higher investment.

The response of hours on impact under both specifications is similar. The reason is as follows.
The wage markup and the price markup (inverse of marginal cost) are relatively more counter-
cyclical on impact under the CEE specification, as shown in Figure 1. These markups induce
rightward shifts in implicit labour demand and labour supply schedules, respectively, and should
cause equilibrium hours to rise relatively more under the CEE specification. The utilization of
capital, which amplifies the rightward shift in the labour demand schedule, is, however, relatively
stronger under the GHH, making up for the relatively weaker impact response of the two markups.
The equilibrium response of hours on impact is, therefore, similar. Beyond two quarters, the effects
of price and wage markups, and capital utilization imply a relatively more amplified response of
hours under the GHH specification.

The response of output on impact under GHH is slightly larger than CEE (despite the similar
hours response) due to the direct effect of higher utilization of installed capital. In the subsequent
quarters the output response is further amplified due to the relatively larger response of hours,
capital utilization, and capital accumulation (not shown). The output and hours responses are
consistent with the relatively higher labour productivity response under the GHH specification.
Consumption rises on impact due to both the larger availability of output on impact and the
consumption-smoothing behaviour of the households, thereby ensuring comovement.

It is useful to note two additional points. First, if we mechanically restrict preferences to have
no wealth effect on labour (setting w = 0) we do obtain comovement as consumption rises after an
investment shock. The data, however, does not support this specification. As shown in Tables 1
and 2, under both CEE and GHH specifications, the estimates are 0.83 and 0.53, respectively. If,
on the other hand, we mechanically restrict preferences to have the maximum possible wealth effect
(setting w = 1) the CEE specification fails to produce comovement whereas the GHH specification

does. Second, one way to avoid the comovement problem is to consider capital depreciation shocks
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as in Liu et al. (2009). Although this prevents consumption from moving in the opposite direction
from output, hours, and investment, the response of consumption at impact still remains quite
close to zero (see, for example, Figure 2 in Liu et al. (2009)). By contrast, the GHH specification
we examine generates a relatively strong response of consumption upon impact, and has additional
quantitative implications as discussed in section 4.2.

Figure 2 displays the impulse responses to a contractionary monetary policy shock. The re-
sponses of output, hours, and wages are very similar under both the GHH and the CEE speci-
fications. Investment also displays a hump-shaped response under both specifications due to the
presence of investment adjustment costs, the response under the CEE specification is, however,
more amplified. Capital utilization initially rises under the GHH specification. The reason is that
the shadow value of capital falls relatively more than the rental rate on capital, pushing utilization
up initially. Under the CEE specification, the cost of utilization falls with the fall in the rental
rate on capital. This difference in the response of utilization implies that the initial response of
marginal cost is slightly muted under the CEE specification. Since marginal cost falls under both,

the implied reduction in the inflation rate, however, is similar across the two specifications.

4.4 Model fit

We can compare fit of the the CEE and GHH specifications using the log marginal densities,
In(p(Yr|M;)), i = CEE, GHH. We find In(p(Yr|Mcgg)) = -1313.22 and In(p(Yr|Maum)) =
-1290.25. These values imply a very large Bayes factor in favour of the GHH specification indicating

its superior fit with the data relative to the CEE specification.®

5. Conclusion

Recent literature based on estimated DSGE models suggests investment shocks are the most im-
portant drivers of business cycles. But it is puzzling that despite the presence of capital utilization
and countercyclical markups the comovement problem persists: consumption typically falls (or does

not rise) after the investment shock, unlike observed business cycles where consumption, hours, in-

8The log marginal data densities are computed using the modified harmonic mean estimator suggested
by Geweke (1999).
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vestment all move with economic activity. We show that a source of this shortcoming is the way
in which the cost of capital utilization is typically modeled. Traditionally, in the estimated DSGE
literature, the cost of utilization has been specified in terms of foregone consumption following
Christiano et al. (2005), who studied the effects of monetary shocks. We find that when the cost of
capital utilization manifests as higher depreciation of capital, as originally proposed by Greenwood
et al. (1988) in a neoclassical setting, investment shocks produce comovement. The alternative
specification has two additional implications relative to the traditional one. First, the fit of the
estimated DSGE model is superior. Second, the contributions of investment shocks to the variance
of output, consumption, hours, and investment are higher. In particular, the contribution to the
variance of consumption is over 3 times that under the traditional specification. The alternative
specification, therefore, reveals that investment shocks may be quantitatively even more important
drivers of business cycles than previously estimated assuming the traditional specification. Based
on our findings, we conclude that adopting the alternative specification for modeling the cost of
utilization in DSGE models may be helpful in better understanding the effects of investment shocks,
especially since these shocks appear to be relatively more important than monetary policy shocks

as sources of business cycles.
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A. Appendix

We present the first-order conditions of the household’s problem in the model of section 2. House-

hold 7 maximizes the following objective function

1—0o¢
. oo sz (Ct — XL%J“”Xt) -1
tgﬁ 1—o0,

with X; = C;/"thjl“’ , subject to the budget constraint, and the capital accumulation equation,

Under CEE
By Bi1 Wi()Li(§)  RFZ K, 4 Divy
Cy+1 -1 < —a(Z) K Al
R R T e P SO (-
i I
K, = (]. — 5)Kt71 + & 1-— S(Ii) I (AQ)
t—1
Under GHH
Bt Bt—l Wth’ (j)Lt (]) RthKt_l DZ"Ut
Cy+1 T < A3
t+ t-l-RtPt t S 2 + P, + P, + 7, ( )
; Iy
Kt = (1 — (5(Zt))Kt_1 + &y 1-— S(i) It (A4)

where C} is consumption, [; is investment, B, are nominal government bonds, W;(j) is the nominal
wage, R; is the gross nominal interest rate, T} is lump-sum taxes, Rf is the rental rate on capital,
Z; is the utilization rate of capital, a(Z;) is a convex function of the utilization rate and Div;

the dividends distributed to the households from labour unions. S( Itljl) is a convex investment

adjustment cost function. In the steady state it is assumed that, S = 5" = 0 and S” > 0. Let A,
v denote the lagrange multipliers associated with (A.1) and (A.2) respectively. Using the fact that
in equilibrium all households make the same decisions for the variables, the FOCs for this problem
(dropping the j index) are given as

CEE specification,
—on
Consumption : Ay = <C’t — thHUlXt) (1 — xwL; T C’;"letljf‘) el (A.5)
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W, o,
Hours : Aot = (ct - XL%*“Z)Q) " (1t o)L X (A.6)

P,
A
Bonds : Ay = SR, E; [t“] (A7)
Te+1
- I ro T I 4 0 I
Investment : Ay = v’ <1 5y = () ) + BE; <vmsg+ls (t“)(t“)?> (A.8)
I Ii 1" I I; I;
. R
Capital : vy = BEy | A1 Py Ziy1 — CL(Zt+1) + Ut+1(1 — 5) (Ag)
+
: o RF
Capital Utilization : 5 =0 (Zy) (A.10)
t
GHH specification
. . _ 140 —Oec 140 Frw—1 vl—w b
Consumption : Ay = (C’t - xL; Xt) (1 — xwL, O X T ) o (A.11)
H . Wt _ 1+O’l —Oc (o] b A
ours : /\t?t = (Ct —xL; Xt> X(1+ o7) L7 Xiey (A.12)
Bonds : A\, = SR E; [At“] (A.13)
Tt+1
- 1 oo T I . 0 T
Investment : Ay = viey <1 —S(—) =5 () ) + BE, <Ut+15§+15 (Hl)(tﬂ)2> (A.14)
I Iiq1" I I 7 L
. R
Capital : vy = BE; | M1 Py Ziv1 | o1 (1 = 0(Zegq)) (A.15)
+
. s . Rl]gg UVt
Capital Utilization : — = —§ (Z;) (A.16)
PN

Using (A.11) in (A.13), and log-linearizing around the steady state, we obtain

Ct = Etct+1 “+ 1 (Tt — Etﬂ't—i-l) + CQEt(lH_l — lt) + CgEt(.Tt+1 — l’t) -+ Cl(Et€?+1 — 6?) (Al?)
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where the expressions for coefficients ¢; and ¢y in (A.17) are given as
o = pr+ e
1+ l,y(wfl)/w) +XUJL1+ lac'y<‘“*1)/“’(1—xLi+ l,y(wfl)/w) +XWL}=+ l,y(wfl)/w

—oc(1=xLx
L T i e
—oc(1=xL " TIy@=D/@) T xwL, ooy @D @ (1-x L, Ty @ D/w) yw L,y @D /e
_ 32w LE T g0 (1 o)y @D /(L x Ly Ty w1 )
70-0(17XL#1<+‘7Z,Y(wfl)/u)ilJ’»XwLi“rdlO-C,y(w—l)/w(17XL1+O'Z,y(wfl)/w)71+xwLi+0'l,Y(wfl)/w,

and

cg = co(l+0y)7 L.
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Table 1: Prior and Posterior distributions: GHH specification

Prior distribution Posterior distribution

Description Distr. Mean Std.dev. Mean 10% 90%
O¢ Inverse intertemporal elasticity Normal 1.0 0.37 2.45 2.18 2.72
w Wealth elasticity Beta 0.5 0.20 0.53 032 0.74
&w Calvo wages Beta 0.66  0.10 0.82 0.73 0.93
oy Inverse labor elasticity Gamma 2.00 0.75 0.65 0.18 1.12
&p Calvo prices Beta 0.66  0.10 0.77 071 0.84
L Wage indexation Beta 0.50 0.15 0.52 0.31 0.72
Lp Price indexation Beta 0.50 0.15 0.21 0.10 0.32
6" Capital utilization elasticity Gamma 0.15 0.10 0.08 0.04 0.11
P Fixed cost share Normal 1.25 0.12 1.32 1.19 1.45
Tr Taylor rule inflation Normal 1.70 0.30 2.11 1.80 2.42
p Taylor rule smoothing Beta 0.60 0.20 0.83 0.79 0.87
Ty Taylor rule output Normal 0.12 0.05 0.13  0.09 0.16
TAy Taylor rule output growth Normal 0.12 0.05 0.30 024 0.35
%) Investment adjustment cost Gamma 4.00 1.0 2.63 1.76  3.45
T SS Quarterly inflation Normal 0.5 0.10 0.64 047 0.81
0% Deterministic technology growth Normal 0.5 0.03 047 044 0.49
100(371 —1) Discount factor Gamma 0.25  0.10 0.12  0.05 0.19
L, Steady state hours Normal 0.00 0.50 0.45 0.40 0.52
Pa Neutral technology Beta 0.60  0.20 0.96 095 0.98
Ob Preference Beta 0.60  0.20 0.92 087 0.96
Py Government spending Beta 0.60 0.20 0.99 098 0.99
prI Investment Beta 0.60  0.20 0.72  0.65 0.79
Or Monetary policy Beta 0.40 0.20 0.05 0.01 0.09
Pp Price mark-up Beta 0.60 0.20 0.98 096 0.99
Puw Wage mark-up Beta 0.60 0.20 0.92 0.81 0.99
Hp Price mark-up MA Beta 0.50  0.20 0.89 0.83 0.96
Lo Wage mark-up MA Beta 0.50 0.20 0.88  0.75 0.98
Oq Neutral technology InvGamma 0.5 2.0 0.54 048 0.59
oy Government spending InvGamma 0.5 2.0 0.34 031 0.37
op Preference InvGamma 0.1 2.0 2.87 2.01 3.71
or Investment InvGamma 0.5 2.0 6.50 4.89 8.04

Continued on next page
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Table 1 — continued from previous page

Prior distribution Posterior distribution
oy Monetary policy InvGamma 0.1 2.0 0.24 0.22 0.27
op Price mark-up InvGamma 0.1 2.0 0.12 0.10 0.15
Ow Wage mark-up InvGamma 0.1 2.0 0.25 0.22 0.29

Notes. Posterior distributions are obtained via the Metropolis-Hastings algorithm using 2,000,000 draws. The first 400,000
draws are discarded.

Table 2: Prior and Posterior distributions: CEE specification

Prior distribution Posterior distribution

Description Distr. Mean Std.dev. Mean 10% 90%
O¢ Inverse intertemporal elasticity Normal 1.0 0.37 2.37  2.07 2.66
w Wealth elasticity Beta 0.5 0.20 0.83 0.71 0.96
Ew Calvo wages Beta 0.66 0.10 0.76 0.68 0.83
o Inverse labor elasticity Gamma, 2.00 0.75 1.16 040 1.89
&p Calvo prices Beta 0.66  0.10 0.69 0.62 0.76
L Wage indexation Beta 0.50 0.15 0.53 0.33 0.73
lp Price indexation Beta 0.50 0.15 0.21 0.09 0.32
P Capital utilization elasticity Beta 0.50 0.15 0.79 0.69 0.89
P Fixed cost share Normal 1.25 0.12 1.36 1.24 1.49
T Taylor rule inflation Normal 1.70 0.30 2.20 1.90 2.50
1) Taylor rule smoothing Beta 0.60 0.20 0.86 0.83 0.89
Ty Taylor rule output Normal 0.12 0.05 0.16 0.12 0.20
T Ay Taylor rule output growth Normal 0.12 0.05 0.28  0.23 0.32
% Investment adjustment cost Gamma 4.00 1.0 1.94 129 255
T SS Quarterly inflation Normal 0.5 0.10 0.56 040 0.73
y Deterministic technology growth Normal 0.5 0.03 0.47  0.45 0.50
100(371 —1) Discount factor Gamma 0.25  0.10 0.18  0.08 0.28
L, Steady state hours Normal 0.00 0.50 0.31 0.17 0.45
Pa Neutral technology Beta 0.60 0.20 0.95 0.94 0.97
b Preference Beta 0.60 0.20 094 090 0.98
Pyg Government spending Beta 0.60 0.20 0.98 097 0.99
pr Investment Beta 0.60 0.20 0.69 0.62 0.77
Pr Monetary policy Beta 0.40 0.20 0.06  0.01 0.12

Continued on next page
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Table 2 — continued from previous page

Prior distribution

Posterior distribution

Pp
Pw
Hp
Hw
Oq
Og
Op
or
Or
Op

Ow

Price mark-up

Wage mark-up

Price mark-up MA
Wage mark-up MA
Neutral technology
Government spending
Preference
Investment

Monetary policy
Price mark-up

Wage mark-up

Beta
Beta
Beta
Beta
InvGamma
InvGamma
InvGamma
InvGamma
InvGamma
InvGamma

InvGamma

0.60
0.60
0.50
0.50
0.5
0.5
0.1
0.5
0.1
0.1
0.1

0.20
0.20
0.20
0.20
2.0
2.0
2.0
2.0
2.0
2.0
2.0

0.98 097 0.99
0.98 096 0.99
0.84 0.76 0.93
0.95 092 0.98
0.55 049 0.60
0.34 031 0.37
3.22 1.90 4.50
5.18 394 6.38
0.24 022 0.27
0.12 0.10 0.15
0.28 024 0.31

Notes. Posterior distributions are obtained via the Metropolis-Hastings algorithm using 2,000,000 draws. The first 400,000
draws are discarded.
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Table 3: Contribution of each shock to the unconditional variance of observable variables
(in %): median and 10-90% percentiles (in square brackets)

Variable e® gt gb g9 e” eP v
A. GHH specification
Output growth 8.95 72.44 4.78 3.25 7.00 2.00 1.20
[6.78, 11.65] [64.85, 78.10] [2.60, 7.90] [2.30, 4.45] [5.65,8.73] [1.00, 3.90] [0.63, 2.21]
Consumption growth 19.30 12.31 39.30 3.30 17.00 2.35 4.62
[14.56, 24.45] [6.10, 22.50] [25.90,49.60] [1.80, 5.75] [13.90, 20.80] [0.94, 5.35] [2.80, 7.23]
Investment growth 3.00 90.80 2.50 0.00 1.90 1.10 0.60
[2.20, 4.05] [88.30, 92.40] [1.85, 3.20] [0.00, 0.03] [1.55, 2.35] [0.50, 2.17] [0.40, 1.10]
Hours 3.65 38.80 1.30 11.83 4.35 17.55 16.00
[2.30, 5.95] [25.20, 52.63] [0.70, 2.30] [6.15, 23.50] [2.60, 6.80] [7.90, 35.40] [9.00, 27.05]
Wage growth 5.27 5.40 0.30 0.00 0.35 19.40 68.35
[3.27, 7.52] [2.00, 9.82] [0.00, 0.60] [0.00, 0.00] [0.05, 0.90] [13.70, 28.00]  [57.60, 78.00]
Nominal interest rate 9.03 42.20 5.20 0.85 3.25 24.20 10.90
[5.25, 13.70] [22.75, 57.85] [2.90, 8.10] [0.45, 1.45] [1.85, 5.25] [7.12, 55.00] [5.60, 18.50]
Inflation 4.45 2.63 1.00 0.30 0.90 62.50 26.50
[1.81, 8.15] [0.90, 5.86] [0.42, 2.10] [0.12, 0.58] [0.23, 2.45] [40.70, 83.35]  [11.27, 44.75]
B. CEE specification
Output growth 15.80 57.00 8.20 3.50 10.95 2.30 1.53
[12.30, 19.50]  [47.90, 65.35]  [3.70, 13.70] [2.50, 4.56] [8.90,13.45] [1.37, 4.00] [0.80, 2.50]
Consumption growth 26.00 3.50 42.80 5.45 12.21 1.80 7.30
[19.88, 34.38] [2.05, 6.10] [24.60,55.75] [3.34, 8.62] (8.90, 16.65] [0.80, 3.92] [4.60, 11.72]
Investment growth 4.90 82.40 6.85 0.00 3.75 1.00 0.90
[3.73, 6.40] [78.20, 86.10] [3.85, 9.63] [0.00, 0.00] [2.97, 4.84] [0.50, 1.92] [0.50, 1.50]
Hours 3.00 26.00 3.65 9.30 4.62 18.75 28.54
[1.84, 4.27] [14.84, 36.00] [2.00, 5.50] [4.50, 20.05] [2.52, 7.30] [9.82, 35.60] [17.62, 43.90]
Wage growth 7.32 4.10 0.90 0.00 0.60 20.83 65.30
[5.25, 9.85] [2.50, 6.40] [0.55, 1.40] [0.00, 0.00] [0.30, 1.10] [15.63, 29.40]  [57.00, 72.00]
Nominal interest rate 5.53 25.10 9.22 0.50 2.10 31.20 20.85
[2.80, 8.35] [10.52, 42.10] [4.72,14.60] [0.20, 0.50] [1.03, 3.38] [11.65, 62.30]  [11.00, 34.40]
Inflation 2.60 1.95 1.77 0.15 1.22 55.95 34.10
[1.13, 4.75] [0.70, 4.75] [0.70, 3.50] [0.00, 0.25] [0.42, 2.70] [35.55, 80.30]  [15.14, 51.90]

Notes. ¢ = Total factor productivity shock, € = Investment shock, e® = preference shock,
g9 = government spending shock, " = monetary policy shock, e? = price mark-up shock, ¥
= wage mark-up shock. Entries decompose the forecast error variance in each variable into
percentages due to each shock.
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Figure 1: Impulse responses (median) to an investment shock (solid line is GHH specification
and dotted line is CEE specification)
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Figure 2: Impulse responses (median) to a contractionary monetary policy shock (solid line

is GHH specification and dotted line is CEE specification),
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