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Abstract

We investigate the propagation mechanism of monetary shocksin an otherwise standard
sticky-price model, modified to incorporate factor hoarding in the form of variable capital
utilisation rates and labour effort. In contrast to previous studies, we find that real effects of
monetary shocks can be generated at relatively low degrees of nominal rigidity. Factor hoarding
enriches the propagation mechanism by flattening the marginal cost responses to monetary shocks.
The assumption of labour hoarding is crucial for generating persistence, while the assumption of
variable capital utilisation allows us to generate realistic investment volatility without having to
introduce capital adjustment costs.

JEL classification: E51, E22.



Summary

The current workhorse for the study of monetary policy is a sticky-price stochastic genera
equilibrium model. A central component of this‘ New-Keynesian’ framework is that monetary
shocks have real and protracted effects, which can be achieved by assuming arelatively high degree
of nominal rigidity. Alternatively, the introduction of real rigidities may serve to amplify alow
degree of nominal rigidity and the non-neutrality of monetary shocks. A related issueisthe
importance of investment in the transmission mechanism of monetary policy. A problem with
sticky-price models which include capital is that output becomes excessively responsive to
monetary shocks if capital can be costlessly adjusted. In order to generate realistic dynamics,
sticky-price models with capital typically introduce areal rigidity in the form of capital adjustment

costs—in essence making these models behave similarly to sticky-price models without capital.

The am of this paper isto investigate the persistence properties of a sticky-price model in which
variationsin the intensity at which labour and capital are used in the production of goods and
services. To thisend we consider a dynamic stochastic general equilibrium model, modified to
incorporate factor hoarding in the form of variable capital utilisation rates and labour effort, due to
Burnside and Eichenbaum (1996). We build on the existing literature by introducing nominal
rigiditiesin the form of Calvo (1983) price setting. In order to draw out the implications of nominal
rigidities in the model, we compare our results to other sticky-price models both with and without
capital and capital adjustment costs. We calibrate the model and examine its response to shocks to
both technology and the money supply. In addition, we examine the relationship between real
marginal cost and output across the model variants, and compare the persistent response of output to

an unanticipated monetary policy shock.

Our key results may be summarised as follows. First, contrary to standard sticky-price models both
with and without capital, amodel of time-varying factor utilisation can generate a significant and
relatively persistent response to monetary policy shocks, even at low levels of assumed price
rigidity. Theimpact effect of a shock is enhanced because firms have an additional margin by
which they can respond to unanticipated shocks, namely capital utilisation. Although fluctuations
in capital utilisation affect depreciation, thereby introducing an additional propagation mechanism

in the model, persistence is driven by the assumption of labour hoarding.

Second, stochastic simulations indicate that investment becomes even more sensitive to monetary
policy shocks in amodel with time-varying factor utilisation compared with standard models, which



include capital. The enhanced sensitivity of investment reduces the model’ s reliance on nominal
rigidities. Thisalowsfor areduction in the assumed degree of nominal rigidity without sacrificing

the model’ s response to monetary policy shocks.

The assumption of labour hoarding is therefore crucial for generating persistence, while the
assumption of variable capital utilisation allows usto generate realistic investment volatility without
having to introduce capital adjustment costs. These are the mechanisms that a model of time-
varying factor utilisation exploits to generate real and persistent effects of nominal shocks at
relatively low degrees of nominal rigidity.

Finally, the introduction of variable factor utilisation reduces the sensitivity of real marginal cost to
changes in output, thereby introducing the possibility of endogenous price stickiness in a staggered
price setting. Thisis because firms are better able to control their marginal costs by varying the
utilisation of their physical inputsin production, and so have less of a need to adjust their pricesto

restore their mark-up.



1 I ntroduction

The current workhorse for the study of monetary policy is a sticky-price dynamic stochastic general
equilibrium model.Y). Calvo (1983) and Rotemberg (1997) provide the theoretical background for
introducing nominal price rigidities within atractable, representative firm framework. Asshown by
Roberts (1995), this framework implies a Phillips curve, known as the ‘New Keynesian’ Phillips
curve, that has become standard in sticky-price models (McCallum (1997)). A central component
of ‘New Keynesian’ models is that monetary shocks have real effects. Recent work by Kiley
(1999) and Chari, Kehoe and M cGrattan (2000), however, has shown that the predictions regarding
persistence in the Calvo, partia price adjustment model do not generally carry over to more realistic
models of Taylor-type (1979) price staggering.?. Moreover, they argue that the only way to induce
protracted effects of monetary policy on real variablesisto assume a high degree of price
stickiness. Thisis arather unsatisfying mechanism given the controversy surrounding the existence
of price adjustment costs. And even if thereis agreement that these costs exist, there is no agreed

framework for modelling the costs that firms face for changing their price.®

One way to address these criticismsis to reduce the model’ s reliance on nominal rigidities for the
propagation of shocks, and assume alow degree of nominal rigidity. In doing so, however, the
propagation mechanism to monetary shocks in a standard model is essentialy eliminated. Ina
seminal paper, Ball and Romer (1990) suggest that real rigidities have a crucial role in amplifying
nominal rigidities and the non-neutrality of shocks. Indeed these arguments are echoed in work by
Romer (1996), Christiano, Eichenbaum and Evans (1997), Kiley (1999), and Chari, Kehoe and
McGrattan (2000). The hopeisthat real rigidities, coupled with small nominal rigidities, are
enough to induce non-neutral effects of monetary policy shocks. In addition, real rigidities have the
added benefit of bringing the predictions of a partial price adjustment model closer in line with
more realistic, but cumbersome, staggered price setting models as noted by Kiley (1999).

A related issue is the importance of fluctuations in investment in the transmission mechanism of
monetary policy. Many New Keynesian sticky-price models assume an exogenous capital stock
(Rotemberg and Woodford (1997), McCallum and Nelson (1999)). The behaviour of these models
with endogenous capital formation has been akey area of research (King and Watson (1996), King

@) See, for example, Rotemberg and Woodford (1997) and McCallum and Nelson (1999).

@ See, for example, Jeanne (1997).

® For example, arecent paper by Mankiw and Reis (2001) looks at sluggish price adjustment in amodel where there
are costs to acquiring information. Mankiw (2000) reviews some more general weaknesses associated with the New
Keynesian Phillips curve, such as the counter-intuitive predicted relationship between expected inflation and output as
noted by Ball (1994).



and Wolman (1996), Y un (1996), Woodford (2000), Casares and McCallum (2000)). A problem
with sticky-price models with capital, however, is that output becomes excessively responsive to
monetary shocksif capital can be costlessly adjusted. Chari, Kehoe and McGrattan (2000) note that
the introduction of capital nevertheless reinforces the lack of persistence in staggered pricing and
partia price adjustment models. In order to generate realistic dynamics, sticky-price models
typically introduce areal rigidity in the form of capital adjustment costsC] in essence, making these
models behave similarly to sticky-price models with no capital.

This paper investigates the persistence properties of a sticky-price variant of Burnside and
Eichenbaum’s (BE) (1996) model with capital and time-varying factor utilisation.”” Burnside and
Eichenbaum’ s seminal paper showed that i.i.d. shocks to productivity growth generate persistence
in areal business cycle model with time-varying factor utilisation. That paper was motivated in

part by criticisms of the RBC literature, notably by Cogley and Nason (1995), that they lack internal
propagation mechanisms. We investigate whether the persistence properties of the model carry

over to nominal shocks in a sticky-price environment. We find that the introduction of time-varying
factor utilisation can generate a persistent response to monetary policy shocks, even at relatively
low levels of nominal rigidity.®® Unlike sticky-price models with capital, time-varying factor
utilisation elicits an even greater response of investment to policy shocks, and as such allows for a
reduction in the assumed degree of price rigidity without sacrificing the persistence properties of the
model. In addition, at low levels of nominal rigidity, we are able to generate realistic investment

volatility without having to introduce capital adjustment costs.

We compare our results to sticky-price models with capital to explore more generally the
relationship between nominal pricerigidity and firms’' ability to adjust capital services. Variable
capital utilisation decreases the responsiveness of real marginal cost to changesin output. In
standard models with predetermined capital, firms face sharply rising short-run marginal costs.
Thisis because in response to unanticipated shocks, firms increase output by hiring more labour,
which in turn drives up real wages and marginal cost. Asaresult, real marginal costs are highly
responsive to changes in output. In amodel of variable factor utilisation, firms can increase both

capital and labour services in response to unanticipated shocks. Although wagesrise to reflect the

@ Fagnart, Licandro and Portier (1999) investigate the implications of capacity utilisation in a model with explicit
micro-foundations, and find that capacity utilisation is an important mechanism for the propagation of technology
shocks. Although the depreciation through use assumption in the BE model is a crude way of modelling capacity
utilisation, the authors find that it generates similar predictions to those based on a more micro-founded approach.
® A related paper by Cook (1999) looks at the propagation mechanism of areal business cycle model with
time-varying factor utilisation and dynamic complementaritiesin alimited participation model. Hefindsthat a
transitory liquidity shock has a persistent effect on real output, and that time-varying factor utilisation plays an
important role in augmenting the propagation mechanism.
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increase in labour demand, the marginal increase in production by varying capital utilisation is
higher than the marginal cost of increasing the effective capital input, because firms hoard capital in
equilibrium. Output increases are therefore much larger than the increases in real marginal costs.
This isthe mechanism that amodel of time-varying factor utilisation exploits to generate real
effects of monetary shocks. In addition, the effect of utilisation on depreciation of capital coupled
with the assumption of labour hoarding enables us to generate persistence at low degrees of nominal

rigidity.

In arelated paper, Christiano, Eichenbaum and Evans (2001) use staggered wage contracts and
variable capital utilisation to generate both output persistence and inflation inertia. Labour market
rigidities coupled with variable capital utilisation in their model and in the one presented here
introduce a strong internal propagation mechanism. In our model, labour market ‘rigidities’ are
represented by labour hoarding (ie firms cannot adjust employment in heads instantaneously),
whereas Christiano et al (2001) assume staggered wage contracts. Their model includes additional
departures from the standard general equilibrium model, such as habit persistence in consumption
and investment adjustment costs, in order to account for the response of consumption and
investment to a monetary policy shock. For asmall degree of pricerigidity, the prediction of our
model for the behaviour of output and investment in response to a nominal shock coincides with
theirs. However, unlike Christiano et al (2001), we are unable to generate inertiain inflation. This

is due to the assumption of wage flexibility in our model.

The paper is organised as follows. In Section 2 we describe our benchmark model, Section 3
discusses the calibration and impul se responses, Section 4 considers other sticky-price models both
with and without capital, Section 5 compares the various model statistics, Section 6 explores the

mechanisms that generate persistence in our benchmark model, and Section 7 concludes.

2 A model of time-varying factor utilisation

This section describes a sticky-price variant of Burnside and Eichenbaum’s (1996) model with

capital formation and time-varying effort and capital utilisation rates.

The economy consists of infinitely-lived agents, firms, and a government sector. Households and
firms optimise intertemporally and have rational expectations. Asisusually assumed in the New
Keynesian literature, monopolistic firms set thelir price to maximise profits, but cannot always
adjust them instantaneously in response to changing economic conditions. Nominal price stickiness

11



ismodelled asin Calvo’'s (1983) specification of partial price adjustment. Firms produce a
continuum of differentiated goods, which are aggregated to produce a single composite good that
can be used for consumption and investment. Households derive utility from the transactions
services provided by real balances, and the economy is subject to shocksto real productivity,
government spending and the nominal money stock. The key feature of the model is factor
hoarding by firms. Following Burnside and Eichenbaum, we assume that the technology for
producing differentiated goods depends on capital and labour services. The latter is defined as
labour effort times total hours worked. The former is defined as capital utilisation times the
existing physical stock of capital. The rate at which capital depreciates is assumed to be a function
of the capital utilisation rate. Moreover, the equilibrium amount of labour units employed
(measured in heads) in production is assumed to be chosen prior to the realisation of period t

shocks. Asaresult, in equilibrium, firms may over or under-utilise (eg hoard) capital and labour.

21 Households

Households consume a continuum of differentiated goods indexed by i D[O,]] . The composite
consumption good ( C, ), which is defined by a Dixit-Stiglitz aggregate over a multiplicity of goods,

and price index (R ) are defined as:

C = Dq (i) di r D)

and

R {]pt (i)lpdir 2

where the elasticity of substitution between differentiated goods, p, isassumed to be greater than
1

The economy isinhabited by alarge number of households, each of which has preferences defined
d
over the composite consumption good (C, ), real money balances ( M % ), and leisure. Following
t

Hansen (1985) and Rogerson (1988), we assume that agents face a lottery, which determines

whether or not they will be employed. The probability of employment intimetisgiven by (N,).

The proportion (1- N, ) of the population not currently employed derive leisure from their total time

12



endowment 7 . Those who are currently employed work a fixed shift length h, and incur afixed

cost of commuting x out of their total time endowment. Whether time spent at work contributes to
leisure depends on the level of effort (e ) expended. Effective hours of leisure for the fraction of

the population currently employed are thus givenby 7 -y —he.

The proportion of the population currently employed, N,, isassumed to be predetermined.

Following Burnside, Eichenbaum and Rebelo (1993), this formulation introduces
labour hoarding and captures the notion that employment in heads cannot be immediately adjusted
in response to unanticipated shocks, and that firms must make employment decisions conditional on

their view about the future state of demand and technology.

The representative household chooses a sequence of consumption, effort, nominal money balances
and one-period bond holdings ( B,.,), capita (K,,,), utilisation (U, ), and employment (N,.,), to

maximise lifetime utility:
o 1 (M2 1-¢

E> B'|InC,; +6N,,;In(r-x -he,; ) +6(1-N,.;)In(7) +1—[#] €)
i=0 3

subject to a series of period budget constraints:

RuGy *+Rugl +ME, +By o =R W N ey +R 1 UK M LR ) B, A +T,

(4)

OF 01..% ,where >0, £>0,and S0(0,1). Inthebudget constraint, R_,, denotes the net

nominal interest rate, r,

—1+j
denotes the rental rate on capital services, and V,,; and I',,; denote

+
lump-sum firm profits and government transfers, respectively. Investment (1., ;) isrelated to the
capital stock by:

Lo = Kias _(1_5Ut¢+j)Kt+j )
Following Greenwood, Hercowitz and Huffman (1988) the evolution of capital assumes that using

capital more intensively increases the rate at which capital depreciates, where J [ [0,1) and ¢>1.

The parameter @ is negatively related to the responsiveness of utilisation to shocks, and is
interpreted as the elasticity of depreciation with respect to utilisation. For very large values of ¢,

13



the negative effects of utilisation on depreciation dominate the positive effects of utilisation on
output, and firms choose to keep utilisation constant.

The first-order conditions for the representative household are given in Appendix 1.
22 Firms

Thereis a continuum of monopolistically competitive firms, indexed by i 0[0,1] . Each firm i
chooses its factor inputs, labour services ( N,e ) and capital services (K,U, ), in order to minimise
costs of producing a given level of output (Y:):

W Ntet +h KtUt (6)
subject to its technological constraint on production:®
Ye< (KU, )™ (NheX,) 7

where 0<a <1. The process for the level of technology is assumed to follow alogarithmic
random walk with drift:

X, =X exp(y+v) (8)

where v, ~iid (0,0, ). Thefirm chooses labour and capital services such that:

w = 4G ©)
N.&

= dma)¥ms (10)
KtUt

where mc, denotes the unit cost function, or real marginal cost.

As described in King and Wolman (1996) and Y un (1996), each firm i isallowed to reset its price
(P") according to a stochastic time-dependent rule that depends on receiving asigna at a constant
random rate (1-1). The parameter 7 governs the degree of nominal pricerigidity: as n

approaches 0, prices become perfectly flexible;, as 7 approaches 1, firms charge a fixed price.

© An alternative model of factor hoarding, due to Bils and Cho (1994), relates capital utilisation directly to effort in the
production function. This specification has perhaps greater intuitive appeal in that an increase in total hours worked
automatically raises the degree to which the existing physical capital stock is utilised. However, Burnside and
Eichenbaum note that the propagation mechanism of this alternative model of factor hoarding is much weaker.
Although the specification adopted in the present paper does not mechanically link utilisation to effort, they will
nevertheless move together in response to shocks since they are assumed to be complements in production.

14



Producers face an idiosyncratic risk due to the uncertainty of price adjustment. The probability that
theprice set at time t still prevailsat t+ jisgiven by ' . Each firm with an opportunity to change

its price will choose it to maximise profits, taking aggregate output (Y, ), the aggregate price level

(P), and nominal marginal cost (MC/) as given:

ED Ay’ | Pr=MCL ¥, CED
j=0
subject to demand for itsgood (Y, ):

. p 1
Y :[Ft} Yo, OF OL..0 (12)
t

The solution to this problem yields the firm’s optimal price ( P ), which is given by:

» E(_Z/\t,nj,?j[Ytiﬂnntiﬂil
Pzt 2 (13)
P E[Z/\t,t+j,71Ytl+j
j=0

In the above relationship, Ll is the steady-state mark-up, or the inverse of the steady-state real
p —

margina cost. Equation (13) illustrates that the optimal price depends on current and expected
future demand and real marginal cost (mc'). Intuitively, firms know that the price they set today

may also apply in future periods, so the expected state of the economy influences the price they

choose today.

Given the pricing decisions of each firm i, the aggregate price index evolves according to:

1
R=| Ry +(1-n)P |7 (14
The aggregate price level istherefore aweighted average of pricesset in t —1, to reflect the fact that

some firms cannot change their price in period t, and the optimal period t price, to reflect the fact

that the remaining firms can reset their price.

15



2.3 Government

Rea government purchases of goods and services are modelled as an exogenous stochastic process:

G, =X, exp(g,) (15)

where g, = u(1-p,) + 0,0, +&, . with | p, <1, and &, ~iid(0,0,)."” Shocksto government

expenditure serve as a second source of uncertainty in the model.

The nominal money supply process is assumed to follow:®
M¢ =M, (16)

where log i, = p,logy, +¢,,with|p, |<1,and &, ~ iid(O,aH). Shocks to the growth rate of

the nominal money supply introduce a third source of uncertainty in the model.

The government finances its expenditures and lump-sum transfers to the representative household

through seignorage. It must satisfy its budget constraint, which is given by:

+hy = Mts+j _Mts—1+j (17)

t+]

Pt+'G

ot
foral j=0,1,....,00.
24  Market clearing

Finally, the economy is subject to the following resource constraint:

Yo =G iy +Gy (18)

In the money market, the equilibrium quantity of nominal money demanded must equal supply:

d
M,

=M?, (19)

) This assumption simplifies adjusting the model to account for steady-state growth.

® McGrattan (1999) shows that the response of real variables with respect to productivity and government spending
shocks is affected by the choice of monetary policy rule. Since our main objective is to focus on the propagation
mechanism of monetary shocks, we do not consider more general policy feedback rulesin the benchmark economy.
However, in Section 6, we evaluate our results under the case in which monetary policy is described by a Taylor rule.

16



25  Equilibrium

An equilibrium for this economy is a collection of allocations for: consumers
{C.,e, N, ,U,, K,, M, B,}; andproducers{Y,, K,, N,, e, U, }; together with prices
{w,r,R,, PRand P for i D[O,]]} that satisfy the following conditions: (&) taking prices as

given, consumer allocations solve the consumer’s problem, (b) taking all prices but their own as
given, producer allocations satisfy the producer’s problem, (c) factor markets clear, and (d) the

resource constraint holds.

In order to investigate the dynamics of the model, we log-linearise the equilibrium conditions
around the steady state. The system of log-linear equationsis presented in Appendix 2.

2.6 Shocks

There are three types of shocksin thismodel: two real shocks (technology and government

spending), and a nominal money supply shock. Each shock is assumed to follow an AR(1) process:

Productivity
Vi = P Vi +E, (20)
Government spending
0, = 0y Ot +&4 (21)
Money
K= Py b * & (22)
where &, , &, ,and £, are mutualy independent white noise, normally distributed processes.

17



3 Benchmark mode

3.1 Calibration

In this section we describe the parameter values for our benchmark economy.

Table A: Benchmark calibration

Parameter | Description Vaue
B Discount factor 103 v
a Elasticity of effective labour 0.674
7] Preference parameter for leisure 3.89
h Shift length, in hours 324.8
X Fixed cost of travel, in hours 60
4 Total time endowment in hours 1369.2
Y, Gross trend growth rate of technology 1.0034
o Steady-state rate of depreciation 0.0195
@ Elasticity of depreciation with respect to 1.56

utilisation
P Gross steady-state mark-up 1.145
p-1
1/ (£R$) Interest semi-elasticity of money 0.14
demand
n Probability that afirm will be unable to 0.25
changeits price
e,U Steady-state level of effort and capital 10,10
utilisation
N Steady state employment rate 0.8
On AR(1) parameter on productivity shock 0.0
P, AR(1) parameter on money shock 0.603
Py AR(1) parameter on government 0.956
spending shock
O, Standard deviation of technology 0.0072
innovations
g, Standard deviation of money 0.0082
innovations
o Standard deviation of government 0.0146

innovations

For ease of comparability, most of the parameter valuesin our benchmark model correspond to
those reported in Burnside and Eichenbaum (1996).° 8, h, x, 7, p and € are not estimated.
The discount factor is calibrated such that the steady-state annualised real interest rate is equal to
3%. The parameter h, the number of hours worked by an employed person, is calibrated so

that the steady-state level of effort equals one. The time spent commuting per quarter, x, is

© 1n addition to ease of comparability, this procedure is sensible given the low degree of nominal rigidity assumed in

the benchmark case.
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set t0 60.9 Thisvaluefallsin the middle of the range reported by Burnside and Eichenbaum
(1996). Thetotal quarterly time endowment 7 isfixed at 1,369.2 hours.

In the model, the indivisibility of labour assumption makes aggregation easier, and implies awithin-

period employment elasticity of zero, in line with empirical estimates indicating that labour supply

elasticities are quite small. The dlasticity of effort supply, however, is given by r—)r:——he[ , which

in steady state takes a value of approximately three. Blanchard and Fischer (1989), Ball, Mankiw
and Romer (1988) and Blanchard (1990) note that although very elastic labour supply in amodel of
sticky prices can generate large nominal rigidities, actual labour supply elasticities have been
estimated to be fairly small. In order to evaluate the impact of labour hoarding on the persistence
properties of our model, Section 6 considers more general preferences that do not have these
features.

The calibrated value for the parameter o implies a steady-state mark-up of 14.5%, and the interest

semi-elasticity of money demand, 1/6R™, is calibrated to take on avalue of 0.14. Thisvalueis
consistent with the values estimated in Stock and Watson (1993).19(2

The parameters a , 6, y,, 9, @, Pa; Py, T4, and O, take the estimated values given in Burnside
and Eichenbaum (1996). The persistence p, and variance o, of the monetary policy shock are

taken from the estimation in Y un (1996).

The remaining key parameter values of the model are ¢, the parameter governing the degreeto
which firmswill choose to vary capital utilisation in response to shocks, and 7 , the degree of
nominal rigidity. Asdiscussed in Burnside and Eichenbaum (1996), the estimate of @ depends on

the mean of the depreciation series J, which is estimated to take on avalue of 0.0195. Normalising
the steady-state rate of capital utilisation to 1 thenimpliesthat ¢ =1.56.

19 This amounts to commuting approximately one hour per day.
1 The consumption elasticity of money demand equals % . In order to maintain comparability with Burnside and

Eichenbaum, we set o =1 in the benchmark specification. However, our results hold for more plausible values of the
consumption elasticity of money demand. Specifically, when o =5 (implying a consumption elasticity of 0.7), our
results with respect to a monetary disturbance do not change.

(12 See also Mankiw and Summers (1986), and Lucas (1988).
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In standard sticky-price models, 17 often takes the value of around 0.75, indicating that firms

change their price on average once ayear. Estimates of this parameter vary from 0.75in Gali and
Gertler (1999), to 0.5in Gali, Gertler and Lépez-Salido (2001).™® Our benchmark value of

n =0.25 assumes a lower degree of nominal rigidity. Thisisdiscussed further below.

3.2  Impulseresponses

In this section we report the impul se response of the benchmark model to productivity, government

spending, and money shocks.

Chart 1 plots the responses of the endogenous variablesto a 1% i.i.d. shock to productivity growth.
Because the assumed degree of nominal rigidity is very low in the benchmark model (the average
frequency of price adjustment is alittle over once per quarter), the impul se responses reported here
essentially replicate those in Burnside and Eichenbaum (1996). The key finding of that paper is that
variable factor utilisation magnifies the impact of areal shock. In addition, despite the fact that
productivity growth shocks are assumed to be white noise, the real effect of the shock is highly
persistent. Thisis because both labour and capital services can vary immediately in response to
shocks. Firmswould like to increase their factor inputs to fully exploit the temporarily higher
growth rate of productivity. Inastandard two-factor input model with predetermined capital, the
increased demand for labour services is dampened somewhat by the short-run rigidity of capital,
which causes the marginal productivity of labour to decline quite sharply. With variable factor
utilisation, firms can increase capital as well aslabour services. In doing so, their action magnifies

the impact effect of the productivity shock on output.

(3 See Blinder (1994), Shordone (1998) for empirical evidence of nominal price rigiditiesin the United States.
20



Chart 1. Responsesto a productivity shock
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The effect of the shock is persistent because of the combined effect of utilisation on depreciation
and hence the capital stock, and the assumption of labour hoarding. In periods following the shock,
the physical capital stock isrelatively low. Output must remain high to finance investment and
build up the capital stock. Utilisation and employment remain above steady state to generate the
higher output needed to bring the capital stock up to its new steady state. The transition path of the
capital stock to its new steady state isrelatively slow, however, since higher utilisation rates along
this path dampen the rate at which capital accumulates. In addition to this mechanism, the
assumption that it is costless to adjust employment in the period after the shock leadsto an
immediate response of effort in theimpact period. 1n the period following the shock, employment

responds by relatively more, leading to a hump-shaped response in output.

Chart 2 plots the model impul se responses to a temporary increase in the growth rate of government
spending. The effect of a demand shock is also similar to that found in Burnside and Eichenbaum’s
original model. Utilisation and effort increase on impact to satisfy temporarily higher demand.
Higher utilisation in turn temporarily reduces the capital stock. Output remains high in subsequent
periods, reflected in utilisation and employment rates above steady state, to satisfy the temporarily
higher demand and finance investment in order to restore the capital stock to its steady-state level.
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Chart 2: Responsesto a gover nment spending shock
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Chart 3 plots the impul se responses to a money supply shock. Despite the low degree of nominal
rigidity, the response of real variablesis on par with the effect of real shocks on the economy.
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Output is driven by a surge in investment, with consumption remaining relatively flat.™ The surge
ininvestment in turnisin response to the increased marginal productivity of effective capital
arising from higher utilisation and effort. The proportional response of utilisation and effort is then
reflected one-for-one in output. Upward pressure on the marginal productivity of effective capital

dampens somewhat the pressure on real marginal coststo rise in response to increased demand.

The effect of the shock is also quite persistent in subsequent periods, with variables returning to
steady state in approximately five quarters—somewhat longer than the period over which prices are
assumed to be fixed at just over one quarter. The hump-shaped response in output arises for the
same reason as in the case of a productivity shock: employment rises by somewhat more in the

period after the shock than the contemporaneous response of effort.

The persistent output response isin contrast with the immediate price level response. Prices react
quickly to amonetary shock, reflecting the large proportion (75%) of firms that are allowed to reset
their price each period and also because of the effect of a monetary shock on future inflation. In the
face of rising real marginal costs, when afirm receives asignal that it can adjust its price, it will

increase it by somewhat more than the rise in the money supply.

The nominal interest rate increases in response to a monetary expansion. Thisisacommon feature
of sticky-price models and reflects higher expected inflation following a monetary shock. The
model is therefore unable to generate aliquidity effect. Therisein both expected inflation and
nominal interest rates has the implication that the real interest rateis relatively unchanged.

4 Other sticky-price models

This section considers alternative sticky-price models with the aim of comparing our benchmark
model with time-varying factor utilisation to models without capital, and models with capital and
capital adjustment costs.

We first consider amodel with no capital. Such amodel has asimilar structure to the one presented
above, but with afixed level of capital services and employment, where variations in effort are now

interpreted as variations in labour supply.

4 Christiano, Eichenbaum and Evans (2001) are able to dampen the response of investment and increase the response
of consumption by introducing investment adjustment costs.
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We also consider a standard two-factor input model.™ This corresponds to our model of
time-varying factor utilisation under the condition of constant capital utilisation and employment,
so that variations in the capital stock and effort are now simply interpreted as variations in capital
and labour. Standard two-factor input models with endogenous capital typically introduce capital
adjustment costs in order to reduce the response of real variables to a money shock (see King and
Watson (1996), Chari, Kehoe and McGrattan (2000), Casares and McCallum (2000), and Woodford
(2000)). To facilitate comparison across the different capital adjustment costs found in the
literature, we adopt a simple quadratic specification that takes the form:

Kt+1+j _(1_5) Kt+j

2
: (k29| Ky (@)

b
|t+j = Kt+1+j _(1_5) Kt+j +§

t+])

where the parameter b determines the size of the capital adjustment cost. As owners and suppliers

of the capital stock, these adjustment costs are borne by the household.

In the standard one and two-factor input model, effort isinterpreted as labour supply.® Asis
common in the literature, its steady-state value is calibrated to 1/3. The adjustment cost parameter,
b, takes on avaue of 19.4, and governs the response of investment to changes in the real return of
the asset."” When there are no capital adjustment costs (b = 0), then the response of investment is
unconstrained, and in the case of money shocks leads to unredistically large responsesin
investment and output.*® For this reason, the parameter indexing the size of adjustment costsisa
crucia parameter governing the response of sticky-price models with capital. Our benchmark value
for b iscalibrated in asimilar way to that in Casares and McCallum (2000), namely that the semi-
elasticity of investment with respect to the return premium on the real asset is around 3.25%. The

9 The calibrated parameter values for the model variants are reported in Table 1 in Appendix 3. Only parameter
values that take on a different value from those reported in Table A are included.

l _
19 1 this case, the elasticity of labour supply is given by 8 , which for our calibration implies a steady-state value
e

t

of around 2, somewhat lower than the typical value assumed in the RBC literature.

|
@7 |f adjustment costs are described generically by the function ga(—j , where / | isinterpreted as Tobin's
K
| wl([j

K

t

|
g, then adjustment costs affect the second derivative ¢" (—j . When adjustment costs are zero, the second derivative
K

iszero. The higher the adjustment cost parameter b, the larger the second derivative, and the smaller the response of the
investment-to-capital ratio to variationsin Tobin'sq.
(18) See Casares and McCallum (2000) and Ellison and Scott (2001).
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resulting value for the adjustment cost parameter falls within the wide range of values consistent
with the parameterisation criteriain the above references. These are given in Table B.

TableB: Capital adjustment cost parameter, b

Woodford (2000) 3 Calibrated such that the degree of
responsiveness of private expenditureis
similar to that estimated in Rotemberg

and Woodford (1997).
Casares and 13.4-19.4 Cdlibrated such that the semi-elasticity of
McCallum (2000) investment with respect to the return
premium on the real asset is 2.25%-
3.25%.
King and Watson 40 Calibrated such that the elasticity of the
(1996) investment-to-capital ratio with respect to

Tobin'sqis 1.

Chari, Kehoe and 87, 88.5, 110

: a(l)
oGt (2000) Calibrated such that % () 0325,

4.1  Comparison of impulse responses

In this section we compare the impul se responses of our benchmark model of time-varying factor
utilisation to those of other sticky-price models.®® The degree of nominal rigidity assumed implies

firms adjust their price on average just over once per quarter (17 =0.25).

Chart 4 illustrates the basic motivation behind Burnside and Eichenbaum’s model, namely that
standard models with constant utilisation rates cannot generate a persistent responsetoi.i.d.
productivity growth shocks. The impact effect of the shock, as well as the persistence, is much
lower in models without time-varying factor utilisation. In order to generate persistence, a highly

autocorrelated productivity shock in levels (eg o, =0.95) istypically assumed in these models.

19 The estimated parameter assumes quadratic adjustment costs as described by equation (23).
9 For brevity we only compare the model responses to productivity and money shocks.
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Chart 4. Responseto a productivity shock
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We now turn to the various model responses to amoney shock. These areillustrated in Chart 5.

In models with constant factor utilisation, the low degree of nominal rigidity is reflected in avery
small response of real variables. For reasons discussed above, however, our benchmark
sticky-price model with factor utilisation has arelatively large impact and persistent response to a

money shock.

An interesting feature of Chart 5 isthe implied relationship between output, real marginal cost and
nominal variables across the different models. The response of real marginal cost, inflation and
nominal interest rates is coincident across models, whereas the response of output and the real
interest rateis quite different. Although real marginal costs rise by the same amount in response to
amonetary policy expansion, the output response under factor utilisation is three times larger than
in the other sticky-price model variants. Woodford (2000) also finds similar cyclical variation in
real marginal costs for standard models both with and without capital, which he attributes to
relatively small cyclical variation in the capital stock.”? Output moves almost

@) Thisrelation is further discussed in Section 5.2.
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one-for-one with employment across al model variants. However, thisis not true for the response
of investment. In the standard sticky-price model with capital adjustment costs, investment moves
one-for-one with output, whereas in the factor utilisation model, the reaction of investment is
approximately four times as large as output. Similarly, in the sticky-price model with no capital
adjustment costs, the response of investment is almost three times aslarge. The differential
response of investment across the model variantsis reflected in the different behaviour of real
interest rates. On the other hand, the similar response of real marginal cost isreflected in asimilar
response of nominal variables across the different model specifications. Becauseinflation is mainly
determined by the path of real marginal cost the behaviour of actual inflation is also similar across

the modd variants.

Chart 5. Responseto a money supply shock
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5 Model simulations

51 Model statistics

In this section we investigate simulated statistics in order to assess the performance of the factor
utilisation mode! relative to the data as well as across the different model variants.®? We allow for

(22 Each simulation is made up of 500 observations, and is repeated 500 times. The reported sample statistics represent
averages across simul ation experiments.
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both productivity and nominal and real policy shocks, the standard deviations of which are
calibrated asreported in Table A. In Table C we first compare model statistics across the
sticky-price model variants assuming our benchmark low degree of nominal rigidity. The relatively
low standard deviations for output in the no-capital, capital, and capital with adjustment costs cases
reflect the limited amount of response in those models to both white noise productivity growth
shocks and money shocks in an environment of low nominal rigidity.?® The statistics of the factor
utilisation model match the data better. Despite the absence of capital adjustment costs, investment
does not vary too much, but by more than in a standard sticky-price model with capital. The
increased variability of investment is a consequence of the

depreci ation-through-use assumption and the desire by firms to invest such that the capital stock
comes on line with employment. Asin Burnside, Eichenbaum and Rebelo (1993), the standard
deviation of effort accounts for approximately 1/5 of the standard deviation of effective labour
supply. By contrast, the standard deviation of capital servicesis dominated by the standard
deviation in utilisation, estimated at 2.22%.

When we consider conditional moments, we find that all shocks have a substantial rolein
explaining the variance of the real variables for the factor utilisation model. In particular, 56% of
the variability of output is due to productivity shocks, while 27% is due to monetary shocks. Rea
supply and real demand shocks account for 61% of the variability of investment and the remaining
39% is due to monetary shocks. By comparison, in the no-capital model, most of the variability of
thereal variablesis due to real shocks and monetary shocks have avery small overall effect. Thisis
in accordance with models with capital where fluctuations in real variables are dominated by supply
shocks when the assumed degree of nominal rigidity isfairly low. In particular, 72% of the
fluctuations in output are due to productivity shocks, while money shocks account for only 14% of
these fluctuations. In the model with capital adjustment costs, these values become 71% and 9%
respectively. Again, money has arelatively small role in explaining business cycle fluctuations

because the degree of nominal rigidity assumed isvery low.

(3 The statistics reported here for the model variants do not reflect the better fit of real business cycle models, such as
the indivisible labour model of Hansen (1985).
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TableC: Mode statistics, 7= 0.25

Model setting
Data* No capital Capita Capital with | Time-varying
adjustment factor
costs utilisation

a(y) 172 0.73 0.78 0.71 154
g(c) 0.86 0.88 0.49 0.58 0.67
0’(| ) 8.24 - 1.50 0.88 4.32
a(e) - 0.73 0.95 0.75 0.49
o(eN) 1.59 : - - 2.10
o ( K ) 0.63** - 0.92 0.92 0.89
o(KU) - - - - 1.29
O'(R) 1.29 2.31 2.32 2.20 2.38

* Datafor the United States are taken from Cooley and Hansen (1995), Ch. 7, Table 7.1.
** Bilsand Cho (1994), HP-filtered quarterly US data, 1955:3-1984:1.
Model statistics are calculated numerically from model simulations.

We now look at the model statistics in the case where the degree of nominal rigidity is assumed to
take on amore standard value of 7 =0.75. These arereported in Table D. The statistics indicate

that the no-capital model matches the datafairly well. The main problem isthat consumption is too
volatile. This could be reduced with the introduction of habit formation in household preferences
(see Fuhrer (2000)). The model with capital illustrates the excessively volatile response of
investment and hence output when there are no capital adjustment costs. The increase in labour
required to meet the unexpected increase in demand raises the margina productivity of capital and
leads to asurge in investment. In order to dampen this response, capital adjustment costs are
typically introduced.

The model with capital and adjustment costsis considered as an intermediate case: the smaller the
capital adjustment costs, the closer the model is to a standard two-factor input model; the larger the
capital adjustment costs, the closer the model is to behaving as though capital werefixed. The
statistics are somewhat similar to those reported in King and Watson (1996) for standard sticky-
price models. The simulations indicate that appropriate calibration of the capital adjustment cost
parameters clearly has important implications for the behaviour of the model as noted by Woodford
(2000).
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Comparing the last two columns illustrates that introducing factor utilisation exacerbates the
volatility of investment and hence output. Thisis because firms can now meet the increasein
demand not just through higher labour inputs, but higher capital utilisation aswell. Thisraisesthe
margina productivity of physical capital even more, leading to an even greater surge in investment
than in the standard two-factor input model with no capital adjustment costs. The introduction of
factor utilisation, therefore, worsens the dynamic properties of the model by increasing the
sensitivity of investment with respect to monetary shocks. But it is precisely the increased
sensitivity of investment that allows for areduction in the degree of nominal rigidity in amodel

with time-varying factor utilisation, without sacrificing its response to policy shocks.

This point is better illustrated by considering the conditional moments of the shocks. In the factor-
hoarding model with a high degree of nominal rigidity (and also in the model with capital and no
adjustment costs), the magnitude of the response of real variables with respect to monetary shocks
ishuge. Asaresult, monetary shocks are the dominant source of fluctuationsin real variablesin
thiscase. For example, monetary shocks account for 86% of the fluctuationsin output, while
productivity disturbances account for just 11% of these fluctuations. Nominal shocks are the main
source of fluctuations in the no-capital model as well, although the absence of investment dynamics
moderates the magnitude of the responses of real variables with respect to monetary disturbances in

this case.

TableD: Modd statistics, n=0.75

Model setting
Data* No capital Capita Capital with | Time-varying
adjustment factor
costs utilisation

g(y) 1.72 1.26 4.03 1.63 16.65
a(c) 0.86 1.82 0.51 1.37 1.07
0’(| ) 8.24 - 16.09 3.19 66.63
J(e) - 1.86 6.74 2.76 11.79
o(eN) 1.59 - - - 21.05
O'(K) 0.63** - 1.02 0.92 2.94
o(KU) - - - - 13.26
O'(R) 1.29 1.36 2.49 121 2.86

* Datafor the United States are taken from Cooley and Hansen (1995), Ch. 7, Table 7.1.
** Bilsand Cho (1994), HP-filtered quarterly US data, 1955:3-1984:1.

Model statistics are calculated numerically from model simulations.
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Many authors have tried to evaluate empirically the importance of monetary versus real shocksin
explaining business cycle fluctuations. Canova and De Nicolo (2000) find that the relative
importance of the two disturbances varies across countries and over time, although their main
finding is that nominal demand shocks are the dominant source of fluctuationsin real variables for
six of the G7 countries. Roberts (1993) and Faust (1998) aso find that monetary shocks have an
important role for output variability in the United States. On the other hand, Blanchard and Quah
(1989), Temin (1998), King, Plosser, Stock and Watson (1991), and Astley and Y ates (1999)
provide empirical evidence that real disturbances are the main source of business cycle

fluctuations.®”

Given the mixed evidence on the sources of business cycles fluctuations, it is not possible to
evaluate whether the factor-hoarding model or the standard sticky-price model is more relevant on

the basis of conditional moments.

5.2  Output and real marginal cost

To investigate further the question of persistence in response to a money shock, we estimate the
elasticity of real margina cost with respect to output. Thisisreported in Table E, and reflects the
findings of the impul se response functions, namely that although the behaviour of output differs
across the model specificationsin response to a money shock, the behaviour of real marginal cost is
essentialy identical. The resultsin Table E are perhaps not surprising, given that the relationship
between marginal cost and output is affected by the behaviour of capital. The diverse response of
capital across the various model specifications in turn accounts for the range of elasticity estimates.

TableE: Elasticity of real marginal cost with respect to output

Model setting
Models No capital Capita Capital with Time-varying
adjustment factor
costs utilisation
amc y. 297 1.23 2.07 0.24
dy mc

%) Blanchard and Quah (1989) and Gali (1992, 1999) identify supply shocks that have permanent level effects, as
assumed in our theoretical framework.
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The relationship between margina cost and output is crucial for understanding the model’s
response to monetary shocks. In principle, money has real effects only if firmsreact to
unanticipated shiftsin demand by increasing quantities rather than by increasing prices. Firms
might behave so for two reasons. either because they are constrained from changing their pricein

the short run (which in the sticky-price models considered here depends on 177), or because margina

cost isrelatively flat in the short run. In the latter case, firms have less of an incentive to raise their
price in response to a demand shock since they are able to raise their output to satisfy demand
without eroding their mark-up. An additional implication of the reduced sensitivity of marginal
cost to output in amodel of factor hoarding, therefore, isthat it provides a potential mechanism by
which nominal rigidities arise endogenously.

In apaper by Kiley (1999), the author shows that the assumption of partial price adjustment pricing,
such asin the Calvo model we adopt here, imparts in general much more persistence than does
Taylor-type staggered price setting. However, in the case where the elasticity of marginal cost with
respect to output is small (eg less than one), the implications of the two types of price setting are
equivaent. Our finding that marginal cost is relatively insensitive to changes in output suggests
that the persistent output response to a monetary shock with relatively low price rigidity and time-
varying factor utilisation holds more generaly in staggered price-setting models. Thisfinding
differsfrom that of Chari, Kehoe and McGrattan (2000), who conclude that output persistence
cannot be rationalised within a standard business cycle model with staggered

price-setting without appealing to implausibly large nominal rigidities. In amodel with factor
utilisation, it seems, small degrees of nominal rigidity can lead to areal and persistent response of

output by flattening the marginal cost curve.

5.3 Persistence

We estimate the conditional autocorrelation coefficient, &, of the simulated output response to
money shocksin order to evaluate the persistence of each of the model variants. The valuesof &

arereported in Table F. The greater the autocorrel ation coefficient, the more persistent is the
response of output.

Table F shows that the introduction of variable capital utilisation and effort in a sticky-price model
increases the persistence of output relative to standard models, despite the low degree of nominal
rigidity assumed. Thisis because of the effect of utilisation on depreciation, and of labour
hoarding. Labour hoarding prolongs the response of effective labour input, which in turn

32



propagates the response of real variables. On the contrary, models with capital generate less
persistence for alow degree of price stickiness. Thisreflects alack of strong propagation
mechanism in one and two-factor input models. Theresultsin Table F are also consistent with the
findings of Chari, Kehoe and McGrattan (2000), namely that the introduction of capital in amodel
where nominal rigidities provide another source of propagation reduces persistence by providing
agents with a mechanism for smoothing unanticipated nominal shocks over time.

TableF: Autocorreation

Model setting Autocorrelation Autocorrelation
coefficient &, (n=0.25) | coefficient &, (7= 0.75)
No capital 0.52 0.75
(0.0493) (0.0382)
Capital 0.48 0.48
(0.0506) (0.0506)
Capital with adjustment costs 0.50 0.73
(0.0499) (0.0399)
Time-varying factor utilisation 0.76 0.75
(0.0378) (0.0380)
Timevarying factor utilisation® — standard 0.75 0.74
preferences (0.022) (0.022)
Variable capital utilisation 0.46 0.47
(0.0513) (0.0508)
Variable effort 0.72 0.72
(0.0403) (0.0400)

* Numbersin the parenthesis denote standard errors.
+For 0, = 3,0, =8, theresults are robust to the values of elasticitiesused aslong as o, >> 0 .

6 Robustness

In this section we investigate how much each of the various features of the time-varying factor

utilisation model contribute to its performance.

6.1  General preferences

In the benchmark model, preferences are such that the effort supply elasticity islarge and
time-varying. One could argue that the persistent effects of monetary shocks are a consequence of
this particular utility specification. In this section we consider a more genera specification of
preferences with a smaller and constant elasticity of labour supply. The preferences we consider
take the form:
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1-¢
u(c,N,,e,M,/P)=logC, —/\ni N =2 ! g +L[%J (24)

1+0, ‘1+0, 1-¢
We find that under factor hoarding monetary shocks can still generate real and persistent effects on
output even for this more general specification of preferences. In Table F we report the value of &
for the model of factor utilisation with the more general preference specification. On the basis of
this, we conclude that the persistence resultsin amodel of factor hoarding are robust to alternative
preference specifications, and are not due to the indivisible labour supply assumption. Aswe have
seen in the benchmark factor utilisation model, an unanticipated shock invokes changesin effort in
the impact period, because of labour hoarding. In order to generate a

hump-shaped response of effective labour, employment needs to increase by more in the second
period than the impact response of effort. In the specification of equation (24), this happens when
the effort supply elasticity islower than the employment supply elasticity (ai << Ji .29

e n

6.2 Variable capital utilisation

This section investigates whether our results on persistence are driven by the assumption of capital
utilisation. Thus, we consider a two-factor input model with variable capital utilisation. Such a
model has asimilar structure to the two-factor input model presented of Section 4 with the
additional feature that capital utilisation istime-varying. The calibrated valuesfor thismodel are
therefore the same as those reported in Table 1, except that ¢ =1.56.%°

Our estimates indicate that variable capital utilisation alone cannot account for the persistent
response of output to monetary shocks (see Table F), although it does increase the impact effect of
the response of real variables to unanticipated shocks compared to a two-factor input model without
time-varying capital utilisation. It isstill the case that we can generate realistic investment volatility
without having to assume capital adjustment costs at relatively low degrees of nominal rigidity. On
the basis of these results we conclude that in order to generate persistence of real variables with
respect to nominal shocks, variable capital utilisation must be combined with ‘rea rigidities such
as labour hoarding or wage rigidities as in Christiano, Eichenbaum and Evans (2001).

@) We investigate the behaviour of the model over arange of parameter values, 1< o,,0,<10.
(%8 See Appendix 3 for a complete description of the parameter val ues.
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6.3 Variablelabour effort

If we alternatively consider amodel in which thereis no capital utilisation, and effort is the only
contemporaneously variable factor input, then the impact effect of a monetary shock on real
variablesis persistent but relatively small at low degrees of nominal rigidity. The model we
consider is similar to the one in Burnside, Eichenbaum and Rebelo (1993), and corresponds with

our benchmark model of Section 2 with ¢=10,000. An increasein the degree of nominal rigidity

raises the impact effect of anominal shock on real variables, but at the cost of unrealistic

investment volatility given that there are no constraints on adjusting capital.

The above analysis suggests that both capital and labour hoarding are important for generating large
impact as well as persistent responses of real variables to nominal shocks at low degrees of nominal

rigidity.

6.4  Endogenous monetary policy

In the preceding discussion we have focused our attentions on equilibriain which monetary policy
isexogenous. However, the empirical literature has demonstrated that policy movements are
largely due to reactionsin the state of the economy. In this section, we analyse whether the
persistence properties of our model change when the money supply rule of equation (16) is replaced
by aTaylor (1993) interest rate rule that responds to changes in the state of the economy. Such a
rule has been shown to match the behaviour of interest rates quite well.?” In its most generic form,
this rule takes the form:

R =b, 7 +by, +4 (25)

where b, =1.5 and b, =0.5, asin Taylor's (1993) origina specification, and x4, represents apolicy
shock as before.

Our findings can be summarised as follows. First, for alow degree of nominal rigidity, the
benchmark model of time-varying factor utilisation generates more persistence in output than the
other sticky-price model variants we investigate. Second, the response of real variables following a
real shock remains essentially unchanged relative to the responses under amoney rule. McGrattan
(1999) shows that the response of real variablesto real shocksis affected by the policy rule

") See Clarida, Gali and Gertler (1999, 2000) for arecent empirical analysis of Taylor rules.
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specification. Inour case, however, thisis not the case when 17 =0.25. Thisis because for low

degrees of nominal rigidity the systematic component of monetary policy has almost no effect on
real variables and the economy behaves asif it had flexible prices when hit by real shocks.

7 Conclusions

Recent debate has focused on the failure of standard general equilibrium sticky-price modelsto
generate business cycle fluctuations unless an extreme degree of price stickinessis assumed. This
paper investigates the propagation mechanism of monetary shocks in an otherwise standard general
equilibrium sticky-price model, modified to incorporate factor hoarding in the form of variable
capital utilisation rates and labour effort. In contrast to previous studies, we find that real and
persistent effects of monetary shocks can be generated at arelatively low degree of nominal
rigidity.

In addition, we show that our model can generate realistic variances of capital and investment
without having to assume capital adjustment costs. Contrary to standard sticky-price models with
capital, the introduction of capital in our framework does not reduce persistence in response to
nominal shocks. Indeed, the increased sensitivity of investment allows for areduction in the

assumed degree of nominal rigidity without sacrificing the model’ s response to policy shocks.

Finally, we compare the predictions of our model with standard sticky-price models both with and
without capital in order to gain insight in the relationship between nominal pricerigidity and a
firm’'s ability to adjust capital and labour services. The sensitivity of marginal cost to output is
closely related to afirm’s ability to adjust itsinputs. A model of variable factor utilisation
introduces an additional margin by which firms can respond to unanticipated shocks, reducing the
effect of output on marginal cost. In other words, variable capital utilisation results in aflattening
of the marginal cost schedule thereby introducing the possibility of endogenous price stickiness.
On the other hand, standard sticky-price models both with and without capital are subject to
increasing short-run marginal costs, which in turn dampens the response of output. The real effect
of monetary shocks on output in such models is consequently weak, and can only be accomplished

by assuming arelatively high degree of nominal rigidity.
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Appendix 1: Representative household’sfirst-order conditions

Allowing A, to denote the Lagrange multiplier on the household’ s budget constraint, the

first-order conditions for the representative agent are given by:

Consumption
1
a =PA (1.2)
Money demand
MEY*
( t J = R/]t - E[:[;R+1At+1 R P (12)
P t+1
Effort
O RAwN, 13
(r-x ~he)
Employment
T-x —he,
Ete In (%} = _Et I:¥+1At+1\Nt 1&a (14)
Utilisation
r, = 5¢Jt¢_1 (1.5
Capital
0=-RA +EBR. A, [1 +1.Up —OU t(/ia] (1.6)
Bonds
0=-RA +ELR.AL[1+R]R/R, 1.7
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Appendix 2: Log-linearised conditions

Note that output, capital, consumption, investment, real money balances, and the Lagrange

multiplier are adjusted for growth. The system of equations that solve the model is given by:

Consumption
~C—¢, =0 (2.1)
Effort

l?’ﬁ(l—a)kt +(1‘O’)Gt _(1 —a)ﬁt ‘|:1‘|‘J +—Leh

o }é e {1 @)y, 0

(2.2
Employment

0= E [ (1-a)kus +(1-0)Us <(1-0) P {1 @ )&a ¥, #MCa|  (23)

Utilisation
(1—0'—§0)l]t —aRt +0'\A/t +O'F1t +O'ét +r/r\\Ct =0 (2.9)

Capital

i&\/t :i Etl?/tﬂ + E[ l:(m(l—a’) _5—¢Jat+1 —m(aﬁm _aﬁtﬂ ‘ﬂéﬁl —rr/f:m)}

B B k* 4 k™
(2.5)
Euler equation
U.-2 =El,., (26)
Fisher equation
R —4 = EtnE+1 (27)
Money demand
1~ ~ 11
—cc-rm—-———R =0 2.8
£ eR® R (28)
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Capital law of motion

(1— 5) |A<t - 5¢£|t +( ¥ -1+ qlAt —(1 - é-\A/t = y{;tﬂ (2.9)
Resource constraint
|:1—O' +k—zM}(Rt —\A/t) +|:1 -a —Q@} l]t +O'ﬁt ‘UAQ _'iét "gat _k: izt+1
y W Yy K y y
(2.10)

Production function

Y, -(1-a)k -(1-a)u +1-a)v an ae =0 (2.11)
Calvo pricing
7 - a,me = BETT,, (212)
Money supply process
—~ ~ 1~ —~
MM+ 4, —Evt —-rme -, =0 (2.13)

Hatted variabl es denote |og-deviations from their steady-state values. The variable ¢, denotesthe
nominal Lagrange multiplier R, , adjusted for growth. 7z isthe de-meaned quarterly net inflation

rate, and R and z denote the de-meaned net nominal and real interest rates respectively.

The 13 equations describe the path of 13 endogenous variables: output ( §/t ), utilisation (ﬁt ), capital

(k:), effort (& ), employment (nt ), consumption (c: ), investment (i), nominal money balances

(r/rﬁ), the nominal interest rate (R ), thereal interest rate ( z ), the Lagrange multiplier (Q/t), rea

marginal cost(rrAlct), and inflation (7z).
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Appendix 3

Table1l: Parameter valuesfor different nested model variants

Parameter One-factor Two-factor Variable Variable
input model input model capital labour
with no capital | with capital utilisation utilisation

and labour model model
(2 2.1 2.1 2.1 3.89
h 1 1 1 324.8
X 0 0 0 60
T 1 1 1 1369.2
@ 10000 10000 1.56 10000
e 0.33 0.33 0.33 1
U 1 1 1 1
N 1 1 1 0.8
b 0 =0 no capital 0 0

adj costs

=19.4 with

capital adj

costs
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