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ABSTRACT 

 
Conventional investment models predict that firms should sharply adjust the timing of their 
investment decisions to take advantage of predictable changes in the prices of capital goods.  
This extremely high intertemporal elasticity of substitution for investment has several 
implications: capital goods prices should be close to random walks; transitory shocks should 
have little impact on capital goods prices; and the distribution of capital holdings across firms 
should have no consequences for the equilibrium.  This paper develops an equilibrium model of 
investment with fixed costs at the micro-level.  In the model, firms face explicit costs of 
adjusting the timing of their capital investments.  In the benchmark case in which investment 
retiming costs are zero, the fixed cost model and the neoclassical model generate virtually 
identical aggregate predictions.  If the timing adjustment costs are positive, then capital goods 
prices may exhibit predictable changes over time.  Moreover, the distribution of capital across 
firms can have significant effects on the equilibrium.  We use the quantitative model to analyze 
the effects on investment of tax subsidies, transitory investment supply shocks, and an out-of-
steady state distribution of capital vintages. 
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I. INTRODUCTION 

Most investment models imply that firms are willing to sharply change the timing of their 

investment decisions to take advantage of small predictable movements in the after-tax purchase 

price of new capital.  In many settings, the intertemporal elasticity of substitution for investment 

is nearly infinite.  This extreme sensitivity to price changes implies that, in equilibrium, there 

cannot be substantial predictable changes in investment prices.  If prices were expected to fall, 

firms would simply delay their investment to take advantage of the lower prices.  A high 

intertemporal elasticity of substitution for investment also implies that the distribution of capital 

holdings across firms will not affect equilibrium investment.  If many firms with outdated capital 

want to invest, investment demand will be high and there will be upward pressure on prices.  

Because of the near-infinite elasticity of investment demand, any price increase will sharply 

reduce equilibrium investment.  Firms that would otherwise adjust, instead delay their 

investment to avoid the temporarily high prices.  Thus, because of the extreme price-sensitivity 

of investment timing, variations in the distribution of capital holdings across firms play no role in 

governing the equilibrium. 

In this paper, we develop an equilibrium model of investment in which firms face explicit 

costs to adjusting the timing of their investment purchases.  We do not explicitly consider the 

source of these costs.  The investment retiming costs could reflect planning costs, costs 

associated with predictable rapid depreciation, complementarity with other predetermined factors 

of production, or behavioral costs associated with constantly tracking investment prices.  If these 

retiming costs are sufficiently high, firms will not retime their investment to take advantage of 

predictable changes in investment prices and thus, forecastable price changes may exist in 

equilibrium. 

In the model, firms also face fixed investment adjustment costs.  As a consequence, firms 

make infrequent, large adjustments to their capital stocks.  Not all firms adjust their capital at the 

same time and thus not all firms have the same capital stocks.  At any point in time, some firms 

that have adjusted recently have new capital, while other firms that have not adjusted for some 

time have relatively outdated capital.  The distribution of capital holdings across firms evolves 

over time as the market for investment goods experiences shocks to supply and demand.  As 

discussed above, if there are no costs to retiming investment, this distribution has no impact on 

the equilibrium, as in House (2014), Thomas (2002), Khan and Thomas (2004, 2008).  If, on the 
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other hand, there are costs to retiming investment, then the distribution may influence the 

equilibrium price and quantity of investment.  If investment demand is unusually high because 

many firms have outdated capital, then investment prices can be high without causing many 

firms to adjust the timing of their capital investments. 

The investment model we present nests two special cases.  If there are no costs to 

retiming investment, the model collapses to a standard investment model with fixed adjustment 

costs.  Earlier literature shows that at the aggregate level, equilibrium investment models with 

fixed costs behave virtually the same as standard neoclassical investment models—see among 

others, House (2014), Thomas (2002), Khan and Thomas (2004, 2008).  If investment retiming 

costs approach infinity, the model reduces to an (s,S) adjustment model of the sort analyzed in 

the literature on lumpy adjustment.  If there is an intermediate level of investment retiming costs, 

equilibrium price and quantity movements will reflect an elasticity of investment demand which 

is bounded away from zero and infinity. 

The potential implications of lumpy-investment behavior at the micro-level have been a 

focus of much of the recent research on investment.  Many of the recent contributions to this 

literature have focused on numerical solutions to particular calibrated models.  These models 

largely consist of a fixed-adjustment-cost framework built on an underlying neoclassical 

substructure.  For the most part these numerical explorations suggest that the influence of lumpy 

investment on aggregate investment dynamics is negligible.  Put differently, in the numerical 

trials one would get essentially the same aggregate predictions from a standard neoclassical 

investment model as from the more elaborate investment models with micro-level heterogeneity 

and infrequent lumpy adjustment.  These studies have led some researchers to conclude that 

lumpy adjustment simply does not matter for understanding aggregate investment.   

This paper draws attention to an underappreciated property of the neoclassical model on 

which the lumpy-investment models are built.  Namely, in neoclassical models, firms have 

extremely high intertemporal price elasticities of investment demand.  Thus, the investment 

dynamics associated with micro-heterogeneity and infrequent investment may be suppressed 

because the firms are simply too eager to change the timing of their investments in response to 

predictable price movements.  In a sense, the existing models with fixed costs are examining a 

joint null in which there is both lumpy investment and the firms are extraordinarily price 

sensitive.  In this paper we modify the lumpy-investment model to temper the firms’ incentives 
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to retime investment.  We show that in our modified setting, distributional dynamics associated 

with micro-level heterogeneity do emerge as a quantitatively important state variable and there 

are clear differences in the behavior of the lumpy-investment model and the neoclassical model. 

The retiming costs we study in this paper are conceptually similar to the “gestation lags” 

in Millar (2005).  In his paper, Millar argued that typical adjustment cost models fail to stand the 

test of Tobin’s Q regressions precisely because they abstract from planning and setup time 

required before new investment can become productive capital.  If such lags exist in the data, 

future Q rather than current Q determines current investment. Millar found that reduced-form 

estimates using aggregate investment and Tobin’s Q data are consistent with a simple investment 

model with gestation lags. Unlike Millar, we use our investment model with retiming costs to 

simulate the behavior of investment in response to various shocks, and describe the implications 

of planning frictions for fiscal stimulus. 

The remainder of the paper is set out as follows.  Section II describes the model.  Section 

III presents numerical experiments and discusses their implications.  Section IV concludes. 

II. QUANTITATIVE MODEL 

We consider a partial equilibrium investment supply and demand model.  The model is based 

loosely on the framework in Caplin and Leahy (2004, 2006).  In addition to standard fixed costs, 

firms in this model also face an additional of friction, a cost to changing the timing of their 

investment decisions.  We then use the model to illustrate the behavior of the system under 

different parameterizations and we analyze the implications of retiming costs for investment tax 

policy. 

The supply side of the model consists of an isoelastic supply curve which experiences 

shocks over time.  The demand side consists of a fixed population of firms that infrequently 

update their capital stock due to a fixed cost.  The firms choose when to update based on the 

current after-tax price of capital goods and the realization of a productivity shock.  The firms 

also pay a cost to deviating from their steady state adjustment pattern.  If this cost is zero, then 

the model is identical to the state dependent (s,S) model in Thomas (2002), Gourio and Kashyap 

(2007) and House (2014).  In this case, firms are extremely willing to change the timing of their 

investment decisions to take advantage of predictable movements in after-tax prices of capital 

goods.  This high elasticity of demand dictates that after-tax prices should be close to a random 
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walk.  In contrast, with substantial costs of retiming investment, firms do not react as sharply to 

anticipated changes in capital goods prices.  As a result, the after-tax price of capital may exhibit 

some predictability.  As the costs of retiming investment approach infinity, the model collapses 

to the fixed (s,S) model in Caballero and Engel (1999) and Caplin and Leahy (2004).  In this 

paper, we focus on describing the implications of the model for investment dynamics and tax 

policies that stimulate investment. 

The quantitative model is cast in discrete time with time intervals of size D .  Firms 

discount the future at the annual rate r  and capital depreciates at the annual rate d .  Given the 

time interval D , the discount factor is reb - D=  and the depreciation rate satisfies ( )1 e dd - D- = . 

Flow profits are t tAZ k aD , where tk  is capital at the firm-level, 0 1a< < , A is a scaling 

constant, and tZ  is a productivity shock to the value-added production function; we assume that 

this shock is common to all firms.  When a firm adjusts its capital stock it incurs two costs. 

The first cost is a stochastic adjustment cost , 0i te > , which is incurred only when firm-

level investment is non-zero.  To model the adjustment cost, we follow Thomas (2002) and 

assume that firms draw idiosyncratic costs of adjustment each period.  Thus, instead of facing a 

known fixed cost F each period, firm i faces the stochastic cost ,i te , where ( ),i te eY , 

eé ù =ê úë û,i tE F , e ³
,
0

i t
 and ,i te  is i.i.d. across time periods and across firms.  The stochastic 

adjustment cost implies that firm-level investment is lumpy, but aggregate investment is 

relatively smooth.  For the numerical solution, we assume that ,i te  is a mixture of a log-normal 

random variable and a wide uniform.2 

The second cost is a cost per unit of investment *
,(1 ) é ù- ⋅ -ê úë ût t t j tp k ki , where tp  is the pre-

tax price of new investment, ti  is an investment tax subsidy at time t, *
tk  is the reset capital stock 

chosen by the firm and ,j tk  is the current capital stock.  The index j denotes the age or vintage of 

the firm’s capital stock.   

If the firm does not adjust, its capital stock depreciates according to ( )1, 1 ,1+ + = -j t j tk kd .  

For tractability, we assume that firms may not delay updating their capital stock longer than J 

                                                 
2 The numerical method was developed jointly by Robert King, Julia Thomas and Marcelo Veracierto.  For 
examples see Dotsey, King and Wohlman (1999), Thomas (2002), Veracierto (2002), King and Thomas (2006) and 
Gourio and Kashyap (2007). 
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periods.  As a result, there are J possible capital vintages 1,...,=j J .  The oldest possible vintage 

is vintage J.  In practice, we set J to be sufficiently large such that this limit is not binding for 

any reasonable set of parameter values. 

The central feature of the model is a third friction, a retiming cost incurred when the firm 

changes its adjustment policy relative to its normal (steady-state) adjustment rule.  We describe 

these retiming costs in detail after we introduce additional concepts below. 

Steady State.  In the steady state, there are no productivity shocks and no investment supply 

shocks, and capital goods prices are constant.  As a result, firms invest at the same regular time 

interval and always reset their capital stocks to the same level.  Let T denote the steady state 

adjustment horizon (in years) and let *k  be the steady state reset level of capital.  This lumpy 

firm-level investment pattern arises from the stochastic costs incurred when firms adjust their 

capital stock.  Absent adjustment costs, firms would invest every period and maintain a constant 

capital stock of k = 1.3. 

Investment Adjustment.  In each time period, the firm decides whether to adjust its capital stock 

and pay the adjustment cost 
,i t

e .  The stochastic nature of the cost implies that some firms adjust 

even if they are far from the steady-state adjustment horizon T.  Consider a firm with capital 

stock 
,j t
k of vintage j at time t.  We define ,

adj
j tV  as the value of adjusting the capital stock for this 

firm, and ,
non
j tV  the value of not adjusting.  As the firm chooses optimally between these two 

options, we can write the firm’s value as  

 ( ) { }, , , , ,
max ,adj non

j t i t j t i t j t
V V Ve e= - . (1) 

Prior to the realization of the adjustment cost 
,i t

e , the expected value of having capital stock of 

vintage j at time t is 

 ( ) ( ), ,
0

¥
= Yò e ej t j tv V d   (2) 

The value of not adjusting is then 

 , , 1, 1
non
j t t j t t j tV AZ k E va b + +

é ù=D⋅ + ê úë û , (3) 

                                                 
3 We normalize the steady state price p and the steady state level of productivity Z to 1.  We set the scaling 

parameter as ( ) 1A r d a-= + ⋅ . 
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in other words the firm derives flow profits from its current vintage j capital stock 

*

,
(1 )j

j t t j
k kd -= - , and receives the expected continuation value of having capital stock 

+
+ + -= - d 1 *

1, 1
(1 )j

j t t j
k k  of vintage j+1 in the following time period. 

 The value of adjusting (once the firm has paid the stochastic adjustment cost) is 

 ( ) ( ){ } ( )
*

* *
, 1, 1 ,max 1 1

t

adj
j t t t t t t t t t t j t

k
V AZ k E v p k p k

a
b i i+

é ù= D⋅ + - - + -ë û . (4) 

In this case, the firm pays the per unit cost associated with adjusting its capital stock from its 

current level 
,j t
k  to the optimal reset level *

t
k  and receives the continuation value of having 

capital stock + = - d *

1, 1
(1 )

t t
k k  of vintage one in the following time period.  Firms with capital 

vintage J must adjust and they pay F with certainty.  The value of having capital of vintage J is 

thus 

 , , ,
adj

J t J t J tv V V F= = - . (5) 

The values ,j tv  and ,j tV  are functions of the reset capital stock at time t j- , -
*

t j
k .  The 

optimal reset capital stock is not vintage specific, so every firm that adjusts its capital stock at 

time t makes the same choice *
tk .  The optimal capital stock satisfies the first order condition 

 ( ) ( )
1 1, 1*

*
1t

t t t t t
t

v
AZ k E p

k

a
a b i

- +
é ù¶ê úD⋅ + = -ê ú¶ë û

, (6) 

which simply says that the shadow value of an additional unit of capital at time t must be equal 

to its after-tax marginal cost.   

Equilibrium Adjustment Policy.  Firms follow a one-sided (s,S) investment rule characterized by 

a cutoff adjustment cost, denoted e
,ĵ t

.  If the realization of the adjustment cost is below the 

cutoff, the firm adjusts its capital stock and pays the adjustment cost.  On the other hand, if the 

realization of the cost is above the cutoff, the firm does not adjust.  The cutoff is a function of the 

firm’s capital stock and of aggregate state variables, including the productivity shock and 

investment supply shock.  Together with the distribution of the shocks, the cutoff determines the 

fraction of firms that adjust in each period. 

Investment Retiming Costs.  In this paper, we introduce a new type of friction that has not been 
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previously studied in the investment literature.  More specifically, firms incur a cost when their 

adjustment policy differs from their steady state adjustment pattern.  This investment retiming 

cost captures time to plan and build required before the actual investment occurs. If firms set 

their plans before observed investment expenditures, they are less willing to change their planned 

investment in response to shocks.  An alternative interpretation is that monitoring markets to 

learn the current values of state variables entails cognitive costs.  We model this planning friction 

by assuming that firms incur costs whenever they alter the cutoffs ,ˆ j te  relative to their steady 

state values ˆ je .Mechanically, if a firm wants to adjust early or late, it must change the cutoff 

shock ,êj t  that characterizes its (s,S) investment rule.  We assume retiming costs take the form 

 ( )2

,ˆ ˆ
2

-
z

e ej t j , (7) 

where the parameter z  determines the magnitude of the costs.  The firm incurs retiming costs 

even if it does not adjust its capital stock. 

To understand how retiming costs affect the firm’s decision, consider the expected value 

of a firm with capital of vintage j at time t prior to the realization of the stochastic adjustment 

cost.  Specifically, the value ,j tv  satisfies 

 ( ) ( ) ( ),

, ,

ˆ 2

, , , ,ˆ ˆ0
ˆ ˆmax

2

e

e e

z
e e e e e

¥ì üï ïï ïé ù= - Y + Y - -í ýê úë ûï ïï ïî þ
ò ò

j t

j t j t

adj non
j t j t j t j t jv V d V d . (8) 

If 0z =  then there are no costs to deviating from the steady state adjustment profile.  In this 

case, the optimal cutoff adjustment cost is simply , , ,ê = -adj non
j t j t j tV V .  This is exactly the case 

considered by Thomas (2002).  At the other extreme, if z =¥ , then firms never deviate from 

their steady state adjustment policy, so e e=
,
ˆ ˆ
j t j

.  For values of the retiming cost parameter z  

between zero and infinity, the optimal cutoff is a weighted average of the two extreme cases:  

 ( )z z
e e

z z

æ ö÷ç ÷= - - +ç ÷ç ÷ç + +è ø, , ,
ˆ ˆ1

1 1
adj non

j t j t j t j
V V . (9) 

When firms face retiming costs, they are less willing to deviate from their steady state 

adjustment patterns in response to changes in capital goods prices and investment subsidies.  

This effect tempers the high elasticity of intertemporal substitution typical of conventional fixed-

cost and neoclassical investment models.  In Section III, we conduct a series of numerical 

experiments to highlight the effects of investment retiming costs on aggregate investment under 
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an investment supply shock, a temporary investment subsidy, and an out-of-state distribution of 

firms over capital vintages.  We show that retiming costs generate specific patterns in aggregate 

investment and have sharp implications for investment tax policy. 

To interpret the retiming cost parameter, we express z  in terms of the minimum benefit b 

the firm requires to be willing to bear the costs associated with changing the adjustment cutoff by 

F, the mean of the fixed cost distribution.  In absolute terms, the costs to the firm associated with 

this change are ( )z 22 F , so the minimum required benefit, as a fraction of firm value, is 

 
z æ ö÷ç ÷= ç ÷ç ÷çè ø

2

2

F
b

V
  (10) 

Aggregation.  Aggregate investment tI  is the sum of firm-level investment.  If a firm with 

capital stock j chooses to adjust, its investment is ( )* * 1
j

t t jk k d-- - .  Therefore, aggregate 

investment is  

 ( ) ( )* *
, ,

1

ˆ 1
J

j

t j t j t t t j
j

I f k ke d-
=

é ù= Y - -ê úë ûå , (11) 

where ,j tf  is the fraction of firms with capital stock of vintage j at time t.  The distribution of 

firms over capital vintages evolves according to  

 ( ), 1, 1 1, 1ˆ1j t j t j tf f e- - - -
é ù= -Yê úë û  (12) 

for 1 j J£ £ .  For 0j = , we have  

 ( )0, , ,
1

ˆ
J

t j t j t
j

f fe
=

= Yå . (13) 

Investment Supply.  The supply of investment is governed by an isoelastic supply curve  

 ( )
1

t t tp X I I x= ⋅ , (14) 

where x  is the elasticity of investment supply, I  is steady state investment and tX  is a cost 

shock. 

Shocks.  The investment supply shock has a permanent component, and a transitory component, 

which is assumed to be AR(2): 
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 e

r r e
-

- -

= +

= +

= + +
1

1 1 2 2

,

,

.

perm trans
t t t

perm perm perm

t t t
trans trans trans trans

t t t t

x x x

x x

x x x

  (15) 

The productivity shock is a random walk with drift: 

 e-= +
1

z

t t t
z z . (16) 

In addition to the supply and demand shocks, the model also features investment subsidy shocks 

ti , which are assumed to be temporary and unanticipated. 

  



11 

III. NUMERICAL EXPERIMENTS 

We illustrate the effects of investment retiming costs by simulating the behavior of the model in 

response to three types of shocks.  We consider an investment supply shock, an investment tax 

subsidy like the one in Adda and Cooper (2000), and the equilibrium associated with an initial 

out-of-steady-state distribution of firms over capital holdings.  We consider five different values 

of the investment retiming costs.  As a fraction of total firm value, these values are 0, 0.05 

percent, 0.1 percent, 0.5 percent, and one percent.  The higher values exceed the range we would 

expect to find in the data, however including these values is useful as an upper bound on the 

magnitude of the effects our model is able to generate using reasonable parameter values. 

Calibration and Solution.  To illustrate the behavior of the model, we calibrate it with a set of 

plausible initial parameter values.  We then catalogue the model’s reaction to a variety of shocks.  

We set the returns to scale parameter a  to 0.9 and the investment supply elasticity x  to 5, which 

is close to the estimates in House and Shapiro (2008).  The baseline depreciation rate d  is 10 

percent annually. The baseline discount rate r is 2 percent annually.  A 10 percent depreciation 

rate is similar to the depreciation rates of many types of equipment.  Cooper et al. (1999) find 

that each year, roughly one out of every five manufacturing plants experiences an “investment 

spike,” which they define as an increase in plant-level capital of at least 20 percent.4  The 

autoregressive parameters of the investment supply shocks, 
1
r  and 

2
r  are set to 1.6 and -0.65...  

The baseline parameter values are summarized in Table 1. 

The equations governing the model are linearized around a non-stochastic steady state 

and a rational expectations equilibrium is computed with the Anderson-Moore (AIM) algorithm.  

The remaining details of the numerical procedure are presented in Appendix A. 

Supply Shock.  We consider a positive temporary innovation of one percent to the investment 

supply shock tX  in equation (14).  This shock temporarily increases the price of capital goods, 

but it does not have substantial consequences for the long-run value of investment.  The literature 

on investment supply shocks, notably Justiniani, Primiceri and Tambalotti (2011) and Schmitt-

Grohe and Uribe (2012) interprets temporary investment supply shocks as distortions to the 

                                                 
4 Cooper et al. [1999] base their findings on data from the Longitudinal Research Database (LRD), which includes 
most U.S. manufacturing plants. 
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marginal efficiency of investment, for example disturbances to the financial sector to transform 

savings into future capital input, and account for most of the business cycle variation in the 

models considered by these authors. 

 Figure 1 shows the system’s reaction to the temporary supply shock.  The top panel 

shows the supply shock variable itself, which features a hump-shaped response to the innovation 

because it is modeled as an AR(2) process.  The middle panel shows the response of aggregate 

investment and the lower panel shows the response of the price level under the five adjustment 

costs parameters listed above. 

In the absence of retiming costs (blue line), aggregate investment sharply drops as firms 

delay adjusting their capital stocks.  In the first period, the one percent investment supply shock 

causes investment to fall by almost 5 percent and the equilibrium price of new capital goods 

changes only slightly in response to the shock. This response illustrates the high intertemporal 

elasticity of investment in conventional fixed-cost models.  If the intertemporal elasticity of 

investment demand were infinite, then the price would not change at all and there would be 

exactly a 5 percent change in the quantity of investment (recall that our calibration of the supply 

elasticity was 5.0). The actual elasticity is not infinite but it is so large that the actual equilibrium 

outcome is close to this limiting case. 

In contrast, investment retiming costs reduce the number of firms who delay adjustment 

in response to the supply shock.  The drop in aggregate investment is less pronounced as 

retiming costs increase, while prices substantially increase.  For sufficiently high investment 

retiming costs, aggregate investment increases above its steady state level in the first period as 

firms anticipate high capital goods princes in future periods. 

 Lastly, investment retiming costs also induce predictable changes in the prices of 

investment goods in the long run.  The response of the system to the supply shock displays a 

modest, but clear echo effect at the baseline capital adjustment horizon of 10 years.  The echo 

reflects a fraction of firms who had delayed their investment when the shock hit the system.  

These firms remain on a delayed adjustment schedule, reducing investment demand and causing 

a drop in investment prices, while investment retiming costs prevent other firms from adjusting 

the pattern of their investment decisions to take advantage of temporarily low prices.  In contrast, 

without investment retiming costs, the near infinite elasticity of intertemporal substitution causes 

firms to arbitrage away predictable movements in prices and thus eliminates the echo effects. 
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 If we interpret temporary investment supply shocks as disturbances to the financial 

sector, these results indicate that retiming costs play an important role in limiting the ability of 

these disturbances to drive business cycle fluctuations.  In the model, even moderate retiming 

costs of 0.05 percent reduce the short-run fall in aggregate investment by almost half.  To the 

extent that retiming costs vary by industry, evidence of retiming costs in the data would help 

policy makers identify which sectors of the economy are more resilient to temporary investment 

supply disruptions. 

Investment Tax Subsidy.  We consider a sequence of back-to-back temporary investment tax 

subsidies of 10 percent.  This experiment is a stylized version of the policy variations studied by 

Adda and Cooper (2000).  Adda and Cooper analyze a French auto scrapping subsidy which paid 

individuals to scrap their old cars and purchase new ones.  They focus on the evolution of the 

cross-sectional distribution of car vintages in response to the policy and argue that the resulting 

distributional dynamics would alter the outcome of the tax policy. 

 The top panel of Figure 2 shows the two temporary 10 percent subsidies, each lasting for 

one year, timed so that the second subsidy arrives one year after the end of the first one.  We 

assume each subsidy is unanticipated.  The middle panel shows the response of aggregate 

investment and the lower panel shows the response of investment prices.  In the conventional 

case of no retiming costs, both aggregate investment and capital goods prices rise sharply.  The 

ten percent incentive causes investment to increase by roughly 50 percent while the incentive is 

in effect.  The second subsidy is almost equally effective in stimulating investment as the first 

round.  While aggregate investment slightly falls after each subsidy expires, the effect is barely 

noticeable. 

Investment retiming costs temper the effects of the subsidies.  Notice that the response to 

the second subsidy is markedly less pronounced than the response to the first round in the 

presence of the retiming costs.  Many firms who have just adjusted their capital stocks during the 

first subsidy are not willing to invest again when the second subsidy is offered because two back-

to-back investment episodes would represent a large, costly deviation from their steady-state 

investment timing.  This is exactly the type of effect that Adda and Cooper (2000) anticipated, 

though our result relies directly on the investment retiming friction. 

A striking implication of retiming costs is that investment falls immediately after the 

subsidy expires.  For sufficiently high values of the retiming cost parameter, the increase in 
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investment during the subsidy is almost entirely offset by the investment decline following the 

expiration of the subsidy.  The subsidy causes some firms to invest while it is in effect.  These 

firms will then be unwilling to invest again after the subsidy expires because such investment 

would happen too soon relative to the firms’ steady state adjustment horizon. 

The drop in investment immediately after a temporary subsidy is a feature of many partial 

equilibrium investment models.  Indeed, it is also present in our specification without retiming 

costs, although in that case it is extremely attenuated.  Cohen and Cummins (2006) exploited the 

“pothole” effect to examine the effectiveness of the 2002 and 2003 “bonus depreciation” 

episode.  Businesses were temporarily allowed to deduct an additional 30 percent, later expanded 

to 50 percent, of the cost of qualifying investment in the first year. Cohen and Cummins used a 

differences-in-differences identification strategy, which in addition to the pothole considers 

cross-sectional variation in the useful lives of equipment, and found only limited evidence that 

bonus depreciation affected spending.  Their conclusions are consistent with the adjustment cost 

specifications in our model, which produce more attenuated investment dynamics following the 

temporary subsidy. 

Mian and Sufi (2012) drew similar conclusions in their study of a related form of fiscal 

stimulus, the 2009 Cars Allowance Rebate System (CARS) program, also known as Cash for 

Clunkers.  The program offered temporary incentives for households to trade in their older 

vehicles for new fuel-efficient cars.  Using variation in the distribution of clunkers across cities 

before the policy, Mian and Sufi showed that the program succeeded only in shifting the timing 

of car purchases.  Although households increased purchases contemporaneously with the 

subsidy, this increase was followed by an offsetting decline after the incentive expired. 

Lastly, we note that as in the case of the investment supply shock, high investment 

adjustment costs induce echo effects in investment and capital goods prices at the 10-year 

steady-state adjustment horizon. 

An Out-of-Steady State Initial Distribution.  In our third experiment, we consider the equilibrium 

path of investment and prices when the system begins with an out-of-steady-state distribution.5  

The specific example considered is a distribution with an unusually large number of firms with 

capital between 4 and 6 years old.  The distribution is depicted in the top panel of Figure 3.  The 

                                                 
5 This experiment is inspired by Gourio and Kashyap (2007).  House (2014) also considers the Gourio and Kashyap 
experiment in his analysis of long-lived investment. 
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steady state distribution (dark line) is included for comparison.  Because the out-of-steady-state 

distribution has twice as many firms with five-year-old capital, one would anticipate that, in 

roughly 5 years, prices and investment would rise dramatically as these firms approach the 

adjustment trigger.  If firms could not change the timing of investment at all, then aggregate 

investment would rise by 100 percent in roughly 5 years. 

Figure 3 presents the equilibrium path of investment given the initial distribution shown 

in the top panel.  The middle panel shows the reaction of aggregate investment.  Without 

investment retiming costs, or with sufficiently low investment retiming costs, the distorted initial 

distribution has little bearing on the equilibrium.  The conventional supply and demand 

prediction that prices and investment should rise as the mass of firms adjusts is present, but is 

quantitatively negligible relative to the magnitude of the distributional change.  While there are 

twice as many firms with five-year-old capital, instead of an increase of 100 percent, investment 

rises by less of one percent. 

Investment retiming costs amplify fluctuations in aggregate investment and prices 

resulting from the out-of-steady-state distribution.  If investment retiming costs are roughly 5 

percent then aggregate investment rises by more than 10 percent when the mass of firms with 

five-year-old initial capital reach their adjustment trigger.  The magnitude of the effect increases 

sharply with retiming costs.  If retiming costs equal 10 percent, aggregate investment rises by 

more than 15 percent.  As in the other two numerical experiments, there is a noticeable echo 

effect at the 10-year adjustment horizon. 

Summary.  Several clear patterns emerge from the numerical experiments presented above.  First, 

in the presence of investment retiming costs, investment is less sensitive to shocks to the supply 

of capital goods.  Second, the effectiveness of temporary investment subsidies is reduced.  

Lastly, with retiming costs, there can be predictable variations in after-tax investment prices.  

Without retiming costs, anticipated changes in after-tax prices would cause a large number of 

firms to alter the timing of their investment decisions, arbitraging away such price changes.  The 

retiming costs limit the extent to which this arbitrage occurs.  Third, with retiming costs, 

variations in the distribution of capital holdings across firms have quantitatively significant 

influences on economic activity.  Finally, both investment and prices display noticeable echo 

effects. 
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If there are costs of adjusting the timing of investment then we would expect to observe the same 

patterns described above in the actual investment data. In particular, we would expect that 

changes in capital goods prices would be somewhat predictable and we would expect to find a 

relatively large autocovariance occurring at the typical investment horizon. Estimates of actual 

autocovariance functions for real investment spending do in fact suggest that autocovariances are 

particularly high for some investment types at horizons of roughly 5 years. In addition, actual 

real relative prices for investment goods are moderately forecastable at horizons of 1-2 years 

suggesting that the elasticity of investment demand is not as high as neoclassical investment 

models would indicate. While such statistics would be expected in the presence of investment 

timing adjustment costs, they are not direct evidence of the timing adjustment costs themselves 

and so we do not pursue these empirical tests further in this paper. Appendix A presents a short 

discussion of these empirical patterns as they relate to investment timing adjustment costs.  

Empirical evidence.  Empirical evidence for the retiming costs considered in this paper can in 

theory be obtained by estimating the structural parameters of the model, including the adjustment 

cost parameter b.  In the presence of retiming costs, we would expect to find the same patterns 

described above in the actual investment data.  For plausible values of the retiming costs, 

however, the magnitude of the effects would be subtle, which poses challenges for identification.  

Indeed, we find only limited evidence that firms face costs when they retime their investment 

decisions.  We describe our estimation approach, results, and identification challenges in 

Appendix A. 

 In Figure 4, we present visual evidence that retiming costs generate realistic investment 

autocovariances. that would otherwise not emerge in the fixed costs model.  We compare the 

autocovariance function for fabricated metal6 with autocovariances from the model with different 

retiming cost parameters.  The simulations use an adjustment horizon T = 5 years and the 

depreciation rate of fabricated metals d  = 0.09 annually.  The other parameters are the baseline 

parameters in Table 1.  The figure shows that without retiming costs, the model produces a 

smoothly declining autocovariance series.  As retiming costs increase, the series becomes hum-

shaped and is close to the curve obtained from the actual data for b = 0.01 and b = 0.05.  

Although for other types of capital goods the simulated patterns are not as close to the data as for 

                                                 
6 The shape of the autocovariance function is not an artifact of the HP filter used to detrend the data.  In Figure 5, we 
show that the shape of the autocovariance series is preserved for reasonable smoothing parameters. 



17 

fabricated metals, this suggests that a different identification strategy may be able to take 

advantage of these patterns and estimate adjustment costs in the data.  We leave this exercise for 

future research.  
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IV. CONCLUSION 

We analyze a model of lumpy investment in which firms face both standard adjustment costs and 

investment retiming frictions that temper firms’ intertemporal elasticity of substitution.  We use 

the model to simulate the response of investment and capital goods prices to an investment 

supply shock, a temporary investment subsidy, and we explore the effects of an out-of-steady 

state distribution of firms over capital vintages for aggregate investment.  We find that in the 

presence of retiming costs, the implications of the model are substantially different than those of 

conventional fixed-costs investment model.   

With retiming costs, micro-level heterogeneity in the distribution of capital holdings 

across firms affects the dynamics of aggregate investment quantities and prices.  Retiming costs 

induce predictable movements in the prices of capital goods, as firms are less willing to deviate 

from their steady-state investment patterns, thus do not arbitrage away such movements. 

Importantly, if retiming costs are high, investment is less responsive to temporary investment 

supply shocks that drive business cycle fluctuations. 

The model offers sharp predictions for the effectiveness of temporary investment 

stimulus. Without retiming costs, temporary subsidies strongly increase investment 

contemporaneously, while the decline in investment after the subsidies expire is negligible.  In 

contrast, if firms do face retiming costs, they are less willing to increase investment while 

subsidies are in effect.  Furthermore, the temporary increase in investment is followed by a 

substantial, potentially offsetting decline once the subsidy is no longer offered.  In this case, the 

dynamic effects limit the overall effectiveness of the subsidy, which succeeds only in shifting the 

timing of investment. 
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EQUATION CHAPTER  1 SECTION 1APPENDIX A. MODEL SOLUTION AND  

STRUCTURAL ESTIMATION 

In this appendix, we discuss the direct inference structural estimation of the model parameters.  

The empirical strategy is to match moments generated by the model with their reduced-form 

analogues estimated using data on investment, capital goods prices and investment subsidies.  

We start by presenting the data and methodology, then we present our results and expand on the 

reasons the identification of the structural parameters faces considerable challenges. 

Research Design.  Our empirical research design uses data on aggregate investment quantities 

and prices.  The data is disaggregated according to BEA underlying detail tables for investment.  

Unlike many other papers in the literature, we do not use “micro-data” to study the effects of 

lumpy investment. 

Micro-data sets like the Longitudinal Research Database (LRD) have some advantages 

that we forego in our analysis.  Among other things, micro-data offer detailed information on 

plant level investment.7  The lack of direct observations on firm-level investment and on the 

distribution of firms across capital holdings is a serious drawback of our empirical approach.  

Firm-level adjustment patterns and the distribution of capital holdings feature prominently in the 

theory and in much of the existing empirical research on lumpy investment.  That said, there are 

reasons that such observations may not be essential to understand aggregate investment.  Indeed, 

in conventional models with no retiming costs, the distribution of firms over capital holdings has 

virtually no implications for the timing of investment at all. 

At the same time, our aggregate data has advantages relative to micro-data.  First, the 

investment figures in micro-data sets are a combination of many different types of capital goods, 

some which are subject to fixed adjustment costs and some which are not.  Furthermore, the 

micro-data sets contain virtually no information on investment prices.  The main advantage of 

our approach is the explicit treatment of prices.  Current and expected future prices of capital 

goods are critical factors for firms’ investment decisions.  The dynamics of aggregate prices 

offer insight into the investment adjustment process at the firm level.  Our numerical 

experiments illustrate the specific patterns that may provide evidence of investment retiming 

                                                 
7 See for example, Cooper and Haltiwanger (1993), Doms and Dunne (1998). 
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costs.  In the presence of such costs, aggregate investment prices should display predictable 

changes over time.  In contrast, without retiming costs, prices should roughly follow a random 

walk. 

Data.  We use data on nominal investment spending and investment prices from the Bureau of 

Economic Analysis’ (BEA) underlying detail tables and data on the production of capital goods 

from the NBER Productivity Database.  These data form a panel of investment quantities and 

prices by type.  We exclude computers and software because these categories exhibit extreme 

movements in prices and are notoriously difficult to measure.  Depreciation rates for each type 

come from Fraumeni (1997).  Our panel has 42 types of investment goods with quarterly 

observations from 1965:1 to 2005:4.  Let 1,..., 42m   denote an arbitrary type of investment.  

Real investment purchases of type m investment are calculated by dividing nominal investment 

purchases for type m by the price index for that type.  The pre-tax relative price for type m 

capital is defined as the mth price index divided by the price index for nondurable consumption 

from the National Income and Product Accounts (NIPA). 

Investment Supply.  We specify an isoelastic investment supply curve for aggregate investment.  

The baseline supply elasticity is a supply elasticity of 0.74 for equipment and 1.16 for structures.  

Because the supply elasticity has important effects on the behavior of the system, we also 

conduct a sensitivity analysis in which we consider higher elasticities. 

Investment Demand Estimation.  We investigate the extent to which the key determinants of 

investment demand at the firm-level can explain the observed features of aggregate investment 

and investment goods prices.  We model investment demand as described in Section II.  In the 

model, the response of firms to investment goods prices and current macroeconomic conditions 

is governed by several parameters:  the cost of retiming investment b, the adjustment horizon T , 

returns to scale at the firm-level a  and the variance of productivity shocks 2
Zs .  For each type of 

investment m, we estimate 2,, , ,m m m m
Zb T a sé ùê úë û  by the method of simulated moments (MSM). 

Extensive-Only Case.  The quantitative model assumes each firm is free to choose its optimal 

reset capital stock.  The firm faces two decisions: on the extensive margin, the firm decides 

whether to adjust its capital stock in the current period; on the intensive margin, the firm chooses 
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the optimal level of the reset capital stock.  We refer to this setting as the intensive case.  For the 

purpose of structural estimation, we consider a simplified version of the model in which the firm 

is constrained to adjust to a fixed (time-invariant) reset capital stock every period.  We refer to 

this variant of the model as the extensive-only case.  This assumption allows us to isolate the 

implications of retiming costs when firms experience various shocks. 

Moments: The features of the data we would like to match include the variances and the 

covariance of investment quantities and prices; the response of investment goods prices to 

investment subsidies; the forecastability of investment goods prices; and the cyclical properties 

of investment.  Therefore the moments we match are the OLS estimates for a series of equations 

specified to capture these empirical features. 

 The moments include the variances and covariance of investment and prices for each type 

m, denoted ˆm
I
v , ˆm

p
v  and 

,
ˆm
I p
c .  We use the natural log of the aggregate investment and price series, 

detrended with the HP filter with smoothing parameter 1,600.  These moments help identify the 

variance of investment demand shock, and their magnitude relative to investment supply shocks. 

 The effect of investment subsidies on the prices of investment goods is estimated using a 

specification inspired by Goolsbee (1998): 

 2 1,
0 1 2 3ln m m m m m m m m

t t t tp t t Qb b b b i n= + + + +G + , (1) 

where tQ  is a vector of macroeconomic covariates – detrended log GDP, the log of oil prices, a 

dummy variable for the Nixon price controls, and a measure of stock market volatility.  In our 

MSM procedure, we match the coefficient for the comprehensive tax subsidy 3
mb . 

 In the model, firms that face substantial costs to retiming their investment decisions are 

not able to take advantage of forecastable changes in after-tax prices.  Consequently, the after-tax 

prices of capital goods may display forecastable movements in equilibrium.  In contrast, if the 

costs to deviating from the steady state adjustment pattern are negligible, the after-tax prices of 

investment goods will be close to a random walk.  The forecastability of after-tax prices has, 

therefore, important implications for the parameters of our model.  We capture the extent to 

which prices are forecastable by matching a simple reduced-form auto-regression of the 

subsidized price: 
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 ( )
4

2,
0

1

ln (1 ) ln (1 )i g g i n- -
=

é ù é ùD - = + D - +ê ú ê úë û ë ûåm m m m m m m
t t j t j t j t

j

p p . (2) 

The coefficients gmj  serve as additional moments for our MSM procedure.  The coefficient 

estimates from real after-tax price regression for Fabricated Metals are presented in Table A.1.  

 The cyclical properties of investment provide information about both the steady-state 

adjustment horizon T  from the model, and the magnitude of retiming costs.  The model predicts 

that in the presence of substantial retiming costs, the investment series will display echo effects 

at the adjustment horizon.  In the data, these echoes roughly correspond to long-run humps in the 

autocovariogram of investment.  We estimate autocorrelations up to 40L=  quarters for each 

investment type m using equations of form 

 , , 2,
0 1p p n +

-= + + m m l m L m l m
t t l tI I , (3) 

for 1, ,l L=  , where m
tI is the natural log of investment for type m, detrended with the HP filter 

with smoothing parameter 1,600. The complete set of moments for each type of investment 

goods m is ,1 ,
, 3 1 2 3 4 1 1

ˆˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ ˆ, , , , , , , , , , 'm m m m m m m m m m m L
I p I pM v v c b g g g g p pé ù= ê úë û .  We estimate a total of L+5 

regressions for each type.  The residuals from these regressions, 1, 2, 5,, , ,m m L mn n n + , are used to 

construct an approximate covariance matrix for the moments, whose inverse becomes the 

weighting matrix for MSM estimation. 

Weighting Matrix:  We exploit the covariance of the moments to improve the efficiency of our 

MSM estimator.  The covariance matrix of the moments is  

 n
- -= 1 1ˆ ˆ( ' ) ' ( ' )m m m m m m m m

M
V Q Q Q V Q Q Q , (4) 

where n̂
mV  is an estimate of the contemporaneous covariance of the errors from all of the 

regressions, and mQ is a block-diagonal matrix, with each block made up of the covariates from 

one of the L+5 regressions.  The covariance of the errors n̂
mV  is constructed using two 

simplifying assumptions.  First, the errors for each regression are homoskedastic without serial 

correlation.  Second, we estimate only the contemporaneous cross-correlations between errors 

from different regressions.  The weighting matrix for the MSM procedure for investment type m 

is then ( ) 1ˆm m
M

W V
-

= . 



26 

Simulation: The equations governing the model are linearized around the non-stochastic steady 

state.  Using the Anderson-Moore (AIM) algorithm, we compute a rational expectations 

equilibrium.  The linear solution of the model implies a VAR process 

 ( ) ( )1
m m

t t tY F Y Gq q e-= + . (5) 

Here qm  is a vector of known and unknown parameters and Y is a vector of all variables in the 

system including the shocks, and the distribution of capital holdings across firms.  The parameter 

vector qm  includes investment supply parameters , ,
,1 ,2[ , , , , ]q x r r s s=m m m m perm m trans

S x x x x  estimated as 

described above, as well as investment demand parameters [ , , , ]m m m m m
D Zb Tq a s= . The transition 

matrix F and the matrix G that relates structural and reduced-form innovations are functions of 

the parameter vector qm . 

Given a set of parameters, we draw 500N =  sets of normally distributed permanent 

supply, transitory supply and permanent demand shocks8, and we generate simulated investment 

and investment price series of the same length as the observed data series from the BEA.  Firms 

are allowed to adjust only at the extensive margin.  Although this assumption is restrictive, it 

helps identify the planning horizon T and the adjustment retiming cost parameter b , eliminating 

variation in the simulated series due to changes in the reset capital stock.  The depreciation rate 

for each type is as taken from Fraumeni (1997).  The real rate of return r  is set to 2 percent 

annually, consistent with U.S. post-war real interest rates.  The investment subsidy variables 

correspond to the observed ITC and tax depreciation schedules (including the so-called bonus 

depreciation policy in 2002-2005).  For purposes of forming expectations, we assume that firms 

view all changes in investment tax subsidies as permanent.9  Therefore, expectations of the ITC 

are governed by: 

 1
ii i e-= +t t t . (6) 

This strong assumption may have a material effect on our estimates.  However, it is a reasonable 

characterization of U.S. tax policy, considering that temporary subsidies often become long-

lasting.  Furthermore, estimates of the persistence of the investment subsidy are unable to reject a 

unit root. 

                                                 
8 The “permanent” shocks in the system are actually trend stationary.  The AR roots are set to 101 1 10-- ´ , as our 
solution method requires that the system is strictly stationary. 
9 As above, for strict stationarity, the ITC has an AR coefficient of 101 1 10-- ´ . 
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 For each simulated series 1, ,n N=  , we estimate the moments , ( )m n m

D
M q  by OLS as 

described above, treating the simulated data symmetrically to the observed data series.10  The 

MSM estimator is 

 ˆ argmin ( ) ' ( )
m
D

m m m m m m m m

D D D
M M W M M

q
q q qé ù é ù= - -ê ú ê úë û ë û . (7) 

Here ( )m m

D
M q  is the average of the moments over the N simulations, i.e. 

( ) ,

1
( ) 1 ( )

Nm m m n m

D Dn
M N Mq q

=
= å .  We minimize the MSM objective function numerically.  We 

compute analytical standard errors based on the asymptotic distribution of the MSM estimator as 

a special case of a direct inference estimator in Gourieroux, Montfort and Renault (1993). 

Structural Estimates.  In this section, we present our structural estimates for the extensive-only 

specification.  Table A.2 shows results for equipment, and Table A.3 shows results for structures. 

Retiming Costs.  Of particular interest to our study is the degree to which firms can adjust the 

timing of large investment episodes.  This is captured by the parameter b , which represents the 

minimum benefit, expressed as a fraction of firm value that the firm requires to alter the timing 

of its investment relative to the steady-state pattern, given investment retiming costs.  For many 

types, this parameter estimate is less than one percent of the steady-state value of the firm.  

However, there are several types of equipment investment goods in Table A.2 that appear to 

have substantial costs associated with varying the timing of adjustment.  Medical equipment and 

instruments, nonmedical instruments, metalworking machinery, general industrial equipment and 

automobile investment all have retiming costs that exceed one percent.  Some of the estimates 

exceed 10 percent of the value of the firm.  In Table A.3, we do not find evidence of high 

retiming costs for any type of structures investment.  Surprisingly, among equipment investment, 

but not among structures investment, there are several types of capital goods that seem to exhibit 

empirical patterns that are close to fixed (s,S) rules at the aggregate level. 

                                                 
10 The macroeconomic covariates 

t
Q  are excluded from equation (1), since these variables play no role in the 

quantitative model.  This will not bias the coefficient estimate in the model though with a finite sample of 
observations it would reduce the precision of the estimate.  This is fortunately not a concern for the simulation since 
we simulate a sufficiently large set of observations so that the coefficient is determined exactly.   
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Adjustment Horizon.  The estimated adjustment horizons T display wide variation, ranging 

between 8 and 20 years for most types.  Furthermore, some of our preliminary estimates are as 

high as 25 years.  The standard errors are extremely large in many cases, indicating that the 

timing horizon is imprecisely estimated.  Even in our numerical exercises, the echo effects that 

would help identify this horizon are modest.  If such dynamics are present in the data, they may 

be obscured by various other shocks affecting the demand and supply of investment goods. 

 Our adjustment horizon estimates are high relative to standard calibrations in the 

literature.  Many other researchers calibrate models to imply an average adjustment horizon of 

roughly 5 to 6 years.  This calibration is based on patterns of “investment spikes” taken from 

micro data.  Since investment spikes occur in roughly 20 percent of year-plant observations, 

calibrated models typically have 5-year adjustment horizons.  However, the definition of an 

investment spike is arbitrary.  Cooper and Haltiwanger (1993, 2006) define an investment spike 

as a year plant observation in which capital increases by more than 30 percent.  If this cutoff 

were increased, the micro data would indicate a lower frequency of lumpy investment and thus a 

longer adjustment horizon. 

Returns to scale.  The returns to scale parameter a  is also of interest.11  The estimates of this 

parameter vary between 0.45 and 0.99, with an average of roughly 0.80.  There are no systematic 

differences between returns to scale for equipment and structures. This range is comparable to 

the estimates in Cooper and Haltiwanger (2006).  

Interpretation and implications.  Our estimates suggest that there is at least some evidence that 

for certain types of capital goods firms are resistant to making large changes in the timing of 

investment.  We should emphasize that these estimates correspond to aggregate behavior and it is 

not necessary for these estimates to match up with micro estimates.  For a stark example of this, 

suppose most of the firms as the micro level follow fixed (s,S) rules but that there is a modest 

fraction that follow state-dependent (s,S) policies as in Thomas (2002), Gourio and Kashyap 

(2007) and House (2008).  In this case, the micro data would suggest that most firms were unable 

(or unwilling) to change the timing of their investment decisions.  In contrast, the firms that are 

able to change their investment timing effectively arbitrage predictable movements in after-tax 

                                                 
11 The returns to scale parameter may not reflect technical or productive returns to scale but may instead reflect 
market power as described by Cooper and Haltiwanger 2006). 
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prices.  In this example, while the micro estimates would indicate that most firms were reluctant 

to change the timing of investment, the aggregate estimates support modeling aggregate 

investment as though firms could alter investment timing freely.  In this situation, researchers 

could use standard neoclassical investment models to describe equilibrium investment and 

prices. 

Although we find considerable heterogeneity across the types of investment goods 

included in our analysis, the estimates suggest that in some cases retiming costs are substantial.  

For these types of investment goods, the cross-sectional distribution of capital holdings matters 

at the aggregate level.  Our model with explicit costs of retiming investment decisions offers an 

advantage over conventional investment models for these types.  For many other types of 

investment goods, however, we do not find compelling evidence that retiming frictions affect the 

aggregate dynamics of investment and capital goods prices. 

Identification.  For many types of investment goods, the key parameters that govern investment 

demand at the firm level are imprecisely estimated.  If investment retiming costs are low, returns 

to scale a , the steady-state timing horizon T and the variance of investment demand shocks s2
Z

 

are not well identified.  Indeed, the numerical experiments in Section III suggest that absent 

substantial retiming costs, predictable movements in aggregate investment prices—echo effects 

at the adjustment horizon and any effects of the distribution of firms across capital holdings on 

the equilibrium are negligible.  Furthermore, if returns to scale at the firm level a  are close to 

unity, firms are more willing to retime their investment decisions.  With constant returns to scale, 

the value of an additional unit of capital is roughly constant, regardless if firms have outdated 

capital stock, or have adjusted their capital stock recently.  We find that for many types of 

investment goods, returns to scale are indeed close to unity.  In this case, we expect that we are 

not able to precisely estimate the other parameters governing firms’ investment decisions. 

 In other words, the identification of the key parameters of investment demand does not 

depend only on the data, but also on the values of the true parameters.  Simulation experiments 

confirm this intuition. We consider three different values of the retiming cost parameter b: 

0.0001, 0.01 and 0.1, and three values for returns to scale a : 0.6, 0.8 and 0.99.  For all 

combinations of the two parameters, we simulate aggregate investment and price series of the 

same length as the panel of BEA data.  We then estimate the parameters governing investment 
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demand ( 2, , , Zb T a s ) using the same MSM procedure presented in Section A.4 that we apply to 

actual data.  We repeat the experiment for each combination of parameters, and compare both the 

average estimates to the true parameters of the model, as well as the standard deviation of the 

estimates to the average analytical standard errors.  Table A.4. summarizes the results of these 

experiments.  As expected, when the retiming cost parameter is low, the other parameters are 

imprecisely estimated.  The analytical standard errors are much larger than the empirical 

standard deviations, and both types of standard errors are significant. 

 When firms face costs to retiming their investment decisions, they are less willing to 

delay or accelerate investment relative to steady state patterns to take advantage of predictable 

movements in investment goods prices.  Aggregate prices should, therefore, display such 

movements in equilibrium.  In contrast, in the absence of retiming costs, firms arbitrage away 

any predictable variations in prices, and prices should be close to a random walk.  The 

identification of investment retiming costs in our model thus relies crucially on the properties of 

aggregate price series.  We conduct augmented Dickey-Fuller (ADF) tests for the presence of 

unit roots in after-tax real investment prices for each of the 42 types of capital goods in our 

panel.  Both the estimated regression model and the underlying data generating process are 

assumed to have a drift and a time trend.  We consider two specifications: in the first version, we 

impose four lags for all types; in the second, we allow for lag order uncertainty and estimate the 

lag order using the criterion proposed by Ng and Perron (1995).  When we impose the lag order, 

we fail to reject the null of a unit root at the 10% confidence level for all types of investment 

goods, with the exception of other power equipment and railroads, for which we only fail to 

reject the null at the 5% confidence level. When we estimate the lag order, we still fail to reject 

the presence of a unit root at the 10% level for most types.  We fail to reject it at the 5% level for 

manufacturing equipment and mining equipment, and reject it for other power equipment and 

single-family structures. The ADF statistics are presented in Table A.5.  Although ADF tests are 

biased towards failing to reject the null, these results indicate that the prices of investment goods 

are indeed close to a random walk. 
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TABLE 1.  BASELINE PARAMETERS 
 

Parameter Baseline Value 

Discount rate, annual ( r ) 0.02 

Depreciation rate, annual (d ) 0.10 

Curvature of profit function (a ) 0.90 

Steady state adjustment horizon (T ) (years) 10.00 

Elasticity of aggregate investment supply ( x ) 5.00 

First autoregressive root of supply shock (
1
r ) 1.60 

First autoregressive root of supply shock (
2

r ) -0.65 
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TABLE A.1. FORECASTABILITY OF INVESTMENT PRICES: FABRICATED METALS 

 
 

constant g 1 g 2 g 3 g 4

0.1882 -0.0024 -0.0644 0.0775 0.1158 

(0.2246) (0.0800) (0.0798) (0.0798) (0.0804)

Real After-Tax Price Regression

[ ] ( )
4

0
1
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TABLE A.2. INVESTMENT DEMAND ESTIMATES: EQUIPMENT 

 
  

b a s Z
2 T b a s Z

2 T

0.21 0.77 0.01 11.23 0.00 0.45 0.01 17.53 
(0.03) (0.09) (1.10) (1.31) (0.00) (0.14) (0.33) (14.46)
0.04 0.99 0.01 12.99 0.00 0.99 0.01 9.08 

(0.37) (0.03) (1.96) (43.01) (0.00) (0.97) (1.92) (144.85)
0.10 0.98 0.01 17.24 0.00 0.99 4.70 10.64 

(0.10) (0.22) (3.00) (32.18) (0.00) (8.63) (2.00) (588.82)
0.04 0.99 0.01 23.30 0.00 0.96 0.16 6.87 

(0.11) (0.01) (0.36) (58.50) (0.01) (0.55) (2.65) (11.45)
0.00 0.99 0.00 7.97 0.00 0.95 0.03 6.35 

(0.00) (0.01) (0.92) (2.70) (0.00) (0.22) (1.49) (3.62)
0.00 0.77 0.01 5.22 0.00 0.47 4.25 25.00 

(0.00) (4.34) (2.27) (5.60) (0.00) (0.04) (1.19) (10.00)
0.00 0.98 14.23 8.99 0.06 0.45 4.15 18.01 

(0.00) (10.28) (11.39) (394.59) (0.02) (0.04) (1.77) (1.78)
0.16 0.93 3.55 13.24 0.00 0.99 0.06 25.00 

(0.22) (0.77) (1.70) (3.24) (0.00) (0.05) (0.04) (263.60)
0.05 0.98 0.01 15.91 0.16 0.95 0.01 11.92 

(0.02) (0.25) (1.18) (10.14) (0.21) (0.35) (2.53) (4.13)
0.07 0.52 3.64 16.67 0.00 0.73 0.00 24.99 

(0.01) (0.05) (3.70) (0.84) (0.00) (0.06) (0.29) (9.76)
0.07 0.99 0.01 18.17 0.05 0.45 0.01 20.33 

(0.07) (0.01) (2.89) (28.10) (0.01) (0.11) (0.60) (4.66)
0.00 0.45 8.55 6.06 0.00 0.89 0.00 6.34 

(0.00) (1.80) (4.77) (0.25) (0.00) (1.39) (0.31) (20.02)
0.00 0.87 3.44 6.92 0.00 0.65 0.01 5.82 

(0.00) (2.69) (1.11) (54.00) (0.00) (0.13) (7.62) (22.55)
0.13 0.91 8.28 14.47 

(0.02) (0.34) (2.97) (1.46)

Communication equipment

Medical equipment and instruments

General industrial

Electrical transmission, dist

Trucks, buses, and truck trailers

Autos

Nonmedical instruments

Photocopy and related equipment

Office and accounting equipment

Fabricated metal products

Steam engines

Internal combustion engines

Other electrical equipment

Other construction machinery

Mining and oilfield machinery

Service industry machinery

Household furniture

Other furniture

Household appliances

Aircraft

Ships and boats

Railroad equipment

Farm tractors

Other agricultural machinery

Construction tractors

Metalworking machinery

Special industry machinery, n.e.c.
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TABLE A.3. INVESTMENT DEMAND ESTIMATES: STRUCTURES 

b a s Z
2 T

0.00 0.45 0.01 24.65 
(0.00) (0.13) (2.03) (12.45)
0.00 0.45 0.01 10.72 

(0.00) (1.96) (3.64) (11.65)
0.00 0.99 0.01 12.40 

(0.00) (3.56) (2.42) (94.53)
0.00 0.45 0.01 13.88 

(0.00) (3.80) (2.65) (60.66)
0.00 0.98 0.01 11.29 

(0.00) (2.94) (15.71) (205.40)
0.00 0.99 0.01 19.68 

(0.00) (0.87) (1.98) (527.56)
0.00 0.45 42.54 18.64 

(0.00) (0.46) (12.63) (7.50)
0.00 0.45 0.01 24.06 

(0.00) (0.12) (1.25) (1.42)
0.00 0.99 0.01 18.56 

(0.00) (0.71) (1.83) (147.18)
0.00 0.94 0.00 25.00 

(0.00) (0.33) (1.48) (57.97)
0.00 0.98 0.03 8.32 

(0.00) (4.07) (4.33) (70.67)
0.00 0.99 0.01 18.25 

(0.01) (4.06) (1.79) (1748.92)
0.00 0.99 0.03 8.65 

(0.00) (5.78) (3.41) (517.35)
0.00 0.75 0.02 21.77 

(0.00) (0.88) (0.60) (65.00)
0.00 0.99 0.01 16.05 

(0.01) (0.79) (3.67) (661.87)
Other residential structures

Petroleum and natural gas

Mining

Religious

Educational

Railroads

Other power

Communication

Farm

Single-family structures

Multifamily structures

Commercial, including office

Hospitals and special care

Manufacturing

Electric
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TABLE A.4. IDENTIFICATION OF INVESTMENT DEMAND PARAMETERS 

 
 

Notes: For each combination of parameters, the table presents average estimates, empirical 
standard errors, and the average analytical standard errors. In all simulations, the variance of 

demand shocks is s2
Z = 1 and the steady-state adjustment horizon is T = 10 years. 

b a s Z
2 T b a

Estimates 0.000 0.742 0.048 12.589 0.0001
Standard deviation (0.002) (0.190) (0.095) (7.779)
Analytical standard errors (0.004) (1.512) (1.078) (114.433)

Estimates 0.000 0.799 0.104 15.812 0.0001
Standard deviation (0.000) (0.161) (0.366) (8.631)
Analytical standard errors (0.002) (1.723) (0.711) (121.872)

Estimates 0.001 0.875 0.334 16.826 0.0001
Standard deviation (0.004) (0.130) (0.662) (8.249)
Analytical standard errors (0.008) (1.312) (0.894) (297.817)

Estimates 0.091 0.853 1.681 14.533 0.01
Standard deviation (0.048) (0.206) (2.958) (2.773)
Analytical standard errors (0.127) (0.452) (9.561) (13.060)

Estimates 0.058 0.758 0.253 15.750 0.0001
Standard deviation (0.033) (0.255) (1.110) (4.131)
Analytical standard errors (0.121) (0.389) (4.864) (13.179)

Estimates 0.071 0.695 0.704 15.789 0.0001
Standard deviation (0.049) (0.251) (1.694) (4.000)
Analytical standard errors (0.100) (0.354) (6.610) (10.534)

Estimates 0.152 0.763 13.303 9.629 0.1
Standard deviation (0.098) (0.183) (16.958) (1.878)
Analytical standard errors (0.052) (0.188) (80.460) (1.886)

Estimates 0.131 0.766 9.969 10.696 0.0001
Standard deviation (0.073) (0.199) (18.230) (1.825)
Analytical standard errors (0.070) (0.308) (49.480) (3.524)

Estimates 0.120 0.722 18.195 9.337 0.0001
Standard deviation (0.094) (0.223) (28.210) (1.896)
Analytical standard errors (0.084) (0.168) (79.163) (2.581)

0.8

0.99

0.6

0.8

0.99

0.6

Estimates
True parameter 

values

0.6

0.8

0.99
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TABLE A.5. UNIT ROOT TESTS: AFTER-TAX REAL CAPITAL GOODS PRICES 

 

Notes.  The estimated process and the true data generating process are assumed to include a drift and a trend. The critical values are        
-3.142 at the 5% confidence level and -3.442 at the 10% confidence level. These values are calculated by interpolation for the sample 
size based on the table in Hamilton (1994).

A. Lag Order L  = 4 A. Lag Order L  = 4

ADF Statistic Lag Order ADF Statistic ADF Statistic Lag Order ADF Statistic

Communication equipment -0.581 7 -0.834 Mining and oilfield machinery -2.096 6 -1.759
Medical equipment and instruments -1.373 6 -1.213 Service industry machinery -1.842 6 -1.730
Nonmedical instruments -1.666 6 -1.548 Commercial, including office -2.970 1 -2.679
Photocopy and related equipment -1.251 6 -1.144 Hospitals and special care -2.989 1 -2.729
Office and accounting equipment -1.702 6 -1.622 Manufacturing -2.920 5 -3.306
Fabricated metal products -2.258 6 -2.166 Electric -2.275 5 -3.018
Steam engines -1.073 6 -1.099 Other power -3.407 5 -3.924
Internal combustion engines -1.728 6 -1.563 Communication -2.753 1 -2.143
Metalworking machinery -1.657 6 -1.328 Petroleum and natural gas -1.084 6 -0.667
Special industry machinery, n.e.c. -1.360 6 -1.223 Mining -2.495 5 -3.146
General industrial -1.955 6 -1.904 Religious -2.987 1 -2.730
Electrical transmission, dist. -1.461 6 -1.525 Educational -2.995 1 -2.728
Trucks, buses, and truck trailers -1.173 4 -1.173 Railroads -3.147 1 -3.091
Autos -2.047 7 -2.486 Farm -3.013 1 -2.596
Aircraft -2.142 6 -2.052 Single-family structures -3.080 5 -3.471
Ships and boats -2.092 1 -2.354 Multifamily structures -2.607 1 -2.694
Railroad equipment -2.526 6 -2.188 Other residential structures -2.882 1 -2.517
Farm tractors -1.121 6 -0.974 Household furniture -1.771 6 -1.698
Other agricultural machinery -1.915 6 -1.650 Other furniture -2.005 6 -1.977
Construction tractors -1.137 5 -1.596 Household appliances -2.680 6 -2.494
Other construction machinery -2.312 6 -2.150 Other electrical equipment -2.138 1 -1.880

B. Estimated Lag Order B. Estimated Lag Order
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FIGURE 1:  EQUILIBRIUM RESPONSE TO A SUPPLY SHOCK 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
-1

0

1

2

3
Investment Supply Shock

  %
 D

ev
ia

ti
on

 fr
om

 S
S

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

-10

-5

0

  Aggregate Investment (T = 10,   = 5 ,Extensive-Only Case)

  %
 D

ev
ia

ti
on

 fr
om

 S
S

 

 

  b = 0%

  b = 0.05%
  b = 0.1%

  b = 0.5%
  b = 1%

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
-0.5

0

0.5

1

1.5

2
  Investment Goods Prices (T = 10,  = 5 ,Extensive-Only Case)

  Years

  %
 D

ev
ia

ti
on

 fr
om

 S
S

 

 
  b = 0%

  b = 0.05%
  b = 0.1%

  b = 0.5%
  b = 1%



38 

FIGURE 2: EQUILIBRIUM RESPONSE TO A SEQUENCE OF TEMPORARY ITC SHOCKS 
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FIGURE 3: AN OUT-OF-STEADY-STATE DISTRIBUTION
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FIGURE 4:  FABRICATED METALS: DATA AND MODEL AUTOCOVARIANCE FUNCTION 

 
Notes. The black line gives the point estimate of the autocovariance of real investment spending in fabricated metals.  The log of real investment 
spending was detrended with an HP-filter with a smoothing parameter (l ) of 1600.  We simulated investment paths from the quantitative model 
calibrated using a steady-state adjustment horizon of T = 5 years, and the annual depreciation rate for fabricated metals  = 0.09 annually.  All 
other parameters are set as in the baseline parameterization in Table 1. 
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FIGURE 5: FABRICATED METALS: AUTOCOVARIANCE FUNCTIONS 
 ALTERNATE HP SMOOTHING PARAMETERS. 

 
Notes. Each line corresponds to an estimate of the autocovariance function for investment in fabricated metals.  In each case, the log of real 
investment is detrended by a different HP smoothing parameter (listed above).  This figure shows that the peak in the autocovariance at 
approximately 5 years is not an artifact of the smoothing parameter used by the HP filter. 
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