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Non-Linearities in the Expansion of Capital Stock∗  
 

The empirical identification of non-linearities in investment relies on how investment is 
assumed to be separated into various regimes. Using German establishment-level panel 
data, we estimate a two-regime model of replacement and expansion investment which 
allows us to observe regime separation, an aspect of the data that is typically absent from 
previous empirical studies. Our results indicate that firms tend to spread the expansion of 
capital stock over a period of years rather than concentrating investment in a single year. 
Moreover, there is evidence that investment is more sensitive to fundamentals in the high 
regime, where establishments both replace and expand capital stock, than in the low regime, 
where they only invest in replacement. Finally, correcting for endogenous sample selection 
indicates that this source of bias does not affect the coefficient estimates significantly. 
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1 Introduction

Though non-convex adjustment costs were considered earlier in the investment lit-

erature by Rothschild (1971) and Nickell (1978), Abel and Eberly (1994) were the

first to specify a model with an augmented adjustment cost function consisting of

both fixed and kinked-linear costs in a Q model of investment. More recently a num-

ber of empirical papers have estimated models with non-convex adjustment costs

using firm-level panel data. These studies have primarily investigated whether the

response of firm investment to “fundamentals” is non-linear, which can be argued to

result from the presence of non-convexities in adjustment costs.1 However, in this

literature, the evidence for non-convex adjustment costs relies on the identification

of different investment regimes. As discussed in this paper, this approach is unlikely

to be an accurate reflection of the true investment behaviour of firms.

We add further detail to these types of investment models by assuming that

a firm faces two decisions: investment in replacement; and investment in the ex-

pansion of capital stock.2 Previous studies such as Barnett and Sakellaris (1998),

Nilsen and Schiantarelli (2003), and Letterie and Pfann (2003) estimate models

where the regime chosen by a firm is determined endogenously by the estimation

procedure. To estimate our model we exploit the IAB Establishment Panel, which is

a dataset maintained by the Institut für Arbeitsmarkt und Berufsforschung (IAB)

in Nürnberg, Germany. The main advantage of this panel dataset is that it dis-

tinguishes between expansion and replacement investment. As a consequence, our

1See for example Caballero, Engel, and Haltiwanger (1995), Barnett and Sakellaris (1998),
Doms and Dunne (1998), Hu and Schiantarelli (1998), Cooper, Haltiwanger, and Power (1999),
Abel and Eberly (2001), Nilsen and Schiantarelli (2003), and Letterie and Pfann (2003).

2In this paper the term firm equates to the establishment since the data used for the analysis
is collected at this level. The capital stock variable can be considered to be an aggregate measure
of different types of capital.
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data allows us to determine the regime chosen by a firm directly, without using esti-

mation procedures like the studies mentioned above. Furthermore, these two types

of investment are likely to involve different adjustments costs. In this respect, it is

plausible that replacement of capital stock, which is required due to capital depreci-

ation, incurs only convex adjustment costs and hence firms find it optimal to invest

continuously to spread costs over time, albeit at a lower rate than in the absence

of adjustment costs. On the other hand, investment in the expansion of the capital

stock, which is required if firms wish to increase output, could be assumed here to

incur both convex and fixed adjustment costs. By introducing non-convexities into

a model, expansion of the capital stock will be characterised by periods of inaction

where firms do not invest. As seen in the data, total investment is zero in only

6.8% of observations while firms do not expand capital stock in around 30% of ob-

servations. This indicates that though non-convex adjustment costs are likely to

be present for replacement investment, they are far more substantial in the case of

expansion investment.

Given this setting, the focus of this paper is how establishments expand capital

stock in a dynamic setting and whether investment responds differently to funda-

mentals in the two investment regimes: the low regime where firms are only replacing

capital stock; and a high regime where firms are investing in both expansion and re-

placement. If the adjustment costs incurred in the two regimes differ due to higher

non-convex costs, then we would expect to see a non-linearity in the investment

profile. To identify this we estimate a model for total investment separately for the

high and low regimes. Furthermore, in the presence of non-convex adjustment costs,

firms are not expanding the capital stock continuously resulting in zero expansion

investment during such periods. This is an example of a corner solution and since
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the decision to expand capital stock is endogenous, failure to control for selection is

likely to result in biased estimates. To correct estimates for endogenous sample se-

lection bias we employ a two-step random-effects parametric methodology for panel

data as developed by Vella and Verbeek (1999), which is an extension to Heckman’s

two-step procedure by allowing for correlation between both the time-invariant error

terms and the time-variant idiosyncratic error terms.

The paper is organised as follows. In Section 2, we specify the econometric model

and outline the derivation of the bias correction terms. The model is then estimated

using the IAB Establishment panel which is discussed in Section 3 with the results

presented in Section 4. Finally, in Section 5 we conclude.

2 Econometric model and estimation

Following the approach of Abel and Eberly (1994) and given the conditions of

Hayashi (1982), it is straightforward to derive a Q model of investment where the

investment rate is determined by fundamentals represented by average q.3 As a

structural model, it is possible to recover estimates of the underlying structural ad-

justment cost parameters. However, the focus here is to investigate how investment

responds to fundamentals, and whether estimates are biased by endogenous sample

selection, rather than to derive estimates of adjustment costs which are only used

to motivate the estimation strategy. Given that firms do not invest at all in certain

periods, we need to assume that replacement investment incurs both convex and

non-convex adjustment costs. However, since the rate of censoring for expansion

investment is much higher, there is in addition to these costs an extra fixed cost

3For details on average q see Appendix B.
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when expanding the capital stock. These assumptions yield a three regime switch-

ing model: a zero investment regime; a low regime where firms only invest in the

replacement of capital stock; and a high regime where firms invest in both replace-

ment and expansion of capital. For the purposes of identifying the responsiveness

of investment, we focus only on the regimes where total investment is non-zero.

Clearly, in the regime where no investment is undertaken, the responsiveness to fun-

damentals is zero. Thus, conditional on firms having already decided to invest, we

can derive the following specification for investment over the high and low regimes
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where Iit is total investment by firm i, i = (1, . . . , N), in period t, t = (0, . . . , T ), Ir
it

is investment in the replacement of capital stock, Kit, and Ie
it is investment in the

expansion of capital.4 The binary variable πit in (1) represents the selection rule;

when πit = 1, firm i invests in both replacement and expansion of capital stock in

period t, and similarly when πit = 0, the firm only replaces capital stock in that

period. In most datasets this type of sample separation is unobservable but here we

are able to observe firm investment in both the high and low regimes. To estimate

model (1), we use the following econometric specification
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4Kit is the level of the capital stock at the beginning of period t.
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where the lagged sales-capital ratio Y/Ki,t−1 and its quadratic proxy for investment

fundamentals. Xit is a vector of sector and year dummies. We include sector dum-

mies to capture unobserved sectoral differences and year dummies to approximate

any macroeconomic trends. Finally, we have assumed in the specification above

that the error terms are not restricted to being equal in both regimes. In particular,

µn
i is the unobserved firm-specific time-invariant effect, and εn

it is the idiosyncratic

time-variant error term, where n ∈ {r, e}. Distributional assumptions are stated

below.

To be more precise about the selection rule, we specify it as the following latent

variable model

πit =





1 iff π∗it > 0,

0 iff π∗it ≤ 0,

(3)

where the latent variable equation π∗it is specified as

π∗it = ηπi,t−1 + γ′zit + τi + θit, (4)

where zit is a vector of sector and year dummies in addition to the lagged sales-

capital ratio Y/Ki,t−1 and its quadratic. Of particular interest is the analysis of state

dependence in the selection rule by including the dummy for expansion investment

in the previous period πi,t−1 in the specification. This enables us to identify whether

there is true state dependence as opposed to unobserved heterogeneity. In our

setting, it is possible that firms continue to expand due to unobserved factors which

are time-invariant such as firm and management efficiency. However, we wish to

identify the impact of expanding in the previous period on the current decision
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independent of such factors, which would not be possible with a static model. Since

we have assumed that expansion in capital stock involves fixed costs of adjustment,

η should be negative to reflect that firms find it optimal to make lumpy investments

in expansion followed by periods where they do not expand capital stock. If η turns

out to be positive, this could indicate that convex adjustment costs dominate. The

selection rule represented by equations (3) and (4), is a reduced-form specification.

However, in our setting, the selection rule has a structural-type interpretation since it

is based on the condition required for firms to find it optimal to invest in expansion of

capital stock, which is a function of fixed costs amongst other parameters. The fixed

cost parameter is not directly estimated and in order to identify such a parameter,

estimation of a structural discrete decision model would be required.

The vector of control variables zit in the selection model (4) should include some

exclusion restrictions that would improve identification of the parameters and addi-

tionally are of economic interest, though, identification in the absence of exclusion

restrictions should be less of a problem with the methodology employed. In this

respect, we restrict the lagged dummy for expansion to the selection equation only.

This variable is a valid exclusion restriction if it is only correlated with the decision

to expand in the current period but given that the firm has decided to expand, it is

not correlated with the total investment rate.

Controlling for endogenous sample selection in a panel data model

We implement the two-step estimator of Vella and Verbeek (1999) which is used

to construct bias correction terms to control for endogenous sample selection. This

bias occurs since the selection into the two investment regimes is endogenous. Here
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we are ignoring the potential selection bias resulting from the initial decision to

invest or not. However, given that the rate of censoring is much higher for expansion

than total investment, we expect that if such a bias is present, then it should be

identified for the selection between the replacement and expansion regimes. If there

is no evidence of this bias, then it is unlikely to be identified for the initial selection.

The extension of the methodology employed here over other techniques used is that

it distinguishes whether the bias is operating through the correlation between the

time-invariant and/or time-variant error terms. This is preferable to assuming that

the only source of bias operates through the time-invariant term and estimating the

model as a first-differences or fixed-effect specification, since such transformations

can potentially increase the bias due to measurement error as discussed in Griliches

and Hausman (1986).5 Alternatively, estimating the model using Heckman’s two-

step approach assumes that the selection is only occurring through the time-variant

error term, which should be tested rather than assumed. Thus, these empirical

methods are not necessarily the simple solution and the approach taken here allows

one to investigate the role of endogenous sample selection bias in a more general

setting.

We start by assuming that the error terms in both the primary equation (2) and

the selection equation (4) are jointly normally distributed

5Given the use of a proxy for average q and capital stock in this model, measurement error is
likely to be present.
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Assumption 1 (Distribution of error terms)
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where ε̄n
i = {εn

i1 . . . εn
iT} for n = {r, e}, θ̄i = {θi1 . . . θiT}, and IT is a T × T identity

matrix. Thus the firm-specific effects, µ and τ , in the primary equation (2) and the

selection equation (4) are allowed to be correlated and similarly with the covariance

between the idiosyncratic error terms, ε and θ. The covariance between the µr and

µe, and likewise, between εr and εe are allowed to be non-zero. Other covariances

are assumed to be zero. This correlation structure defines how the bias enters esti-

mation of the primary equation. Furthermore, we assume that the vector of control

variables in the primary equation, xit is strictly exogenous. Heteroskedasticity and

autocorrelation is allowed for in εit in the primary equation. Moreover, we need to

assume

Assumption 2 Conditional on τi, θit is independent over time and firms.

As in Heckman’s two-step approach, to derive the two bias correction terms, we

write equation (2) conditional on the vector of selection into expansion investment

for periods t = (1, . . . , T ), πi = (πi1, πi2, . . . , πiT )′, selection in the initial period πi0,

and the vectors of control variables zi = (zi1, . . . , ziT )′ resulting in
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where n = {r, e}. Estimates of α̂n, γ̂n, and β̂n are inconsistent and biased if the

conditional expectation of the error term is not zero, that is, E[vn
it|πi, πi0, zi] 6= 0.

Following Vella and Verbeek (1999), the conditional expectation of the error term

in equation (5) can be shown to equal

E[vn
it|πi, πi0, zi] ≡ λ1nB1i + λ2nB2it, (6)

where n = {r, e}. The two correction terms B1i and B2it are functions of the pa-

rameters used in the first-stage, the estimation of the selection rule equation (3), and

are derived using the likelihood contribution for the individual firm i in the random-

effects probit model setting, and the generalised residual from the cross-sectional

probit model, which involves the numerical evaluation of two one-dimensional inte-

grals. The procedure to calculate the terms in (6) is fully explained in Appendix

A. The derived bias correction terms, B1i and B2it, are then used as additional

regressors in the estimation of the primary equation, which is analogous to the

use of the inverse Mills’ ratio as an additional regressor in Heckman’s sample se-

lection model. The parameter estimates for these correction terms are λ̂1 and λ̂2,

and indicate whether the endogenous sample selection is due to time-invariant or

time-variant factors. Under the assumption of joint normality, these coefficients are

estimates of the covariances of the error terms such that λ̂1 ≡ σ̂n,µτ and λ̂2 ≡ σ̂n,εθ,

n = {r, e}. Identification requires that there is a non-linear mapping from the vari-

ables in the selection equation (4) to these bias correction terms B1i and B2it (Vella
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and Verbeek 1999). Furthermore, the lagged dummy for expansion is excluded from

the investment equation and thus will serve as an exclusion restriction, which should

improve identification of the bias correction terms.

Another issue that has to be addressed in our model is the initial conditions

problem since our latent equation (4) includes a dummy for expansion in the previous

period. Due to the nature of the firm-level panel data, it is not possible to argue

that expansion in the initial period πi0 is exogenous and does not depend on the

unobserved firm-effect τi in equation (4). Typically what is done is to follow the

approach of Heckman (1981) to derive an expression for the marginal distribution

of selection in the initial period given zi and τi, f(πi0|zi, τi). An alternative is to use

an approach suggested by Wooldridge (2002).6 We use the approach of Heckman

(1981), which is discussed further in Appendix A. Finally, we make the following

normalisation: σ2
θ = 1.

Using German establishment panel data, we estimate the multiple regime model

for total investment, equation (2), separately for the high and low regimes. This

way we can identify whether the coefficients, α and γ, vary across these two regimes,

which would imply that the response of total investment to fundamentals is non-

linear.

6This methodology is similar to that of Chamberlain (1980), and requires deriving a density
for τi given selection in the initial period πi0 and the exogenous variables zi, f(τi|πi0, zi). Rather
than finding the joint distribution of selection f(πi, πi0|zi) as in Heckman’s approach, this method
obtains the joint distribution of selection in period 1, . . . , T given πi0 and zi, f(πi|πi0, zi).
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3 Data and summary statistics

For estimation we use the IAB Establishment Panel, a dataset administered by In-

stitut für Arbeitsmarkt- und Berufsforschung (IAB) in Nürnberg, Germany.7 The

panel started in 1993 with around 4000 establishments, with almost 14,000 partici-

pating in 2000. The sample for the dataset is drawn from the employment statistics

register of the Federal Employment Services (Bundesagentur für Arbeit) which cov-

ers all establishments with at least one employee (or trainee) that is subject to social

security provisions. The dataset contains information on employment, investment

(replacement and expansion) and firm sales. However, there is no measure for the

capital stock and thus a proxy variable is required. Following Letterie and Pfann

(2003), observations from the period 1992-1995 for investment and sales are used

to construct a capital stock measure. Since data for expansion investment only be-

gins in 1996, this use of the data does not reduce the potential length of the panel.

However, since many firms do not provide details for investment and turnover in

every year, the need to construct the proxy reduces the sample size considerably.

The (unbalanced) panel used for estimation consists of large West German manu-

facturing firms. Since we have specified a lagged dependent variable in the selection

equation, our final panel of firms covers only 5 years, 1997-2001. The variables used

for estimation and the construction of the capital stock proxy are further described

in Appendix B.

In Table 1, the summary statistics of the main variables of interest are listed.

Total investment is on average DM 17.3 million and is censored at zero in 6.8% of

observations. The median investment is DM 4.5 million which reflects the presence of

7See betriebspanel.iab.de for further details.
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some large observations which skew the distribution. On the other hand, expansion

investment, which is a component of total investment, is on average DM 5.8 million

with around 30% of observations censored at zero. The rate of zero expansion

investment also varies over time. In 1997 and 1998, around 28% of firms did not

expand, which then increased to 32% in 1999, before dropping again to 30% in

2000. In 2001, the rate was at around 33%. The average total investment rate I/K

is 8.2%; 8.8% for firms in the high regime (replacement and expansion) and 6.7%

for firms in the low regime (replacement only). Firms in the sample are on average

very large with almost 1120 employees and annual sales of DM 444 million. As seen

in Table 1, the firms in the high regime are on average larger in terms of investment

(DM 20.4 million cf. DM 9.7 million), sales (DM 491 million cf. DM 331 million)

and employment (1303 cf. 670) than those in the low regime. Interestingly, the

lagged sales-capital ratio is on average larger in the low regime than in the high

one. This result contradicts the identification of investment sensitivity in previous

papers which endogenously determined separation of regimes based on a measure

of investment fundamentals such as the sales-capital ratio. If this measure was

to be used to determine the different investment regimes, then what we call the

low regime would be identified as a “high” one and vice-versa for the high regime.

This illustrates the fundamental identification problem when the separation of the

regimes is not observed.

In the subsample of firms which are in the panel for all 5 years, 41% expand in

every year, 26% in 4 out of the 5 years and 13% in 3 out of 5 years, while 6% expand

twice and once during this 1997-2001. Furthermore, only 7% of these firms did not

expand capital stock at all over this period. Moreover, in around 2% of observations

replacement investment was zero, that is, total investment was only for expansion

12



Figure 1: Distribution of Investment Rate (I/K)
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Source: IAB Establishment Panel 1996-2001. Graphed using Stata 8.0.

of the capital stock. These firms are smaller on average and thus may include start-

ups which were experiencing rapid growth. Given this preliminary evidence, it is

likely that 5 years is a rather short time-frame to capture the effect of non-convex

adjustment costs on firm behaviour and that the firms tend to expand capital stock

over a number of years.

The distribution of the total investment rate is displayed in Figure 1, which

indicates that there is a clustering of investment rates around the lower end of

the distribution, and moreover, there are not many observations at the right-tail

of the distribution. In Figure 2 the distribution of the total investment rate is

graphed separately for the two regimes; the left graph is for the low regime where

establishments are only replacing capital stock, and the right graph is for the high

regime where they invest in both replacement and expansion of capital. These

graphs indicate that there are more observations at the lower end of the distribution
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Figure 2: Distribution of Investment Rate (I/K) by Regime
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Source: IAB Establishment Panel 1996-2001. Graphed using Stata 8.0.

for the low regime and there are more cases at higher levels of investment rate for

the high regime. As the separation of investment into different regimes has typically

been unobserved in the previous literature, an ad-hoc definition of a “spike” in

investment has been discussed, which was defined as occurring when the investment

rate is above 0.2 or 20%. Using this definition, around 8% of observations in our

sample could be classified as a spike. However, of these cases, 19% are in the low

regime where firms do not expand capital stock. Furthermore, where investment is

not a spike, expansion occurs in 70% of these observations. Thus, there are many

cases of investment where firms expand but are not a spike according to previous

definitions and vice-versa. Therefore, such ad-hoc thresholds are unlikely to be an

accurate reflection of firms’ investment behaviour.
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4 Results

Random-effects probit model

As discussed in Section 2, firms face two decisions: the decision to invest; and

conditional on investing, the decision whether or not to expand capital stock. We

focus on the second decision and use the subsample where total investment is pos-

itive for estimation of the selection and multiple-regime models. To investigate

the dynamics of capital expansion, equation (4) is estimated as a random-effects

probit model jointly with the probit for expansion in the initial period as per the

methodology of Heckman (1981). The results of the random-effects probit model

are displayed in Table 2, and indicate that the coefficient for the lagged dummy for

expansion is positive and significant at the 1% level, which implies that firms which

expand in the previous period are more likely to expand in the current period. This

result indicates that firms tend to spread investment in the expansion of the capital

stock over at least two periods, which is consistent with the summary statistics.

Since we have controlled for unobserved time-invariant heterogeneity by integrating

τi out of equation (4), this is evidence of true state dependence. Surprisingly, the

coefficient for the sales-capital ratio is negative but it is not statistically significant.

This could result from the inclusion of the lagged dependent variable, which cap-

tures all the effects of economic conditions in the previous period. However, the

coefficient remains negative and insignificant when estimating equation (4) without

the lagged dependent variable. As shown in Table 2, ρ is equal to 0.331, which

implies that around 33% of the total variation of the unobservable error is due to

the time-invariant term. This indicates that the random-effects probit estimator is

significantly different from the standard probit estimator which does not exploit the

panel-dimension of the data and is inconsistent in the presence of correlated errors.

The estimates for the sector dummies indicate that the consumer good (textiles,

food, tobacco, clothing and leather), the paper and printing, the plastic and rubber

goods, the glass, ceramic, processed stone and earth, and the metal industries are

less likely to expand capital stock in comparison to the machinery industry. Sur-

prisingly, there is no evidence of macroeconomic trend effects as captured by year
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Table 2: Selection Equation - Expansion Investment

Dependent variable: I(Ie
t 6= 0)

Variable Coefficient

I(Ie
t−1 6= 0) 0.511***

(0.157)

(Y/K)t−1 -0.049

(0.065)

(Y/K)2
t−1 -0.002

(0.005)

ρ 0.331***

(0.095)

No. Obs. 1038

Log likelihood -733.71

Source: IAB Establishment Panel 1996-2001. *** - 1% significance level,** - 5%
significance level,* - 10% significance level. I is an indicator variable and equals 1 if
the condition inside the parentheses is fulfilled. Control variables include sector and
year dummies.

dummies.

Though the estimates from the probit for expansion in the initial period have no

structural interpretation, the coefficient on the unobserved time-invariant error term

τi is positive and significant at the 1% level which indicates that selection in the

initial period is indeed positively correlated with the unobserved heterogeneity term

that is fixed over time τi.
8 We also checked the results of the selection equation when

only estimating the model as a probit model and a random-effects model without

controlling for the initial conditions. The results for these specifications indicate

that the coefficient on the lagged expansion dummy is biased upwards in both the

8Results are not reported here but are available from the corresponding author.
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models, and the random-effects probit model can no longer identify the variance of

the time-invariant error term σ2
τ . This highlights the importance of controlling for

initial conditions when estimating such a model.

The results for the decision to expand can be compared to the decision to in-

vest. Using the same approach as above, a dynamic random-effects probit model is

estimated where the dependent variable is now equal to 1 when total investment is

non-zero and 0 otherwise. As displayed in Table 4 in Appendix C, the coefficient on

the lagged dependent variable is positive but in contrast to the decision to expand,

it is highly insignificant. This reflects that the decision to make an investment in-

cludes adjustments such as the replacement of capital stock, which are undertaken

regardless of the investments made in the previous year.

Multiple-regime model

In the next stage, we estimate equation (2) separately for the high and low

regimes to investigate whether total investment responds differently to fundamentals

over these regimes. By comparing the results in column (1) to column (3) in Table

3, we see that firm investment is more responsive to the lagged sales-capital ratio

in the high regime than in the low one, and that this relationship is marginally

concave in both regimes. These results imply that total investment rate is non-

linear with respect to fundamentals and is consistent with the proposition that

investment is separated into two regimes. An explanation for this result is that firms’

decisions regarding replacement of capital stock are less affected by fundamentals as

represented by the sales-capital ratio. As conditions improve, firms find it optimal

to incur the extra fixed cost when expanding. Once firms operate in the high regime

where they invest in both the replacement and expansion of capital stock, total

investment becomes more responsive to the level of the lagged sales-capital ratio.

Hence, there is no evidence here that the investment profile is sigmodial as proposed

by Abel and Eberly (2001) and Barnett and Sakellaris (1998), who found that the

response of investment to Tobin’s q is smaller in the high q regime than in the

low q regime. However, the focus in this paper is on the response of investment to
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Table 3: Multiple Regime Model

Dependent variable: (I/K)

High regime Low regime

OLS OLS OLS OLS

Variable (1) (2) (3) (4)

(Y/K)t−1 0.029*** 0.029*** 0.016*** 0.017***

(0.004) (0.004) (0.005) (0.005)

(Y/K)2
t−1 -0.001*** -0.001*** -0.001 -0.001

(0.0003) (0.0003) (0.001) (0.001)

B1i - 0.011 - 0.009

- (0.007) - (0.011)

B2it - -0.006 - -0.008

- (0.027) - (0.024)

No. Obs. 734 734 304 304

R2 0.27 0.28 0.22 0.23

Source: IAB Establishment Panel 1996-2001. *** - 1% significance level,** - 5%
significance level,* - 10% significance level. Robust standard errors are reported
corrected for heteroskedasticity and clustering at the establishment level. Control
variables include sector and year dummies.

lagged sales-capital ratio over two regimes which are determined by whether firms

expand capital stock or not. In these other studies, the separation of the regimes

is not observed but instead estimated. Therefore, the results here are not directly

comparable with those of the previous literature, but indicate that the previous

results may not be consistent with firm investment decisions.

Finally, the coefficient on the year dummy for 1998 is positive and significant for

the high regime, while the year dummy for 2001 is negative and significant at the

1% level in all specifications. This is consistent with the macroeconomic conditions
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in Germany during this period. In the high regime it is evident that the consumer

good industry has a lower total investment rate in comparison to the machinery

industry. In the low regime, the results suggest that the consumer good has on

average a lower and the chemical and petroleum products industries a higher total

investment rate in comparison to the machinery industry.

We re-estimate equation (2) using the bias correction terms, B1i and B2it, as

additional regressors in the high and low regime specifications. In the case of both

regimes, as shown in column (2) and (4) of Table 3, there is no evidence of selection

bias.9 Furthermore, the inclusion of the bias correction terms does not have a

significant effect on the coefficient estimates. This may also reflect that this bias is

not identified, which is a problem given the strong assumptions for the parametric

two-step methodology.

Robustness checks

The above results are also checked by estimating the multiple-regime model,

equation (2), jointly for both regimes. That is, the vector of control variables now

include the variables interacted with the expansion dummy. The coefficients on these

variables identify the difference of the impact of these factors on the investment rate

in the high regime in comparison to the low regime. In this joint specification,

the results are in line with those as presented in Table 3.10 Furthermore, there is

no evidence that the coefficients for the sector and year dummies are significantly

different for the two samples. Finally, we repeat the estimation of this joint model

using the sample selection bias correction terms, B1i and B2it, also interacted with

the expansion dummy. As before, there remains no evidence of sample selection

bias.

We also checked the robustness of the results when using the balanced sub-

9The standard errors in the second-stage should be corrected since the two sample selection bias
correction terms, B1i and B2it, are constructed using the predicted values from the random-effects
probit model. In absence of this correction, standard errors are likely to be biased downwards. See
Vella and Verbeek (1998) and Vella and Verbeek (1999) for further details. Our main conclusions
are not affected by disregarding this correction.

10The results for the joint specification are not reported here but are available from the authors.

20



sample and found that the estimates are not significantly different, which indicates

that attrition bias is not likely to be influencing the coefficient estimates.

5 Conclusion

In this paper, we specify a model with two types of investment: replacement and

expansion of capital stock. Both incur convex adjustment costs but expansion also

entails a fixed cost. This results in a two regime model: a low regime where firms

only invest in the replacement of capital stock; and a high regime where they invest

in both replacement and expansion of capital. Earlier studies such as Barnett and

Sakellaris (1998), Nilsen and Schiantarelli (2003), and Letterie and Pfann (2003)

have looked for evidence of non-linearity of investment over various regimes where

the separation is unobserved. Using the IAB Establishment Panel, we are able to

observe the sample separation and test directly whether the investment rate is more

responsive in the high regime in comparison to the low one. Moreover, the selection

into the two regimes is likely to be endogenous. However, the presence of such a

bias has not been thoroughly addressed in the empirical investment literature.

Our results for the selection equation, estimated as a random-effects probit

model, indicate that expansion by German firms in this period is more continu-

ous than lumpy. Given that the firms are on average very large in the sample

used for estimation, this result is not surprising but it also suggests that firms are

spreading investment in the expansion of the capital stock over a period of years

rather than confining their investments to a single year. Secondly, the results for

the multiple-regime model reveal that the investment rate is non-linear in response

to fundamentals, such that the investment rate is more responsive to the lagged

sales-capital ratio in the high regime, where firms replace and expand capital stock,

than in the low regime, where they only invest in replacement. Thus, there is no

indication that the profile of the investment rate with respect to fundamentals is

sigmodial as found in previous studies mentioned in the previous paragraph.

In past studies, the empirical identification of non-linearities in investment relied

on how investment is assumed to be separated into various regimes. In this paper, we
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demonstrate that this may not be consistent with the underlying differences in firm

investment decisions. With further waves of data it will be possible to investigate

how these results generalise to a longer period which will enable a broader analysis

of firm-level investment in the presence of non-convex adjustment costs and the

non-linearity of their investment profile.
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A Derivation of bias correction terms

Here we follow the derivation of Vella and Verbeek (1999). The term E[vn
it|πi, πi0, zi]

in (6) can be derived as

E[vn
it|πi, πi0, zi] =

∫ ∞

−∞
[τi + E[θit|πi, πi0, zi]] f(τi|πi, πi0, zi)dτi. (7)

The term E[θit|πi, πi0, zi] is equal to the cross-sectional generalised residual from

estimation of the probit model consisting of equation (4) and is given by

E[θit|πi, πi0, zi] = (2πit − 1)
φ(yit)

Φ(yit)
, (8)

where yit = (2πit − 1)(ηπi,t−1 + γ′zit + τi), which is used to save specifying separate

terms for when πit = 1 and πit = 0. φ(·) and Φ(·) are the probability density function

of the standard normal distribution and cumulative distribution function, respec-

tively. The second term in equation (7) that needs to be derived is the conditional

density of τi given selection, and zi, which is equal to

f(τi|πi, πi0, zi) =
f(πi, πi0|zi, τi)f(τi)

f(πi, πi0|zi)
. (9)

For the derivation of the terms in equation (9) we use Assumptions 1 and 2 and

assume as per Heckman (1981) that the marginal distribution is approximated by a

probit model using all pre-sample information and where no restrictions are placed

on the correlation of the error terms between this probit and those in the selection

equation for the remaining periods. This implies the following latent model for

expansion in the initial period π∗i0 = Λ′Wi0 + ξτi + ai0, such that πi0 = 1 if π∗i0 > 0

and equals 0 otherwise, and where Wi0 is a vector of pre-sample regressors, and ξ is

a parameter to be estimated and identifies whether or not expansion in the initial

period is correlated with the unobserved time-invariant term, τi. ai0 is assumed to

be normally distributed.

This allows us to specify the joint probability of selection in the denominator of

equation (9) as
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f(πi, πi0|zi) =
∫ ∞

−∞
f(πi, πi0|zi, τi)f(τi)dτi

=
∫ ∞

−∞




Ti∏

s=1

Φ ((2πis − 1)(ηπi,s−1 + γ′zis + τi))




· Φ ((2πi0 − 1)(Λ′Wi0 + ξτi))
1

στ

φ
(

τi

στ

)
dτi, (10)

where φ
(

τi

στ

)
= 1√

2π
e
− 1

2

τ2
i

σ2
τ . Note that because we use an unbalanced panel, the

number of periods that a firm appears in the panel varies and thus selection is

combined over periods Ti for each firm i. Using the above expressions, we can

reformulate the conditional distribution of τi given selection, f(τi|πi, πi0, zi) (9) as

f(τi|πi, πi0, zi) =
[
∏Ti

s=1 Φ(yis)]Φ(xio)
1
στ

φ
(

τi

στ

)

∫∞
−∞[

∏Ti
s=1 Φ(yis)]Φ(xio)

1
στ

φ
(

τi

στ

)
dτi

, (11)

where xio = (2πi0 − 1)(Λ′Wi0 + ξτi). The denominator of (11) is programmed

and estimated using the maximum likelihood facility in Stata. This requires the

approximation of the likelihood contribution of firm i over all periods Ti, where

we use the following transformation ri = τi/
√

2στ . Note that this is exactly the

likelihood function for the random-effects probit model accounting for the initial

conditions.

li =
∫ ∞

−∞
[

Ti∏

s=1

Φ (yis)]Φ(xio)
1

στ

1√
2π

e
− 1

2

τ2
i

σ2
τ dτi

=
1

στ

√
2π

∫ ∞

−∞

[
Ti∏

s=1

Φ((2πis − 1)(ηπi,s−1 + γ′zis

+ri

√
2στ ))

]
Φ ((2πi0 − 1)(Λ′Wi0 + ξτi)) e−r2

i

√
2στdri

≈ 1√
π

M∑

m=1

{
ω∗m

[
Ti∏

s=1

Φ((2πis − 1)(ηπi,s−1 + γ′zis + ψr∗m))

]

·Φ ((2πi0 − 1)(Λ′Wi0 + ξψr∗m))
}
, (12)
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where ω∗m and r∗m are the Gauss-Hermite quadrature weights and nodes. ψ =

(2ρ/(1 − ρ))1/2 where ρ = (σ2
τ/(σ

2
τ + 1)), which is the proportion of the total vari-

ance of the error term due to the time-invariant firm effect. Given the parameter

estimates, γ̂, η̂, Λ̂, ξ̂, and σ̂2
τ , from estimation of the random-effects probit model,

(12), we can solve for equation (7), which also requires an approximation using

Gauss-Hermite quadrature. Using the same transformation as above in (12), we can

approximate equation (7) as the following

∫ ∞

−∞

[
τ̂i + (2πit − 1)

φ(ŷit)

Φ(ŷit)

] ∏Ti
s=1 Φ (ŷis) Φ(x̂i0)

1
σ̂τ

φ
(

τ̂i

σ̂τ

)

l̂i
dτi

=
1

σ̂τ

√
2π

∫ ∞

−∞

[√
2σ̂τri + (2πit − 1)

· φ(η̂πi,t−1 + γ̂′zit + ri

√
2σ̂τ )

Φ((2πit − 1)(η̂πi,t−1 + γ̂′zit + ri

√
2σ̂τ ))

]

·



Ti∏

s=1

Φ((2πis − 1)(η̂πi,s−1 + γ̂′zis + ri

√
2σ̂τ ))




·
Φ

(
(2πi0 − 1)(Λ̂′Wi0 + ξ̂ri

√
2σ̂τ

)

l̂i
e−r2

i dri

≈ 1√
π

M∑

m=1

ω∗m

{[
ψ̂r∗m + (2πit − 1)

φ(η̂πi,t−1 + γ̂′zit + ψ̂r∗m)

Φ((2πit − 1)(η̂πi,t−1 + γ̂′zit + ψ̂r∗m))

]

·
[∏Ti

s=1 Φ((2πis − 1)(η̂πi,s−1 + γ̂′zis + ψ̂r∗m))
]
Φ

(
(2πi0 − 1)(Λ̂′Wi0 + ξ̂ψ̂r∗m

)

li

}

≡ Cit, (13)

where ω∗m and r∗m are the Gauss-Hermite quadrature weights and nodes as before,

and l̂i is the denominator of (11) using the parameter estimates from the random-

effects probit model, equation (12). Finally we can calculate the terms in equations

(6) as a function of Cit

E[vn
it|πi, πi0, zi] = σn,µτ


 1

1 + Tiσ̂2
τ

Ti∑

s=1

Cis


 + σn,εθ


Cit − σ̂2

τ

1 + Tiσ̂2
τ

Ti∑

s=1

Cis




≡ λ1nB1i + λ2nB2it. (14)
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B Description of data

The IAB Establishment Panel is used for estimation, which is a German estab-

lishment panel dataset administered by the Institut für Arbeitsmarkt- und Berufs-

forschung, Bundesagentur für Arbeit.11 The panel commenced in 1993 and is retro-

spective, such that information collected in 1993 is for investment, sales, etc in the

previous year, 1992. The panel used for estimation consists of large West German

manufacturing establishments (sectors 15-36 following the NACE-1 classification).

Outliers are dropped from the sample which are defined as observations where: 1.

The studentised-residual resulting from the estimation of the primary equation is

larger in absolute value than 2; and, 2. The leverage of the observation is greater

than (2k + 2/n), where k is the number of regressors and n is the number of ob-

servations in the sample. The following variables are used in the estimation of the

various models:

• Total real investment I - total sum of investment over the year as reported

by firms in DM deflated by the price index for investment goods, pk, where

I = Ir + Ie;

• Real expansion investment Ie - part of I that is for expansion of the capital

stock, deflated by pk;

• Real replacement investment Ir - amount of I that is for replacement of capital

stock, Ir = I − Ie, deflated by pk;

• Real turnover/sales Y - total turnover/sales over the year as reported by

firms in DM deflated by the sector-level (two-digit) producer price index, p,

1995=100;12

• Capital stock K - proxy for capital stock using observations of investment and

sales from 1992-1995. Kt denotes the capital stock at the beginning of period

11See betriebspanel.iab.de for further details (in German only)
12Data series provided by the Statistisches Bundesamt Deutschland in their time-series data

(Zeitreihen-service), see www-zr.destatis.de
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t. Using the perpetual inventory method, the capital stock in period T can be

found recursively as KiT =
∑T

t=1(1− δ)t−1Ii,T−t + (1− δ)T Ki0, where δ is the

depreciation rate which we assume to be constant and equal to 0.05. Following

Letterie and Pfann (2003), a value for Ki0 can be obtained by assuming that

the capital stock of the firm grows at a rate equal to the growth in the firm’s

output. This can be formulated as KiT =
∏T

t=1(1 + git)Ki0, where the growth

rate in period t is equal to git = (Yit − Yi,t−1)/Yi,t−1 and where Yt is the

turnover/sales in year t. Now we have two equations with two unknowns Ki0

and KiT . Thus we can simply solve for the latter as

KiT =

∑T
t=1(1− δ)t−1Ii,T−t

1− (1−δ)T∏T

t=1
(1+git)

.

Given a period of observations on investment, output and the depreciation

rate, one can construct a capital stock measure for the year T . For periods

{T +1, T +2, . . .}, the capital stock measure is calculated using the perpetual

inventory method Kit = Ii,t−1 + (1 − δ)Ki,t−1. Due to the short panel used

in the paper, only 3 years of data are employed to construct the capital stock

measure;

• Price index for investment goods pk - sector-level (two-digit) time-series data;

• Producer price index p - official sector-level (two-digit) time-series data as

provided by the Statistisches Bundesamt in their Zeitreihen-service, 1995=100.

Typically in Q models, average q is constructed as the following

q =
V

pkK
,

where V is the value of the firm for which the stock market valuation is used.

However, the IAB Establishment Panel contains no stock market information and

thus we are required to use a proxy, for which we use the lagged sales-capital ratio

Y/Kt−1.
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C Tables

Table 4: Selection Equation - Total Investment

Dependent variable: I(It 6= 0)

Variable Coefficient

I(It−1 6= 0) 0.682

(0.737)

(Y/K)t−1 0.124

(0.169)

(Y/K)2
t−1 -0.014

(0.013)

ρ 0.870***

(0.109)

No. Obs. 1192

Log likelihood -353.33

Source: IAB Establishment Panel 1996-2001. *** - 1% significance level,** - 5%
significance level,* - 10% significance level. I is an indicator variable and equals 1 if
the condition inside the parentheses is fulfilled. Control variables include sector and
year dummies.
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