
�����������	
��������������
�������
��
�����������
�������
������
�����

����������	�
����������������������
��������������

������
�
�����
���
 �!�����"
#������������������ ������$�
�%
& ���!�'��
����

#(��
��"
������������	
������	���
���
������
��������������
���
���������������������
�������
��
�
	���������
	��	��	�����
����������
�����	������	����
�����������������������������������������
�����
�
��������������	���������������	���	
������������������������������
��	���������
	���������
��
�������������
����
����
�	����������������������������������������������

�����	
������	���
�
	�

��������������������	����
�������������
����������������������	�������
������������
������	������
��
	������������������������	�����������������	���	�����������	�
�	��
�������	����
����������
�
���������������
����	����
�������������������������	���������
����������	��������	���������
	���
���
������ �	
����������������
���������������	����
�����������	
��������������������
����
��
���������������������������	����������
���������������
���!��
�����������
���
�������
������������	
��������
�����������������
����������������������	�����������������
����
����
�������
����������
����	
����	���������	�������������������������	
�	�����������������������������	����
������������
�������	������������������	���	���
��
���������������������
����
	������������������
���������������
��
	�����	�
����������������
������

)����%�"�"����	����
���#���������
	��	��	�����
���$�����������$���������������
�������
�

*+,�� 
���'��
����"�#%&��#'(��"%)��"*%

#�$��� �%-�����"������������������
�+����#���������,-�����,���������
��.��
��/������
.���0����
�����������	����������������������� �������	���
������
��	
�������

#%%���"�1����2�3����4����������
��5��
��"����������
��1	
�
��	���$�5�2
6�(7*8�2�����������7&(9
5��
���
������1�����:��������
��;�	
����
��


/<������=�
�0��������� �������	���
������>�����	��"�����������$�5�2
6�'(&(�"����
��77&&�5��
���
������1�����:��<��������
���������;�����


���<�� �<������� �������	���
������>�����	��"�����������$�5�2
6�'(&(�"�������77&&
5��
���
������1�����:����<����<�����;�����




�����������	
��� 	
�������������	�������������������
�����������
����<
�������
���

����?��������������
"��	����
��$�����	�������
����������
�������
���������������������<
����������	���������
	��������������������	��	�����
��������	���
���������������	�

?�����	���������
���
�������$"��������
�
"��	����
��$��������������������
������!�������:�����:@@���������


�
����������"��	����
��$������	
���	�:

 �������	���
����
 ��������������	�����
�������	�
��%%%8�/
���������

������
��: A)9�B%�''�88�77
������6: A)9�B%�''�88�*8
1�����:�  ������
�������;�����




1 Introduction

In the literature, there is a vast body of articles that analyse the process whereby output

is produced from combinations of inputs. While inputs of labour measured in man hours,

energy, and materials in many cases are observed directly, capital stock series need in

general to be calculated by using imputational methods and approximations. A common

challenge in empirical analyses of the production process,1 that do not put rigid a priori

restrictions on the capital stock e�ects, is therefore how to measure the capital input

and, if necessary, the user cost of this input.2

In analyses based on observations from micro units, various approaches to calculate

capital stocks have been applied, depending on the information available. We may distin-

guish between two main traditions: one that primarily uses information about the level

of capital stocks, and one that primarily uses information about gross investment ows,

usually combined with level information to some extent. Recent examples within the

�rst tradition are Bughin (1993) and Wolfson (1993), both using companies' book values

from annual �nancial reports to obtain capital stock series, and Lindquist (1995, 2000),

Ohanian (1994), F�rsund and Hjalmarsson (1988), and Reynolds (1986), all using output

capacities measured in tonnes as proxies for capital stocks. Companies' stock exchange

values and �re insurance values have also been used as proxies in such studies. For an

example of the latter, see Bi�rn, Golombek, and Raknerud (1998).

The dominant approach in the empirical literature, though, is the perpetual inventory

method, which belongs to the second tradition. In essence, this method means calculating

capital stock series by cumulating past and present gross investment series in quantity

terms, while assuming a speci�c weighting system, often derived from assuming an a

priori �xed technical depreciation rate. Recent examples are Klette and Griliches (1996)

who analyse Norwegian manufacturing industries, Hsiao and Tahmiscioglu (1997) who

analyse U.S. manufacturing industries, and Galeotti et al. (1997) who analyse Italian

manufacturing industries. If the data on gross investments do not go backwards a suf-

�cient number of periods in relation to the assumed maximal life time of the capital,

at least one benchmark value for the level of the capital stock is needed. Klette and

Griliches use plant data on �re insurance values to obtain a benchmark, Hsiao and Tah-

miscioglu use the companies' net property value as a starting value while Galeotti et al.

use companies' book value for a given year as a benchmark. In microeconometric analy-

1Capital stock variables are needed also in other branches of economics, for example in studies of

economic growth and investment behaviour, national accounting, and studies of corporate tax systems.
2See Bi�rn (1989) for a discussion of the user cost of capital and the associated capital stock concepts

within the neo-classical framework.
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ses applying the perpetual inventory method, it is common to use aggregate or sectoral

investment goods deators from the national accounts to deate the (benchmark) capital

stocks in value terms.

Within this second tradition, there are also studies that, rather than calculating

capital stock series, estimate these stocks as an integral part of a more comprehensive

model. The capital accumulation relationship, de�ning capital stocks, may for instance be

inserted in an optimizing behavioural model, such as a factor demand system, or included

in a production function. The unknown parameters of the whole model, including the

rate of depreciation, are estimated simultaneously, and capital stock series can then be

calculated using the speci�ed capital accumulation relationship. Recent examples are

Doms (1996) and Prucha and Nadiri (1996). One major shortcoming of this approach

is that the inference about the capital accumulation process is likely to be inuenced by

speci�cation errors or incorrect assumptions in the behavioural model.

Little has been done to evaluate the e�ect of important a priori assumptions when cal-

culating capital stock series, although there are a few important exceptions. Miller (1983,

1990) and Barnhart and Miller (1990) discuss several problems in applying the perpetual

inventory method. In Usher (1980), many of the problems that arise in measuring capital

stocks are addressed. In this paper, we take one step in the direction of evaluating the

consequences of some important assumptions in the perpetual inventory approach. We

con�ne attention to the capital accumulation process on its own, and do not restrict its

parameters to satisfy some a priori speci�ed optimising behaviour. We present two kinds

of investigations.

Within the perpetual inventory tradition it is common to decide upon depreciation

rates a priori.3 First, we evaluate this procedure by calculating capital stock series from

di�erent depreciation rates picked within the range usually reported in the literature

(Section 4). The capital stock series we obtain in this way show considerable sensitivity

to the choice of depreciation rate, both in terms of level and growth pattern and both at

the micro and the industry level.

Second, we attempt to estimate depreciation rates by combining time series of capital

stocks and ows. This is our main objective of the paper. We have access to plant

speci�c time series for overlapping years { recorded by independent measurements { on

�re insurance values and gross investment for the same period. Previous attempts in

the literature to make such stock-ow confrontations at the micro level have, very often,

applied accounting data at the �rm (company) level, not at the level of the technical

3Hulten and Wyko� (1981), Hulten et al. (1989), and Bi�rn (1998) attempt to estimate depreciation

structures econometrically from prices of capital goods traded in second-hand markets; Jorgenson (1996)

gives a recent survey of empirical studies of depreciation.
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production unit, the plant (establishment). Having data at the plant level is an obvious

advantage when the structure of capital depreciation varies across plants belonging to the

same company. Furthermore, using accounting data as proxies for levels of capital stocks

in a technical sense, most likely involves a measurement error problem. Such data are, in

the main, related to the capital's wealth dimension, and are measured on a historical cost

basis, see, e.g., Wadhwani and Wall (1986). Measurement errors are probably present

also when other proxies for the level of the capital stock are applied.

Although it is well understood that both measurement errors and heterogeneity in

parameter structure are likely to be important when estimating depreciation rates from

micro data, no previous analyses have, to our knowledge, examined these issues simul-

taneously within the perpetual inventory framework. Our analysis (Section 5) focuses

on the speci�cation of the measurement error and plant heterogeneity. Both system-

atic and random errors in the �re insurance values are allowed for, and various forms of

heterogeneity in the coe�cient structure are represented. We �nd that introducing such

heterogeneity inuences the estimated depreciation rates substantially, and generally, the

estimates tend to be higher. We also �nd strong indications that our level proxies, the

deated �re insurance values, systematically di�er from the capital stocks implied by the

gross investment series in both levels and trend patterns.

Our primary data source is plant-level panel data from the annual manufacturing

statistics database of Statistics Norway, and all calculations are done separately for three

industries and two kinds of capital for each industry. Hence, the capital categories we

consider throughout this paper are more homogeneous than in most other studies, which

use capital as one aggregate.

2 The capital accumulation process

There is a close relationship between the capital stock accumulation and the ow of

investment. We assume discrete time, and let subscript t denote period t. By de�nition,

Kt = Kt�1 �Dt + Jt;(1)

where Kt is the capital stock at the end of period t, Dt is the technical depreciation,

or retirement, of capital in period t and Jt is the gross investment in period t, all in

quantity terms. A distinction between gross and net capital is often made, see, e.g.,

Bi�rn (1989, chapter 3). The former represents the productive capacity of the capital

stock and measures the instantaneous ow of capital services, while the latter represents

the capital's wealth dimension and measures the prospective ow of capital services. In
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general, gross and net capital will not be numerically equal.4 In analyzing production

technologies, we are primarily interested in the productive capacity of the capital stock

and will therefore concentrate on gross capital.5 Eq. (1) says that the change in gross

capital from one period to the next, net investment, depends on gross investment and

the technical depreciation, i.e., the loss of e�ciency and physical disappearance of old

capital goods.

The level of aggregation of capital is important. The total capital stock of a plant

or �rm is, in general, not an aggregate of homogeneous units, but consists of buildings,

structures, machinery, and transport equipment of various kinds. The level of aggregation

will in practice reect the data available and the purpose of the study. If the various

capital types enter the production process di�erently, there will be a trade-o� between

simplicity and representing the data generating process in a realistic way. However, even

when an aggregate capital measure is chosen, the calculation of the capital stock series

should be done at the most disaggregate level whenever possible. With a disaggregated

approach, one can take into account that the depreciation pattern varies across capital

types. For example, it is generally assumed that buildings have longer service lives than

machineries and hence the form of their survival pattern di�er.

Because data on depreciation in general are not available, the survival pro�le of the

capital must be speci�ed. This is usually done parametrically. The survival function

de�nes the proportion of an investment made a certain number of periods ago that still

exists as productive capital. Let Bs denote the share of the capacity of a capital stock

invested which survives at age s; s = 0; 1; 2; : : : . The (gross) capital stock in period t

can then be written as the following weighted sum of past gross investment:

Kt =
1X

s=0

BsJt�s:(2)

We assume that Bs is non-increasing in s, with B0 = 1 and B1 = 0. This is the

mathematical description of the perpetual inventory method. Technical depreciation in

period t can then be written as

Dt = Jt � (Kt �Kt�1) =
1X

s=1

bsJt�s;(3)

where

bs = Bs�1 �Bs; s = 1; 2; : : : :(4)

4They are, however, equal in the special case where the technical depreciation structure follows an ex-

ponential (with continuous time) or geometric (with discrete time) pattern. Then technical and economic

depreciation will also coincide numerically.
5Some authors use the term gross capital to denote cumulated gross investment, while net capital

denotes gross capital minus cumulated depreciation.
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If Bs is geometrically declining, often denoted as geometric decay, with factor 1��

(0��<1), we have Bs = (1��)s; s = 0; 1; : : :, and, from (4), bs = �(1��)s�1; s = 1; 2; : : :,

so that (2) and (3) take the form

Kt =
1X

s=0

(1� �)sJt�s;(5)

Dt = �

1X

s=1

(1� �)s�1Jt�s = �Kt�1:(6)

We can then interpret � as the (technical) depreciation rate, i.e., the part of the capital

stock at the end of period t � 1 which vanishes during period t. Geometric decay is the

only survival function for which Dt=Kt�1 is constant over time for any gross investment

path.6

Combining (1) and (6), we get

Kt = (1� �)Kt�1 + Jt;(7)

or equivalently,

Kt = (1� �)�1[Kt+1 � Jt+1]:(8)

From (7) we �nd, by inserting recursively for Kt�1; Kt�2; : : : , that

Kt = (1� �)t��K� +
t���1X

s=0

(1� �)sJt�s;(9)

which expresses Kt by means of a benchmark value of the capital in period � (� < t),

and the investment ow during the intervening period, i.e., J�+1; J�+2; : : : ; Jt. From (8)

we �nd, by inserting recursively for Kt+1; Kt+2; : : : , that

Kt = (1� �)t��K� �

��tX

s=1

(1� �)�sJt+s;(10)

which expresses Kt by means of a benchmark value of the capital in period � (� > t)

and the investment ow during the intervening period, i.e., Jt+1; Jt+2; : : : ; J�. The �rst

term on the right hand side of (9) and (10) shows that the e�ect on the capital stock in

period t of changes in its benchmark value in period � depends on the depreciation rate

and the distance between the two periods. Hence, if (9) or (10) are used for calculation

of capital stock series for a given gross investment series, the sensitivity of the capital

stocks to measurement errors in the benchmark capital value depends on � and t��.

6An alternative survival pro�le is the simultaneous retirement or `sudden death', in which all capital

units retain their full e�ciency during their whole life-time and then disappear completely. Then net and

gross capital will not be equal, and depreciation rates will depend on the time path of gross investment.
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We choose (5) as our basic hypothesis on the depreciation structure. It is simple {

since it contains only one unknown parameter { but restrictive { since the implied hazard

rate of depreciation (in a corresponding stochastic interpretation of the depreciation

process) is age invariant and equal to bs=Bs�1 = �. Several other parametrisations

have been proposed in the literature though, most containing more than one unknown

parameter, and with hazard rates depending on the age of the capital.7 A distinct

advantage with the geometric decay speci�cation from a practical point of view is that it

leads to (9) and (10), in which information about the age distribution of the benchmark

capital stock [K� in (9) and (10)] is not needed for computing capital stocks in other

periods.

Depreciation rates are in general unobservable, and the next challenge is therefore

how to measure these parameters. It is common, even in micro-economic studies, to

use depreciation rates applied by statistics producing agencies in calculating national

accounts data as proxies for the true rates.8 However, this practice has its weaknesses

because few statistics producing agencies have investigated thoroughly (at least in recent

years) the survival pro�les of capital goods. Central statistical o�ces often \pick" service

lives or depreciation rates from other countries, and hence there is a tendency to a circle

e�ect where one or a few empirical investigations largely determine the survival pro�les

of capital goods in many national accounts.9

7We could, for instance, replace (5) by a �nite order MA, AR, or ARMA process (possibly with

some parameter restrictions). This could, however, increase the number of parameters to be estimated

substantially.
8Cf. the UN meetings in the Canberra Group on Capital Stock Statistics.
9Furthermore, there may be a gap between the observed investment outlays and the growth in the

productive capital stock. Jorgenson (1963) and Jorgenson and Stephenson (1967) argue that time is

required for the completion of new investment projects. Kydland and Prescott (1982) de�ne this as the

`time-to-build'. We may therefore wish to replace (1) by Kt = Kt�1 �Dt + St, where St represents the

capital �nished and put into use during period t and added to the productive capital stock at the end

of this period. Gross investment in period t, Jt, as usually reported by the plants as the sum of the

`values put in place' of current investment projects, may then exhibit a lead in relation to the capital put

into use in period t. Then the relationship between St and Jt may be represented by a distributed lag

mechanism, and equality between these two variables will hold only `in the long run'. As `time-to-build'

processes are not easily observable, the formulation of the capital accumulation process for empirical

purposes must be given either in terms of the gross investment series Jt available, or be based on speci�c

assumptions about the lag distribution or estimates taken from other studies or own `guesstimates'. A

reasonable assumption is that `time-to-build' is important for large investment projects in buildings and

structures, but less so for smaller investment in machinery and transport equipment. Also, the data

frequency may be of relevance; with annual data, `time-to-build' is probably less important than with,

for example, quarterly data. If there is virtually no lag between capital put in place and capital put into

use, St = Jt holds as a good approximation for all t.
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3 Data sources

The Norwegian Manufacturing Statistics database contains annual plant-level panel data.

All large plants, i.e., with 5 or more employees until the year 1992 and with 10 or more

employees thereafter, are included. We use data from the following industries: Pulp and

paper (341), Chemicals (351), and Basic metals (37). The industry numbers given in

parenthesis follow the Standard of Industrial Classi�cation (SIC) System. Our sample

includes data from the years 1972 { 1993.

Available variables that are relevant in the calculation of the capital stock series are

(i) �re insurance values for the two categories Machinery and transport equipment (Ma-

chinery, for short) and Buildings and structures (Buildings, for short); (ii) gross invest-

ment (including net sales of capital) in Machinery, Transport equipment, and Buildings

and structures; (iii) rent value of real capital, both income and expenditure, on the two

capital types de�ned in (i); (iv) repair and maintenance costs split according to whether

the work is done by own employees or by others.

Using deated �re insurance values as direct measures of the capital stock of di�er-

ent categories may seem an appealing approach. A major problem is that the quality

of the reported �re insurance values is thought to be relatively poor due to a lack of

quality control. We therefore decided not to use these data as our only source of capital

information.

In order to be able to compute capital stock series by means of the perpetual inventory

formula (2), one needs time series for gross investment at least a number of periods

backwards equal to the maximal life-time of the capital, i.e., the largest i for which

Bi is positive. In the geometric decay case, which is characterized by a in�nite survival

function [cf. (5)], the function must be truncated in some way. We do not have a su�cient

number of early observations on gross investment in our sample, and therefore need to

combine the data on investments with some level information to obtain a benchmark

value for the capital stock. We use deated �re insurance values to construct benchmark

values, and (9) and (10) can then be used to calculate capital stock series.

A further question is how to de�ne gross investment. We can either use the data

reported by the plants directly, or we can add the data onmaintenance work and repair to

the gross investment �gures reported. One argument for the latter approach is that these

components in general are very large in comparison with the gross investment recorded.

This may reect, for example, that some plants de�ne replacement investment, i.e.,

investment to compensate for depreciation, as maintenance work and repair. Measured

relative to the value of gross investment, the value of maintenance work and repair is as

9



much as 75 per cent on average.10

4 Constructing capital stock series from

pre-selected depreciation rates

In this section, we evaluate some consequences for calculated capital stock series of choos-

ing a priori depreciation rates within the range usually reported in the literature. We

distinguish between two capital types, Machinery (including transport equipment) and

Buildings (including structures). The deated �re insurance values are used to obtain

level information in a given reference year, which is selected as a benchmark according

to some rules that we describe below. Under geometric depreciation with pre-selected

depreciation rates, capital stock in the remaining years can be constructed by utilising

data on gross investment and recursions based on (9) and (10).

It is not clear how one should select the benchmark year. One possibility is to use the

�rst year in which the plant occur in the sample; the drawback is that no �re insurance

data for the years 1972 { 1973 are available. Missing observations also occur for some

plants in certain other years. To select the benchmark year we sort (in ascending order)

the time series for the deated �re insurance values for the individual plant. The deating

is based on the corresponding aggregate investment price index according to the national

accounts. Instead of using, for instance, the calendar year corresponding to the highest or

smallest value of the sorted time series, we choose the 75 percentile since this is believed

to be less inuenced by measurement errors. Table 1 shows how the reference year is

chosen depending on the number of observations of the individual plant. In general,

for each plant, the reference year will depend on the capital type. From each reference

year, we use (9) and (10) to calculate time series for the capital stock of Machinery and

Buildings separately. For an example, see Appendix 1.

In order to evaluate the constructed time series of capital stocks when applying di�er-

ent depreciation rates, it is useful to consider some of their implications at the industry

level. For a given calendar year, one can aggregate the stocks over the plants in each

industry. The sensitivity of the calculated capital stock series to the choice of depreci-

ation rate is illustrated in Tables 2a { 2c, which relate to Pulp and paper, Chemicals,

and Basic metals, respectively. The tables contain the aggregate results for both capital

types; the separate results for Machinery and Buildings are given in Appendix 2. The

10With our data, we have the possibility to take into account that plants can rent and lease capital. We

choose to ignore this, however, mainly because we face a major challenge of how to deate these data.

Measured relative to the value of gross investment, the value of net lease of capital is only 4 per cent on

average.
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last column in each table gives, for comparison, the corresponding �gures from the na-

tional accounts.11 In the national accounts, which use gross investment recorded in the

manufacturing statistics and assume geometric depreciation, the �re insurance values are

not utilised as benchmarks, however. When long time series for gross investment are

available this may give an adequate approximation because the initial capital stocks can

be set to zero.12

Table 1. Rule for selecting the reference year

Number of years Observation number in the sorted
the plant is observed data vector used as benchmark

19 { 22 5
15 { 18 4
11 { 14 3
7 { 10 2
1 { 6 1

We �nd that the choice of depreciation rates is very important for both the level of

the capital series and their growth pro�le, some values resulting in decreasing, other in

increasing capital stocks, given the benchmark values. We also �nd signi�cant discrep-

ancies between our constructed capital �gures and the corresponding national accounts

�gures, also when similar depreciation rates are used. Some di�erences in the levels were

expected, however, for reasons pointed out earlier. The di�erence is most pronounced

for Machinery. Errors in the level of the capital stock series will, of course, a�ect other

variables derived from it. For instance, an error in a capital series by a factor k will a�ect

the estimated rate of return by a factor of 1=k.

In general, the true rates of depreciation are unknown parameters, and we believe

that the lesson which can be learnt from this exercise, i.e., that calculated capital stock

series depend signi�cantly on pre-selected depreciation rates, carries over to other micro

data. A framework for estimating depreciation rates, rather than picking their values a

priori, is therefore desirable, when possible. In the next section we present a framework in

which depreciation rates are estimated, combining stock and ow information on capital.

11The Norwegian national accounts o�ce has recently carried through a main revision of the national

accounts data, starting in 1978. For the preceding years growth rates from old national accounts data

have been utilised to construct national accounts data for the years 1972 { 1977.
12Furthermore, the results will di�er because the national accounts series are adjusted due to the

presence of small plants, which are not covered by the primary statistics. And, while we include repair

expenses in the gross investment �gures, this is not the case in the national accounts data.
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5 Estimating depreciation rates from plant-level data

Our data set has the great advantage from the point of view of estimating depreciation

rates econometrically that it contains time series, for overlapping years, of both capital

stock variables and corresponding ow variables, gross investment, observed by indepen-

dent measurements. We use our framework with geometric decay depreciation, not in its

basic form, but with parametric speci�cations allowing for both systematic and random

errors in the �re insurance value as a measure of the capital variable in a technical sense.

Our starting point is (5), which for plant i, with a plant speci�c depreciation rate �i, is

represented as (we suppress, for simplicity, the subscripts for industry and capital type)

Kit =
1X

s=0

(1� �i)
sJi;t�s + u�

it
;(11)

i.e., the capital stock, for plant i in year t, Kit, (which is unobserved) is written as a

weighted sum of past investments, Jit, with plant speci�c, geometrically declining weights.

The error term, u�
it
, takes account of deviations from this rule.

Several reasons can be given why we should not expect (deated) �re insurance values

and (unobserved) productive capital stocks to coincide. We mention a few: First, the

plants' propensity to insure their capital stock may be changing over time, exhibiting,

for example, a smooth time trend, that may be common or plant speci�c. Second,

the capital variable which the plants insure may include not only tangible objects, but

also immaterial capital like research and development, good-will, know-how, etc. Third,

insurance value is a value related concept. Not infrequently full replacement values rather

than replacement values after deduction of cumulated depreciation up to the current

service age seem to be reported. Productive capital stocks are technical, capacity related

concepts. Fourth, improper price indices may be used in deating the reported insurance

values. Other reasons why (11) may be too simplistic when applied to plant-level panel

data are (i) changing depreciation rates over time within the assumed geometric structure,

(ii) investment in the aggregated capital types, Buildings and Machinery, may change in

composition with respect to service life during the observation period, and (iii) even for

the most disaggregate capital types, the depreciation pro�le may be non-geometric.

Based on these considerations, we have chosen the following formalization of the

relationship between the �re insurance value of plant i in period t and the unobserved

capital stock

H
it
= c�

i
+ ��

i
(t�1971) +A

i
K

it
+ �

it
;(12)

where Ai is a scaling factor for plant i, representing the systematic component of the

measurement error in the �re insurance value, ��
i
is a trend coe�cient, representing
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possible trend e�ects in the insurance behaviour of the plants, c�
i
is an intercept term

{ all of which may be plant speci�c, as indicated by subscript i { and �it is an error

term, including the random part of the measurement error. The error terms in (11) and

(12) are assumed to be independently distributed. White noise properties for u�
it
and

�
it
are assumed (although arguments could be given for applying MA or AR processes).

We refer to Ai as the scale parameter, �i as the depreciation parameter, and ��
i
as the

trend parameter. In the empirical applications, we consider not only the case where these

parameters are plant speci�c, but also cases in which some of them are assumed plant

invariant for each industry.

The unobserved capital variable Kit is eliminated by inserting (11) into (12), giving

H
it
= c�

i
+ ��

i
(t�1971)+

A
i

1� (1� �
i
)L

J
it
+ u

it
;(13)

where u
it
= Aiu

�
it
+ �

it
and L denotes the lag-operator. Multiplying through (13) by the

lag-polynomial 1� (1� �
i
)L, we get

H
it
= c

i
+ �

i
(t�1971)+ (1� �

i
)H

i;t�1 +A
i
J
it
+ v

it
;(14)

where c
i
= �

i
c�
i
+(1� �

i
)��

i
, �

i
= �

i
��
i
, and v

it
= u

it
� (1� �

i
)u

i;t�1, and hence ��
i
= �i=�i

and c�
i
= (1=�i)[ci � ((1=�i)� 1) �

i
].

We estimate (14) and use the relationships de�ned above to obtain estimates of c�
i

and ��
i
. To calculate standard error of the estimated parameters, a �rst order Taylor

expansion of the non-linear relationships is used [cf. Kmenta (1986, p. 486)]. The lagged

endogenous variable in (14) is correlated with the error term v
it
since the latter follows

an MA(1)-process if uit is white noise. Hence, OLS yields inconsistent estimates, and we

therefore estimate (14) with instrumental variables for Hit.

Altogether, we specify ten models for the two capital types and three industries,

characterized by the following parameter restrictions:

Model A: c�
i
= c�; ��

i
= ��; �i = �; Ai = A; 8i.

Model B: c�
i
= c�; ��

i
= 0; �i = �; Ai = A; 8i.

Model C: c�
i
= c�; ��

i
= ��; �i = �; Ai = 1; 8i.

Model D: c�
i
= c�; ��

i
= 0; �i = �; Ai = 1; 8i.

Model E: ��
i
= ��; �i = �; Ai = A; 8i.

Model F: ��
i
= ��; �i = �; 8i.

Model G: �i = �; Ai = A; 8i.

Model H: ��
i
= 0; �i = �; Ai = A; 8i.

Model I: ��
i
= 0; �i = �; 8i.

Model J: All intercepts and slope coe�cients are plant speci�c.

When estimating the models some observations have been disregarded. For the left hand

side variables only observations dated later than 1974 are included, since �re insurance
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values for 1972 and 1973 are missing and the lagged endogenous variable occurs on

the right hand side. Furthermore, we only include observations where the deated �re

insurance values exceed 1 million 1991-NOK. The models are estimated by the TSP 4.3

software, see Hall (1996).

The depreciation parameter should be positive, and within the same industry, we

expect its value to be smaller for Buildings than for Machinery, because Buildings, on

average, are expected to have a longer life time. Furthermore, the scale parameter should

have a positive sign, since an increase in the latent capital variable should be followed by

an increase in the deated �re insurance value [cf. (12)].

Consider �rst the results for the models with no systematic heterogeneity across

plants, i.e.,Models A { D in Tables 3 and 4. The OLS estimates of the most general model

within this model class, Model A, are reported in Table 3 for reasons of comparability

with other results, although, as mentioned above, it yields inconsistent estimates. We

therefore concentrate on the IV-estimation results. The estimated trend parameter ��

is clearly not signi�cant,13 indicating that there is no trend in the plants' tendency to

insure their capital stock over time. A zero restriction on the trend parameter leaves both

the depreciation and the scale parameter virtually una�ected; compare Models B and D

with Models A and C, respectively. Furthermore, although we �nd that the intercept

term c� is signi�cantly di�erent from zero in only a few cases, the scale parameter A is in

general signi�cantly di�erent from unity. The latter implies that the measurement error

involved when using the �re insurance value as a proxy for the level of the capital stock

is not purely random but also has a systematic component.

While Model B is most consistent with ��=0 and A 6=1, it produces negative estimates

of the depreciation parameter in two cases. If we restrict the scale parameter to unity,

however, as in Model C and D, all depreciation parameters come out with the correct

sign. It should be noted that introducing the unity restriction on the scale parameter

increases the estimated depreciation parameter.

Consider next the models with plant speci�c coe�cients, i.e.,Models E { J in Tables 5

and 6. The most general model, Model J, leads to estimating (14) on data for each plant

separately. However, since the estimated depreciation parameters and scale coe�cients

in this model to a large extent turned out to be incongruous with a priori assumptions

and quite unstable, they are not reported. This may reect overparametrisation and it

seemed necessary to impose some restrictions on the coe�cient structure across plants.

In Models E { I, the depreciation parameter is equal across all plants classi�ed in the

same industry, while the intercept term is plant speci�c.

13Throughout, the signi�cance level is set to 5 per cent.
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Models E and F imply that there is a signi�cant trend in the insurance behaviour

in three and four cases, respectively. This gives some support to the hypothesis that

there has been a systematic trend in plants' tendency to insure their capital stock, which

suggests a systematic measurement error in the �re insurance values as a proxy for the

capital stock. It is, of course, crucial to take this into account if the aim is to calculate

capital stock variables, Kit, from (12). It is interesting to notice that the estimated depre-

ciation parameters are relatively robust with respect to imposition of the zero restriction

on the trend parameter; compare Model E with Model H, and Model F with Model I. If

we allow the trend parameter to be heterogeneous across plants, as in Model G, we get

implausible depreciation parameters; the estimates are either negative or very large. We

therefore did not go further on this route. The estimated scale parameters in Models E

and H are in general signi�cantly less than unity. Hence, when heterogeneity is intro-

duced in the relationship between the latent capital variable and the �re insurance value,

we �nd clear evidence of a systematic measurement error. Negative scale parameters (cf.

Tables 5 and 6) are, of course, inconsistent with a priori assumptions.

Consider next the e�ect of introducing plant speci�c scale parameters on the depre-

ciation parameters. Comparing Model E with F, and Model H with I, we �nd that the

depreciation parameter in some cases is substantially a�ected. Hence, our data sup-

port the conclusion that the estimated depreciation parameter is more sensitive to plant

invariance in the scale parameter than to zero restrictions on the trend e�ect.

From the discussion of Models E { I above, we can conclude that the relationship

between the latent capital variable Kit and the observed �re insurance value Hit seems

to vary across industries and capital categories. When both the scale parameter and

the intercept term are plant speci�c, i.e., in Model F, the estimated depreciation rate

for Buildings are higher than for Machinery in all the three industries considered. This,

rather surprising result, may to some extent be ascribed to the fact that the insurance

behaviour vis-�a-vis Buildings is di�erent from that of Machinery in a way not captured by

our model. It may for example be more di�cult to assess the \true" value of Machinery

than of Buildings, since Buildings are more frequently traded in second hand markets.

By comparing the models without heterogeneity with those with heterogeneity we

�nd a clear evidence that introducing heterogeneity in the scale parameter or intercept

term inuences the estimates of the depreciation parameters substantially. Generally, the

estimates seem to be higher when allowance is made for parameter heterogeneity than

when full homogeneity is assumed.

In Table 7 the residual coe�cient of variation (RCV) of Models A { I is given along
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with the number of observations and the mean of the left hand side variable.14 The RCV

in general is large, and we will not put too much emphasis on this measure as a tool

for discriminating between the models. It is interesting to notice that the RCV tends to

be smaller in models with heterogeneity in the coe�cients than in models without such

heterogeneity.

Our overall conclusion then is that the measurement error involved when using �re

insurance values as proxies for capital stocks includes systematic as well as random com-

ponents. We recommend that a relatively general relationship between the latent capital

variable and the proxy variable should be speci�ed and tested. In our data we found that

the trend e�ect is of minor importance, while a non-unitary scale parameter in general is

important. All the regressions include an intercept term, however, which also represents

a systematic measurement error component.

6 Concluding remarks

There is no obvious, uniquely \right" way to construct capital stock series. The chosen

method will very much depend on the data available and the purpose of the investiga-

tion. The most common approach in the micro-econometric literature is the perpetual

inventory method supplemented by the assumption of a geometrically declining survival

pattern of the capital stock. The value of depreciation rates are typically decided upon a

priori. In econometric production and cost function analyses, the calculation of capital

stocks is seldom considered a research task on its own, and little is done to evaluate the

consequences of important assumptions about the capital input.

The purpose of this paper has been two-fold, �rst to check the robustness of choosing

di�erent `reasonable' depreciation rates a priori, and second to investigate whether stock

information (deated �re insurance series) and ow information (gross investment series)

can be reconciled, and in this process analyse the importance of measurement errors and

heterogeneity.

We have used plant-level panel data from the Norwegian manufacturing statistics,

and have calculated capital stock series for two capital types and three industries: Pulp

and paper, Chemicals, and Basic metals. Two kinds of investigations have been per-

formed. First, we have examined the robustness of the results, i.e., the implication on

the calculated capital stock series, when choosing di�erent depreciation rates a priori.

The depreciation rates chosen are within the range usually reported in the literature. As

14The number of observations, and hence also the mean of the left hand side variable, vary across the

alternative models for the same industry and capital category because of our choice of instruments and

the pre-exclusion of plants with less than 10 observations in some regressions.
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a benchmark for the level of the capital stocks, we have used deated �re insurance values

in a speci�c year picked by an a priori de�ned procedure. The conclusion is that the

choice of depreciation rates is of substantial importance both for the level of the capital

series and their growth pro�le, some values resulting in decreasing, other in increasing

capital stocks over time.

Second, we have tried to estimate the depreciation rates by combining time series

data on gross investments and �re insurance values, again assuming geometric depre-

ciation. The model allows for both systematic and random measurement errors in the

�re insurance values as a measure of the capital stock in a technical sense. Depreciation

rates have been estimated under di�erent assumptions about the systematic and random

measurement errors.

We conclude that the measurement error involved when using deated �re insurance

values as proxies for the latent capital stock variable includes systematic as well as random

components. The relationship between the �re insurance values and the true capital stock

variable varies across capital type and industry, however. From this we recommend that

a rather general relationship should be speci�ed and tested when attempting to reconcile

stock information based on a proxy variable and ow information frommicro units. While

we have found only modest support for the hypothesis that plants' insurance behaviour

has changed systematically over time, since the trend e�ect is of minor importance,

more support is found for a non-unitary a scale parameter. Hence, there is a systematic

discrepancy between the latent capital stock and deated �re insurance values.

We have found a clear evidence that introducing heterogeneity in the scale parameter

or intercept term inuences the estimates of the depreciation rates substantially. Gener-

ally, the estimates seem to be higher when allowance is made for parameter heterogeneity

than when the model is homogeneous across the plants. When both the scale parameter

and the intercept term are plant speci�c, the estimated depreciation rate for Buildings

are higher than for Machinery in all the three industries considered. This, rather surpris-

ing, result may to some extent be ascribed to the di�erences in the insurance behaviour

vis-�a-vis the two capital categories.

It is clear that further research is needed in this �eld, with focus on the measurement

error and importance of heterogeneity when attempting to estimate capital stock variables

and/or depreciation rates. We expect this issue to be of general importance, and it

would be of interest to analyse the relationship between the true capital stock variables

and its proxy variables within other information sets. It might also be worthwhile to

incorporate more elaborate time series methods and/or more exible parametrisations of

the depreciation process.
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Appendix 1: Capital stock calculation. An example

In this appendix, we examplify the method applied to calculate capital series in Section 4

by considering a speci�c plant. The observed gross investment and �re insurance value

and the calculated capital value are shown in Tables A1a and A1b.

The plant we consider is observed in 22 years and, in accordance with Table 1, the

reference year is given as the �fth largest observation in the sorted time series. The �fth

largest value of the deated �re insurance value occurs in 1986 for Machinery, and in 1989

for Buildings. Let Hkt denote the (deated) �re insurance value of capital type k in year

t (k = M for Machinery and k = B for Buildings) and let Jkt denote gross investment of

capital type k and Kkt the stock of capital type k for the plant in year t. The constants

�M and �B denote depreciation rates for Machinery and Buildings, respectively. We have

chosen K
M1986 = H

M1986 and K
B1989 = H

B1989. For the calculation of the capital stock

of Machinery in the remaining years we can utilise the following forward and backward

recursions, cf. eqs. (7) { (10) in the main text:

K
Mt

= (1� �
M
)K

M;t�1+ J
Mt

; t = 1987; 1988; : : : ; 1993;

K
Mt

= (1� �
M
)�1(K

M;t+1 � J
M;t+1); t = 1985; 1984; : : : ; 1972:

For the stock of Buildings the recursions are

K
Bt

= (1� �
B
)K

B;t�1+ J
Bt
; t = 1990; 1991; : : : ; 1993;

K
Bt

= (1� �
B
)�1(K

B;t+1� J
B;t+1); t = 1988; 1987; : : : ; 1972:

This procedure cannot be used for all plants because it sometimes produces negative

values { depending on the value of the depreciation rate. For the plants for which this

is the case, other reference years have been chosen (usually corresponding to the lowest

values in the ordered series).
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