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Abstract

This paper looks at the channels through which communication networks affect productivity

growth. We construct an EUKLEMS dataset (8 countries) modified to include wireless spectrum

purchases and quality-adjusted prices for all components of ICT (i.e., including communication

equipment and computer software). We examine the dataset’s implications for detecting network

effects via (a) metrics introduced in this paper, (b) sources-of-growth analysis using capital

measures more up-to-the-task than heretofore available, and (c) econometric estimation of ICT

externalities. We zero in on whether communication capital (defined as the core infrastructure

of the Internet and wireless networks) played a special role in the post-2002 economic growth of

Europe and find evidence suggesting that it did.
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Communication Networks, ICT and Productivity Growth in Europe

Productivity growth in the advanced countries of Europe contracted, on balance, in the aftermath

of the global financial crisis. ICT investments and ICT intensity have been very important factors

supporting economic growth historically, which begs the question, Can a stepped-up pace of ICT

investment come to the rescue of European productivity growth? Europe’s low ICT intensity

and slower economic growth relative to the United States sometimes are causally linked, in which

case the answer to the question just posed seems unequivocal. But the thrust of research on the

association between ICT and economic growth in Europe suggests something deeper is going on

(Inklaar, Timmer, and van Ark, 2008; Timmer, O’Mahony, Inklaar, and van Ark, 2010). With

this study we update and hopefully improve our understanding of the channels through which ICT

contributes to economic growth and productivity change.

1 Approach

1.1 Network Effects and Sources of Growth

The subtleties of how ICT investments impact productivity growth once a major investment boost—

as in the late 1990s—concludes are not entirely evident in macro data and traditional methods of

accounting for the contribution of ICT to economic growth, particularly for the contribution of

networks and networking.

The traditional approach to accounting for the contribution of ICT to economic growth follows

neoclassical economic theory, which makes clear predictions about the magnitude of the impact of a

change in an input on output: if markets are competitive and returns are constant, the impact of 1

percentage point change in an input is the input’s share of income generated by all productive inputs.

Factor income shares are relatively easy to measure compared with an approach that determines

impacts via econometric estimation of a production function, and neoclassical sources-of-growth

analysis has become a powerful nonparametric tool for assessing the contribution of ICT to growth.
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The traditional approach, however, does not consider or model network effects. The importance

of network effects is most clearly explained by Metcalfe’s Law, which states that the value of a

network increases with the square of the number of users of the network and leads to a situation

where stocks of ICT capital within a sector or country are disproportionately beneficial to growth.1

Commonly referred to as network externalities, micro, industry, and cross-country studies all have

confirmed the presence of such effects.2 In more standard economic terms, these effects might be

called returns to scale, but that does not connote as clearly that we are dealing with a property of

a network or a system, not a firm’s production function.

A recent study took direct aim at analyzing and quantifying the impact of network effects due

to increased use of the Internet and wireless networks—using macro data and within a traditional

sources-of-growth framework (Corrado, 2011)—and found that network effects contributed substan-

tially to the post-2000 acceleration in productivity growth in the United States. Corrado’s results

stemmed from working through the ways in which network effects might be expected to leave their

footprints in a source-of-growth (SOG) analysis.

Table 1: Internet and Wireless Networks in SOG
Empirics

Process Description Where in SOG?

1. Network buildout High investment and Capital stocks
capacity building

2. Network take-up Utilization of installed Capital contribution
capacity rises (via capital income)

3. Network a. Returns to scale MFP
externalities (Metcalfe’s Law)

b. Innovative adaptations
(Internet and wireless MFP
technologies as GPTs)

notes—SOG refers to sources-of-growth analysis.
source—Corrado (2011)

The schematic set out in table 1 shows the main elements of the analysis. The establishment of

a network has certain phases for which Metcalfe’s Law is a good short-hand. The first is a buildout

phase characterized by high investment and capacity building, followed by a take-up phase, during

1Metcalfe’s Law is named for a researcher once at Xerox’s famed Palo Alto Research Center. See ”Beyond the
Ether” in the Economist magazine’s Technology Quarterly, December 12, 2009, page 23, for more information on
Metcalfe and Metcalfe’s Law.

2See Brynjolfsson and Kremerer (1996); Mun and Nadiri (2002); Röller and Waverman (2001), respectively, for
examples of these types of studies.
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which utilization of the installed capacity rises and returns to scale accrue. And because investments

in communication capital create networks inextricably linked to computing, Internet, and wireless

technologies, the capital embodies the general purpose nature of these technologies. General purpose

technologies (or GPTs) have characteristics such as high fixed costs, low reproduction costs, a ready

ability to be adapted to new uses (Bresnahan and Trajtenberg, 1995).

Communication capital then has the ability to generate high marginal returns when widely

dispersed and innovation adaptation occurs. The synergy between the GPT nature of network

technology and the scale efftects of Metcalfe’s Law suggest communication capital has significant

potential for creating network externalities.

In a sources-of-growth analysis, the direct effects of the establishment of a network is attributed

to ICT capital formation, and if the spread of high-speed networking and wireless communication

through the wider economy has created network externalities, the conventional framework will

attribute them to MFP, not ICT capital. This leads to the central question of this research: How

can network externalities be detected in a sources-of-growth analysis?

First, we can consider again the underlying forces behind the ICT boom in the 1990s. Because

internet and wireless communication technologies obtain economic value from complementary in-

vestments in ICT, much of the increase in these investments can arguably be attributed to the

expansion of networks and the possibilities they created for competitive advantage (Greenstein,

2000; Forman, Goldfarb, and Greenstein, 2003a), i.e., that the demand for Internet access was a

primary driving force behind the ICT investment boom of the late 1990s.3

Second, we can look at the productivity of capital in the provision of communications services.

Capital productivity summarizes the total impact of technology shifts and capital deepening (Hul-

ten, 1979), suggesting that the standard productivity framework can be used to develop measures

of network capital productivity and network capital utilization that can serve as detection devices

for network effects in the wider economy (Corrado, 2011). Referring back to table 1, a rise in such

indicators should be a correlate of network effects in MFP, i.e., that benefits are accruing without

the attendant costs of capital expansion.

Third, we can study econometrically whether productivity in general business picks up with

increases in Internet and wireless network use as signaled by the above-mentioned metrics.

3That it was the demand for Internet access, not the microprocessor, that was the impetus behind the late 1990s
investment boom is argued more fully in Corrado (2011).
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1.2 Communication Capital

Communication capital is defined as the private fixed assets used to create and power all (1) publicly

available and (2) dedicated business voice and data networks in an economy. Communication capital

thus includes all investments by service providers, including their auction purchases of wireless

spectrum, plus the private networking equipment assets used in general business.4 We now set out

the basis for our two metrics, the trend in capital productivity of networks and the utilization of

network capital for the analysis of communication capital and network effects.

Model Let industry value added in country c, industry i, and time t be denoted Yc,i,t where i = N

is the network services industry or industries. Ignoring the country and time dimension for the

moment, the network services production function can written as:

(1) YN = ANFN (LN , µKN ).

where KN is network capital at capacity, LN is labor input, and YN is the real output of network

services produced in a period. µ is capital utilization. Movements in µ reflect the underlying,

or, trend balance between network capacity and network traffic, not short-term fluctuation in de-

mand (i.e., our analysis abstracts from business cycle effects). Letting network capital productivity

YN/KN be denoted α, and using sX to denote the cost share of factor X, then the trend growth of

capital productivity ∆lnα is given by

(2) ∆lnα = ∆lnAN + ∆lnµ− sL ∗∆ln(KN/LN ).

We now show how α and µ are related to productivity in general business—the output of

all goods and services excluding the provision of network services (most easily thought of as the

nonICT-producing sector), YB =
∑

i Yi,∀i 6=N . We follow the analysis of increasing returns in Basu,

Fernald, and Shapiro (2001) and assume that network services are general business inputs whose

4Computer and software assets used by business to help them connect to networks are not included because we
assume they are not dedicated to creating and powering the networks but of course a case could be made for including
an unknown portion of them.
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fixed costs CN are covered by a production function for B that exhibits increasing returns that can

be written as follows:

(3) YB = ABFB(KB, LB) = ABF
′
B(KB, LB)− CN

where F ′ is homogeneous of constant degree ρ(≤ 1). The return to network scale γ therefore equals

ρ
(
YB+CN
YB

)
, the ratio of average costs to marginal costs, which may be greater or less than one

depending on the value for the parameter ρ and size of other quantities involved.

We further let YB relative to YN be denoted by φ(N), which is constant in steady-state growth

but is a positive function of the number of users engaged in network activity via Metcalfe’s Law

and thus increases following the establishment of a new network or introduction of new network

technology. Such increases in φ(N) can be thought of as temporarily augmenting YB relative to YN

through the productivity shift term AB.

If network fixed costs are the only source of fixed costs then CN = KN . And if fixed costs

are the only source of increasing returns—save for changes in φ(N) which by definition is constant

in steady state growth—then ρ = 1. γ is then a returns to network scale parameter that can we

written as follows:

γ =

(
1 +

KN

YB

)
=

(
1 +

1

φ(N)α

)
.(4)

Recalling that the returns to scale parameter modifies factor shares as conventionally calculated

in growth accounting, changes in γ influence accelerations and decelerations in productivity, e.g.,

a fall in γ increases the rate of productivity growth (because less of the conventionally-weighted

change in factor inputs is subtracted from output change) and vice versa.

Equation (4) then implies the following: (a) sustained increases (decreases) in the capital pro-

ductivity of network services provision α are associated with increases (decreases) in productivity

change in general business; (b) changes in the factor φ—through changes in network utilization

µ—influences productivity change in a similar fashion.

If the trend in the capital productivity of network access services falls at the same time that the

size of networks grow, providers are essentially capturing network effects in their revenues (thereby
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covering the costs of building out the network). Producer externalities associated with innovative

uses of networks would still show up in MFP and consumer externalities would still be in the

unmeasured “consumer surplus, but a falling trend in capital productivity of providers is a sign

that the net effect of network externalities may not be very large.

By the same token, a constant trend gives greater scope for these externalities, and a rising

trend even more so. In this way, equation (4) captures the “virtuous cycle” often mentioned in the

micro empirical literature on ICT spending and productivity, kicking in with full force when α and

µ are both rising.

Measurement Where do we find network capital productivity and capital utilization in the pro-

ductivity data? The relationship given by (2) is especially useful when technology is highly capital

intensive as is true in telecommunications (and the implied network services function within general

business). Even in the standard neoclassical model in which the growth in technology is exogenous,

capital deepening (the extent to which the growth of capital exceeds other inputs) is determined

endogenously, reflecting producers choice for other inputs following a change in technology. It was

in this sense that Hulten (1979) argued that capital productivity reflects the total impact of these

processes.5

In our application, capital productivity is a measure of the efficiency with which network services

are delivered and can be calculated as a Divisia index based on data for real network services output

and real network capital input. Network services includes both the publicly marketed voice and

Internet access services and the self-produced services of business local and wide area networks.

A Divisia index of capital productivity that reflects the performance of the entire network (and

both types of capital) can then be calculated using data from industry growth accounts assuming

(1) production of network services in general business uses a fixed capital share and (2) prices for

marketed network access are a good proxy for prices of network services self-produced by general

business.

As to network capital utilization, we must first be clear theoretically about how it leaves its

footprints in productivity measures. As shown by Berndt and Fuss (1986), capital productivity is

5For most industries, i.e., non-network industries, the growth of capital exceeds that of other inputs and in steady-
state growth with constant returns, output moves in proportion to capital and capital productivity is constant.
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proportional to the marginal product of capital (which varies directly with µ) and capital utilization

is absorbed in capital income and capital services as conventionally calculated (as per line 2, table

1). In other words, when productivity measures are obtained from a sources-of-growth accounting

in which the rate of return is calculated on an ex post basis (as in Jorgenson and Griliches, 1967),

capital utilization is absorbed in capital income not MFP.6

Let us now consider how to extract a measure of capital utilization from the data. In sources-

of-growth accounting, the contribution of private capital is expressed in terms of the services it

provides. Let the value of private stocks be denoted as P IK where the price of each unit of

capital P I is the investment price and the real stock K is a quantity obtained via the standard

perpetual inventory model. In our application, the value P IK represents the replacement value of

the network, and the value PKK represents the services of communication capital in production.

The unobserved rental equivalence price PK is related to the investment price by the user cost

formula, PK = P I(r + δ − π)T , where r is an after-tax ex post rate of return, δ the depreciation

rate used in the perpetual inventory calculation, π is capital gains, and T is the Hall-Jorgenson tax

term.

The rental equivalence price is simplified by defining the gross return R = (r+ δ− π)T , so that

when capital services PKK are equated with observed capital income via the residual calculation

of an ex post after-tax rate of return r, we have

(5) observed capital income = P IK ∗R

When capital services are computed on the basis of an ex ante financial rate of return r, the

value for capital income must be expressed differently. Defining the gross return R = (r + δ − π)T

accordingly, capital income becomes

(6) observed capital income = P IKµ ∗R

where via the Berndt-Fuss theorem, capital utilization µ (rather than r) exhausts capital income.

6In models that introduce imperfect competition in an otherwise standard neoclassical growth framework (e.g.,
Rotemberg and Woodford 1995), the factor absorbed is a more general inefficiency wedge.
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Equating these two expressions

P IK ∗R = P IKµ ∗R

and solving for µ yields

(7) µ =
R

R
≈ r

r
.

which suggests the relationship between the ex post and ex ante rate of return for an industry or

sector is an indicator of its capital utilization.

Equation (7) can be used to calculate an indicator of the utilization for the publicly available

voice and data network capital (communications capital type 1). Utilization of dedicated busi-

ness networks (communications capital type 2) cannot be so readily isolated because its use is

spread across industries and its marginal productivity therefore not separable from other assets and

industry-specific factors (see Hulten, 2009, for a discussion of such issues). But as previously men-

tioned, under not too restrictive assumptions, we can calculate capital productivity for the entire

network.

2 Empirics

2.1 Data Sources

The “rolling updates” EUKLEMS industry-level productivity accounts (O’Mahony and Timmer,

2009; Timmer, O’Mahony, Inklaar, and van Ark, 2010) at www.euklems.net form the core of the

database used in this paper. The EUKLEMS rolling updates estimates use an updated industry

structure (NACE 2) in which information and communications services industries feature more

prominently. Especially relevant to this study is that now the telecommunications services indus-

try (NACE 61) is separately shown whereas previously it was combined with postal and courier

activities. NACE 61 includes providers of Internet and wireless network access.

The rolling updates productivity estimates available as of December 2013 allow us to study

market sector productivity at the industry-level (26 market sector industries) in eight EU countries:

Austria, Finland, France, Germany, Italy, Netherlands, Spain, and United Kingdom.
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For the analysis of communications and networking technologies, it is necessary to have an

appropriate measure of real communication capital. We incorporate harmonized, quality-adjusted

investment prices for communication equipment and include purchases of 3G/LTE/ 4G wireless spec-

trum as an asset type to more accurately represent the communication capacity of EU economies;

we also incorporate the harmonized software deflator developed for the analysis of intangible invest-

ment in EU economics (Corrado, Haskel, Jona-Lasinio, and Iommi, 2013) to better represent ICT

services production. Finally, because EUKLEMS data are available only through 2009, we extend

the available growth accounts by two years, to 2011, to improve the timeliness of our analysis.

Details on these adjustments, as well as a list of included industries and a description of how

we extended the time coverage, are in an appendix. As we shall shortly see, the new EUKLEMS

accounts and quality-adjusted telecom equipment prices and spectrum data are consequential for the

analysis in this paper. Because we extend and make adjustments to underlying data, we compute

our own net stocks, capital services, and TFP estimates for each of the 26 market sector NACE

industries using the same methods as EUKLEMS. Differences between our estimates and EUKLEMS

are noted in due course.

2.2 Communication Capital Metrics

Table 2 shows rates of growth of variables related to communication capital and its utilization

contained in this dataset. Rates of growth in this table are from 1996 to 2011, with breaks at

2002/2003 and 2007/2008. The latter break begins the recent period dominated by financial crises,

fiscal austerity, and recession in Europe, whereas a break at 2002/3 is used because by then mobile

penetration reached essentially 100 percent in the countries we study and take-up of wireless 3G

networks became increasingly widespread. Before analyzing them, a comment on the detailed

telecom industry data is in order.

The distribution of communication equipment (CT) capital investment across industry sectors

varies substantially across countries in our sample. In some countries (Austria, Germany, Nether-

lands), 25 to 35 percent of private CT capital investment is by the telecom sector.7 In some others,

CT investment reportedly is not concentrated (Finland and France). In still others (Italy, Spain,

7This is also the case in the United States.
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Table 2: rates of growth of variables related to communication capital
and its utilization in 8 eu countries,1 1996 to 2011

1996 to 2002 2003 to 2007 2008 to 2011
(1) (2) (3)

Telecommunications:2

1. Real services output (GVA basis) 12.0 5.0 3.1
2. Capital input 22.5 2.8 2.2
3. Capital productivity -10.4 2.2 1.3
4. Rate of return (ex post)3 18.8 21.0 20.9
a. Selected countries4 14.8 18.0 14.4

Market sector:
5. Real services, incl. self-production 10.0 5.4 1.6
6. Communication capital5 17.0 4.7 3.9
7. Capital productivity -6.9 .7 -2.3

memo: Factor shares (%)
8. Telecom total capital 2.27 2.62 2.65
9. Communication capital5 3.59 3.73 3.59

notes–Table entries are unweighted country-time averages for the period indicated. Rates of
growth are calculated as log differences.
1. Countries include: Austria, Finland, France, Germany, Italy, Netherlands, Spain, and United
Kingdom.
2. NACE 2 industry 61.
3. Percent.
4. Excludes Italy, Spain, and United Kingdom.
5. CT capital services plus total telecom industry capital services (including spectrum).

and UK), CT capital investment is concentrated outside the telecom industry (in transport and

storage activities in Italy and Spain, and in post and courier activities in the UK). We suspect data

problems in these latter countries and proceed by excluding Spain, Italy, and United Kingdom from

the averages summarizing the rate of return in the telecom industry shown in table 2.8

As may be seen then on line 4a of the table, the ex post ROR in telecom averaged 400 basis

points higher during 2003 to 2007 than it did during the seven preceding years. Implied bond yields

can be viewed as constant (or down relative to preceding years, see figure 1), and thus, as per

equation (4), network utilization rose sharply in moving from the first to the second period (i.e,

the ”swing” in its growth rate is sizable). This suggests network effects were likely in force during

the mid-2000s, and the pattern of capital productivity in telecom (lines 3) somewhat buttresses the

case.

Overall communication capital productivity (line 7) remains more or less flat after 2000 (see also

figure 2) but of course still accelerates in moving from the first to second period. While that is all

to the good, as just suggested for telecom capital alone, network services output did not grow fast

8The UK pattern may reflect a problem in the conversion of industry investment data to NACE 2; for Italy and
Span, the situation is less clear as the transport industry is a heavy use of logistics and network equipment. On the
other hand, note that telecom industry analysts often call transmission equipment “transport” equipment, suggesting
there may also be some confusion in industry classification of investment by asset type in these countries too.
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Figure 1: Bond yields in Europe, 1999-Q1 to 2011-Q4

enough to bring capital productivity anywhere near its pre-2000 level (as was more than the case in

the United States by 2007; see figure 3 below, reproduced from Corrado, 20119). Rather than read

too much into this finding, we continue with our empirics and discuss capital productivity again

later.

Figure 2: Communication Capital Productivity Index, eight EU countries, 1995 to 2011

9The industry concepts used for the US do not map directly to the NACE 2 categories for Europe. In the US, the
TV industry is blended with telecom and Internet access providers are shown separately.
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Figure 3: U.S Communication Capital Productivity Index (1987=1), 1977 to 2007

2.3 Growth Accounting

Our market sector growth accounting is summarized in table 3 below. Entries in this table are

unweighted country-time averages for the period indicated. Not all countries have the same patterns

of growth in outputs and inputs of course; these differences are revealed in accompanying charts

showing results for individual countries.

Before analyzing these results, two comments on our adjustments to ICT data are in order. The

table’s addendum shows the impact on rates of growth of real output (GVA) in the market sector

and ICT-producing industries due to fully harmonizing ICT price deflators.10 As may be seen,

market sector growth rates are boosted slightly in each period; growth rates for ICT-producing

industries are raised more notably.

Second, our estimate for the direct contribution of spectrum capital (line 3c), which is based

on operators’ actual payments, is nontrivial during the first period. It has been said that Europe’s

10EUKLEMS harmonizes computer deflators. As previously mentioned, here we also harmonize prices for software
and communication equipment.
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initial mobile telephony auctions ran high,11 and the contribution for spectrum capital shown in

table 3 is more than twice the impact for the United States calculated in Corrado (2011).

Table 3: Sources of market sector growth, eight eu countries,1 1996 to
2011

1996 to 2002 2003 to 2007 2008 to 2011
(1) (2) (3)

1. Real output (GVA) 3.2 3.0 -.7
%-point contribution of:

2. Labor input 1.1 .7 -.5
a. Hours .8 .5 -.6
b. Composition .3 .3 .1

3. Capital input 1.5 .8 .3
a. ICT .7 .4 .2
b. NonICT .6 .4 .1
c. Spectrum .2 .0 .0

4. Multifactor productivity .6 1.4 -.6
a. ICT-producing industries2 .2 .5 .1
b. Telecommunications -.1 .1 .1
c. Other ICT producers .2 .3 .0
d. NonICT-producing industries .4 .9 -.7

memo:
5. ICT production and use3 1.1 .9 .3
a. Communication4 .5 .3 .2

addendum
Harmonization of ICT prices—
Impact on real GVA growth5

6. Market sector .1 .1 .1
7. ICT-producing industries2 1.0 .8 .9

notes–Market sector productivity is calculated at the NACE 2 industry level for each country;
entries are unweighted country-time averages for the period indicated. Rates of growth are
calculated as log differences. Contributions are independently rounded.
1. Austria, Finland, France, Germany, Italy, Netherlands, Spain, and United Kingdom.
2. NACE 2 industries 26-27 (electrical and optical equipment manufacturing), 61 (telecommu-
nications services, including Internet and wireless access providers), and 62-63 (IT and other
information services, including web portals).
3. Includes spectrum (lines 3a+3c+4a).
4. Line 4b+line 6 times line 9 from table 2 (in percentage points).
5. Percentage point difference in rates of growth using harmonized vs. EUKLEMS deflators.

The impact of capitalizing spectrum payments in growth accounts, i.e., subtracting the contri-

bution of these investments (on a rental equivalence basis) from economic growth, is a one-for-one

subtraction from multifactor productivity. The channel is via a dramatic lowering of multifactor

productivity growth in the telecom industry (NACE 2 industry 61).12 This industry is included in

ICT-producing industries, and thus the contribution shown on line 3c comes directly out of what

would have been shown on line 4 (and 4a) in a standard accounting.

11See for example, “Europe Phone Auctions: Too High?”, New York Times, August 23, 2000, for a commentary on
payments of 22.5 GBP and 50.5 Euros, respectively, by European operators in the UK and German 3G auctions in
2000.

12As per previous footnote, see the accompanying charts showing results for Germany and the UK.
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With this as background and as the table then shows, market sector multifactor productivity

growth picked up notably after 2002 (line 4, column 2). The pattern for ICT producers (line

4), especially telecom (line 4b), is consistent with the expected pattern when a network is being

established and then grows: productivity is held down during the first period owing to the costs of

capacity expansion and picks up later as the size of the network grows and utilization rises.

With regard to the measured contribution of ICT to economic growth and the relative role

communication in particular, comparing column (1) versus column (2), one is struck by the obser-

vation that economic growth was relatively strong at about 3 percent per year in both periods in

the 8 countries we study, and that the contribution of ICT production and use (including spectrum

capital) accounted for more than 1 percentage point per year (line 5) or nearly 40 percent of that.

The estimated direct contribution of communication (line 5a, defined as communication capital use

and telecom’s contribution to multifactor productivity change) is rather smaller; it accounts for 37

percent of the overall ICT contribution and thus for about 14 percent of economic growth (1996 to

2007).13

Note further that nonICT-producing industries contributed .5 percentage point to the post-

2002 pick up in multifactor productivity (line 4d, column 2 less column 1). Is it possible then

that European productivity growth was further boosted by salutary network effects during the mid-

2000s? The pattern we see in these results suggests this is possible. We thus turn to an econometric

analysis of whether European industries and economies enjoyed “growth dividends” or spillovers

from their investments in ICT. The foregoing suggests that we should look at communication capital

and its attendant network externalities as the underlying determinants of such effects.

3 Spillovers

We review the general case as set out in Corrado, Haskel, and Jona-Lasinio (2014), and then we

consider the special case of communication capital and network effects.

13The estimated direct contribution of communication rises to 19 percent after 2002 (i.e., calculated using the
information shown in columns 2 and 3), with 12 percent attributed to communication capital use and 7 percent
attributed to utilization effects on telecom producer productivity.
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3.1 The General Case

Let industry value added in country c, industry i, and time t, Yc,i,t be written as:

(8) Yc,i,t = Ac,i,tFc,i(Lc,i,t,Kc,i,t).

On the right-hand side, the L’s and K’s are labour and capital services used in each industry-country

pair at time t, and A is an industry-country shift term that allows for changes in the productivity

with which inputs are transformed into output over time. L and K are represented as services

aggregates because many types of each factor are used in production. Some key distinctions among

factor types will be introduced in a moment, but for now what should be borne in mind is that both

K are L are quality-adjusted, i.e., “better” is treated as “more” via marginal product weighting.

Note then that K may be broadly defined, i.e., knowledge assets, such as R&D or other non-R&D

intangibles, could be included.

Log differentiating equation (8) gives:

(9) ∆lnYc,i,t = εLc,i,t∆lnLc,i,t + εKc,i,t∆lnKc,i,t + ∆lnAc,i,t

where εX denotes the output elasticity of an input X, which in principle varies by input, country,

industry, and time. We assume that all firms are optimizing and face identical factor inputs,

suggesting that for all firms in a given industry we may write

(10) εXc,i,t = sXc,i,t, X = L,K

where sX is the share of factor X’s payments in industry value added. So this simply writes the

first-order condition of a firm in terms of elasticities and assumes firms have no market power over

and above their ability to earn a competitive return on their capital.14

Now suppose a firm can benefit from the K in other firms or industries. Then, as Griliches

(1979, 1992) noted in the case of knowledge capital, the industry elasticity of ∆lnK on ∆lnY is a

14Note that omitting intangible capital results in what may appear to be market power or excess returns to tangible
capital. See Corrado, Goodridge, and Haskel (2011) for further discussion.
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mix of both internal and external elasticities. Following the generalization due to Stiroh (2002), we

write

(11) εXc,i,t = sXc,i,t + dXc,i,t, X = L,K

which says that output elasticities equal factor shares plus d, where d is any deviation of elasticities

from factor shares due to e.g., network effects (or knowledge spillovers as in the many studies of

R&D). This suggests we may write (9) as

(12) ∆lnYc,i,t = (sLc,i,t + dLc,i,t)∆lnLc,i,t + (sKc,i,t + dKc,i,t)∆lnKi,c,t + ∆lnAi,c,t.

Furthermore, following Caves, Christensen, and Diewert (1982), a Divisia TFP index can be con-

structed that is robust to an underlying translog production function so that we also have

(13) ∆lnTFPc,i,t = dLc,i,t∆lnLc,i,t + dKc,i,t∆lnKc,i,t + ∆lnAc,i,t.

Equations (12) and (13) then provide the framework for estimating spillovers to inputs to the

conventional production function (8). Note that if (8) is, say Cobb-Douglas, then ε is constant

over time and (12) might be transformed into a regression model with constant coefficients. If (8)

were, say, CES, then ε would vary over time with all input levels, and so (12) might be written as a

regression model with interactions between all the inputs. From the more structured equation (13),

a regression of ∆lnTFP on the inputs recovers direct estimates of the spillover terms. Econometric

specification and estimation issues are discussed further below.

3.2 Communication Capital and Network Effects

As previously discussed, one way to think about network effects is as increasing returns to own-

industry communication capital in which case the framework of equations (12) and (13) used by

Stiroh (2002) and Corrado et al. (2014) to look for spillovers from ICT and intangible capital is

sufficient.15 Another approach, due to Röller and Waverman (2001), is to consider the capital of

15Strictly speaking, in the case of increasing returns as previously described in Section I (see equation 4), the d-term
for network capital in equation (11) is a returns-to-scale parameter that enters multiplicatively.
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the telecom industry akin to a country’s infrastructure, with greater telecom industry investment

associated with more efficient production in all industries. Corrado (2011) further introduced a

distinction between capacity building and an increase in network utilization, associating the latter

with the salutary effects known as “Metcalfe’s Law” discussed earlier.

The relationship between approaches that consider the special character of communication capi-

tal and the framework of equations (11), (12), and (13) can be seen by adapting the simple Griliches

(1979, 1992) model of within-industry knowledge spillover effects.

The Griliches framework relates output of the jth firm to conventional inputs, its own stock of

knowledge assets, its industry’s aggregate stock of knowledge assets, and total factor productivity.

Because the productivity of a firm depends on asset stocks of other firms, the Griliches model is

often applied by specifying transmission paths though which individual firms capture the external

benefits (e.g., geographic proximity, inter-industry input-output relationships, inter-firm employee

movements, etc.). For our application we write

(14) Qj = CT εj
∑

j 6=j
CT dj,c .

in which output of the jth firm Qj in country c is determined by the use of its own communication

capital CTj and the scale and utilization of communication capital of firms with whom it does

business
∑

j 6=j CTj,c. The latter is expressed as all other organizations within the own country

(including telecoms, for which a distinction will be introduced shortly). Technical change, interna-

tional considerations, industry-specific inter-industry relationships, and other factors of production

are ignored for simplicity. As in the previous section, we assume that all firms are optimizing and

face identical factor prices.

If communication capital is expressed as an ex post service flow in (14), network utilization

is implicit as per Berndt and Fuss (1986) and our previous discussion. Even so, equation (14)

suggests that industry production functions relating Qi =
∑

j Qj and CTi =
∑

j CTj must include

additional terms to capture network externalities arising from both higher network capital utilization

and innovations stemming from increased network use. These effects can be jointly modeled as

“spillovers” from country network capacity utilization to industry productivity.
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For any given industry then, overall network services include the private communication capital

services outside of the own industry plus the total capital services of publicly accessible network

service providers (i.e., their servers, their spectrum rights, their telephone lines, access ports, etc.).

If N denotes the network services-providing industry, then Kc,N,t is its total capital services flow.

Denote all market sector industries excluding the own industry and network service providers as

∀ i 6= (i,N). Then CTc,∀ i 6=(i,N),t is private communication capital services at time t outside of own-

industry and service-provider services.

We now are in a position to write the value added industry-level production function for each

market sector industry i 6= N as

Yc,i,t = CT ε+d1
c,i,t CT

d2
c,∀ i 6=(i,N),tK

d3
c,N,t .(15)

From section 3.1, under cost minimization we have ε = sCTi . Compared with the conventionally

calculated impact of capital on an industry’s performance (i 6= N), equation (15) says that the

contribution of communication capital includes an own-industry effect (sCTi + d1) that is higher

than at the micro level (sCTi only) plus an extra kick (d2 + d3) stemming from the size and scope

of a country’s overall utilized communication capital.16 Collectively, the d-terms reflect network

effects.

3.3 Labor Externalities

Although this paper centers on ICT capital and why and where one might find spillovers to invest-

ments in ICT, we still need to consider externalities associated with labor input. Labor input has

a utilization dimension, emphasized in Basu and Kimball (1997) and Basu et al. (2001), which will

need to distinguish from the network effects we estimate using communication capital utilization

as a proxy. We also need to know how labor externalities (to the extent they exist) relate to the

estimates of the contribution of labor “quality” to economic growth shown in table 3.

Consider first how one might specify the labor term in spillover regression. Labor input is

usually distinguished by many types in most productivity datasets, and the contribution of labor

16Because equation (15) is expressed in value added terms, payments for telecom services have been subtracted,
and thus d3 is a spillover term, not an output elasticity.
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services is represented as the combination of a composition (“labor quality”) term Υ and hourly

labor input H and (i.e., L = Υ*H) in sources-of-growth decompositions. The composition term

reflects the net impact of the marginal-product (i.e., compensation) weighting of hours worked by

disaggregate worker type. We can further regard hours as the combination of average hours worked

Ψ and number of workers employed E (i.e., H = Ψ*E where Ψ= H/E).

Thus it seems we have three ways to represent ∆lnL when searching for spillovers. First, we

can use ∆L itself. Second, we can represent it as

∆lnLc,i,t = ∆lnΥc,i,t + ∆lnHc,i,t .(16)

Third, we might even use

∆lnLc,i,t = ∆lnΥc,i,t + ∆lnΨc,i,t + ∆lnEc,i,t .(17)

Now, when considering growth externalities, it seems natural to assume

(18) dLc,i,t∆lnLc,i,t = dLc,i,t∆lnΥc,i,t .

which says that if dLc,i,t is found to be > 0, i.e., when returns beyond the private returns paid to

labor input are detected, the underlying mechanism is externalities to upgrading the skills of the

workforce. An extra kick from “working smarter,” if you will.

We cannot, however, ignore the empirical literature on cyclical variation in productivity change.

In this literature, “working harder” also generates externalities that influence short-run productivity

change. Setting aside the term in E for the moment, if there are short-run externalities to “working

harder,” the coefficient on ∆lnΨi,c,t will not = 0 as is implicit in (18). The usual approach to

capturing this influence is to posit that changes in “effort” are positively correlated with changes

in average hours per worker. Short-run changes in the workweek of labor also arguably proxy for

changes in capital utilization, and thus overall factor utilization (Basu and Kimball, 1997; Basu,
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Fernald, and Kimball, 2006).17 In either case we are compelled to write

(19) dLc,i,t∆lnLc,i,t = φLc,i,t∆lnΥc,i,t + ωc,i.t∆lnΨc,i.t

where φL is the coefficient of interest when searching for spillovers to human capital formation on

economic growth. We will not recover this coefficient without using ∆lnΥc,i,t as a separate regressor.

Finally, consider the ∆lnEi,c,t term. The term is obviously included when estimating a production

function; less obviously, the same holds for a TFP spillover regression to allow for increasing returns.

More generally, the foregoing implies that the ∆lnLc,i,t term needs to be specified carefully

when searching for externalities and precisely how depends on the goals and dataset of the study.

This study does not seek to identiy short-run mechansims driving productivity change. But it is

concerned with changes in network utilization. Network utilization arguably is an aspect of overall

factor utliization, which according to Basu et al. (2006) is reflected in changes in hours. For this

reason, our baseline econometric specificiation uses separate terms for changes in labor quality and

hourly labor input, i.e., we represent ∆lnLc,i,t as in (16).

3.4 Econometric Approach

Our econometric approach has two main features: First, we concentrate on estimating the direct

spillover terms, i.e., we use industry-level TFP as the dependent variable in our regressions as in

equation (13). This approach fully exploits our growth accounting dataset, which already provides

estimates of sXc,i,t for each factor input X. The approach also mitigates many of the endogeneity

issues that arise when estimating production functions (Griliches and Mairesse, 1998). Second,

we model the acceleration (or deceleration) in TFP growth rather than its first-order ln change.

This is done largely for econometric reasons, but the acceleration specification also is consistent

with the model set out in the first section of this paper, which made testable predictions regarding

productivity acceleration/deceleration based on changes in capital productivity and/or network

utilization.18

17As previously noted, ex post calculation of industry rates of return may not fully expunge the influence of factor
utilization on productivity when multiple capital types with different marginal productivies are involved; again, see
Hulten, 2009.

18The econometric reasons are spelled out in Corrado, Haskel, and Jona-Lasinio (2014) who work with a similar
dataset and find serial correlation in the residuals of TFP spillover regression equations.
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As in our industry-based growth empirics, industry TFP is calculated using real industry GVA;

capital services K is distinguished according to two broad types, ICT capital and nonICT capi-

tal; where relevant we also account for two-way wireless spectrum. To examine the influence of

a country’s utilized communication capital on industry-level productivity as set out in equation

(15), industry-level ICT capital is further disaggregated into IT capital (computers and computer

software) and CT capital (communications/networking equipment), and we use the country-level

capital productivity series shown in figure 2 and table 2 to represent a country’s utilized communica-

tion capital. This variable is denoted Yc,N+OA,t/K
CT+KN
c,t where the “OA” in the notation indicates

that communication services supplied by industries on own-account are included.19

Letting ∆(∆lnTFP ) denote productivity acceleration, we experiment with two basic estimating

equations. The first is given by

∆(∆lnTFPc,i,t) = α1∆(∆lnKCT
c,i,t) + α2∆(∆lnKIT

c,i,t) + α3∆(∆lnHc,i,t)(20)

+ α4∆(∆lnKNonICT
c,i,t ) + α5∆(∆lnΥc,i,t) + ζi + ζc + ζt + ηi,c,t

where the ζ’s are controls for country, industry, and time effects on the change in productivity

growth, and the α’s are spillover terms. With this equation, we set out the basic relationships in

our industry growth accounts data, and we experiment with lags and report results of the impact

of disaggregating the KICT term into KIT and KCT as well as L into Υ and H. According to the

analysis leading to equation (15), we do not necessarily expect to find α1 > 0 in equation (20)

The coefficient α2 represents industry-level IT spillover effects, where matters are more nu-

anced. As previously mentioned, a micro-based literature suggests there are strong links between

IT adoption and productivity change at the firm level (Bresnahan, Brynjolfsson, and Hitt, 2002;

Brynjolfsson, Hitt, and Yang, 2002). And while the macro- and industry-level work to date is

consistent with strong links, normal returns to ICT investments typically are not rejected when

examining comprehensive industry data (e.g., Stiroh 2005; Inklaar, Timmer, and van Ark 2008).

As we have a new model suggesting alternative channels for CT—plus an updated and refined

EUKLEMS dataset (updated industry classifications, refined ICT price measures, and additional

19Note that the measurement issues discussed with regard to the industry distribution of CT capital in certain
countries do not materially affect this variable, or put differently, we do not use the difference between the ex post
and ex ante RORs for the measurement reasons previously discussed.
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years)—it seems reasonable to revisit whether industry growth accounting still captures all that is

going on with IT. We are particularly interested in whether α̂2 is positive and significant after 2002

(and not before), as this would be consistent with investments in IT generating a “growth dividend”

due to network effects (as well as remaining consistent with earlier findings in the literature).

The second estimating equation considers network effects as adapted for the spillover framework

via equation (15). It applies to market sector industries (i 6= N , where N is the network services-

producing industry) and is given by

∆(∆lnTFPc,i,t) = β1∆ln(Yc,N+OA,t/K
CT+KN
c,t ) + β2∆(∆lnKIT

c,i,t) + β3∆(∆lnHc,i,t)(21)

+ β4∆(∆lnKNonICT
c,i,t ) + β5∆(∆lnΥc,i,t) + ζi + ζc + ζt + ηi,c,t

where β1 is d1 + d2 + d3 of equation (15). The value of β̂5 ∗∆ln(Yc,N+OA,t/K
CT+KN
c,t ) is then the

directly estimated contribution of network effects to productivity change. We will discuss the role

of the IT and hours term in this regression when we present our results.

4 Regression Results

All regression results use robust estimation techniques with random effects.20 We report each

regression specification for two time periods, pre- and post-2002. We split the dataset at 2002 for

the same reasons we used 2002 as a break point in the growth accounting, namely that we expect

network effects to have kicked in by then, and via Metcalfe’s Law a single linear model of ∆lnAc,i,t

is unlikely to prevail pre- and post- widespread use of wireless and Internet-based networks for the

conduct of business. We did not determine that the sample is best split at 2002 rather than 2001

or 2003, though we do find that no break in structure is rejected according to simple F–tests for

the regression pairs (vs regressions for the combined sample) shown in the tables that follow.21

20We have detected outliers and clusters of outliers based on the evaluation of the predicted fit, the Cooks distance,
simple scatter plots, and tables comparing the mean with the maximum value and the minimum value. The presence
of outliers in the dataset can strongly distort the estimators and lead to unreliable results. Robust regression is
sensitive to outliers and the best model to use when errors are not identically distributed.

21Results for the combined sample and for the F–tests are available from the authors upon request.
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4.1 Preliminaries

We first review our baseline regression specification, discussing how we treat the labor term and

then, because spillovers may take time, the results of our experimentation with lags. Table 5 reports

results of these preliminary investigations. When equation (20) is estimated with a contemporane-

ous labor services term, the estimated coefficients are negative and significant (columns 1 and 2).

When the labor services term is lagged, however, the estimated externality coefficients turn positive

(columns 3 and 4). Moreover, they are significant in both periods.

When the labor services term is then disaggregated (columns 5 and 6), the underlying mechanism

for the term’s significant externality coefficient is seen to be rather different in the two periods—

namely, only the hours effect is significant in the first period whereas “working smarter” rules in the

second. This finding may may reflect improvements in labor input data beginning in 2002 rather

than signaling these effects are truly only present after then.22

The estimated spillover to increases in labor quality is robust to specification change, however,

as will become clear as results of changing other aspects of our regressions are presented. For

example, the capital terms are also lagged in columns 7 and 8, a specification that allows spillovers

to “take time” for all factors, not just labor. And as may be seen—focussing on the labor terms

for the moment—very little changes (this also is true when the labor terms are lagged two periods,

not shown). All told, these results imply that, above and beyond the estimated direct contribution

of improvements in workforce skills to productivity since 2002 (about 0.2 percentage points per

year), there has been an additional small boost—0.06 percentage points per year, on average—due

to externalities.

How does this pertain to our story for ICT? Not much in that we get essentially the same

regression coefficients for the capital terms no matter the specification for the labor term(s).23 But

of particular note, when we shift to the specification with consistent lags on all terms, the statistical

significance of the ICT spillover term becomes stronger the second period (although it’s size is just

22The labor force survey (LFS) data used to determine labor composition in the “rolling updates” version of
EUKLEMS are generally available from 2002 onwards, whereas estimates for previous years are based on other (albeit
related) sources. EUKLEMS documentation also states that it was necessary to concord industry labor composition
indexes from NACE 1 to NACE 2 prior to 2002, so data conversion may also be playing a role.

23True, when the capital terms are lagged the small negative coefficient on nonICT capital turns significant, which
is difficult to rationalize, except to note that the estimated impact is very, very small relative to nonICT capital’s
factor share (about 20 percent in our sample).
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about the same). What does this imply? A great deal, as it suggests that industry-level productivity

spillovers to ICT investment registered as large as 0.11 percentage point per year after 2002 (.15 ∗

7.2 percent average annual growth rate of ICT capital).

We now argue that network externalities are the underlying mechanism for this effect and that

the total impact of network effects between 2003 and 2007 was larger still.

4.2 IT Spillovers and Network Effects

We read the significance of the ICT term in the second of the last two columns of table 5 as

reinforcing our growth analysis that productivity in EU economies (on average) was boosted by

network effects after 2002. In the first two columns of table 6 we disaggregate the ICT term into

CT and IT to investigate the source of the significance. We find it lies with IT. The CT term is

insignificant, as is a similar term for two-way wireless spectrum added to another set of regressions

(not shown).

The next two columns (columns 3 and 4) show the same regression specification estimated using

data for nonICT-producing industries only. As may be seen, the results are essentially the same.

So far, so good, for our story that if there were spillovers from investments in ICT they would have

kicked in once adoption of ICT was widespread in “general” business, i.e., ICT producers were not

the driving mechanism behind the significant IT spillover coefficient. But of course equation (21)

was formulated to more formally represent the nuances in this idea, namely that changes in network

utilization (or its proxy, capital productivity) are an indicator of whether network externalities are

in play in general business. In other words, if such externalities are in play, we suggested that a

country’s communication capital is the transmission mechanism (à la Griliches) of the effects.

The next columns (columns 5 and 6) show the results of estimating equation (21). As may

be seen, the change in communication capital productivity is significant in 2003–2010. Two key

observations on this regression are: First, the industry-level IT spillover coefficient does not change

very much when communication capital productivity is included, even though the coefficient on the

hours term does (in fact, it changes sign). The latter may suggest that our capital productivity

measure is picking up effects associated with network utilization that were previously subsumed

(along with other effects) in the hours term; we will turn to this issue in a moment. Second, as per

our discussion of equation (4)
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in section 1, the coefficient on communication capital productivity has the expected sign in the

second period, which supports the model and analysis of network effects set forth in this paper.24

To rule out the possibility that the coefficient on capital productivity is imprecisely estimated

due to collinearity with hours (or IT), the next three columns (7–9) show alternative regressions for

the second period in which the hours and/or IT term is dropped. As may be seen the coefficient

on capital productivity remains stable, whereas the coefficient on IT appears to be sensitive to

whether hours is included. This does not necessarily signal that the coefficient on IT is imprecisely

estimated, but rather that accounting for changes in hours—especially when controlling for country-

level network utilization—seems to be important for picking up spillovers to IT at the industry-level.

Column 6’s estimate of network effects—the regression coefficient on communication capital

productivity—stems only from the country-time variation in our dataset. We previously argued

that our finding of IT spillovers after 2002 (and only after 2002) may also be capturing network

effects to the extent such effects are differentiated at the industry level by IT capital. Recall, too,

that IT capital includes computer software, which may be serving as a proxy for complementary

investments in other forms of intangible capital. In a recent study using industry-level productivity

data from EUKLEMS and intangible investment data from INTAN-Invest, ICT and intangible cap-

ital (excluding software) have been shown to be complements in production (Corrado, Haskel, and

Jona-Lasinio, 2014). The possibility that industries with relatively fast-growing stocks of software

capital are getting more out of their overall ICT investments because of complementary investments

in intangible capital is then very plausible. The intangible capital story does not explain, however,

why this happens after 2002 and not before (when intangible investments were growing, like ICT,

much faster).

All told then, taken literally, the results in column 6 of table 6 suggest that total factor productiv-

ity growth was boosted by 0.09 percentage points per year from 2003 to 2007 due to network effects

associated with utilization change (.133 ∗ 0.7 percent per year growth in communication capital

productivity) and as much as 0.13 percentage points per year from network-induced externalities to

24The coefficient on capital productivity is negative (and significant) in the first period and likely suggests that
the period’s sharp drop in capital productivity, due in large part to massive investments in wireless spectrum in
two countries (Germany and the UK), did not negatively impact nonICT producing industries. In other words, the
negative drag on productivity in the telecom industry due to investments in wireless spectrum was offset elsewhere in
business.
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IT investments (.017 ∗ 8.2 percent growth in IT capital from 2002 to 2006). Relative to the change

in total factor productivity, the total impact of these effects is substantial, accounting for nearly 25

percent of the change in total factor productivity (and more than 40 percent of its acceleration).

Because a drop in network utilization exerts a drag after 2007, over the period extended to include

the global financial crisis (i.e., 2003 to 2011), the estimated contribution of network externalities to

the change in total factor productivity, on net, washes out.25 These contributions to productivity

growth estimated for the EU are, in terms of fractions, generally comparable to those estimated for

the United States by Corrado (2011).

Figure 4 shows the estimated network effects in relation to the other ICT-related contributions

introduced with the growth accounting. As may be seen, the effects are rather large and significantly

enhance the estimated contribution of ICT to EU growth during the mid-2000s. The estimate of a

drag from network effects during the financial crisis is a direct outcome of a drop in the production

of network services, which includes purchased services as well as self-production (or production on

own account in the language of national accounts).

Figure 4: ICT-Related Contributions to Economic Growth in eight EU Countries.

How robust are our estimates of the size and significance of network effects? The estimates are

the product of a Griliches-inspired approach to estimating productivity spillovers to ICT investment,

25Recall from table 2 that communication capital productivity fell after 2007. The influence of IT capital spillovers
is still positive, but it wanes with a post-2007 slowdown in IT capital growth (4.4 percent per year).

29



and we believe we showed them stable to specification changes and scope of variables used. The

econometric approach followed Griliches and Mairesse (1998) in using TFP as a dependent variable

(to avoid certain endogeniety problems) and also that of Corrado, Haskel, and Jona-Lasinio (2014)

in modeling its acceleration (to avoid biases due to serial correlation in the dataset used). After

finding that the lags of industry-level inputs worked better or just as well as contemporaneous terms,

we settled on a simple specification using one lag of industry-level inputs for estimating spillovers

and testing the implications of our model. The explanatory variables in our regressions are not

endogenous, and their double-differenced specification is typically thought to magnify sensitivity to

measurement error, yet we obtain strong results.26

We obtained, we believe, new findings on spillovers and network effects using EUKLEMS data for

two reasons: one, we followed the strict logic and insights of the section I.B model of communication

capital and, two, we used an improved dataset. Recall we incorporated refined ICT price measures

into EUKLEMS, and the “rolling updates” version includes data innovations especially relevant to

this study: updated measures of labor quality (after 2002) and industry classifications better suited

for the analysis of ICT.

What do these estimates suggest about possibilities for ICT-driven growth in Europe in the

future? The last fifteen years have seen the emergence of new Internet and wireless platforms in

some but not all industries (e.g., e-commerce and social networking but not homebuilding or metal-

working). The distinctive characteristic of Internet platforms as a business model is scalability—the

capability of serving additional users at very low costs, i.e., the capability for generating network

externalities. We don’t see the outward signs of very large increases in Internet use for competi-

tive advantage in our communication capital metrics for the 8 EU countries we study, i.e., capital

productivity does not materially rise as would be expected with successful Internet engagement,

widespread use of scalable platforms as a business model, and exploitation of consumer smartphone

use. But where capital productivity did rise sharply (e.g., Finland), industry productivity benefited

consequentially.

The findings in this study of 8 EU countries accords rather well with the related U.S. study by

Corrado (2011) in which it was found that capital productivity rose sharply and that productivity

26The capital productivity term includes total market sector CT capital, which of course covers each industry, and
thus a very small portion of communication capital is own-industry and arguably endogenous. The logic of the model,
however, is that own-industry CT capital has little bearing on the value of entire network, much less a correlate or
determinant of network size. Thus it seems valid to treat this term as exogenous.
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accelerated in industries relatively advanced in their degree of Internet engagement. The identify-

ing information for Internet engagement was the relative size of the installed base business process

productivity-enhancing software in 2000 (in contrast with, say, software for email and word process-

ing; see Forman, Goldfarb, and Greenstein, 2003b for further details). Our econometric analysis of

spillovers used disaggregate information on ICT and found a statistically significant ”extra” contri-

bution to EU industry productivity from investments in IT after 2002 that we interpret in a similar

manner. In other words, the estimated impacts are attributed to network effects and are material

to the estimated overall size of these effects.

5 Conclusion

This paper studied the channels through which communication networks—their capital and the

externalities they generate—affect productivity growth. Using a 17 year sample of 26 market sector

industries in 8 EU countries, we generated metrics, growth accounts, and regression results that

document the importance of communication networks and network externalities. The effects were

found to be rather important, and along with the usual channels included in ICT analysis, underscore

the importance of ICT in driving economic growth (or the lack of it) in Europe since 2002 (see again

figure 4).

All told, many subtleties are involved in how investments in networks impact productivity, and

we believe one of our major contributions has been to underscore the fact that, if the Internet

and wireless networks are the highways of the modern age (on which traffic is growing at explosive

rates worldwide), we need to use models and data that are up to the task of analyzing their

macroeconomic impacts. Related work (Corrado et al., 2014) addresses spillovers to intangibles and

how these investments that are complementary to ICT fit into the macro-productivity picture. But

as far as we know no one has looked at the issues we address in this work on communication.
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APPENDIX

A.1 Extension of EUKLEMS to 2011

Our main data source is the EU KLEMS database (rolling updates, accessed December 2013).

EU KLEMS provides output, input, productivity, investment and capital stocks based on the new

international ISIC Revision 4 industry classification, which is consistent with the European NACE

2 industry classification (34 industries) up to the year 2009 for the following countries: Austria,

Finland, France, Germany, Netherlands, Spain, Italy, and the United Kingdom. In this study we

work with the 26 market sector industries listed in table A1. Note that “rolling updates” EUKLEMS

does not report growth accounting results for market vs. non-market sector aggregates, and thus

the aggregate market sector results reported herein are new with the database constructed for this

study.

To compute growth accounts through 2011, most value added, labor compensation, hours

worked, and gross fixed capital formation (GFCF) series at the industry level were updated with

corresponding data from the OECD’s STAN database, Eurostat, or from Haver Analytics. When

industry level GFCF data were not available from the above sources, series were approximated based

on the overall GFCF for the country, shared out by industry according to shares in the preceding

three years. Capital stocks were then extended to 2011 using the perpetual inventory method using

the same service lives used in EUKLEMS. Our capital stocks for IT, CT, and computer software

differ from EU KLEMS because we use our own harmonized price deflators for these asset types

(see section A.2). Industry level labor composition effects were extrapolated based on the average

growth rate of the preceding three years.

A.2 Addition of spectrum capital

We treated purchased wireless communication spectrum as an individual asset type in our produc-

tivity analysis, i.e., spectrum is included along with seven usual asset types: the three ICT types

(computers, computer software, and communications equipment) plus machinery, transportation

equipment, structures, and other assets. Note that residential structures is an eighth asset type in

EUKLEMS, but it is excluded along with the real estate industry from the analysis conducted in

this paper.
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Table A1: Market Sector Industry List

Industry Code

1 Agriculture, Forestry and Fishing A
2 Mining and Quarrying B
3 Food products, beverages and tobacco 10-12
4 Textiles, wearing apparel, leather and related prodcuts 13-15
5 Wood and paper products; printing and reproduction of recorded media 16-18
6 Coke and refined petroleum products 19
7 Chemicals and chemical products 20-21
8 Rubber and plastics products, and other non-metallic mineral products 22-23
9 Basic metals and fabricated metal products, except machinery and equipment 24-25
10 Electrical and optical equipment 26-27
11 Machinery and equipment n.e.c. 28
12 Transport equipment 29-30
13 Other manufacturing; repair and installation of machinery and equipment 31-33
14 Electricity, Gas and Water Supply D-E
15 Construction F
16 Wholesale and retail trade and repair of motor vehicles and motorcycles 45
17 Wholesale trade, except of motor vehicles and motorcycles 46
18 Retail trade, except of motor vehicles and motorcycles 47
19 Transport and storage 49-52
20 Postal and courier activities 53
21 Accomodation and Food Service Activities I
22 Publishing, audiovisual and broadcasting activities 58-60
23 Telecommunications 61
24 IT and other information services 62-63
25 Financial and Insurance Activities K
26 Professional Scientific, Technical, Administrative and Support Service Activities M-N

note–For the full list of NACE 2 industries, see http://epp.eurostat.ec.europa.eu/cache/ITY_

OFFPUB/KS-RA-07-015/EN/KS-RA-07-015-EN.PDF

Spectrum purchases figures for our eight countries are from various sources, including the ITU,

Ofcom, and PWC. Prices paid in 3G/LTE/4G wireless spectrum auctions are regarded as nominal

investment. Nominal investment was translated into real investment using gross output deflators for

the telecommunications industry obtained from OECD STAN. These deflators were not available

for Germany, Spain, and UK, and we used the value added prices in EUKLEMS. Finally, capital

stocks were calculated using the perpetual inventory method assuming a zero rate of depreciation

(i.e., constant productivity as it “ages” and no discards or retirements).

Among market sector industries, broadband spectrum is owned in the telecommunications ser-

vices industry only. (Note that we do not measure traditional wireless radio and television spec-

trum.) Table A2 sets out the resulting values for ICT and wireless spectrum factor shares in our

industry-level dataset (i.e., these are country-time averages of industry-level value added shares).

As may be seen the values for spectrum capital are small relative to ICT in the aggregate market

economy but loom rather large in the telecom industry.
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Table A2: ICT and Spectrum Factor Shares (%) in eight EU
countries, 1996 to 2011

1996 to 2002 2003 to 2007 2008 to 2011
(1) (2) (3)

Market Sector:
1. ICT capital 4.95 4.71 4.53
2. CT 1.77 1.40 1.20
3. IT 3.19 3.31 3.33
4. Spectrum capital .15 .30 .29

Excl. Telecom:
5. ICT capital 4.34 4.21 4.05
6. CT 1.32 1.10 .94
7. IT 3.02 3.11 3.11

Telecom:
8. ICT capital .64 .50 .48
9. CT .45 .30 .26

10. IT .17 .20 .22
11. Spectrum capital .15 .30 .29

note–CT capital is communication equipment. IT capital is computers and
computer software. All entries are country-time averages of industry-level value
added shares for periods indicated.

A.3 ICT asset price harmonization

ICT asset price harmonization is an attempt to control for methodological differences in the com-

pilation of price indexes, specifically the case where an individual country’s price data might fail to

capture ongoing quality improvements in ICT. EU KLEMS harmonizes computer hardware prices,

but not the other components of ICT. INTAN-Invest harmonizes computer software, as described

in Corrado, Haskel, Jona-Lasinio, and Iommi (2012); Corrado et al. (2013), but otherwise uses EU

KLEMS. The OECD harmonizes an aggregate ICT price index for its productivity statistics, but

not the separate components that we require for our study.

A common harmonization approach, e.g., the OECD approach, is to assume that ratios of ICT

and non-ICT asset prices evolve in a similar manner across countries, and that United States prices

are a benchmark. The harmonized price is formulated as:

(A1) ∆lnPAX = ∆lnPNonICTX + (∆lnPAUS −∆lnPNonICTUS )

where the subscript X denotes the country compared; PA is the price of ICT capital asset type

A and PNonICT is the price of nonICT capital. Time subscripts are ignored. Equation (A1) says

that the price of ICT capital type A in country X is computed using the observed price change for

nonICT capital in country X, adjusted for the observed differential between price change for ICT

37



capital type A and price change for nonICT capital in the United States.

We proceed as follows: (1) we use the ITAN-Invest software deflator (available at www.INTAN-

Invest.org); (2) we apply equation (A1) and obtain quality-adjusted deflators for both telecom

equipment and computers. For computers we use the U.S. BEA’s quality-adjusted computer price

deflator and for telecom equipment we use the investment price originally developed in Byrne and

Corrado (2007) and which is regularly updated by the Federal Reserve.27 As to congruent output

prices, we make small adjustments to components of the ICT manufacturing value added deflators

(components of NACE 26). We do not have an industry software output price from INTAN-Invest.28

Our results for computer prices are virtually identical to EUKLEMS whereas the results for telecom

equipment exhibit rates of price change that decline, rather than rise. The country-time average of

the annual price change differential from 1996 to 2011 is more than 5 percentage points.

27The 2011 annual revision of the U.S. national accounts incorporated many of the Byrne-Corrado communication
equipment price indexes from 2002 on.

28INTAN-Invest harmonizes software output prices at the market sector level defined according to NACE 1 indus-
tries, and it is unclear how to apply its adjustments to relevant components of the NACE 2 information technology-
producing industries.
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