
Contents lists available at ScienceDirect

Journal of Comparative Economics

journal homepage: www.elsevier.com/locate/jce

The economic contribution of the “C” in ICT: Evidence from OECD
countries☆

Peter Goodridge⁎,a, Jonathan Haskelb, Harald Edquistc
a Imperial College Business School, Imperial College London, South Kensington Campus, London SW7 2AZ, United Kingdom
b Imperial College Business School, CEPR and IZA, United Kingdom
c Ericsson Research, Färögatan 6, Stockholm SE-164 80, Sweden

A R T I C L E I N F O

Keywords:
Productivity
Telecommunications
Capital
Investment
Growth
Prices
Growth-accounting

JEL classification:
O47
O57

A B S T R A C T

Numerous studies have documented the contribution of ICT to growth. Less has been done on the
contribution of communications technology, the “C” in ICT. We construct an international da-
taset of fourteen OECD countries and present contributions to growth for each ICT asset (IT
hardware, CT equipment and software) using alternative ICT deflators. Using each country’s
deflator we find that the contribution of CT capital deepening to productivity growth is lower in
the EU than the US. Thus we ask: is that lower contribution due to a lower rate of CT investment
or differing sources and methods for measurement of price change? We find that: (a) there are
still considerable disparities in measures of ICT price change across countries; (b) in terms of
growth-accounting, price harmonisation has a greater impact on the measured contributions of IT
hardware and software in the EU relative to the US, than that of CT equipment; over 1996–2013,
harmonising investment prices explains just 15% of the gap in the EU CT contribution relative to
the US, compared to 25% for IT hardware; (c) over 1996–2013, CT capital deepening accounted
for 0.11% pa (6% as a share) of labour productivity growth (LPG) in the US, compared to 0.03%
pa (2.5% of LPG) in the EU-13 when using national accounts deflators; and (d) using OECD
harmonised deflators, the figure for the EU-13 is raised to 0.04% pa (4% of LPG).

1. Introduction

Numerous studies have sought to estimate the contribution of ICT to economic growth. Within the field of growth-accounting,
studies include those from EUKLEMS (O’Mahony and Timmer, 2009; Van Ark and Inklaar, 2005) and earlier work from Oulton (2002)
and Jorgenson (2001) for the UK and US respectively. Those studies showed that: first, in periods of fast technical change, price
indices that do not correct for quality potentially (vastly) understate growth in real investment and capital services (Triplett, 2004);
and second, better estimation of the ICT contribution requires separating out ICT equipment from plant & machinery in the esti-
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mation of capital services.12 However, in general, the growth contribution of the “C” in ICT has received less attention than the larger
contributions of IT hardware and software (OECD, 2008). When we consider the role and ubiquity of the internet in business activity,
this is potentially important. Papers that have studied and considered CT equipment as a distinct asset include (but are not limited
to): Oliner and Sichel (2000), Doms (2005), Corrado (2011b), and Byrne and Corrado (2015).

We construct an international dataset including the US and thirteen European economies to study the growth contribution of ICT
with a particular focus on telecommunications (CT) capital. We treat all three types of ICT capital (i.e. IT hardware equipment, CT
equipment and software) as distinct assets and use these data to review growth-accounting estimates for Europe relative to the US. In
doing so, we first apply ICT investment deflators from each country’s national accounts as a benchmark. For all types of ICT capital,
we find lower growth contributions in Europe than in the US. Thus we ask: “To what extent is the smaller contribution of tele-
communications capital deepening in Europe due to: a) inconsistencies in the measurement of prices for tradeable goods; or b) a lower rate of
real (current and past) CT investment?”

To answer this we compare results with those based on sets of harmonised deflators constructed by the OECD (Schreyer and
Colecchia, 2002).3 The harmonised deflators incorporate some explicit quality adjustment and tend to fall at a faster rate than those
from European NSIs, which are typically not constructed using hedonic methods.4

We estimate the contribution of CT capital deepening to be positive for all countries and time periods studied and in the range of
zero to 0.24% pa.5 In general, the CT contribution was higher in the late 1990s and early 2000s but has since declined.

Applying national accounts deflators, CT capital deepening accounted for growth of 0.03% pa in the EU-13 in 1996–2013,
compared to 0.11% pa in the US. Price harmonisation raises the EU contribution to 0.04% pa, implying that only a small proportion
of the difference relative to the US is explained by inconsistencies in measures of price change for what are tradeable goods. Instead,
the lower EU contribution is explained by weaker growth in CT capital services and a smaller income share, which in turn are driven
by the rate of CT investment and the level of the real CT capital stock.

The rest of this paper is set out as follows. Section 2 sets out the framework. Section 3 describes features of our dataset and its
construction. Section 4 presents our results and finally, Section 5 concludes.

2. Framework and existing literature

We conduct a sources of growth decomposition for fourteen OECD economies including the US and thirteen European countries.6

The underlying model is set out below.

2.1. Model

First we set out a sources-of-growth relation for each country. GDP in each economy grows as:

+ +Q s L s K TFPln ln ln lnt Q
L

t Q
K

t t (1)

Where Q is real (whole economy) value-added, L are labour services,7 K are capital services and total factor productivity (TFP) is
defined as a residual. Alternatively we can set the relation out in per hour terms:

+ +Q H s L H s K H TFPln( / ) ln( / ) ln( / ) lnt Q
L

t Q
K

t t (2)

Where H are annual person-hours worked. In Eqs. (1) and (2), s is an income share for each factor input, X, averaged over two periods
(we omit the usual overbar just to ease notation):

1 With ICT equipment given its own depreciation rate and ICT-specific (quality-adjusted) deflator thus allowing for: a) a higher gross rate of return
to ICT assets, which have shorter life-lengths than other machinery; and b) increases in the effective volume of investment due to improved power or
efficiency in the underlying technology.

2 Another aspect of ICT/digital/knowledge investment is data. In the System of National Accounts (SNA), the nomenclature for this category is
“computerised information”, which consists of software but also databases. It is thought that current national accounting methods do not well
measure fast growing investments in data. To the extent that investment in data (as an asset) is currently measured, it is an implicit part of the data
for software. Where we refer to software we are actually referring to “computerised information”. In a series of papers, Goodridge and Haskel (2015,
2015b, 2015a, 2016) estimate UK market sector investment in data (and analytics) including an estimate of how much is already recorded in UK
national accounts.

3 We thank Vincenzo Spiezia and Belen Zinni of the OECD for sending us these data and providing us with further information on their con-
struction.

4 For example, the national accounts CT investment deflator for Spain rises at an average rate of +0.44% pa, 1990–2013, whereas the OECD
harmonised CT deflator for Spain falls at an average rate of -3.54% pa, 1990–2013.

5 The largest contribution from CT capital deepening in periods studied is in Sweden, in the 1996–2000 period.
6 Those countries are: Austria (AUT); Belgium (BEL); Denmark (DNK); Finland (FIN); France (FRA); Germany (DEU); Ireland (IRL); Italy (ITA); the

Netherlands (NLD); Portugal (PRT); Spain (ESP); Sweden (SWE); and the United Kingdom (UK).
7 Where labour services are a measure of labour input adjusted for workforce composition, with growth in the hours worked of different worker

groups (types) weighted with that groups share of the total wagebill. Thus labour services consist of volume (i.e. hours worked) with an adjustment
for the “quality”, or more accurately, composition, of the workforce. Further details on measurement of labour services are included in the
Appendix.
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Where PL, PK and PQ are the prices of labour, capital and value-added respectively. In (1) and (2), capital and labour services are
translog aggregations over heterogeneous capital types a and labour types b respectively:

=lnL w lnHL
Lb

b t, (5)

=lnK w lnKK
Ka

a t, (6)

Where shares (w) of total capital and labour payments by type are again averaged over the current and previous period in order to
form a superlative index:
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Labour is in natural units, hours. For capital, we have nominal investment and a price index for each asset type. Thus we build capital
stocks of type a by a perpetual inventory model (PIM) so that for Ka:

= +K P I
P

K
*

(1 )a t
Ia a

Ia

Ka
a t, , 1 (9)

Where δKa is an asset-specific depreciation rate and note that P*,I the true price of investment in a, may differ from the measured price,
PI. The inputs side of the model is completed by the user-cost relation:

= +P P P P( ( / ))Ka Ia
Ka

Ia Ia (10)

Where ρ is an economy-wide nominal net rate of return such that gross operating surplus is exhausted and P P/Ia Ia is a capital holding
gain/loss.8

Finally we have the output side of the model where growth in GDP is defined as:9

+lnQ s lnC s lnIQ
C

Q
Ia

a (11)

From (11) it is clear that faster growth in Ia due to slower growth (or faster decline) in PIa, will result in stronger growth in Q, thus
making clear that adjusting measurement of PIa changes both input and output (Jorgenson, 1966).10

2.1.1. “Aggregation”
In addition to our analysis by country, we also present (share-)weighted averages for country groups11 The relation between

individual countries and higher-level groups is as follows. Real GDP in the (synthetic) country group grows as in (1) but where the
shares for K and L are shares in the aggregate. Or put another way, all components of (1) can be presented as share-weighted averages
using that country’s share in the nominal value-added of the group as weights:12

This technique creates a weighted average for the country group. Note that a strict aggregation would require detailed data on
internal trade within the EU (or country group) and between the EU (or group) and the rest of the world (RoW).

8 Due to incomplete data across countries we do not apply tax adjustment factors in the estimation of user costs.
9 Where government consumption and investment are subsumed into C and I respectively, and we omit international trade for simplicity.
10 In practice, when we use alternative price indices for ICT investment we do not adjust output growth accordingly for the following reason. In

(11), whilst stronger growth in I will result in stronger growth in Q, we have ignored the contribution of international trade. If the relevant
investment goods are imported (M), faster growth in M will result in weaker growth in Q, since M enters with a negative sign in the GDP expenditure
relation (Schreyer, 2000). The extent to which the effects cancel out will depend on the import intensity of ICT goods. Therefore, in practice, for
most countries the effect on output will be small, as the ’import effect’ will largely cancel out the investment effect’. Further, without detailed data
on trade flows we are unable to carry out this adjustment with any accuracy. Any positive effect will be largest in countries that domestically
produce and export ICT goods, such as the US. Of course, US national accounts ICT investment prices are already incorporated in the implied price of
US GDP in these data.

11 They are: EU-13; Scandinavia; Large North European Economies; Small North European Economies; and Southern Europe. See Table 4 in the
online appendix for a complete list of countries and country groups.

12 We estimate shares using country nominal value-added converted to USD using purchasing power parities (PPPs). Thus aggregate value-added
is a sum of PPP-adjusted country nominal value-added (in USD).
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2.2. Existing literature

This paper is related to a number of strands in the literature.
First, a number of researchers have sought to document the contribution of ICT to growth. Earlier studies include those from

Jorgenson and Stiroh (2000) and Jorgenson (2001) for the US and Oulton (2002) for the UK, who showed that rapid decline in the
prices of semiconductors and ICT capital was enabling a wave of improved productivity growth.

Second, other studies have looked to make international comparisons of productivity growth and the contribution of ICT capital.
For instance, Van Ark and Inklaar (2005) study the ICT contribution across countries using the EUKLEMS dataset (O’Mahony and
Timmer, 2009) which includes harmonised constant-quality price indices for IT equipment (but not CT equipment or software). Other
research to consider the deflation of ICT output and its effect on international comparisons includes (Wyckoff, 1995), which con-
cludes that international variation in estimated price change (and therefore output) is largely due to methodological differences
rather than real economic phenomena.

Schreyer and Colecchia (2002) consider the deflation of ICT investment and construct harmonised deflators for all three types of
ICT capital. They find that applying harmonised indices raises real growth in ICT investment and capital services in countries that do
(did) not explicitly adjust for quality change. Similarly, Jalava and Pohjola (2008) use US investment price data for IT and CT
equipment to re-estimate ICT contributions for Finland.

Third, a more recent strand of the literature has sought to improve measurement of CT prices using US data. Doms (2005) and
Corrado (2011a) and Byrne and Corrado (2015) each form new estimates of price change for CT equipment but do not conduct
growth-accounting.

Finally, our paper is also related to a new stream of literature that has sought to better estimate the growth contribution of
telecommunications technology using improved measures of prices and capital services. Corrado and Jäger (2014) undertake a
sources of growth analysis including CT capital and incorporating utilisation and network effects. Byrne et al. (2017) estimate price
change for (constant-quality) ICT services provided via cloud computing and consider the implications of fast growing ICT inputs via
the cloud (Byrne and Corrado, 2016), which current national accounting methods may not well measure. Work by Byrne and
Sichel (2017) considers the impact of price mismeasurement in the high-tech sector and implications for productivity analysis.

3. Data

The dataset was built primarily from country-level total economy national accounts data downloaded from OECD.Stat. As
documented in the Appendix, where data were incomplete they were supplemented with other sources with some extrapolation or
imputation where necessary.

3.1. Time period

For most countries our data run from 1990 to 2013 but for others the data start later. We therefore conduct most of the analysis
over 1996–2013 so that all countries are included and all country groups are balanced.13

3.2. Output and gross fixed capital formation (GFCF)

For output, we use national accounts data on total economy nominal and real gross value added (GVA) at basic prices. Gross fixed
capital formation (GFCF) data are nominal and real GFCF in intellectual property products (IPPs, that is: R&D; software; mineral
exploration; and artistic originals; with GFCF in the latter two assets combined), computer hardware (IT), telecommunications
equipment (CT), other plant and machinery (p), vehicles (v) and (non-residential) buildings (b).14All specific adjustments to fill in
incomplete data are set out in and below Appendix Table 4.15

On ICT investment, we note that measurement issues may exist in cases where different aspects of ICT capital are bundled in the
same purchase. In the case of hardware, we note that the convention is that where software is bundled with hardware, and the values
cannot be separated, then the investment transaction is recorded in hardware. We assume that the same applies to communications
equipment, and that where software is bundled with CT and the values cannot be separated, then the transaction is recorded in CT
equipment. Where CT is bundled with IT, we assume the transaction is recorded under IT hardware. However, we note the potential
for practice to vary by country, with different countries potentially applying different methods and varying degrees of effort in
unbundling various aspects of ICT investment.

In Fig. 1 we document nominal GFCF in CT equipment across countries. To ease comparison, estimates are converted to US dollars

13 Years for which our data are sufficiently complete to conduct growth-accounting are set out in the online appendix in Table 4, by country.
14 We exclude GFCF in dwellings which are not capital in the context of productivity analysis. Strictly, for consistency, we should therefore also

exclude the output of the real estate sector from GVA, since this is largely made up of actual and imputed rents (for owner-occupiers) of dwellings.
However such data were not available for all countries. We therefore use total economy GVA including actual and imputed rents, but note this issue
in our data and estimation.

15 Further details on capital input including depreciation rates and estimation of initial stocks are provided in the Appendix, along with details on
the data and method used to estimate labour input.
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(USD) using OECD purchasing power parity (PPP) data.16 As expected, nominal CT investment is highest in the US at $102.4bn in
2013. Strikingly, the sum of CT investment in the EU-13 in 2013 is substantially less, at $42.7bn.17

From Fig. 1 we see that, for most countries, nominal CT investment grew relatively strongly in the late 1990s and/or early 2000s
but has since slowed or declined.

Fig. 2 presents indices (2000=1) of nominal investment (in USD), for the US and EU-13, in: tangible capital excluding ICT
equipment (“Tang excl ICT”); intangible capital as defined in the national accounts (“NA Intang”, that is, software, mineral ex-
ploration, artistic originals and R&D); IT hardware (“IT”); and communications equipment (“CT”).

Prior to 2000 (95-00), nominal investment growth in CT equipment was almost twice as fast in the US (13.2% pa) than the EU-13
(7.7% pa). In the2000′s, prior to the financial crisis (00–07), growth in GFCF in CT equipment turned negative, at -1.8% pa in the US
and -2% pa in the EU. In the recession and post recession period (07–13), GFCF CT equipment continued to decline at -1.2% pa in the
US and -1% pa in the EU. Data for IT hardware show a similar pattern. In contrast, data for national accounts intangibles show a
stronger recovery in investment following the financial crisis and the end of the ICT boom around 2000.18

Of course, although nominal CT investment has been declining in recent years, that does not mean that the real volume of CT
investment has declined. That depends on the price per unit of CT investment, which in turn depends partly upon the efficiency
characteristic of CT goods and how that has changed over time. In other words, £100 of telecoms investment in 2013 has considerably
greater real volume than £100 of investment in years previous. Over the 1990s and early 2000s, investments in fibre optic cable and
equipment increased network capacity by a factor of forty (Doms, 2005). Doms (2005) also notes that the pace of progress in fibre-
optic capacity was well above that of Moore’s Law, with capacity doubling every year between 1996 and 2001. Clearly an appropriate
price index must take this pace of technical change into account.

3.3. Prices

National price indices for value-added and GFCF are derived implicitly using current and constant price data and re-referenced to

Fig. 1. Cross-country investment in telecommunications equipment (CT) (US$ bns). Note to figure: Nominal GFCF in telecommunications
equipment across fourteen countries (US and EU-13). Red vertical line in 2008 to mark the recession. Data in national currencies converted to USD
billions using OECD PPPs. .

16 We apply a PPP for whole economy GDP for illustrative purposes. For full accuracy we should apply a PPP specific to CT equipment. All growth
accounting is conducted in national currencies. Estimates for country groups use PPP-adjusted nominal value-added in the construction of shares or
weights.

17 At $1.6bn in 2013, UK CT investment is by some distance the smallest of all large European economies presented, and is considerably lower
than in a number of much smaller economies. Official UK estimates are in contrast to estimates from our previous work (Goodridge et al., 2013b).
Therefore, as documented in more detail in the Appendix, in our estimation we apply our own alternative estimates (GHW) for UK CT investment,
taken from Goodridge et al. (2013b).

18 The relative strength of intangible investment during and since the recession is noted in Goodridge et al. (2013a).
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2005=1 with all volumes re-estimated.19

The key lesson learned from research into the growth contribution of ICT equipment was the required use of constant-quality
deflators (see for example Triplett (2004)). Where national practice is to not develop quality-adjusted deflators, researchers (or in
some cases, NSIs) have favoured the use of either: a) the US price index (which incorporates some explicit quality adjustment) or some
version adjusted for application to that country; or b) sets of harmonised deflators across countries, such as those in EUKLEMS
(Timmer et al., 2007). Explicit quality adjustment (i.e hedonics) ensures that estimated changes in price and volume reflect im-
provements in power and other characteristics, as well as falls in listed prices, such that capital services better reflect changes in the
real quantity of capital available for production. Although hedonic adjustment is sometimes regarded as superior, implicit quality
adjustment methods (i.e matched models) can yield similar estimates of price change to those uncovered using hedonic techniques,
provided the underlying data is sufficiently frequent and granular (Aizcorbe et al., 2003).

3.3.1. National practice in EU countries
National practice in constructing CT investment price indices varies. Fig. 3 presents national accounts CT GFCF deflators (blue) for

each country in our datatset, compared with a harmonised CT deflator (red) from the OECD (Schreyer and Colecchia, 2002).20

From Fig. 3,21 national deflators for the US, Denmark, Portugal, Sweden, the UK and, to a lesser extent, Germany, show fast falling
prices.22 In contrast, CT price indices for Austria, Spain, France, Ireland, Italy and the Netherlands are relatively flat with some
exhibiting rising prices. National price indices for Belgium, Spain, Finland, France, Ireland, Italy and the Netherlands each have
unusual features. That for Belgium exhibits price falls pre-2005, but price rises after. The index for Spain (ICT equipment index),
shows rising prices until the 2000s, and gentle price falls for later years. Indices for Finland, Italy and the Netherlands are relatively
flat pre-2005, but exhibit stronger price declines thereafter, and in the case of Finland, declines which are stronger than those in the
harmonised index. The index for France is relatively flat throughout. Finally, that for Ireland is flat prior to 2005 before falling
aggressively at a rate in line with the harmonised index, and then starting to rise such that it diverges strongly from the harmonised
index.

Since telecommunications equipment consists of tradeable goods, then under competitive conditions we would expect the law of
one price to approximately hold, with some allowance for distribution margins, taxes and regulatory differences between countries.

Fig. 2. Nominal investment, US and EU-13 (PPP US$), 2000=1. Note to figure: Two panels: US (left) and EU-13 (right). Index of aggregate nominal
GFCF (converted to USD using PPPs), by asset category, indexed to 2000=1. Vertical line in 2008 to mark the recession. Series’ are: GFCF in tangible
capital excluding ICT equipment (“Tang excl ICT”); GFCF in IT hardware equipment (“IT”); GFCF in communications equipment (“CT”); and GFCF
in national accounts intangibles (“NA Intang”).

19 In the case of R&D investment prices, the national accounts R&D deflators are short in terms of the time-series. We therefore deflate GFCF in
R&D using the implied GDP deflator to extend the number of years for which we can estimate R&D capital services and conduct growth-accounting.

20 Details of any imputation or interpolation for national accounts price indices are provided in or below Table 5 in the online appendix.
21 In the Appendix we present similar charts for the price of IT hardware equipment and software.
22 OECD.Stat data do not include separate IT and CT GFCF deflators for Denmark, Germany or Spain. We assume that this is because these

countries continue to deflate at the higher aggregate of ICT equipment. Therefore, for Denmark, the deflator presented here is that for aggregate ICT
equipment, and that for Germany is the CT price index taken from EUKLEMS. Note that similarly in the UK, the CT price index is actually an import
price index for IT hardware. As the indices for Denmark and the UK are actually ICT or IT indices, they show faster falling prices than the CT index of
some other countries. Note however that the deflator for Spain is also for aggregate ICT equipment and suggests flat or only gently falling prices,
which is unusual.
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Fig. 3. Price indices for GFCF in CT equipment, by country (2005=1), 1990–2013 Note to figure: Chart comparing investment deflators for CT
equipment, by country, 1990–2013: 1) national deflator from NSI data (blue line); 2) OECD harmonised deflator (red line). Y-axis is a log scale.
2005=1, marked with vertical and horizontal line. Note, national CT deflator not available for Germany, instead it is taken from EUKLEMS (up to
2007) and extended to 2013 using changes in the national deflator for the Netherlands. Separate (disaggregated from broader ICT equipment)
national deflators for CT equipment are not available for Denmark or Spain, therefore, for each, the national deflator for aggregate ICT equipment is
used instead. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Comparison of national accounts methods for CT investment deflator, by country.

Country Notes on data and method lnPI
CT (mean pa, 2000-13)

Austria Separate CT GFCF price index. No additional information. -0.35%
Belgium Separate CT GFCF price index. No additional information. -0.75%
Denmark No separate CT GFCF price index. Deflator for aggregate ICT equipment. -3.95%
Finland Separate CT GFCF price index. No additional information. -4.17%
France Separate CT GFCF price index. C&S (2002) report no use of hedonics. +0.00%
Germany No separate CT GFCF price index. Deflator for CT equipment taken from EUKLEMS. -3.28%
Ireland Separate CT GFCF price index. No additional information. +0.22%
Italy Separate CT GFCF price index. C&S (2002) report no use of hedonics. -1.51%
Netherlands Separate CT GFCF price index. No additional information. -1.66%
Portugal Separate CT GFCF price index. No additional information. -5.83%
Spain No separate CT investment price index. Deflator for aggregate ICT equipment. -0.50%
Sweden Separate CT GFCF price index. No additional information. -3.1%
UK Separate CT GFCF price index: IPI for ’computers and peripherals’ (IT in nomenclature of this paper). No use of

hedonics in UK IPI/PPI data.
-6.1%

US Separate CT GFCF price index. C&S (2002) report hedonic component for switching gear but that is pre-98 (B&C,
2015). Matched models, frequent and granular data.

-4.34%

Source: conversations with NSIs and information in S&C (Colecchia and Schreyer, 2002). B&C refers to Byrne and Corrado (2015). Notes to table:
Details on national accounts CT GFCF deflators, by country. Final column is the mean change in the natural log of the CT GFCF price index for that
country, calculated over 2000-13. Note, CT-specific GFCF deflators were not available from the national accounts data downloaded for Denmark,
Germany or Spain from OECD.Stat. Each country deflates ICT equipment using an aggregate ICT equipment price index. For Germany, in our
analysis we use the CT price index from EUKLEMS. PPI refers to producer price indices and IPI to import price indices.
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Therefore, as argued in Wyckoff (1995), we suggest that such divergence in measured prices reflects methodological differences
between NSIs rather than real economic phenomena.

Table 1 summarises our knowledge on the methods used to construct CT investment price indices in each country. We are
currently unaware of any EU countries that apply hedonics in the estimation of CT investment prices.23

Regarding the US index to which OECD estimates are harmonised, Colecchia and Schreyer (2002) report use of hedonics in the
’switching equipment’ component index. However, this actually refers to the incorporation of research prices indices (Grimm, 1996;
1997) in the historic series through to approximately 1998 only.24 Thus, over the period for which we estimate, the US and therefore
harmonised indices are not constructed from hedonic components.25 For most countries, including the US, matched model techniques
are used instead, which as noted rely on detailed data in the cross-section and the time-series if they are to adequately account for fast
quality change. In the US, the Federal Reserve Board price data, on which the Bureau of Economic Analysis (BEA) index is based,
consist of weighted estimates from narrow product classes and are collected every quarter. Data for EU countries which also rely on
matched model techniques exhibit far slower price falls, possibly because the data are not sufficiently detailed to observe fast
improvements in quality.

3.3.2. Harmonisation: Method and detail on underlying US index
The red lines in Fig. 3 present the harmonised CT investment price index for each country, based on annual updates of the method

described in Schreyer and Colecchia (2002).
For each ICT asset (IT, CT and software), investment price indices for each country are harmonised with the relevant US index,

thus removing distortions due to differences in sources and methods. For example, for CT equipment, the method is to set the log
change in the CT price index for the chosen country equal to the log change in the US CT price index, less the log change in the US
non-ICT price index,26 plus the log change in the non-ICT price index of the chosen country, as in (12).

= +lnPi lnPi lnPi lnPic t
CT

US t
CT

US t
NON ICT

c t
NON ICT

, , , , (12)

The method relies on the assumption that relative price changes for ICT assets move the same internationally as they do in the US.
US ICT investment price indices are from the BEA.

The BEA CT investment price index is a weighted aggregation of underlying indices, one of which is for “telephone switching
equipment”, which previously (largely prior to the period considered in this study) incorporated hedonic adjustments (Colecchia and
Schreyer, 2002) based on research from the Federal Reserve and others (Byrne and Corrado, 2015). Quality-adjustment since then in
the official US data is implicit and based on matched model estimation.27

3.3.3. National price indices vs harmonised indices: Advantages and disadvantages
The most obvious criticism of harmonising prices across countries is that differences in recorded price change may reflect genuine

differences in the (product) composition of GFCF between countries. Similarly, they may also reflect differences in industrial com-
position, market structure and/or the degree of competition.

Consider software. Some proportion of software investment is own-account (in-house). Harmonisation of software prices with US
prices (as in the OECD data) assumes that the composition of software investment across countries is similar to that in the US, which
may be a strong assumption (Schreyer and Colecchia, 2002).28 and the argument that investors face the same price across countries is
a more difficult one to make. For this reason we are more cautious in the interpretation of our results and the impact of harmonisation
in the case of software.

In response to these criticisms, we note however that first, as observed in Corrado (2011b), the pattern and profile of price
changes in CT equipment is remarkably similar across a diverse range of technologies, products and varieties. Thus, an argument that
differences such as those recorded in Table 1 are due to differences in the basket of goods does not appear credible, and the
observation from Corrado suggests that harmonised indices provide a better approximation than an index which inadequately ac-
counts for quality change.

Second, CT capital equipment consists of tradeable goods. Therefore, with some allowance for margins, tariffs and other frictions,
we would expect the law of one price to approximately hold in competitive conditions.

23 Although France incorporates hedonic adjustment in its IT equipment price index (Colecchia and Schreyer, 2002).
24 For further information, please see discussion and references contained in Byrne and Corrado (2015).
25 We are grateful to the reviewer for making us aware of this and providing further useful information on the data and methods that underlie US

ICT investment price indices.
26 The non-ICT price index being a weighted aggregate of those for non-ICT plant & machinery, vehicles and buildings.
27 Similarly, the more well-known BEA IT GFCF price index is a weighted aggregate, constructed from underlying indices for: computers and

peripheral equipment; photocopy and related equipment; and office and accounting equipment. Within the underlying price index for computers
and peripheral equipment, prices estimates for ’PCs and servers’ are constructed using hedonics. Other components, and other sub-components of
computers and peripherals, are not constructed using hedonics. Regarding software, the US GFCF price index is a weighted average of an hedonic
index for pre-packaged software and a non-hedonic index for own-account software. Details on the use of hedonics in ICT investment deflation by
the US and other countries can be found in Table 9 of Colecchia and Schreyer (2002). For more information on the use of hedonic methods in US
price statistics more generally, see Moulton (2001).

28 National accounts data from OECD.Stat does not currently separate software investment into pre-packaged and own-account (or custom)
components.
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Third, if the sources and methods of national statistical institutes (NSIs) fail to adequately account for quality change, estimates of
capital input will be biased downward. Harmonising with an index which better accounts for quality change due to more detailed
data, such as the US index, helps correct for that bias. It is also more appropriate than using a range of indices with different degrees
of known inaccuracy.

Fourth, price indices track changes rather than the price level itself. If the price of CT equipment changes at a similar rate across
countries, but national price indices record changes at different rates, then harmonised indices will generate estimates of that are
more accurate and consistent across countries. Further, if relative price (e.g. CT to non-ICT) changes are similar across countries, then
the harmonisation method shown here can exploit this relation.29

Based on these advantages and the assumption of competitive pricing, the use of US ICT price indices has become accepted
research practice, and in some cases they are also applied by NSIs in national measurement.30

4. Results

In this section we set out our growth-accounting results using alternative ICT investment deflators.

4.1. Sources of growth: EU-13 & US

Fig. 4 compares a decomposition of US productivity growth with the EU-13, for periods 1996-00 and 2000-13, estimated using
national accounts ICT investment deflators. Labour productivity growth is higher in the US, in both periods, as is TFP growth and the
contribution of capital deepening. Within capital types, the contribution of CT capital deepening is much less in the EU, as is the
contribution of IT capital deepening and intangible capital deepening, where the latter is dominated by software.

This is confirmed in Table 2 where we present a decomposition for the EU-13 compared to the US, first using national accounts
ICT deflators and second using harmonised ICT deflators. All estimates are averages over 1996 to 2013. Column 1 is growth in value-
added per hour worked (LPG); column 2 is the contribution of labour composition (labour services per hour worked); column 3 is the
contribution of CT capital deepening (CT capital services per hour worked); column 4 is the contribution of IT capital deepening;
column 5 is contribution of software capital deepening; column 6 is the contribution of capital deepening for all other (non-ICT)
assets; and column 7 is growth in TFP, estimated as column 1 minus the sum of columns 2 to 6. The memo item in column 8 is the
total ICT (IT, CT and software) contribution and that in column 9 is the contribution of CT capital deepening as a share of LPG,
estimated as column 3 over column 1. Row 1 presents data for the US, row 2 for the EU-13 using national accounts ICT deflators, and
row 3 for the EU-13 using harmonised ICT deflators.

From column 1, we see that LPG was higher in the US, at 1.8% pa compared to 1.1% pa in the EU, whilst the contribution of
labour composition was higher in the EU (0.21% pa) than the US (0.17% pa).

Column 3 presents the contribution of CT capital deepening. Using national accounts deflators, the EU contribution was just over
a quarter of the US contribution, at 0.03% pa compared to 0.11% pa in the US. From the third row, we see that applying harmonised
ICT prices raises the EU CT contribution to 0.04% pa, but a large disparity relative to the US remains. In the final row, we estimate
that of the gap relative to the US, over 1996 to 2013 just 15% of that gap can be explained by different measures of price change.
Column 9 presents the share of labour productivity growth explained by CT capital deepening which is 6% in the US, compared to
2.5% in the EU using national accounts deflators, and 3.6% in the EU using harmonised deflators.

In column 4, we estimate that the US contribution of IT hardware capital deepening stood at 0.19% pa compared to 0.08% pa in
the EU. Applying harmonised deflators raises the EU contribution to 0.12% pa meaning that a larger proportion (25%) of the EU-US
IT gap can be explained by different measures of price change.

In column 5 we present the contribution of software capital deepening. Using national deflators that was 0.08% pa in the EU
compared to 0.19% pa in the US. Applying harmonised deflators raises the EU contribution to 0.13% pa so that 33% of the EU-US gap
can be explained by different measures of price change.

Column 8 conducts the same exercise for the contribution of total ICT capital deepening. Over 1996–2013, that was 0.47% pa in
the US compared to 0.18% pa in the EU-13. Harmonisation of ICT investment prices raises the EU contribution to 0.25% pa, meaning
that of the gap relative to the US, 28% can be explained by inconsistent estimates of price change.

Thus, for software, investment price harmonisation eliminates one-third of the gap relative to the US, whilst for IT hardware and
the ICT aggregate, one-quarter is eliminated. In contrast, for CT equipment, only around one-sixth of the gap is eliminated.31

29 The method used by Colecchia and Schreyer (2002) is to set relative prices for CT (or IT hardware or software) assets and non-ICT assets (i.e.
plant, vehicles and buildings) in each country equal to the relative price in the US. Thus if the price of CT assets in the US grows at a rate of say 2%
below the rate for non-ICT assets, then the same difference (in terms of the log change) is applied to harmonised countries. It might be argued that it
would be preferable to relate changes in the price of CT equipment to a more general measure of price change (such as the price of value-added)
rather than non-ICT tangible assets. Although not reported here, we constructed our own versions of the ICT harmonised indices using the price of
value-added, but found that it had little impact on estimated contributions and other results.

30 UK estimates of capital services produced by the ONS make use of (exchange rate or PPP adjusted versions) of US price indices for IT hardware
and pre-packaged software.

31 We note that the latest research into the price of communications equipment, from Byrne and Corrado (2015), shows (constant-quality) price
falls approximately twice as large as those implied by the US BEA investment price index (approx. −10% pa vs approx. −5% pa). Applying the
Byrne-Corrado (BC) price index would raise the contribution of US CT capital deepening and, applying harmonised prices to Europe, would raise the
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Harmonisation of ICT investment prices raises the contribution of ICT capital deepening in the EU-13 and therefore lowers the
contribution of TFP growth, which was just 0.15% pa in the EU-13 compared to 0.55% pa in the US.

4.2. Sources of growth: All countries

4.2.1. Contribution of CT capital deepening
Detailed growth-accounting results for each country, country group and asset are set out in Tables 6 and 7 in Appendix Balong

with displays comparing growth contributions for each country relative to the US.
To simplify, Fig. 5 presents estimates of the average contribution of CT capital deepening in each EU country relative to the US,

using each alternative price index. The chart on the left is constructed using national accounts ICT deflators and the chart on the right
using harmonised ICT deflators. Each country is presented relative to the US such that positive values represent growth higher than

Fig. 4. US & EU-13 Sources of per-hour Growth, 1996–2013. National Accounts ICT investment deflators Note to figure: Sources of growth. Left
panel is US and right panel the EU-13. Data are average growth rates for two periods: 1996–2000 and 2000-13. Growth rates calculated as changes
in the natural log. Estimates for: growth in value-added per hour (DlnVH); the contribution of labour composition (ConDlnLH); the contribution of
aggregate capital deepening (ConDlnKH_all); TFP (DlnTFPpH); the contribution of non-ICT capital deepening (ConDlnKH_NonICT); the contribution
of CT capital deepening (ConDlnKH_CT); the contribution of IT capital deepening (ConDlnKH_IT); and the contribution of intangible capital dee-
pening (ConDlnKH_intan).

Table 2
Growth-accounting: EU-13 vs US (national ICT deflators vs OECD harmonised deflators), 1996–2013.

(1) (2) (3) (4) (5) (6) (7) (8) Memo: (9) Memo:
1996–2013 ΔlnQ/H sΔlnL/H sΔlnK/H CT sΔlnK/H IT sΔlnK/H

soft
sΔlnK/H
other

ΔlnTFP =(4)+(5)+(6) =(3)/(1)

US 1.82% 0.17% 0.11% 0.17% 0.19% 0.63% 0.55% 0.47% 6.0%
EU-13 (National Accounts

deflators)
1.12% 0.19% 0.03% 0.07% 0.08% 0.53% 0.22% 0.18% 2.5%

EU-13 (Harmonised deflators) 1.12% 0.19% 0.04% 0.09% 0.12% 0.53% 0.15% 0.25% 3.6%
% of US-EU gap explained 14.6% 25.3% 33% 25.2%

Notes to table: Column 1 is growth in value-added per hour worked. Column 2 is the contribution of labour services per hour worked (labour
composition), namely growth in labour services per hour worked times its income share. Column 3 is the contribution of CT capital services per
hour, namely growth in CT capital services per hour worked times its income share. Column 4 is the contribution of IT hardware capital services per
hour. Column 5 is the contribution of software capital services per hour. Column 6 is the contribution of capital services from all other assets
(buildings, other plant & machinery, vehicles, R&D, mineral exploration and artistic originals).Column 7 is TFP growth. Row 1 presents data for the
US. Row 2 presents data for the EU-13, estimated using national accounts ICT deflators. Row 3 presents data for the EU-13 estimated using OECD
harmonised ICT deflators. The final row presents the percentage of the EU-US gap explained by differing estimates of prices. Growth rates are
averages for the period shown and are calculated as changes in the natural log.

(footnote continued)
contribution there too. Whilst this would change the estimated “gap” in the US-EU contribution, we believe our substantive conclusions would
remain the same. The reason being that faster nominal investment and capital services growth in the US relative to the EU means that the BC deflator
would raise the US contribution by proportionately more than the EU contribution. Thus applying harmonised versions of the BC index would not
alter our conclusion that the EU-US gap is predominantly explained by a lower rate of current and past investment in the EU, rather than incon-
sistency in price measurement.
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the US and negative values lower. Countries are ordered by country group: Scandinavia; Northern Europe (small); Northern Europe
(large); and Southern Europe. For each country we present averages for two intervals: 1996-00 and 2000-13.

Consider first the left-hand panel constructed using national accounts ICT deflators. The pattern is fairly uniform with con-
tributions consistently smaller than the US, typically by around 0.1% pa. The exception is Sweden in the late 1990s, where CT capital
deepening contributed 0.24% pa of LPG compared to 0.16% pa in the US. In the 2000s the Swedish contribution weakened such that
the CT contribution was less than the US, which also fell.

Now consider the right-hand panel. With a few exceptions the pattern remains similar, with only a small reduction in the negative
gap relative to the US for most countries. The countries for which applying harmonised deflators has the largest impact are Austria (in
particular the second period), Portugal (in particular the first period), Ireland and Belgium.

4.2.2. Contribution of IT capital deepening
Below we present a similar comparison but this time for the contribution of IT (hardware) capital deepening.
From the chart on the left, constructed using national accounts ICT deflators, there is a consistently large negative differential

relative to the US for all countries in the late 1990s.32 The lower contribution of IT capital deepening in Europe relative to the US is a
well-documented finding (see for example, van Ark et al. (2008)).

Now moving to the chart on the right, constructed using harmonised ICT deflators, we see that the picture has changed con-
siderably. The negative gap in relative IT contributions in the late 1990s is considerably smaller and for some countries is eliminated
entirely. In the 2000s, the majority of countries move from having lower relative IT contributions to having comparable contributions
that are in some cases higher than that in the US.

Although there is some variation by country, we find that price harmonisation explains a much larger proportion of the gap
relative to the US in the case of IT hardware than for CT equipment.

Fig. 5. Contribution of CT capital deepening by country (1996–2000 and 2000-13), relative to US, using alternative CT deflators Note to figure:
Contribution of capital deepening in CT equipment (ConDlnKH(CT)) relative to the US, by country, such that positive values represent growth
higher than the US and negative values lower than the US. Countries ordered by country group: Scandinavia, Northern Europe (small), Northern
Europe (large) and Southern Europe. Data for two periods: 1996-00 and 2000-13.

32 In particular, France, Spain and Italy have IT contributions almost 0.4% pa less than the US contribution. In the 2000s, the gap relative to the US
closes considerably, such that Denmark and Belgium have IT contributions considerably higher than the US (0.09% pa).
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4.3. Summary

Table 3 summarises some other key results. We present data for 2000-13 for broader country groups on: the share of real CT
investment in total real investment in 2000 and 2013 (columns 1 and 2); the share of nominal CT capital services in total nominal
capital services in 2000 and 2013 (columns 3 and 4); LPG (column 5); the contribution of CT capital deepening (column 6); and the

Fig. 6. Contribution of IT capital deepening by country (1996–2000 and 2000-13), relative to US, using alternative IT deflators Note to figure:
Contribution of capital deepening in IT hardware (ConDlnKH(IT)) relative to the US, by country, such that positive values represent growth higher
than the US and negative values lower than the US. Countries ordered by country group: Scandinavia, Northern Europe (small), Northern Europe
(large) and Southern Europe. Data for two periods: 1996-00 and 2000-13.

Table 3
Summary of results (using OECD harmonised ICT deflators), 2000-13.

(1) (2) (3) (4) (5) (6) (7)
ICT/ΣI (00) ICT/ΣI (13) PKKCT/ΣPKK (00) PKKCT/ΣPKK (13) Σln(V/H) (00–13) ConΣln(KCT/H) (00–13) Share of LPG: (6)/(5)

All countries 3.4% 4.3% 3.7% 2.4% 1.3% 0.06% 5.1%
of which:
US 4.5% 5.3% 4.7% 2.9% 1.7% 0.09% 5.6%
EU-13 2.2% 3.1% 2.5% 1.6% 1.0% 0.04% 3.9%
of which:
N. Europe (large) 2.3% 2.7% 2.5% 1.6% 1.1% 0.03% 3.1%
N. Europe (small) 1.9% 3.3% 2.5% 1.7% 1.1% 0.04% 3.3%
S. Europe 2.1% 3.9% 2.4% 1.7% 0.6% 0.04% 7.1%
Scandinavia 2.5% 3.2% 2.5% 1.9% 1.1% 0.05% 4.4%
Memo:
Sweden (SWE) 4.2% 4.7% 4.4% 3.0% 1.5% 0.08% 5.3%

Notes to table: Columns 1 and 2 are real CT investment as a share of total real investment in 2000 and 2013 respectively. Columns 3 and 4 are
nominal CT capital services as a share of total capital services in 2000 and 2013 respectively. Column 5 is growth in labour productivity, estimated
as growth in value-added per person-hour worked over the period 2000-13. Column 6 is the contribution of CT capital deepening, namely growth in
CT capital services per hour multiplied by the CT share in total income, over the period 2000-13. Column 7 is the share of LPG accounted for by the
contribution of CT capital deepening, estimated as column 6 over column 5. Growth rates are averages for the period shown and are calculated as
the change in the natural log. All estimates produced using OECD harmonised ICT deflators.
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share of LPG accounted for by CT capital deepening (column 7, estimated as column 6 over column 5). All results presented are
estimated using harmonised ICT deflators.

From Table 3, columns 1 and 2, we see that real CT investment as a share of total real investment was highest in the US, at 4.5%
compared to 2.2% in the EU in 2000, and at 5.3% compared to 3.1% in the EU in 2013. Data for EU country groups show that the CT
real investment share is fairly similar across the EU, in terms of these broad regions. In 2000, it was highest in Scandinavia, and in
2013, it was highest in Southern Europe. In the final row, we present data for Sweden and note that the CT investment share in
Sweden is higher than that for each EU country group and higher than the average for all countries (first row) in both 2000 and 2013.
As a share of real investment, over the period CT investment has grown in all groups presented.

The contribution of capital inputs depends on the factor income share (elasticity) and growth in capital services. In columns 3 and
4 we present nominal CT capital services (i.e. CT user costs or CT factor income) as a share of total nominal capital services (or gross
operating surplus). First we note that, unlike the real investment share, over the period the share of CT user costs in the total has
declined for all countries and country groups presented. Second, the CT income share was higher in the US than the EU-13, at 4.7%
compared to 2.5% in 2000, and at 2.9% compared to 1.6% in 2013. CT income shares in EU country groups are strikingly similar to
those for the entire EU-13 but are higher in Sweden, where it is also higher than that of the US in 2013.

Columns 5, 6 and 7 present data on LPG, the contribution of CT capital deepening and the share of growth accounted for by that
contribution. Over the period, LPG was strongest in the US, at 1.7% pa compared to 1% in the EU-13. Within the EU-13, LPG was
similar across country groups, at 1.1% pa, except for Southern Europe where it was weaker, at 0.6% pa. Again, Sweden is an
exception to this pattern with LPG of 1.5% pa, higher than the all country average of 1.3% pa.

On the contribution of CT capital deepening, column 6 shows that was highest in the US, at 0.09% pa compared to 0.04% pa in the
EU-13. Within the EU-13, the CT contribution was lowest in the large North European countries at 0.03% pa and highest in
Scandinavia at 0.05% pa. In the small North European and South European economies it was the same as the EU-13 average at 0.04%
pa. Again, the Swedish performance stands out. There the CT contribution was higher than that in EU country groups, and the all
country average, and marginally lower than the US, at 0.08% pa. Column 7 presents the share of LPG accounted for by the con-
tribution of CT capital deepening. It is highest in Southern Europe, at 7.1%, due to weak labour productivity growth of just 0.6% pa.
In the US, CT capital deepening explained 5.6% of LPG in the 2000s, compared to 3.9% in the EU-13. EU country groups for which the
share explained is higher than the EU-13 are Southern Europe (7.1%) and Scandinavia (4.4%).

5. Conclusions

Numerous studies have documented technological advances in ICT and sought to measure its contribution to growth. However the
focus of those studies has generally been on the contribution of total ICT equipment or total ICT including software. That focus on IT
hardware (or a group of assets dominated by IT hardware) means that the “C” in ICT has received far less attention. In this paper, we
carry out a sources of growth decomposition for the US and thirteen EU countries and estimate the contribution of ICT capital under
different assumptions regarding its price, with a focus on the contribution of CT equipment. We treat all three aspects of ICT capital
including telecommunications equipment (i.e. IT hardware, CT equipment and software) as distinct assets in the estimation of capital
services and test the impact of harmonising ICT investment prices with those from the US.

National price indices for each ICT asset vary considerably but for all time periods we find that the contribution of CT capital
deepening is positive for all countries and country groups and lies in the range of 0 to 0.24% pa. In general, the CT contribution was
highest in the late 1990s and has declined in the 2000s. For the period 1996–2013, the contribution of US CT capital deepening is
estimated at 0.11% pa in the US compared to 0.03% in the EU when using official national accounts investment price indices.

Re-estimating capital services using harmonised ICT deflators raises the EU CT contribution to 0.04% pa, but a large disparity
relative to the US remains. We estimate that of the gap relative to the US over 1996 to 2013, just 15% can be explained by different
estimates of price change.

In comparison, using national accounts prices, the US contribution of IT hardware stood at 0.17% pa against 0.07% pa in the EU.
Applying harmonised prices raises the EU contribution to 0.09% pa meaning that one-quarter of the EU-US gap can be explained by
different measures of price change.

For software, using national accounts indices the US and EU growth contributions are 0.19% pa and 0.08% pa respectively. Price
harmonisation raises the EU contribution to 0.12% pa meaning that a third of the gap in contributions can be explained by differing
estimates of price change.

Thus, for all forms of ICT capital, we estimate growth contributions in the EU that are considerably lower than those estimated for
the US. However, only a small proportion of that gap is eliminated once we harmonise ICT investment prices with US official
estimates. Of all ICT assets, that proportion eliminated is smallest in the case of CT capital.

Within the EU and over the period 2000-13, growth in real CT investment is strongest in Sweden. As a share of real investment, CT
investment is higher in Sweden than the US, as is the CT factor income share which partly depends on the rate of past investment.
Similarly, the CT contribution in Sweden was higher than that for all EU country groups and marginally lower than that for the US, at
0.08% pa.

In summary, there are still considerable disparities in measures of ICT investment price change across OECD countries. However,
these disparities do not explain lower ICT growth contributions in the EU relative to the US. This is particularly so for CT capital,
where inconsistencies in estimates of price change only explain approximately 15% of the EU-US gap. The remaining disparity in the
contribution is therefore due to a lower rate of CT investment in the EU-13, in the sense of both current and past investments, which
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determine growth in capital services and the level of the real stock.33 Thus variation between countries is likely affected by issues
such as public policy, public finances and public investment in cases where some part or all of the network infrastructure remains in
the non-market sector. The timing of network build-out and adoption lags are also likely a cause of variation between countries.

Supplementary material

Supplementary material associated with this article can be found, in the online version, at 10.1016/j.jce.2019.07.001.
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