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Abstract
This work provides evidence of the positive impact of Information and Communication
Technology (ICT) on the labour productivity growth of 24 countries, members of the OECD,
from 1995 to 2019. Using a non-parametric production-frontier approach, we decompose
labour productivity growth into components attributable to technological change (shifts in the
world production frontier), efficiency change (movements toward or away from the frontier),
physical (non-ICT) capital change and ICT capital change (movements along the frontier).
We find that, on average, the most significant improvement in worldwide labour productivity
is attributable to technological change, non-ICT, and ICT capital change over 1995–2019. In
addition, we confirm the role of ICT as a general-purpose technology that needs to implement
complementary changes in business organisations to exploit its growth opportunities fully.
Finally, we conclude that ICT capital contributes to convergence.

Keywords Production-frontier · Economic growth · Productivity growth · Information and
communication technology (ICT) · General purpose technologies

1 Introduction and literature review

The remarkable development of digitalisation and Information and Communication Tech-
nologies (ICT), especially since the 1990s, has been studied in various ways in economics
and equated, in terms of magnitude and impact on development and productivity, to the
most significant revolutions of modern economics (Roztocki et al., 2019; Watanabe et al.,
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2018). Although ICT technologies have significantly influenced business companies and,
more generally, how people work and communicate within organisations, it has been a very
challenging task to quantitatively establish a link between ICT and economic performance
(Vu et al., 2020).

Themostmotivating challenge during the last decades has been tofindone ormore answers
to Solow’s well-known production paradox: “You can see the computer age everywhere but
in the productivity statistics” (Solow, 1987).

In other words, this means that Information andCommunication technology has continued
to advance since the early 2000s, but measured productivity growth has slowed dramatically
(Byrne&Corrado, 2017). This phenomenon has been called the Information Technology (IT)
productivity paradox and exists in developing (low and middle-income) as well as advanced
(high-income) countries; see, for instance, the analysis of Lin and Chiang (2011). Then, it is
evident that there is a discrepancy between investments in Information Technology (or ICT
capital) and productivity growth, so it is natural to ask why the new ICT technologies (and
the computer age) have not led to massive improvements in productivity.

Many arguments have been put forward to explain this paradox; Brynjolfsson and Hitt
(2000) and Garicano and Heaton (2010) have documented that the adoption of IT requires
complementary changes in the organisation of the firm, as it leads to higher productivity gains
in better-managed companies. According to Cardona et al. (2013) and Liao et al. (2016),
ICT holds most of the features of general purpose technology: an enabling technology that
generates innovation in other economic sectors. In particular, given the nature of general
purpose technology, ICT needs technical improvements and innovative complementarities to
increase returns to scale phenomenon that may determine the rate of technological progress
(Bresnahan & Trajtenberg, 1995). Similarly, Chou et al. (2014) recognise IT as a platform
that can facilitate product and service development innovations and promote creative ideas
and business process improvement, bringing about significant economic impacts. However,
these spill-overs and the resulting technological improvement, can be slow. Then, the decline
in productivity growth lies in the difficulty of effectively absorbing new technologies from
those classified as ICT-intensive compared to less ICT-intensive users (Van Ark, 2016). In
particular, a more robust empirical analysis is necessary because there is no evidence of the
relationship between a time lag between ICT investments and technological change (Liao
et al., 2016).

The lack of complementary investments and organisational change may determine a neg-
ative, short-run relationship between ICT investments and efficiency. Some studies point
out that industries/firms can experience the benefits of ICT investments only if the organi-
sational context (new business processes, new managerial skills, new organisational design
and industry structure) for the total absorption of new ICT technologies has been outlined
and prepared (Basu et al., 2003; Liao et al., 2016). For this reason, it needs to measure the
changes in efficiency and their potential relationship with ICT investments. In this regard,
traditional growth accounting based on Solow’s residual cannot provide an answer because
total efficiency is assumed. Vice versa, if such changes are not implemented, (in)efficiency
changes, which represent the catch-up towards themaximumproduction potential, may occur
(Liao et al., 2016).

In this regard, Corrado et al. (2017) analysed the market sector of 10 major European
countries from 1998–2007 to understand which intangible capital investments impact pro-
ductivity growth. In contrast, Van Ark and O’Mahony (2016) classify intangible capital into
three broad categories: computer information, innovative property and economic capabili-
ties, and human resource training and organisational improvements. They find that the US
has a much higher investment intensity than Europe in all three types of assets. However, the
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literature analysing the causes of this paradox is so broad and rich that it is challenging to
stay abreast of the evidence. According to the researchers’ findings, survey papers propose
different classifications of the existing literature. Among all, the survey by Cardona et al.
(2013) is a structured overview that quantifies the impact of ICT on productivity growth and
evaluates the general purpose technology hypothesis by classifying the existing literature
into three different categories:

(i) Method;
(ii) Aggregation level;
(iii) ICT product/measure.

The first category distinguishes articles according to the method used (parametric or non-
parametric approach), the second according to the context considered (whether the results
presented in the articles concern a country, an industry or a firm), and the third, finally,
according to the technologies involved (hardware, software, telecommunications equipment,
etc.). Regardless of the three categories, most of the 150 articles examined by the authors
confirm the positive impact of ICT on economic growth.

However, the principal methodology presented in the survey by Cardona et al. (2013) is
the growth-accounting (GA), which is based on Solow’s article on technical change and the
aggregate production function (Solow, 1957), also discussed in Barro (1999) and Aghion and
Howitt (2007). GA is a well-established methodology that aims to investigate how much the
growth of various factors can explain the productive growth of a country. However, it needs to
fully integrate the ICT effect, as the share of growth due to technological progress (residual)
is incorrectly attributed to capital growth (Ceccobelli et al., 2012). Moreover, using some
simulations, Giraleas et al. (2012) show that frontier-based approaches produce productivity
change estimates that are more accurate than the traditional GA approach.

In a more recent survey, Vu et al. (2020) classify 208 articles published during the period
1991–2018 based on the (i) methodology used (e.g. regression analysis, growth accounting,
production frontier, etc.); (ii) geographical area (e.g. single country, group of countries,
regions or firms), (iii) effect of ICT on growth and (iv) main transmission channels between
ICT and growth.

However, the articles reviewed by Vu et al. (2020) describe the positive effects of ICT
capital on the growth of a Country, Industry, Firm or a combination of them. Therefore, it
might be helpful to group the articles belonging to the different dimensions according to the
level of aggregation of the data collected and the results obtained.

The work of Martínez et al. (2010) divides capital inputs into six types of capital: three are
related to ICT assets (hardware, software and communications) and the others to non-ICT
assets (constructions, machinery and transport). This work is based in the US only from 1980
to 2004. From this classification, it can be concluded that the contribution of non-ICT capital
to productivity growth is small, while ICT capital is responsible for technological change.

Other significant works relating to ICT capital’s contribution to the US economic growth
are those of Oliner and Sichel (2000) and Jorgenson et al. (2008). Oliner and Sichel (2000)
demonstrate that ICT capital (computer hardware, software, and network infrastructure) has
increasingly contributed to growth. Jorgenson et al. (2008) discuss that ICT is a substantial
source of US productivity growth even after 2000, accounting for one-third of it. Hong (2017)
examines the relationship betweenR&D investment in the ICT industry and economic growth
in Korea, finding a bidirectional Granger-causality.

Other research questions are related to how gains from ICT capital differ from non-
ICT capital and whether there are significant differences between developed and developing
economies. The analysis of Dewan and Kraemer (2000) provides evidence of these issues by
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estimating a production function that includes IT andnon-IT inputs for 36 countries from1985
to 1993. They find that the estimated returns to IT investment are positive and significant for
developed countries, while the returns from non-IT investments are inconsistent with relative
factor shares.

For emerging countries, there are substantial returns fromnon-IT capital, but no significant
impact is found from IT capital. FollowingKumar andRussell (2002), Ceccobelli et al. (2012)
applied a non-parametric framework based on Data Envelopment Analysis (DEA) and the
Malmquist index to decompose the labour productivity growth into components attributable
to (i) technological change (shift in the world production frontier), (ii) efficiency change
(movements toward or away from the frontier), (iii) capital change (movements along the
frontier). Theirwork investigates the relationship between ICTcapital and labour productivity
growth for 14 OECD countries from 1995 to 2005, using the bootstrap procedure to make
inferences on some parameters. However, the need for direct measurement of the contribution
of ICT capital to labour productivity growth limits their study. The current work aims to fill
this gap by introducing a quadripartite decomposition.

According to Antonopoulos and Sakellaris (2009), investments in ICT capital are themain
reasons for Greece’s economic recovery. Using a neoclassical growth accountingmodel, they
show that the positive impact of ICT has increased over the period 1988–2003 and is more
pronounced in the service sector.

Another contribution is the study by Vu (2013), which demonstrates, using econometric
examination and growth accounting decomposition, that ICT capital was a significant source
of economic growth in Singapore during 1990–2008. He also discusses strategic insights for
developed and developing countries that seek to boost and embrace the impact of ICT on
economic growth.

Niebel (2018) confirms the positive relationship between ICT and GDP growth, studying
a panel of 59 countries from 1995 to 2010. In particular, the regression analysis shows that
developing and emerging economies have similar returns on investing in ICT compared to
developed economies.

Dimelis and Papaioannou (2011) use industry-level data for the US and the EU for the
period 1980–2000 and a panel datamethodology to assess the impact of ICT on growth. Their
estimates suggest a significant ICT effect on growth in the early 1990s for the EU and in the
late 1990s for the US and corroborate that the benefits are concentrated in ICT-producing
and ICT-using industries. Shao and Lin (2016) evaluated the productivity performance of
IT industries in 12 OECD countries from 2000 to 2011. They decompose the Malmquist
productivity index into technological change and efficiency change. Their results show that
changes in technology mainly drive productivity growth, while changes in efficiency have
only a limited effect.

Thework ofArvanitis andLoukis (2009) uses regressionmodels and data collected in 2005
to assess the positive effect physical, ICT, and human capital have on the labour productivity
growth of Swiss and Greek companies. Swiss firms can maximise the exploitation of ICTs
more than Greek firms.

We present the most relevant studies of our extensive literature review in Table 1. Our
literature review points to six classifications that may have influenced the empirical results:
(1) level of aggregations, (2) geographic focus, (3) time period, (4) research method, (5)
outcome variable and (6) main results of ICT contribution.

Other significant results in the existing literature concern the analysis of productivity
convergence. Using a non-parametric approach, Arcelus and Arocena (2000) examine 14
OECD countries from 1970 to 990, also considering manufacturing and services sectors.
They find evidence of convergence at different speeds according to the analysed sectors.
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Kumar and Russell (2002) find that capital accumulation has been the main contributor
to economic growth and bipolar international divergence. Partially contradicting Kumar and
Russell’s conclusion, Henderson et al. (2005) argue that efficiency gains from physical and
human capital accumulation can explain the shift of the productivity distribution from uni-
modal to bimodal. Again Ceccobelli et al. (2012) find out, utilising non-parametric tests, that
ICT can be one of the factors contributing to the formation of convergence clusters in labour
productivity development. Badunenko et al. (2013) confirm the main results of Henderson
and Russell (2005), finding that efficiency shifts are solely responsible for bimodal labour
productivity polarisation.

Starting from previous literature results, the present study wants to provide evidence,
using a production frontier approach, of the positive effect ICT and digital technologies have
had on the labour productivity growth of 24 OECD countries from 1995 to 2019. This study
decomposes capital accumulation into non-ICT capital change (KACC) and ICT capital
change (DACC). Hence, the tripartite decomposition, carried out by Kumar and Russell
(2002), becomes a quadripartite decomposition, with the explicit contribution of ICT capital
change.Our data covers an extended period (24 years) inwhich various economic and cultural
events have developed and influenced the countries’ productive growth.

Finally, the decomposition of labour productivity growth is accompanied by a convergence
analysis, and the latter allows us to examine the factors responsible for movements in the
counterfactual distributions.

The structure of the paper is as follows. Section 2 describes the applied methodology
and shows how to decompose labour productivity growth into four components. Data and
empirical results are presented in Sects. 3 and 4. Finally, Sect. 5 concludes.

2 Researchmethodology

Thiswork usesData EnvelopmentAnalysis (DEA) to evaluate the impact of ICT and non-ICT
capital, efficiency, and technological change on economic growth. DEA is a non-parametric
data-driven technique that allows estimating a frontier of production function from a sample
of observations (Chen & Yu, 2014; Fried et al., 2008; Gutiérrez and Lozano, 2020; Kerstens
et al., 2022). This means it identifies best practice units without imposing any parametric
functional form (such as Cobb–Douglas, Translog or CES) of the production function.

We assume that countries produce output Y using three inputs: labour L, ICT capital D,
and non-ICT capital K . According to production theory, this production process is operated
on a production set τ :

τ � {(Y , L , K , D) : (L , K , D)can be used to produce Y } (1)

The production set τ includes all input–output combinations that are feasibly achievable,
considering the current production technology. The boundary of the production set constitutes
the frontier. Production set τ is assumed to be monotone, convex and satisfy constant returns
to scale (Chen & Yu, 2014; Fare et al., 1994; Kerstens et al., 2022; Kumar & Russell, 2002).
Let t � 1, 2, …, T and j � 1, 2, …, J represent T observation on these variables for each of
the J countries. It is adopted a construction of production set such as technology degradation
is not allowed. This is implemented to avoid the implosion of the frontier (Henderson &
Russell, 2005; Walheer, 2018). In particular, the production set is estimated as
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τt �

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(Y , L , K , D)|Y ≤
T∑

t�1

J∑

j�1
λ j t Y jt ,

L ≥
T∑

t�1

J∑

j�1
λ j t L jt ,

K ≥
T∑

t�1

J∑

j�1
λ j t K jt ,

D ≥
T∑

t�1

J∑

j�1
λ j t D jt ,

λ j t ≥ 0∀ j , ∀t

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(2)

The Farrel (1957) output efficiency measurement for countryj at time t is defined by:

E jt
(
Y jt , L jt , K jt , Djt

) � min

{

θ |
(
Y jt

θ
, L jt , K jt , Djt

)

∈ τt

}

(3)

Equation (3) is a measure of technical efficiency, and it represents how much output can
be expanded while holding inputs fixed: it is equal to or less than 1. It takes the value equal
to 1 only if the country j at time t is on the frontier; a smaller value of E jt

(
Y jt , L jt , K jt ,

Djt
)
indicates more significant inefficiency. The Farrel output efficiency index is obtained

by solving the following linear program (Fare et al., 1994; Fried et al., 2008):

E jt
(
Y jt , L jt , K jt , Djt

) � max θ

s.t .

Y jt
θ

≤
T∑

t�1

J∑

j�1
λ j t Y jt

L jt ≥
T∑

t�1

J∑

j�1
λ j t L jt

K jt ≥
T∑

t�1

J∑

j�1
λ j t K jt

D jt ≥
T∑

t�1

J∑

j�1
λ j t D jt

λ j t ≥ 0∀ j , ∀t

∀ j , ∀t (4)

The linear program (4) is computed for each observation, and the resulting value of θ is
the efficiency score.

We aim to identify the primary sources of labour productivity growth: in particular, we
decompose economic growth into components attributable to (i) efficiency change (EFF), (ii)
technological change (TECH), (iii) non-ICT capital change (KACC), and (iv) ICT capital
change (DACC). The first three terms have been discussed by Kumar and Russell (2002),
while the last term is introduced here to isolate the contribution of ICT to labour productivity
growth.

Following Kumar and Russell (2002) and assuming constant returns to scale,1 the pro-
duction set can be reduced to a three-dimensional space, defining labour productivity with
ŷt � Yt

Lt
, non-ICT capital per unit of labour with k̂t � Kt

Lt
and ICT capital per unit of

labour d̂t � Dt
Lt
. Considering the labour productivity change between the base period b and

the current period c, the efficiency indexes in these periods are eb � Eb(Yb, Lb, Kb, Db)

1 TheMalmquist productivity index is defined concerning constant returns to scale (Fare et al., 1994).However,
this assumption can be relaxed, allowing a further decomposition that includes also scale effects.
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and ec � Ec(Yc, Lc, Kc, Dc) respectively. Thus, the potential output per efficiency unit of
labour in the base period is defined by yb

(
k̂b, d̂b

) � Yb
eb

and that of the current period is yc
(
k̂c, d̂c

) � Yc
ec
, where the subscript b or c on y indicates the year of technology. The ratio of

labour productivity between the current period and the base period is

yc
yb

� ec
eb

yc
(
k̂c, d̂c

)

yb
(
k̂b, d̂b

) (5)

We define yb
(
k̂c, d̂c

)
as counterfactual output per efficiency unit of labour at current-

period non-ICT and ICT capital change while using the technology related to the base period.
Similarly, yc

(
k̂b, d̂b

)
is the counterfactual output per efficiency unit of labour at base-period

non-ICT and ICT capital intensity using the current-period technology.2 In order to include
also the effect of ICT and non-ICT capital change, we define yb

(
k̂c, d̂b

)
as counterfactual

output per efficiency unit of labour at base-period ICT capital intensity using the technology
related to the base-period, based on the assumption that non-ICT capital intensity was equal
to its current-period level. Similarly, yc

(
k̂b, d̂c

)
is the counterfactual output per efficiency

unit of labour at the current period ICT capital intensity using the current-period technology
based on the assumption that non-ICT capital intensity was equal to its base-period level.3

Multiplying Eq. (4) by
yb(k̂c , d̂b)
yb(k̂c , d̂b)

yb(k̂c , d̂c)
yb(k̂c , d̂c)

, we obtain:

yc
yb

� ec
eb

yc
(
k̂c, d̂c

)

yb
(
k̂b, d̂b

)
yc

(
k̂b, d̂b

)

yc
(
k̂b, d̂b

)
yc

(
k̂b, d̂c

)

yc
(
k̂b, d̂c

)

� ec
eb

× yc
(
k̂b, d̂b

)

yb
(
k̂b, d̂b

) × yc
(
k̂c, d̂c

)

yc
(
k̂b, d̂c

) × yc
(
k̂b, d̂c

)

yc
(
k̂b, d̂b

)

� EFF × T ECHb × K ACCc × DACCc (6)

The terms in relation (6) measure: efficiency change (EFF), technological change
(T ECHb), non-ICT capital change (K ACCc) and ICT capital change (DACCc). In each
term, the variable of interest changes from the denominator to the numerator: technological
change is the shift in the frontier at the base period capital-labour ratio; non-ICT capital
change (K ACCc) and ICT capital change (DACCc) are measured along the current period
frontier. Then labour productivity growth is decomposed into four components, isolating the
effects of ICT and non-ICT capital change.

In Eq. (5), we consider the technology to the current period for measuring the effect of
ICT and non-ICT capital change. Considering the base period technology instead, we can

multiply Eq. (4) by
yb(k̂c , d̂b)
yb(k̂c , d̂b)

yb(k̂c , d̂c)
yb(k̂c , d̂c)

, obtaining:

yc
yb

� ec
eb

yc
(
k̂c, d̂c

)

yb
(
k̂b, d̂b

)
yb

(
k̂c, d̂b

)

yb
(
k̂c, d̂b

)
yb

(
k̂c, d̂c

)

yb
(
k̂c, d̂c

)

� ec
eb

× yc
(
k̂c, d̂c

)

yb
(
k̂c, d̂c

) × yb
(
k̂c, d̂b

)

yb
(
k̂b, d̂b

) × yb
(
k̂c, d̂c

)

yb
(
k̂c, d̂b

)

� EFF × T ECHc × K ACCb × DACCb (7)

2 They are computed obtaining the efficiency indexes, respectively, as Eb(Yc , Lc , Kc , Dc) and Ec(Yb , Lb ,
Kb , Db)
3 yb

(
k̂c , d̂b

)
is obtained using the efficiency indexes computed from Eb(Yb , Lb , Kc , Db). In contrast, yc(

k̂b , d̂c
)
is obtained from Ec(Yc , Lc , Kb , Dc).
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Equation (7) also decomposes the labour productivity growth into four components
attributable to efficiency change (EFF), technological change (T ECHb), ICT capital change
(DACCc) and non-ICT capital change (K ACCc). However, it is considered the technology
of the base period. Thus, the choice between (6) and (7) is arbitrary, and the results will
be different unless the technological change is Hicks neutral (Kumar & Russell, 2002). To
overcome this ambiguity, following Fare et al. (1994) and Kumar and Russell (2002), we
adopt the ‘Fisher Ideal’ decomposition, taking the geometric averages of the two measures,
yielding:

yc
yb

� EFF ×
(
T ECHb × T ECHc

) 1
2 ×

(
K ACCb × K ACCc

) 1
2 ×

(
DACCb × DACCc

) 1
2

� EFF × T ECH × K ACC × DACC (8)

where PROD � EFF × T ECH is the total factor productivity index as discussed by Fare
et al. (1994). The Eq. (8) extends the decomposition of labour productivity growth introduced
by Kumar and Russell (2002), including ICT capital change (DACC).

3 Data

The OECD database4 is used for the data on output (Y), labour (L), non-ICT capital stock (K)
and the construction of ICT capital stock (D). GDP measures output. The OECD database
provides amore detailed differentiation of the contribution of various capital assets to growth.
Precisely, growth contributions are calculated separately for ICT capital and non-ICT capital.
According to the recent literature (Corrado et al., 2017; Haskel & Westlake, 2018) that
emphasises the role of intangible assets (such as software and databases, R&D and other
innovative property products), our measure of ICT capital includes Computer Hardware,
Telecommunication Equipment, andComputer Software andDatabasewhile non-ICT capital
is obtained as the difference between the net fixed assets and ICT capital.

Output and capital are measured in millions of the current national currency and labour
in total hours worked by the employees. Output and capital are corrected by inflation and
purchasing power parity (PPP), choosing 2015 as the reference year. The other variables do
not need correction.

The most prominent sample possible is selected, and it consists of 24 countries: Australia,
Austria, Belgium, Canada, Czech Republic, Estonia, Finland, France, Germany, Greece,
Hungary, Italy, Japan, Latvia, Lithuania, Netherlands, Poland, Portugal, Slovak Republic,
Slovenia, Spain, Sweden, United Kingdom and the United States. The period is 1995–2019.
Table 2 shows the descriptive statistics of the variables.

We compute the median growth of each variable between 1995 and 2019. Firstly, output
grows more than labour. Next, ICT capital growth differs significantly between countries,
with positive and negative variations. This evidence can be the consequence of the ‘New
Digital Economy’, characterised by two related phenomena: the reduction of ICT investment,
especially computers and peripherals and communications equipment, as a percentage of
nominal GDP and the decrease in prices of ICT assets. Thus, the countries characterised by
higher ICT capital stocks in the first years of observation reduce their capital stock (at constant
prices). In contrast, the countries that start with low ICT capital stock make investments
to bridge the digital divide. Prices of digital assets (such as computers and peripherals,
communications equipment, and software) have declined rapidly, allowing companies to

4 https://stats.oecd.org/.
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Table 2 Min, Max and Median
growths of the variables MIN (%) MAX (%) Median growth (%)

Y 15.22 168.93 80.92

L − 15.66 45.41 13.96

Y/L 1.85 194.96 63.56

K 5.14 488.03 73.03

D − 66.90 631.35 123.71

operate at lower costs, increase efficiency, and provide products and services at lower prices
(Van Ark, 2016).

4 Results

4.1 Results of the decomposition

The results of the decomposition of labour productivity growth (LABPROD CHG) from
1995 to 2019 are reported in Table 3. The single row shows for each country the contribu-
tions to labour productivity growth of the four components: efficiency change (EFF CHG),
technological change (TECH CHG), physical (non-ICT) capital change (KACC CHG) and
ICT capital change (DACC CHG).

The arithmetic and geometric averages indicate that the most significant improvement
in worldwide labour productivity is similarly attributable to technological change, ICT and
non-ICT capital change over the period 1995–2019.

Some further considerations are possible when ICT capital change is considered in
analysing single country growth. Czech, Finland, Hungary, Latvia and Poland’s growth was
driven primarily by ICT capital change, whereas Estonia derived primarily from physical cap-
ital change. Themost considerable contribution to Lithuania, Slovak Republic and Slovenia’s
growth appears to be mainly from efficiency improvements. There are no cases of collapse
in labour productivity growth. However, some countries show a loss of efficiency (moving
away from the frontier); the most relevant cases are Estonia, Greece, Italy, Japan, Latvia, and
Spain.

The results obtained from the decomposition analysis were divided by years and by geo-
graphical area. Specifically, we divided the 24 available years into time intervals of 5 years,
except for the last interval, which consisted of 4 years, and the 24 countries inWestern Europe,
Central-Eastern Europe, Northern America, and Asia-Australia. Table 4 shows the geometric
averages of the four components of labour productivity growth for groups of countries, while
“Appendix A” reports the detailed results.

Table 4 shows that the labour productivity growth inWestern Europe and Northern Amer-
ica has slowed since the mid-2000s. Table 4 also sheds light on the contribution dynamics
of ICT capital change to labour productivity growth. ICT capital change is mainly respon-
sible for the growth of labour productivity in most countries during the period 1995–2010,
but this turns into a lower coefficient after 2010. Then, the weak performance after 2010 is
attributable to a low contribution of non-ICT and ICT capital change to labour productivity
growth. Slower growth in ICT investment has been registered in the last decade. The ‘New
Digital Economy’ is characterised by rapidly falling prices of ICT assets and by increased
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Table 3 Results of quadripartite decomposition indexes (1995–2019)

Country LABPROD
CHG

PROD
CHG

EFF CHG TECH
CHG

KACC
CHG

DACC
CHG

Australia 1.3928 1.1779 1.0746 1.0961 1.2669 0.9333

Austria 1.3360 1.2655 1.0767 1.1753 1.0887 0.9697

Belgium 1.2325 1.1410 1.0000 1.1410 1.1050 0.9776

Canada 1.3559 1.0868 0.9830 1.1057 1.2988 0.9606

Czech 1.7942 1.2164 1.0791 1.1272 1.1454 1.2877

Estonia 2.8838 0.7779 0.7393 1.0522 1.9708 1.8811

Finland 1.3989 0.9701 0.8986 1.0796 1.1051 1.3049

France 1.2931 1.1077 0.9636 1.1494 1.1438 1.0206

Germany 1.2976 1.3057 1.1355 1.1499 1.0696 0.9291

Greece 1.1188 0.9086 0.7720 1.1768 1.0169 1.2110

Hungary 1.7528 1.1068 0.9925 1.1152 1.0173 1.5567

Italy 1.0745 0.9327 0.8483 1.0995 1.0708 1.0758

Japan 1.0185 0.9647 0.8655 1.1146 1.1377 0.9280

Latvia 2.9496 0.7323 0.7093 1.0323 1.0000 4.0281

Lithuania 2.6776 1.8325 1.5115 1.2124 1.1343 1.2882

Netherlands 1.2588 1.1348 1.0019 1.1327 1.0881 1.0194

Poland 2.4631 1.3555 1.0907 1.2428 1.2610 1.4411

Portugal 1.2885 1.3407 1.2067 1.1110 1.0314 0.9318

Slovak Republic 2.3125 2.7569 2.4503 1.1251 1.0215 0.8212

Slovenia 1.8394 2.0737 1.8203 1.1392 1.0352 0.8569

Spain 1.1721 1.0306 0.8893 1.1589 1.0343 1.0996

Sweden 1.4767 1.1623 1.0230 1.1362 1.3253 0.9586

United
Kingdom

1.3303 1.1131 1.0000 1.1131 1.3132 0.9101

United States 1.5371 1.2689 1.0854 1.1691 1.2283 0.9862

Arithmetic
average

1.6356 1.2401 1.0924 1.1315 1.1629 1.2241

Geometric
average

1.5526 1.1855 1.0486 1.1306 1.1499 1.1389

spending on ICT services rather than investment in ICT assets (Van Ark, 2016; Van Ark &
O’Mahony, 2016; Watanabe et al., 2018).

However, the effects of digitalisation on growth were hidden in Europe more than in
Northern America: in the last decade, the total contribution of ICT to labour productivity
growth in European countries (Western and Central—Eastern Europe) is more downwards
than that of Northern American countries (see “Appendix A” Tables 22–24). Furthermore,
according to Van Ark (2016) and Remes et al. (2018), the primary source of the observed
slowdown lies in the financial crisis in 2008 that has created weak demand, excess capacity,
uncertainty, and unwillingness by firms to invest; for this reason, European and American
countries have supported banks increasing public debt.
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Table 4 Geometric averages of the four components of labour productivity growth for groups of countries

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

LABPROD CHG

Western Europe 1.0996 1.0747 1.0336 1.0224 1.0158

Central-Eastern Europe 1.2599 1.2957 1.1510 1.0882 1.1190

Northern America 1.1553 1.0997 1.0598 1.0369 1.0340

Asia-Australia 1.1046 0.9781 1.0396 1.0693 0.9916

EFF CHG

Western Europe 1.0020 0.9810 0.9798 0.9826 0.9944

Central-Eastern Europe 0.9620 1.0522 0.9646 1.0109 1.0332

Northern America 1.0185 0.9907 1.0107 0.9767 1.0035

Asia-Australia 0.9818 0.9366 1.0179 0.9866 0.9952

TECH CHG

Western Europe 1.0374 1.0533 1.0211 1.0454 1.0225

Central-Eastern Europe 1.0315 1.0692 1.0500 1.0843 1.0754

Northern America 1.0547 1.0387 1.0090 1.0367 1.0209

Asia-Australia 1.0608 1.0403 1.0086 1.0337 1.0224

KACC CHG

Western Europe 1.0298 1.0371 1.0247 1.0001 1.0182

Central-Eastern Europe 1.0499 1.0327 1.0290 1.0212 1.0104

Northern America 1.0720 1.0920 1.0377 1.0374 1.0235

Asia-Australia 1.0635 1.0613 1.0341 1.0515 1.0123

DACC CHG

Western Europe 1.0271 1.0028 1.0081 0.9952 0.9811

Central-Eastern Europe 1.2094 1.1152 1.1044 0.9721 0.9968

Northern America 1.0032 0.9787 1.0014 0.9871 0.9861

Asia-Australia 0.9973 0.9458 0.9792 0.9971 0.9627

The global financial crisis also severely impacted the regular functioning of credit and
capital markets in Japan and Australia. Although a weak economic recovery was already
recorded in 2010, the results indicate a new slowdown between 2015 and 2019 (see Table 4).
Nevertheless, our analysis shows that the investment effects from ICT in Northern America
and Asia–Australia countries already slowed the 10 years before the 2008–2009 crisis and
only declined moderately since 2008. Australia’s decline is due to a loss of efficiency, both
to a lack of ICT capital accumulation and scarce technological progress. Japan’s decline
is attributable to a loss of efficiency and a lack of physical and ICT capital accumulation.
According to Flath (2022), Japan’s economic development is hampered by low population
growth, substantial restrictions on foreign immigration, a high level of public debt and the
central bank’s inability to implement expansive monetary policies.

The slowdown in labour productivity also affected theCentral-EasternEuropean countries;
our analysis provides evidence of its causes (see “AppendixA”). For some countries (Estonia,
Hungary and Latvia), it can be attributable to efficiency losses: in this case, improving the
government and managerial systems would be necessary. For other countries (the Slovak
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Republic and Slovenia), the leading cause of the productivity slowdown can be attributable
to a lack of physical capital accumulation. In this latter case, increasing investments in
physical capital is essential.

However, concerning previous studies, we can also observe the change between 2015
and 2019. In this last period, labour productivity growth in the Central-Eastern European
countries increased weakly again. This is partly due to efficiency improvements, suggesting
that some reforms have been implemented.

4.2 ICT as a new general purpose technology

Extensive literature has provided evidence of the “general purpose” nature of ICT. A general
purpose technology is distinguished by its ability to fundamentally change production pro-
cesses in industries that use a new invention (Basu et al., 2003). Benefiting from ICT requires
unobserved additional co-invention and substantial corresponding investments in learning
and reorganisation. The impact of ICT investments on technological progress is expected to
be positive but “lagged” over time because of the potential mismatches between the organ-
isation, the processes, the enabling systems and new technology (Liao et al., 2016). This
transition period could be more or less long depending on countries’ ICT infrastructure and
their ability to absorb newly developed technology. The productivity impact of ICT can only
be materialised once it reaches a critical mass of diffusion and experience. Figure 1 shows
the relationship between technological change (TECH) and ICT capital change (DACC) of
the same period and between technological change (TECH) and ICT capital change occurred
5 years earlier (DACC_lag); in line with the time intervals of Sect. 4.1. We find that ICT cap-
ital change does not affect technological change in the short term (the estimated regression
coefficient is β � − 0.003, p-value � 0.904); while there is a positive effect on technological
progress in the next 5 years (β � 0.095, p-value < 0.001).

During the transition period, ICT investments can cause a productivity slowdown because
it is necessary to reorganise working methods, integrate new technological tools in previous
systems and routines, and re-skilling human capital (Liao et al., 2016). This failure to combine
ICT investments with appropriate organisational changes explains the negative relationship
between efficiency and ICT capital during the transition period (the estimated regression

Fig. 1 Technological change plotted against a ICT capital change of the same period (DACC) b ICT capital
change occurred 5 year earlier (DACC_lag)
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Fig. 2 Efficiency change plotted against ICT capital change of the same period (DACC)—5 years time interval

coefficient is β � − 0.449, p-value < 0.001); see Fig. 2. The findings related to Figs. 1 and 2
are confirmed considering a time interval of 4 years; see Appendix B.

4.3 Analysis of productivity distributions

To complete our work, we analyse multi-modality and distribution differences between the
1995 labour productivity distribution and counterfactual distributions obtained from adding
the componentsEFF,TECH,KACCandDACC.Using the dip test of unimodality (Hartigan&
Hartigan, 1985),we cannot reject unimodality in 1995 and 2019,5 whilewe reject unimodality
only for the counterfactual distributions with the capital-labour ratio.6

Table 5 examines the statistical significance of differences between actual and counter-
factual distributions. It applied the test proposed by Li et al. (2009) with 5,000 bootstrap
replications. The results show that efficiency change and ICT capital change are only respon-
sible for moving the 1995 distribution to 2019. This is also confirmed by the evidence that
the test fails to reject the null hypothesis when one of these two components is included.

The graphical analysis of the counterfactual distributions of labour productivity growth
can complement the distribution difference tests. Following Henderson and Russell’s (2005)
approach, labour productivity in 1995 is multiplied by the components of the quadripartite
decomposition. By introducing the single components of the decomposition separately, it
is possible to explain the factors mainly responsible for the changes in labour productivity
distribution between 1995 and 2019.

It is possible to evaluate several sequences of the components, and Fig. 3 reported only one
of the possible outcomes; the other sequences are reported in “Appendix C”. In each panel,
the solid curve is the actual 2019 output distribution per worker. In panel a, the dashed curve
is the actual 1995 distribution of output per worker. The dashed curves in panels b, c and d

5 We cannot reject unimodality at the 5% level; the p-values of the tests for 1995 and 2019 are 0.241 and
0.325, respectively.
6 P-value equal to 0.021.
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Table 5 Distribution difference tests

Null hypothesis (H0) Tn statistic Bootstrap P value

f (y2019) � g(y1995) 2.320 0.015

f (y2019) � g(y1995) × EFF 0.899 0.093

f (y2019) � g(y1995) × T ECH 1.721 0.032

f (y2019) � g(y1995) × K ACC 3.510 0.003

f (y2019) � g(y1995) × DACC 0.772 0.108

f (y2019) � g(y1995) × EFF × T ECH 0.940 0.124

f (y2019) � g(y1995) × EFF × K ACC 1.099 0.061

f (y2019) � g(y1995) × EFF × DACC 0.623 0.111

f (y2019) � g(y1995) × T ECH × K ACC 1.452 0.044

f (y2019) � g(y1995) × T ECH × DACC 0.2973 0.223

f (y2019) � g(y1995) × K ACC × DACC 1.630 0.058

f (y2019) � g(y1995) × EFF × T ECH × K ACC 0.359 0.158

f (y2019) � g(y1995) × EFF × T ECH × DACC − 0.505 0.442

f (y2019) � g(y1995) × EFF × K ACC × DACC 0.217 0.282

f (y2019) � g(y1995) × T ECH × K ACC × DACC − 0.423 0.397

The functions f() and g() are kernel distribution functions

are counterfactual distributions isolating, sequentially, the effects of non-ICT capital change,
ICT capital change and efficiency change for the 1995 distribution of output per worker.

ICTcapital change reduces the differences in distributions, and countries that have invested
in ICT capital have achieved an increase in labour productivity. The rise in labour productivity
can be generated by the growth of the ICT industry itself, by the improvement of all industrial
sectors due to an increase in quality and a fall in the prices of ICT equipment and by the
diffusion of internet services and the development of e-commerce, the so-called spill-over
effect (Paunov and Rollo, 2016). Finally, panel d) shows that countries have improved their
input–output configurations.

5 Conclusions

In this work, we have extended the tripartite decomposition that Kumar and Russell (2002)
proposed to analyse economic growth and convergence across countries. Using a production
frontier approach,we have carried out a quadripartite decomposition to assess the contribution
of efficiency change, technological change, non-ICT capital and ICT capital to the labour
productivity growth of 24 OECD countries from 1995 to 2019. Our findings confirm that
technological change andnon-ICTand ICTcapital change are significant sources of economic
growth,measured by labour productivity growth, and reject the hypothesis of any clubs among
countries. In addition, the analysis of the results by year and by geographical area reveals the
“general purpose” nature of ICT. We find evidence that the ICT contribution to technological
progress is positive but “lagged”, as supposed by some previous studies, because it takes time
for ICT usage to be efficiently assimilated and absorbed into the workforce of a country.

Finally, the initial (in)efficiency changes are due to the need for complementary organisa-
tional investment and intangible assets required for the new ICT capital to become effective
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Fig. 3 Counterfactual distributions of output per worker

and its gain to be realised. Further research should better investigate the factors contributing
to increasing and decreasing the length of the transition period for each country.

6 Appendix A

See Table 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24 and 25.
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Table 6 Changes in labour productivity growth of Western European countries

Western Europe

LABPROD CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Austria 1.0921 1.0860 1.0608 1.0459 1.0153

Belgium 1.0767 1.0666 1.0262 1.0369 1.0086

Finland 1.1676 1.1062 1.0334 1.0112 1.0364

France 1.0965 1.0756 1.0162 1.0453 1.0322

Germany 1.0907 1.0687 1.0203 1.0533 1.0358

Greece 1.1543 1.1080 1.0185 0.8868 0.9686

Italy 1.0570 1.0045 0.9937 1.0107 1.0076

Netherlands 1.1090 1.0737 1.0274 1.0301 0.9989

Portugal 1.0844 1.0566 1.0684 1.0288 1.0231

Spain 1.0057 1.0133 1.0707 1.0607 1.0127

Sweden 1.1420 1.1543 1.0339 1.0524 1.0296

United Kingdom 1.1291 1.0915 1.0365 1.0186 1.0224

Geometric Average 1.0996 1.0747 1.0336 1.0224 1.0158

Table 7 Changes in labour productivity growth of Central-Eastern European countries

Central-Eastern Europe

LABPROD CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Czech 1.1037 1.2603 1.1026 1.0903 1.0730

Estonia 1.5130 1.3411 1.1725 1.0501 1.1543

Hungary 1.1154 1.3071 1.0774 1.0252 1.0884

Latvia 1.3001 1.4278 1.2202 1.1446 1.1377

Lithuania 1.2458 1.3953 1.2011 1.1366 1.1284

Poland 1.3177 1.2015 1.1722 1.1131 1.1924

Slovak 1.2617 1.2710 1.2039 1.1147 1.0745

Slovenia 1.2659 1.1815 1.0691 1.0377 1.1085

Geometric Average 1.2599 1.2957 1.1510 1.0882 1.1190

123



Annals of Operations Research (2024) 333:123–156 143

Table 8 Changes in labour productivity growth of Northern American countries

Northern America

LABPROD CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Canada 1.1396 1.0669 1.0229 1.0563 1.0321

United States 1.1712 1.1335 1.0982 1.0179 1.0359

Geometric Average 1.1553 1.0997 1.0598 1.0369 1.0340

Table 9 Changes in labour productivity growth of Asia-Australia countries

Asia-Australia

LABPROD CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Australia 1.0842 0.8900 1.0200 1.0539 0.9820

Japan 1.1254 1.0750 1.0596 1.0850 1.0014

Geometric Average 1.1046 0.9781 1.0396 1.0693 0.9916

Table 10 Efficiency change of Western European countries

Western Europe

EFF CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Austria 1.0075 1.0182 1.0337 1.0086 1.0067

Belgium 1.0000 1.0000 1.0000 1.0000 1.0000

Finland 1.0000 1.0000 0.9646 0.9259 0.9623

France 1.0063 0.9562 0.9683 1.0043 1.0234

Germany 1.0312 1.0462 1.0359 1.0000 1.0000

Greece 0.8328 0.9983 0.9118 0.9296 0.9849

Italy 0.9570 0.9318 0.9573 0.9392 0.9920

Netherlands 1.0109 0.9528 1.0011 1.0148 1.0129

Portugal 1.2748 0.9125 0.9697 0.9939 0.9550

Spain 0.9597 0.9465 0.9621 0.9857 0.9706

Sweden 0.9940 1.0200 0.9678 0.9952 1.0285

United Kingdom 1.0000 0.9988 0.9925 1.0000 1.0000

Geometric Average 1.0020 0.9810 0.9798 0.9826 0.9944
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Table 11 Efficiency change of Central-Eastern European countries

Central-Eastern Europe

EFF CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Czech 0.9028 1.1084 0.9357 0.9849 1.0160

Estonia 0.6198 1.1158 0.8870 0.9574 1.0855

Hungary 0.7365 1.1468 0.8675 0.9509 1.0171

Latvia 0.9575 0.7163 0.8293 0.9659 0.9623

Lithuania 1.1212 1.0264 1.0096 1.0257 1.0435

Poland 1.0727 1.0000 1.0000 1.0000 1.0000

Slovak 1.2035 1.3032 1.1427 1.1699 1.1012

Slovenia 1.2839 1.1053 1.0883 1.0493 1.0468

Geometric Average 0.9620 1.0522 0.9646 1.0109 1.0332

Table 12 Efficiency change of Northern American countries

Northern America

EFF CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Canada 1.0000 1.0000 0.9664 0.9694 0.9830

United States 1.0374 0.9814 1.0571 0.9841 1.0245

Geometric Average 1.0185 0.9907 1.0107 0.9767 1.0035

Table 13 Efficiency change of Asia-Australia countries

Asia-Australia

EFF CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Australia 0.9619 0.8870 0.9767 1.0112 0.9841

Japan 1.0021 0.9890 1.0609 0.9627 1.0064

Geometric Average 0.9818 0.9366 1.0179 0.9866 0.9952
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Table 14 Technological change of Western European countries

Western Europe

TECH CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Austria 1.0653 1.0588 1.0256 1.0369 1.0086

Belgium 1.0376 1.0628 1.0160 1.0272 1.0047

Finland 1.0241 1.0441 1.0242 1.0587 1.0233

France 1.0305 1.0467 1.0161 1.0316 1.0086

Germany 1.0347 1.0775 1.0388 1.0971 1.0268

Greece 1.0251 1.0534 1.0153 1.0535 1.0818

Italy 1.0215 1.0549 1.0232 1.0511 1.0233

Netherlands 1.0215 1.0720 1.0186 1.0346 1.0061

Portugal 1.0185 1.0497 1.0299 1.0625 1.0599

Spain 1.0271 1.0541 1.0313 1.0450 1.0216

Sweden 1.0710 1.0409 1.0074 1.0299 1.0060

United Kingdom 1.0746 1.0258 1.0080 1.0187 1.0029

Geometric Average 1.0374 1.0533 1.0211 1.0454 1.0225

Table 15 Technological change of Central-Eastern European countries

Central-Eastern Europe

TECH CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Estonia 1.0087 1.0757 1.0276 1.0449 1.0525

Hungary 1.0159 1.0844 1.1187 1.1366 1.0857

Latvia 1.0058 1.0777 1.1180 1.1426 1.0960

Lithuania 1.0290 1.0781 1.0110 1.0772 1.0803

Poland 1.0382 1.0997 1.0705 1.0382 1.1442

Slovak 1.0584 1.0461 1.0144 1.0949 1.0530

Slovenia 1.0672 1.0525 1.0116 1.0901 1.0669

Geometric Average 1.0315 1.0692 1.0500 1.0843 1.0754
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Table 16 Technological change of Northern American countries

Northern America

TECH CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Canada 1.0495 1.0306 1.0019 1.0387 1.0352

United States 1.0599 1.0468 1.0162 1.0347 1.0068

Geometric Average 1.0547 1.0387 1.0090 1.0367 1.0209

Table 17 Technological change of Asia-Australia countries

Asia-Australia

TECH CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Australia 1.0639 1.0413 1.0090 1.0272 1.0217

Japan 1.0576 1.0393 1.0082 1.0401 1.0231

Geometric Average 1.0608 1.0403 1.0086 1.0337 1.0224

Table 18 Non-ICT capital change of Western European countries

Western Europe

KACC CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Austria 1.0311 1.0085 1.0007 1.0000 1.0000

Belgium 1.0272 1.0225 1.0213 1.0091 1.0159

Finland 1.0289 1.0162 1.0151 1.0126 1.0558

France 1.0476 1.0550 1.0387 1.0074 1.0032

Germany 1.0121 1.0000 1.0054 1.0131 1.0126

Greece 1.0437 1.0462 1.0159 0.9591 0.9594

Italy 1.0266 1.0307 1.0305 0.9943 0.9975

Netherlands 1.0263 1.0260 1.0174 0.9833 1.0233

Portugal 0.9596 1.0440 1.0297 0.9724 1.0381

Spain 0.9942 1.0335 1.0080 0.9703 1.0545

Sweden 1.0852 1.0814 1.0861 1.0529 1.0209

United Kingdom 1.0818 1.0853 1.0302 1.0310 1.0416

Geometric Average 1.0298 1.0371 1.0247 1.0001 1.0182
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Table 19 Non-ICT capital change of Central-Eastern European countries

Central-Eastern Europe

KACC CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Czech 1.0579 1.0395 1.0229 1.0005 1.0238

Estonia 1.5333 1.0862 1.0273 1.0356 1.0220

Hungary 1.0396 1.0014 1.0095 0.9999 1.0000

Latvia 0.9853 1.0011 1.0034 1.0044 1.0000

Lithuania 0.9764 1.0900 1.0157 1.0520 1.0070

Poland 1.0100 1.0149 1.0703 1.0633 1.0311

Slovak 0.9635 1.0012 1.0476 1.0119 1.0000

Slovenia 0.9352 1.0323 1.0370 1.0045 1.0000

Geometric Average 1.0499 1.0327 1.0290 1.0212 1.0104

Table 20 Non-ICT capital change of Northern American countries

Northern America

KACC CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Canada 1.0601 1.0806 1.0646 1.0539 1.0298

United States 1.0841 1.1035 1.0115 1.0212 1.0173

Geometric Average 1.0720 1.0920 1.0377 1.0374 1.0235

Table 21 Non-ICT capital change of Asia-Australia countries

Asia-Australia

KACC CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Australia 1.0428 1.0379 1.0263 1.0124 1.0072

Japan 1.0846 1.0854 1.0419 1.0921 1.0175

Geometric Average 1.0635 1.0613 1.0341 1.0515 1.0123
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Table 22 ICT capital change of Western European countries

Western Europe

DACC CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Austria 0.9869 0.9988 0.9998 1.0000 1.0000

Belgium 1.0101 0.9814 0.9890 1.0004 0.9882

Finland 1.1081 1.0426 1.0305 1.0188 0.9969

France 1.0093 1.0185 0.9943 1.0016 0.9968

Germany 1.0101 0.9480 0.9430 0.9476 0.9963

Greece 1.2955 1.0071 1.0829 0.9441 0.9476

Italy 1.0533 0.9915 0.9844 1.0297 0.9950

Netherlands 1.0465 1.0247 0.9903 0.9977 0.9580

Portugal 0.8702 1.0565 1.0391 1.0018 0.9737

Spain 1.0262 0.9827 1.0706 1.0613 0.9685

Sweden 0.9885 1.0054 0.9765 0.9752 0.9747

United Kingdom 0.9712 0.9816 1.0057 0.9699 0.9787

Geometric Average 1.0271 1.0028 1.0081 0.9952 0.9811

Table 23 ICT capital change of Central-Eastern European countries

Central-Eastern Europe

DACC CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Czech 1.1215 1.0510 1.1133 1.0489 1.0031

Estonia 1.5782 1.0287 1.2522 1.0136 0.9886

Hungary 1.4340 1.0496 1.0997 0.9487 0.9856

Latvia 1.3701 1.8477 1.3117 1.0326 1.0787

Lithuania 1.1060 1.1569 1.1585 0.9779 0.9940

Poland 1.1714 1.0766 1.0231 1.0083 1.0107

Slovak 1.0280 0.9312 0.9914 0.8600 0.9267

Slovenia 0.9880 0.9839 0.9365 0.9031 0.9926

Geometric Average 1.2094 1.1152 1.1044 0.9721 0.9968
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Table 24 ICT capital change of Northern American countries

Northern America

DACC CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Canada 1.0243 0.9580 0.9923 0.9953 0.9850

United States 0.9825 0.9999 1.0106 0.9790 0.9872

Geometric Average 1.0032 0.9787 1.0014 0.9871 0.9861

Table 25 Percentage change of ICT capital change of Asia-Australia countries

Asia-Australia

DACC CHG

1995–2000 2000–2005 2005–2010 2010–2015 2015–2019

Australia 1.0159 0.9284 1.0085 1.0021 0.9697

Japan 0.9790 0.9636 0.9508 0.9922 0.9558

Geometric Average 0.9973 0.9458 0.9792 0.9971 0.9627

7 Appendix B

See Figs. 4 and 5.

Fig. 4 Technological change plotted against a ICT capital change of the same period (DACC) b ICT capital
change occurred 4 year earlier
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Fig. 5 Efficiency change plotted against ICT capital change of the same period (DACC)—4 years time interval

8 Appendix C

See Figs. 6, 7, 8 and 9.
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Fig. 6 Counterfactual distributions of output per worker
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Fig. 7 Counterfactual distributions of output per worker

123



Annals of Operations Research (2024) 333:123–156 153

Fig. 8 Counterfactual distributions of output per worker
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Fig. 9 Counterfactual distributions of output per worker
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