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Summary

Purpose | This study aims to determine the effect of ICTs utilisation on labour produc-
tivity. It compares how different aspects of the digital economy affect productivity in
two groups of countries within the European Union - the developed (“the Old Europe”)
and the developing (“the New Europe”).

Research method | In this study, random forest regression was used on two groups
of countries within the European Union.

Results | The utilisation of ICTs between the two parts of the European Union is sig-
nificantly different. Two independent random forests show that the most influential
variables in “the Old Europe” are the least influential in “the New Europe,” and vice
versa. This showcases that the theory of the national ecosystem is correct. There is no
universal way in which ICT adaptation influences productivity.

Originality/value/implications/recommendations | This study reveals differences
within the interconnected economy of the European Union. It shows that even in the
case of widespread and accessible technologies, there are meaningful differences
in their adaptation based on national ecosystems and regional factors. The findings
should serve as a basis for future research on the institutional and regional factors
influencing differences in ICT adaptation and utilisation.
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1. Introduction

Economic history encompasses four major technological revolutions, each of
which has significantly disrupted the economy and society [Sledziewska, Wtoch,
2020]. The world has already passed through the Third Industrial Revolution
(the Digital Revolution) and is now in the early aftermath of the Fourth Indus-
trial Revolution. Current debates surrounding the fourth revolution primarily
highlight its economic benefits and technological advancements. One of the
anticipated outcomes is an increase in labour productivity.

ICT (Information and Communications Technology) adaption, since the 1990s,
has led to enormous productivity gains. ICTs was seen as an opportunity to
accelerate the growth rate of the country and allowed developing countries
to catch up to the developed ones. Programs and strategies related to the
technological development are widespread among different countries. Some
of them were lunched in Germany [Federal Ministry for Economic Affairs and
Climate Action, 2019], Japan [Council for Science, Technology and Innovation,
2015], Australia [Department of Industry, Science and Resources, 2021], the
UK [Foresight, 2013], and the US [Subcommittee on Advanced Manufactur-
ing Committee on Technology, 2022]. These programs are usually related to
industry but also take into consideration the development of digital skills and
digital inclusions. Examples of these include: the DIGCOMP Project by Europe-
an Commission, the Krumsvik model (Norway), the TPACK model by the USA
[Mishra and Koehler, 2006], the JISC model by the UK, the ISTE Standards by
the USA, and the P21 model by the USA [Choudhary, Bansal, 2022].

There is a strong relation between societal and technological change. Tech-
nological advances are determined and determine societal changes [Vannoy,
Palvia, 2010]. Empirical research showcases that physical localisation of a com-
pany may influence ICT adoption. Companies in the Netherlands, Sweden,
Norway and Iceland on average adapted ICT better than companies in France.
Multiple factors beside level of development influence ICT adaptation [Holl,
Rama, 2023].

The impact of ICT utilisation on labour productivity and economic growth re-
mains ambiguous. The existing literature showcases that there are significant
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differences between the developed and developing countries in terms of ben-
efits from digitalisation [Aissaoui, 2022; Gomutka, 2021]. Moreover, there are
significant differences in how various types of ICTs affect labour productivity
[Duso and Schiersch, 2025].

The aim of this research is to determine whether there are differences in the
impact of ICTs on labour productivity between two groups of some European
Union countries: those that joined before 2004 (referred to as “the Old Europe”)
and those that joined in 2004 or later (“the New Europe”). If such differences
exist, it would suggest that the effects of digital transformation are dependent
on country-specific characteristics and cannot be considered universal.

To investigate this, two random forest regressions were conducted. Both mod-
els include the same variables, but one will focus on “the New Europe” countries
and the other on “the Old Europe.” This approach enables a comparison of the
aspects of the digital economy that influence productivity within each group.

2. Literature review

Economic growth in a country may result from changes in ICT capital, physical
capital, orimprovements in efficiency. Prior to around 2010, changes in ICT cap-
ital had the greatest influence on labour productivity; however, since then, its
impact has been significantly weakened [Fulgenzi et al., 2024; Mas et al., 2025;
Byrn, Corrado, 2016]. Changes in ICT capital require a corresponding increase
in human capital, in the form of knowledge and skills [Giebel, Lammers, 2025].

Paunov and Rollo [2016] conducted research on knowledge spillovers in 50,013
firms from 117 developing and emerging countries. According to their results,
firm performance did not depend on their own ICT investments, but on their
environment. The Internet provided larger benefits to “... firms located in small-
er agglomerations, to single-plant establishments and to non-exporters. These
firms commonly engage less in innovation and consequently Internet-enabled
knowledge spillovers can serve the ‘democratization of innovation'” [Paunov,
Rollo, 2016]. Positive impacts on these companies included increased produc-
tivity, investments in equipment, and patents.
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Bauer [2018] publication highlights the role of ICTs' effects on the productivity
of capital, labour, and information. It is described as a coordination technolo-
gy that allows for an increase and improvement in the division of labour and
the relocation of work. The results are not unambiguous. Depending on the
implementation, these technologies can increase or decrease inequality and
productivity among different groups. In the USA, manufacturing labour pro-
ductivity significantly increased due to ICTs (in 1980, 25 workers were required
to produce 1 million dollars of output, whereas in 2015 it was only 5). Other
countries report a lower level of ICTs’ impact on productivity.

One of the hypotheses explaining the slow growth of productivity during the
periods of intense technological change and differences between countries
states that: “...ICT requires investments in other assets, especially intangibles.
To be productive, ICT requires not only investments in IT, data and communica-
tions, hardware and software, but also changes in the qualifications of human
resources and their way of work, changes in the organisational structures of
companies, and investment in R&D, process and product innovations” [Mas et
al., 2025]. An increase in productivity, including labour productivity, requires
not only access to technology but also human capital.

Differences in labour productivity among societies may be characterised as
a digital divide between them and difference in adaptation of ICTs by individ-
uals. This process in visible not only in workplace, but also earlier in school
environment [Soga et al., 2024] and in the everyday use of technology in fi-
nancial transactions [Saka et al., 2022] [Ivanov et al. 2023]. To fully utilise ICT,
there is a need for public policies that involve not only investment in digitali-
sation but also in public infrastructure and in the development of digital skills
[Amador, Silva, 2025].

The difference in development of digital markets between countries prevails
[Hawash, Lang, 2020; Peji, 2014], but the difference in terms of infrastructure
is getting smaller [Sharp, 2024].

There is a structural change on the market in form of the fragmentation of the
workforce [Salahuddin et al., 2015]. ICTs are a part of both high and low paying
jobs [Bauer, 2018]. Tasks within jobs are increasingly complex, non-repetitive,
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and non-routine. Employees are expected to adopt a lifelong learning perspec-
tive and to continuously enhance their skills [Giebel, Lammers, 2025]. This
gave rise to next generation users that utilise technology to seek solutions in
a different aspect of both work and private life [Dutton, Blank, 2014]. Creation
of solutions empowered by technology led to an increase in productivity. The
downside is that to effectively utilise individual skills and talents, it is necessary
to make the effective use of ICTs. This may decrease the potential productivity
due to removing individuals who are highly competent and innovative in their
jobs but may be excluded due to the lack of ICT-related skills. This showcases
the difference between individuals in the ability to apply knowledge in the
employment context in relation to the technology [Baker et al., 2020]. This
process has two main implications for labour productivity. The first one is that
a portion of the workforce will experience a decrease in productivity due to
the lack of ICT-related skills or adaptability. The second one is that “the next
generation users” may increase productivity by not only using the existing tool
but by effectively creating technology-empowered solutions and processes.

The effective use of technology allows to build high value, scalable and high-
growth propositions for the market. This creates a strong divide between
businesses, due to network effect. Companies that utilised ICTs earlier may
build strong barriers of entrance for newer companies [Sussan, Acs, 2017].
One of the propositions for countering this is to locally found digital entre-
preneurships. This creates a set of challenges for governance in terms of how
culture, legal system and economic development influence digital ecosystem.
[Ren, Lin, 2024]. So far, these ideas have not been effective. The digital gap be-
tween developing and developed countries is widening [United Nations, 2023].

There are significant differences between companies in their approach to
obtaining and utilising technology. The influence of digitalisation on labour
productivity depends on how individual enterprises operate and how tech-
nology (for example, ICT) is perceived in relation to company strategy and the
human element.

The individual company innovation capability is dependent on three factors:
technology, human capital and organisational/relational aspects. The first
one is related to obtaining or accessing existing infrastructure understood as
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devices or software. The significant aspect of human capital involves ICT ex-
pertise of the staff, access to external ICT consultancy and training. In case of
organisational/relational factors, these include company ambition for growth,
digital strategies and cooperation with suppliers. The cooperation with uni-
versities or research centres was not significantly important for companies
[Romero, Mammadov, 2024]. The availability of ICT experts and consultants
has a lesser impact on digital innovation in microenterprises, which, instead,
rely on collaborations with suppliers, universities, and research institutions.
They utilise these external networks more effectively than larger firms. Fur-
thermore, ICT expertise in microenterprises is often informal, yet it exerts
a greater influence compared to SMEs. This suggests that the digital divide,
concerning access to resources, is less critical than the capacity to utilise them
efficiently. Given the widespread availability of online courses, user communi-
ties, and open-source tools, microenterprises prioritise external partnerships
over developing in-house infrastructure to foster innovation.

Microenterprises need less specific knowledge resources. They utilise whatever
is available. SME creates digital innovation by hiring ICT experts, contracting
external consultants, and implementing training activities within the compa-
ny. SME are more focused and require more higher staff and management
involved [Nogler, Nogler, 2015; Romero, Mammadov, 2024]. This means that
building external resources of microenterprises may help with this type of
innovative enterprises.

Divergence between companies arises only when companies build their ab-
sorptive capacities. They need to absorb and use the existing resources. The
problem regards the ability to use and utilise technology, not the access to it
[Paunov, Rollo, 2016]. On the market there is still great demand for ICT-based
skills that is larger than current supply [Arbeldez-Rendén et al., 2023]. The
presented situation may be permanent in foreseeable future due to market's
mechanisms and the role of ICT in business setting. The whole dynamic system
is dependent on the environment that its operating in [Bauer, 2018].

Institutional order and policies on the central and regional levels are of great
importance for both individuals and entrepreneurs [Sharma et al., 2016]. In
economic sense, there are two facets of this: the impact of digitisation on
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economic growth and factors influencing a different level of digitisation be-
tween countries.

The most important aspect of digitisation is the national ecosystem that is
build from three constructs: environmental, technological and organisational.
Digitisation is influenced by degree of globalisation, institutional order and ICT
accessibility. Institutions are basis for country ability to minimise the digital
divide [Tolba, 2022]. The development of ICT programs should be highly re-
gionalised. Establishing such programs should involve taking into consideration
the composition of employment and institutional order [Baker et al., 2020].

The high-income countries benefit the most from the cost reduction associat-
ed with ICT use. The globalisation process forces companies to adapt to new,
global environment. Due to this, working towards enhancing the technological
capabilities and ICT investment within countries is a key issue [Rodriguez-Cre-
spo et al., 2019].

The analysis of access to the Internet should be compatible with the socio-
economic factors analysis. Digital economy has micro- and macro- impact
on society and economy as a whole [Baker et al., 2020]. The increase of dig-
ital inclusion creates positive externalities. It also allows greater exchange
of knowledge [Baker et al., 2020]. At the same time, there is an issue with
building social capital and societal challenges that are beyond the scope of
economic analysis.

Development of ICTs and digital economy may influence productivity in dif-
ferent way depending on country ecosystem. Productivity was used in this
research rather than economic growth due to fact that ICTs impact is the most
visible in terms of individual work and business performance.

3. Methods and results

Different aspects of the digital economy are strongly interdependent, which
results in the problem of collinearity among variables. In this case, many
regression models are not the best tool for the analysis. Due to this fact,
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a random forest which is more resilient to collinearity between variables was
used [Mentch, Zhou, 2020]. “Random forest regression, grounded in decision
tree-based learning, offers a personalised regression model with enhanced
explanatory power, making it highly suitable for real-world data sets” [He,
Wu, Fan, 2024].

Table 1 provide set of 9 independent variables (labelled as “x") and 1 depend-
ent variable (labelled as “y"). These variables reflect an ecosystem approach
to the impact of ICT on labour productivity and society. Gross fixed capital
formation, the number of employed ICT specialists, and enterprises engaged
in online orders and e-commerce are more direct indicators. Companies that
implement various ICT solutions may increase their employees’ productivity.
Variables related to individual actions, such as e-banking, internet use, or
participation in social networks, reflect the general population’s immersion in
technology and the broader national ecosystem. This is especially important
concerning the presence of next-generation users and the ability of individual
employees to utilise ICT within their jobs.

TABLE 1
Variable labels and descriptions

Variable Description

X1 Charges for the use of intellectual property

X2 Individuals using the Internet for Internet banking

X3 Individuals using the Internet for participating in social networks
x4 Enterprises having received orders online (at least 1%)

X5 Share of enterprises’ turnover on e-commerce

X6 Internet use by individuals

X7 Employed ICT specialists

X8 Broadband Internet coverage by technology

X9 Gross fixed capital formation

y Labour productivity and unit labour costs

Source: the authors’ own work.
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The sources of data are: World Bank [World Bank, 2025] (variable x1) and Euro-
stat [Eurostat, 2025] (rest of variables). Data was collected for 26 countries
that were split to represent “the Old” and “the New" Europe between 2013 and
2023. Luxembourg was omitted from the research due to a lack of comparable
data for the analysed time frame.

The “New Europe” countries include Bulgaria, Croatia, Cyprus, Czechia, Estonia,
Hungary, Latvia, Lithuania, Malta, Poland, Romania, Slovakia and Slovenia.
These are countries that joined European Union in 2004 or later.

The “Old Europe” countries include Austria, Belgium, Denmark, Finland, France,
Germany, Greece, Ireland, Italy, Netherlands, Portugal, Spain and Sweden.
These countries were part of European Union before 2004.

Table 2 and Table 3 provide descriptive statistic of the variables for these two
groups.

TABLE 2
Descriptive statistics of the “New Europe” variables

Variable N Mean S.D Min Median Max

X1 143 79000000000 935000000 31000000 398000000 4660000000

X2 143 46.92021 22.00746 4.16 49.8 84.89
X3 143 57.70441 11.2756 33.42 58.97 82.56
x4 143 16.21007 6.642051 4.76 15.24 31.97
x5 143 13.99255 6.79665 2.69 13.11 31.75
X6 143 79.4135 9.55942 49.76 80.45 93.2
X7 143 3.55524 0.97451 1.6 3.5 6.7
X8 143 42.29371 28.17182 0 42.4 100
x9 143 24371.3021 27635.15 1406 10664.7 134605.5
y 143 119.22248 12.24011 100.812 117.291 158.196

Source: the authors’ own work.
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The presented statistics showcases significant differences in data between two
groups in terms of digital economy variables and productivity.

TABLE 3
Descriptive statistics of the “Old Europe” variables

Variable N Mean S.D Min Median Max

X1 143 15500000000 28000000000 247000000 4510000000 153000000000

X2 143 62.90969 21.92646 10.72 62.78 96.22
X3 143 58.56094 12.44097 31.63 58.61 91.02
x4 143 2091738 7.816492 4.95 19.56 38.4
x5 143 18.68682 7.943221 1.58 17.71 43.95
X6 143 86.86797 9.697994 58.46 90.28 99.15
X7 143 4.623077 1.473699 1.6 4.5 8.7
X8 143 49.16993 30.99043 0 48.7 96.9
X9 143 197300.3 2051814 195724 111457.3 899880
y 143 107.0631 13.72354 83.774 105.005 178.35

Source: the authors’ own work.

In the case of “the New Europe” countries, the Random Forest regression
resulted in 73.13% of the variation being explained by the response variable,
with the mean of squared residuals being 39.98. In the “Old Europe”, countries,
84.65% of the variation was explained by the response variable, with the mean
of squared residuals being 28.69.

Charts 1 and 2 display the convergence plots of the random forest model
for the New Europe and the Old Europe. The horizontal axis represents the
number of decision trees, while the vertical axis displays the Mean Squared
Error (MSE). In this study, 1000 samples were used. Increasing the number of
decision trees does not result in overfitting. In Chart 1, when the number of
decision trees exceeds approximately 100, the MSE stabilises and the regres-
sion results tend to converge [He, Wu, Fan, 2024].
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CHART 1
Convergence plot of the random forest model for "the New Europe”

Convergence Plot: Random Forest
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Source: the authors’ own work.

CHART 2
Convergence plot of the random forest model for “the Old Europe”

Convergence Plot: Random Forest
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Source: the authors’ own work.
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Chart 2 presents initial fluctuations in the MSE curve due to the instability of
predictions from the first few trees. As the number of decision trees increases,
the mean squared error gradually stabilises, consistent with the Law of Large
Numbers.

Table 4 presents the results of random forest. In “the Old Europe” definitely
most influential determinant were charges for the use of intellectual property
(x1). The second most influential determinant was share of enterprises’ turn-
over on e-commerce (x5). The least influential determinants were: Individuals
using the Internet for Internet banking (x2) and Individuals using the Internet
for participating in social networks (x3)

In case of “the New Europe”, the most influential determinant were individu-
als using the Internet for participating in social networks (x3) and individuals
using the Internet for Internet banking (x2). The least influential determinants
were charges for the use of intellectual property (x1) and share of enterprises’
turnover on e-commerce (x5).

TABLE 4
Variable importance plot

IncNodePurity
Variable
Old Europe New Europe
X1 9494.9583 1417.768
X2 733.2540 3294.188
X3 522.2773 3660.799
x4 3079.3555 1709.527
x5 6729.6051 1166.895
X6 1218.0102 2584.273
X7 2112.9414 1405.637
X8 953.0453 2753.421
x9 976.4164 2728.385

Source: the authors’ own work.
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This demonstrates that the variables determining the utilisation of ICTs be-
tween the two parts of the European Union are significantly different. Two
independent random forests show that the most influential variables in “the
Old Europe” are the least influential in “the New Europe”, and vice versa. This
showcases that theory of national ecosystem is right. There is no universal
impact of ICTs adaptation on productivity.

Chart 3 and 4 depicts partial dependence plots for the determinants of “the New
Europe” and “the Old Europe”. In case of “the New Europe”, individuals using the
Internet for participating in social networks (x3) exhibits a positive impact on
the productivity of labour. At the same time individuals using the Internet for
Internet banking (x2) displays dynamic interaction with productivity of labour.
It results in negative impact to at the lower values and then strong positive one.

CHART 3
Partial dependence plots for the determinants for “the New Europe”

Partial Dependence for x1

Partial Dependence forx2

Partial Dependence for x3

Partial Dependence for x5

Parial Dependence for x6

Partial Dependence for x7

Source: the authors’ own work.

Partial Dependence for xB

In case of “the Old Europe”, charges for the use of intellectual property (x1)
exhibits a positive impact on the productivity of labour. The same is true about
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share of enterprises’ turnover on e-commerce (x5) impacting productivity of
labour. In both cases the variables change in a stepwise manner.

CHART 4
Partial dependence plots for the determinants for "the Old Europe”

Partial Dependence for x1 Partial Dependence for x2 Partial Dependence for x3

Partial Dependence for x4 Partial Dependence for x5 Partial Dependence for x6

Partial Dependence for x7 Partial Dependence for x& Partial Dependence for x9

Source: the authors’ own work.

The presented results highlighted significant differences in the effect of differ-
ent variables on labour productivity. This showcases that adaptation of ICTs
and its effect on economy and labour markets is nuanced and require deep
understanding of the mechanisms behind it.

5. Conclusions

There are significant differences in how the digital economy affects productiv-
ity. In the interconnected economy of the European Union, these differences
are most likely caused by the institutional characteristics of individual coun-
tries. This includes both formal and informal institutions, as well as differences
in approaches to ICTs. These findings suggest practical implications.
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Firstly, the return on investment in ICTs depends on their utilisation and ad-
aptation, which in turn are influenced by regional characteristics. Companies
operating in different regions should consider that the same investment may
yield significantly different outcomes.

Secondly, policies related to the digital economy should consider the unique
characteristics of each region. Technology and processes that are needed
for Economy 4.0 are already existing. Implementation of the Economy 4.0 is
already finished. Currently countries within European Union need to include
digital inclusion and alignment with regional characteristics and needs in its
further development. Technology and society influence and shape each other.
Social and economic policies need to take into consideration technological
landscape.

Future research should focus on the socioeconomic analysis of different as-
pects of the digital economy. This study demonstrates that access to the same
technologies can lead to different outcomes depending on regional charac-
teristics. Although this research uses aggregated variables, the mechanisms
involved are more complex and require further investigation at the micro-,
meso-, and macro-levels, as well as research into the relationships between
these levels.
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