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Abstract The stage of development of knowledge-based economy depends not
only on the effectiveness of the innovation system but on the effectiveness of
economic and institutional regime, education of population and information and
communication technology. The aim of this paper is to determine which of the
selected determinants of the knowledge-based economy provide the intended
macroeconomic effects. The measurement of the effectiveness is performed by data
envelopment analysis. In the case of inefficient determinants, DEA enables to detect
how such a determinant should be regulated or modified to become more effective.
We employed DEA models and analysed the effectiveness of inputs involved in the
macroeconomic processes. We used data from Eurostat for EU 28 countries in the
years 2011-2015. The results show that minority of EU countries were efficient and
that these countries were at different levels of knowledge economy. The implica-
tions can be generalized for several types of knowledge-based economies.

Keywords Effectiveness - Knowledge-based economy - Determinant
Macroeconomics development - EU 28

1 Introduction

In today’s globalized world economy, national governments increasingly aspire to
become knowledge-based economies. The crucial aspect is to increase the
effectiveness of traditional production factors (labour force and capital) by new
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productivity determinants, such as knowledge, skills and ability to learn. These
have become the key determinants of contemporary national competitive
advantage. Economic entities in knowledge-based economies have to be able to
acquire, transfer and apply the knowledge, as well as to create innovations. In
addition to governments, the key actors in knowledge-based economies include
firms, universities and non-profit organizations. Their interactions also provide
support to the development of knowledge-based economy.

The stage of development of knowledge-based economy depends not only on the
effectiveness of the national innovation system but also on the effectiveness of
economic and institutional regime, education and skills of population and infor-
mation and communication technology. Previous research has mainly focused on
how to measure the determinants of knowledge-based economy. However, it is also
important to make an international comparison of the effectiveness of these
determinants in generating macroeconomic outputs. This could give the national
governments and public policy makers the guidance for decision-making (e.g. in
science, technology and innovation policies).

The structure of this paper is divided into following: Sect. 2 consists of theo-
retical background that clarifies the issue of innovation determinants and the
influence on selected economic macroeconomic indicators. Section 3 will be ded-
icated to describe our methodology which utilizes own DEA model and used data.
In the last section, we discuss the main results and conclusions.

2 Theoretical Background

The knowledge is the key competitive factor in every business all over the world.
Government at the every level prepare the public policy (especially at the regional
level—regional policy) where knowledge and so innovations have been moved to
the foreground and have been considered mandatory for surviving in a dynamic
market environment (Todtling and Trippl 2005; Seidler-de Alwis and Hartmann
2008; Asheim et al. 2011). Therefore, governments try to support by this policy
(and mainly by the financial schemes) engines of economic growth. We have to
point out that innovations are the fundamental force for global, national and also
local economic and social growth. Innovations influence industrial sector (firms’
competitiveness), households and also the welfare of the society (Galia and Legros
2004; Todtling and Trippl 2005; Hudson and Minea 2013; Stejskal et al. 2016).
The experiences from many researches and also many scholars highlighted that
innovation processes are accelerated by the environment in which they are being
implemented. Innovations do not take place in isolation; rather interaction is central
to the process of innovation. The innovation milieu consists from many entities
(firms, companies, universities, R&D organizations), also from governmental
organizations. The networking, relationships or some knowledge-based or
cooperative-based ties are integral part of this environment. All these assets are
present in most of the developed regions. But, actual growth performance depends
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on how well a region (or enterprise) is able to mobilize its assets in order to fully
exploit its potential for growth (Papacharalambous and McCalman 2004). The
knowledge sector is the necessary part of every modern tool in regional develop-
ment. The industrial clusters, research centres, centres of excellence, etc., interact
with many entities in the regional and also with their external environment (Guellec
and Wunsch-Vincent 2009). The cooperative links deepen the technological, cre-
ative and innovative competence of the actors (Tsai and Wang 2009). The col-
laboration with research organizations helps a firm broaden its technological
knowledge and firms can acquire new scientific knowledge to benefit their product
or process innovations by interacting formally and informally with universities and
research institutes (Cowan and Zinovyeva 2013).

There are many determinants what influence the innovation (or knowledge)
environment. Tavassoli (2015) analyses how the influence of firm-level innovation
determinants varies over the industry life cycle. Two sets of determinants are
distinguished: (1) determinants of a firm’s innovation propensity, i.e. the likelihood
of being innovative and (2) determinants of its innovation intensity, i.e. innovation
sales. He shows in Sweden case study that the importance of the stage of life cycle
of the industry where the firm belongs. Ulusoy et al. (2014) analyse the compre-
hensive model of innovation determinants in Turkey. This study investigates how
significant is an antecedent compared to others. Such knowledge is invaluable for
the decision-makers in order to manage their innovation strategies and provides a
guideline for effective allocation of their limited resources to be more innovative.
The analysis reveals that among all possible determinants considered, the intel-
lectual capital has the highest impact on innovativeness followed by the organi-
zational culture. In Spain, Fraj et al. (2015) analyse the links between proactive
environmental strategies, organizational capabilities and competitiveness.
According to their results, knowledge, ability to learn and innovations are con-
ceived not only as drivers for adopting pro-environmental policies, but also as
determinants of competitiveness. The determinants of innovation activities were
examined also in China. Liu et al. (2014) used the panel data analysis for the
high-technology industries and analysed the impact of foreign competition on
innovation activities at industry level in a large emerging economy. The results
indicate that the intensity of competition from foreign-invested enterprises and
domestic skill intensity affects industry buy and make activities. Further, the
findings show that domestic skill intensity weakens the impact of foreign com-
petitive pressure on innovation activities. In USA, Wang et al. (2014) explored
specific determinants: network of collaborations between researchers and in a
knowledge network composed of linkages between knowledge elements.

There are also many other determinants of the knowledge economy in individual
EU countries. These determinants are divided into four drivers (pillars) such as
(i) economic incentive and institutional regime, (ii) educated and qualified workers,
(iii) an effective innovation system, and (iv) information infrastructure (Dahlman
and Anderson 2000; Chen and Dahlman 2005). Also, a knowledge stock seems to
be a specific innovation determinant. Roper and Hewitt-Dundas (2015) analysed the
role and interaction of firms’ existing knowledge stocks and current knowledge
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flows in shaping innovation success. Their paper contributed to understanding of
the determinants of firms’ innovation outputs and provides new information on the
relationship between knowledge stocks, as measured by patents, and innovation
output indicators. They stated that existing knowledge stocks have weak negative
rather than positive impacts on firms’ innovation outputs, reflecting potential
core-rigidities or negative path dependencies rather than the accumulation of
competitive advantages. Second, knowledge flows derived from internal investment
and external search dominate the effect of existing knowledge stocks on innovation
performance. Both results of this study emphasize the importance of firms’
knowledge search strategies.

It is necessary to examine relevance of the innovation determinants and effec-
tiveness and to draw implications from conclusions that will help to increase the
level of knowledge economy in practice. Therefore, the aim of this paper is to
determine which of the selected determinants of the knowledge-based economy
provide the intended macroeconomic effects.

3 Research Methodology and Data

Data envelopment analysis (DEA) was used for our analyses. DEA is a parametric
approach used as a model specialized tool for assessing the effectiveness, perfor-
mance and productivity of comparable production units (homogeneous units, also
decision-making units—DMUs) based on the size of inputs and outputs. DMUs
convert multiple inputs into outputs, meaning a set of units that produce the same or
equivalent effects that are referred as the outputs of these units (Stanickova and
Melecky 2011). DEA has become the most prominent method for performance
measurement.

DEA models are derived from Farrell’s model for measuring the effectiveness of
units with one input and one output. These DEA models use mathematical pro-
gramming models to estimate best-practice frontiers without a priori underlying
functional form assumption through computing multi-input/multi-output values and
calculate a maximal performance measure for each DMU relative to all DMUs in
the countries (EU 28) under observation (Guan et al. 2006; Stejskal and Hajek
2016). The DEA model can be built on the assumption of constant returns to scale
(one unit of input generates one unit of output), when all DMUs are operating at
optimal scale (CCR model). Rather unrealistic condition is solved by introducing
variable returns to scale (VRS) considering all types of returns: increasing, constant
or decreasing (BCC model). The efficiency can be increased either by increasing
outputs under increasing returns to scale or by reduction in outputs under
decreasing returns to scale (Hudec and Prochadzkova 2013; Hajkova and Hajek
2014).

For our analyses, we used two input-oriented VRS models (Model 1 and Model
2) operating with variable returns to scale and data from Eurostat databases (2017).
These models measured efficiency of DMUs, (i) provide implications on how to
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Fig. 1 Relation between input and output variables in Model 1. Source Own

change inputs within inefficient DMUs to become (more) efficient and (ii) show the
importance of knowledge (and accumulated knowledge stock) within the process of
economic development.

In Model 1 (see Fig. 1), we analyse and evaluate countries’ efficiency of using
determinants of knowledge economy within the process of increasing their eco-
nomic performance (represented by value added). These determinants are divided
into four drivers (pillars, see Table 1) such as (Parcero and Ryan 2016; de la
Paz-Marin et al. 2015; Hajek et al. 2014): (i) economic incentive and institutional
regime, (ii) educated and qualified workers, (iii) an effective innovation system and
(iv) information infrastructure. The optimal time delay between input and output
variables was analysed by number of researchers (e.g. Hollanders and Celikel-Esser
2007; Wang and Huang 2007). Following previous studies (Guan and Chen 2012;
Hudec and Prochadzkova 2013), we chose four years’ time delay.

In Model 2 (see Fig. 2), the same variables were used (see Table 1). However,
following previous literature (e.g. Wu and Shanley 2009; Villar et al. 2014) we add
other input variable expressing the country’s knowledge stock that represents the
accumulated know-how from practicing research and development activities and
should support the share of knowledge, learning processes and country’s devel-
opment (Biemans et al. 2007). Wu and Shanley (2009) argued linkage between
exploration—exploitation and innovative performance and, therefore, we assume the
importance of accumulated knowledge stock allowing share of knowledge, learning
and gaining higher rate of countries’ efficiency.

Knowledge stock represents accumulated knowledge within the country in last
years. To express accumulated knowledge stock, there are number of ways—e.g. by
patents, scientific citations or products in development (DeCarolis and Deeds
1999). Firms’ and countries’ patent portfolio is one possible means to describe and
capture the characteristics of a firms’ (countries’) knowledge stock because a patent,
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Table 1 Variables involved in the model
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Input variables

Pillar

Variable

Description of the selection of
variable

Economic
incentive and
institutional
regime

Government R&D expenditures
(in Euros)

Effective use of public funds,
particularly in research and
development may lead to creation of
positive effects and promote
economic growth in the long term
(Gemmell et al. 2015)

Educated and
qualified
workers

The number of people with
tertiary education (15-74 years)

The number of people with tertiary
education allows the creation of new
knowledge, as well as strengthening
the absorption capacity of individual
countries and companies (Barro
2013)

Information

Employees in ICT (total)

ICT sector affects corporate growth

infrastructure and innovation capability (Taruté
and Gatautis 2014), while the
number and quality (skills) of its
employees are one of the main
determinants

Effective The number of employees Employees in the field of science

innovation working in the field of science and technology (S&T) represent one

system and technology (15-74 years) of the fundamental elements, and

their effective use can lead to greater
dissemination of knowledge and the
creation of synergies, as well as to
the emergence of more innovative
outputs, and thus influence the
continuous economic growth
(Yanadori and Cui 2013; Gelec and
Wagner 2014)

Output variable

Pillar Variable Description of the selection of variable
Economic Value added The value added is another possible determinant of
performance (in Euros) economic growth and identifier of the growth of

commercial gain (Guan and Chen 2012; Hudec and
Prochadzkova 2013)

Source Own

by definition, represents a unique and novel element of knowledge (Ahuja and
Katila 2001; Wu and Shanley 2009). A set of patents then represents a collection of
discrete, distinct units of knowledge. Identifying a set of patents that have been used
in the firm can be the basis for identifying the revealed knowledge base of a firm.
Therefore, accumulated patents represent the knowledge that the firm (country) is
acknowledged as having created (Jaffe et al. 1993). For our study, following
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Fig. 2 Relation between input and output variables in Model 2 extended by Knowledge Stock.
Source Own

arguments above and previous studies (e.g. Guan and Chen 2012; Hudec and
Prochéadzkova 2013) we express knowledge stock by number of patents granted by
USPTO between 2006 and 2010.

4 Results

Results of input-oriented VRS Model 1 and Model 2 are shown in Tables 2 and 3.
DMUs (countries of EU 28) that efficiently used selected determinants of knowl-
edge economy reached the rate of effectiveness 1000. Countries that did not reach
the rate of effectiveness 1000 were not considered as effective (less rate of effec-
tiveness means less efficiency of the country).

Results of Model 1 show that only eight countries of EU 28 (32%) were
effective. These countries were Germany, Ireland, France, Italy, Luxembourg,
Malta, Austria and UK (on the same rank, efficiency is 1.00000). On the other hand,
Bulgaria was the least effective country within EU 28 (the last rank, efficiency
0.24918). The advantage of the DEA models is that they provide practical impli-
cations (for each country) on how to improve and how to change inputs and outputs
to become (more) efficient. Input-oriented models propose changes focusing pri-
marily on input variables (or even minor changes on the output side). Table 2
therefore shows both original values (obtained from the Eurostat databases) and
adjusted values (provided by DEA) that show how the input (output) variables
should be reduced/increased. We can see that the selected determinants were
inefficiently used in most countries of EU 28.
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These countries should focus on input variables, such as providing government
R&D subsidies, as well as on human resources within universities and ICT sectors.

For example, we show proposed reductions for the less effective country—
Bulgaria: government R&D expenditures: from 78,711 thousands Euros to
19,613.1 thousands Euros; tertiary educated: from 1124 thousands to 180.9 thou-
sands; ICT employees: from 67.5 thousands to 15.7 thousands; employees in S&T:
from 697 thousands to 121.8 thousands.

Results in Table 3 show how the knowledge stock influences countries’ effi-
ciency, and plays the important role in the process of development. In Model 2, 15
countries were considered as effective. These countries are Germany, Ireland,
Estonia, France, Italy, Cyprus, Latvia, Lithuania, Luxembourg, Malta, Austria,
Poland, Portugal, Slovakia and UK. In this Model 2, Hungary was the least
effective country within EU 28.

The used DEA method showed which countries are able to apply selected
determinants and generate outputs with the highest efficiency rate. Given the high
number of countries with high efficiency, it is possible to say that DEA method is
only primary. The method makes it possible to divide countries according to their
effectiveness and explore these clusters using other methods. Many studies in their
investigations end just by stating that some countries are more efficient. The
scholars are not already thinking about why (by what cause) they are able to be the
most efficient country. Finding the cause is important for the future and for
portability to other countries and their public policies.

5 Discussion and Conclusion

In this study, we show the importance of the knowledge and accumulated knowledge
stock in gaining (improving) countries’ efficiency. It is important to know that the
level of efficiency of the inputs’ use (resources) is, among other things, the com-
petitive advantage of a country or of its enterprises (and other entities). The ability to
use the resources to the maximum, or to get more than 100% of them (synergistic
effect), will also differentiate individual economies and countries in the future. It is
necessary to know the variables that affect and create the knowledge base and public
policies which can support (support their emergence) them effectively, apply and
draw on the resulting benefits. It should be remembered that synergistic and spillover
effects provide benefits even around standing entities (third parties).

We conducted two DEA models to show how the proper creation and use of
accumulated knowledge within countries could affect their efficiency in the process
of value added creation. It is clear from the previous results that if a country has a
good knowledge infrastructure and a knowledge base in individual economic
entities, this country appears to be effective in any comparison and model (Germany
is the typical example). This confirms the previous assertion that a knowledge base
is an essential prerequisite for developing the knowledge economy and creating
positive effects in it. From our results, it is possible to determine which input must
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be improved by the national or regional government and by benchmarking, it is
possible to find out what and how to do in order to improve its effectiveness.

Our results allow us to recommend some practical implications for policy
makers within countries. We recommend qualitative modifications in strategies for
public funding (specifically system of science and technology funding), to improve
the position of economies in the ranking of competitiveness in international com-
parison. This could lead to encourage more companies to invest in their research
and development (e.g. through tax benefits). It is also necessary to change gov-
ernment’s policies on tertiary education (promotion of science, technology, lan-
guage skills, higher mathematical literacy and natural sciences). It should influence
the innovation potential of companies, scientific and research potential of R&D
institutions and universities in the future). Next, we propose supporting relationship
with practice, as done in Germany through vocational education and training sys-
tem which is aimed at promoting cooperation between firms, universities and public
research centres. Finally, we recommend creating high-quality concept of support
of knowledge-intensive industries (including the creation of a modern communi-
cation infrastructure) and creation of knowledge stocks. For the future research, we
plan to follow our results and analyse microeconomic conditions (firm level) within
EU 28 countries in the concept of knowledge economy.
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