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Abstract: Innovation, science and technology, which are among the most
important tools for achieving economic growth, prosperity and competitiveness
in the local and global business environments, are increasingly gaining
attention. Thus, improving the level of innovation efficiency of countries should
be one of the EU priorities. The aim of this paper is to analyse the development
of the innovation efficiency of EU member states and to assess the use of
resources entering their national innovation systems. To determine the
efficiency of the EU countries, basic output-oriented DEA models were applied.
The data were processed from databases of the World Bank. First, the
development and comparative analysis of input variables (government
expenditure on education as a percentage of gross domestic product, research
& development expenditure as a percentage of gross domestic product,
researchers in research & development per million people) and output variables
(patent applications, high-technology exports as a percentage of manufactured
exports and scientific and technical journal articles) was performed. The level
of efficiency of individual EU countries was subsequently quantified via DEA
Solver (LV 8.0) software. Based on the scaling method, 5 groups of countries
with similar levels of efficiency were identified and presented in the cartogram
(efficient countries, above-average efficient countries, average efficient
countries, below-average efficient countries, and inefficient countries). Over
the period analysed, a total of 6 countries were identified as efficient — France,
Germany, Ireland, Italy, Malta, Romania (and the United Kingdom in 2018—
2019). Countries such as Sweden, Denmark, Belgium, Finland and Austria
recorded the highest values of the selected inputs, but the efficiency score
showed average to below-average results. The findings of this study
demonstrated that many of the top-ranked nations in global innovation rankings
are misusing and underutilizing the resources that enter their national
innovation systems. Makers of policies and strategic plans for the innovation
efficiency of EU countries will thus have the opportunity to incorporate the
results of the study into real proposals and solutions.
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1. Introduction. According to the European Commission (2022), Europe has the greatest potential to lead
waves of high-tech innovation because of its long and illustrious history of invention. Europe is home to some
of the top research institutes and schools in the world, and their invaluable support for innovation, research
and education never stops. With 17.5 million students enrolled in postsecondary education, over a million
researchers and a rise in licensing, patenting and start-ups, Europe has a powerful talent pool. A fifth of the
world's excellent publications are produced in the EU, which makes up 6% of the global population.
Additional factors contributing to the EU's leadership in this area include the continent's robust technological
base, a thriving start-up ecosystem and policies that support the formation of alliances between businesses
and academics through EU policies and programs. Owing to their significant position in the world of
innovation and technology, EU member states were selected for this research study.

The aim of this study is to analyse the development of the innovation efficiency of EU member states and
to assess the use of resources entering their national innovation systems. Improving the level of innovation
efficiency of countries should be one of the EU priorities. However, the initial step is to evaluate the position
and efforts of individual member states that participate in achieving common EU goals in the fields of
innovation, technology and development. Although extensive research has been carried out on measuring EU
member states' level of innovation efficiency, no single study exists that examines the unique combination of
DEA input and output variables we created using the most up-to-date data at the time of the research (including
2 years before and after the withdrawal of the United Kingdom from the EU).

The main contribution of this research includes providing an overview of EU member states' innovation
efficiency, as it is essential for policy makers to assess the position of countries in relation to other member
states. The paper thus emphasizes the importance of developing national innovation strategy policies that are
suitable for the actual economic climate and concentrating on the elements that will most effectively convert
innovative inputs into innovative outputs. This research has also contributed to confirming the conclusions of
several similar studies that have criticized the explanatory value and robustness of global composite indices
(e.g., the GII and the SII). The achievement of significantly different positions of countries in the rankings of
innovativeness and technological development encouraged us to consider whether the use of alternative data-
driven methodologies such as DEA was more appropriate after all.

The paper has the following structure. The second section begins by laying out the theoretical dimensions
of the research. The third section describes the research methods, the procedure of selecting suitable input—
output indicators and the data used. The key findings of the research conducted are analysed and presented in
the fourth section. The following section discusses and compares the findings with those of other authors. The
final chapter summarizes the findings of the research and suggests further investigations in this area. The
chapter also describes potential research limitations.

2. Literature Review. Innovation is important for achieving the overall goals of concurrent green and
digital transformations because it forms markets, transforms economies and causes major changes in the
quality of public services. Therefore, innovation, R&D expenditures and technology investments are
considered key prerequisites for ensuring competitiveness, progress and sustainable economic growth.

The capacity of a nation to generate innovative outputs by utilizing the components that facilitate
innovation activities is known as national innovation efficiency (Erdin & Caglar, 2023). Many published
studies (Spanos et al., 2015; Wei & Liu, 2015; Huergo et al., 2016; Dumont, 2017; Guo et al., 2018; Jugend
et al., 2020) have described the effects of public and state support for businesses' R&D efforts. Other studies
(Radicic et al., 2019; Bianchini et al., 2019) have attempted to analyse the circumstances under which the
public should fund R&D activities more intensively. Governments play two roles in innovation: they promote
entrepreneurship and manage the innovation climate by creating science and technology regulations (Wang
et al., 2016; Levchenko et al., 2018). Both technical advancement and economic growth can be slowed by the
ineffective use of innovation resources, even while a healthy national innovation system can promote
economic development (Chen et al., 2011; Smoliv et al., 2018; Slavinskaite et al., 2022). To encourage
innovation in organizations, governments usually use a combination of nonfinancial (e.g., programs for
training, support, or cluster/consortia associations) and financial policy instruments (e.g., grants, discounts or
tax breaks) (Dumont, 2017; Chapman & Hewitt-Dundas, 2018; Hushko et al., 2021; Sip et al., 2023). Owing
to the unique resources and limitations of various countries and locations, each nation has implemented unique
innovation policies and strategies (Lipkova & Braga, 2016). As stated by Cozzens (2012), no policy initiative
is appropriate for each country. Innovation policies may be effectively targeted towards regions that require
extra strategies to achieve prospective improvements by conducting evaluations of innovation processes. It is
important to implement distinct policies that foster the implementation of innovative techniques in areas where
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efficiency ratings have shown a lack of rigour in the use of their resources (Bresciani et al., 2021; Toloo et al.,
2021). On July 5, 2022, the European Commission adopted the New European Innovation Agenda (European
Commission, 2022), which aims to establish Europe as the centre of the next wave of technology innovation
and start-up companies. It will support Europe's efforts to create and commercialize breakthrough
technologies that tackle the most significant problems facing society. Through a cohesive set of 25 actions,
the New European Innovation Agenda is aimed at accelerating the development of innovation and expanding
throughout the Union. These actions will be carefully tracked and reported on by 2024 in close collaboration
with Member State representatives in the European Innovation Council Forum. In this context, it is necessary
to analyse the individual efforts and conditions of the 27 member states, which can determine the overall
innovation performance of the European Union as a whole.

In general, the subjects determine which perspective is used to measure innovation efficiency. As national
efficiency is the primary focus of our study, the previously published research in this area has been compiled
into Table 1. Overall, efficiency has long been a question of great interest in a wide range of fields. In the
latter part of the 20th century, Farrell (1957) built a fundamental approach for the examination of units'
technical efficiency, building on Debreu's (1951) research. This is when the first concepts of technical
efficiency assessment were apparent. A few years later, Charnes et al. (1978) updated the author's method and
presented it as a linear programming issue; this model is known as the CCR model. The process was expanded
in the 1980s by Banker et al. (1984), who created the BCC model that handles many inputs and numerous
outputs. The DEA approach has been the focus of numerous studies since the aforementioned authors first
presented it to the public, and in recent years, its acceptance has increased (Emrouznejad & Yang, 2018).

Table 1. Literature review — research studies indexed in Scopus/WoS

Authors Inputs Outputs
e Public spending on education (total) e Patents awarded to citizens (total number)
o Imports of products services o Partners obtained abroad by citizens (total
e Spending on R&D (total) number)
Panetal. (2010) e Direct investment stocks abroad e Scientific articles (total number)

e R&D employees across the country (total)
DEA model used: VRS input-oriented DEA model, Superefficiency DEA model
Research sample: selected countries from America, Asia, Europe

e R&D scientists e Patents
e Spending on education e Royalty incomes and licence fees
Abbasi et al. (2011) o Spending on R&D e Manufacturing and high-tech exports

DEA model used: VRS output-oriented DEA model
Research sample: selected countries from Africa, America, Asia, Europe

e General Expenditures on R&D (GERD) e WIPO patents granted
e R&D manpower (total) e Technical and scientific journal publications
Cai (2011) e Exports of high-tech and ICT services

DEA model used: CRS output-oriented DEA model
Research sample: selected countries from Africa, America, Asia, Europe

e R&D expenditure stocks e Patents pending in the EPO and USPTO
e R&D personnel (total) e Scientific articles
Chen et al. (2011) e Copyright and licence fees

DEA model used: CRS output-oriented DEA model
Research sample: selected countries from America, Asia, Europe
e One new Ph.D. graduate for every 1,000 people in the 25-34 age o The percentage of total employment that is

group employed in knowledge-intensive industries
e Copublications in international science per million people (manufacturing and services)
e Public spending on R&D as % of GDP e The percentage of total product exports that are
Matei & Aldea ® DBusiness spending on R&D as % of GDP made up of medium- af_ld high-tech p‘roducts
(2012) e Public—private copublications per million people  Exports of knowledgg-mtenswe Services as a
e PCT patents applications per billion GDP percentage of all service exports
e Community trademarks per billion GDP e Knowledge-intensive services exports as % total
service exports
DEA model used: Bootstrap based, VRS output-oriented DEA model
Research sample: EU member states, Croatia, Iceland, Norway, Switzerland, Turkey
e Full-time equivalent scientists and engineers (total number) e Worldwide scientific publications
e Additional spending on R&D for innovative projects e Industry added value
e Previous accumulated knowledge stock contributing to the e New product exports from high-tech industries
Guan & Chen (2012) downstream commercialization of knowledge
e Prior accumulated knowledge stock producing upstream knowledge
e Used equivalent full-time labor for non-R&D tasks
DEA model used: CRS and VRS DEA model, Super efficiency DEA model
Research sample: OECD countries
Carayannis et al. e Population with tertiary education e Technological innovators (product or process)
(2016) o R&D spending e Nontechnological innovators (marketing or
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Authors

Inputs Outputs

Kontolaimou et al.
(2016)

Edquist et al. (2018)

Jurickova et al.
(2019)

Barbero et al. (2021)

Ratner et al. (2022)

Andrijauskiene et al.
(2023)

Xu et al. (2023)

e Non-R&D innovation spending organisational)
e Sales of new goods entering the market and new
products entering the firm

DEA model used: multistage and multilevel DEA model

Research sample: selected European countries and their corresponding regions

¢ Business spending on R&D e Intellectual property

e Labour capital e Exports of high- and medium-tech products

e New technology-based entrepreneurial capital

DEA model used: Bootstrap DEA model

Research sample: EU member states

e The percentage of SMEs that innovate internally

e The number of community trademarks per billion
GDP measured in Purchasing Parity Power

o The number of community designs per billion
GDP measured in Purchasing Parity Power

e The percentage of SMEs that develop product of
process innovations

e The percentage of SMEs that develop marketing
or organizational innovations

e The impact of exports of medium- and high-tech
goods on the trade balance

e Exports of knowledge-driven services as a
percentage of total service exports

e New-to-firm and new-market innovation sales as a
percentage of turnover

Public sector R&D spending as a percentage of GDP
Venture capital as a percentage of GDP

Business sector R&D spending as a percentage of GDP
Non-R&D innovation spending as a percentage of turnover

DEA model used: advanced and robust nonparametric DEA techniques

Research sample: EU member states

e Total researchers e Scientific journal articles

e R&D spending o Patent applications

DEA model used: CRS output-oriented DEA model

Research sample: EU member states

The same like Edquist et al. (2018)

DEA model used: DEA TOPSIS methods

Research sample: EU member states, United Kingdom, Switzerland, Norway, Iceland

e Researchers including technical workers (total number per million e Exports of high-technology goods as a percentage

people) of GDP and manufactured exports
e R&D spending as a percentage of GDP o Intellectual asset use receipts as a percentage of
e Payments for intellectual assets as a percentage of GDP) GDP

DEA model used: CRS output-oriented DEA model
Research sample: post-Soviet countries (Estonia, Lithuania, Latvia, Moldova, Ukraine, Russia, Kazakhstan, Uzbekistan)
e EU R&I investment channeled through the Framework Programs e Total patent applications (direct and PCT national

(euro per capita) phase entries) by applicant’s origin (per million
e Research and development investment (% of GDP) inhabitants)
e Intramural R&D investment in the public sector (% of GDP) e Total trademark applications (direct and via the
e Total public investment on education (% of GDP) Madrid system), by applicant’s origin (per million
o Total R&D personnel and researchers by all sectors of performance inhabitants)
(% of total employment), etc. o Total design applications (direct and via the Hague
system), by applicant’s origin (per million
inhabitants)

DEA model used: BCC, CCR, SBM DEA model
Research sample: EU member states

e R&D personnel

e R&D expenditures

e Imports of high-tech products

Research papers

Patent applications
High-tech product exports
CO2 emissions

Nitrogen oxide emissions

DEA model used: SBM DEA model
Research sample: EU countries

Sources: developed by the authors.

Research in this area has shown that the use of the DEA method is appropriate for evaluating the innovative
efficiency of countries (Afzal, 2014; Alnafrah, 2021; Barbero et al., 2021; Omrani et al., 2019), considering
that DEA is being used to generate weights in an unsupervised manner and that each country's efficiency score
is compared with those of all other countries. Moreover, a detailed review of the literature compiled by
Narayanan et al. (2022) revealed that more attention should be given to cross-country studies, especially
comparative analyses. Research should be devoted both to how effectively individual countries use their
available capacities and to how innovation efficiency changes over time.

Nonetheless,

a number of organizations and institutions calculate index ratings by evaluating each nation's

performance and potential for innovation. The most well-known tools for measuring national innovation
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performance are the European Innovation Scoreboard (EIS) and the Global Innovation Index (GII) (Erdin &
Caglar, 2023). There has been long-standing criticism of measuring innovation success via traditional
indicators and a composite index, as demonstrated by the works of Edquist et al. (2018), Hauser et al. (2018)
and Janger et al. (2017). The DEA techniques, computations, and their application have been well developed
for today's needs while taking into account many practical facts, including those that occur in the context of
organizing the process of innovation.

3. Methodology and research methods. To analyse the development of innovation efficiency in EU
countries, DEA modelling in the programme DEA Solver (LV 8.0) was carried out. To select the most suitable
technique for identifying substained inputs and outputs, correlation analysis was applied (Eskelinen, 2017).
The normality of the sample set was tested via the MVN package and the northern R programming language.
Considering the outcomes of the Shapiro—Wilk test, the condition of a normal distribution was met, which
confirmed the appropriateness of applying Pearson's correlation coefficient to quantify linear dependence
(Royston, 1995). In addition, research methods such as descriptive statistics, analysis, synthesis, comparison,
induction, deduction and scaling methods were used.

The research focused on the latest available data from 2021 and analysed the period 2 years before and
after the United Kingdom left the EU. The data were processed from the publicly accessible World Bank's
official database (World Bank, 2022). The selection of the data (appropriately chosen inputs and outputs
forming the structure of the DEA model) was determined on the basis of a detailed review of previously
conducted research studies, on which a unique combination of variables was created.

In general, the DEA method is used to quantify the relative efficiency for homogenous decision-making
units (DMUSs) producing certain outputs that consume certain inputs by giving them scores between 0 and 1.
The DEA method's applicability and accuracy can be assured only when every DMU performs an identical or
comparable task. It is therefore feasible to determine a shared set of analysis-relevant inputs and outputs.
Assume that there is a set of similar production units, denoted as Ui, Uy, ... , Un. Each unit generates r outputs
and simultaneously uses m inputs to calculate the enterprise's efficiency. The input matrix is X = {xj, 1 = 1,
2..,n;j=1,2.., m}, and the output matrix is Y = {yix, i=1, 2...,n; j =1, 2..., r}. According to Banker et al.
(1984), a unit's efficiency may be broadly described as follows:

. T
weighted sum of outputs Yk=1Uk Yqk

efficiency (Uq) = )

weighted sum of inputs Zjnil Vi Xgi

The weights in the formula correspond to the j-th input (vj, j = 1, 2..., m) and the k-th output (u;, k=1, 2...,
). DMUs are classified as "efficient" if their score is equal to or greater than 1 and "inefficient" if their score
is less than 1. To incorporate all the qualities considered in the model, both the input and output weights must
be larger than zero simultaneously. Explanatory information, mathematical equations and formulas for
calculating individual DEA models are presented, e.g., in Charnes et al. (1978), Banker et al. (1984), and
Aetkyn et al. (2022). Compared with other methods, DEA provides two main benefits over other approaches
(Wang et al., 2016). First, using all of the DMUs as a baseline, DEA creates a Pareto-efficient frontier that
provides an ordinal ranking of relative efficiency. Second, prior knowledge of the input and output weights is
not required by DEA. Two DMUs might be considered equally efficient if they have various input
combinations but have the same output.

Choosing the appropriate model orientation (input/output-oriented, nonoriented, or both) and the type of
(in)efficiency the model can include (radial/nradial, or both) is crucial when choosing a DEA model. However,
other alternative or modified forms of fundamental DEA models are being progressively developed to increase
their computing capacity and broaden their application (Narayanan et al. 2022).

Research investigations previously conducted in the relevant field served as the foundation for choosing
the final DEA model (Table 1). Assuming that constant returns from scale are not feasible, the premise of
continuous returns to scale can only be upheld in the event that every DMU functions at its ideal scale. This
assumption is completely fallacious due to a number of issues, including financial limits, imperfect
competition, and regulations. As a result, the BCC and CCR output-oriented models were used in this study
to show how much a country can optimize its innovation outputs given the resources at its disposal. Highly
correlated variables were not included in the model developed because they would not add any significant
additional information. Another key assumption was to meet the requirements for the ratio of the variables to
the DMUSs being compared, as reported by Friedman & Sinuany-Stern (1998). When comparing innovation
policy across the 28(27) EU member states, the total number of variables should represent one-third of the
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total number of DMUs examined. This requirement was also met (Table 2). Table 3 presents the descriptive
statistics of the variables creating the structure of the DEA models.

Table 2. Definitions of the input and output variables.
Variable Definition Variable Definition
Input Output
Patent applications (number of patents)
requests for the exclusive rights to a product or method that offers a

Government expenditure on education, total (as a percentage
of GDP)

GEE spending funded by transfers from international sources novel ﬁp proa;h to an EXISHS & Problemhor anew V&l’ay of dmfrfl“g
to sovernment something. They can be sul mltted with a national patent oftice or
g ’ through the Patent Cooperation Treaty procedure.
R&D expenditure (as a percentage of GDP) Scientific and technical journal articles (number of journal articles)
R&DE capital and current spending in the private nonprofit STIA number of journal articles published in the fields of science and
sector, business enterprise sector, higher education technology (physics, biology, chemistry, mathematics, clinical
sector and government sector. medicine, biomedical research, engineering, etc.).
Researchers in R&D (number of researchers per million High-technology exports (as a percentage of manufactured exports)
people) products having a high R&D intensity, such as those in the
R&DR . HTE . P
—  people who do study and produce models, techniques, aerospace, computer, pharmaceutical, scientific instrument and
concepts, theories, software and operational procedures. electrical equipment industries.

Sources: Developed by the authors on the basis of World Bank (2022).

Table 3. Descriptive statistics of the input and output variables (2018-2021).
Variable Year GEE R&DE R&DR PA STJA  HTE _ Variable Year GEE R&DE R&DR PA  STJA HTE
Mean 2018 4.7960 1.6603 3,979 3,659 22,662 14.5381 Standard 2020 1.0694 0.8902 1,792 8271 27,607 6.7680
2019 4.8236 1.7101 4,137 3,614 23,136  14.5881 deviation 2021  0.8297 0.8918 1,885 7,833 26,465 6.4595

2020 5.1688 1.7682 4,216 3,132 21,251 14.6931 2018  3.3192 0.4973 876 2 430 5.2834
2021 5.0136 1.7585 4,454 3,008 20,240 14.4060 Minimum 2019  3.2144 04762 887 4 416 6.5734
Median 2018 4.6493 1.3798 3,878 670 10,901 12.2271 2020  3.2719 0.4654 941 2 527 5.6189
2019 4.6544 1.4286 4,027 734 11,264 12.2771 2021 29846 0.4730 985 1 442 6.0749
2020 4.8766 1.5079 4,195 673 11,328 12.2643 2018  7.6408 3.3211 7,636 46,617 107,581 33.0708
2021 5.0016 1.4564 4,452 541 10,996 12.2560 Maximum 2019  7.6385 33876 7,727 46,632 108,725 29.6218
Standard 2018 1.0362 0.8766 1,726 9,038 29,637  6.7901 2020  7.9256 3.4896 7,759 42,260 109,379 35.3378
deviation 2019 1.0160 0.8848 1,766 9,013 29,921 6.5132 2021  6.6800 34398 8,131 39,822 108,391 30.7356

Sources: Developed by the authors on the basis of World Bank (2022).

In the first three years of the reference period, GEE increased by 0.373% on average in EU countries but
declined slightly by 0.155% in the following year, 2021. In 2018, Romania had the least significant share in
the growth of this indicator among EU countries; its government expenditure on education made up only
3.3192% of GDP. Surprisingly, Ireland recorded the lowest GEE in the following years (3.1569% on average),
followed by Romania, Greece, Luxembourg and Italy. Conversely, GEE made up the highest share of
Sweden's GDP every year of the analysed period (7.4712% on average). Above-average results were also
achieved by countries such as Denmark, Belgium, Finland and Estonia.

The development of average R&DE in EU countries was very similar to that of the previous indicator GEE.
In 2018--2020, there was an average year-to-year increase of 3.1991%, but in the last reference period, the
indicator decreased by 0.5458%. The R&DE accounted for the lowest share of GDP in Romania (0.4780% on
average), followed by Malta, Latvia, Cyprus and Bulgaria. However, certain countries, such as Sweden
(3.409% on average), Belgium, Austria, Germany and Denmark, invested the most in R&D. As reported by
Aytekin et al. (2022), the significant portion of GDP assigned to R&D in these countries can be seen as a sign
of both macroeconomic and microeconomic development. The abovementioned countries accurately establish
goals for innovation and, as a result, reach the desired degree of success.

The number of European researchers per million inhabitants recorded a positive increase from 2018--2021
(annual increase of 5% on average). Overall, the lowest number of researchers was recorded for Romania (922
on average), followed by countries such as Cyprus, Malta, Latvia and Croatia. The highest values of R&DR
from EU countries in 2018--2019 were concentrated in Denmark (7,682 on average). However, in the
following period, more researchers were concentrated in Sweden (7,945 on average). In the case of this
indicator, above-average values were recorded in countries such as Finland, Austria, and the Netherlands.

From 2018-2021, the average PA in EU countries decreased by a total of 651. The greatest decrease was
recorded from 2019-2020 (13.3383% on average). The differences in the EU countries are very significant,
as evidenced by the values of the standard deviation. In the first analysed year, the fewest PAs were recorded
in the case of Malta (2), whereas in the following years, the fewest PAs were recorded in the case of Cyprus
(3). On average, fewer than 100 PAs were also reported by countries such as Estonia, Ireland, Lithuania and
Latvia. In contrast, Germany presented significantly above-average values every year during the analysed
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period (43,833 on average). Those above the average limit of 10,000 PAs were France (13,641 on average)
and the United Kingdom (12,463 on average), which, by leaving the EU, contributed to the deterioration of
the statistics of this indicator.

During the analysed period, the values of the STJA indicator reached an average level of 21,822. A slight
increase of 2.0948% was recorded from 2018--2019. However, in the following year, the values of the
indicator decreased by an average of 8.1507% and subsequently by another 4.7572%. The worst and
significantly below-average results were recorded in the case of Malta (454 on average), surprisingly
Luxembourg (905 on average), Cyprus, Latvia and Estonia. On the other hand, Germany (108,519 on average)
and the United Kingdom (100,972 on average) again recorded significantly higher values of STJA than other
EU countries did. Italy, France and Spain are considered the largest competitors of these countries.

Although there was an overall nonsignificant average decrease in the HTE from 2018--2021, its
development was relatively stable. Until 2020, a year-to-year increase in the indicator was recorded (0.5320%
on average). However, in the following year, 2021, its value decreased (1.9543% on average). The lowest
share of high-technology exports was recorded in 2018 in the case of Portugal (5,2834 on average). However,
the situation changed in the following period, and countries such as Luxembourg, Slovenia, Italy and Spain
reached significantly below-average results compared with other EU countries. Surprisingly, highly above-
average values of HTE were recorded each year of the analysed period in the case of Malta (32,191 on
average), followed by Ireland, France, the Netherlands and the United Kingdom.

4. Results. The results of the application of the output-oriented BCC model (BCC-O) and, for comparison,
the results of the output-oriented CCR model (CCR-O) are presented in Table 4.

Table 4. Efficiency scores of EU member states (2018-2021).

Country 2018 2019 2020 2021

BCC-O CCR-O BCC-O CCR-O BCC-O CCR-O BCC-O CCR-O
Austria 0.3925 0.3529 0.4056 0.3370 0.4221 0.3661 0.4166 0.3249
Belgium 0.4054 03117 0.4999 0.3700 0.5182 0.4001 0.7643 0.5136
Bulgaria 0.4444 0.3902 0.4598 0.4235 0.4492 0.4173 0.4552 0.4370
Croatia 0.4388 0.3554 0.4181 0.3553 0.4139 0.3771 0.3620 0.3583
Cyprus 0.8849 0.8162 0.7833 0.7751 0.4157 0.4140 0.6682 0.6557
Czechia 0.7148 0.7097 0.7464 0.7108 0.7867 0.7601 0.7336 0.6464
Denmark 0.4196 0.2802 0.4265 0.2674 0.4523 0.3008 0.5100 0.3283
Estonia 0.5535 0.5019 0.5737 0.4840 0.6041 0.5593 0.6768 0.5498
Finland 0.3071 0.2295 0.3263 0.2204 0.3400 0.2448 0.3813 0.2500
France 1.0000 0.9619 1.0000 0.9888 0.9951 0.9487 1.0000 0.9331
Germany 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Greece 0.6363 0.558 0.5781 0.5312 0.4933 0.4931 0.4649 0.4640
Hungary 0.5573 0.5395 0.6270 0.6003 0.6197 0.6082 0.5626 0.4931
Ireland 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Italy 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Latvia 0.8456 0.7272 0.7060 0.6456 0.7218 0.6651 0.5577 0.5418
Lithuania 0.4849 0.4502 0.4527 0.4447 0.3978 0.3954 0.3890 0.3591
Luxembourg 0.2658 0.2632 0.2437 0.2348 0.2085 0.2044 0.2045 0.1877
Malta 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
Netherlands 0.7798 0.6905 0.8220 0.7028 0.8461 0.7458 0.8538 0.6807
Poland 0.6719 0.6643 0.6180 0.6064 0.5898 0.5820 0.6039 0.5688
Portugal 0.2772 0.2770 0.3285 0.3253 0.3312 0.3168 0.2983 0.2718
Romania 1.0000 0.9475 1.0000 1.0000 1.0000 0.9680 1.0000 1.0000
Slovak Republic 0.4697 0.4160 0.4187 0.3959 0.3666 0.3592 0.3598 0.3565
Slovenia 0.2187 0.2040 0.2554 0.2178 0.2477 0.2179 0.2170 0.1684
Spain 0.9348 0.9010 0.9458 0.9133 0.8406 0.8361 0.8600 0.8352
Sweden 0.4945 0.3103 0.5186 0.3092 0.5395 0.3435 0.5427 0.3306
United Kingdom 1.0000 1.0000 1.0000 1.0000
Mean 0.6499 0.6021 0.6484 0.6021 0.6148 0.5750 0.6253 0.5650
Median 0.5968 0.5488 0.5981 0.5658 0.5395 0.4931 0.5626 0.5136
Std. dev. 0.2681 0.2833 0.2590 0.2839 0.2581 0.2706 0.2595 0.2722
Min. 0.2187 0.2040 0.2437 0.2178 0.2085 0.2044 0.2045 0.1684
Max. 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000

Sources: Developed by the authors based on DEA Solver (LV 8.0).

When the BCC-O and CCR-O models were applied, the nations' acquired scores and rankings were nearly
comparable. One of the requirements for correctly using the DEA approach was the lack of extremes in the
dataset, which is confirmed by the variances between the median and the average. According to the outcomes
of the application of the BCC-O model, a total of 7 countries (France, Germany, Ireland, Italy, Malta,
Romania, and the United Kingdom) were identified as efficient in 2018. In the case of the CCR-O model, both

23



Marketing and management of innovations, 15(4), 2024

France and Romania were scale inefficient. In the following 2019, the number of efficient EU countries did
not change in the case of the BCC-O model, but the CCR-O model included Romania in the group of countries
with an efficiency score of 1.0000; the number of inefficient countries was thus reduced from 23-22. In
addition to the loss of one of the EU's top innovation leaders in 2020 (United Kingdom), France was also
included in the group of inefficient countries. In the case of the BCC-O model, the number of countries with
an efficiency score of 1.0000 was thus reduced from the original 7-5 (Germany, Ireland, Italy, Malta,
Romania), which represented 22.73% of EU countries. In the given year, worse results were also recorded in
the case of the CCR-O model, which identified only 4 efficient countries (Germany, Ireland, Italy, and Malta).
In 2021, the situation improved slightly, and EU countries reached values comparable to those in 2019. In
total, in the case of the BCC-O model, 6 countries were identified as efficient (France, Germany, Ireland,
Italy, Malta, Romania), which represented 28.57% of EU countries. In the case of the CCR-O model, France
was scale inefficient, which would decrease the percentage representation of efficient EU countries by 5.84%.
Countries such as Luxembourg, Slovenia, Portugal, the Slovak Republic and Croatia achieved the lowest
efficiency scores every year of the analysed period. The only exception was 2019, when Finland was
surprisingly included in the three least innovatively efficient countries. To visualize the distribution of the
variable (average innovation efficiency for the period 2018-2021), the results for individual EU countries are
presented in the form of a cartogram (Figure 1). In this context, countries can be classified into 5 groups with
comparable levels of innovation efficiency via the scaling method:

= Group No. 1 —efficient countries (BCC-O = 1.0000) — France, Germany, Ireland, Italy, Malta, Romania.

= Group No. 2 — above-average efficient countries (0.86000 > BCC-O > 0.69616) — Spain, the
Netherlands, Belgium, and Czechia.

= Group No. 3 — average efficient countries (0.69615 > BCC-O > 0.53227) — Estonia, Cyprus, Poland,
Hungary, Latvia, Sweden.

= Group No. 4 — Below-average efficient countries (0.53226 > BCC-O > 0.36839) — Denmark, Greece,
Bulgaria, Austria, Lithuania, Finland.

= Group No. 5 —inefficient countries (0.36838 > BCC-O > 0.20450) — Croatia, Slovak Republic, Portugal,
Slovenia, Luxembourg.

On the basis of the results, a total of 6 countries were identified as efficient: France, Germany, Ireland,
Italy, Malta, Romania (and the United Kingdom in 2018--2019). Even though the input and output variables
in the cases of Romania, Malta, Ireland and Italy reached the lowest values during the analysed period, their
innovation performance is effective. Thus, the process of transforming innovation inputs into outputs in the
process is set in an appropriate way. Only Germany, France and the United Kingdom were identified as
effective and achieved some of the highest values of the selected output variables. Conversely, economies that
were less developed and had simpler innovation mechanisms were shown to be more efficient. According to
Edquist et al. (2018), a possible explanation for these apparently incongruous outcomes is that a considerable
number of these small EU countries allocate comparatively limited resources to inputs, yet they are able to
make better and more effective use of the resources they do have. One possible reason for this phenomenon
could be that countries with limited resources for innovation often acquire and implement inventions and
embodied knowledge from other countries. Lower innovation input costs are associated with this type of
absorption, but it may also be more effective because it may spare the inherent risk associated with the growth
of these innovations, leading to a quicker and less expensive adaptation of the new knowledge than in the
country where it originated.

BCC-O f.:
1 w o
0,2045
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Figure 1. Cartogram of EU countries from the perspective of innovation efficiency (2018--2021 average)
Sources: developed by the authors.

24



Marketing and management of innovations, 15(4), 2024

Overall, EU member states have good innovation environments, high levels of resources and adequate
combinations of national innovation system components that can produce economically useful innovations.
In the case of inefficient DMUs (countries), it was also possible to determine the reference values of the output
variables, which is considered one of the greatest advantages of the DEA method. Since we applied the output-
oriented BCC model in the study, Table 5 shows the real values of the input variables and then their
recommended values that would lead to the desired efficiency frontier. The output target values were
quantified through vectors of optimal values of the variables and output values of the efficient production
units. The projection was made on the basis of the most recent actual data and results from 2021. For example,
Spain classified in Group No. 2 (above-average efficient countries) would have to increase PA by
approximately 218%, the STJA by 140% and the HTE by 140% of the original (actual) values to reach the
desired efficiency frontier of 1.0000, under the condition of no change in inputs. The Netherlands should be
able to generate 247% (PA) and 17% (STJA, HTE) more innovation outputs under the given conditions;
Belgium, 426% (PA) and 31% (STJA, HTE); Czechia, 633% (PA) and 36% (STJA, HTE). In this case, the
abovementioned countries would have reached the efficiency frontier of 1.0000 and would be classified into
Group No. 1 (efficient countries).

Table 5. Projections of each country onto the efficient frontier analysed by the BCC-O DEA model.

Country PA (Output_1) STJA (Output_2) HTE (Output_3)
Data  Projection Diff. (%) Data Projection Diff. (%) Data  Projection Diff. (%)
Austria 1,872 5,955 218 13,083 31,406 140 11.0064 26.4208 140
Belgium 799 4,200 426 16,361 21,406 31 21.3797 27.9721 31
Bulgaria 165 1,579 857 3,589 7,883 120 10.9134 23.9731 120
Croatia 77 3,933 5,008 4,593 12,689 176 9.6066 26.5382 176
Cyprus 1 277 27,642 1,315 3,710 182 15.9690 23.8989 182
Czechia 541 3,963 633 15,720 21,427 36 20.3523 27.7412 36
Denmark 1,090 5,681 421 14,689 28,805 96 13.7672 26.9965 96
Estonia 25 390 1,461 1,603 2,368 48 20.6288 30.4820 48
Finland 1557 5,686 265 10,996 28,834 162 10.2937 26.9927 162
Greece 394 7,597 1,828 11,471 24,675 115 12.2560 26.3630 115
Hungary 433 2,105 386 6,985 12,414 78 16.2479 28.8777 78
Latvia 104 447 330 1,479 2,651 79 16.9802 30.4446 79
Lithuania 81 783 867 2,459 6,321 157 11.5086 29.5838 157
Luxembourg 112 548 389 882 4,513 412 6.0749 29.7037 389
Netherlands 2,080 7,225 247 31,824 37,271 17 219774 25.7393 17
Poland 3,377 8,660 156 35,033 58,012 66  9.4444 15.6391 66
Portugal 711 15,116 2,026 15,383 51,572 235 6.2503 20.9545 235
Slovak Republic 146 1,661 1,038 5,414 15,047 178  9.0013 25.0161 178
Slovenia 222 3,223 1,351 3,585 16,522 361  6.2089 28.6159 361
Spain 1,308 9,501 626 58,958 68,556 16  9.3926 10.9217 16
Sweden 1,771 7,699 335 21,107 38,891 84 13.9300 25.6667 84

Sources: Developed by the authors based on DEA Solver (LV 8.0).

However, countries should focus on how to create more innovative outputs while simultaneously not
deviating more from each other in terms of competitiveness and sustainable economic growth. Tackling
innovation gaps is crucial for economic, social and territorial cohesion, as well as the possibility of delivering
wider economic and social benefits. Thus, the New European Innovation Agenda aims to strengthen regional
cohesion and enable deep technological innovation.

5. Discussion. The overall efficiency scores of the EU member states that have been determined are similar
to those of other studies, such as Carayannis et al. (2016). The authors used the multiobjective DEA technique
to evaluate 23 EU countries, and the findings indicate that there are significant deviations from the predicted
norm in terms of innovation efficiency. Kontolaimou et al. (2016) developed a classification of EU nations
according to innovation efficiency and technology gap metrics. This disclosed characteristic is related to a
country's ability to absorb knowledge, its strategic direction, and the impacts of knowledge spillover. As a
consequence of these findings, Germany, Switzerland, the Netherlands, Denmark, Austria, Iceland, and Italy
make up the group of European best innovators. The empirical research was built via information from the
Global Entrepreneurship Monitor and the Innovation Union Scoreboard. Edquist et al. (2018) used the well-
known summary innovation indicator (SII) composite indicator to analyse the innovation performance of all
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28 national innovation systems in the EU. The authors claim that the SII is not a useful indicator of innovation
performance, and they have created a substitute that is enhanced by a sophisticated and reliable nonparametric
DEA approach. According to the bootstrapped efficiency score for 2015, Slovenia, Poland, the United
Kingdom, Malta, Austria, France, Denmark, Italy, Portugal, and Spain had the top 10 EU national innovation
systems. Jurickova et al. (2019) examined the efficiency of EU (28) countries over the years 2005--2016. For
measurement, they used DEA and an output-oriented CRS model. On the basis of these results, most of the
countries were scale inefficient, with the exceptions of Cyprus, Luxembourg, Malta and Romania. The results
of a study by Gavurova et al. (2019), who assessed the innovation potential of EU countries between 2010
and 2015, identified Bulgaria, Romania Cyprus, Croatia, and the United Kingdom as the most efficient.
Barbero et al. (2021) determined which EU countries had the greatest and worst-performing innovation
systems via DEA-TOPSIS. The findings showed that nations with high innovation scales frequently
overinvest in innovation inputs on the basis of the same data from the European Innovation Scoreboard for
the years 2010, 2013, and 2016. As a result, there are scale inefficiencies caused by declining returns, which
diminish production levels. Four groups of EU countries were identified by comparing the rankings of
innovation performance and innovation inputs: a) high innovation inputs and high innovation performance
(France, the Netherlands, Denmark, Germany, Austria); b) high innovation inputs and low innovation
performance (Sweden, Finland, Switzerland, Estonia, Belgium, Iceland, the Czech Republic, Ireland, the
United Kingdom, Norway, Slovenia); c) low innovation inputs and high innovation performance (Portugal,
Luxembourg, Spain, Cyprus, Slovakia, Italy, Malta, Greece); and d) low innovation inputs and low innovation
performance (Lithuania, Poland, Croatia, Hungary, Bulgaria, Romania, Latvia). In accordance with the
findings of Aytekin et al. (2022), the Netherlands, Germany, and Sweden were the most important countries
in terms of global innovation efficiency. Nevertheless, Lithuania, Greece, and North Macedonia were ranked
as the last three inefficient countries. Andrijauskiene et al. (2023) measured the European Union’s innovation
efficiency via patents, trademarks, and design applications. The findings showed that the general EU
innovation efficiency situation has improved over time. However, there were noticeable differences across the
member states, demonstrating that Luxembourg is an absolute innovation efficiency leader, whereas Greece
and Portugal achieved the lowest average efficiency scores.

The findings of this paper are consistent and comparable with those of the abovementioned studies.
Research in this area has shown that many of the top innovation leaders (according to the GII and SII
international rankings) were identified as inefficient in the utilization of the resources entering the national
innovation system. Countries do not use inputs effectively, and their strategic policies for innovation
efficiency are not set up correctly. Even so, the main drivers of state support for innovation in enterprises
should be the creation and growth of more innovative enterprises, which in turn leads to positive externalities
such as increased productivity (Afcha & Garcia-Quevedo, 2016; Bilan et al., 2019); generating or increasing
foreign exchange transactions (Vokoun, 2016); or increasing the number of skilled laborers (Castillo et al.,
2020; Danova et al., 2021). Vanino et al. (2019) assert that supplementary elements exist that bolster public
endorsement of innovation. These elements are linked to market failures such as businesses' difficulties with
funding their R&D projects (Cano-Kollmann et al., 2017; Cabinova et al., 2018), information asymmetry
issues (Hewitt-Dundas & Roper, 2018; Kwilinski et al., 2023a), and network-related problems (Kang & Park,
2012; Kwilinski et al., 2023b). The benefits of this assistance may include a decrease in informational
asymmetries, a promotion of costly R&D projects and fewer failures in the market (Spanos et al., 2015).

6 Conclusions. DEA modelling was used to analyse the development of innovation efficiency in EU
countries and indicate the extent to which countries may optimize their innovation outputs given the resources
at their disposal. Using the BCC and CCR DEA models, the efficiency of EU countries was determined on
the basis of data processed from the World Bank's official database (2018-2021). First, the development and
comparative analysis of input variables (government expenditure on education as a percentage of gross
domestic product, research & development expenditure as a percentage of gross domestic product, researchers
in research & development per million people) and output variables (patent applications, high-technology
exports as a percentage of manufactured exports and scientific and technical journal articles) was performed.
The level of efficiency of individual EU countries was subsequently quantified via DEA Solver (LV 8.0)
software. On the basis of the scaling method, 5 groups of countries with similar levels of efficiency were
identified and presented in the cartogram (efficient countries, above-average efficient countries, average
efficient countries, below-average efficient countries, and inefficient countries).

A surprising result is that countries such as Sweden, Denmark, Belgium, Finland, and Austria presented
the highest values of the selected input variables, but the efficiency score quantified by the DEA models
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reported average to below-average results. However, in the EIS and GII rankings, these countries are among
the top leaders not only of the EU but also of the world. The results of this study contribute to the growing
motivation for rethinking the foundations of innovation theory and practice, including the definition,
operationalization, and interpretation of the abovementioned indices, which strongly influence the formulation
of countries' national innovation strategies.

On the basis of the results, a total of 6 countries were identified as efficient: France, Germany, Ireland,
Italy, Malta, Romania (and the United Kingdom in 2018--2019). Even though the input and output variables
in the cases of Romania, Malta, Ireland and Italy reached the lowest values during the analysed period, their
innovation performance is effective. The process of transforming innovation inputs into outputs is set in an
appropriate way. Only Germany, France and the United Kingdom were identified as effective and achieved
some of the highest values of the selected output variables. Thus, we suggest several key policy implications
that can be learned from these innovation leaders. The policy makers and strategic planners for EU innovation
efficiency should incorporate the results of the study into realistic proposals and solutions to improve the
current situation while taking inspiration from the policies of countries with the highest or above-average
levels of innovation efficiency.

EU member states need to pay increased attention to policy issues related to the availability of highly
skilled labour, especially in science and technology. Therefore, nations with low global innovation
performance should work to advance their knowledge of science and technology and develop strategies to
take the lead in these fields. EU member states can also be inspired by global innovators such as Japan, South
Korea, and Taiwan for ideas on how to enhance their own national innovation strategies. These countries
concentrate on spending for education, reverse engineering and building clusters, associations or
conglomerates of sizable businesses. They can easily obtain investments, loans from domestic and
international sources, and preferential treatment from the government. Moreover, solid ties with research and
development organizations such as universities and high-tech export businesses are constantly maintained.

Despite the fact that certain results were obtained, the study has several limitations that could serve as a
basis for further investigation. Since the research needs to be expanded with more pertinent input/output
variables, the data from the World Bank database may represent a substantial constraint for subsequent
measurements. The data that are used in the DEA analysis determine the final findings; therefore, to ensure
sufficient results, techniques and statistical samples must be compared. Additionally, advanced techniques are
needed that allow us to account for important factors, including sectoral structure, diversity, level of
globalization, size of the company, and institutional conditions, to explain these results properly and
thoroughly. These techniques need to be investigated further to enrich the conclusions obtained.
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OuinoBanHs epekTHBHOCTI iHHOBaNii y kpainax €C: minxin DEA

Beponika Kadinosa, Yuisepcurer IIpemosa, Cnoanpka PeciryOiika

SIna Byprepoga, Yuisepcurer IIpemosa, Cnoanpka PeciryOiika

Ierep I'anno, YHiBepcurer IIpemosa, CinoBanpka Pecry6iika

InHOBaIil, Hayka Ta TEXHOJOTII, SIKI € ONHMMHM 3 HaWBAXJIMBIIIMX IHCTPYMEHTIB ISl JAOCATHEHHS EKOHOMIYHOTO
3pocTaHHs, TOOpPOOYyTY Ta KOHKYPEHTOCIHPOMOXKHOCTI B JIOKaJbHOMY Ta IIIO0AThbHOMY Oi3HEC-CepeOBHII, aeaali
OibIle IPUBEPTAIOTH yBary. TakuM YHHOM, ITiABUIIEHHS PiBHS e()eKTMBHOCTI iHHOBAIN y KpaiHax Mae OyTH OJHHM i3
npiopuretriB €C. Meroro crarti € aHanmi3 po3BUTKY e(eKTHBHOCTI iHHOBalili y Kpainax-uneHax €C Ta omiHKa
BHKOPHUCTAHHS PECYPCiB, SKi HAAXOIATH J0 IXHIX HAI[IOHAIFHUX IHHOBAIItHUX cucTeM. J{i1si BU3HaYeHHS ¢)eKTHBHOCTI
kpain €C Oynu 3acTocoBani 0a30Bi opieHTOBaHI Ha pe3ynbratd Moxeni DEA. Bubipka nociimkeHHs copMoBaHO Ha
ocHOBI jaHux CBiToBOro 06aHKy. Y cTarTi MPOBEICHO MOPIBHSUIBHUN aHaNi3 BXiJHUX 3MIHHUX (Jep)kaBHI BUTpAaTH Ha
OCBITY y BIJICOTKax BiJl BaJIOBOTO BHYTPIIIHBOTO TMPOAYKTY, BUTPATH Ha JIOCITIPKEHHS Ta PO3pOOKU y BiZICOTKaX BiJ
BaJIOBOT'O BHYTPIIIHHOTO IPOAYKTY, KUTBKICTh HAYKOBIIIB Y cepi JoCIiKeHb 1 po3po00K Ha MUIBHOH 0¢i0) Ta BUXITHUX
3MIHHHX (KUTBKICTh MTATEHTHUX 3asBOK, 00CATH BUCOKOTEXHOJIOTIYHOTO EKCIIOPTY Y BiICOTKAX BiJ €KCHOPTY MPOIYKIIT
BUPOOHMYOTO CEKTOPY, KIIBKICTh HAYKOBHUX 1 TEXHIYHUX cTaTel y )KypHaiax). PiBeHs eekTuBHOCTI OKpemux kpain €C
KIJIBKICHO OIIHEHO 3 BUKOPHUCTaHHSIM mporpamuoro 3abesnedenHs DEA Solver (LV 8.0). Ha ocHoBi mMertomy
MacimTabyBaHHS BU3HAYEHO Ta MPEJCTABICHO y KapTrorpami 5 rpyn KpaiH i3 momiOHMMM piBHSAMH epeKTUBHOCTI. 3a
aHaJi30BaHMH mepiof] Taki KkpaiHu Oyio BimHeceHo a0 edexruBHuX — @pannis, Himeuunna, Ipmannis, Itanis, Mansta,
Pymynis (ta Criomyuene Kopomiserso y 2018-2019 pokax). Taki kpainu, sik 1Isenis, Hanis, benpris, @innsuunis ta
ABCTpisi, AEMOHCTpYBaJIM HaWBUINI 3HAYEHHS] BUOPAHUX BXIIHUX ITOKA3HUKIB, aje KoedimieHT e)eKTHBHOCTI MOKa3aB
cepenHi 200 HIKYI 32 CepelHI pe3ybTaTH. Pe3ysbTaTi bOT0 TOCHTIPKEHHS MiATBEP M T1iI10Te3y, Mo 0araTo 3 Kpai,
SIKI 3afiMalOTh TOTOBI MO3UMLIi Y CBITOBMX PEHTHHIaxX iHHOBAIii, HENPABWIGHO BHKOPHCTOBYIOTH Ta HEJOOLIHIOIOTH
pecypcH, SKi HaaXoIsTh O IXHIX HaliOHANBHUX IHHOBamidHWX cucreM. [loiiTnkam Ta po3pOOHMKAM CTpaTeridHMX
IUTHIB JUIS TiIBUIIEHHS e()eKTHBHOCTI iHHOBaIiH y kpaiHax €C Oyne HagaHO MOXIIMBICTH IHTETPYBaTH PE3yJbTaTH
HOTO JOCIIHKEHHS Y peallbHi IPOITO3UIIIi Ta PillICHHS.

KuarouoBi ciioBa: aHani3 OXOIUICHHS JaHWX, BXiTHI 3MiHHI; HalliOHaJbHA IHHOBAIlIfHA CTpATeTis; BHUXINHI 3MiHHI;
JTOCTIDKCHHS, PO3POOKH.
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