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Abstract

Purpose — This article examines the relationship between the efficiency of National Innovation Systems (NIS)
and occupational safety using a holistic approach. In this context, innovation extends beyond the simple
introduction of advanced technologies to include their integration and institutionalisation within established
social frameworks, thereby maximising their societal benefits.

Design/methodology/approach — Using a panel dataset of 25 European countries over the period 2010-2019,
we employ a two-step methodology. First, we estimate NIS efficiency scores through parametric Stochastic
Frontier Analysis (SFA). In the second step, we apply alternative panel empirical models for investigating the
effect of NIS efficiency on fatal workplace accident rates, controlling for a range of socio-economic, production
system and institutional factors.

Findings — Our findings indicate that more efficient National Innovation Systems (NIS) are correlated with
lower fatal accident rates, thereby supporting the hypothesis that countries with more effective innovation
systems are better suited to adopt and implement technologies and practices that enhance workplace safety.
Originality/value — The novelty of this analysis lies in the integration of empirical methods by which we
incorporate the technological environment into the investigation of workplace accidents.
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National innovation systems, Workplace accidents
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1. Introduction
In today’s rapidly evolving global landscape, the “grand challenges” of the 21st century —
ranging from environmental and demographic pressures to health and well-being concerns —
complicate the pursuit of sustainable and inclusive growth. Central to navigating these
challenges is the role of innovation, particularly as economies undergo the profound
transformations associated with the Fourth Industrial Revolution. Characterized by the
convergence of digital, physical and biological systems, Industry 4.0 is reshaping production,
organizational dynamics and labour processes (Hermann et al., 2016).

Within this context, National Innovation Systems (NIS) — networks of institutions that
generate, diffuse and apply new technologies — have emerged as strategic instruments for
fostering inclusive development (Edquist, 2010). Their effectiveness hinges on interactive
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learning among firms, universities and public institutions, enabling not only technological
advancement but also improvements in public service provision and living standards
(Lundvall, 1992).

Recent innovations in digital technologies, artificial intelligence, and smart systems have
extended into the domain of Occupational Safety and Health (OSH), particularly in high-risk
sectors such as manufacturing and healthcare (Carayon et al., 2015). These tools enhance
monitoring, prevention, and risk mitigation, embedding OSH within broader innovation
strategies (Reason, 1998). However, the organization of work is also changing, raising new
safety challenges that go beyond technological deployment (Cockburn, 2021).

Ergonomics provides a useful lens for understanding these shifts, highlighting how
suboptimal human—-machine interfaces and workplace design can undermine both performance
and safety (Velasco et al., 2022). Conversely, human-centred innovations have demonstrated
potential in reducing injury risks, particularly musculoskeletal disorders (Robertson et al.,
2013). Yet, workplace safety outcomes are not solely determined by technology. Cultural and
institutional dimensions — such as safety leadership, participative decision-making and systems
thinking — play a critical role (Martinidis et al., 2022). Moreover, Choudhry et al. (2007) point
out that a strong safety culture, bolstered by supportive regulatory environments, motivates
organizations to invest in state-of-the-art safety management systems. Thus, safety culture —
shared values, beliefs and practices regarding safety — is widely recognized as a critical
determinant of workplace safety (Zohar, 2002), further emphasizing that cultural innovations,
such as enhanced employee involvement in safety decision-making, effective safety leadership
and continuous learning, contribute significantly to the creation of safer work environments.

The integration of innovation into the broader welfare agenda has attracted considerable
scholarly attention, as such systems play a crucial role in advancing technological progress that
enhances public services, healthcare, education and overall quality of life (Edquist, 2010).

Despite growing interest in the intersection of technology and safety, the systemic
relationship between NIS efficiency and OSH outcomes remains underexplored. Most studies
emphasize discrete technologies or sectoral case studies, overlooking how national innovation
capacity shapes broader safety dynamics (Lingard and Rowlinson, 2004). However, the
intersection of national innovation systems and workplace safety — especially regarding
national policies, the dissemination of safety-related technologies and collaborative efforts
among the different stakeholders — constitutes a crucial yet underdeveloped area of research
(Etzkowitz and Leydesdorff, 2000; Chaminade and Vang, 2008) This article addresses this gap
by exploring the association between national-level NIS efficiency and the incidence of fatal
workplace accidents.

Adopting a systemic perspective, we consider not only innovation outputs but also the
socio-economic and institutional contexts that mediate their effects on workplace safety.

To ensure data reliability and cross-country comparability, we focus on fatal injuries, which
—unlike non-fatal injuries — are considerably less susceptible to underreporting, particularly in
environments with weaker regulatory enforcement (Boone and van Ours, 2006, Boone et al.,
2011). While fatal accidents are typically well-documented, thereby minimizing the risk of
measurement error, non-fatal accidents are not only more prone to underreporting but also
amplify concerns related to data accuracy and cross-national consistency. Our analysis draws
on a panel of 25 European countries over the period 2010 to 2019.

The empirical strategy unfolds in two steps. First, we estimate national innovation
efficiency using Stochastic Frontier Analysis (SFA). Second, we assess its impact on
standardized fatal accident rates through pooled OLS and random-effects panel regressions,
controlling for key structural variables including GDP per capita, unemployment, education,
sectoral composition, contract type and institutional quality.

Our findings reveal a robust, negative relationship between NIS efficiency and fatal
accident rates, underscoring the broader societal value of systemic innovation capacity — not
only in driving economic performance but also in fostering safer, more resilient labour
environments (Chaminade and Vang, 2008).
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The remainder of the article is structured as follows: Section 2 outlines the identification
strategy and data; Section 3 presents descriptive statistics; Section 4 discusses the estimation
results; Section 5 includes robustness checks and Section 6 concludes.

2. Identification strategy and data
2.1 Conceptual framework
Our identification strategy relies on a two-step process. First, we estimate the efficiency scores
of national innovation systems using a parametric SFA. In the second step, we utilize OLS and
panel random-effects models, incorporating the estimated NIS efficiency scores as a key
covariate to explain the fatal workplace accident rates in our panel while controlling for socio-
economic productive system, and institutional characteristics.

The conceptual workflow of our approach is shown in Figure 1.

2.2 1st step: knowledge production function

To enhance innovation outcomes and generate economic and social benefits, it is crucial for
countries to evaluate their national innovation systems (NIS) and identify key indicators that
reflect the efficiency and effectiveness of innovation policies. However, assessing the
performance of an NIS is inherently complex, as it depends not only on innovation inputs but
also on institutional and environmental variables that act as both drivers and frictions in the
innovation process (Furman et al., 2002), as well as on the overall efficiency of the system (Fu
and Yang, 2009; Jankowska et al., 2017).

In this study, we adopt a SFA approach (Aigner et al., 1977; Meeusen and Van den Broeck,
1977; Kumbhakar and Lovell, 2000) to estimate the efficiency of national innovation systems
by calculating their distance from a benchmark innovation frontier, summarized by an
efficiency score. SFA is particularly suitable for evaluating production efficiency, as it enables
statistical inference and allows the identification of exogenous variables that affect
inefficiency.

Our analysis begins by specifying a deterministic production function:

Exogenous environmental
influencing factors

Innovation
inefficiency

Inputs:
. : Output: Actual NIS " N
R&D Expenditure - - -[ Innovation Efficiency Gap ]

l

Efficient implementation of
safety-related technologies and
practices

* Researchers

2" STEP: Occupational Accidents Rate

* Socio economic variables l

* Productive system characteristics _ l Workplace accidents l

+ Institutional factors

Figure 1. Identification strategy conceptual workflow. Source: Figure created by authors
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Y, =f(Uy,p)withi =1,2... Nandr=1,2....T (1)

where Y, is the observed output for unit i at the time t, U, is a vector of inputs and fis the vector
of coefficient representing the strength and direction of the relationship between inputs and
outputs.

The SFA framework assumes that units may not operate on the frontier due to inefficiency.
This implies that the observed output is less than its potential:

Yi = f (Ui, ) with 0 < g, <1 @

where ¢, represents the level of efficiency for the productive unit i at time t. The optimal output
achievable with the technology embodied in the production function (1) realizes when ¢, = 1
Conversely, when ¢,, < 1, the level of output is suboptimal, and the production process is
characterized by a certain degree of inefficiency. Taking the natural log of both sides of
Equation (2):

InY;, = Inf(Uy, B)+In g, A)
Posing u;, = —In ¢,, Equation (3) can be written as follows:
nY;, = lnf(U,-,,ﬂ) — U 3)

where u;, represents a one-sided error term (u;, > 0 ) measuring the inefficiency of the unit i at
time ¢ and following exponential u;, ~Exp(A) or half normal u; ~+ N(0, 62) distribution.

However, the production process can also be subject to random shocks, not correlated to the
inefficiency of the productive unit. To account for this additional error term, Equation (3) is
reformulated as follows:

inY;, = Inf(Uy, B) + vii—tty “4)

From Equation (4), when u; > 0 the actual level of output is below the potential level
(Y* =1Inf(Uy,B) + vi)- In this analytical backdrop, the measure of the degree of efficiency
(efficiency score) is formalized by the ratio of the actual level of output (4) to optimal output
(Y") as follows:

Iny, 7lnf(Uihﬁ) + Vi — Wi Ui

EFF = — = —1—
Iny, Inf (U, B) + vis Inf(Uy, B) + vis

®)

Following the SFA, our first step of the empirical investigation aims to calculate the efficiency
scores for NIS, and to explore the role of exogenous variables, interpreted as “environmental
characteristics” potentially affecting innovation inefficiency [1]. Our dataset relies on World
Bank and OECD data, spanning over a 10-year period (2010-2019).

On the inputs side, two alternative input configurations are considered: one employing a
single input and the other grounding on three inputs, the overall aggregate of R&D
expenditures or its decomposition considering three different sectors (business, high
education, public).

In the first efficiency estimate, we use total R&D expenditures for the overall economy
(GERD total) as the sole input. As Sharma et al. (2022) highlight, R&D constitutes a key
investment in innovation by enhancing absorptive capacity and leveraging external knowledge
and spillovers. However, Tavassoli and Carbonara (2014) contend that innovation depends on
both the “intensity” and “variety” of processed knowledge. In line with this view, the second
efficiency estimate incorporates three inputs: private sector R&D expenditures (GERD
business), higher education institutions’ R&D expenditures (GERD high education) and
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public sector R&D expenditures (GERD public). To account for the important role of human
capital for the production of knowledge (Buesa et al., 2010), we use the R&D personnel as an
alternative input [2], expressed as full-time equivalent (FTE), where a person working half-
time on R&D is counted as 0.5 person-years. As for R&D expenditure, firstly, we use total
R&D personnel on national territory (Researchers total) as the sole input, and, secondly, we
disentangle the role of the number of researchers to the NIS efficiency, considering separately
private sector R&D personnel (Researchers business), higher education institutions’ R&D
personnel (Researchers high education) and public sector R&D personnel (Researchers
public) [3].

On the output side, we employ a single measure for both estimates — the number of patents
registered with the European Patent Office (Patents). A substantial body of literature considers
patent counts a reliable proxy for innovative ideas (Buesa et al., 2010; Subramanian et al.,
2016; D’Ambrosio et al., 2017; Li et al., 2021; Zhang et al., 2022), despite inherent
limitations. First, patents are granted for inventions that are not necessarily transformed into
market innovations (i.e. new products or production technologies). Second, because firms can
appropriate the returns of successful R&D through alternative mechanisms — such as secrecy,
first-mover advantages and complementary sales, services, manufacturing capabilities and
know-how (Cohen et al., 2000; Buesa et al., 2010) — relying solely on patent counts might
underestimate actual innovative output (Fritsch and Slavtchev, 2011). Nonetheless, patents
remain an objective indicator, as their approval is determined by independent examiners,
thereby validating their use as a measure of innovation (Mairesse and Mohnen, 2004; Buesa
et al., 2010; Barra and Zotti, 2018). Moreover, despite these methodological considerations,
patent counts continue to be the most comprehensive and reliable measure of technological
output, with few viable alternatives available (Buesa et al., 2010).

As suggested by Fritsch and Slavtchev (2011), a time lag is required for R&D activities to
culminate in patenting. Accordingly with Fischer and Varga (2003), we rely on a two-year time
lag between innovation inputs and outputs to account for the time necessary to convert
competencies into tangible innovations and, ultimately, patents.

Furthermore, we allow exogenous [4] control variables to influence the technical
inefficiency term, under the assumption that variations in the economic environment may
affect NIS inefficiency (Battese and Coelli, 1995). In particular, following Barra and Zotti
(2018), to capture labour market effects, we include the unemployment rate (Unemployment),
defined by the World Bank as « individuals without work, seeking work in a recent period and
currently available for work, including those who have lost their jobs or voluntarily left work»
[5]. Additionally, given that the propensity to patent varies across industries (OECD, 2015),
we include employment in both the services (Employment services) and industrial sectors
(Employment industry). Finally, we incorporate population density — defined as « midyear
population divided by land area in square kilometres»[6] — since it influences the intensity of
interactions and cooperation (Barra and Zotti, 2018), which are crucial for innovation
activities (Feldman, 2000). Table 1 provides a complete description of the variables used in the
model specification.

2.3 2nd step: occupational accident rate
The second step of our analysis investigates the role of NIS efficiency on workplace accidents.
To this purpose, we use the efficiency scores, obtained in the first step, as a key covariate to
explain variations in fatal workplace incident rates, while controlling for socio-economic,
productive system characteristics and institutional features.

The empirical model is grounded on the following specification:

SFARit = /}}0 + ﬁIEFFNISil—Z + ﬁZXs’e,-, + /}3pr“ + ﬁ4‘/ins[” + Tt + Ejr (4)
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Variables Description Source Unit of measure
Patent Number of registrations at the European Patent OECD Units
Office
GERD total Gross domestic expenditure on R&D for the OECD Millions, US dollars,
174 total economy PPP converted
GERD business Gross domestic expenditure on R&D for OECD Millions, US dollars,
business enterprise sector PPP converted
GERD high Gross domestic expenditure on R&D for higher OECD Millions, US dollars,
education education sector PPP converted
GERD public Gross domestic expenditure on R&D for OECD Millions, US dollars,
government sector PPP converted
Researchers total R&D personnel for the total economy OECD Full time equivalent
Researchers R&D personnel employed in Business OECD Full time equivalent
business Enterprise sector
Researchers high R&D personnel employed in Higher Education ~OECD Full time equivalent
education Sector
Researchers public R&D personnel employed in the Government OECD Full time equivalent
Sector
Exogenous variables
Employment Share of persons employed in services World Percentage
services Bank
Employment Share of persons employed in industry World Percentage
industry Bank
Unemployment Share of the labour force that is without work but ~ World Percentage
available for and seeking employment Bank
Population density Midyear population divided by land area in World Ratio
square kilometres Bank

Source(s): Table created by authors

where the subscripts i and t represent, as before, the countries and the time, respectively. We
first estimate an OLS pooled model with robust standard errors. Next, we conduct the Breusch-
Pagan Lagrange Multiplier Test (1980), which suggests that the random effects estimation
model is the most appropriate. Furthermore, the Hausman’s test (1978) corroborates this result
when considering the alternative fixed effects estimation model.

In Eq. (4), SFAR;, is the fatal accident rate, EFF s is the efficiency score, X, is a vector of
socio-economic variables, Z, is a vector of productive system characteristics and Vj, a vector
of institutional variables. Finally, T represents years fixed effects and ¢ is a well-behaved error
term distributed IID (0, 62).

Occupational incidence rates differ across economic sectors because certain types of work
expose employees to greater risks. Sectors such as agriculture, construction and transport are
typically classified as high-risk. As a result, countries with a larger proportion of their
workforce employed in these riskier sectors tend to report higher overall incidence rates, even
when accident prevention efforts are comparable. To allow for meaningful cross-country
comparisons, Eurostat accounts for national differences in industrial composition —
particularly the prevalence of high-risk sectors [7] — by using a direct standardization
method, applying sector-specific weights from the NACE classification to generate
comparable rates across countries [8]. This approach yields what are known as
“standardised incidence rates”. In this vein, our dependent variable, SFAR, measures the
standardized rate of fatal accidents [9], based on Eurostat data. We focus on fatal accidents,
which are less prone to underreporting than non-fatal injuries. Literature confirms that minor
incidents are systematically underreported due to reputational risks or fear of dismissal (Boone
and van Ours, 2006; Boone et al., 2011; Leombruni et al., 2019).
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As our key independent variable, we use the efficiency score derived from the first-stage
estimation. In line with prior literature (see Section 2), we assume that higher innovation
system efficiency correlates with lower occupational accident rates. However, to mitigate
potential issues of reverse causality and to account for the gradual evolution of innovation
efficiency, we employ lagged efficiency scores. This approach aims to better isolate the
structural relationship between innovation efficiency and fatal occupational accident rates,
while minimizing simultaneity bias [10].

We further include control variables reflecting socio-economic, productive and
institutional factors. Among the socio-economic covariates, we include GDP per capita
[11], capturing national economic performance. Reflecting prior findings of a non-linear
relationship with accident rates (Castaldo et al., 2024), GDP is entered in quadratic form. We
also control for the unemployment rate (individuals aged 15-74) and Investments, measured as
the change in gross fixed capital formation as a share of GDP. Economic downturns often
reduce investment in occupational safety (Antonelli et al., 2024), despite its crucial role in
reducing accident rates (Micheli et al., 2018). The Teredu variable reflects the share of workers
with tertiary education (ISCED 5-8), in line with the skill-effect hypothesis (Parent-Thirion
et al., 2012).

As for productive system characteristics, we consider SME (small and medium enterprises
employing up to 250 persons), given their elevated accident risks (Micheli et al., 2018). We
also include Temporary Employment (workers aged 15-64 with temporary contracts). While
some evidence links temporary employment to higher injury rates — often attributed to
insufficient training and experience (Benavides et al., 2006) — other studies point to
underreporting of non-fatal accidents (Picchio and Van Ours, 2017) or suggest that injuries
among temporary workers may be less severe (Garcia-Serrano et al., 2010). While some
evidence links temporary employment to higher injury rates — often attributed to insufficient
training and experience (Benavides et al., 2006) — other studies point to underreporting of non-
fatal accidents (Picchio and Van Ours, 2017) or suggest that injuries among temporary workers
may be less severe (Garcia-Serrano et al., 2010). The Part-time variable, capturing part-time
workers as a share of total employment, reflects concerns that precarious work correlates with
higher accident risk (Anyfantis and Boustras, 2020).

Finally, acknowledging the broader influence of institutions on various outcomes
(Chowdhury et al., 2019), we hypothesize that it may also affect OSH levels. Accordingly,
we incorporate institutional variables. Tax Evasion serves as a proxy for the effectiveness of
government enforcement, including OSH regulations, consistent with evidence on the role of
managerial and regulatory quality in enhancing workplace safety (Mohammadfam et al.,
2017). To reflect the role of trade policy institutions, Protectionism is added, as trade barriers
may indirectly shape OSH performance (Corden, 1997).

We also include Union Density, drawn from ILO data, measuring the trade union
membership rate, and OSH-Culture, based on the OHS Barometer by EU-OSHA, which
represents the share of respondents answering “Regularly” to the question: “How often is
health and safety discussed between employee representatives and the management?” when
the alternative answer was “Only when particular issues arise” and “Not at all”.

Table 2 provides a full list of variables, sources and units of measurement.

3. Descriptive statistics
This study is grounded on a panel composed by 25 European countries (Austria, Belgium,
Bulgaria, Croatia, Czechia, Denmark, Estonia, Finland, France, Germany, Hungary, Ireland,
Italy, Latvia, Lithuania, Luxembourg, Netherlands, Norway, Poland, Portugal, Romania,
Slovakia, Slovenia, Spain, Sweden) over the 2010-2019 timespan.

The European Union is making substantial investments in research, development, and
innovation (R&D&I), with a total expenditure of approximately 330 billion US dollars in
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Table 2. 2nd step: variables description

Unit of
Variables Description Source measure
Standardized Fatal Standardised incidence rate of fatal Eurostat Ratio
Accident Rate (SFAR) workplace accidents per 100,000 workers,
calculated by weighting sector-specific fatal
accident rates to account for differences in
the economic structure across countries
GDP Per Capita The indicator is calculated as the ratio of real ~ Eurostat Euro
GDP to the average population of a specific
year
Unemployment Share of the population from 15to 74 yearsof ~ Eurostat Percentage
age (16-74 years in ES, IT, and the UK)
unemployed
Investments Gross fixed capital formation as a percentage  Eurostat Percentage
of gross domestic product
Teredu Share of the population with at tertiary Eurostat Percentage
education attainment per inhabitants
SME The indicator is defined as the number of Eurostat Percentage
small and medium-sized firms (until 250
persons employed) per total number of firms
in the country. Firms are counted in total
business economy, repair of computers,
personal and household goods, except
financial and insurance activities
Part-Time Employed persons (from 20 to 64 years) Eurostat Percentage
working part-time out of total employment
Temporary Share of the employees from 15 to 64 yearsof ~ Eurostat Percentage
Employment age with a temporary contract
Protectionism Index from 0 to 10 to account for business World Index
protectionism legislation Competitiveness
Center
Tax Evasion Index from 0 to 10 to account for government ~ World Index
efficiency Competitiveness
Center
Union density Trade union density rate ILO Percentage
OSH-Culture Share of respondents answering “Regularly” EU_OSHA Percentage

to the question: “How often is health and
sdafety discussed between employee
representatives and the management?”

Source(s): Table created by authors

2023, placing it just behind the United States (around 650 billion) and China (around 550
billion).

This section presents the descriptive statistics of the variables used in both the first and
second steps of our identification strategy.

3.1 Knowledge production function

Table 3 below provides the descriptive statistics (number of observations, mean, standard
deviation, minimum and maximum values) for the input variables, the output variable and the
efficiency score, calculated under the baseline assumption that the one-sided error term
follows an exponential distribution. The average of GERD total expenditure of our sample
over the period amounts to approximately 13 billion US dollars with a very high standard
deviation of about 23 billion US dollars [12]. The standard deviation values indicate a
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Table 3. Descriptive statistics of the input variables and of the estimated outputs with the exponential
distribution assumption

Input Obs Mean Std. dev Min Max
GERD total 250 13023.144 22980.225 195.551 124393.85
GERD business 250 8239.045 15427.867 53.799 85950.844
GERD high education 250 2984.523 4346.773 51.982 21594.522
GERD public 250 1705.977 3295.193 48.317 16848.487
Researchers total 250 93908.065 138032.34 4651.5 686349
Researchers business 250 52100.696 84348.861 870 436571
Researchers high education 250 27483.339 33985.135 326.9 143753
Researchers public 250 13538.478 21384.019 718 106025
Output

Patent 250 2214.701 4755.342 8.0833 24085.13

Note(s): GERD total is the sole input used to estimate efficiency score with 1 input (Eff_scorelG); GERD
business, GERD high education and GERD public are the inputs used to estimate efficiency score with 3 inputs
(Eff_score3G). Similarly, Researchers total is the unique input used to estimate efficiency score with 1 input
(Eff_scorelR); Researchers business, Researchers high education and Researchers public are the three inputs
used to estimate efficiency score with 3 inputs (Eff_score3R)

Source(s): Table created by authors

significant level of heterogeneity across all inputs in our panel. This variability reflects the
differing national economic structures and the varying degrees of public sector effort and
financial support in the fields of education and research.

Table 4 e 5 provides a detailed analysis of the efficiency scores estimated using either a
single input (GERD total or Researchers total) or three inputs (GERD business, GERD high
education and GERD public or their corresponding R&D personnel counts). In Table 4 the
overall period average values of the sample are provided. Table 5 shows the mean over the
analysis period (2010-2019) and the countries’ ranking with the rank indicating each country’s
position within the overall sample.

Table 5 categorizes countries based on efficiency scores from two input configurations:
GERD expenditures (Eff_scorel G&Eff_score3G) and R&D personnel (Eff_score R&Eff
score3R). For Eff_score3G, countries are grouped into four performance tiers. Top performers
(above the 75th percentile, 0.887) include Luxembourg, the Netherlands, Denmark, Sweden,
Norway, Germany and Finland. Good performers (75th-50th percentile, 0.833) comprise
Belgium, Austria, Ireland, France, Latvia and Italy. Poor performers (50th—25th percentile,
0.591) are Slovenia, Estonia, Bulgaria, Hungary, Lithuania and Poland, while the worst
performers (below the 25th percentile) include Spain, Slovakia, Romania, Croatia, Czechia
and Portugal. A similar pattern appears in Eff_score3R: Luxembourg, the Netherlands,
Sweden, Belgium, Finland, Denmark and Norway lead; followed by Germany, Ireland,

Table 4. Efficiency scores overall period (2010-2019) average values of the sample

Obs Mean Std. dev Min Max
Efficiency score with 1 input
Eff_scorelG 250 0.708 0.227 0.135 0.985
Eff scorelR 250 0.513 0.325 0.049 0.976
Efficiency score with 3 inputs
Eff_score3G 250 0.735 0.205 0.166 0.982
Eff_score3R 250 0.723 0.216 0.129 0.973

Source(s): Table created by authors
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Table 5. Value (mean) and rank of the efficiency scores estimated with one and three inputs (GERD and
Researchers)

Eff scorelG Eff score3G Eff scorelR Eff score3R

Country Value Rank Value Rank Value Rank Value Rank
Austria 0.883 8 0.867 9 0.893 4 0.858 10
Belgium 0.891 6 0.878 8 0.863 6 0.903 4
Bulgaria 0.474 21 0.639 16 0.089 25 0.465 21
Croatia 0.381 23 0.398 23 0.139 23 0.580 20
Czechia 0.360 25 0.387 24 0.167 19 0.278 25
Denmark 0.937 3 0.922 3 0.893 3 0.894 6
Estonia 0.722 15 0.679 15 0.475 14 0.786 14
Finland 0.891 7 0.887 7 0.821 9 0.895 5
France 0.822 11 0.850 11 0.624 11 0.851 11
Germany 0.853 10 0.889 6 0.849 7 0.885 8
Hungary 0.600 16 0.621 17 0.269 16 0.462 22
Ireland 0.882 9 0.850 10 0.768 10 0.860 9
Italy 0.799 12 0.833 13 0.529 12 0.801 13
Latvia 0.790 14 0.834 12 0.310 15 0.835 12
Lithuania 0.515 19 0.609 18 0.152 21 0.691 16
Luxembourg 0.978 1 0.975 1 0.963 1 0.963 1
Netherlands 0.962 2 0.958 2 0.927 2 0.929 2
Norway 0.923 4 0.912 5 0.846 8 0.888 7
Poland 0.476 20 0.591 19 0.193 18 0.624 18
Portugal 0.369 24 0.352 25 0.149 22 0.388 23
Romania 0.427 22 0.569 22 0.126 24 0.375 24
Slovakia 0.517 18 0.571 21 0.162 20 0.709 15
Slovenia 0.794 13 0.810 14 0.505 13 0.595 19
Spain 0.527 17 0.582 20 0.239 17 0.663 17
Sweden 0.922 5 0.914 4 0.883 5 0.904 3

Source(s): Table created by authors

Austria, France, Latvia and Italy; with Estonia, Slovakia, Lithuania, Spain, Poland and
Slovenia in the lower tier; and Croatia, Bulgaria, Hungary, Portugal, Romania and Czechia
ranking lowest. Rankings remain broadly consistent when using single-input models (Eff_
scorelG and Eff scorelR). These stable classifications highlight persistent cross-country
differences in innovation system efficiency, supporting further exploration of its impact on
workplace accident rates. Figure 2 illustrates the positive relationship between total GERD and
mean efficiency (Eff_score3G).

The relationship between R&D expenditure and NIS efficiency (Figure 2) shows that most
countries with above-average R&D expenditure levels present higher-than-average efficiency
in their innovation activities. However, for low R&D expenditure, the depiction is inverted.
Moreover, when turning to R&D personnel (Figure 3), the overall overview in the relationship
between efficiency scores and the input exhibits a similar scenario.

3.2 Occupational accident rate

Table 6 below shows the descriptive statistics (number of observations, mean, standard
deviation, minimum and maximum values) for the dependent and independent variables (see
section 2.3, Table 2). The dependent variable, SFAR, exhibits an average value (in the sample)
over the period of 3.1 fatal accidents per 100,000 persons in employment. The standard
deviation is around 1.6. In 2019, on the one hand, the following countries are listed among the
first three for the highest fatal accident rates: France (4.39), Romania (3.91) and Bulgaria
(3.64). On the other hand, listed as the first three countries with the best performance, we find:
the Netherlands (0.65), Germany (0.83) and Sweden (0.89).
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Figure 2. Scatter plot of the relation between GERD total (mean value) and the estimated efficiency score (Eff_
score3G). Legend: red lines provide the average values of our panel for both axes (GERD total = 8.4, Eff_
score3G = 0.74). Source: Figure created by authors
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Figure 3. Scatter plot of the relation between Researchers total (mean value) and the estimated efficiency score
(Eff_score3R). Legend: red lines provide the average values of our panel for both axes (R&D personnel
total = 10.66, Eff_score3R = 0.72). Source: Figure created by authors

Figure 4 shows the spatial distribution of the dependent variable included in the analysis,
considering the countries’ average values over the period. In particular, higher values (>4.5) of
the SFAR are observed in some eastern countries (Romania, Lithuania, and Latvia) and in
Luxembourg. Differently, lower values (<1.6) are observed in northern Europe (the
Netherlands, Sweden and Finland) and in Germany.
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Table 6. 2nd step variables descriptive statistics

Variable Obs Mean Std. dev Min Max
Standardized Fatal Accident Rate (SFAR) 250 3.107 1.571 0.65 10.8
GDP per capita 250 27840.88 19102.194 5080 84750
Teredu 250 26.83 7.292 11.9 41
SME 224 7.526 3.28 2.671 17.578
Part time 250 15.6 10.523 1.8 50.2
Temporary Employment 250 11.965 6.831 1 28.3
Unemployment 250 8.595 4.213 2.015 26.094
Investments 250 21.4 3.548 14.83 53.22
Protectionism 247 6.287 1.329 2.647 8.808
Tax evasion 246 441 1.716 0.787 7.469
Union density 250 3.033 0.679 1.680 4.220
OSH-Culture 250 3.904 0.230 3.343 4.303

Source(s): Table created by authors

\ ¢

Figure 4. Geographical depiction of the dependent variable: standardized fatal accident rate (SFAR). Source:
Figure created by authors

Figure 5 shows the geographical depict of the efficiency scores, computed with 3 inputs
alternatively considering the expenditure or the researchers, with the scope of highlighting the
possible visual correlations between our dependent variable and the key covariates.

4. Estimation results: baseline

This section presents the empirical analysis examining the relationship between the SFAR and
the key independent variable (Efficiency score) derived from the National Innovation System
(NIS), alongside a set of control covariates. Table 7 reports the estimation outcomes using
GERD expenditures as the input measure, evaluated through two distinct econometric
approaches. The first approach employs a pooled OLS regression, which treats all
observations as independent and ignores unobserved heterogeneity across countries,
assuming exogeneity of the regressors. Within this framework, Model 1 uses the efficiency
score estimated from a single input, while Model 2 incorporates the efficiency score derived
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Figure 5. Geographical depiction of Eff_score3G (efficiency score estimated with GERD business, high
education and public as inputs) and of Eff_score3R (efficiency score estimated with Researchers business, high
education and public as inputs). Source: Figure created by authors

from three inputs. The second approach adopts a random effects (RE) panel data estimator to
account for unobserved country-specific effects that may influence the dependent variable.
Models 3 and 4 mirror Models 1 and 2 in their use of single and three-input efficiency scores,
respectively, but include random effects to capture time-invariant heterogeneity.

Across all specifications in Table 7, coefficient signs remain stable, with only minor
variations in magnitude. The key explanatory variable — the Efficiency score — consistently
displays a negative and statistically significant coefficient. This robust association indicates
that higher efficiency within national innovation systems (NIS) is correlated with lower rates
of fatal workplace accidents.

The results suggest a significant association between innovation efficiency and improved
occupational safety, potentially reflecting the role of advanced technologies, improved work
organizations and a stronger culture of prevention. This evidence is consistent with the view
that innovation extends beyond technological progress to include broader systemic changes in
organizational practices and safety norms (Martinidis et al., 2022).

Turning to control variables, GDP per capita exhibits the expected non-linear relationship
with fatal accident rates, with both the linear and squared terms significant. This U-shaped
pattern aligns with prior literature linking economic development to workplace safety. Tertiary
education (Teredu) also shows a significant negative effect, consistent with the skill-effect
hypothesis: better-educated workers tend to operate in safer roles and adhere more strictly to
safety protocols.

Among labour market variables, temporary employment is negatively and significantly
associated with fatal accident incidence. This does not necessarily reflect better safety
conditions for precarious workers but may result from their exclusion from more hazardous
tasks. Conversely, variables such as SME share, part-time employment, tax evasion and union
density do not attain significance in any model.

The investment variable is significant in all Models, supporting the idea that capital
accumulation improves safety infrastructure. The protectionism variable is consistently
negative, suggesting that more insulated economies may experience lower fatality rates,
possibly due to less competitive pressure on firms or more protective labour environments.
Moreover, both the pooled OLS and the random effects models yield a negative coefficient for
the OSH-Culture variable across all four specifications — i.e. for both the one-input and three-
input models — suggesting that higher levels of OSH culture, as captured by our proxy, are
consistently associated with lower rates of fatal occupational accidents.
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IIM Table 7. Estimation results with efficiency scores from SFA assuming a one-sided error exponential

46, 10 distribution with one and three inputs (GERD expenditure)
1) )] 3 Q)]
Dependent variable: OLS Eff_ OLS Eff_ RE Eff_ RE Eff_
SFAR scorelG score3G scorelG score3G
Efficiency score —2.038%*** —2.041%%* —1.106* —1.369%*
182 (0.629) (0.637) (0.660) (0.675)
GDP per capita —16.73%%* —19.77%%* —19.03** —21.02%%*
(5.107) (5.345) (8.377) (7.960)
GDP per capita2 0.882%** 1.026%** 0.961** 1.059%**
(0.265) (0.276) (0.413) (0.394)
Teredu —1.053%* —1.046%* —1.275%* —1.238**
(0.411) (0.411) (0.564) (0.564)
SME 0.155 0.136 0.455 0.449
(0.246) (0.242) (0.569) (0.547)
Part time 0.216 0.280 0.221 0.269
(0.239) (0.241) (0.401) (0.390)
Temporary employment —1.036%** —1.006%** —0.656%** —0.657%**
(0.122) (0.123) (0.159) (0.156)
Unemployment 1.083*%** 1.070%%* 0.845%* 0.874%*
(0.274) (0.271) (0.412) (0.406)
Investments —1.603* —1.609* —1.111%* —1.053*
(0.874) (0.886) (0.563) (0.558)
Protectionism —0.273%%* —0.261%** —0.173** —0.157*
(0.0915) (0.0932) (0.0802) (0.0803)
Tax evasion —0.0184 —0.0452 0.0596 0.0357
(0.110) (0.112) (0.0820) (0.0843)
Union density 7.084 7.658 6.950 8.525
(13.37) (13.37) (10.18) (9.169)
OSH-Culture —1.811 —1.832 —2.154%%* —2.175%**
(1.461) (1.510) (0.685) (0.691)
Years YES YES YES YES
Constant 87.59%** 103.5%%* 100.8** 110.9%**
(24.76) (25.96) (42.23) (40.07)
F-stat o Wald > 19.72%%* 19.14%%* 502.92%** 906.27%**
R? 0.567 0.567 0.532 0.537
Obs 183 183 183 183
Countries 25 25 25 25

Note(s): Robust standard errors in parentheses: ***p < 0.01, **p < 0.05, *p < 0.1
Source(s): Table created by authors

Robustness checks using R&D personnel instead of GERD as input (Table 8) confirm the
validity of our findings. The efficiency score remains negative and significant, with an even
slightly larger effect size. The direction and significance of other covariates are also preserved,
reinforcing the conclusion that innovation efficiency — regardless of whether measured via
financial or human capital inputs — has a robust correlation with occupational safety outcomes.

In summary, the empirical evidence strongly supports the hypothesis that higher NIS
efficiency — whether measured through financial inputs or human capital — is associated with
lower occupational fatal accident rates. This underscores the potential relevance of innovation
systems not only for economic performance but also in relation to workplace safety and health
outcomes. The findings suggest that strategies aimed at reducing occupational injuries may
benefit from aligning technological innovation with organizational and cultural factors to
support sustained improvements in OSH and overall productivity.
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Table 8. Estimation results with efficiency scores from SFA assuming a one-sided error exponential
distribution with one and three inputs (Researchers as input)

(1) OLS (3) OLS
Dependent variable: Eff Eff_ (2) RE Eff_ (4) RE Eff_
SFAR scorelR score3R scorelR score3R
Efficiency score —2.886%** —2.508%*%* —2.002%%* —1.262*
(0.534) (0.539) (0.747) (0.741)
GDP per capita —16.96%** —17.41%%* —19.52%%* —19.91%*
(4.961) (5.180) (7.468) (8.421)
GDP per capita2 0.880*** 0.910%** 0.985%** 1.001**
(0.256) (0.266) (0.370) (0.417)
Teredu —0.788** —0.698* —1.069* —1.129*
(0.389) (0.416) (0.578) (0.588)
SME 0.239 0.159 0.378 0.395
(0.215) (0.222) (0.492) (0.529)
Part time 0.188 0.259 0.270 0.290
(0.231) (0.235) (0.362) (0.391)
Temporary employment —0.976%** —1.007%** —0.736%** —0.645%**
(0.119) (0.122) (0.133) (0.138)
Unemployment 1.268%** 1.372%%* 1.093%*%* 0.950%*
(0.249) (0.252) (0.405) (0.427)
Investments —2.079** —1.736* —1.340%* —1.145%*
(0.946) (0.895) (0.579) (0.574)
Protectionism —0.308%** —0.290%** —0.219%** —0.197%**
(0.0854) (0.0852) (0.0677) (0.0676)
Tax evasion —0.0297 0.00108 0.0222 0.0588
(0.0931) (0.0948) (0.0865) (0.0820)
Union density 8.000 8.292 9.093 7.834
(13.50) (14.12) (10.88) (10.82)
OSH-Culture —1.698 —1.687 —2.169%** —2.095%**
(1.416) (1.440) (0.725) (0.695)
Years YES YES YES YES
Constant 89.64%** 90.16%** 103.5%%* 105.2*+*
(24.14) (25.18) (37.33) (42.07)
F-stat o Wald y* 24,65%** 21.82%** 1049.91*** 1135.88%**
R? 0.5873 0.580 0.569 0.542
Obs 183 183 183 183
Countries 25 25 25 25

Note(s): Robust standard errors in parentheses: ***p < 0.01, **p < 0.05, *p < 0.1
Source(s): Table created by authors

5. Robustness checks

To assess the reliability of the analysis, this section provides three alternative robustness
checks: an alternative estimation model, a different assumption in the distribution of the error
term in the SFA analysis and an alternative measurement of the dependent variable.

Firstly, we implement a panel mixed-effects model (Searle et al., 2001) to account for both
within- and between-country variations. Fixed effects capture the overall, systematic influence
of variables on workplace accidents, while random effects account for country-specific
deviations from this general trend. This approach allows us to exploit the advantages of panel
random effects models while incorporating fixed effects to control for unobserved time-
invariant heterogeneity across countries, thus providing a more accurate and comprehensive
analysis of the factors influencing workplace accidents. Table 9 presents the estimation
outcomes.
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IIM Table 9. Estimation results of mixed effects models with SFA under the assumption of the one-sided error term

46.10 exponential distribution with one and three inputs (GERD expenditure)
b
©) &)
Dependent variable: Mixed Eff_ Mixed Eff
SFAR scorelG score3G
Efficiency score —1.167* —1.410%*
184 (0.638) (0.654)
GDP per capita —18.72%* —20.81%**
(7.625) (7.287)
GDP per capita® 0.950** 1.051%%*
(0.376) (0.360)
Teredu —1.252%* —1.218**
(0.521) (0.523)
SME 0.398 0.394
(0.532) (0.513)
Part time 0.210 0.263
(0.368) (0.359)
Temporary employment —0.715%%* —0.710%**
(0.148) (0.146)
Unemployment 0.899** 0.918**
(0.379) (0.374)
Investments —1.127%* —1.071%*
(0.536) (0.531)
Protectionism —0.182%* —0.166%*
(0.0764) (0.0768)
Tax evasion 0.0543 0.0304
(0.0782) (0.0801)
Union density 6.893 8.436
(9.699) (8.733)
OSH-Culture —2.159%%* —2.178%%*
(0.652) (0.659)
Years —0.305 —0.307
(0.236) (0.235)
Constant 99.04*+* 109.7%%*
(38.44) (36.69)
Wald y* 666.40*** 1157.18%%*
Obs 183 183
Countries 25 25

Note(s): Robust standard errors in parentheses: ***p < 0.01, **p < 0.05, *p < 0.1
Source(s): Table created by authors

As shown in Table 9, even when implementing the panel mixed effects model, the results
obtained in our baseline estimates hold, maintaining both statistical significance and the
magnitude of the coefficients.

Moreover, it is methodologically consistent to check for the robustness of the results also by
switching from the SFA exponential (u;; ~ Exp(4)) to the SFA half-normal (u; ~+ N(0,62))
specification to ensure that the findings are not sensitive to the choice of the error distribution
and remain consistent across different model assumptions. The following Table 10 shows the
new estimation results that confirm that our results are robust.

Finally, in the second stage of our analysis, we consider an alternative dependent variable —
the non-standardized incidence rate. Table 11 presents a comparison between the two
measures of occupational accidents.

Since the non-standardized accidents rate does not account for the distribution of the
occupational risk across industrial sectors within the national economy, we mitigate the threat
of incurring in a omitting variable bias by incorporating an additional explanatory variable,
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Table 10. Estimation results with SFA under the assumption of the one-sided error term half-normal
distribution with one and three inputs (GERD expenditure)

Dependent variable (€)) ) 3) “4)
OLS Eff_ OLS Eff P-RE Eff_ P-RE Eff_
SFAR ScorelG score3G scorelG score3G
Efficiency score —1.965%** —2.031%#%* —0.900 —1.272*
(0.652) (0.663) (0.730) (0.720)
GDP per capita —16.08%*** —19.06%** —18.49%* —20.06%*
(5.050) (5.166) (8.509) (7.794)
GDP per capita2 0.847%** 0.989%** 0.932%* 1.011%**
(0.262) (0.267) (0.418) (0.385)
Teredu —1.128%** —1.122%%* —1.328** —1.280**
(0.422) (0.416) (0.604) (0.583)
SME 0.156 0.155 0.444 0.424
(0.246) (0.240) (0.576) (0.544)
Part time 0.199 0.268 0.200 0.245
(0.248) (0.252) (0.412) (0.389)
Temporary employment —1.036%** —0.998%*** —0.655%** —0.684***
(0.123) (0.124) (0.159) (0.155)
Unemployment 1.159%%* 1.143*%* 0.873%* 0.938%**
(0.275) (0.272) (0.420) (0.408)
Investments —1.721* —1.750* —1.158%** —1.126%*
(0.879) (0.895) (0.572) (0.565)
Protectionism —0.277%%* —0.262%** —0.185%* —0.170**
(0.0922) (0.0935) (0.0800) (0.0805)
Tax evasion 0.00920 —0.0282 0.0767 0.0464
(0.109) (0.112) (0.0875) (0.0881)
Union density 6.381 7.094 6.283 8.025
(13.36) (13.43) (10.40) (9.462)
OSH-Culture —1.872 —1.904 —2.171%%* —2.196%**
(1.464) (1.510) (0.682) (0.684)
Years YES YES YES YES
Constant 84.39%** 99.96%** 98.32%* 106.1%*%*
(24.51) (25.10) (43.02) (39.31)
F-stat o Wald y* 20.48%** 19.51 %% 456.03*** 869.10***
R? 0.568 0.568 0.530 0.541
Obs 183 183 183 183
Countries 25 25 25 25

Note(s): Robust standard errors in parentheses: ***p < 0.01, **p < 0.05, *p < 0.1
Source(s): Table created by authors

Table 11. Comparison between standardized incidence rate and non-standardized incidence rate

Dependent variable Obs Mean Std. dev Min Max
Standardized Incidence Rate 250 3.107 1.571 0.65 10.8
Non-Standardized Incidence Rate 250 2.412 1.163 0.48 6.37

Source(s): Eurostat

Employment Risk, defined as the ratio of employees working in high-accident-risk sectors (i.e.
mining and quarrying, construction, and transport, manufacturing) to the total number of
persons employed in the economy (which includes sectors such as computer repair, personal
and household goods, excluding financial and insurance activities) [13]. In these last estimates,
we implement the SFA under both error term distribution assumptions. In Table 12, the
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IIM Table 12. Estimation results with efficiency scores from SFA assuming a one-sided error exponential

46.10 distribution (Model 1 — three inputs) and half normal distribution (Model 2 — three inputs). Inputs: GERD
’ expenditure
Dependent variable (1) )
P-RE P-RE half
exponential normal 3
186 Non-standardized far 3 inputs inputs
Efficiency score —1.089%* —0.983*
(0.554) (0.574)
GDP per capita —14.79%* —13.96%*
(6.711) (6.666)
GDP per capita® 0.720%* 0.678**
(0.342) (0.339)
Teredu —1.2471%* —1.246%*
(0.501) (0.517)
SME 0.703 0.676
(0.441) (0.438)
Employment risk 0.0616 0.0533
(0.679) (0.672)
Part time 0.253 0.234
(0.278) 0.277)
Temporary employment —0.256%* —0.288%**
(0.118) (0.115)
Unemployment 0.577* 0.623*
(0.341) (0.345)
Investments —0.505 —0.554
(0.465) (0.479)
Protectionism —0.0878 —0.0959
(0.0629) (0.0621)
Tax evasion 0.0342 0.0444
(0.0575) (0.0595)
Union density 11.01 10.57
(6.773) (6.870)
OSH-Culture —0.905* —0.921*
(0.507) (0.506)
Years YES YES
Constant 80.42%* 76.25%*
(32.00) (31.86)
Wald y* 527.48*** 918.36***
R’ 0.564 0.571
Obs 183 183
Countries 25 25

Note(s): Robust standard errors in parentheses: ***p < 0.01, **p < 0.05, *p < 0.1
Source(s): Table created by authors

estimates presented show that the results are not affected by the alternative measurement of the
workplace accidents phenomenon.

6. Concluding remarks

In the current context of technological advancement, the relationship between innovation and
work environments is driving profound transformations in production and business processes,
organizational models and occupational safety standards. Within this framework, efficient
National Innovation Systems play a pivotal role in shaping occupational safety and health by
fostering technological advancements, regulatory frameworks, and best practices associated
with improved workplace safety.
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This study provides an integrative framework to empirically investigate the relationship
between the efficiency of National Innovation Systems (NIS) and workplace safety,
specifically focusing on fatal occupational incidents across 25 European countries over the
period 2010-2019. Using a two-step identification strategy, we first estimate NIS efficiency
scores through parametric Stochastic Frontier Analysis (SFA) and we then investigate the
relationship between fatal accidence rate (SFAR) and efficiency — summarized by the
efficiency score — as well as other selected covariates related to socio-economic factors,
productive system characteristics and institutional variables using alternative econometric
models (pooled OSL and panel random effects). In general, our findings indicate that countries
with more efficient innovation systems tend to exhibit lower rates of fatal workplace incidents,
consistent with the hypothesis that innovation system efficiency is associated with more
favourable occupational safety outcomes.

We first adopt the SFA approach that allows us to explore the relationship between inputs
(R&D expenditure and R&D personnel, both in total and disaggregated by public, private and
higher education sectors) and output (patents), while accounting for potential inefficiencies in
the knowledge production function. Our findings highlight that northern countries exhibit
higher efficiency in their innovation systems, whereas Eastern European NIS rank at the
bottom.

The estimation of OLS pooled, and random-effects models reveals that SFAR is
significantly and negatively correlated with NIS efficiency. The relationship between SFAR
and the other control covariates is also significant and negative for GDP (with a non-linear
trend), education, workers with temporary contracts, investments and protectionism, which is
consistent with previous empirical studies (Castaldo et al., 2024). The cultural attitude towards
safety is also significantly negatively correlated with workplace injuries. In contrast, the
unemployment rate has a positive and significant effect on fatal accidents.

Although the complexity of the topic requires further exploration, some insights can be
outlined. The efficiency of the knowledge production process is positively and significantly
associated with lower fatal workplace accident. From a policy perspective, insufficient
investment in R&D may raise social concerns not merely related to growth. In the international
context of technological development, public investment in innovation —such as through R&D
funding, tax incentives, and support for SMEs — as well as efforts to encourage collaboration
between industry and regulatory bodies, remains a strategic policy focus. Nevertheless, our
findings indicate that NIS efficiency is significantly linked to occupational safety and health
outcomes.

From a systemic perspective, innovation extends beyond merely introducing advanced
technologies; it also involves integrating and embedding these developments within
established social frameworks to enhance their overall societal benefits.

In summary, the relationship between innovation systems and welfare provides a rationale
for adopting a comprehensive approach that aligns technological progress with social goals,
such as workplace safety and employee well-being.

Notes

1. The SFA approach, while sensitive to model specification and distributional assumptions, offers
several advantages (e.g., the separation of inefficiency from random noise and the ability to quantify
efficiency). To ensure the reliability and consistency of our results, we employed alternative model
specifications, input configurations, and inefficiency distributions.

2. See Fritsch and Slavtchev (2011) and Barra and Zotti (2018) on the use of such input.

3. For a detailed explanation of OECD taxonomy of economic activities based on R& intensity see
Frascati Manual 2015; OECD, 2015)

4. These variables are treated as exogenous, meaning that although they influence the production
process, they are not themselves classified as inputs or outputs.
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5. https://databank.worldbank.org/reports.aspx?source=2&series=SL.UEM.TOTL.NE.ZS&
country=#

6. https://databank.worldbank.org/reports.aspx?source=2&series=EN.POP.DNST&country=

7. https://ec.europa.eu/eurostat/documents/3859598/5926181/KS-RA-12-102-EN.PDF.pdf/
56cd35ba-1e8a-4af3-9f9a-b3c47611ff1c?t=1414782641000

8. https://ec.europa.eu/eurostat/cache/metadata/en/hsw_acc_work_esms.htm#shortdata_descr
Disseminated

9. A fatal accident at work is defined as an accident that leads to the death of a worker within one year of
the accident. In practice, the notification of an accident as fatal ranges from national registration
procedures where the accident is registered as fatal (https://ec.europa.eu/eurostat/cache/metadata/en/
hsw_acc_work_esms.htm).

10. Specifically, we introduce a two-year lag of the efficiency scores, selected based on model fit criteria
(Akaike Information Criterion and Bayesian Information Criterion).

11. The variables GDP per capita, Unemployment, Investments, Teredu, SME, Temporary employment
and Part-time are expressed in natural logarithm.

12. All input data in the empirical estimates are included with a natural logarithm transformation. For
instance, with respect to total GERD, the average value is 8.40 with a standard deviation of 1.52.

13. Source: Eurostat.
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