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ABSTRACT
Objective: The article aims to determine the impact of innovation, the level of economic activity (measured
as GDP per capita), and the added value of key economic sectors (agriculture, industry, and services) on
CO, emissions in Poland and Spain, and to assess whether innovations could significantly reduce emissions
considering economic structural differences and dynamics.
Research Design & Methods: The study employed a quantitative research design. It used Fourier autoregressive
distributed lag (FARDL) and Bayesian Fourier autoregressive distributed lag (Bayesian FARDL) econometric mod-
els to analyse data from 1995 to 2022. The sample encompassed macroeconomic data for Poland and Spain.
Findings: The study revealed significant differences between Poland and Spain. In Poland, despite a higher
number of patent applications, technological innovations did not significantly affect CO, emissions, indicat-
ing limited application in high-emission sectors. Conversely, in Spain, innovations positively impacted CO,
emissions, particularly in energy-intensive sectors. Energy consumption strongly influenced emissions in
both countries, with Spain showing a more pronounced long-term effect. GDP negatively affected CO, emis-
sions in Poland over the long run, whereas the study did not identify such relationship for Spain. The indus-
trial and service sectors significantly impacted emissions and innovation in Poland, while in Spain, the in-
dustrial sector and patent activity were crucial determinants.
Implications & Recommendations: The findings highlight the need for tailored economic and energy policy
adjustments in both countries, especially focused on innovation, to enhance the effectiveness of their
green transitions.
Contribution & Value Added: This article contributes by providing a comparative analysis of Poland and Spain
using advanced econometric methods, identifying country-specific dynamics between innovation, sectoral
structure, the level of economic activity, and CO, emissions, thus providing novel insights for policymaking in
the context of sustainability. Moreover, the study applied a relatively new and advanced Bayesian Fourier
ARDL modelling, enhancing the analysis’ methodological rigour.
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INTRODUCTION

Contemporary global economic challenges related to global warming, but also other economic, envi-
ronmental, social, political and military problems, are forcing European Union (EU) countries and their
economic entities to seek innovative solutions in many areas. These innovations will allow for taking
the necessary measures against the negative consequences of global warming and reducing green-
house gas emissions (as envisioned in the European Green Deal and other international agreements
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(Kabeyi et al., 2021). These challenges require implementing green technologies in all areas of the
economy (Olaleru et al., 2021). According to Yusuf et al. (2018), technological environmental innova-
tions are the way forward for Malaysia’s sustainable development that will help reduce global risks.
They will enable EU member states to make the energy transition by reducing fossil fuel reliance (oil,
gas, coal, and lignite), lowering the carbon intensity of their economies, and implementing circular
economy principles, all while striving to remain competitive within the EU and globally.

As Oyebaniji et al. (2022) note, such technological innovation may result from in-country research
and development, as well as the transfer of technology from abroad. However, this requires the inten-
sification of sustainable and integrated non-market activities. The strengthening of patent protection
and developing public-private partnerships are important for the development of environmental tech-
nologies that aim to solve global climate problems and reduce national or local energy and environ-
mental risks (Oyebaniji et al., 2022). Recurring environmental disruptions, including climate-related
hazards and ecosystem degradation, create substantial obstacles for countries striving to advance sus-
tainable development. Therefore, ensuring economic growth while safeguarding ecological stability
has become a shared priority for governments worldwide (Shin et al., 2022).

There have been protracted discussions in the EU on the necessary basis for implementing the
European Green Deal, and some member countries exhibit social and political resistance to the pace
and scope of the green transition on account of its effects on the competitiveness of economies and
the social costs of these processes (Stockmann, 2024). Additional influences are the recent changes in
US policy on sustainable development and the geopolitical and military situation in the world, which
represent strong threats to security in general. Altogether, these factors create a less favourable envi-
ronment for a broad transformation within the EU and its member states. Sgaravatti et al. (2024) indi-
cate that, to achieve a zero-carbon economy, the EU should revise its current approach.

This requires forming strategic partnerships to advance global decarbonisation, while simultane-
ously addressing competitiveness and strategic autonomy. The development level, economic struc-
ture, dependence on fossil fuels, carbon intensity, and innovation capacity all influence the differing
positions of member states on the green and energy transition (implementation of environmentally
friendly technologies and renewable energy sources to ensure sustainable development, and the
development and application of strategies and practices aimed at protecting natural resources) (To-
maszewski, 2020). Characteristics of individual countries are shaped, among other things, by how
long they have been members of the EU. There are development and technological gaps between
Central European countries and the older EU member states. A recent International Energy Agency
(IEA) report indicates that global CO, emissions climbed to 37.4 billion tonnes in 2023, with the ma-
jority originating from fossil-fuel combustion. To curb emissions and reduce dependence on conven-
tional fossil energy sources, both the United States and the European Union have introduced a Gov-
ernment Green Fund (GGF) designed to support the expansion of emerging renewable energy sec-
tors, including wind and solar power (lbikunle et al., 2017; Silva et al., 2016).

The above issues inspired a study on the relationship between innovation, GDP, economic structure
and value added of the dominant sectors in the economy and the size of CO; emissions in two selected
countries belonging to the so-called new and old European Union. One of them was Poland, which joined
the EU in 2004. The other country studied was Spain, which has been a member of the EU since 1986.
These countries differ in many respects, such as their economic structure, the innovation level, but also
the rate of CO, emissions. Spain belongs to the group of moderate innovators, while Poland has been
included for years first in the group of catching up and then emerging innovators (European Commission,
2024a). The emissions of the Spanish economy are lower than those of other member countries and has
been declining over the years. On the other hand, Poland is one of the leaders in CO,emissions in the EU,
and although it has significantly reduced the carbon intensity of its economy in recent years, it is still
among the highest in Europe (tacka et al., 2024). Climate mitigation efforts encompass not only lowering
consumption levels but also achieving net negative emissions. Under a business-as-usual (BAU) trajec-
tory, estimates suggest that between 640 and 950 Gt of CO, would need to be extracted from the atmos-
phere to keep global warming within the 1.5°C threshold by the end of the century (Luderer et al., 2018).
By 2024, five years after the launch of the European Green Deal, EU countries (including Poland) had
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significantly reduced their reliance on coal and gas in favour of renewable energy sources, enabling pro-
gress in decarbonising the Polish economy (Rosslowe et al., 2025).

The research aimed to understand and determine the impact of innovation, the level of economic
activity (measured as GDP per capita), and the value added of key economic sectors (agriculture, in-
dustry and services) on CO; emissions in Poland and Spain. Furthermore, the study sought to assess
whether innovation can significantly contribute to reducing CO, emissions, considering the differences
in economic structure and development trajectories between the two countries. While working on the
research problem, we formulated the following research questions:

RQ1l: What are the differences in the innovation level between Poland and Spain and what
factors account for them?

RQ2: Does innovation contribute to reducing CO2 emissions in Poland and Spain?

RQ3: Do specific sectors of the economy influence the development of innovation in Poland
and Spain?

RQ4: Do CO; emissions depend on the value added generated by each economic sector in
Poland and Spain?

RQ5: Do the level of economic activity (measured as GDP per capita) and energy consumption
significantly impact CO2 emissions in Poland and Spain?

A literature review indicates that this issue has not yet been explored to much depth, despite its
importance in the context of current economic development conditions. The findings may provide val-
uable insights for shaping economic policies that support innovation in EU countries facing significant
challenges in the green transition with Poland being a notable example. The long-term scope of the
study (1995-2022) made it possible to capture changes in the analysed variables influenced by events
such as Poland’s EU accession, the 2008-2013 global financial crisis, the COVID-19 pandemic, and Rus-
sia’s invasion of Ukraine, along with the resulting energy crisis.

To address the research questions and objectives, we employed a range of methods, including
literature review, critical source analysis, inductive and econometric techniques, including the Fou-
rier autoregressive distributed lag (ARDL) model and the Bayesian autoregressive distributed lag
model. The analysis used data on GDP per capita, CO, emissions per capita, energy consumption,
and patent applications from the World Development Indicators (WDI) for Poland and Spain. We
used patent applications as an indicator of innovation activity. We also assessed the level of innova-
tion in both countries using the European Innovation Scoreboard and the Global Innovation Index
(WIPQ). To examine the impact of economic structure and transformation on CO, emissions, we
analysed the value added by agriculture, industry, and services (as shares of GDP), enabling evalua-
tion of the relative sectoral contributions to emissions. We sourced all structural data from the WDI
database. The novelty and originality of this study lie in its comparative perspective, specifically an-
alysing Poland and Spain, and applying advanced econometric methods (Fourier ARDL and Bayesian
ARDL), which previous studies on this subject have rarely combined.

The article is structured as follows. The first section provides an introduction, and the second sec-
tion presents a literature review. The third section discusses the research methods and data sources
used. The fourth section presents the study results, and the fifth section includes a discussion of the
results. The final, sixth section concludes the research and gives recommendations for policymakers.

LITERATURE REVIEW

Innovation, Technological Capabilities, and the European Union’s Response to Global Challenges

At the beginning of the 2020s, European Union member states were facing global challenges that
determined their environmental, energy, economic, social, health (e.g., pandemics), digital, and ge-
opolitical security (Balfour et al., 2024). Countering these threats and turning them into develop-
ment opportunities and gaining resilience to these and new unpredictable challenges are the basis
for achieving prosperity, long-term sustainability and competitiveness of the community’s economy
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and its members (Calliari et al., 2022). Achieving these ambitious goals requires the use of innovation
and research and development (R&D) focused on green and digital technologies. The Oslo Manual
describes innovation as encompassing both the actions undertaken to develop something new and
the outcomes of these efforts. It refers to a product or process, or a combination of the two, that is
substantially different from what an organisation previously used or offered, and which has been
either introduced to users or implemented within the organisation (OECD, 2018). European Com-
mission experts state that any innovation that reduces negative impacts on the environment, pro-
motes increased resilience of that environment or increases efficiency in the use of natural resources
can be called an eco-innovation. Such innovative products, services, and technological solutions are
expected to help achieve the goals of the European Green Deal, i.e., climate neutrality and the cir-
cular economy (European Commission, 2024a). The implementation of eco-innovation in the econ-
omy requires support from the state and its policies. Grasping the nature of these interdependencies
is essential for formulating sound policies that support environmental protection and advance sus-
tainable agricultural development (lyke-Ofoedu et al., 2024).

One widely used measure of innovative performance is the count of patent applications submitted
by non-residents through the Patent Cooperation Treaty (PCT) system to national patent offices. Under
this agreement, a PCT application indicates the applicant’s intention to seek protection for an invention
in at least three countries, and potentially in all treaty signatories. In 2025, 142 countries were mem-
bers of this agreement. This is not the only measure of a country’s innovation, but due to the long
period of WIPQO’s collection of information and the large number of countries covered by the PCT, it
can be used in long-term comparative analyses of countries’ innovation performance and technologi-
cal capabilities. The data collected by WIPO also allowed us to compare other metrics and indicators
on intellectual property protection, such as trademark and design applications, geographical indica-
tions and plant varieties. Mendonga et al. (2004) and Flikkema et al. (2019) argue that trademarks
constitute an important indicator of innovation and industrial dynamism.

Technological progress involves the introduction of new and improved machinery, equipment, tools
and new technologies that enable more efficient use of existing and new resources. In the growth-ac-
counting perspective, technological progress refers specifically to the discovery and adoption of more
efficient production methods that increase total factor productivity. Both processes form part of broader
innovation dynamics, although innovation activity and technological progress remain analytically distinct
concepts. They affect economic growth and the competitiveness of the economy and its entities. The
level of economic development is strongly correlated with the level of intellectual property protection
and invention protection rights, as shown by Greenhalgh and Rogers (2010) and Sherwood (2019). Stud-
ies by Lundvall (2010) and Cooke et al. (1997) show that national and regional intellectual property pro-
tection systems and ecosystems are important factors in countries’ innovation and economic success. As
Squicciarini et al. (2013) note, these areas also improve economic productivity and growth.

A study by Su and Moaniba (2017) shows that in each country, patents for new technologies to
combat climate change are determined by the amount of greenhouse gas emissions (including CO,). A
country’s emissions affect inventive activity and the number of patent applications. Simultaneously,
the implementation of new solutions, which are costly and resource-intensive for economic players,
need protection from copying and imitation by competitors. The lack of or inadequate protection of
intellectual property means that companies cannot recoup the high costs of environmental technolo-
gies, which may discourage the development and diffusion of such innovation. On the other hand,
copying someone else’s technology, imitating a product or process innovation by a given enterprise,
may enable it to allocate its R&D resources to create other green innovations (Oyebaniji et al., 2022).

In contrast, a study by Musah et al. (2021) shows that as the economy grows, the demand for energy
increases, which becomes a heavy financial and social burden in less developed and emerging economies
that mainly use fossil fuels as an energy source. As countries become wealthier, societies tend to show
greater support for environmental protection and for pursuing sustainable development. The existence
of an inverted U-shaped relationship between environmental deterioration and economic growth is in-
dicated by the environmental Kuznets curve (EKC) developed by Grossman and Krueger (1995). Scholars
have repeatedly empirically verified this relationship over the past three decades. We may find an exten-
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sive list of such analyses in the works of Genstwa (2020), Lau et al. (2023), Gdltekin et al. (2023), and
Supron (2025). These studies have provided ample evidence to support the course of EKC. Wang et al.
(2024) conclude that due to contemporary global challenges, especially climate challenges, further re-
search on the shape of the global EKC and understanding the determinants of its course are necessary.
The results of their analysis indicate that there is an environmental Kuznets curve in the form of the letter
N. Its course is determined by as many as 12 additional factors from four areas: institutions and risks,
digital technologies, resource and energy use, and other social factors (omitted from EKC analysis in the
past). The study by Wang et al. (2024) revealed six distinct groups of countries, each adopting different
strategies for reducing greenhouse gas emissions among the 214 nations analysed.

According to the European Commission report assessing innovation performance in the Euro-
pean Union and several non-EU countries, innovation is viewed as a fundamental driver of long-
term competitiveness (Kog et al., 2025). It supports productivity improvements and is crucial for
environmentally sustainable development, macroeconomic resilience and social fairness (European
Commission, 2024b). Innovation constitutes an important factor in promoting development and
convergence in the countries and regions of the European Union. Technological innovations are
essential to realise the full potential of new energy.

Many researchers also focus on their impact on energy poverty alleviation from the perspective
of technological innovation and its impact on the development of green technologies (Albino et al.,
2014; Dong et al., 2022; Meka’a et al., 2024). Despite significant improvements in the level of inno-
vation in the member countries over the past thirty years, there is still a strong variation in this
regard between countries and regions in Europe. For certain underdeveloped and peripheral re-
gions of Europe, there is even talk of the existence of an innovation gap (European Commission,
2024b). This is revealed by the results of reports published by the European Commission dedicated
to assessing the innovativeness of EU regions and countries, i.e., the Regional Innovation Score-
board and the European Innovation Scoreboard studies.

Innovativeness Comparison Based on Innovation Rankings

The most recent report of the European Commission (European Commission, 2024b) evaluates inno-
vation performance across EU countries as well as a group of non-EU economies. This provides a basis
for comparing Poland and Spain with respect to their innovation profiles and recent trends. WIPO’s
Global Innovation Index 2024 provides additional insights.

The European Commission’s 2024 study shows that Poland belongs to the group of emerging in-
novators and ranks 23rd in the innovation ranking of the 27 member countries. For years, despite im-
provement in the results of the Summary Innovation Index (Sll), the country has been among those
countries with the lowest innovation indicators (Romania, Bulgaria, Latvia, Slovakia, Croatia). Poland’s
position is evidenced by its distance in terms of innovation not only from the innovation leaders in the
European Union (Denmark, Sweden, Finland, the Netherlands), but also from some of the other post-
communist countries that joined the EU in 2004, such as Estonia (strong innovators), Slovenia, the
Czech Republic, Lithuania and Hungary (moderate innovators). In 2024, the synthetic innovation index
for Poland accounted for 65.9% of the EU Sll average. Analysing the components of the Sll in the EU
ranking, one can note that in some areas of this indicator, Poland performs better than e, and in others
its achievements are much lower. Such SIl components include human resources (72.2% of the EU
average), digitalisation (80.1% of the EU average), use of information technologies (99.1% of the aver-
age), linkages (73.3% of the average), intellectual assets (85.9% of the EU average). Poland performs
much worse in such areas of innovation as attractive research systems (37.5% of the EU average),
innovators (45.5%), employment impacts (59.3%) and environmental sustainability (60.3% of the av-
erage), sales impacts (60.4%), finance and support (61.7%), and firm investments (62.2%). Examining
the detailed components of the various areas that make up the synthetic innovation index, one can
determine the relative strengths and weaknesses of Poland’s innovation.

These analyses indicate that Poland has significant limitations in important areas that determine
the innovation improvement. They account for its weaknesses in this regard. These weaknesses in-
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clude: a small share of foreign doctoral students as a proportion of all doctoral students, a small num-
ber of doctoral graduates and a small number of patent applications, a small amount of spending on
innovation (both public and private), a small number of SMEs introducing product and process inno-
vations, a small amount of spending by venture capital funds, a small amount of investment in innova-
tion per employee, a small number of SMEs entering into partnerships with other entities, low resource
productivity, insufficient development and use of environmental technologies, and a small share of
enterprises that earn revenues from exporting products that are new to the market or new to compa-
nies, and exporting knowledge-intensive services. Poland’s relative strengths include design applica-
tions, a population with tertiary education, and enterprises providing ICT training

Spain is in a completely different position in the European Innovation Scoreboard 2024. It is ranked
as a moderate innovator (moderate innovators). In the innovation ranking of the EU member countries,
it ranks 14th with a score of 89.9% of the EU Sl average. Spain performs well above the EU average in
such innovation areas as human resources (124.3% of the average), digitalisation (144.9%), and finance
and support (103.9%). By contrast, in areas such as attractive research systems (90.2% of the EU aver-
age), firm investments (61.8%), innovators (61.8%), use of information technologies (89.3%), intellec-
tual assets (81.3%), employment impacts (61.3%), sales impacts (79.0%), linkages (92.8%) and environ-
mental sustainability (96.8%), Spain performs worse than the EU average.

Spain’s relative innovation weaknesses include knowledge-intensive services exports (33.5% of av-
erage), employment in innovative enterprises (44.6%) and SMEs introducing business process innova-
tions (49.9%), innovation expenditures per person employed (52% of average), but also patent appli-
cations (68.7%). In contrast, Spain’s innovation strengths include sales of new-to-market and new-to-
firm innovations (170.5% of the EU average), individuals with above basic overall digital skills (148.7%),
population with tertiary education (148.4%), resource productivity (136.9%), direct and indirect gov-
ernment support of business R&D (116.4%), and venture capital expenditures (114.9%)

A comparison of Poland and Spain in terms of the synthetic innovation index and its components
reveals that there are both similarities and differences in strengths and weaknesses in this regard. In the
context of the research problem undertaken, we may note that both countries studied are characterised
by the occurrence of a lower number of patent applications than the EU average, and a small number of
innovative SMEs. An analysis of the results of the Global Innovation Index 2024 (World Intellectual Prop-
erty Organization) leads to similar conclusions about the positions of Poland and Spain in the innovation
rankings. In this study, Poland is ranked 40th, while Spain is ranked 28th.

RESEARCH METHODOLOGY

Variables and Data Sources

In this study, we used data from the World Development Indicators (WDI) database for Poland and
Spain. The maximum period for which complete data was available for both countries was 1995-2022.
The dependent variable (Y) was CO, emissions per capita, expressed in metric tons. Among the inde-
pendent variables were energy consumption (in kilograms of oil equivalent per capita), EC, GDP per
capita (in constant 2015 prices, expressed in USD), GDP, and innovation activity, represented by the
number of patent applications (IP). We used the number of patent applications as an indicator of in-
novation output rather than technological progress in the growth-accounting sense. This choice fol-
lowed previous empirical studies that use patent counts as a proxy for innovative activity (Adedoyin et
al., 2022; Kirikkaleli & Sofuoglu et al., 2023; Kortum & Lerner, 1998; Kumaresan & Miyazaki, 1999;
Samargandi, 2017; Serener et al., 2023; Sohag et al., 2015).

Furthermore, we considered several sectoral variables to capture the effect of economic structure
on CO, emissions: agricultural value added, industrial value added, and services value added, each
expressed as a share of GDP. However, because these variables were components of GDP, they exhib-
ited strong collinearity and move in the same direction as GDP itself, which made their joint inclusion
in the ARDL specification inappropriate. For this reason, they were not included in the ARDL estima-
tions but served ex post in the causality analysis to explore sector-specific dynamics.



Impact of innovation and economic structure on CO, emissions in Poland and Spain... | 205

Methods and Model

The purpose of the analysis was to examine the impact of innovation, the level of economic activity
(measured as GDP per capita), and the value added of key economic sectors (agriculture, industry,
and services) on CO; emissions (the so-called ecological footprint) in Poland and Spain between
1995 and 2022. Moreover, the analysis assessed whether innovation could significantly contribute
to reducing CO, emissions, considering differences in economic structure and development trajec-
tories between the two countries. The model intentionally combineed variables expressed in levels
(CO, emissions, GDP per capita, energy consumption) with a flow-type variable (annual patent ap-
plications). This specification was consistent with the ARDL framework, which allows for mixed in-
tegration orders, and reflects the aim to analyse how long-run equilibrium levels of CO, respond to
dynamic innovation activity.

We used a Fourier ARDL model for the analysis, considering GDP and energy consumption as con-
trol variables. Equation (1) represents the empirical analysis model, which was based on the extended
environmental concept of the Kuznets curve, presented in logarithmic long-term form.

InCO,; = By + B1InGDP, + B,InEC, + B3InlP; + & (1)
in which:
InCO, - the natural logarithm of carbon emissions per capita;
InGDP - the natural logarithm of GDP per capita (real based on 2015 data);
InEC - the natural logarithm of energy consumption per capita;
InIP - the natural logarithm of the number of patent applications;
& - the error term.

Before estimating the ARDL models, we verified the order of integration of all variables. We
examined the series stationarity using the Fourier ADF and Fourier KPSS tests, which are specifically
designed to account for smooth structural breaks and low-frequency nonlinearities that may bias
classical unit-root procedures (Enders & Lee, 2012). W thee selected frequency parameter k in the
Fourier approximation using the Bayesian information criterion (BIC). One should interpret it solely
as a flexible representation of smooth structural breaks rather than as an indicator of economic
cycles. From a theoretical perspective, we expected CO, emissions, GDP per capita, and energy
consumption to be I(1), while annual patent applications, being a flow variable — | (0). To assess
practical sources of low power in unit-root/stationarity testing, we screened the innovations from
the estimated UECM models for serial correlation (Ljung-Box), ARCH-type heteroskedasticity
(ARCH-LM), and non-normality/outliers (Jarque-Bera; standardised residuals).

Standard cointegration tests are not applicable when variables exhibit different integration or-
ders. To overcome this problem, Pesaran et al. (2001) proposed a cointegration test approach
within the ARDL model. This method makes it possible to account for independent variables with
different degrees of integration, provided that the dependent variable is an | (1) process. In addi-
tion, Narayan (2005) extended the use of ARDL tests in the study of cointegration by developing
arrays of critical F-test values specific to small samples. The relationship of cointegration between
variables is examined by comparing test statistics with lower and upper bounds labelled | (0) and |
(1). The basic hypothesis that there is no cointegration is rejected if the test statistic is higher than
the key upper bound values. The ARDL model automatically decomposes the relationship into long-
run coefficients and short-run adjustments. Re-parameterising the ARDL into an error-correction
model (ECM) made this structure explicit: the differenced variables describe short-run effects,
while the error-correction term (ECT), derived from the estimated long-run equation, measures the
speed at which the system corrects deviations from long-run equilibrium. A negative and significant
ECT confirms cointegration. Equation (2) represents the ARDL model used in this study. We mod-
elled all variables (CO,, GDP, EC, IP) in natural logarithms.
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AlnCO,¢ = Bo + B1(InCOZ) -1 + B (INGDP)¢_q + B3(INEC)—q + B4(INIP) ¢4 +
S0 ¥ (AINC0,),—; + TFo 0/ (ANGDP)_; + X7 0f (AINEC),_; + 7. @} (AInIP)_; + &,
in which:
A - represents the first difference;
t - represents the lag length;
& - Is the error term.

(2)

We chose the optimal lag length for small samples based on Schwarz’s information criterion
(SC). Following the methodology of Pesaran et al. (2001), we determined the cointegration rela-
tionship using both the F-test and the t-test described in equations (3) and (4). Moreover, we
adopted a test proposed by McNown et al. (2018), which was developed to evaluate the null hy-
pothesis, as shown in equation (5).

HOA:By =B =P3 =P =0 (3)
HOB:B; =0 (4)
HOC:ﬁ2=ﬁ3=ﬁ4=O (5)

The time series under study reflected numerous structural changes resulting from Poland’s eco-
nomic transition, the 2008 and 2013 crises, and the COVID-19 pandemic (2020-2022). To address
this, we adopted an innovative approach by extending the ARDL model with Fourier functions (Eq.
7). This method captures fluctuations and breaks in the data without the need for dummy variables
(Adebayo, 2020; Olayeni et al., 2021). Moreover, the Fourier terms allow for capturing nonlinear
patterns in the data, eliminating the need for additional tests of structural changes or modifications
to the estimated model to account for these changes (Serener et al., 2023; Yilanci & Pata, 2020).
Equation (6) shows the full FARDL model used in the study. We selected the optimal lag length using
AIC/BIC, and for both countries the preferred specification was ARDL (1,1,1,1), which corresponds
to p = 2 in the parameterisation used in Equation (6).

AInCO,; = By + d(t) + p1(InCO2) -1 + B2(INGDP) ;1 + B3(INEC) 1 + Bo(INIP) ;1 +

! ! 1 ! 6
S, 7 (8InCO,),; + X£. 8/ (ANGDP),_; + X2 0! (AINEC)_; + 2o gl (AInIP),_; + 5, \©)

2kt 2rkt
d(t) = aysin (T) + azcos( 7 ) (7)

in which:
K - is the number of specific frequencies selected using the Bayesian Information Criterion (BIC);
t - is the time index, and ‘T’ is the sample size;
T - is the sample size.

To test causality, we used the cumulative Fourier-frequency Granger causality test proposed by
Enders and Jones (2016). Fourier-frequency Granger causality is a temporal causality analysis method
that uses the Fourier transform to capture complex relationships between variables in the frequency
domain. The technique assesses how causal relationships change over different frequency ranges and
then combines the results to provide an overall picture of causality (Nazlioglu et al., 2019). This ap-
proach allows for more precise modelling of nonlinear relationships and the identification of depend-
encies across different frequencies. Such patterns are difficult to detect using classical methods, par-
ticularly in the presence of structural breaks (Zheng et al., 2023). To increase the power of test statistics
in a small sample, we used bootstrapping to estimate probability values.

To confirm the results’ robustness and to better capture nonlinearity and uncertainty, the study
also employed a Bayesian ARDL model. In the Bayesian version of the model, we included the same
Fourier (harmonic) terms as in the classical Fourier ARDL specification. Thus, the Bayesian ARDL model
shares the same likelihood function and deterministic Fourier structure as the classical specification;
the difference lies solely in the estimation approach, which relies on Bayesian inference using
HMC/NUTS rather than classical (frequentist) estimation.
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We estimated the model using the Hamiltonian Monte Carlo (HMC) algorithm, a type of Markov
Chain Monte Carlo (MCMC) method. The Bayesian model, unlike frequency inference, assumes that
the observed data are constant and the estimation parameters are random (Bernardo & Smith, 2009).
The Bayesian model assumes thate, ~ N(0, c2) are error residuals.

We used the No-U-Turn Sampler (NUTS) algorithm to estimate the posteriori parameters. We
conducted the estimation using the BRMS package in R. The number of iterations was set to 4 000
(including 1 000 warm-up iterations, the so-called burn-in), and the number of chains was set to 4.
The following prior distributions were assumed for the model parameters: one for the coefficients
(Equation 8) and another for the error variance (Equation 9). In the Bayesian ARDL estimation, all
regression coefficients (including lagged terms) and the intercept were assigned independent Nor-
mal (0, 1) priors, while the residual standard deviation o followed a 6 ~ t3(0,2.5) prior, consistent
with the default specification in the brms package.

B0, B1, 82,83, B4, yi', 9i',ai’,@i' ~ N(0,1) (8)
o ~ Student — t(3,0,2.5) (9)
We configured the MCMC algorithm with the following control settings: adapt_delta = 0.8

and max_treedepth = 12. We assessed model fit using diagnostics including convergence statistics,
trace plot analysis, and evaluation of posterior parameter distributions.

RESULTS AND DISCUSSION

Exploratory Data Analysis

Table 1 presents descriptive statistics for the time series studied for Poland and Spain from 1995 to
2022. Poland had higher average CO, emissions (8.48 t per capita) than Spain (6.62 t per capita)
during the period studied, with a lower standard deviation (0.42 vs. 1.12). Emissions varied from
7.82 t per capita to 9.59 t per capita in Poland and from 4.58 t per capita to 8.47 t per capita in
Spain, suggesting greater variability in Spain. The average GDP per capita in Spain (USD 25 110.23)
was higher than in Poland (USD 10 409.08), but Poland showed greater variability in these values
(standard deviation of 3 263.43 in Poland vs. 2 156.49 in Spain), indicating faster economic change
in Poland during the studied period. Energy consumption in Poland (average: 1 672.97 kg oe/capita)
was lower than in Spain (1 879.38 kg oe/capita), with less scatter in the data for Poland. This sug-
gests greater stability in the country’s energy consumption.

Agriculture’s contribution to GDP averaged 3.11% in Poland and 3.01% in Spain. This indicates
the similar importance of this sector in both countries, with greater variability in Poland. Spain had
a higher share of the service sector in GDP (63.97%) than Poland (55.59%), which may indicate a
more advanced service-based economy. In contrast, Poland had a higher share of industry in GDP
(29.45%) than Spain (24.21%). The average level of patent applications was higher in Poland (3
102.89) than in Spain (2 580.46), but Poland was also characterised by greater variability in this
indicator. The results suggest that Poland underwent a more rapid economic transition between
1995 and 2022, with a strong industrial sector, while Spain showed greater development in the
service sector and more stable trends in some indicators. The high volatility of the series in Poland
was due to the faster pace of economic development and economic transition during the studied
period.

Figures 1-3 shows trends of selected variables for the studied countries over time. Notably, CO,
emissions per capita remained relatively stable in Poland from 1995 to 2004, and then began to decline
slightly after 2007, reaching their lowest level around 2013. In Spain, during the analysed period, emis-
sions were higher than in Poland until 2010, reaching a value close to 10 tCO,e per capita in the 1990s,
and then decreased successively (especially after 2008), which we may link to the economic crisis and
changes in the energy structure.
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Figure 2 shows the per capita energy consumption of the two countries from 1995 to 2022. In
Spain, energy consumption grew rapidly in the 1990s and peaked in 2004-2007 (over 2 200 kg of oil
equivalent per capita). After 2008, a marked reduction in energy consumption was observed, re-
lated to the recession and a change in the approach to energy management. In Poland, energy
consumption was lower than in Spain throughout the period. However, since 2004, there has been
a gradual increase. This phenomenon reflects the economic development and improvement in the
quality of life in Poland, especially after joining the EU. At the same time, it indicates the dominance

of fossil energy sources in the country’s energy mix, which influenced high CO, emission rates.

Table 1. Descriptive statistics for Poland

Mean Standard deviation Min Max
Variable

Poland Spain Poland Spain Poland Spain Poland Spain

(oo 8.48 6.62 0.42 1.12 7.82 4.58 9.59 8.47
GDP 10409.08 | 25110.23 | 3263.43 | 2156.49 | 5628.45 | 20001.79 | 17 178.67 | 28 087.90
EC 1672.97 1879.38 166.14 194.75 1435.93 1557.19 1991.24 2 247.66

AGDP 3.11 3.01 0.79 0.66 2.24 2.27 5.58 4.39

SGDP 55.59 63.97 2.14 4.02 49.15 59.17 58.86 68.53

IGDP 29.45 24.21 1.52 3.54 26.64 19.87 33.48 28.33
IP 3102.89 2 580.46 861.80 730.85 | 2028.00 | 1150.00 4 676.00 3632.00

Source: own study in Stata.
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Figure 1. Carbon dioxide (CO2) per capita (tCO2e) in Poland and Spain
Source: own elaboration based on investment results.

Figure 3 illustrates trends in patent applications as an indicator of innovation activity in both
countries. In Spain, the number of filings increased steadily from the 1990s, peaking between 2010
and 2013 (over 4 500 applications), before declining sharply due to financial constraints following
the economic crisis. In Poland, the trend was different: the number of filings gradually increased
until around 2010, reaching just over 3 000 filings, but from then on, it began a steady decline,
albeit a slower one than in Spain. This indicates differences in innovation potential and economic
structures between the countries.
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Figure 2. Energy consumption per capita (kg of oil equivalent) in Poland and Spain
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Figure 3. Number of patent applications in Poland and Spain
Source: own elaboration based on investment results.

Model Results and Causality Analysis

The conventional ADF/KPSS procedures are known to exhibit low power in finite samples and to be
sensitive to departures from their maintained assumptions. Notably, ADF inference depends on an
appropriate specification of deterministic components (intercept and/or trend) and on sufficient lag
augmentation so that innovations are approximately white noise. Meanwhile, KPSS inference depends
on the correct specification of the deterministic component (level- versus trend-stationarity) and on
long-run variance estimation. Given the annual sample (1995-2022), potential power losses may arise
from small-sample size, MA-type dependence, heteroskedasticity, and outliers. Fourier-augmented
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ADF/KPSS tests primarily mitigate deterministic misspecification by flexibly capturing smooth/low-fre-
quency shifts without dating breaks. However, they do not fully remove potential distortions due to
finite-sample size, heteroskedasticity, or non-Gaussian errors.

Given that the data exhibit numerous structural breaks, we applied the Fourier ADF unit root test
(Enders & Lee, 2012) and the Fourier KPSS test (Becker et al., 2006). We selected the delays and num-
ber of frequencies (k) based on Schwarz’s information criterion. Tables 2 and 3 shows the tests’ results.
In the case of Poland, most of the variables were stationary at the level, but a few variables achieved
stationarity when differentiated. In the case of Spain, most of the variables were non-stationary at the
level but became stationary after the first differentiation. Thus, the data were suitable for applying the
ARDL model to both countries, since the variables were both | (0) and | (1).

Table A1-A2 (Appendix A) reports the conventional ADF/KPSS results under standard determin-
istic specifications. The overall integration assessment was consistent with the Fourier-based evi-
dence; whenever interpretation differed, we relied on the Fourier tests because smooth determin-
istic shifts were plausible for the analysed macro series.

Table 2. Fourier unit root test for Poland

. ADF KPSS
Variables k ADF (level) (4, first difference) KPSS (level) (4, first difference)

CO; 2 -4.154* -4.992* 0.377 0.083
GDP 1 -5.060* -4.391%* 0.241* 0.095
IP 2 -2.266 -5.133%* 1.053* 0.045
EC 5 -4.839%* -3.176 0.130* 0.065
AGDP 5 -4.324%* -3.389 0.067** 0.020
SGDP 5 -3.627** -5.260* 0.125* 0.032
IGDP 5 -3.425 -4.270%* 0.078* 0.033

Note: *, **, and *** denote 10%, 5%, and 1% significance levels, respectively.
Source: own study in Aptech Gauss/tspdlib library.

Table 3. Fourier unit root test for Spain

B ADF KPSS
Variables k ADF (level) (4, first difference) KPSS (level) (4, first difference)

CO2 1 -2.944 -4.342%%* 0.113 0.040
GDP 3 -3.283** -3.864** 1.332* 0.184

IP 4 -1.418 -4.590* 0.795* 0.111

EC 5 -1.529 -5.752* 0.357* 0.068
AGDP 4 -2.867*** -5.588* 0.732* 0.191
SGDP 2 -0.979 -3.870** 0.619* 0.081
IGDP 1 -2.743 -3.702%** 0.808* 0.040

Note: *, **, and *** denote 10%, 5%, and 1% significance levels, respectively.
Source: own study in Aptech Gauss/tspdlib library.

Table 4 shows the results of tests in the cointegration area conducted using the Fourier ARDL model.
We selected the optimal Fourier frequency (harmonic variable k) based on Schwarz’s information criterion
and was set at 2.429 for Poland and 0.870 for Spain. In both Poland and Spain, there was strong evidence
of cointegration between variables, which means that the Fourier ARDL model could be used to analyse
the long-run and short-run relationships between variables. In addition, the results of the degeneration
test (F-test) ruled out problems with the identifiability of cointegration in the model.

In the next stage of the analysis, we applied the ARDL model to examine both short-term dynamics
and long-term relationships. Table 5 presents the results of the estimated Fourier ARDL model for Po-
land and Spain, including both short- and long-term effects, along with diagnostic test outcomes. In
the final ARDL-ECM representation, we retained only statistically significant dynamic terms. We found
short-run IP terms (AIP) and some auxiliary lagged coefficients (including Y and selected y-parameters)
to be insignificant and thus we omitted them from the reported tables in line with standard ARDL
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reduction practice. Moreover, the Fourier coefficients (ouj, a,j) were part of the deterministic compo-
nent of the model, but we did not include them in Tables 5 and 6 because they did not affect the
interpretation of the long- and short-run elasticities of CO, emissions.

Table 4. Bound test for Fourier ARDL

Country Bounds F-test Bounds t-test Degenerate cointegration F-test
Poland 6.80* -6.42* 8.56*
Spain 5.56* -5.17* 12.20*

Note: *, **, and *** denote 10%, 5%, and 1% significance levels, respectively.
Source: own study in R-studio/ARDL library.

The results of the study indicate that in both countries, energy consumption is the main determinant
of CO, emissions in both the short and long term, with its impact being stronger in Spain in the long term.
In Poland, GDP had a small but significant impact on CO, emissions in the long term, while in Spain there
was no significance in the long term. In the short term, in both countries, GDP had a positive effect on
CO; emissions. In Spain, the number of patent applications had a significant positive impact on CO, emis-
sions in the long term, which may be related to innovation in high-carbon sectors. In Poland, this impact
was not significant. ECT denotes the error correction term from the ARDL error-correction representation
and captures the speed at which deviations from the long-run equilibrium are corrected. In addition,
Spain had a faster rate of recovery (ECT=-0.92) than Poland (ECT=-0.74).

Table 5. Fourier ARDL-ECM model

Variable Poland Spain
Intercept 0.25 7627
P (0.22) (1.56)
-0.74™" -0.92 "
INCO2:-
iUz (0.08) (0.15)
030" 1.33™
INEC
NECt1 (0.04) (0.24)
-0.09 ™" -0.20
INGDPe1 (0.03) (0.18)
InIp -0.01 0.17
(0.03) (0.04)
-0.74™ 092"
ECTu1 (0.08) (0.15)
0.73™" 0.68"
AlnEC
n (0.07) (0.29)
0.56 ™" 0.78"
AlnGDP
n (0.11) (0.30)
Error Metrics and Diagnostic Tests
R?/ R?adjusted 0.939/0.913 0.863/0.812
AlC -153.704 -106.429
Log-likelihood 86.852 62.215
X2BG 7.48 10.9
X2LM 2.07 5.25
X?Ramsey RESET 0.212 0.984
Wir 11.7%** 6.73%**

Note: *, **, and *** denote 10%, 5%, and 1% significance levels, respectively. The column ‘Variable’ corresponds to the
parameters defined in Equation (6): B for long-run coefficients, y and ¢ for short-run dynamics.
Source: own study in R-studio/ARDL library.

Diagnostics confirmed that Fourier ARDL models were well fitted and stable. The absence of
autocorrelation, heteroskedasticity, and specification problems indicates that the results of the
models were reliable and could be used to analyse relationships between variables. In addition,
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Figure Al (Appendix A) shows CUSUM plots, which confirm the stability of the tested models over
time. The UECM residual screening did not indicate strong serial correlation, ARCH effects, non-
normality, or outliers (Table A3, Appendix A).

We used the estimated ARDL model to estimate the impact of innovation, measured by the
number of patent applications, using the dynardl package. For this scenario analysis, we assumed
a 15% long-term increase in patent applications for both countries. Figure 4 presents the predicted
average CO, emission values, with error bars indicating uncertainty ranges based on confidence
intervals. The estimated long-run response indicates that a change in the number of patent appli-
cations in Poland (AIP) induced a small decrease in CO, emissions in the long term (Figure 4). Figure
5 presents the estimated effect of changes in the number of patent applications (AIP) on the loga-
rithm of CO, emissions (/nCO,) in Spain. Patent applications expressing innovation in Spain had a
small but positive effect on CO, emissions in the long run.
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Figure 4. Impact of a 15% increase in patent applications in Poland: Scenario analysis
Source: own elaboration based on investment results.
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Figure 5. Impact of a 15% increase in patent applications in Spain: Scenario analysis
Source: own elaboration based on investment results.

In the next stage of the study, we used a Bayesian approach to confirm the robustness of the
results obtained, to capture nonlinear patterns, and to more fully account for uncertainty in the
model parameters and results. Furthermore, the Fourier Bayesian ARDL model enabled a better cap-
ture of potential asymmetric responses of CO, emissions to changes in energy consumption, GDP or
the number of patent applications, which could be more difficult with traditional ARDL models. As
with the traditional ARDL model, the Bayesian model indicated that the key driver of CO, emissions
in both countries is energy consumption, with the effect stronger in Spain. In Poland, the level of
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GDP per capita also played an important role in emissions, which may suggest the more carbon-
intensive nature of the current stage of economic development (Table 6).

Table 6. Fourier Bayesian ARDL model

. Estimates Cl (95%) Estimates | Cl (95%)
Predictors
Poland Spain
Intercept 0.25 -0.27t0 0.78 -8.34 -14.34 to0 -1.82
(0.26) (3.09)
INCO2e1 -0.72 -0.95 to -0.24 -0.61 -0.95 to -0.50
(0.12) (0.19)
INECua 0.30 0.15t0 0.46 1.39 0.39to0 2.27
(0.08) (0.47)
INGDP.1 -0.09 -0.17 to -0.01 -0.20 -0.79t0 0.43
(0.04) (0.30)
Inlp -0.01 -0.09 to 0.06 0.21 -0.01t0 0.40
(0.04) (0.10)
AlnEC 0.72 0.55to0 0.89 0.75 0.11to0 1.36
(0.08) (0.31)
0.55 0.26t0 0.84 0.72 -0.01to 1.46
AlnGDP (0.14) (0.37)
Observations 27 27
R2Bayes 0.936 0.973
MCMC iterations 4000 4000
MCMC sample size 12000 12000
Log (ML) 40.69 27.09
Acceptance rate 0.85 0,83

Note: *, **, and *** denote 10%, 5%, and 1% significance levels, respectively. The short-run IP term (AIP) was excluded
from the final specification because it was statistically insignificant.
Source: own study in R-studio/Rstan library.

The analysis of credibility intervals for the number of patent applications in the case of Poland,
presented in Figure 6, indicates that there was no significant effect of the number of patents on CO,
emissions in Poland. The wide credibility interval confirms this. It includes both positive and negative
values. The high uncertainty of the estimate indicates that there was no clear relationship between
innovation activity and CO, emissions in Poland. The point estimate for Spain suggests that a higher
number of patent applications may be associated with increased CO, emissions, but the credibility
interval included zero, indicating that the effect was not statistically significant. The width of the CI
interval indicates uncertainty in estimating the impact of the number of patent applications on CO,
emissions. However, the concentration of the middle of the interval within positive values indicates
that their impact was in a small but positive way on CO; emissions.

Figure 7 shows the causal relationships (Fourier Granger causality) between innovation, basic
economic sectors, and CO, emissions in Spain and Poland. Table A4 (Appendix A) presents full data
for the causality tests conducted. Before interpreting the causality results, it is important to clarify
the nature of the previously mentioned collinearity. The sectoral variables (agriculture, industry,
and services value added), expressed as shares of GDP, were mechanically correlated with each
other because they constitute the components of GDP. However, we did not analyse them jointly
nor entered them simultaneously with GDP per capita in any causality equation. Instead, we exam-
ined each sectoral variable separately, which prevented multicollinearity from influencing the di-
rection or significance of the causality results. Therefore, the observed collinearity did not affect
the validity of the Granger causality findings.

In Poland, the service sector showed causality toward technological innovation (IP) and CO, emis-
sions. At the same time, like services, industry displayed bidirectional causality with innovation ac-
tivity. In turn, CO, emissions exhibited causality toward the agricultural sector. Causality was shaped
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differently for Spain. Changes in the industrial sector (IGDP) showed causality toward the number of
patent applications (IP). In contrast, the number of patent applications, the industrial sector, and
the service sector were significant causal factors for changes in CO; emissions. Moreover, in the case
of Spain, in line with previously established model results, the assumption of a direct effect of inno-
vation on CO, emissions showed uncertainty.
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Figure 6. Fourier Bayesian ARDL for Poland and Spain: IP impact for CO2 emission,
histogram, trace, density, and ACF
Source: own elaboration based on investment results.
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Discussion

The findings show that technological innovations in Poland have had a limited impact on CO, reduc-
tion, which may be due to the low intensity of these innovations in high-carbon sectors. In contrast,
in Spain, despite there being fewer patent applications, innovations have shown a positive impact
on CO; emissions, especially in energy-intensive industries. The study confirmed the dominant role
of energy consumption as a key determinant of CO, emissions in both Poland and Spain, although
its long-term impact was more pronounced in Spain. The results also indicate differences in the way
that the level of economic activity (measured as GDP per capita) affects CO, emissions. Namely, in
Poland, higher GDP per capita was associated with a significant, long-term reduction in emissions.
Meanwhile, we did not observe any such effect in Spain.
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Figure 7. Fourier Granger causality test result
Source: own elaboration based on investment results.

Comparing these results with the results of previous studies is challenging for several reasons.
Firstly, there is a limited number of studies that cover the effects of innovation, economic structure,
and the level of economic activity on CO, emissions simultaneously. In addition, few of those stud-
ies were conducted in the context of the EU, which makes it impossible to directly relate to the
results of other authors. Secondly, the use of Fourier ARDL methodology and Bayesian ARDL model
distinguishes this study from most analyses limited to standard Granger causality tests, based on
simple regression. Thirdly, the selection of Poland and Spain as countries representing different
levels of innovation development and economic structure makes comparison with analyses using
different criteria for classifying countries difficult.

Nevertheless, when we compare these results with other studies analysing the impact of innova-
tion and economic structure on CO, emissions, we find some parallels. Ghorbal et al. (2024) analysed
data for South Korea and indicated that a higher number of domestic patent applications contributes
to environmental degradation. In contrast, in a similar study for Saudi Arabia, Samargandi (2017) indi-
cated that technological innovation was insignificant in contributing to CO,. Similarly, Genstwa’s (2020)
results provide evidence of a stable long-term association between the level of economic activity
(measured as GDP per capita) and emissions, following the Environmental Kuznets Curve (EKC) theory
— a pattern reflected in the results obtained for Poland. The direction of the effect of GDP per capita
on the reduction of CO; emissions from the economy is also in line with the results obtained by
Myszczyszyn and Supron (2021) for the countries of the Visegrad Group, which includes Poland.

Other studies have arrived at divergent conclusions. Georgescu and Kinnunen (2024) analysed
CO; emissions in Finland using the FARDL model and indicated that innovation had a significant neg-
ative impact on CO; emissions, but only in the long term. Kirikkaleli, Abbasi et al. (2023) obtained
similar results for Denmark. Referring only to eco-innovations, Sadiq et al. (2024) indicated their
positive impact on reducing CO, emissions in BRICS countries. Sun et al. (2022) confirmed similar
results for China. In contrast, the FARDL model for Poland proposed by Addai and Kirikkaleli (2023)
indicates that higher GDP per capita contributed to CO, emissions in Poland.

In attempting to reconcile the findings of this study with those of earlier studies, the conclusions
of Albino et al. (2014) are significant. They noted that the influence of technological innovation on
emissions varies according to a country’s economic structure and development profile, which aligns
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with the findings obtained for Poland and Spain. Gliltekin et al. (2023) showed a significant role for the
structure of the economy in determining CO, emissions, especially the industrial sector, which is in line
with the results for both Poland and Spain. Some differences in the results may also result from differ-
ent methodologies, periods of analysis, and the specifics of the studied economies.

In conclusion, the results presented suggest that the effectiveness of innovation policies and
their impact on CO, emissions strongly depend on the economic and structural peculiarities of in-
dividual countries. The diversity of the results obtained indicates the need for further research,
especially in identifying the determinants of the effectiveness of innovation in reducing CO, emis-
sions under different economic conditions.

CONCLUSIONS

We aimed to assess the dynamic impact of the level of economic activity (measured as GDP per capita),
economic structure, and the level of innovation on CO, emissions in Poland and Spain. For this purpose,
we analysed time series data from 1995-2022 using advanced econometric methods, including the
Fourier ARDL model and the Bayesian ARDL model.

The analysis shows that in Poland, increases in GDP per capita are linked with lower CO, emissions
in the long run, offering partial support for the environmental Kuznets curve (EKC) hypothesis. How-
ever, for Spain, we did not identify any statistically meaningful long-term association between eco-
nomic performance and CO, emissions. These differences result from the specific structural conditions
of the economies in both countries. Analysing the role of technological innovation, we observed that
in Poland, their impact on CO; emissions is limited, mainly due to their low intensity in carbon-intensive
sectors (e.g., cement production, metal production, production of chemicals and chemical products,
and production and processing of coke and refined petroleum products). On the other hand, in Spain,
technological innovation contributes to an increase in emissions, which may be due to the concentra-
tion of these innovations in energy-intensive industries.

Poland is a country belonging to the group of emerging innovators in the European Union’s innova-
tion ranking, and has a lower Sl than Spain, which is ranked among moderate innovators. Weaknesses
of Polish innovation include unattractiveness and insufficient efficiency of innovation systems, insuffi-
cient financing of innovation from private and public funds, insufficient development of innovation sup-
port from venture capital funds, too few innovative small and medium-sized enterprises, too few patent
applications, and unwillingness of business entities to cooperate in innovation processes. As previously
stated, Poland’s inherent weaknesses constrain its capacity to address the demands of the contemporary
economic landscape effectively. Moreover, these limitations hinder Poland’s potential for leveraging in-
novation to enhance economic sustainability and reduce carbon dioxide emissions. Spain’s greater inno-
vativeness is due to the presence of such strengths as the ability to generate revenues from the sale of
innovations, i.e., new products, services or technological solutions for the market or new to companies,
a large share of people with digital skills, the percentage of people educated to the third level of studies,
direct and indirect government support for private investment in R&D, and the use of venture capital
funds to finance innovative activities. These factors positively determine the development of eco-inno-
vation and energy transition processes. The structure of the economy has also emerged as a key deter-
minant of CO, emissions. Poland, with a dominant industrial sector, faces greater challenges in reducing
emissions. Spain, with a developed service sector, shows different mechanisms for affecting emissions
and has a higher potential for adaptation in terms of innovation.

In conclusion, the findings of the current study suggest the need to intensify policies that sup-
port the development of environmental technologies and increase energy efficiency as key ele-
ments in the effective reduction of CO, emissions. Evidently, these recommendations are important
for Poland, where the innovation potential is underutilised, and the process of transitioning to a
low-carbon energy source is progressing at a more gradual pace. Future development strategies
should account for local economic peculiarities and promote activities that support green economic
transformation, emphasising innovation and sustainable sectoral practices.
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The findings imply that the effectiveness of CO, emission reductions requires adapting public
policies to the specifics of the national economic structure and innovation potential. Poland should
particularly focus on increasing energy efficiency and supporting the innovation sector to acceler-
ate the green transition and reduce emissions more effectively. In Spain, policies should incorpo-
rate the specificity of innovation, focusing on eco-innovation in high-carbon sectors, while promot-
ing diversification and supporting innovation in low-carbon sectors. This study constitutes an ele-
ment of the ongoing discourse about the need to adapt economic strategies to national particular-
ities, with a view to the effective mitigation of greenhouse gas emissions.

Limitations of the study include the use of data relating to only two countries and a specific
period of analysis. The results may not be directly transferable to other countries with different
economic structures or technological conditions. In the future, we recommend expanding the anal-
ysis to include more countries and employing more complex models that capture the interactions
between various structural and innovation factors. An additional direction for future research
would be to use panel data and apply a panel ARDL framework, allowing for joint estimation across
countries while accounting for heterogeneity.
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Appendix A:
Table Al. ADF/KPSS tests for Poland data

Variable Test ADF (c) ADF (c+t) KPSS () KPSS (1)
AGDP Level -1.907 -2.774 0.665** 0.158**

AGDP A (diff) -2.842%* -2.488 0.379* 0.114

CO: Level -4,086*** -3.467* 0.218 0.108

CO: A (diff) -3.618*** -3.399* 0.150 0.052
EC Level -0.933 -2.410 0.719** 0.156**

EC A (diff) -2.900%* -2.797 0.190 0.058

GDP Level -1.174 -3.690** 1.036*** 0.116

GDP A (diff) -2.931%** -3.035 0.101 0.091
GDP Level -2.896%* -1.578 0.178 0.131*

GDP A (diff) -4.470%** -4.502%** 0.226 0.114
IP Level -1.419%* -0.358 0.749%** 0.128*
IP A (diff) -2.038 -2.378 0.181 0.180**
SGDP Level -2.139 -1.461 0.299 0.138*
SGDP A (diff) -5.173%** -6.312%** 0.298 0.159**

Notes: *ADF: HO = unit root; *, **, *** denote rejection at the 10%, 5%, and 1% levels (evidence of stationarity). KPSS:
HO = stationarity; *, *, *** denote rejection at the 10%, 5%, and 1% levels (evidence of non-stationarity).
Source: own elaboration in Aptech Gauss/tspdlib library.
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Table A3. Screening of model innovations: Serial correlation, ARCH effects, normality and outliers

Country N LB (p) ARCH-LM (p) JB (p) Outliers >30 Outliers >2.50
Poland 27 0.130 0.303 0.795 0 0
Spain 27 0.183 0.490 0.610 0 0

Notes: The table reports p-values from Ljung-Box tests of residual serial correlation (LB(p), lag = 4), ARCH-LM tests of conditional
heteroskedasticity (ARCH(p), lags = 4), and Jarque-Bera tests of normality (JB(p)). outliers >30 and outliers >2.50 count
standardised-residual outliers exceeding |z| >3 and |z]| > 2.5, respectively. n denotes the number of residuals used in the tests.

Source: own elaboration in Aptech Gauss/tspdlib library.

Table A4. Cumulative Fourier-frequency Granger causality

L. Wald Bootstrap p-value Frequency Wald Bootstrap p-value |Frequency
Direction :
Poland Spain
SGDP - CO2 8.813 0.029 2 3.015 0.102 2
CO2 - SGDP 0.219 0.901 2 4.265 0.051 2
IGDP - CO2 5.701 0.08 2 0.097 0.759 1
CO2 - IGDP 1.277 0.541 2 2.919 0.098 1
AGDP - CO2 0.721 0.706 2 1.671 0.211 1
C0O2 - AGDP 4.313 0.155 2 1.557 0.227 1
AGDP - IP 2.246 0.16 3 2.5 0.323 3
IP> AGDP 0.01 0.918 3 1.688 0.453 3
SGDP - IP 6.158 0.069 3 2.951 0.257 3
IP > SGDP 5.75 0.086 3 0.594 0.751 3
IGDP - IP 5.899 0.08 3 15.064 0.006 3
IP > IGDP 7.093 0.053 3 1.936 0.405 3
Source: own elaboration in Aptech Gauss/tspdlib library.
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