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Abstract

Environmental taxation is an important instrument in the transition to a low-carbon econ-
omy, yet empirical findings on its relationship with economic growth remain inconclusive.
This study examines whether public debt moderates the relationship between environmen-
tal tax revenue and real GDP growth in the EU-27. It uses a balanced panel of 297 observa-
tions covering 2014-2024. The baseline specification is a two-way fixed-effects model with
Driscoll-Kraay standard errors, supplemented by marginal-effects analysis and robustness
checks. At the mean level of the other interacting variable, neither environmental tax
revenue nor public debt exhibits a statistically significant conditional association with eco-
nomic growth. In the baseline two-way fixed-effects specification, the interaction coefficient
is negative and statistically significant, indicating that the estimated relationship between
environmental tax revenue and growth becomes less favourable as public debt increases.
The marginal effect is positive and statistically significant at low debt levels, statistically
insignificant at the mean debt level, and negative but statistically insignificant at high debt
levels. Robustness checks using alternative covariance estimators and dynamic System
GMM specifications indicate that the statistical significance and precise magnitude of the
interaction effect are sensitive to the estimation method employed. Therefore, the results
provide limited, specification-dependent evidence for the moderating role of public debt,
without establishing a causal effect or a universal debt threshold.

Keywords: environmental taxation; economic growth; public debt; moderating effect; fiscal
sustainability; panel data; European Union

1. Introduction

The transition to a low-carbon, resource-efficient economy has made environmental
taxation a key instrument in contemporary tax policy to address activities that adversely
affect the environment. Its primary purpose is to internalise externalities by correcting and
compensating for environmental costs that are not reflected in market prices. Alongside
this environmental function, environmental taxes generate public revenue that may be used
to finance green investment, technological upgrading, social compensation, or reductions in
other, more distortionary taxes. This feature, associated with the so-called double dividend
(Metcalf, 2003), distinguishes environmental taxes from other forms of taxation.

The relationship between environmental taxation and economic growth is nevertheless
not unambiguous. In the short term, a higher tax burden on environmentally harmful
activities may raise firms’ costs, constrain investment, and weaken the price competitive-
ness of energy-intensive industries. Over a longer horizon, however, the same taxes may
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stimulate technological innovation and energy efficiency, alter the structure of production,
and redirect resources towards more productive and environmentally sustainable activities.
The eventual outcome also depends on how the revenue is used, the country’s institutional
quality and economic structure, and the broader fiscal environment.

Public debt occupies a particularly important position in this context. Its level reflects
not only the accumulated fiscal burden but also the government’s capacity to finance
investment, implement compensatory policies, and respond to economic shocks. Countries
with lower debt may have greater fiscal space to direct environmental tax revenue towards
green infrastructure, energy efficiency, and technological upgrading. At high levels of
public debt, by contrast, budgetary resources may be constrained by debt-servicing costs
and the need for fiscal consolidation.

The existing literature reports mixed findings on the relationship between environ-
mental taxation and economic growth (Fullerton & Metcalf, 1997; Porter & Van Der Linde,
1995). Some studies identify positive associations related to innovation (Bovenberg &
Goulder, 2001), resource efficiency, and the recycling of tax revenue. Others report negative
or statistically insignificant relationships attributable to higher production costs, reduced
competitiveness, and cross-country differences in tax and institutional systems. These
divergent findings suggest that examining only an average relationship between environ-
mental taxes and economic growth may be insufficient. It is also necessary to identify
the conditions under which environmental taxation is associated with stronger or weaker
economic performance (De Bruin et al., 2019; Guéret et al., 2024).

The existing literature has developed mainly along three relatively distinct strands.
The first examines the relationship between environmental taxes and economic growth,
with findings remaining mixed and dependent on the design of the tax reform, the use
of the resulting revenues, and country-specific economic conditions. The second strand
investigates the relationship between public debt and economic growth. Likewise, it
offers no consensus regarding the direction of the relationship, causality, or the existence
of a universal debt threshold. The third, considerably more limited, strand examines
environmental policy under debt and budgetary constraints, focusing on the financing
of environmental expenditure, the use of carbon tax revenues for fiscal consolidation,
and the interaction between fiscal and environmental sustainability. Despite progress
within these strands, the question of whether a country’s fiscal position systematically
alters the relationship between environmental tax revenues and economic growth remains
insufficiently explored.

The present study addresses this gap by considering public debt not merely as an
independent macroeconomic factor but as a moderator of the relationship between envi-
ronmental taxation and economic growth. The central argument is that the growth effect
of environmental tax revenues may depend on the available fiscal space. Less-indebted
countries may have greater capacity to use these revenues to finance green investment
and technological upgrading, reduce other distortionary taxes, or compensate adversely
affected economic agents. At higher debt levels, debt-servicing requirements and the need
for fiscal consolidation may constrain these options and amplify the short-term costs of
environmental taxation. Accordingly, the study moves beyond estimating a single average
direct effect. It examines whether the relationship between environmental tax revenues
and economic growth varies with the level of public debt across the EU-27 Member States.

The study makes three main contributions. First, it integrates the literature on environ-
mental taxation, public debt, and economic growth within a unified conditional analytical
framework. Second, it introduces an interaction term between environmental tax revenues
and public debt to assess whether the relationship between environmental taxation and
economic growth varies with a country’s fiscal position. Third, the analysis provides
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comparable empirical evidence for all 27 EU Member States over the period 2014-2024,
while accounting for time-invariant unobserved heterogeneity across countries, common
time shocks, and cross-sectional dependence.

Based on the identified research gap, this study aims to assess the conditional re-
lationship between environmental tax revenues and real GDP growth and to determine
whether this relationship varies with the level of public debt. The main research ques-
tion is as follows: Does public debt alter the direction and magnitude of the estimated
relationship between environmental tax revenues and economic growth across the EU-27
Member States?

The analysis uses balanced panel data from Eurostat for the 27 EU Member States
over the period 2014-2024. The empirical strategy comprises pooled ordinary least squares
(Pooled OLS), fixed-effects and random-effects models, and a two-way fixed-effects speci-
fication. The preferred specification controls for both time-invariant unobserved country
characteristics and common time shocks. Because the diagnostic tests indicate dependence
in the residuals, statistical inference is based on Driscoll-Kraay standard errors. Marginal
effects of environmental tax revenue are also estimated at different levels of public debt to
provide a substantively meaningful interpretation of the moderating relationship.

The remainder of the article is organised as follows. The next section presents the theo-
retical framework, reviews the relevant literature, identifies the research gap, and develops
the hypotheses. Section 3 describes the data, variables, and econometric methodology.
Section 4 reports the descriptive statistics, correlation analysis, diagnostic tests, model-
selection results, baseline estimates, marginal effects, and robustness checks. Section 5
discusses the findings. Section 6 presents the policy implications, while the final section
presents the main conclusions, limitations, and directions for future research.

2. Literature Review and Hypothesis Development
2.1. Theoretical Framework

In recent years, environmental taxes have become a key market-based instrument for
promoting sustainable development and supporting the transition to a low-carbon economy.
This is partly because they differ from other forms of taxation through the so-called double
dividend they may generate. Unlike traditional fiscal instruments, environmental taxes
pursue two objectives. First, they seek to internalise the external costs associated with
environmental degradation. At the same time, they generate public revenue that can
subsequently be used to finance green investment, reduce other distortionary taxes, or
support fiscal consolidation. The theoretical foundations of environmental taxation derive
from the Pigouvian taxation concept (Pigou, 1920), according to which taxes imposed
on environmentally harmful activities correct market failures by incorporating the social
costs of pollution into market prices. This approach can improve allocative efficiency by
encouraging producers and consumers to reduce environmentally harmful behaviour and
adopt cleaner technologies (Goulder, 1994; Bovenberg & de Mooij, 1994).

Alongside the development of the double-dividend theory, research has also examined
the potentially divergent economic consequences of environmental taxes. The relevant
studies and their findings can broadly be divided into two groups. The first group sug-
gests that environmental taxation may be positively associated with economic growth.
According to the Porter hypothesis, appropriately designed environmental standards can
encourage firms to use resources more efficiently (Porter, 1991). This may reduce waste
and energy intensity, improve production processes, and stimulate the development of
new products. Consequently, part of the cost of regulatory compliance may be offset by
so-called innovation offsets arising in response to regulatory pressure (Porter & Van Der
Linde, 1995). Based on 139 simulations reported in 56 studies evaluating the effects of
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environmental tax reform on CO, emissions, employment, economic activity, investment,
and consumer prices, Bosquet (2000) concludes that environmental taxes produce positive
or neutral outcomes in a substantial proportion of the studies examined. Such outcomes
are particularly likely when the revenue is used effectively, for example, to reduce other
highly distortionary taxes or support employment. Bosquet does not, however, argue that
environmental taxes automatically generate economic growth. Rather, the outcomes are
conditional on the design of the reform, the use of the revenue generated, labour-market
characteristics, and the broader macroeconomic environment (Andersen, 2010; Metcalf &
Stock, 2023).

Similar findings are reported in other empirical studies (Gurtu et al., 2022; He et al.,
2019; Mirovic et al., 2021; Radulescu et al., 2017). These studies support the proposition that
environmental taxation may improve energy efficiency, stimulate technological innovation,
and enhance productivity, particularly when environmental tax revenue is used to reduce
taxes on labour or corporate activity or is redirected towards green public investment.

More recent evidence for the EU is provided by Kalas$ et al. (2025), who examine
the dynamic relationships among environmental taxation, economic development, and
environmental sustainability. Their findings confirm that environmental taxes constitute
an important component of the EU’s sustainable development framework, although their
effectiveness depends on the broader economic and institutional context.

From a broader fiscal perspective, Sakar et al. (2025) examine the relationships among
total tax revenue, economic policy uncertainty, and economic growth in G7 economies.
Their symmetric and asymmetric panel causality results reveal considerable cross-country
heterogeneity and show that the direction of the relationships varies across economies and
between positive and negative shocks. Although their analysis concerns aggregate rather
than environmental tax revenue, it demonstrates that the tax-growth nexus is embedded in
a broader macroeconomic and policy environment.

The second group of studies suggests that environmental taxation may increase pro-
duction costs, reduce firms’ international competitiveness, and discourage investment,
particularly in energy-intensive industries. Such adverse effects may arise when envi-
ronmental tax revenue is used primarily to improve fiscal balances rather than to finance
productive investment or compensate affected households and firms (Bovenberg & Goulder,
2001; Freire-Gonzalez, 2018; Fullerton & Metcalf, 1997).

More recent empirical research increasingly indicates that the economic consequences
of environmental taxation are highly context-dependent and are influenced by how the
revenue generated is used (Saramas et al., 2026). Environmental taxes do not produce
identical outcomes across countries. Their effectiveness depends on institutional quality,
economic structure, the design of environmental tax reforms, revenue-recycling mecha-
nisms, and broader fiscal conditions. Existing studies indicate that differences in national
fiscal capacity and policy implementation contribute substantially to the heterogeneous
macroeconomic outcomes observed across countries (De Bruin et al., 2019; Guéret et al.,
2024; Halidu et al., 2025).

A growing body of research links environmental taxation to fiscal sustainability and
public debt. Fodha et al. (2018) examine environmental policies financed through taxa-
tion or public borrowing and argue that reducing public debt may support both capital
accumulation and environmental quality.

Using a dynamic game-theoretic framework, Halkos and Papageorgiou (2018) estab-
lish a direct theoretical link between pollution, environmental taxation, and public debt.
Their analysis highlights the strategic tension faced by governments that must simultane-
ously reduce pollution and maintain debt sustainability. Similarly, Rausch (2013) examines
the use of carbon tax revenue to consolidate public debt and shows that such a policy may
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generate long-term welfare gains by reducing future interest obligations. Theoretically,
Davin et al. (2025) investigate whether an economy can simultaneously sustain economic
growth, finance anti-pollution measures through public debt, and avoid unsustainable
debt and environmental dynamics. Their central argument is that public debt does not
necessarily constitute only a constraint on economic growth. When debt is used to finance
effective pollution-control measures and adaptation to environmental damage, it may
indirectly support productivity and growth.

Boly et al. (2022) conceptualise “environmental debt” as accumulated CO, emissions
and identify short- and long-run relationships between public and environmental debt.
They find that, in the long run, higher public debt is associated with a greater accumulation
of environmental debt. In the short run, a substitution relationship may emerge, although
it weakens when the initial level of public indebtedness is high.

In addition, the relationship between economic growth and public debt has been
examined by numerous authors. For example, Reinhart and Rogoff (2010) find only a weak
relationship between these variables until public debt reaches their estimated threshold of
90% of GDP, beyond which median economic growth declines markedly. They also report
that when external debt reaches approximately 60% of GDP, annual economic growth
declines by about 2%.

Replicating and reassessing this analysis, Herndon et al. (2014) find no convincing
evidence that exceeding the 90% threshold invariably leads to a sharp decline in economic
growth. They emphasise that the relationship varies substantially across countries and peri-
ods. Checherita-Westphal and Rother (2012) identify an even lower range at approximately
70-80% of GDP, beyond which public debt may adversely affect economic growth.

The possibility of reverse causality in this relationship is examined by Panizza and
Presbitero (2014), who ask whether high public debt reduces economic growth or whether
weak growth leads to debt accumulation. Conventional estimates reveal a negative correla-
tion, but this relationship disappears when instrumental-variable techniques are employed.
The authors therefore find no robust evidence that high public debt, in itself, causes lower
economic growth.

Eberhardt and Presbitero (2015) identify a negative long-run relationship between
public debt and economic growth, while emphasising the substantial cross-country hetero-
geneity in their results. They find no common debt threshold that can be applied uniformly
across economies.

The inability to establish a single universal and automatic debt threshold is also
supported in other investigations (Kourtellos et al., 2013; Baum et al., 2013; Egert, 2015).
These studies demonstrate that the effect of public debt depends considerably on the
prevailing economic regime and institutional quality. At the same time, estimated threshold
values are sensitive to the sample, period, data frequency, and model specification.

Recent evidence further confirms the heterogeneous nature of the debt—growth re-
lationship. Using fixed-effects panel quantile regressions for 127 developing countries,
Mudayen et al. (2025) find that public debt constrains economic growth across a substan-
tial part of the conditional growth distribution, particularly between the 30th and 90th
quantiles. Their findings suggest that the growth implications of public debt may vary
depending on the position of an economy within the growth distribution. Although the
study focuses on developing countries and is therefore not directly comparable with the
EU context, it provides additional evidence against assuming a homogeneous debt effect.

The conditional nature of the debt-growth relationship is also demonstrated by Shi
et al. (2025). Using a dynamic System GMM model for a global panel of 115 countries, the
authors find that public debt has a negative direct effect on economic growth. In contrast,
the interaction between public debt and institutional quality is positive. Their results
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indicate that the consequences of public indebtedness depend on the broader institutional
environment and demonstrate the analytical relevance of moderation effects in the debt-
growth nexus.

While Shi et al. (2025) identify institutional quality as a factor modifying the growth
consequences of public debt, the reverse conditional relationship, whether public debt
modifies the growth effect of a particular fiscal instrument, remains considerably less
explored. In the context of environmental taxation, this question is especially relevant
because indebted governments may have more limited fiscal capacity to recycle environ-
mental tax revenues, compensate affected economic agents, or finance complementary
green investment.

To systematise differences in scope, measurement, and methodological approaches,
Table 1 provides a comparative overview of selected studies that most closely examine the
relationship among environmental policy, public debt, and economic growth.

Table 1. Comparison of Selected Studies on the Interrelationship between Environmental Policy,

Public Debt, and Economic Growth.

Measure of . . RS
Study Sample Environmental Policy Fiscal Variable Methodology Main Finding
Checherita- Identifies a nonlinear relationship
o 12 euro-area countries, . Government Dynamic panel models; between debt and growth, with
Westphal and Not included . . [P . . .
1970-2008 debt-to-GDP ratio nonlinear specification adverse effects intensifying at high
Rother (2012) X
levels of indebtedness
Finds a negative long-run
Eberhardtand 118 countries, Not included Public debt-to-GDP Long-run heterogeneous relationship, but no common
Presbitero (2015) 1961-2012 ratio panel models universal threshold applicable to all
countries
Shows that using carbon tax
» Calibrated model of Public debt Dynamlc.overlappmg— revenues for fiebt consolidation
Rausch (2013) Carbon tax Sy generations general produces different effects on
the US economy consolidation s L . .
equilibrium model efficiency and intergenerational
distribution
Shows that the debt constraint does
Theoretical Overlapping- not preclude a double dividend,
. ) ) Environmental tax Debt-to-GDP yerappuss although the outcome depends on
Fodha et al. (2018) overlapping- e . generations model with .
- reform stabilisation constraint . the design of the reform and the
generations economy pollution 6 > £ envi
nancing o environmental
expenditure
Enerev, transport Empirical analvsis b Finds that environmental taxes may
. . 8y port, Fiscal space and debt P VSIS Oy contribute to restoring fiscal space,
Tibulca (2021) EU Member States pollution, and B environmental tax . . e
sustainability with the strongest effects identified
resource taxes category f
or energy and transport taxes
Finds that public and environmental
29 countries Accumulated per Endogenous growth debt are complementary in the long
Boly etal. (2022) ’ capita CO; emissions Public debt model and panel pooled  runand generally substitutable in the
/ 19902011 ; ; . .
as environmental debt mean group analysis short run; the short-run relationship
weakens at high debt levels
Shows that the sustainability of debt,
Pollution, adaptation Endogenously Overlapping- pollution, and growth depends on
Davin et al. (2025) Theoretical model and mitigation determined public generations endogenous fiscal policy, the effectiveness of
expenditure debt growth model environmental expenditure, and
initial conditions
Two-way fixed-effects Examines whether public debt
model with . .
. . moderates the relationship between
Total environmental . Driscoll-Kraay standard .
Public debtas a . ; environmental tax revenues and
Present study EU-27,2014-2024 tax revenues as a errors; marginal-effects . . .
percentage of GDP .. economic growth; the estimated
percentage of GDP analysis; System GMM oo - .
P conditional relationship weakens
and additional

robustness checks

with increasing public debt

Source: Authors’ interpretation.

In summary, the existing theoretical and empirical literature does not establish an
unambiguous relationship between environmental taxes and economic growth, or between
public debt and economic growth. The findings vary depending on the sample, period,
econometric methodology, level of indebtedness, and institutional setting. Empirical
studies jointly examining environmental taxation, public debt, and economic growth
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remain considerably more limited. This provides the rationale for analysing public debt as
a factor that may alter the estimated relationship between environmental tax revenues and
economic growth.

Building on the identified research gap, the present study integrates these strands of
literature into a unified empirical framework for the EU-27. Unlike studies that consider
public debt solely as an independent macroeconomic factor, this study also incorporates it as
a moderator of the relationship between environmental tax revenues and economic growth.
The interaction specification is used to examine whether the direction and magnitude of
this estimated relationship vary with a country’s fiscal position. The study neither identifies
a formal debt threshold nor directly observes how environmental tax revenues are used.
Instead, it provides new empirical evidence on the conditional nature of the relationship
under investigation.

2.2. Scientific Gap and Hypothesis Development

Most of the existing literature examines the relationship between environmental
taxation and economic growth separately from the relationship between environmental
policy and fiscal sustainability. Empirical studies integrating environmental tax revenue,
public debt, and economic growth within a unified analytical framework remain limited.
More specifically, public debt is generally treated as an independent determinant of growth,
an indicator of fiscal sustainability, or an outcome of fiscal policy. It is rarely examined as a
factor that may alter the strength and direction of the relationship between environmental
taxation and economic growth. Consequently, it remains insufficiently understood whether
the same environmental tax policy is associated with different growth outcomes at low and
high levels of public indebtedness.

This study addresses this gap by treating public debt not only as an independent
explanatory variable but also as a moderator of the relationship between environmental
tax revenue and economic growth. The analysis, therefore, moves beyond estimating a
universal average effect and examines the conditions under which environmental taxation
may be associated with stronger or weaker economic performance. In this way, the study
empirically integrates three strands of research that have largely been examined separately:
environmental taxation, fiscal sustainability, and economic growth. These dimensions are
incorporated into a common panel-data framework for the EU Member States, together
with a set of relevant control variables.

Based on the theoretical framework, the identified research gap, and the findings of
previous empirical studies, three research hypotheses are formulated. Because the econo-
metric model includes an interaction term between environmental tax revenue and public
debt, the estimated relationship of each variable with economic growth is conditional on the
level of the other variable. To facilitate the interpretation of the main coefficients, environ-
mental tax revenue and public debt are mean-centred. Accordingly, coefficient (31 represents
the conditional association between environmental tax revenue and economic growth at
the sample mean level of public debt, whereas 3, represents the conditional association
between public debt and economic growth at the sample mean level of environmental
tax revenue.

Hypothesis 1 (H1). At the sample mean level of public debt, environmental tax revenue is
positively associated with economic growth in the EU Member States:

H12 Bl >0

where B1 is the coefficient on the environmental tax revenue variable and represents its conditional
association with economic growth when the mean-centred value of public debt equals zero.
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The expected positive sign is based on the capacity of environmental taxation to
promote resource and energy efficiency, stimulate technological innovation, and support
the productive use of the revenue generated.

Hypothesis 2 (Hy). At the sample mean level of environmental tax revenue, public debt is
negatively associated with economic growth in the EU Member States:

Hj: f.))z <0

where B, is the coefficient on the public debt variable and represents its conditional association with
economic growth when the mean-centred value of environmental tax revenue equals zero.

The expected negative sign is based on the proposition that higher public debt may
increase debt-servicing costs, constrain fiscal space, and reduce governments’ capacity to
undertake productive public investment.

Within the analytical framework of the present study, a distinction is made between the
empirically tested moderating relationship and the proposed mechanism through which
it may arise. The interaction term between environmental tax revenues and public debt
allows examination of whether the estimated relationship between environmental taxation
and economic growth varies with the level of public indebtedness. However, it does not
directly identify the channels that may explain this relationship. More specifically, the data
used do not reveal whether environmental tax revenues are allocated to green investment,
technological upgrading, reductions in other taxes, social compensation, general budget
financing, or public debt servicing.

Fiscal space is considered a theoretically plausible but directly unobserved mechanism.
All else being equal, higher levels of indebtedness may constrain a government’s capacity to
finance complementary investment and compensatory measures and increase the need for
fiscal consolidation. This could reduce the scope for using environmental tax revenues to
support economic growth. This interpretation is consistent with the theoretical arguments
(Rausch, 2013; Fodha et al., 2018; Davin et al., 2025), but it is not directly tested in the
present empirical model. Therefore, the interaction coefficient should be interpreted as an
estimate of a conditional statistical relationship, while fiscal space should be regarded as a
possible but unverified explanatory channel.

Hypothesis 3 (H3). Public debt negatively moderates the relationship between environmental tax
revenue and economic growth, such that the marginal effect of environmental tax revenue decreases
as public debt increases:

Hj: 33<0

where B3 is the coefficient on the interaction term between the mean-centred values of environmental
tax revenue and public debt. A negative coefficient indicates that, as public debt increases, the
estimated relationship between environmental tax revenue and economic growth becomes less
favourable. This hypothesis represents the central proposition of the study because it tests whether
the relationship between environmental taxation and growth varies with a country’s fiscal position.

3. Materials and Methods
3.1. Research Design

This study employs a quantitative research design using balanced panel data to
examine the relationship between environmental tax revenue and economic growth in EU
Member States, with particular emphasis on the moderating role of public debt. Panel-
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data analysis is especially appropriate for this type of research because it combines the
cross-sectional and time dimensions of the data. It therefore permits the analysis of both
within-country changes over time and cross-country differences (Baltagi, 2005; Hsiao, 2014;
Wooldridge, 2010). Compared with purely cross-sectional or time-series approaches, panel
models provide more observations, may improve estimation efficiency, and reduce the risk
of bias from unobserved time-invariant country characteristics.

The empirical analysis is based on a balanced panel comprising the 27 Member States
of the European Union over the period 2014-2024, yielding a total of 297 observations. The
study period is determined by the joint availability of data for all indicators included in the
model in the Eurostat database. More specifically, the “Real GDP growth rate—volume”
series, used to measure real GDP growth, begins in 2014, while 2024 is the latest year
for which data on total environmental tax revenues as a percentage of GDP are available.
Consequently, 2014-2024 represents the longest common period for which a complete
and comparable balanced panel can be constructed, covering all variables for all EU-27
countries without excluding any country or observation.

At the same time, the selected period is particularly relevant because it encompasses
markedly different macroeconomic and policy conditions. It covers the years before and
after the introduction of the European Green Deal, the COVID-19 pandemic, the energy
crisis, and the inflationary shock. This makes it possible to estimate the relationship under
investigation against the background of substantial EU-wide changes occurring during
the period.

The empirical analysis follows a sequential research strategy. First, descriptive statistics
and correlation analysis are used to examine the main characteristics of the variables
and their preliminary relationships. Multicollinearity is then assessed using variance
inflation factors (VIFs), which indicate whether the explanatory variables can be included
simultaneously in the regression model without substantial problems arising from linear
dependence among them (O’Brien, 2007).

The econometric analysis subsequently proceeds from simpler to more complex panel-
data specifications. Pooled ordinary least squares (Pooled OLS) is estimated as the baseline
model, followed by fixed-effects and random-effects models that account for unobserved
country heterogeneity. The selection of the most appropriate specification is based on
standard panel-data tests, including the F-test for individual effects, the Breusch-Pagan
Lagrange multiplier test (Breusch & Pagan, 1980), and the Hausman test (Hausman, 1978).

Given the presence of common economic shocks affecting all countries during the
period examined, the preferred specification is a two-way fixed-effects model that simulta-
neously controls for country-specific characteristics and common time effects. Following
model selection, diagnostic tests are conducted for heteroskedasticity, serial correlation,
and cross-sectional dependence among the panel units (Breusch & Pagan, 1979; Drukker,
2003; Wooldridge, 2010). The detected violations of the classical assumptions motivate the
use of Driscoll-Kraay standard errors (Driscoll & Kraay, 1998), which provide inference
robust to heteroskedasticity, serial correlation, and cross-sectional dependence.

Although the two-way fixed-effects model controls for unobserved time-invariant
heterogeneity and common time shocks, it does not fully address the possibility of reverse
causality or the simultaneous determination of economic growth and fiscal indicators.
Therefore, a dynamic System GMM model is employed as an additional robustness check.

The dynamic specification includes the first lag of real GDP growth to account for pos-
sible short-run persistence in economic activity. Lagged economic growth, environmental
tax revenues, public debt, and the interaction term are treated as potentially endogenous
and instrumented using their own lagged values. Gross fixed capital formation, infla-

https://doi.org/10.3390/jrfm19100745


https://doi.org/10.3390/jrfm19100745

J. Risk Financ. Manag. 2026, 19, 745

10 of 33

tion, and unemployment are included as control variables, while year effects account for
common macroeconomic shocks.

Given the limited number of cross-sectional units, a parsimonious instrument strategy
is employed. Alternative specifications using instruments based on the second and third
lags are estimated to assess the sensitivity of the results to the choice of instrument set.
Model adequacy is evaluated using the Arellano—Bond tests for first- and second-order
serial correlation, a test of the validity of the overidentifying restrictions, and a comparison
between the number of instruments and the number of countries. System GMM is used
as a supplementary dynamic robustness check rather than as a substitute for the baseline
two-way fixed-effects specification.

In the final stage of the analysis, the marginal effects of environmental tax revenue
are estimated at different levels of public debt to facilitate an accurate interpretation of the
moderating relationship. The robustness of the results is also examined using alternative
covariance estimators and different lag specifications for the standard errors.

The methodological framework is designed to progress systematically from identifying
simple statistical relationships to estimating conditional associations. This makes it possible
to examine not only whether environmental tax revenue is associated with economic
growth, but also how this association changes under different fiscal conditions. The overall
methodological framework, research strategy, and analytical sequence are presented in
Figure 1.

EU-27 Member States, 2014-2024

THEORETICAL FRAMEWORK
ENVIRONMENTAL TAX REVENUE, PUBLIC DEBT, AND ECONOMIC GROWTH

(_ HYPOTHESIS 1 j — HYPOTHESIS 2 D) — HYPOTHESIS3 )
Data Preparation
(_ BALANCED PANEL ) (  MEAN-CENTERING ) (—INTERACTION TERM j
Preliminary Analysis
(PEcRrE S e (C CORRELATION ANALYSIS ) (MULTICOLLINEARITY CHECK)
PANEL ESTIMATION j MODEL SELECTION AND l
C ( DIAGNOSTICS PREFERRED SPECIFICATION
N
Pooled OLS F-test, LM test, Hausman test
Fixed Effects Heteroskedasticity, serial Two-way FE with
Random Effects correlation, cross-sectional Driscoll-Kraay SE
Two-way Fixed Effects dependence
J
Post-estimation and Robustness Analysis
MARGINAL-EFFECTS ALTERNATIVE INFERENCE DRI SR CIYI]
ANALYSIS AND SAMPLE CHECKS ROBUSTNESS CHECK
( Interpretation and Implications )
Hypotheses evaluation i aonand
H1 and H2 - not supported QUEeIPIELlion otareesearah
H3 - supported only in the baseline Ofreellts
specification

Figure 1. Research Framework and Empirical Strategy.

3.2. Data and Variables

The main characteristics of the variables used in the study are summarised in Table 2.
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Table 2. Variables Used in the Empirical Analysis.
Variable Abbreviation Description Unit of Exp.e cted Eurostat
Measurement Sign Dataset
ol pentge  Chinnked
rate at market GDP_Growth gem ! tec00115
. market prices measured  percentage change
prices . L . .
in chain-linked volumes  on previous period
Environmental tax
Environmental revenues levied on Percentage of gross
Env_Taxes . (+/-) env_ac_tax
taxes energy, transport, domestic product
pollution and resources
General General government Percentage of oross
government gross Debt consolidated gross debt g€ 018 (=) gov_10dd_edptl
. domestic product
debt at nominal value
Interaction between
Environmental environmental taxes and env ac tax
taxes x Public debt Env_Taxes X Debt  public debt gsed to test (=) gov_1 0d d:e dptl
the moderating effect of
fiscal conditions
Gross fixed capital Res1de.n’F producers Percentage of gross
. Invest acquisitions less . (+) tec00011
formation . ' domestic product
disposals of fixed assets
. Annual average rate of
Inflation— .
Harmonised index Infl change in the Annual average (-) prc_hicp_ainr
of consumer prices Harmonised Index of rate of change -
P Consumer Prices (HICP)
Persons aged 15-74 who
Percentage of
were unemployed, opulation in the
Unemployment Un_Empl actively seeking work pop (=) une_rt_a

and available to
start work

labour force aged
15-74

Source: Authors’ interpretation.

The dependent variable is the annual real GDP growth rate at market prices, measured

as the percentage change in chain-linked volumes relative to the previous year. This
measure captures changes in the real volume of economic activity, excluding the effects of
inflation, and is widely used as an indicator of economic growth in cross-country analyses.

Environmental tax revenue is selected as the main explanatory variable because
environmental taxes are an important market-based instrument whose principal purpose is
to internalise the negative externalities generated by environmentally harmful activities.
The indicator used in the analysis is total environmental tax revenue as a percentage of
GDP. This indicator should not be interpreted directly as a measure of tax rates or of the
stringency or effectiveness of environmental policy. Tax rates, the size and composition of
the taxable base, the behaviour of economic agents, and GDP dynamics jointly determine
its value.

The indicator combines revenues from energy and transport taxes, as well as taxes on
pollution and resource use. These categories differ in their tax bases, fiscal significance,
and the mechanisms by which they affect production costs, consumption, investment, and
the behaviour of economic agents. Consequently, the aggregate indicator may conceal
heterogeneous or offsetting effects across the individual tax categories. The resulting
estimates should therefore be interpreted as reflecting the overall revenue significance of
environmental taxes rather than the effect of a specific environmental tax or a change in
its rate.
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Unlike the other variables, the expected sign of environmental tax revenue is theoreti-
cally ambiguous and may be either positive or negative. This ambiguity is partly related to
the time horizon over which the relationship is evaluated. In the short term, environmental
taxes may be associated with weaker economic growth due to higher production costs
and energy prices, reduced investment, and constrained consumption. Over the longer
term, however, they may stimulate innovation, resource and energy efficiency, and green
investment (Blagoeva & Georgieva, 2023; Krastev & Krasteva-Hristova, 2024). They also
generate revenue that may be used to reduce other taxes or finance green investment,
thereby potentially supporting economic growth (Blagoeva & Georgieva, 2021).

Previous empirical studies likewise report mixed findings concerning the sign of
this relationship. Some identify a negative association attributable to higher production
costs and reduced competitiveness (Hassan et al., 2020). Others report a strong positive
association operating through improvements in energy efficiency and innovation (Kala$
etal., 2025). Abdullah and Morley (2014) find evidence of causality between environmental
taxation and economic growth, but do not confirm a clear growth-enhancing effect.

The next variable included in the model is public debt. Public debt as a percentage of
GDP is used as a comparable indicator of countries” accumulated fiscal positions. Normali-
sation by GDP enables comparisons across economies of different sizes, and the indicator
is available for all EU-27 countries throughout the entire period under analysis. It also
has direct institutional relevance within the EU because of its role in fiscal surveillance
and debt sustainability assessments. A higher ratio may signal a more limited capacity for
additional borrowing and greater sensitivity to debt-servicing costs.

However, the public debt-to-GDP ratio is neither a comprehensive nor a direct measure
of fiscal space. Fiscal space also depends on the overall budget balance, the primary balance,
interest expenditure, the maturity and currency composition of debt, refinancing costs,
revenue-raising capacity, and financial market confidence. Accordingly, in the present
study, the public debt-to-GDP ratio is interpreted as a proxy for the fiscal position rather
than as a comprehensive measure of available budgetary capacity. Alternative indicators
capture different dimensions of fiscal capacity. The budget balance is highly sensitive to
the prevailing economic cycle and extraordinary fiscal measures. Interest expenditure and
the debt-service burden more directly reflect immediate budgetary pressures, but they also
depend on the maturity structure of debt, historical financing conditions, and prevailing
interest rates. By contrast, the debt-to-GDP ratio reflects the accumulated fiscal position and
is available on a harmonised basis for all countries and years in the sample. Its selection
ensures comparability and model parsimony but does not imply that it is superior to all
alternative measures of fiscal space.

Using GDP as a common denominator for both environmental tax revenues and
public debt facilitates international comparisons across economies of different sizes, but
it may generate a mechanical relationship when GDP changes substantially. This risk is
particularly relevant to the period under analysis because of the sharp economic contraction
in 2020 and the subsequent recovery. Time fixed effects account for common annual shocks
but do not eliminate cross-country differences in the intensity of their effects. Therefore, an
additional robustness check is performed by excluding 2020 and 2021 from the sample.

In addition to its inclusion as an explanatory variable, public debt is specified as a
moderating variable. The underlying argument is that public debt may not only be directly
associated with economic growth but also alter the relationship between environmental
tax revenue and growth. Countries with low public indebtedness generally have greater
fiscal capacity to invest and to support firms and households. Under these conditions,
environmental tax revenue may be channelled towards green investment, innovation, and
productivity improvements. The opposite may apply in highly indebted countries, where
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substantial debt-servicing costs and budgetary constraints reduce the resources available
for green programmes, technological modernisation, compensation for households and
firms, or reductions in other taxes. Consequently, the relationship between environmental
taxation and growth may become less favourable and may potentially turn negative. The
estimated association, therefore, depends on the fiscal environment in which environmental
taxation is implemented.

This reasoning motivates the moderating role assigned to public debt: rather than
merely being associated with economic growth, debt may modify the relationship between
environmental tax revenue and growth. To capture this moderating relationship, an
interaction term between environmental tax revenue and public debt is introduced into
the regression model (Aiken & West, 1991). The interaction coefficient is expected to be
negative because higher public debt may weaken the potentially favourable association
between environmental taxation and economic growth by limiting governments’ fiscal
capacity to direct revenue towards productive investment or other compensatory measures.

Gross fixed capital formation is included as a proxy for investment and physical capital
accumulation, a factor commonly incorporated into empirical growth models (Mankiw
etal., 1992). In the present study, the indicator is expressed as a percentage of GDP.

Inflation and unemployment are included as additional controls. Inflation is measured
by the Harmonised Index of Consumer Prices, which provides a comparable measure
of consumer-price developments across EU Member States (Eurostat, 2024). Inflation
is included as a control because macroeconomic instability and changes in the general
price level may be associated with economic growth and may also affect the estimated
relationship between environmental tax revenue and growth (Fischer, 1993). The expected
coefficient on inflation is negative because high inflation is associated with declining
purchasing power, greater economic-policy uncertainty, and weaker incentives to invest.

The final variable included in the model is unemployment among the economically
active population aged 15-74. The indicator is measured in accordance with the Interna-
tional Labour Organisation (ILO, 2013) definition and harmonised by Eurostat through
the EU Labour Force Survey (Eurostat, 2024), ensuring methodological consistency and
comparability across EU Member States. It is measured as the percentage of the labour
force aged 15-74 that is willing and able to work but unable to find employment. The
expected coefficient on unemployment is negative. This indicator is included to control
for differences in labour-market utilisation and cyclical economic conditions, given the
established relationship between changes in output and unemployment (Ball et al., 2017).

The selection of the control variables follows the principle of a parsimonious speci-
fication. Investment, inflation, and unemployment capture key channels through which
real economic conditions, price dynamics, and labour market developments are associated
with economic growth. Their limited number reflects the relatively short time dimension of
the panel and the need to avoid overparameterisation, multicollinearity, and the inclusion
of additional potentially endogenous regressors. The two-way fixed effects account for
unobserved country characteristics that remain constant over time, as well as common time
shocks across countries. However, this approach does not eliminate the potential influence
of omitted factors that vary both across countries and over time.

3.3. Baseline Empirical Specification

The empirical analysis is based on a balanced panel dataset covering the EU-27 Mem-
ber States over the period 2014-2024. The dependent variable is real GDP growth, while
environmental tax revenue is the main explanatory variable. Public debt is included both
as an explanatory variable and as a moderator of the relationship between environmen-
tal tax revenue and economic growth. To facilitate interpretation of the interaction term
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and reduce nonessential multicollinearity, environmental tax revenue and public debt are
mean-centred before constructing the interaction term.
The baseline empirical specification is defined as follows:

GDPGrowthit = By + By EnvTaxes§, + B, Debt§, + B3 (EnvTaxesS, * DebtS,) + By Investit + B5 Inflit+

1
Be UnEmply, + o + At + €t M

where i =1, ... 27 denotes the country;

t =2014, ... 2024 denotes the year;

Bo is the intercept;

31, P2, B3, B4, B5, Be are the regression coefficients;

EnvTaxes$, is the mean-centred value of environmental tax revenue for country i in
year t;

Debt;, is the mean-centred value of public debt for country i in year t;

EnvTaxes$, * Debt;, is the interaction term between mean-centred environmental tax
revenue and mean-centred public debt;

Investy, Infl;; and UnEmpl;; denote gross fixed capital formation, inflation, and unem-
ployment, respectively, for country i in year ¢;

o denotes country fixed effects; A; denotes year fixed effects;

gy is the idiosyncratic error term.

Statistical inference for the preferred specification is based on Driscoll-Kraay stan-
dard errors.

4. Results
4.1. Descriptive Statistics

Descriptive statistics summarise the main characteristics of the variables and provide
information on their variation, skewness, and potential extreme observations. The results
for the balanced panel of 297 observations are presented in Table 3.

Table 3. Descriptive statistics results.

Variable Mean Median S:‘ll Minimum Q1 Q3 Maximum  Skewness I(IEJ;ZZSIS
GDP growth (%) 2.62 2.50 3.72 —10.90 1.10 4.10 24.60 0.48 5.63
Environmental taxes (% GDP) 2.60 2.50 0.80 0.85 2.03 3.01 5.62 0.62 0.19
Government debt (% GDP) 68.81 60.80 38.42 8.50 4140 92.30 209.40 1.10 1.20
Gross fixed capital formation (% GDP)  21.44 21.20 4.09 11.00 19.10  23.70 53.20 1.80 13.61
Inflation HICP (%) 2.68 1.60 3.59 —1.60 0.50 3.20 19.40 2.10 4.97
Unemployment rate (%) 7.43 6.50 3.98 2.00 5.00 8.40 26.60 2.06 5.52

Source: Authors’ calculations.

The average annual real GDP growth rate is 2.62%, with a standard deviation of
3.72 percentage points and a range from —10.90% to 24.60%. The wide range and positive
excess kurtosis reflect the influence of exceptional macroeconomic events during the pe-
riod examined. Environmental tax revenue averages 2.60% of GDP and exhibits limited
variation, ranging from 0.85% to 5.62% of GDP.

The greatest heterogeneity is observed in public debt, which averages 68.81% of GDP
and ranges from 8.50% to 209.40% of GDP. Its positive skewness reflects the presence
of a limited number of highly indebted countries. This substantial variation provides
an appropriate empirical basis for examining the moderating role of public debt in the
relationship between environmental tax revenue and economic growth.

The mean value of gross fixed capital formation is 21.44% of GDP. The high skewness
and excess kurtosis of investment are primarily attributable to extreme observations, most
notably that for Ireland in 2019. Inflation and unemployment also exhibit positive skewness
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and substantial variation. Inflation mainly reflects the price and energy shocks of 2022-2023,
whereas differences in unemployment reflect the heterogeneous conditions prevailing in
national labour markets.

Overall, the variables exhibit considerable heterogeneity both across countries and over
time. Environmental tax revenue has a comparatively more stable distribution, whereas
public debt, investment, inflation and unemployment display more pronounced extreme
values. These characteristics should be considered when interpreting the subsequent panel
estimates and robustness checks.

4.2. Correlation Analysis

Descriptive statistics alone do not provide information on the direction and strength
of the relationships among the selected variables. Therefore, the next stage of the analysis
employs Pearson correlation coefficients (Rodgers & Nicewander, 1988). The correlation
analysis evaluates the direction and strength of the linear relationships among the variables
and provides a preliminary assessment of potential multicollinearity before the panel model
is estimated. The results are presented in Table 4.

Table 4. Correlation matrix.

GDP Env1¥;1;g;ental Gross Debt GFCF HICP Unemployment
GDP 1
Envir. taxes —0.0820 1
Gross debt —0.1262 0.3078 1
GFCF 0.0646 —0.3722 —0.3751 1
HICP 0.0501 —0.1750 —0.1631 0.1780 1
Unemployment  —0.0929 0.3068 0.6142 —0.4253 —0.3455 1

Source: Authors’ calculations.

As shown in the table, the Pearson correlation coefficients indicate relatively weak to
moderate linear relationships among the explanatory variables. The strongest correlation
is observed between public debt and unemployment (r = 0.614), followed by a negative
correlation between gross fixed capital formation and unemployment (r = —0.425). None
of the pairwise correlation coefficients exceed the commonly used diagnostic threshold of
0.70. These results suggest that severe multicollinearity is unlikely to affect the regression
estimates materially. Nevertheless, multicollinearity is examined further using variance
inflation factors (VIFs) in the subsequent analysis.

The correlations between GDP growth and the explanatory variables are generally
weak. However, weak bivariate correlations do not imply the absence of a relationship
among the variables. Rather, they suggest that the relationships may be more complex, may
depend on other macroeconomic factors, and may vary across different levels of public
debt. Consequently, the relationship between economic growth and the selected indicators
is unlikely to be adequately captured by simple bivariate associations. A multivariate panel
regression model is therefore appropriate because it permits the simultaneous estimation
of the conditional associations of environmental tax revenue, public debt, their interac-
tion, and the selected control variables, while controlling for unobserved country-specific
heterogeneity.

Although Pearson correlation coefficients provide preliminary information on the
direction and strength of linear relationships among variables, they are insufficient for
assessing multicollinearity in a multivariate regression model. An additional diagnostic
assessment is therefore performed using the variance inflation factor (VIF) and tolerance
statistics. Because the final model specification includes an interaction term between
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environmental tax revenue and public debt, the two variables are mean-centred before
constructing the interaction term. Mean-centring is widely recommended in moderation
models because it facilitates the interpretation of the main coefficients and may reduce
nonessential multicollinearity between the interaction term and its constituent variables
(Aiken & West, 1991; Shieh, 2011). The results are presented in Table 5.

Table 5. VIF values.

Variable VIF Tolerance
Environmental taxes (centered) 1.227 0.815
Public debt (centered) 1.801 0.555
Environmental taxes x Public debt 1.389 0.720
Gross fixed capital formation 1.401 0.714
Inflation 1.158 0.863
Unemployment 1.932 0.518

Source: Authors’ calculations.

As shown in Table 5, the VIF values range from 1.158 to 1.932, whereas the tolerance
values range from 0.518 to 0.863. All VIF values are well below both the conservative
threshold of 3 and the commonly used threshold of 5. At the same time, all tolerance values
exceed the recommended minimum of 0.20. These results indicate that the explanatory
variables do not exhibit problematic multicollinearity and that the inclusion of the interac-
tion term does not create substantial collinearity with its constituent variables. The selected
variables can therefore be retained in the subsequent panel regression analysis.

4.3. Panel Model Selection

The empirical analysis compares pooled OLS, one-way fixed-effects, random-effects,
and two-way fixed-effects specifications. Pooled OLS is retained only as a benchmark,
whereas the panel estimators account for unobserved country-level heterogeneity.

The F-test for individual effects rejects the null hypothesis of common country inter-
cepts (F = 14.425; p < 0.001), indicating that pooled OLS does not adequately account for
the panel structure. The Breusch-Pagan Lagrange multiplier test also rejects pooled OLS in
favour of a random-effects specification (x2 =290.036; p < 0.001). Finally, the Hausman test
supports the fixed-effects estimator, indicating that the unobserved country-specific effects
are correlated with the explanatory variables.

Given these results and the presence of common macroeconomic shocks during 2014-
2024, the preferred specification is a two-way fixed-effects model incorporating both country
and year effects. The estimates from the alternative specifications and the preferred model
are reported in in Section 4.5.

4.4. Diagnostic Tests

Following model selection, diagnostic tests were conducted for heteroskedasticity,
serial correlation, and cross-sectional dependence. The results are reported in Table 6.

The Breusch-Pagan test provides weak evidence of heteroskedasticity at the 10%
significance level (BP = 11.027; p = 0.088). The Breusch-Godfrey/Wooldridge test rejects
the null hypothesis of no serial correlation in both the fixed-effects and random-effects
specifications. The additional Wooldridge test for the fixed-effects model leads to the same
conclusion (F =7.011; p = 0.009).
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Table 6. Diagnostic Tests Results.

Test Model Null Hypothesis Statistic p-Value Conclusion
Breusch-Pagan .
heteroskedasticity FE Homoskedasticity ~ BP =11.027 0.088 Weak ev1denc.e .Of
test heteroskedasticity

Breusch-Pagan Weak evidence of

heterosiesilashaty RE Homoskedasticity ~ BP =11.027 0.088 heteroskedasticity
Breusch- No serial Serial correlation
Godfrey/Wooldridge FE . x? = 124.350 <0.0001
. . correlation detected
serial correlation test
Breusch- No serial Serial correlation
Godfrey /Wooldridge RE . x? = 108.830 <0.0001
. . correlation detected
serial correlation test
Wooldrldgg FE FE No serl.al F=7011 0.0086 Serial correlation
serial correlation test correlation detected

. Cross-sectional
Cross-sectional

Pesaran CD test One-way FE . z=43.191 <0.0001 dependence
independence
detected

Cross-sectional Cross-sectional
Pesaran CD test RE . z =44.939 <0.0001 dependence
independence
detected

. No evidence of
Cross-sectional

Pesaran CD test Two-way FE . z=-0.821 0.412 cross-sectional
independence d
ependence

Source: Authors’ calculations.

The Pesaran CD test (Pesaran, 2004) identifies strong cross-sectional dependence in
the one-way fixed-effects and random-effects models (p < 0.001). However, after year
fixed effects are introduced, the null hypothesis of cross-sectional independence cannot
be rejected for the two-way fixed-effects specification (z = —0.821; p = 0.412). This result
indicates that year effects capture a substantial part of the common shocks affecting the EU
Member States during the period examined.

Taken together, the diagnostic results indicate serial correlation, weak evidence of
heteroskedasticity, and substantial cross-sectional dependence in the one-way specifications.
Statistical inference for the preferred two-way fixed-effects model is therefore based on
Driscoll-Kraay standard errors, which are robust to heteroskedasticity, serial correlation,
and potential cross-sectional dependence.

4.5. Baseline Regression Results

Table 7 presents the estimates from pooled OLS, one-way fixed-effects, random-effects,
and two-way fixed-effects specifications. The final column reports the preferred two-way
fixed-effects model with Driscoll-Kraay standard errors, which controls for both time-
invariant country heterogeneity and common year-specific shocks.

In the preferred specification, the coefficient on environmental tax revenue is positive
but statistically insignificant (3 = 0.037; p = 0.866). Because the variables entering the
interaction are mean-centred, this coefficient represents the conditional association between
environmental tax revenue and economic growth at the sample mean level of public debt.
The coefficient on public debt, evaluated at the sample mean level of environmental tax
revenue, is also statistically insignificant ( = —0.024; p = 0.549).
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Table 7. Panel Regression Results and Final Specification.
Pooled OLS Fixed Effects Random Effects Two-Way FE DK
Variables
B SE B SE B SE B SE
Environmental Taxes —0.203 0.374 1.089 * 0.577 0.124 0.336 0.037 0.219
Public Debt —0.010* 0.006 —0.086 ** 0.035 —0.015 ** 0.006 —0.024 0.040
Environmental Taxes x Public Debt 0.001 0.005 —0.022 0.023 —0.005 0.007 —0.020 ** 0.009
Investment 0.005 0.085 —0.066 0.045 —0.028 0.046 0.005 0.094
Inflation 0.023 0.070 0.091 0.057 0.054 0.060 —0.134 *** 0.025
Unemployment —0.008 0.077 0.057 0.094 0.004 0.075 —0.195 * 0.106
Country effects No Fixed Random Fixed
Year fixed effects No No No Yes
R-squared 0.019 0.057 0.016 0.072
Model p-value 0.480 0.017 0.581 0.004
Preferred model No No No Yes

Notes: * p <0.10. ** p < 0.05. *** p < 0.01. Source: Authors’ calculations.

The central result concerns the interaction between environmental tax revenue and
public debt. The interaction coefficient is negative and statistically significant at the 5% level
(B = —0.020; p = 0.020). Within the baseline specification, this indicates that the estimated
conditional relationship between environmental tax revenue and economic growth becomes
less favourable as public debt increases. More specifically, a one-percentage-point increase
in the debt-to-GDP ratio reduces the estimated marginal association between environmental
tax revenue and real GDP growth by approximately 0.020 percentage points.

Accordingly, the preferred specification provides no statistical support for H; or Hy
because the respective main coefficients are not statistically significant. By contrast, the
negative and statistically significant interaction coefficient supports H; within the baseline
specification. The robustness of this result is examined subsequently using alternative
covariance estimators, sample specifications, and dynamic System GMM models.

Among the control variables, inflation has a negative and statistically significant
coefficient (3 = —0.134; p < 0.001), while unemployment is negative and significant only
at the 10% level (f = —0.195; p = 0.067). Gross fixed capital formation has a positive but
statistically insignificant coefficient (3 = 0.005; p = 0.956).

The preferred model has an R? of 0.072, while the explanatory variables are jointly
statistically significant (F = 3.292; p = 0.004). The relatively limited explanatory power is not
unexpected, given the volatility of annual real GDP growth and the influence of additional
time-varying factors that the specification does not fully capture.

4.6. Marginal Effect of Environmental Tax Revenue at Different Levels of Public Debt

Because the interaction term between environmental tax revenue and public debt is
statistically significant, the marginal effect of environmental tax revenue is estimated at
different levels of public debt (Brambor et al., 2006). The results are presented in Table 8.

Table 8. Interpretation of Marginal Effects.

. Public Debt Marginal Effect of .
Public Debt Level (% of GDP) Env. Tax Revenue p-Value Interpretation
Low debt —1 SD 30.39 0.804 0.015 Posmve. anFI .statlstlcally
significant
Mean debt 68.81 0.037 0.866 Not. sta.tl.stlcally
significant
High debt +1 SD 107.23 _0.731 0.107 Negative but not

statistically significant

Source: Authors’ calculations.
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The values reported in Table 8 are calculated from the preferred two-way fixed-effects
model with Driscoll-Kraay standard errors. The marginal effect is calculated as:

Marginal Effect = (31 + 3 Debt;,

2
Marginal Effect = 0.0368268 — 0.0199784 Debt;, @)

where B is the coefficient on environmental tax revenue and B3 is the coefficient on the
interaction term.

The marginal effects are evaluated at three levels of public debt: one standard deviation
below the sample mean, at the sample mean, and one standard deviation above the sample
mean. The corresponding standard errors and p-values are calculated using the delta
method (Oehlert, 1992).

The results show that the estimated conditional marginal relationship between en-
vironmental tax revenues and economic growth varies with the level of public debt. At
a debt level one standard deviation below the sample mean, corresponding to approxi-
mately 30.39% of GDP, the estimated marginal effect is positive and statistically significant
(B = 0.804; p = 0.015). This indicates that, at this specific debt level, a higher share of
environmental tax revenues in GDP is associated with higher real GDP growth.

At the sample mean level of public debt, approximately 68.81% of GDP, the estimated
marginal effect is close to zero and statistically insignificant (3 = 0.037; p = 0.866). Thus, at
the mean debt level, the conditional relationship between environmental tax revenues and
economic growth is not statistically distinguishable from zero.

At a debt level one standard deviation above the sample mean, corresponding to
approximately 107.23% of GDP, the point estimate of the marginal effect becomes negative
but remains statistically insignificant (3 = —0.731; p = 0.107). Therefore, the results do
not provide sufficient evidence that environmental tax revenues are associated with lower
economic growth at high levels of indebtedness. They indicate only that the positive and
statistically significant conditional relationship identified at the low-debt level weakens
and is no longer statistically distinguishable from zero at the average and high-debt levels.

Accordingly, the marginal-effects analysis supports the presence of a diminishing esti-
mated conditional relationship in the baseline specification, but it does not demonstrate that
environmental taxation becomes detrimental once public debt exceeds a particular level.

The model-implied point at which the estimated marginal effect changes sign can be
calculated by setting the marginal-effect expression equal to zero:

B1 + B3 DebtS, = 0

3
0.037 — 0.020 x Debt, = 0 )

Solving this expression shows that the estimated marginal effect changes sign at a
mean-centred public debt value of approximately 1.84 percentage points above the sample
mean (Debt§, ~ 1.84).

Given that the mean public debt in the sample is 68.81% of GDDP, this corresponds
to an indicative debt level of approximately 70.65% of GDP. This value represents only
the algebraic point at which the estimated conditional marginal effect of environmental
tax revenues changes sign within the baseline linear interaction model. It should not be
interpreted as a statistically estimated structural, fiscal, or policy threshold, nor should
it be taken to indicate a discrete transition between two regimes. Moreover, the negative
marginal effect estimated at the high observed level of public debt is not statistically
significant. Therefore, the results do not support the conclusion that environmental taxation
begins to impede economic growth once debt reaches a particular level. Identifying a formal
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threshold would require a different econometric design, such as a panel threshold model,
along with an assessment of the statistical uncertainty surrounding the estimated threshold.

Figure 2 illustrates the conditional marginal effect of environmental tax revenue on
GDP growth at different levels of public debt. The black line represents the estimated
marginal effect. Its downward slope illustrates the negative moderating role of public
debt. The grey area represents the 95% confidence interval calculated using Driscoll-
Kraay standard errors, while the horizontal dashed line at 3 = 0 separates positive from
negative estimates.

Marginal Effect of Environmental Taxes Conditional on Public Debt
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Figure 2. Marginal Effect of Environmental Tax Revenue on GDP Growth Conditional on Public Debt.

At relatively low levels of public debt, the marginal effect is positive, indicating that
environmental tax revenue may be associated with stronger GDP growth in economies
facing fewer fiscal constraints. Ata public debt of approximately 30% of GDP, the confidence
interval does not include zero, and the estimated marginal effect is statistically significant
(Debt = 30%, B ~ 0.80, p ~ 0.015).

As public debt increases, the positive marginal effect gradually weakens and ap-
proaches zero. Around the sample mean debt level, the confidence interval includes
zero, indicating that the marginal effect is no longer statistically distinguishable from zero
(Debt ~ 68%, 3 ~ 0.04, p ~ 0.866). This pattern is consistent with the negative interaction
coefficient and supports Hj in the preferred specification.

At very high levels of public debt, the estimated marginal effect becomes negative.
At a debt of approximately 107% of GDP, for example, the estimated marginal effect is
negative but statistically insignificant (Debt ~ 107%, 3 ~ —0.731, p ~ 0.107). The widen-
ing confidence interval indicates greater uncertainty at high debt levels. Consequently,
although the point estimate is negative, the analysis does not provide sufficient evidence to
conclude that the marginal effect is statistically negative at this debt level.

Figure 2 illustrates the decline in the estimated marginal effect as public debt increases
within the baseline specification. A positive and statistically significant conditional associa-
tion is identified at relatively low levels of public debt, whereas at average and high debt
levels, the estimated marginal effect is not statistically distinguishable from zero. Thus, as
public indebtedness increases, the positive conditional association gradually weakens and
ceases to be statistically significant.

Taken together, the results do not support statistically significant conditional associ-
ations of either environmental tax revenue or public debt with economic growth at the
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sample mean of the other interacting variable in the preferred two-way fixed-effects specifi-
cation. However, the negative and statistically significant interaction coefficient indicates
that the conditional relationship between environmental tax revenue and economic growth
becomes less favourable as public debt increases. Hj therefore receives empirical support
in the preferred specification, whereas H; and H; do not.

4.7. Robustness Checks
4.7.1. Alternative Covariance and Sample Specifications

To assess the robustness of the main empirical finding, additional specifications are
estimated to examine the sensitivity of the results to the choice of standard-error estima-
tor, the model’s time structure, and the composition of the sample. The results of these
robustness checks are presented in Table 9.

Table 9. Robustness Checks Results.

o Interaction
Specification Coefficient Robust SE p-Value
Baseline TWFE-DK —0.020 0.009 0.020
Country-clustered SE —0.020 0.020 0.318
All regressors lagged one year —0.013 0.006 0.037
Excluding 20202021 —0.020 0.010 0.034

Source: Authors’ calculations.

For maximum temporal lags ranging from one to four years, the interaction coefficient
retains its negative sign and remains statistically significant at the 5% level, with p-values
ranging from 0.014 to 0.029. When standard errors are clustered by country, the estimated
coefficient remains unchanged (3 = —0.020) but is not statistically significant (p = 0.318),
indicating that the statistical inference is sensitive to the choice of covariance estimator.

The difference arises not from a change in the point estimate, which remains —0.020,
but from the different ways in which the two covariance estimators account for dependence
in the residuals. Country-clustered standard errors allow for arbitrary heteroskedasticity
and serial correlation within each country but assume independence across countries.
Driscoll-Kraay standard errors additionally account for cross-sectional dependence, which
is relevant in the context of the highly integrated EU economies and is supported by the
diagnostic tests. At the same time, the relatively short time dimension of the panel means
that neither inferential method should be regarded as unconditionally decisive. Therefore,
the difference between the two is treated as an important indication of the uncertainty
surrounding the statistical significance of the interaction effect.

In the model in which all regressors are lagged by one year, the interaction term
remains negative and statistically significant when Driscoll-Kraay standard errors are used
(B =—0.013; p = 0.037).

To assess whether the baseline result is driven by the sharp decline and subse-
quent recovery in GDP during the pandemic, the model was re-estimated after excluding
2020 and 2021. The interaction coefficient remains negative and statistically significant
(B = —0.020; p = 0.034) and is similar in magnitude to the estimate from the baseline speci-
fication. This indicates that the identified negative conditional relationship is not driven
solely by the most pronounced pandemic-related changes in GDP. The robustness check
mitigates concerns about the influence of the common denominator during this exceptional
period, but it does not entirely eliminate the potential mechanical relationship that arises
from using ratio-based measures.

In the leave-one-country-out analysis, the interaction coefficient remains negative in
all 27 specifications and is statistically significant at the 5% level in 25 of them.
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Taken together, the robustness checks confirm that the negative direction of the in-
teraction is preserved across alternative temporal specifications and changes in sample
composition. However, the loss of statistical significance when country-clustered standard
errors are used requires that the result be interpreted with caution.

4.7.2. Dynamic System GMM Robustness Analysis

To assess whether the results of the baseline two-way fixed-effects specification are
robust to the dynamics of economic growth and the potential endogeneity of the fiscal
variables, additional dynamic panel models were estimated using System GMM. The first
lag of real GDP growth was added to the specification. Lagged economic growth, envi-
ronmental tax revenues, public debt, and the interaction term were treated as potentially
endogenous and instrumented using their own lagged values. Investment, inflation, and
unemployment were included as control variables, while year dummies accounted for
common macroeconomic shocks.

Given the limited number of cross-sectional units, a parsimonious instrument strategy
was adopted. The instrument matrix was collapsed, and the lag window was restricted to a
single lag. Two specifications were estimated—one using instruments from the second lag
and another using instruments from the third lag. This approach enables assessment of the
sensitivity of the results to the choice of instrument set while limiting the risk of instrument
proliferation. Model validity was evaluated using the Arellano-Bond tests for first- and
second-order serial correlation, a test of the overidentifying restrictions, and the ratio of
instruments to countries. The results are presented in Table 10.

Table 10. Dynamic System GMM Robustness Estimates.

Variables and Diagnostics System GMM: Lag 2 System GMM: Lag 3
Lagged GDP growth, t — 1 0.224 * (0.125) 0.101 (0.095)
Environmental taxes —2.358 (2.398) —1.135 (1.602)
Public debt —0.018 (0.037) 0.003 (0.038)
Environmental taxes X public debt —0.033 (0.029) 0.002 (0.028)
Gross fixed capital formation —0.199 *** (0.063) —0.128 (0.079)
Inflation —0.178 (0.130) —0.088 (0.123)
Unemployment 0.301 (0.382) —0.171 (0.356)
Year fixed effects Yes Yes
Number of instruments 24 23
AR(1), p-value <0.001 0.097
AR(2), p-value 0.536 0.410
Sargan test, p-value 0.630 0.131

Source: Authors’ calculations. Notes: Robust standard errors are reported in parentheses.
*, *** denote statistical significance at the 10% and 1% levels, respectively. Both models use a two-step
System GMM with collapsed instruments and year fixed effects. AR(1) and AR(2) are Arellano-Bond
tests; the Sargan test evaluates the validity of the overidentifying restrictions. The instrument counts
are 24 and 23, respectively, and remain below the number of countries (27).

The diagnostic test results indicate that, in both two-step System GMM specifications,
the null hypothesis of no second-order serial correlation cannot be rejected. The tests
of the overidentifying restrictions also fail to reject the validity of the instrument sets
employed. The numbers of instruments are 24 and 23, respectively, and remain lower than
the number of cross-sectional units. In the specification using the second lag, the AR(1)
test is statistically significant, whereas in the third-lag specification, it is significant only
at the 10% level. Overall, the diagnostic results allow both specifications to be used as
supplementary robustness checks; however, the relatively high ratio of instruments to
countries warrants cautious interpretation.
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When instruments based on the second lag are used, the interaction coefficient between
environmental tax revenues and public debt retains its negative sign but is not statistically
significant (3 = —0.033; p = 0.257). When instruments based on the third lag are used, the
coefficient is close to zero and likewise statistically insignificant (3 = 0.002; p = 0.948). Thus,
the dynamic specifications do not confirm the statistical significance of the moderating
relationship identified in the baseline two-way fixed-effects model. The results indicate that
the interaction estimate is sensitive to the treatment of dynamics and potential endogeneity,
as well as to the choice of instrument lag.

Taken together, the static robustness checks show a relatively consistent negative sign
for the interaction coefficient across alternative time specifications and sample composition
changes. However, its statistical significance does not persist when country-clustered
standard errors or dynamic System GMM estimators are used; moreover, the negative
sign itself is not preserved in the third-lag specification. Therefore, Hs is supported by the
baseline specification but is not consistently confirmed across all alternative models. The
results should thus be interpreted as indicative of a potentially diminishing conditional
relationship rather than as evidence of a universal and robust moderating effect.

5. Discussion

The first research hypothesis, Hj, posits a positive conditional relationship between
environmental tax revenue and economic growth at the sample-mean level of public debt.
In the preferred two-way fixed-effects model with Driscoll-Kraay standard errors, the
coefficient is positive but statistically insignificant (3 = 0.037; p = 0.866). H; therefore
does not receive empirical support. This finding does not demonstrate the absence of an
economic relationship. Rather, it indicates that at the sample-mean level of public debt, the
conditional association is not statistically distinguishable from zero.

The finding suggests that the relationship between environmental taxation and eco-
nomic growth is conditional on the broader macroeconomic and institutional environment
in which the policy is implemented. By including country fixed effects, the model controls
for persistent structural differences among the EU Member States, including differences
in economic structure, energy mix, institutional quality, and fiscal frameworks. Year fixed
effects account for common shocks affecting all countries, such as the COVID-19 pandemic
and the subsequent energy crisis, the inflationary surge, and the accelerated implemen-
tation of the European Green Deal. These factors may explain part of the variation that
simpler model specifications might otherwise attribute to environmental taxation.

The absence of a statistically significant conditional coefficient is also consistent with
the growing empirical literature indicating that the economic consequences of environ-
mental taxation are highly context-dependent (Halidu et al., 2025; Stameski et al., 2024).
Previous studies suggest that the performance of environmental taxes depends on several
complementary factors, including tax system design and the use of tax revenue, institu-
tional quality, energy dependence, and the broader fiscal environment (Abdullah & Morley,
2014; De Bruin et al., 2019). Environmental taxes should therefore not be expected to
be associated with identical growth outcomes across countries characterised by different
structural and fiscal conditions.

The findings are also consistent with the most recent evidence for EU countries. Kalas
et al. (2025) show that the relationship between environmental taxes and sustainable
economic development forms part of a broader system of interactions among fiscal, eco-
nomic, and environmental factors. This supports the interpretation that environmental
tax revenues should not be regarded as an independent and universally applicable driver
of economic growth. The broader analysis by Sakar et al. (2025), although focused on
total tax revenues, likewise reveals substantial cross-country differences and asymmetric
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relationships among tax revenues, economic uncertainty, and growth. The present findings
contribute to this literature by indicating that the fiscal position, proxied by public debt,
may be one of the conditions shaping the relationship between environmental taxation and
economic growth.

The second research hypothesis, Hy, posits a negative conditional relationship be-
tween public debt and economic growth at the sample-mean level of environmental tax
revenue. The coefficient on public debt is negative but statistically insignificant (3 = —0.024;
p = 0.549). H, therefore does not receive empirical support. This result does not imply
that public debt is economically irrelevant; rather, within the specification employed, its
conditional association with economic growth is not statistically distinguishable from zero
at the sample mean level of environmental tax revenue.

The absence of a statistically significant conditional coefficient may reflect the het-
erogeneous economic consequences of public indebtedness across the EU Member States.
High public debt may constrain growth through higher debt-servicing costs, restricted
fiscal capacity, increased sovereign risk, and the displacement of productive public ex-
penditure. At the same time, debt financing may support economic activity when it is
productively directed towards infrastructure, human capital, technological upgrading, or
countercyclical measures. The net relationship, therefore, depends not only on the level of
debt but also on its structure, financing conditions, and the use of borrowed resources. In
addition, country and year fixed effects account for persistent differences in fiscal institu-
tions and for common periods of rising indebtedness, including the fiscal response to the
COVID-19 pandemic.

The statistically insignificant conditional coefficient on public debt does not support
the existence of a uniform negative relationship with economic growth and therefore
differs from other findings (Reinhart & Rogoff, 2010; Checherita-Westphal & Rother, 2012;
Mudayen et al., 2025), who identify an adverse relationship at high or specific levels of
indebtedness. At the same time, the result is more closely aligned with the conclusions of
Panizza and Presbitero (2014), who find that the negative correlation between debt and
growth weakens once potential endogeneity is taken into account, as well as with other
critiques by Herndon et al. (2014) of the existence of a universal debt threshold. It is
also consistent with Eberhardt and Presbitero (2015), who emphasise the cross-country
heterogeneity and nonlinearity of this relationship. Therefore, the absence of a statistically
significant average coefficient in the present study may reflect offsetting effects of public
debt across different national, institutional, and fiscal settings.

Although the conditional coefficient on public debt is not statistically significant, public
debt also enters the statistically significant interaction term with environmental tax revenue.
This indicates that public indebtedness matters by changing the conditions under which
environmental taxation is associated with economic growth. This interpretation receives
further support from Shi et al. (2025), who show that the direct effect of public debt may
be negative, while its overall effect on economic growth varies with institutional quality.
Although the present study employs a different moderator and specifies the interaction
in the opposite direction, both analyses share the view that the consequences of public
indebtedness cannot be fully captured by a single standalone linear coefficient.

The lack of empirical support for H, therefore does not negate the economic relevance
of public debt but directs attention towards its moderating role, as examined under Hj.

The third research hypothesis, H3, posits that public debt has a negative moderating
role. The interaction coefficient is negative and statistically significant in the baseline two-
way fixed-effects specification with Driscoll-Kraay standard errors (3 = —0.020; p = 0.020).
This indicates that the estimated marginal effect of environmental tax revenues decreases as
public debt increases. However, the marginal-effects analysis does not identify a statistically
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significant negative relationship at the high debt level examined. Therefore, the results
support Hj regarding a declining conditional relationship in the baseline model, but they
do not demonstrate that environmental tax revenues become detrimental to economic
growth beyond a particular level of public indebtedness.

The marginal-effects analysis further clarifies this relationship. At a public debt of
approximately 30.4% of GDP, the estimated marginal effect is positive and statistically
significant (3 = 0.804; p = 0.015). At the sample mean debt level of 68.8% of GDP, it is close
to zero and statistically insignificant. At a debt level of approximately 107.2% of GDP, the
estimate is negative but not statistically significant. The findings, therefore, reveal a gradual
weakening of the conditional association, but do not establish a universal negative effect
across all highly indebted countries.

From an economic perspective, this pattern may be explained by differences in fiscal
space. One possible explanation is that lower-debt countries may have greater capacity
to use environmental tax revenue for green investment, technological upgrading, energy
efficiency, reductions in other more distortionary taxes or compensation for affected house-
holds and firms. Under high indebtedness, a substantial share of public resources may
instead be directed towards debt servicing and fiscal consolidation, restricting the capacity
to transform environmental tax revenue into productive investment. Under such condi-
tions, higher environmental taxation may increase energy, transport and production costs
without sufficient compensatory or investment mechanisms.

The interaction coefficient remains negative and statistically significant after excluding
2020 and 2021, indicating that the main finding is not driven solely by the unusual GDP
fluctuations during the pandemic, although the use of a common denominator remains a
limitation of the analysis.

In summary, H3 has empirical support within the preferred baseline specification,
although this support is not confirmed by all robustness checks. The results indicate
that the relationship between environmental tax revenue and economic growth depends
on a country’s fiscal position. They are consistent with the theoretical explanation that
restricted fiscal space may reduce the capacity to transform environmental tax revenue into
productive investment. However, the proposed revenue-use mechanism is not directly
observed in the dataset and therefore cannot be empirically verified by the present model.

The negative interaction coefficient is consistent with the theoretical literature ex-
amining environmental policy under debt constraints. Fodha et al. (2018) show that the
outcomes of environmental tax reform depend on the constraint imposed on the public
debt-to-GDP ratio and on how pollution-abatement expenditure is financed. Rausch (2013)
likewise finds that the economic and distributional consequences of carbon taxation depend
substantially on the use of revenues and on the relationship between climate policy and
fiscal consolidation. In this respect, the present finding supports the view that the effects of
environmental taxes cannot be separated from the government’s budget constraint.

The estimated relationship is also consistent with the findings of Boly et al. (2022), who
identify complex short- and long-run interactions between public and environmental debt
and show that the initial level of public indebtedness may limit the scope for reconciling
fiscal and environmental objectives. Similar conditional reasoning can be found in Davin
et al. (2025), who argue that the joint sustainability of economic growth, public debt,
and environmental policy depends on fiscal rules, the instruments employed, and initial
economic conditions. Unlike these studies, the present analysis does not directly model
environmental debt, pollution-abatement expenditure, or the use of environmental tax
revenues. Nevertheless, it provides empirical evidence for the EU-27 that the estimated
relationship between environmental tax revenues and economic growth becomes less
favourable as public debt increases.

https://doi.org/10.3390/jrfm19100745


https://doi.org/10.3390/jrfm19100745

J. Risk Financ. Manag. 2026, 19, 745

26 of 33

The dynamic System GMM estimates add an important qualification to the interpre-
tation of the baseline finding. In the specification using instruments based on the second
lag, the interaction coefficient retains its negative sign but is not statistically significant,
while the diagnostic tests neither reject the validity of the overidentifying restrictions
nor indicate second-order serial correlation. The specification using instruments based
on the third lag likewise does not confirm the statistical significance of the interaction
effect. Thus, the dynamic estimates do not independently confirm the statistical sig-
nificance of the moderating relationship identified in the baseline model. Accordingly,
evidence of the moderating role of public debt is present within the preferred two-way
fixed-effects specification but remains sensitive to the dynamic estimator and instrument
structure employed.

To further examine the moderating role of public debt, conditional marginal effects of
environmental tax revenue on GDP growth are evaluated at each country’s average public
debt level. These values are model-implied conditional marginal effects derived from
the panel model’s common coefficients, rather than separately estimated country-specific
effects. The results are presented in Figure 3. It allows countries to be classified into four
groups based on their model-implied conditional marginal effects.
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Figure 3. Conditional Marginal Effects of Environmental Tax Revenue on GDP Growth Evaluated at
Country-Average Public Debt Levels.

The first group comprises countries with positive and statistically significant con-
ditional marginal effects: Estonia, Luxembourg, Bulgaria, Czechia, Sweden, Lithuania,
Denmark, Latvia and Romania. These countries are characterised by low to moderate
public debt, ranging from 14% to 43% of GDP. For each country in this group, the confi-
dence interval lies entirely to the right of the zero line, indicating a positive and statistically
significant model-implied marginal effect. At these countries’ average debt levels, higher
environmental tax revenue is associated with stronger economic growth.

The second group comprises countries with positive but statistically insignificant con-
ditional marginal effects: Malta, Poland, the Netherlands, Slovakia, Ireland, and Germany.
Public debt in these countries is generally at an intermediate level, ranging from approxi-
mately 50% to 65% of GDP. The estimated marginal effect weakens, and the corresponding
confidence intervals cross the zero line. Therefore, the analysis does not provide evidence
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of a statistically significant relationship between environmental tax revenue and economic
growth at the average debt levels of these countries.

The third group comprises countries with negative but statistically insignificant con-
ditional marginal effects: Finland, Hungary, Croatia, Slovenia, Austria, Cyprus, France,
Belgium, and Spain. In these countries, public debt ranges from approximately 70% to
105% of GDP.

The fourth group comprises Greece, Italy, and Portugal, the countries with the highest
public debt levels. For Greece, the model-implied conditional marginal effect is statistically
significant at the 5% level, and the confidence interval lies entirely below zero. For Portugal
and Italy, the estimates are close to conventional levels of statistical significance. The
results for this group, particularly Greece, suggest that very high public indebtedness
may substantially weaken and potentially reverse the estimated growth association of
environmental tax revenue.

In highly indebted economies, limited fiscal space and debt-servicing pressures may
constrain governments’ capacity to use environmental tax revenue for productive purposes.
Environmental taxes may consequently impose additional costs on firms and households
without generating sufficient growth-supporting fiscal benefits. These findings are con-
sistent with the theoretical explanation based on restricted fiscal space. However, neither
the use of environmental tax revenue nor debt-servicing expenditure is directly observed
in the model; therefore, the proposed mechanism cannot be empirically verified in the
present analysis.

Accordingly, the marginal effects derived from the baseline two-way fixed-effects
specification indicate that the estimated relationship between environmental taxation and
economic growth is not homogeneous across EU Member States. Within this specification,
environmental tax revenues are associated with higher economic growth in less-indebted
economies, whereas the estimated positive relationship weakens and may reverse direction
in highly indebted countries. These marginal effects are conditional estimates derived from
the baseline model and should not be interpreted as independently identified causal effects
for individual countries.

The observed pattern of a gradually diminishing marginal effect as public debt in-
creases is consistent with the broader literature on the heterogeneous and nonlinear conse-
quences of public indebtedness (Checherita-Westphal & Rother, 2012; Eberhardt & Pres-
bitero, 2015). It also extends prior studies (Fodha et al., 2018; Boly et al., 2022; Davin et al.,
2025) by applying the question of fiscal constraints specifically to the relationship between
environmental tax revenues and economic growth. At the same time, the country-level val-
ues presented are model-derived conditional marginal effects evaluated at each country’s
average public debt level rather than separately estimated country-specific coefficients.
The country grouping should therefore be interpreted as an illustration of the general
moderating relationship rather than as evidence of an independently identified causal
effect in each country.

However, the robustness of this finding is limited. In the dynamic System GMM
specification using instruments based on the second lag, the interaction coefficient retains its
negative sign but is not statistically significant. When instruments based on the third lag are
used, the coefficient is close to zero and likewise fails to reach statistical significance. Neither
specification indicates second-order serial correlation, and neither rejects the validity of
the overidentifying restrictions. Nevertheless, the relatively high ratio of instruments to
cross-sectional units warrants cautious interpretation.

The difference between the baseline and dynamic estimates does not imply that the
two-way fixed-effects model was selected incorrectly, as the static FE specification and
System GMM estimate the relationship under different assumptions. It does, however,
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indicate that the statistical support for the moderating role of public debt is sensitive to
the treatment of growth dynamics and potential endogeneity, as well as to the choice of
instrument lag. Therefore, Hj is supported within the baseline FE specification, but this
support is not confirmed by the dynamic System GMM robustness checks. The finding
should thus be interpreted as indicative of a possible conditional relationship rather than
as evidence of a robust causal effect.

The control variables exhibit different relationships with economic growth. The
coefficient on gross fixed capital formation is positive but statistically insignificant
(B = 0.005; p = 0.956). After controlling for country and year fixed effects, the analy-
sis therefore does not identify a statistically significant short-term association between
the investment share and annual economic growth. One possible explanation is that the
relationship between investment and growth operates with a time lag and depends on the
structure, quality, and productivity of investment, which the aggregate indicator does not
distinguish.

Unlike investment, inflation has a negative and statistically significant coefficient
(B =—0.134; p < 0.001). A one-percentage-point increase in inflation is associated with an
approximately 0.134-percentage-point reduction in real GDP growth, holding the other
modelled factors constant. This result should be interpreted as a conditional statistical
association because the model does not fully exclude reverse causality or the simultaneous
determination of the macroeconomic variables.

The coefficient on unemployment is also negative (3 = — 0.195) but is statistically
significant only at the 10% level (p = 0.067). This provides limited evidence that higher
unemployment is associated with weaker economic growth through the underutilisation of
labour resources, lower income and weaker domestic demand. Given its marginal statistical
significance, this result should be interpreted cautiously.

6. Policy Implications

The results indicate that the fiscal position should be taken into account when assessing
the relationship between environmental taxation and economic growth. This does not imply
that a particular level of public debt automatically makes environmental taxes effective or
ineffective, nor that more highly indebted countries should postpone environmental tax
reforms. Rather, the estimates suggest that the design and pace of such reforms should
be aligned with broader fiscal conditions, the structure of the national economy, and the
capacity to mitigate adverse distributional and production effects.

Where fiscal space is more constrained, the introduction or increase in environmental
taxes could be accompanied by an ex ante assessment of their effects on energy-intensive
firms and vulnerable households, transparent reporting on the intended use of the addi-
tional revenues, and an ex post evaluation of the resulting economic and environmental
outcomes. Depending on national circumstances, possible measures could include targeted
and time-limited support for vulnerable households, incentives for energy efficiency and
technological upgrading, investment in low-carbon infrastructure, or reductions in other
distortionary taxes. These measures should be designed so that they neither offset the price
signal created by environmental taxation nor generate permanent additional budgetary
commitments.

In more highly indebted countries, the gradual implementation of reforms and stricter
expenditure prioritisation may help limit short-term economic and social costs. Part of the
additional revenue could support fiscal consolidation, but the specific allocation among
green investment, compensatory measures, reductions in other taxes, and general budget
financing should be determined according to national circumstances. The present study
does not allow the optimal allocation of revenues among these uses to be established.
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The European Commission and national finance ministries could improve coordina-
tion between environmental and fiscal policies by introducing more transparent reporting
on the use of environmental tax revenues in national medium-term fiscal-structural plans.
Such reporting could indicate the proportions of revenue allocated to green investment, so-
cial compensation, reductions in other taxes, general budget financing, and debt reduction.
Ex ante and ex post assessments could track changes in emissions, energy consumption,
green investment, household energy costs, the competitiveness of energy-intensive indus-
tries, and employment.

These policy considerations do not represent direct implications empirically estab-
lished by the econometric model. The data used measure the amount of environmental
tax revenue but contain no information on its budgetary allocation or actual expenditure.
Consequently, the analysis does not demonstrate that less-indebted countries use these rev-
enues more effectively for green investment or that more highly indebted countries allocate
them to debt servicing. Revenue recycling, technological upgrading, and compensatory
measures represent possible mechanisms rather than empirically established explanations.
The results identify neither a causal effect nor a normative debt threshold; therefore, the
policy implications should be regarded as contingent on the specific fiscal and institutional
context.

7. Conclusions

This study examines the relationship between environmental tax revenue and eco-
nomic growth in the EU Member States, with particular emphasis on the moderating role of
public debt. The analysis uses a balanced panel of 27 countries over the period 2014-2024.
The preferred specification is a two-way fixed-effects model with Driscoll-Kraay standard
errors. This approach controls for both time-invariant unobserved differences across coun-
tries and common time shocks affecting all countries during the period examined. The
main findings can be summarised as follows:

e  The results do not identify a statistically significant conditional relationship between
environmental tax revenue and economic growth at the sample mean level of public
debt. Hj therefore does not receive empirical support. The finding indicates that no
universal and statistically distinguishable association can be established independently
of the fiscal context;

e  The coefficient on public debt at the sample mean level of environmental tax revenue is
negative but statistically insignificant. H; therefore does not receive empirical support.
This does not imply that public indebtedness is economically irrelevant; rather, the
specification does not identify a statistically distinguishable conditional association at
the sample mean level of environmental tax revenue;

e  The principal finding is the negative and statistically significant interaction coefficient
between environmental tax revenue and public debt. It indicates that the estimated
conditional relationship between environmental tax revenue and economic growth
becomes less favourable as public debt increases. At a low level of debt, the marginal
effect is positive and statistically significant. At the sample mean debt level, the
estimate is not statistically distinguishable from zero, whereas at a high debt level, it is
negative but not statistically significant. However, this evidence is not sustained in
the dynamic System GMM specifications; therefore, the finding should be interpreted
as sensitive to the estimation method employed;

e  The robustness checks yield mixed results. The negative sign of the interaction term
is preserved across alternative covariance estimators, time specifications, changes in
sample composition, and the System GMM specification using instruments based on
the second lag. However, its statistical significance is not preserved when country-

https://doi.org/10.3390/jrfm19100745


https://doi.org/10.3390/jrfm19100745

J. Risk Financ. Manag. 2026, 19, 745

30 of 33

clustered standard errors or dynamic System GMM models are employed. In the
GMM specification using instruments based on the third lag, the interaction coefficient
is close to zero. Therefore, the evidence for the moderating role of public debt is
limited and specification-dependent and should not be interpreted as establishing a
causal effect;

e  The findings indicate that assessments of the relationship between environmental
tax revenue and economic growth should account for a country’s fiscal position. A
theoretically plausible interpretation is that countries with lower public debt may
have greater fiscal space to direct revenue towards green investment, energy efficiency,
technological upgrading, or reductions in other, more distortionary taxes. Under high
indebtedness, public resources may be constrained by debt-servicing costs and the
need for fiscal consolidation, reducing the capacity to use environmental tax revenue
to support economic growth.

The scientific contribution of the study lies in extending the existing literature beyond
the average relationship between environmental tax revenue and economic growth. By
introducing public debt as a moderating factor, the analysis shows that differences in coun-
tries’ fiscal positions may be among the factors associated with heterogeneous economic
outcomes across the EU Member States.

From a policy perspective, the results highlight the need to coordinate environmen-
tal tax reforms with public debt management and medium-term budgetary planning.
Particularly in highly indebted countries, changes in environmental taxation should be
implemented gradually, incorporate a predefined mechanism for the use of revenue, and
be accompanied by targeted compensation measures and ex post impact assessments.

The study is subject to several limitations. The indicator used captures total environ-
mental tax revenues as a percentage of GDP and does not distinguish energy and transport
taxes from pollution and resource taxes. These categories may have different effects on
production costs, consumption, investment, and technological adaptation. The indicator
measures the revenue significance of environmental taxation rather than statutory tax rates,
the effective tax burden, policy stringency, or the strength of behavioural incentives. An
increase in revenues may result from changes in tax rates, a broadening of the tax base,
higher consumption of taxed products, or changes in GDP. Therefore, the findings should
not be interpreted as reflecting the effect of an increase in any specific environmental
tax rate.

Moreover, using GDP as a common denominator for both environmental tax revenue
and public debt may yield a mechanical relationship when economic activity changes
substantially.

The analysis does not directly observe how environmental tax revenue is used, institu-
tional quality, or the composition of public expenditure. Although the two-way fixed-effects
model controls for time-invariant unobserved country differences and common time shocks,
reverse causality, simultaneous determination of the variables and the influence of omitted
factors cannot be fully excluded. The findings should therefore be interpreted as conditional
statistical relationships rather than as established causal effects.

A further limitation arises from using the public debt-to-GDP ratio as a proxy for
the fiscal position. It does not directly account for the overall budget balance, primary
balance, interest burden, debt maturity structure, or refinancing costs. Future research
could examine whether the moderating relationship persists when alternative measures
of fiscal space are employed and when the actual use of environmental tax revenues is
explicitly considered.

An additional limitation relates to the sample size in the dynamic panel estimations.
Although the instrument matrix is collapsed and the number of instruments remains
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lower than the number of countries, the ratio of instruments to cross-sectional units is still
relatively high. The System GMM results are also sensitive to the selected instrument lag.
Therefore, the dynamic estimates are used solely as an additional robustness check.

Future research could extend the analysis by considering separate categories of envi-
ronmental taxes, indicators of revenue use, institutional quality, and green public invest-
ment. Dynamic panel models, threshold regressions, and other nonlinear specifications
could also be applied to determine whether there is a specific level of public debt beyond
which the relationship between environmental tax revenue and economic growth changes
significantly.

In addition, the parsimonious structure of the model leaves scope for omitted-variable
effects. Economic growth in EU Member States may also depend on time-varying factors
such as institutional quality, trade openness, government expenditure, the budget balance,
debt-servicing costs, and energy dependence. These factors are not included simultaneously
due to the panel’s limited time dimension, the risk of multicollinearity, and potential
endogeneity. The estimated coefficients should therefore be interpreted as conditional
relationships within the selected specification rather than as a comprehensive structural
assessment of all the determinants of economic growth. Future research using longer
time series could assess the robustness of the findings by employing alternative sets of
control variables.

Overall, environmental tax revenue does not exhibit a universal relationship with
economic growth. The estimates indicate that this relationship is conditional on the fis-
cal context, with public debt emerging as a potential moderating factor in the baseline
specification.
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