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Abstract

Motivation: The European Green Deal (EGD) provides a common EU framework for
climate neutrality, resource efficiency and a just transition, but Member States differ
markedly in structural conditions and implementation capacity. Existing assessments

rely mostly on monitoring exercises, composite indicators or MCDA rankings; less at-

tention has been paid to frontier-based efficiency benchmarking of EGD outcomes.
Aim: The study assesses relative EGD effectiveness in 25 EU countries using a DEA/
Benefit-of-the-Doubt approach and Eurostat EGD indicators. The analysis covers
2013-2021, with 2019 treated as the strategic reference point. A SAW index is calcu-
lated from 20 transformed indicators, while the DEA/BoD model uses five indicators
selected through correlation analysis, variance analysis, PCA and LASSO.
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Results: The results show substantial heterogeneity. Sweden, Latvia and Estonia hold
strong positions in both the composite indicator and DEA/BoD assessment. In 2021,
the efficiency-frontier or super-efficient group includes Sweden, Latvia, Lithuania,
Portugal, Estonia, Ireland, the Netherlands, Croatia and Finland, whereas Czechia,
Belgium, Poland and Bulgaria show the largest efficiency reserves. Contribution-share
and robustness checks indicate the importance of waste generation and PM2.5-related
premature mortality. DEA/BoD complements ranking-based assessments by identifying
benchmark countries, frontier distance and efficiency reserves.

Keywords: European Green Deal; Data Envelopment Analysis; Benefit-of-the-Doubt;
efficiency frontier; European Union; Eurostat indicators

JEL: Q58; C14; 052

1. Introduction

In December 2019, the European Commission presented the European
Green Deal (EGD) as a new growth strategy intended to align climate neu-
trality, resource efficiency, competitiveness and social fairness within a single
policy framework (European Commission, 2019; von der Leyen, 2019). The
EGD was subsequently strengthened by the European Climate Law, which
made climate neutrality by 2050 legally binding and set the intermediate
target of reducing net greenhouse gas emissions by at least 55% by 2030
compared with 1990 levels (European Union, 2021c). Its implementation is
monitored through Eurostat indicators grouped around three policy areas:
reducing climate impact, protecting the planet and human health, and en-
abling a green and just transition. These indicators are important because the
EGD is not only a climate policy package; it also concerns the transformation
of energy systems, mobility, industrial structures, circular economy practices,
environmental protection and distributive fairness.

Despite this common strategic framework, implementation of the EGD
is not taking place under homogeneous conditions. More than five years af-
ter the announcement of the EGD, recent monitoring by the Joint Research
Centre shows that progress has been achieved in several policy areas, but
acceleration is still required for many quantified targets and data are not yet
available for all targets (Marelli et al., 2025). EU countries differ in energy
mix, fossil-fuel dependence, industrial specialisation, innovation capacity,
fiscal space, administrative effectiveness, and social exposure to transition
costs. The COVID-19 pandemic, the energy crisis, and the geopolitical shock
caused by Russia’s invasion of Ukraine have further increased pressure on
energy security and public finances, while also accelerating the need for
clean-energy investment (von Homeyer et al., 2022; Rosenow, 2022; Black &
Cisternino, 2025). Recent research also shows that the EGD may strength-
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en environmental ambition, but its territorial and socio-economic conse-
quences are uneven across countries and regions (Hereu-Morales et al., 2024;
Koundouri et al., 2024; Michalewska-Pawlak, 2024; Topcu et al., 2025). The
research problem is therefore not limited to whether EU countries formally
implement the EGD; it concerns how effectively different Member States
convert their structural conditions and observable sustainability outcomes
into progress towards the EGD objectives.

The need for comparative assessment has been increasingly recognised
in recent literature. Multi-criteria and composite-indicator studies have
evaluated EGD performance by combining indicators on climate, energy,
pollution, transport, circularity, and socio-economic transition (Ozdemir
et al., 2024; Tutak & Brodny, 2024; Ottomano Palmisano et al., 2025; Olc-
zyk & Kuc-Czarnecka, 2025; Karadag et al., 2025). These studies provide
valuable evidence on the uneven pace of EGD implementation and often
identify strong performance among Northern and Western European coun-
tries, while highlighting persistent constraints in several Central, Eastern and
Southern European Member States. They also demonstrate that monitoring
the EGD should move beyond single indicators, as progress in renewable en-
ergy, transport decarbonisation, air quality, waste reduction and greenhouse
gas intensity is multidimensional and may involve trade-offs.

However, an important research gap remains. Most existing assessments
are ranking-oriented and rely on composite indicators or multi-criteria
decision-making methods, including PROMETHEE II, MAIRCA, CoCoSo,
or related approaches. Such methods are useful for ordering countries ac-
cording to explicit preference functions, normalisation rules, and weighting
schemes. However, they are less suited to identifying which countries form
an efficiency frontier and which can serve as feasible benchmarks for others.
In contrast, Data Envelopment Analysis (DEA), particularly its Benefit-of-
the-Doubt (BoD) formulation, evaluates relative efficiency by allowing the
weights of indicators to be determined endogenously for each decision-
making unit within a common benchmarking framework (Cherchye et al.,
2007; Camanho et al., 2023; Walheer, 2024). This distinction is central for
policy evaluation. A DEA/BoD approach does not merely ask which country
scores highest in an aggregate ranking; it asks which country achieves the
best relative performance given the multidimensional set of EGD outcomes
and which peer countries define the frontier of attainable performance.

Against this background, the main objective of the study is to assess the
relative effectiveness of EGD implementation in EU countries using the DEA/
BoD approach and Eurostat’s EGD indicator framework. Although 2019 is
used as the strategic reference point because it marked the announcement of
the EGD, the empirical window covers 2013—-2021. The pre-2019 observations
are not interpreted as evidence of EGD implementation, but as a structural
baseline against which the first observable post-announcement outcomes can
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be assessed. This baseline is justified because the EGD did not emerge in
a regulatory vacuum: several policy areas later integrated into the EGD had
already been governed by the EU environmental acquis, including biodiver-
sity protection, climate mitigation, pollution reduction, and energy transition.
After Croatia’s accession in 2013, the analysed Member States operated un-
der a broadly common EU environmental framework, including obligations
linked to Natura 2000, the Birds Directive, and the Habitats Directive. There-
fore, the 2013-2021 window captures both pre-existing national trajectories
and early post-2019 outcomes, while avoiding the misleading assumption
that the EGD itself was implemented before 2019. The analysis covers 25 EU
countries and applies a multi-stage selection procedure to identify indicators
that best represent the multidimensional character of EGD implementation.
The following research questions are addressed: (RQ1) How effective are
the EU countries included in the dataset in implementing the EGD? (RQ2)
Which countries serve as efficiency benchmarks for EGD implementation?
(RQ3) Which indicators best capture the multidimensional character of the
EGD within the DEA framework? (RQ4) How does a DEA-based assessment
complement earlier ranking-based and MCDA-based evaluations?

The novelty of the article lies in shifting the assessment of EGD imple-
mentation from a purely ranking-based perspective to an efficiency-frontier
perspective. The scientific contribution is threefold. First, the study extends
the literature on EU climate and energy policy evaluation by applying DEA/
BoD to the Eurostat EGD monitoring framework. Second, it combines DEA
with a transparent, multi-stage statistical selection of indicators, reducing
redundancy and strengthening the interpretability of the final model. Third,
it identifies benchmark countries and those with efficiency reserves, thereby
providing information not available from composite rankings alone. The
findings have two types of implications. Scientifically, the study contributes
to the literature on sustainability measurement by demonstrating how DEA/
BoD can complement composite-indicator and MCDA approaches through
endogenous weighting, which reduces the arbitrariness of ex ante weights.
From a policy perspective, it provides a benchmarking tool that may support
differentiated intervention, particularly for countries with structural efficien-
cy reserves. The article is organised as follows. Section 2 presents the litera-
ture review on EGD implementation, with particular attention to existing
assessment methods and the distinction between MCDA-based rankings and
DEA-based efficiency analysis. Section 3 describes the data, indicator selec-
tion, and DEA/BoD methodology. Section 4 presents the empirical results,
including relative efficiency scores, benchmark countries, and cross-country
performance patterns. Section 5 discusses the findings in relation to previous
studies, structural differences between countries, and policy implications.
The final section summarises the main conclusions, limitations, and future
research directions.
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2. Literature review

The European Green Deal has generated a rapidly expanding body of litera-
ture that can be organised into four interrelated strands: policy and institu-
tional analyses of the EGD, empirical monitoring of implementation prog-
ress, MCDA and composite indicator assessments, and efficiency-oriented
studies using frontier methods. This structure is important because the
EGD is not a single environmental target; it is a multidimensional gover-
nance framework linking decarbonisation, resource efficiency, biodiversity,
transport, health protection, and social fairness. Consequently, assessing its
implementation requires methods capable of handling multiple, partly non-
commensurable policy outcomes.

The first strand of the literature examines the institutional and political
economy foundations of the EGD. Early studies emphasised that the EGD
should not be understood solely as an environmental agenda, but also as
an industrial, fiscal, and social transformation strategy (Pianta & Lucchese,
2020; Sikora, 2021). Leonard et al. (2021) highlighted the geopolitical di-
mension of the EGD, particularly the external effects of carbon pricing, en-
ergy import dependence, and trade adjustment. Von Homeyer et al. (2022)
showed that the energy crisis created new implementation pressures but
also strengthened the strategic rationale for accelerating clean energy. These
studies clarify the policy context, but they usually do not provide a quantita-
tive, country-level efficiency assessment.

A second group of studies focuses on the territorial and institutional
unevenness of EGD implementation. Ciot (2022) showed that Central and
Eastern European countries face specific implementation barriers related to
inherited energy systems, lower fiscal capacity, and the need for stronger ad-
ministrative coordination. Michalewska-Pawlak (2024) analysed the impact
of the EGD on EU regional policy after 2021 and argued that climate neu-
trality, environmental protection, and biodiversity have become horizontal
priorities in cohesion policy. This finding is relevant for efficiency analysis
because countries and regions do not begin the transition from the same
structural position. EGD performance therefore depends not only on en-
vironmental ambition, but also on the capacity to absorb funds, coordinate
investment, and manage place-based transition costs.

Recent sustainability assessments also show that the EGD is unevenly
aligned with different dimensions of sustainable development. Hereu-Mo-
rales et al. (2024) conducted a systematic analysis of environmental sustain-
ability in the EGD and indicated that implementation challenges remain
considerable. Koundouri et al. (2024), using machine-learning text mining
of 74 EGD policy documents from 2019-2023, found strong alignment with
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SDG@Gs related to clean energy, climate action, and sustainable consumption,
but weaker integration of social objectives such as poverty, inequality, health,
and decent work. This imbalance supports the view that EGD implementa-
tion should be assessed using a multidimensional framework rather than
climate indicators alone.

The third strand of the literature develops empirical tools for monitoring
EGD progress. The Joint Research Centre report by Marelli et al. (2025) pres-
ents one of the most comprehensive policy-monitoring exercises, covering
154 quantifiable targets from 44 policy documents across climate, energy,
circular economy, transport, agriculture, biodiversity and pollution. In the
academic literature, Olczyk and Kuc-Czarnecka (2025) introduced the Eu-
ropean Green Deal Index as a composite tool for monitoring the EU’s Green
Deal strategy. Their approach is valuable because it consolidates heteroge-
neous indicators into an interpretable index and reveals cross-country diver-
gence. However, composite indices typically require aggregation rules that
may affect the ranking of countries, especially when weights or normalisation
choices change (OECD, 2008; Saisana et al., 2005).

Several recent studies have used multi-criteria methods to assess EGD
implementation. Ozdemir et al. (2024) proposed a multi-criteria assessment
framework for Green Deal performance and demonstrated that EGD evalu-
ation benefits from structured criteria and sensitivity to different sustainabil-
ity dimensions. Tutak and Brodny (2024) assessed disparities among EU-27
countries in the implementation of EGD strategy goals using a European
Green Deal Index based on 18 indicators and a CoCoSo-based multi-criteria
approach with hybrid weighting. Their results for 2019-2021 identified Swe-
den, Denmark and the Netherlands as high performers and showed weaker
implementation in many newer Member States. Ottomano Palmisano et al.
(2025) applied PROMETHEE II to Eurostat EGD indicators and ranked EU
countries according to progress towards EGD implementation. Karadag et al.
(2025) extended the MCDA literature by proposing a hybrid model combin-
ing subjective and objective weighting to evaluate Green Deal compliance
performance in Turkiye.

Taken together, these studies make an important contribution by mov-
ing EGD monitoring beyond isolated indicators. Their limitation lies not in
a lack of empirical relevance, but in their evaluation logic. Most translate
multiple indicators into a final ranking of countries. Such rankings are useful,
but they may obscure the distance to feasible best practice, the peer countries
that define that benchmark, and the extent of country-specific efficiency re-
serves. They are also sensitive to normalisation, preference thresholds, and
weighting assumptions.

The closest reference point is Ottomano Palmisano et al. (2025), which
applies PROMETHEE II to rank EU countries according to progress towards
EGD implementation. The present article differs from that study in three
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specific respects: it does not construct a preference-based country ranking;
it applies DEA/BoD to identify a relative efficiency frontier and peer bench-
marks; and it combines this frontier analysis with systematic indicator selec-
tion. Thus, the empirical question shifts from which country ranks higher
to which countries define attainable best practice and which countries have
efficiency reserves relative to comparable peers.

DEA and the Benefit-of-the-Doubt approach therefore provide a comple-
mentary perspective. In the BoD model, a composite indicator is constructed
by allowing each country to select the most favourable feasible weights for
its own performance profile, subject to the restriction that the same weight-
ing system cannot allow any country to exceed the frontier (Cherchye et al.,
2007, 2008). This reduces the arbitrariness of uniform ex ante weights and
is useful when the theoretical importance of EGD indicators varies across
countries due to different energy mixes, industrial structures, or transition
constraints. DEA results must still be interpreted carefully, as they are rela-
tive, deterministic, and sensitive to the selected variables and outliers (Dyson
et al., 2001; Simar & Wilson, 1998).

This study addresses this gap directly. Existing monitoring, composite
indicator, and MCDA studies document uneven progress across sectors and
countries, but less attention has been given to the relative efficiency of EGD
implementation using a DEA/BoD framework combined with systematic
variable selection. The present analysis therefore shifts from a purely de-
scriptive or preference-based evaluation of progress to an efficiency-based
benchmarking exercise. This enables identification not only of high- and low-
performing countries, but also of the policy-relevant frontier against which
EGD implementation can be compared.

3. Research methodology
3.1. Data source, country coverage and empirical period

The empirical analysis is based on Eurostat’s European Green Deal (EGD)
indicator database, which provides harmonised and policy-relevant measures
of climate mitigation, energy transition, sustainable mobility, environmen-
tal protection, circular economy, and socio-economic transformation. After
screening for cross-country and intertemporal availability, 20 indicators were
retained. Five indicators were excluded due to incomplete data for the full
period: E_1.6, E_2.3,E 2.5, E_2.6,and E_3.7. Cyprus and Malta were omitted
because of data gaps, and the United Kingdom was excluded as it is no longer
an EU Member State. The final sample therefore consists of 25 EU countries.
The complete list of indicators and their classification as stimulants or des-
timulants is reported in Appendix Table 1.
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The empirical window covers 2013-2021. The year 2019 is treated as
the strategic reference point because the EGD was announced in December
2019. Pre-2019 observations are not interpreted as evidence of EGD imple-
mentation; they are used as a post-enlargement structural baseline captur-
ing national trajectories in policy areas later integrated into the EGD. The
year 2021 was selected as the final year because it was the latest year with
sufficient data completeness. Although Eurostat data ensure formal com-
parability, the indicators may still reflect reporting differences, publication
delays, and proxy measurement. The results should therefore be interpreted
as relative benchmarking outcomes rather than absolute measures of EGD
compliance.

3.2. Indicator treatment and preliminary composite indicator

Indicators were classified as stimulants or destimulants. Stimulants are vari-
ables for which higher values indicate better performance, such as renewable
energy share or rail freight transport share. Destimulants are variables for
which higher values indicate weaker performance, such as PM2.5-related
premature deaths, waste generation per capita, and greenhouse gas emis-
sions intensity. Before aggregation and DEA estimation, all indicators were
transformed so that higher values consistently denoted better outcomes.
For stimulants, the min-max transformation was applied:

[xi]-t — min(xi)]
[max(x;) — min(x;)]

(1) zije =

For destimulants, the direction was reversed:

~ [max(x;) — x;¢]
(2) zj, = [max(x;) — minéxi)].

Here, x,, denotes the original value of indicator i for country j in year ¢,
and z, denotes the transformed value. The transformation preserves cross-
country ordering while making all indicators compatible with the DEA out-
put interpretation.

A preliminary composite indicator was calculated only for descriptive com-
parison using Simple Additive Weighting:

(3) CIjS'tAW = izm Zijt
m i=1

Equal weights were used only at this preliminary stage. The SAW index is
not the main efficiency measure; it provides a transparent reference point for
comparison with DEA or Benefit-of-the-Doubt results (OECD, 2008; Zhou
et al., 2006).
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3.3. Variable selection for the DEA model

The DEA model used a reduced set of indicators because DEA is sensitive to
the ratio of decision-making units to variables. With 25 countries, including
too many outputs would reduce discriminatory power and could classify
too many countries as efficient. Indicator selection combined substantive
and statistical criteria: consistency with the EGD framework, relevance to
climate, environmental and socio-economic transformation, cross-country
comparability, interpretability, data availability, sufficient variability, and lim-
ited redundancy.

Four complementary methods were applied. Correlation analysis identi-
fied indicators strongly associated with the remaining variables. Variance
analysis selected indicators with high cross-country variability. Principal
Component Analysis reduced redundancy and identified variables with high
loadings on the main components. LASSO regression retained variables with
non-zero coefficients under regularisation. For PCA and LASSO, variables
were standardised before estimation to avoid scale effects.

The final selection was based on the frequency with which indicators ap-
peared across the four methods and on theoretical relevance. Five indicators
were retained: E1_4, E1_9, E2_7, E2_8, and E3_8. Together, they represent
the multidimensional structure of the EGD: renewable energy share captures
climate and energy transition; rail freight transport share captures sustain-
able mobility; PM2.5-related premature deaths capture environmental qual-
ity and health; waste generation per capita captures circular economy pres-
sure; and GHG emissions intensity of employment captures the link between
environmental burden and production structure. The results of the variable
selection procedure are summarised in Appendix Table 2.

3.4. DEA/Benefit-of-the-Doubt model and weights

Relative efficiency was assessed using Data Envelopment Analysis in its
Benefit-of-the-Doubt (BoD) formulation (Charnes et al., 1978; Cherchye et
al., 2007, 2008). Each country is treated as a decision-making unit. The five
transformed EGD indicators are included in the model as outputs. The base-
line multiplier model for country & in year ¢ is:

m
(4) Clyy = maxy,, Z 1uiktzikt
=
subject to: i=1Ymuiktzijt<1,j=1,...,n;uikt>0,i=1,...,m.
Here, C/,, is the DEA/BoD score, u,,is the weight assigned to indicator i

when country k is evaluated, m is the number of outputs and # is the number
of countries.
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Weights are determined endogenously by the optimisation problem. Each
country may select the most favourable feasible non-negative weights for
its own profile, provided that the same weights do not allow any country to
exceed the frontier. Thus, the weights are country-specific shadow weights,
not normative importance coefficients. No additional lower or upper weight
restrictions were imposed beyond non-negativity. This limits arbitrary ex
ante weighting, but also means that some indicators may receive very low or
zero weights for specific countries.

3.5. Single input, undesirable outputs and DEA assumptions

The BoD specification uses one non-discretionary input fixed at 1 for all
countries. This is a technical normalising input, not public expenditure, la-
bour, capital or energy use. Its function is to anchor the DEA model and
allow multiple policy outcomes to be assessed within a common frontier.
It is non-discretionary because it is not subject to reduction or managerial
control. The study therefore evaluates relative outcome efficiency, not ex-
penditure efficiency.

Undesirable outputs were transformed before estimation because DEA
treats outputs as desirable and assumes that more output is better. In the
final DEA set, E2_7, E2_8 and E3_8 are destimulants. After transformation,
lower mortality, waste and emissions intensity are represented by higher
transformed values (Seiford & Zhu, 2002; Lewis & Sexton, 2004).

The baseline specification assumes constant returns to scale. A VRS
specification was also tested, but with one homogeneous technical input it
produced non-discriminatory scores of one for all countries; therefore, the
CRS/BoD specification was retained as the meaningful baseline. This choice
is consistent with the unit input and with normalised policy outcomes rather
than absolute measures of national production scale. The analysed coun-
tries are treated as comparable decision-making units because they operate
under a common EU policy framework, although they differ in energy mix,
industrial structure, fiscal capacity, and administrative effectiveness. DEA
is deterministic and does not separate statistical noise from inefficiency;
measurement error, outliers, and variable selection may therefore affect the
frontier. With 25 countries, one input, and five outputs, the model satisfies
the common rule of thumb requiring the number of units to exceed three
times the total number of inputs and outputs.

3.6. Super-efficiency, robustness logic and interpretation
For finer discrimination among efficient countries, a super-efficiency ex-

tension was applied. In this specification, the evaluated country is excluded
from its own reference set, allowing countries located on the frontier to be
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ranked. Values above 1 indicate that a country remains above the frontier
constructed without itself, while values below 1 indicate relative inefficiency.

Robustness was addressed through multi-method indicator selection, di-
mensionality reduction, alternative transformation, leave-one-indicator-out
specifications and frontier-outlier stress tests. The results should be inter-
preted as relative benchmarking outcomes, not causal estimates. A country
on the DEA frontier is efficient only relative to the analysed sample and se-
lected indicators; it may still face environmental or institutional challenges.
Future extensions may add bootstrap DEA, panel DEA or Malmquist indices
once longer post-2019 data series become available.

4. Results
4.1. Composite indicator results as a descriptive reference

The empirical analysis first reports the SAW-based composite indicator as
a descriptive reference. Appendix Table 3 presents CI values for 25 EU coun-
tries in 2013, 2019 and 2021. The CI combines all 20 transformed EGD indi-
cators with equal weights; it is therefore treated as a transparent overview of
aggregate performance, not as the main efficiency measure.

Sweden, Latvia and Estonia remain at the top of the CI ranking, with
Slovenia and Austria also consistently high. Ireland, Bulgaria and Greece
record the weakest CI values, while Poland, Romania and Spain remain in
the lower part of the distribution. Germany and France occupy mid-ranking
positions, indicating that economic scale does not automatically translate
into balanced aggregate EGD performance. Portugal records the strongest
upward movement, from 19th in 2013 to 11th in 2021, whereas Belgium and
Czechia display more unstable positions.

4.2. DEA/BoD efficiency scores and the efficiency frontier

The DEA/BoD results in Appendix Table 4 provide the main efficiency-ori-
ented assessment. Unlike the CI, which applies equal weights, DEA/BoD
evaluates relative efficiency using country-specific endogenous weights and
identifies countries located on or above the estimated frontier. Differences
between CI and DEA rankings are therefore not inconsistencies, but indicate
that aggregate performance and relative efficiency reflect different aspects of
EGD implementation.

Sweden, Latvia and Estonia rank highly in both approaches, suggesting
strong aggregate performance combined with high relative efficiency. Other
countries show divergence. Ireland has the lowest CI value in 2021 but a high
DEA/BoD score, while Portugal and Lithuania perform better in DEA than
in the CI ranking. This suggests that weaker average performance across
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the full indicator set may coexist with favourable relative efficiency in the
reduced DEA model. The 2021 DEA/BoD classification (Appendix Table 5)
distinguishes frontier or super-efficient countries, near-efficient countries,
moderate-efficiency countries, and countries with the largest efficiency gaps.
The lowest group includes Czechia, Belgium, Poland and Bulgaria, with Bul-
garia remaining last in both 2019 and 2021.

To increase transparency of the DEA/BoD results, normalised contribu-
tion shares and robustness checks were additionally calculated (Supplemen-
tary Annex, Tables A1-A6). In 2021, the largest average contribution to the
DEA/BoD score was associated with E2_8 (waste generation; 35.97%), fol-
lowed by E2_7 (PM2.5-related premature deaths; 28.73%), E3_8 (GHG emis-
sions intensity of employment; 16.79%), E1_9 (rail freight transport; 12.04%)
and E1_4 (renewable energy; 6.47%). E2_8 contributed positively in 76% of
countries and was the dominant contributor in eight countries, whereas E2_7
contributed positively in 64% of countries and dominated in ten countries.
The robustness checks confirmed the stability of the baseline results. The
alternative min-max transformation with reversed destimulants produced
identical rankings in 2013, 2019 and 2021 (Spearman’s rho = 1.000). In the
2021 leave-one-indicator-out test, the ranking remained highly stable after
excluding E1_4 (rho = 0.998) and remained stable or moderately stable after
excluding E2_8 (rho = 0.912), E3_8 (rho = 0.893) and E1_9 (rho = 0.824).
The largest change occurred after excluding E2_7 (rho = 0.552), confirming
that PM2.5-related premature mortality is the most influential indicator for
the estimated frontier. Additional 2021 frontier-outlier tests also supported
the stability of the results: after excluding Sweden, Spearman’s rho equalled
0.982, and after excluding Sweden and Latvia, it equalled 0.946.

4.3. Changes between the pre-EGD baseline, 2019 reference year
and 2021

Because the EGD was announced in December 2019, the 2013 results are
interpreted as a pre-EGD structural baseline, while 2019-2021 captures
early post-announcement outcomes. The longer 2013-2021 comparison
shows substantial gains for Lithuania, Greece, Luxembourg and the Nether-
lands in DEA ranks, and a large CI improvement for Portugal. The shorter
2019-2021 comparison is more directly linked to the first observable post-
announcement period: Lithuania and the Netherlands improve markedly in
DEA, Greece and Luxembourg continue upward movement, whereas Bul-
garia, Poland, Belgium and Czechia remain in the lower part of the efficiency
distribution. These changes suggest uneven early progress conditioned by
pre-existing national trajectories.

The observed cross-country differences may be associated with energy
mix, transport structure, exposure to high-emission sectors, administrative
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capacity and earlier environmental policy paths. However, these factors are
contextual explanations, not causal effects identified by the DEA model.

4.4. Indicator profiles of leading and lagging countries

The final part of the results examines the 2021 indicator profiles of leading
and lagging countries. Chart 1 does not identify causal drivers of DEA effi-
ciency, nor does it report DEA weights or slack values. It shows how the se-
lected transformed indicators differ between the leading group, represented
by Sweden, Latvia and Estonia, and the lagging group, represented by Bul-
garia, Poland and Belgium.

The leading group displays stronger transformed values for renewable
energy, rail freight transport, and selected environmental-health outcomes.
The lagging group shows weaker profiles, particularly in PM2.5-related pre-
mature mortality, waste generation, and greenhouse gas emissions intensity
of employment. These profiles help explain the empirical structure of the
DEA/BoD scores without implying that any single indicator causally deter-
mines the ranking.

Overall, the results reveal three patterns: stable leadership by several
Northern and Baltic countries, improvement in selected countries such as
Lithuania, Greece and the Netherlands, and persistent efficiency reserves
in Bulgaria, Poland, Belgium and Czechia. The following discussion relates
these patterns to previous MCDA and composite indicator studies, and to
structural differences between Member States.

5. Discussion

The DEA/BoD results provide an efficiency-frontier interpretation of Eu-
ropean Green Deal implementation, rather than another aggregate country
ranking. Three findings are particularly important. First, Sweden, Latvia and
Estonia combine strong composite indicator performance with high DEA/
BoD efficiency, confirming their robust position across both evaluation ap-
proaches. Second, some countries, such as Lithuania, Portugal, Ireland and
the Netherlands, perform better in the DEA/BoD framework than in the
equal-weighted composite indicator. This suggests that weaker average per-
formance across the full set of indicators may coexist with relatively efficient
performance in the reduced DEA model. Third, Bulgaria, Poland, Belgium
and Czechia remain the countries with the largest relative efficiency reserves
in 2021. These results show that the EGD implementation gap is not only
a matter of aggregate performance, but also of how effectively countries con-
vert their observable environmental and transition-related outcome profiles
into frontier performance.
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These findings are broadly consistent with recent monitoring and stock-
taking exercises, which show that EGD progress across Member States re-
mains uneven and that acceleration is required in several policy areas. They
are also consistent with composite indicator and MCDA studies that iden-
tify stronger performance among Northern and selected Western European
countries, and weaker performance among several Central, Eastern and
Southern European countries. However, the present results also show why
DEA/BoD should be interpreted as a complementary approach rather than
a substitute for ranking-based methods. Composite indicators and MCDA
methods, including PROMETHEE II or CoCoSo-based approaches, are use-
ful for ordering countries according to explicit aggregation, normalisation
and preference rules. DEA/BoD instead identifies the empirical efficiency
frontier, peer benchmarks and country-specific efficiency reserves under en-
dogenous weights. Therefore, differences between the DEA/BoD results and
previous rankings should not be treated as inconsistencies. They reflect dif-
ferent evaluation questions: ranking-based studies ask which country scores
higher, whereas the present approach asks which countries define attainable
best practice given the selected multidimensional EGD outcomes.

The closest point of comparison is the PROMETHEE II-based assessment
by Ottomano Palmisano et al. (2025). That study identifies Sweden, Austria,
and the Netherlands as high performers, and Ireland, Luxembourg, and Cy-
prus as low performers. The present analysis confirms the strong position of
Sweden and the Netherlands, but also shows that countries such as Ireland,
Lithuania, and Portugal can appear more efficient in a DEA/BoD framework
than in ranking-based or equal-weighted assessments. This difference arises
from the logic of the method. PROMETHEE II relies on pairwise compari-
sons and preference functions, while DEA/BoD allows each country to use
the most favourable feasible weights for its own outcome profile, subject to
the common frontier constraint. The analysis therefore does not replicate the
previous ranking; it adds information on relative efficiency, benchmark sta-
tus, and efficiency reserves. Similarly, the findings are consistent with Olczyk
and Kuc-Czarnecka’s (2025) evidence on increasing divergence in EGD-relat-
ed composite indicators, but extend that result by showing where divergence
is reflected in frontier distance rather than only in aggregate scores.

The contribution-share results clarify which dimensions of the reduced
DEA model are most relevant for the estimated frontier. In 2021, waste gen-
eration and PM2.5-related premature mortality made the largest average
contributions to the DEA/BoD scores, followed by greenhouse gas emissions
intensity of employment, rail freight transport, and renewable energy. The
leave-one-indicator-out test further indicates that PM2.5-related premature
mortality is the most influential variable for the stability of the 2021 rank-
ing. This suggests that EGD efficiency, as captured in the present model, is
not driven solely by climate-energy indicators. Environmental health, waste
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pressure, and emissions intensity of production structures also play a central
role. This is important for policy interpretation because it indicates that the
Green Deal should be evaluated as a multidimensional transition involving
air quality, circular economy, transport, and production structure, not only
renewable energy deployment.

Although DEA does not identify causal mechanisms, the observed cross-
country differences can be interpreted in light of structural, institutional,
and sectoral conditions. Countries closer to the frontier tend to display
more favourable combinations of renewable energy performance, transport
structure, air quality outcomes, waste indicators, and emissions intensity.
Countries with larger efficiency reserves often face more challenging start-
ing conditions, including higher dependence on fossil fuels, a larger role for
emissions-intensive sectors, weaker air quality outcomes, lower circular
economy performance, or more limited administrative capacity to imple-
ment complex transition policies. These factors do not constitute causal ef-
fects in the econometric sense, but they provide a plausible interpretation of
why countries operating under the same EU strategic framework may differ
in relative EGD efficiency.

The results also have policy implications. For countries located on or
above the frontier, the main challenge is to maintain performance and dis-
seminate transferable practices, especially in areas such as air quality man-
agement, circular economy policies, rail-oriented freight systems, and
emissions intensity reduction. For near-efficient and moderate-efficiency
countries, the priority is to remove specific bottlenecks rather than rede-
sign the entire transition framework. This may involve accelerating permit-
ting procedures, improving coordination across ministries and agencies,
strengthening investment pipelines, and targeting sectors where the selected
indicators reveal weaker performance. For low-efficiency countries, includ-
ing Bulgaria, Poland, Belgium, and Czechia in the 2021 classification, more
targeted support may be needed. Policy attention should focus on areas with
the largest observed efficiency reserves, particularly air quality improvement,
waste reduction, emissions intensity of employment, and transport decar-
bonisation. EU-level instruments, including cohesion policy, the Just Transi-
tion Mechanism, and green investment support, should therefore be linked
not only to formal compliance with EGD targets, but also to measurable
progress in reducing frontier distance.

Several interpretive limitations should be emphasised. First, DEA/BoD
evaluates relative outcome efficiency, not absolute EGD compliance. A coun-
try located on the frontier is efficient only relative to the analysed sample and
selected indicators; it may still face environmental or social challenges. Sec-
ond, the endogenous weights used in the BoD model are shadow weights, not
normative importance coefficients. They indicate how a country achieves its
best feasible score within the model, but should not be interpreted as policy
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priorities in themselves. Third, the use of a single unit input means the model
does not evaluate expenditure efficiency, labour productivity, or fiscal effort.
It compares multidimensional outcome profiles under a common normalis-
ing input. Fourth, DEA is deterministic and may be sensitive to measure-
ment error, outliers, and variable selection. The robustness checks reported
in the study mitigate this concern, but do not eliminate it completely. Finally,
Eurostat indicators are harmonised and policy-relevant, but may still reflect
reporting delays, proxy measurement, and differences in national data sys-
tems. For these reasons, the results should be interpreted as a comparative
benchmarking exercise rather than as a causal or exhaustive assessment of
Green Deal implementation.

6. Conclusion

The relative effectiveness of European Green Deal (EGD) implementation
in EU countries was assessed using a DEA/Benefit-of-the-Doubt framework
based on Eurostat EGD indicators. The empirical design combined a descrip-
tive SAW composite indicator, constructed from 20 transformed indicators,
with an efficiency-frontier model based on five selected indicators: renewable
energy share, rail freight transport share, PM2.5-related premature mortal-
ity, waste generation per capita, and greenhouse gas emissions intensity of
employment. This approach enabled the evaluation of EGD implementation
both as an aggregate ranking problem and as a frontier-based benchmark-
ing problem focused on relative outcome efficiency, peer benchmarks, and
efficiency reserves.

The results reveal substantial heterogeneity across Member States. Swe-
den, Latvia, and Estonia hold strong positions in both the composite indica-
tor and DEA/BoD assessment, indicating stable performance across both
evaluation approaches. In the 2021 DEA/BoD classification, the efficiency-
frontier or super-efficient group comprises Sweden, Latvia, Lithuania, Portu-
gal, Estonia, Ireland, the Netherlands, Croatia, and Finland. The low-efficien-
cy group includes Czechia, Belgium, Poland, and Bulgaria. The comparison
between the composite indicator and DEA/BoD scores also demonstrates
that aggregate performance and relative efficiency are not identical. Coun-
tries such as Ireland, Lithuania, and Portugal perform more favourably in the
DEA/BoD framework than in the composite indicator.

The contribution-share and robustness results further clarify the inter-
pretation of the model. In 2021, the largest average contributions to DEA/
BoD scores were associated with waste generation and PM2.5-related pre-
mature mortality, followed by greenhouse gas emissions intensity of employ-
ment, rail freight transport, and renewable energy. The leave-one-indicator-
out checks indicate that the ranking is particularly sensitive to PM2.5-related
premature mortality, while the alternative transformation and frontier-out-
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lier tests confirm a high level of overall robustness. These findings suggest
that EGD efficiency should not be interpreted solely through climate-energy
indicators. Environmental health, circular economy pressure, transport
structure, and emissions intensity also play a central role in the relative per-
formance of Member States.

Several policy implications arise from the results. For countries located
on or above the frontier, policy should focus on maintaining performance
and disseminating transferable practices, particularly in air-quality man-
agement, circular-economy policies, rail-oriented freight systems, and
emissions-intensity reduction. For near-efficient and moderate-efficiency
countries, priority should be given to removing specific bottlenecks, such
as administrative delays, weak investment pipelines, insufficient coordina-
tion across public institutions, and sector-specific transition barriers. For
low-efficiency countries, more targeted support is needed in areas where
the greatest efficiency reserves are evident. In particular, air-quality im-
provement, waste reduction, emissions-intensity reduction, and transport
decarbonisation should be more closely linked with cohesion policy, the Just
Transition Mechanism, and green investment support. The results therefore
support differentiated policy intervention rather than a uniform implementa-
tion model for all Member States.

The scientific contribution of the article is to shift the assessment of EGD
implementation from a purely ranking-based perspective to an efficiency-
frontier perspective. Composite indicators and MCDA methods remain use-
ful for ordering countries according to explicit aggregation or preference
rules. However, DEA/BoD provides information on the countries that define
attainable best practice, the distance of other countries from that frontier,
and the extent of efficiency reserves. In this sense, the analysis complements
earlier MCDA and composite-indicator studies by showing how endogenous
weights and frontier benchmarking can be used to assess multidimensional
EGD outcomes. The findings also confirm that differences in EGD imple-
mentation should be interpreted in the context of structural and institu-
tional conditions, including energy mix, dependence on fossil fuels, trans-
port structure, exposure to emissions-intensive sectors, and administrative
capacity. These contextual factors do not constitute causal effects identified
by the model, but they provide a plausible interpretation of cross-country
differences in relative efficiency.

Several limitations should be emphasised. First, the DEA/BoD scores are
relative to the analysed sample and selected indicators; a country located
on the frontier should not be interpreted as fully compliant with all EGD
objectives. Second, the single unit input is a technical normalising input, not
a measure of public expenditure, labour, capital, or energy use. The model
therefore evaluates relative outcome efficiency rather than expenditure ef-
ficiency. Third, DEA is deterministic and does not separate statistical noise
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from inefficiency, making results sensitive to measurement error, outliers,
and variable selection. Fourth, the Eurostat indicators are harmonised and
policy-relevant, but may still reflect reporting delays, proxy measurement,
and differences in national data systems. Fifth, the analysis does not identify
causal mechanisms, and the pre-2019 observations should be interpreted as
a structural baseline rather than as evidence of EGD implementation before
the strategy was announced.

Future research should extend the analysis when longer post-2019 Euro-
stat time series become available. Panel DEA, Malmquist productivity indi-
ces, and bootstrap DEA could be used to evaluate changes in efficiency over
time and to assess the statistical stability of the frontier. DEA results could
also be triangulated with stochastic frontier analysis, MCDA methods, or
machine learning approaches to test how different modelling assumptions af-
fect country classifications. Further extensions should include regional-level
analysis, additional institutional and policy variables, information on EU
funding absorption, and more detailed indicators of administrative capacity.
Such extensions would allow a more precise assessment of how structural
conditions, public policy design, and investment capacity affect the relative
effectiveness of EGD implementation.
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Appendix

Box 1. Comparison of EGD assessment approaches

Descriptive monitoring: tracks official indicators and targets; transparent and policy-aligned, but does not syn-
thesise multidimensional performance or identify benchmarks.

Composite indicators: summarise many indicators into one score; clear for communication, but sensitive to
normalisation, aggregation and weights.

MCDA methods: rank countries under explicit preference rules; useful for multi-criteria ordering, but dependent
on preference functions, thresholds and weights.

DEA/BoD: identifies an efficiency frontier, peers and efficiency reserves through endogenous weights; informative
for benchmarking, but relative and sensitive to variable selection and outliers.

Source: own elaboration.

Table 1. European Green Deal Indicators

Indicator Direction (S/D) Source
E_1.1 Greenhouse gas emissions D Eurostat — EGD indicator E_1.1 (Index, 1990=100)
E_1.2 Greenhouse gas emissions by D Eurostat — EGD indicator E_1.2 (% of total, energy sec-
sector tor share)
E_1.3 Climate related economic D Eurostat — EGD indicator E_1.3 (euro per inhabitant, con-
losses stant prices)
E_1.4 Renewable energy by sector S Eurostat — EGD indicator E_1.4 (% of gross final energy
consumption)
E_1.5 Primary energy consumption D Eurostat — EGD indicator E_1.5 (MWh)
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Indicator Direction (S/D) Source
ﬁailfe}i?i Er;elfsgey consumption in D Eurostat — EGD indicator E_1.6 (GJ per capita)
E 1.7 Zero-emission vehicles S Eurostat — EGD indicator E_1.7 (% of new registrations;
- passenger cars, etc.)
E_1.8 Passenger transport by mode S Eurostat — EGD indicator E_1.8 (% in total inland pas-
(rail) senger-km)
E_1.9 Freight transport by mode S Eurostat — EGD indicator E_1.9 (% in total inland freight
(rail) tonne-km)
E_2.1 Forest and other wooded land S Eurostat — EGD indicator E_2.1 (% of total land area)
E 2.2 Protected areas S Eurostat — EGD indicator E_2.2 (% of total area; terres-
- trial/marine)
E_2.3 Common bird index S Eurostat — EGD indicator E_2.3 (index)
E_2.4 Area under organic farming S Eurostat — EGD indicator E_2.4 (% of utilised agricultural
— area)
E_2.5 Nitrate in groundwater D Eurostat — EGD indicator E_2.5 (mg NO3/1)
ﬁiﬁdco(l)lr;uer;ptlon of chemicals by D Eurostat — EGD indicator E_2.6 (tonnes)
Eurostat — EGD indicator E_2.7 (rate attributable to
E_2.7 Premature deaths (PM2.5) D PM2.5)
E_2.8 Generation of waste by haz- D Eurostat — EGD indicator E_2.8 (kg per capita; hazardous/
ardousness non-hazardous total)
E_3.1 Raw material consumption D Eurostat — EGD indicator E_3.1 (tonnes per capita, total)
E 3.2 Circular material use rate s Eurostat — EGD indicator E_3.2 (% of material input for
= domestic use)
gﬁgl‘f&gross domestic expenditure S Eurostat — EGD indicator E_3.3 (% of GDP; total)
ﬁ(—)iﬁ aI:iOelz{lllliglgx\l»v::rsble to keep D Eurostat — EGD indicator E_3.4 (% of population)
E 3.5 High-speed internet coverage S Eurostat — EGD indicator E_3.5 (% of households; NGA
22 FHEN-5Pp 8 coverage)
E_3.6 Environmental tax revenues S Eurostat — EGD indicator E_3.6 (% of total tax revenue)
fa—l?;;zo]i:gggglture on environmen- S Eurostat — EGD indicator E_3.7 (level)
E_3.8 GHG emissions intensity of D Eurostat — EGD indicator E_3.8 (tonnes CO, per em-
employment ployed person)

Notes: S = stimulant (higher is better); D = destimulant (higher is worse).
Sources refer to the Eurostat European Green Deal indicator metadata/codes.

Table 2. Selection of DEA indicators

Selection method

Top 5 (2013)

Top 5 (2019) Top 5 (2021)

Correlation matrix

E3_3,E2 7,E1_4,E3_1,E2_1

E2_7,E3_3,E1 4,E3_1,E2_1

E1.4,E2 7,E3_3,E3_1,E2_1

Variance analysis

E2 8,E3_8,E1_2,E1_5,E2_7

E2 8,E3_8,E1_2,E1_5E2_7

E2 8,E3_8,E1_2,E1_5E2_7

PCA

E2 2,E2 1,E2 8,E1_2,E1_5

E3_2,E1_2,E1_9,E1_5,E1_8

E3_1,E1.9,E1_5E2_8,E1_2

LASSO

E1_4,E2 2,E3_8,E3_2,E1_9

E2_1,E3_8,E3_4,E2_7,E1_9

E1.5,E1_4,E2_2,E3_8,E1_9

Frequency-based
shortlist

E3_2,E1.9,E2 _8,E1_4,E2_7

E3_2,E1.9,E2 8,E1_8,E1_4

E1.9,E2 8,E1_4,E2_7,E3_8

Final set

E1. 4, E1.9, E2 7, E2_8, E3_8

Source: own calculations.

196




B :xoNOMIA T PRAWO. ECONOMICS AND LAW, 25(2), 175-198

Table 3. Composite indicators related to EGD implementation for 25 EU countries in the
years 2013, 2019, and 2021

No | Country = =Z o 2053001 | 0353021
Clvalue | Rank | CIvalue| Rank | ClIvalue | Rank

1 |Austria 0.451 6 0.498 5 0.519 5 Al —
2 |Belgium 0.350 21 0.399 14 0.402 17 A4 v3
3 |Bulgaria 0.335 22 0.367 20 0.339 24 V2 V4
4 |Croatia 0.440 7 0.466 7 0.481 7 — —
5 |Czechia 0.368 16 0.399 13 0.385 19 V3 A )
6 |Denmark 0.381 13 0.395 16 0.406 16 v3 —
7 |Estonia 0.532 3 0.578 1 0.555 2 Al Vi1
8 |Finland 0.459 5 0.480 6 0.498 6 Vi1 —
9 |France 0.373 14 0.378 17 0.402 18 V4 vi1
10 |Germany 0.360 18 0.407 12 0.422 13 A5 A\ !
11 |Greece 0.305 24 0.348 23 0.377 21 A3 A2
12 |Hungary 0.388 12 0.376 18 0.410 14 v2 A4
13 |Ireland 0.281 25 0.284 25 0.312 25 — —
14 |Italy 0.371 15 0.397 15 0.408 15 — —
15 |Latvia 0.562 2 0.578 2 0.552 3 A\t A
16 |Lithuania 0.429 8 0.422 11 0.427 12 V4 A
17 |Luxembourg 0.397 11 0.431 10 0.439 9 A2 Al
18 |Netherlands 0.414 10 0.462 8 0.470 8 A2 —
19 |Poland 0.325 23 0.346 24 0.346 23 — Al
20 |Portugal 0.358 19 0.367 21 0.429 11 A3 A 10
21 |Romania 0.352 20 0.376 19 0.379 20 — A\t
22 |Slovakia 0.415 9 0.437 9 0.439 10 A\ vi1
23 |Slovenia 0.509 4 0.536 4 0.521 4 — —
24 |Spain 0.365 17 0.354 22 0.364 22 V5 —
25 |Sweden 0.571 1 0.557 3 0.599 1 — A2

Source: own calculations based on Eurostat (2023).

Table 4. DEA/BoD efficiency scores related to EGD implementation for 25 EU countries

in the years 2013, 2019, and 2021

No DMU 2013 2019 2021 Rank A Rank A
Score Rank Score Rank Score Rank | 2013-20212019-2021

1 |Austria 0.899 19 0.883 22 0.943 18 Al A4

2 |Belgium 0.833 22 0.885 21 0.877 23 A V2
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No MU 2013 2019 2021 Rank A Rank A
Score Rank Score Rank Score Rank | 2013-20212019-2021

3 |Bulgaria 0.828 23 0.800 25 0.786 25 V2 —
4 |Croatia 1.033 6 1.072 4 1.026 8 V2 V4
5 |Czechia 0.940 16 0.888 20 0.898 22 V6 V2
6 |Denmark 1.000 8 0.986 11 0.979 13 v5 V2
7 |Estonia 1.122 3 1.067 5 1.069 5 V2 —
8 |Finland 1.005 7 1.014 7 1.019 9 V2 V2
9 |France 0.952 14 0.993 10 0.969 14 — V4
10 |Germany 0.847 21 0.895 18 0.931 20 Al V2
11 |Greece 0.750 25 0.860 23 0.943 17 A3 A6
12 |Hungary 0.977 10 0.969 12 0.987 11 A\t Al
13 |Ireland 1.063 5 1.062 6 1.053 6 A\t —
14 |Italy 0.926 18 0.947 13 0.931 21 V3 A&
15 |Latvia 1.338 2 1.255 2 1171 2 — —
16 |Lithuania 0.963 13 0.932 16 1.170 3 A 10 A 13
17 |Luxembourg 0.815 24 0.930 17 0.958 16 A3 Al
18 |Netherlands 0.939 17 0.943 15 1.028 7 A 10 A3
19 |Poland 0.848 20 0.842 24 0.854 24 V4 —
20 |Portugal 1.069 4 1.080 3 1.109 4 — Vi1
21 |Romania 0.975 11 1.004 8 0.999 10 Al V2
22 |Slovakia 0.972 12 0.944 14 0.959 15 V3 A\
23 |Slovenia 0.948 15 0.893 19 0.932 19 V4 —
24 |Spain 0.993 9 0.999 9 0.986 12 v3 V3
25 |Sweden 1.358 1 1.336 1 1.461 1 — —

Source: own calculations based on Eurostat (2023).

Table 5. Classification of countries by DEA/BoD efficiency score in 2021

Group

Criterion, 2021
DEA/BoD score

Countries

Interpretation

Efficiency-frontier /
super-efficient coun-
tries

score > 1.000

Sweden, Latvia, Lithuania, Portugal,
Estonia, Ireland, Netherlands, Croatia,
Finland

Countries located on or above
the estimated frontier

tries

tive efficiency gaps

Near-efficient coun-| 0.950-1.000 |Romania, Hungary, Spain, Denmark,|Countries close to the frontier,
tries France, Slovakia, Luxembourg with limited efficiency reserves
Moderate-efficiency| 0.900-0.949 |Austria, Greece, Slovenia, Germany,|Countries with visible but not
countries Italy extreme efficiency reserves

Low-efficiency coun- < 0.900 Czechia, Belgium, Poland, Bulgaria Countries with the largest rela-

Source: own calculations based on Eurostat (2023).
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