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Abstract

The article explores the multi-criteria approach to evaluating the results of the energy transition using
the example of EU countries. It is substantiated that the process of change requires constant
monitoring of results; however, this process is complicated by the significant number of indicators,
many of which are subjective and do not always objectively reflect the effectiveness of the energy
transition. For the technical analysis of energy transition results, the Data Envelopment Analysis
(DEA) methodology was used, the main advantage of which is the ability to assess the impact of
environmental factors on the results of changes, in this case, the EU countries. The analysis considers
input factors, which include the resources required to achieve sustainable energy transition results,
as well as output factors that define the results themselves, including the share of renewable energy
sources, CO2 emission levels, and the level of innovation in environmental measures. Based on the
comparison of calculated DEA efficiency scores and the Energy Transition Index (ETI), an efficiency
matrix was constructed. This matrix allowed for the identification of four groups of countries based
on the comparison of calculated DEA efficiency scores and the ETI. The use of the DEA methodology
with Python software allowed for clarification of the difference between subjective assessments of
the level of energy transition and objective results obtained based on efficiency indicators of resources
allocated to the energy transition. The validation of results was obtained with decoupling score index
(DS). Such approach not only allows for monitoring the state of energy changes but also assesses the
potential of individual countries. The result obtained serves as an informative source for
benchmarking to study best practices demonstrated by countries with high values of the Energy
Transition Index and the effectiveness of this transition according to the DEA method.

Keywords: energy transition; DEA; efficiency; multi-criteria approach; EU countries; benchmarking

1. Introduction

The current energy transition policy is increasingly focused on decarbonization, reducing
dependency on fossil fuels, and integrating renewable energy sources (RES) into national energy
systems. This transition requires comprehensive solutions that address both technological and socio-
economic aspects, including innovation, energy efficiency, infrastructure development, changes in
consumer models, and institutional transformations. In this context, the relevance of systematic
monitoring and evaluation of energy policy effectiveness increases, as it allows not only to measure
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the achieved progress but also to identify bottlenecks, development imbalances, and justify the need
for adjusting strategic decisions.

Despite the vast amount of statistical data, research on efficiency in the energy transition faces
several challenges. These include the multidimensionality and interdependence of indicators, the lack
of a single integrated effectiveness metric, the heterogeneity of countries or regions based on initial
conditions, as well as the difficulty of comparative analysis due to socio-economic and institutional
differences. In this context, the application of Data Envelopment Analysis (DEA) is appropriate — a
methodology based on the concept of comparative efficiency based on the ratio of resources (input)
and results (output) [1]. DEA allows the assessment of the technical efficiency of entities (countries,
regions, enterprises) that operate under similar conditions, without the need for prior determination
of weight coefficients for each indicator.

Integrating DEA with other analytical approaches, such as the Energy Transition Index (ETI),
enhances the accuracy of the assessment and provides a multidimensional view of progress in
achieving energy goals. The ETI, proposed by the World Economic Forum, covers key elements of
institutional, market, technological, and regulatory readiness for transition. It shows a 1.1% increase
in the global average score compared to the previous year as of 2025, more than twice the average
growth rate over the past three years [2]. This multi-criteria approach allows for the consideration of
both qualitative and quantitative parameters, combining policy analysis with applied decision-
support tools. As a result, it creates a foundation for building effective energy transition policies
based on objective comparison, ranking, identifying leaders and followers, and developing targeted
recommendations.

2. Materials and Methods

Research on Factors Affecting the Energy Transition

Research on the effectiveness of energy transition changes is an important tool for strategic
planning, sustainable development policy formulation, and rational resource allocation. Such
analysis allows not only to assess the achievements of countries in implementing energy reforms but
also to identify systemic weaknesses, understand why some countries achieve significantly higher
results with fewer resource costs. The relevance of studying the effectiveness of the energy transition
is determined by several key factors. Firstly, this process is extremely resource-intensive and requires
significant financial, technological, and human investments. Therefore, assessing efficiency helps to
determine how rationally available resources are used [3,4]. Secondly, energy system development
in Europe is uneven — countries start from different positions, have different institutional capacities,
and varying access to technologies [5]. Thirdly, with the increasing accountability of governments
and the need for evidence-based decision-making, efficiency becomes a criterion for policy quality
[6]. Finally, to ensure sustainable progress, it is necessary to separate actions that genuinely cause
positive shifts from superficial or declarative changes [7].

The study of the energy transition effectiveness is an essential tool for strategic planning,
forming sustainable development policies, and rational resource use. Researchers [8] define resources
as both material and immaterial elements that interact with humans and their environment. These
include physical resources (e.g., natural resources and materials), as well as social, psychological,
cultural, and intellectual resources that determine an individual or organization’s ability to achieve
their goals, and can be mobilized through various processes, including exchange, use, and
transformation of these resources to overcome external and internal demands and threats. Based on
this generalization, we consider various resource factors, which will later be analysed within the
framework of the DEA methodology for achieving the goals of the energy transition.

The study [9] emphasizes the strategic role of effective resource use, highlighting energy
efficiency as a multidimensional concept that ensures competitiveness, reduces environmental harm,
and supports the creation of sustainable jobs through optimal use of materials and production waste,
particularly in resource-intensive industries. Article [10] discusses the importance of mobilizing
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materials for the energy transition, specifically through efficient resource use, and identifies four
main paths for material mobilization: increasing primary production, redirecting existing
production, repurposing used reserves, and re-mining waste and emissions. The interaction of these
factors determines the maximum possible speed of material mobilization and the energy transition
[11]. This issue is especially relevant for economies that consume a significant portion of natural
resources and produce substantial CO:z emissions [12]. The publication [13] explores the influence of
technological choices, investment needs, and socio-economic contexts related to setting the world on
a trajectory toward a sustainable, resilient, and inclusive energy future. Authors in publication [14]
discuss the importance of international law and organizations as institutional mechanisms for
regulating energy decisions at the global level. Article [15] discusses alternatives to accelerate the
energy transition in the Global South, focusing on three dimensions: technology, society, and policy,
and highlights potential of these dimensions to support the transition, and examines the
transformation of energy consumption through energy efficiency in the context of the global energy
transition. Study [16] emphasizes the role of energy efficiency in reducing dependence on fossil fuels,
decreasing energy imports, and mitigating negative environmental impacts, particularly regarding
energy issues in Ukraine due to the conflict. Article [17] emphasizes the importance of a culture of
energy-saving consumption as a necessary condition for modernity.

The impact of urbanization on the energy transition also deserves attention. Households' access
to various forms of energy depends on the level of urbanization, which influences their energy
consumption preferences. Studies [18] have shown that in sparsely populated areas, wood/biomass
and natural gas reduce energy poverty, while in cities, electricity consumption is the key factor. Study
[19] emphasizes the importance of localized approaches and long-term strategies to achieve a
sustainable energy transition in cities. Thus, income levels significantly affect the effectiveness of the
energy transition, as higher incomes provide more opportunities for implementing technical
solutions and developing appropriate measures, while optimizing resource use is key to achieving
maximum efficiency in the energy transition and reducing the environmental burden, particularly in
low-income locations.

In addition to studying individual factors in the context of the energy transition, studies that
comprehensively examine factors deserve attention. A multidimensional analysis of EU countries
between 2000-2019 identified four energy transition profiles and showed that economic growth,
trade indicators, innovation systems, and the design of policy measures significantly affected
progress, while some developed economies, such as Germany and the Netherlands, lagged in
achieving climate goals [20]. In study [21], it is emphasized that improving energy efficiency and
achieving sustainable economic development requires favourable environmental conditions,
fostering technological innovation, aligning with regional specifics, and enhancing collaboration in
the field of ecological knowledge through targeted industrial and policy strategies.

Thus, publications highlight the key resource factors influencing the energy transition, among
which we focus on the level of consumption of material resources, their reuse, energy efficiency,
energy consumption, job potential, investments, the impact of urbanization, and income levels.
Additionally, in the works of scientists, this list is supplemented with factors determining the energy
transition, including new energy sources [22][23], shifts in the fuel source for energy production [24],
a shift in the nature or pattern of how energy is utilized within a system [25], decarbonization [26—
28].

Methods for Studying the Effectiveness of the Enerqy Transition

Various methods are used to study the impact of factors on the energy transition, including
Analytical Hierarchy Process [29], clustering [30], statistical analysis of expert opinions [31], and
fuzzy logic modelling [32]. Each of these methods has its advantages, but they may also have
limitations, such as the subjectivity of assessments and weights or difficulty in working with large
data sets. The DEA method stands out due to its objectivity, allowing for the comparison of multiple
units simultaneously, considering various resources and performance outcomes. One of the key
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advantages of DEA is its ability to identify potential improvements and optimize resource usage,
making it useful for decision-making in competitive environments with changing parameters. Thus,
DEA is a relevant tool for environmental analysis, ensuring high accuracy and objectivity when
assessing effectiveness in different contexts. Researchers consider the DEA method suitable for
studying the efficiency of resource utilization to achieve goals. As shown in Xu et al.'s study (2020),
DEA is widely used to assess energy efficiency as a method for evaluating overall factor efficiency,
considering the changing technical condition and structure of sectors [33]. A systematic review of the
literature on the use of DEA in energy and environmental studies highlights its ability to identify
systemic weaknesses and potential for improving the performance of countries through comparative
analysis of DMUs [34]. The study [35] demonstrated the importance of integrating DEA with
additional tools for more precise strategic analysis at the national level. Research [36] is dedicated to
the application of DEA for analysing the effectiveness of renewable energy in developed countries
and the role of green finance in promoting sustainable energy usage. The DEA method was used to
analyse energy efficiency in 30 provinces of China, revealing regional differences and the need for
targeted sustainable development policies [37]. Based on a comprehensive review of DEA
applications in energy efficiency studies, key measurement variables have been highlighted, models
and practical scenarios expanded, and limitations, such as dependency on structured and clearly
defined data, have been identified, with suggestions for future methodological developments [38].

To improve the results of applying the DEA methodology, researchers have combined it with
other methods. Authors in [39] proposed a hybrid methodology combining DEA Window analysis
and Fuzzy TOPSIS to assess the renewable energy production potential of 42 countries, based on
population size, energy usage, power capacity, and broader sustainable development criteria,
offering a strategic tool for guiding policies and investments in clean energy. In study [40], interval
DEA and a super-efficiency model were presented for evaluating sustainable tourism, effective
processing of data uncertainty, and identifying inefficiencies and improvement goals in DMUs using
interval input data and greenhouse gas emissions as undesirable outcomes. Study [41] introduces a
new DEA model that enables sequential comparison of the efficiency of all management units and
subunits, ensures linearity, and avoids assumptions regarding multiplicative or hierarchical
efficiency decomposition, enhancing its applicability to complex systems. Authors in the article [42].
consider the combination of the DEA and MCDA techniques for solving problems related to
efficiency and productivity

Combining DEA and ETI for Energy Transition Effectiveness Evaluation

Evaluating the effectiveness of the energy transition requires considering both institutional
preconditions and the actual results of energy system transformations. As the analysis of barriers
prevalent in both developed and developing countries shows [43], obstacles to energy transition
include not only financial and infrastructural challenges but also socio-institutional and regulatory
aspects. In this context, it is beneficial to combine the index approach (ETI) with the tool for assessing
actual effectiveness (DEA) for a comprehensive analysis of the situation. Specifically, ETI allows for
the quantitative evaluation of governance quality, policy stability, access to capital, availability of
infrastructure, and the level of human capital — factors that are typically beyond the scope of
productivity models. However, the drawbacks of the ETI index include subjectivity in forming the
aggregate indicator and the failure to account for resource usage efficiency, as ETI is more about
potential rather than productivity [44].

The importance of institutional support for energy transition has been discussed in a few
publications. In particular, the article [45] states that integrating transition studies with policy
provides a comprehensive foundation for managing energy transformations, emphasizing public
involvement in governance, reflexive political mechanisms, and innovation ecosystems. Using
Germany's energy transition (Energiewende) as an example, the study demonstrates how inclusive
multi-level governance fosters legitimacy, adaptability, and stakeholder engagement, ensuring
socially just and sustainable transition processes. The study [46] highlights that a successful and fair
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energy transformation depends on multi-dimensional policies, identifying five main thematic areas
— institutional, ecological, financial, socio-cultural, and technical — which together form the
development of renewable energy. A systematic review in the source [47] identifies four key
categories — economic, technological, social, and political — as foundational for accelerating the
transition to low-carbon energy, with researchers emphasizing the critical role of environmental
policy and stakeholder participation, while noting the limited attention to developing countries and
low-income nations in existing studies. In the article [48], explicit and implicit aspects of the energy
transition are distinguished: explicit aspects include observable changes in energy consumption and
infrastructure, while implicit aspects involve deeper transformations such as governance,
technologies, and geopolitical dynamics. By highlighting the interconnection of energy with social,
economic, and ecological systems, the study emphasizes the need for future research to examine
multi-scale consequences and support a fair and sustainable transition. In the study [49], advanced
bibliometric and systematic analysis methods are applied to emphasize the importance of the
scientific landscape of the transition to renewable energy sources, focusing on key economic, political,
managerial, social, and climate aspects.

Thus, the institutional component is an essential factor of the energy transition, which is
systematically addressed in the ETI methodology. At the same time, DEA enables the assessment of
actual effectiveness in transforming resources (including investments, energy consumption, and
human potential) into desired results — such as increasing the share of renewable energy, reducing
emissions, and fostering innovative economic growth. DEA accounts for the heterogeneity of factors
and identifies countries that, with the same or fewer resources, achieve better results, which is
particularly important in regions with high costs or weak institutional support. ETT and DEA play
complementary roles: the former diagnoses institutional capability, while the latter determines real
effectiveness. Combining both approaches allows not only the identification of barriers that slow
progress but also the identification of benchmark countries capable of optimizing policies and
resources. This opens opportunities for forming comprehensive, strategically grounded decisions in
the energy transition that consider both conditions and outcomes.

Therefore, the aim of this article is to form and test the conceptual foundations for studying the
factors influencing energy transition effectiveness based on the multi-criteria approach, considering
the application of the DEA method and its integration with ETI for benchmarking the research results.
The authors aim to propose a methodological framework that allows for an objective assessment of
the effectiveness of countries or regions in implementing energy transformation, considering both
quantitative and qualitative criteria. The research tasks include: considering a multi-criteria approach
for choosing factors of energy transition results study; developing and adapting a DEA model to
assess the effectiveness of energy transformation in EU countries; comparing the results with other
existing rankings (e.g., ETI); and forming an efficiency matrix for conducting benchmarking and
identifying the potential of countries for energy transition.

Methodology and Data

To achieve the article's goal, the use of the DEA methodology is proposed. The necessity of
applying DEA in energy transition studies is supported by a growing body of academic literature
that emphasizes the importance of multidimensional evaluation frameworks. Prior studies have
shown that energy transition is influenced not only by technological capacity and resource
availability but also by governance quality, socio-economic structure, and innovation potential. DEA
provides an empirical basis to incorporate these multiple factors into a unified evaluation model. A
key strength of the DEA method lies in its ability to rank the evaluated DMUs. It autonomously
determines the appropriate weights for the analysis and allows for the direct use of raw data.
Furthermore, combining DEA with complementary indices like ETI allows researchers to overcome
the limitations of one-dimensional rankings and better reflect the complexity of real-world transition
dynamics.
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The methodological framework of this study is based on the integration of DEA into a
multicriteria assessment model to evaluate the effectiveness of national energy transition efforts
across European countries. The research applies a non-parametric, input-oriented DEA model under
the assumption of variable returns to scale (CCR model), enabling the comparison of countries
(DMUs) in terms of how efficiently they convert multiple energy, economic, and environmental
resources into desired outcomes.

The analysis is based on a panel of 27 European countries for which relevant quantitative
indicators were collected from Eurostat databases. Variables were selected to reflect both the resource
inputs and performance outputs of the energy transition process. The DEA model uses the following
indicators:

Outputs (Desirable Results):

In the DEA model, three key indicators have been selected as output variables to reflect the
results of the energy transition. The share of renewable energy sources (y1) represents the level of
ecological transformation in the energy balance. The CO, Emissions in comparison with economic
growth are presented by the decoupling Score (DS) indicator (y2). Decoupling of GHG emissions from
GDP growth in the article is determined with the Tapio decoupling index (¢), which is a quantitative
measure designed to evaluate the relationship between economic growth and environmental impact,
particularly carbon emissions (formula 1).

e

€= o 1)

where e — GHG growth rate; g — GDP growth rate.

The index ¢ is derived from the elasticity concept, which, in this context, represents the
responsiveness of carbon emissions to changes in GDP. It characterizes the success of
decarbonization measures and measures the country's ability to reduce CO, emissions while
maintaining economic growth and reflects how successfully technologies that reduce environmental
impact are being implemented, contributing to the sustainable development of the economy. The
higher this coefficient, the more effectively the country implements decarbonization and energy
transformation strategies [50].

Decoupling Index can take different values. For example, the literature discusses eight types of
it [51]. In this study, we consider four cases that reflect different combinations of changes in GDP (g)
and emissions (e). Taking these into account allows us to distinguish the following types of
decoupling:

1)  Absolute decoupling (g>0, e<0): we assign DS=1 — this is the strategically best state: the economy
is growing, emissions are decreasing;

2)  The worst case (g<0, e20): we assign DS=0— recession is accompanied by an increase in GHGs;

3) Relative decoupling (g>0, e>0) - GHGs and GDP are growing, we assign DS, calculated with the

formula:
1
bs = 1+¢ (2)

The meaning of this calculation is that e, which shows how fast emissions grow relative to

economic growth, determines better decoupling at lower € and worse at higher .
1) Both indicators fall (g<0, e<0): we assign DS, calculated with the formula:

E ©)

= Jel+lgl
The content of the calculation is to determine the share of the “total reduction” that is due to the

reduction of GHGs. The goal is to show the fall in emissions, but not to equate the case with the best-
case scenario, if the reduction is achieved at the cost of recession. If GHGs fall more strongly than
GDP — the share is closer to 1. If the economy falls more strongly than GHGs — the share is closer
to 0. The coefficient k=0.6, € (0,1) guarantees that even with a large reduction in GHGs in a recession,
it will not exceed the fall in GDP.

Thus, for DS calculation, we use formula 4:
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1, g>0e<0 (absolute decoupling, the best case)
i, g>0e>0 (relative decoupling)
DS(ge) = 0,g<0e=>0 (recetion with CO,emission growth, the worst case) , (4)
lel g<0,e<0 (the both fall, to prioritase CO,emission decrease, k = 0.6)

lel+lgl”

The proposed Decoupling Score normalizes Tapio’s elasticity to the [0,1] interval and provides
a ‘higher = better’ interpretation. Under relative decoupling, smaller values of ¢ (GHG grows more
slowly than GDP) yield a DS that approaches 1. When GDP and GHG both decline, DS increases with
the larger contribution of GHG reduction to the total decline but is capped at k=0.6 so that recession
scenarios do not outweigh cases with economic growth. Thus, the indicator aligns with the policy
logic of promoting decoupling and does not ‘over-reward’ emission cuts achieved at the expense of
economic contraction.

EIS (Energy Intensity Score) is an indicator used within the DEA method. It assesses the
innovation potential of countries in the energy sector and is designed to help countries evaluate their
achievements in innovations related to energy technologies and the transition to a low-carbon
economy. EIS is considered a reliable and comprehensive source for analysing innovation potential,
making it ideal for studies on technological innovations and regional development [52]. In the context
of DEA, ElIS is an output indicator (ys), which allows for the assessment of countries' ability to develop
and implement new energy technologies, including renewable energy sources, energy efficiency, and
CO2 emissions reduction.

Inputs (Resources Used) are Presented By Indicators:

- x1: Energy import dependency rate (%) — high values indicate vulnerability to external energy
supply;

- x2: Share of fossil fuels in total energy supply (%) — a key indicator of carbon-based dependency;

- x3: Investments in climate change mitigation (million EUR) — resources consumed to promote
sustainability;

- x4: Job vacancy rate in professional, scientific, and technical fields (%) — proxy for innovation
capacity and human capital demand;

- xs: Income by degree of urbanization (million EUR) — considered a resource associated with urban
energy consumption and infrastructure capacity;

- xe: Energy consumption per capita — reflects intensity of resource use; lower values imply greater
efficiency.

The goal of DEA is to achieve the goal of maximizing the efficiency ratio — that is, how
proportionally can output be increased without reducing the level of input resources [1]. Objective
of the task - Maximize 0 — DEA efficiency ratio. The task is based on the following constraints:

input constraints: weighted sum of inputs for all DMUs is less than or equal to the input for the
evaluated DMU:

Yia i xij < xi0,Vi=1,..m, (5)

output constraints: weighted sum of outputs for all DMUs is greater than or equal to O times the
output for the evaluated DMU):

Z;}=IA]' xyTj S erv VT= 1r .S, (6)
Non-negativity of weights:
A =20,vi=1,..n (7)

Variables:

Aj — Weights for other DMUs;

0 — Output scaling coefficient (DEA efficiency ratio);
Notation Explanation:

xij — i-th input for j-th DMU;

yij — 1-th output for j-th DMU;

Xio,Yro — Input/output for the evaluated DMU;

n — Number of countries (DMUSs);
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m — Number of inputs;

s — Number of outputs.

This formulation is an output-oriented CCR. Output-oriented because the objective is to
maximize output (0) while keeping inputs constant. The CCR model, named after its developers
(Charnes, Cooper, Rhodes), is the basic DEA model. It always assumes constant returns to scale
(Constant Returns to Scale, CRS). There is no convexity constraint (};Aj=1), implying constant returns
to scale, which means: the CCR model is designed to assess efficiency assuming that efficiency is
independent of the scale of operations; the absence of an additional constraint that the sum of the
weights (Aj) is equal to one is a mathematical reflection of this assumption of constant returns to scale.
This allows the model to compare DMUs of different sizes without considering scale effects, if the
optimal scale does not matter for achieving efficiency; in practice, this makes the CCR model more
rigid and may lead to fewer efficient units, since to achieve efficiency a DMU must be efficient in an
absolute sense, regardless of its scale.

In the DEA model, all inputs are treated as resources consumed in the process of achieving
energy transition outcomes. Import dependency (x1) and the share of fossil fuels (x2) indicate the level
of vulnerability and carbon dependence of the energy system. Investments in climate initiatives (xs),
vacancies in the scientific and technical sphere (x4), and income by urbanization level (xs) are
interpreted as socio-economic resources that form the potential for transformation, but if used
irrationally, may indicate low efficiency. Energy consumption per capita (xs) reflects the overall
energy intensity of the economy. Though some variables, such as investments or technical job
vacancies, might appear as stimulators of progress, within the DEA logic, they are treated as inputs
(i.e., resources consumed) and thus classified as de-stimulators to align with the model's efficiency
interpretation.

All variables were normalized to ensure comparability and avoid scale distortions, using min-
max normalization where necessary. The DEA model was implemented in Python, offering
transparency, flexibility, and scalability. Python allows the researcher to fully control the construction
of the DEA model, adjust parameters, integrate weighting mechanisms if needed, and replicate
results efficiently.

Accordingly, considering these indicators as resource provision for the energy transition, we
will normalize them using the formula of linear transformation of disincentives:

norm maXxj —Xij

B e —— (8)

maxy;j—miny;”
where:
- xij—actual value of the disincentive for object i by indicator j;
- max,;, min,; — respectively, the largest and smallest value of the
indicator among all objects;
- ximg[0;1] — a normalized value where lower values of the
disincentive are converted to higher values on the efficiency scale (i.e.
values closer to 1 are better).
In the DEA model, all output indicators are interpreted as the results of the efforts expended.
Together, these indicators provide a comprehensive assessment of the effectiveness of the use of
energy resources and are characterized as stimulants. The formula for their normalization is as

follows:
norm _ _XijMaXyj

Xi]

©)

Thus, all variables — both input and output — are reduced to a single scale within [0;1], which

maxyj—miny;’

allows for the correct application of DEA analysis without distorting the results due to different
scales, units of measurement or directions of influence. This approach ensures metric consistency,
analytical transparency and interpretative unambiguity in comparing countries in terms of their
energy efficiency. This transformation allows for the preservation of the evaluation logic, according
to which high values of stimulants and low values of disincentives are interpreted as a sign of greater
efficiency.
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DEA method for assessing relative efficiency considering a set of input and output variables.
DEA allows for the comparison of countries as Decision Making Units (DMUs) operating under the
same external circumstances, but with different resources and outcomes. To ensure the reliability of
the results, an empirical rule regarding the minimum number of DMUs required for the correct
construction of the model was followed. According to it:

DMU = max{m X 5,3 (m + s)} (10)

where: m — the number of input variables; s — the number of output variables.

This ratio ensures that the model will have sufficient statistical power to distinguish between
efficient and inefficient countries. For example, when using 6 input and 3 output variables, the
required number of countries (DMUs) is at least:

max{6 X 3,3 (6 + 3)} = max{18,27} = 27 countries

Thus, for a model that includes 6 input and 3 output variables, at least 27 countries were included
in the study to ensure the statistical validity of the constructed efficiency.

In this study, the Python programming language was used to implement DEA, which provides
full transparency, flexibility and reproducibility of calculations. Thanks to the open source and wide
capabilities of Python, the researcher can adapt the model to the specifics of the input and output
variables, add weight constraints, scale calculations to large samples, and integrate DEA with other
analysis methods (clustering, regression, visualization, etc.). This ensures not only the accuracy and
reliability of the results but also allows us to consider the complexity and multidimensionality of
energy transition processes.

To enhance interpretability and address multidimensionality, DEA results were combined with
the Energy Transition Index (ETI), a composite indicator provided by the World Economic Forum
that captures broader institutional, technological, and market readiness dimensions. A correlation
analysis between DEA efficiency scores and ETI rankings was performed, revealing a relationship,
which justifies the development of a two-dimensional efficiency matrix (DEA Score vs. ETI Rank).

The Efficiency Matrix for Strategic Positioning enables the classification of countries into
strategic quadrants, supporting more nuanced policy recommendations. This approach is widely
accepted and for this research it allows classifying countries by their strategic behavior in the energy
transition; identifying asymmetry between the level of institutional readiness and the actual results
of energy reforms; identifying benchmark countries — those that achieve high efficiency even under
unfavorable conditions; and identifying potential reserves in countries that, despite a high ranking
position, demonstrate lower performance in utilizing available opportunities. Together, these
indicators allow us to assess how effectively countries use available resources to achieve the desired
results of sustainable development.

To determine the presence of a statistical relationship between the ETI and the efficiency
indicator according to the DEA model, the Pearson correlation coefficient was calculated using the
classical formula:

_ i (-E) i) (11)
im0 S0
where: xi — DEA Efficiency Score value for country i;

r

yi — ETI value for country i;

X", y~ —average values of DEA and ETI, respectively.

For a better understanding of the research methodology, its graphic visualization is offered in
Fig. 1.
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1. Theoretical Foundations and Literature Review

1.1 Brief overview of scientific approaches to assessing energy transition efficiency.

1.2 Justification for choosing DEA as the evaluation method (multifactor nature, no need for predefined
weights, independence from functional form).

1.3 Description the role of the Energy Transition Index (ETI) in providing a comprehensive assessment of

K institutional and technological readiness.
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2.1. Output Variables: (y1, y2, y3) — Represent achievements in renewable energy deployment, decarbonization,

2. Selection and Justification of Variables

and innovative-economic growth.
2.2. Input Variables: (x1—x6) — Reflect energy, social, and economic resources; each variable’s inclusion is

motivated by its impact on energy transition outcomes.

.3. Data Normalization and Preprocessing /
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3. Construction of the DEA Model
3.1 Selection of the CCR model.
3.2 Formulation of the optimization objective.

3.3 Definition of Decision-Making Units (DMUs) — EU countries.
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4. Combining DEA and ETI
4.1 Justification for integrating DEA results with ETI to capture both efficiency and institutional readiness.
4.2 Correlation analysis between DEA scores and ETI values.

4.3 Preparation of a two-dimensional efficiency matrix development
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Classification of countries into four types:

5. Construction of the Leaders (high DEA, high ETI)

Efficiency Matrix High Potential (high DEA, low ETI)
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Institutional Reserve (low DEA, high ETT)

Structural Inefficiency (low DEA, low ETI)

Strategic interpretation for each quadrant.
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Figure 1. Research Methodology.

3. Results

Based on the results of the literature review, we identified groups of input and output indicators,
which are examined within the DEA methodology in this study. The description and characteristics
of each indicator are provided in Tables Al and A2 of the Appendix, located at the end of the article.
The input indicators xi-xs¢ were obtained from the official Eurostat website. As for the output
indicators, for y1 and ys, the sources of information were also obtained from the Eurostat website. The
y2 indicator was calculated, and its calculation was based on formula 4. The results of the calculation
are presented in Table 1.
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Table 1. Value of the DS indicator.

Country GHG Growth GDP € Regime DS
Rate (%) [52]  Growth Rate (GHG-GDP
(%) elasticity)
Belgium 51 1.1 Relative

decoupling
4,667 (GDP1,GHGT) 0,176
Bulgaria 4.0 41 Relative

decoupling
0,981 (GDP1,GHGT) 0,505
Czechia 2.2 1.8 Relative

decoupling
1,233 (GDP1,GHG?T) 0,448
Denmark 2.6 3.9 Relative
decoupling
0,655 (GDP1,GHG?T) 0,604
Germany 1.6 -0.4 Worst-case
-4,040 (GDP|,GHGT) 0,000
Estonia -11.3 1.2 Absolute
decoupling
-9,390 (GDP1,GHGJ) 1,000
Ireland 3.1 9.2 Relative
decoupling
0,333 (GDP1,GHG?T) 0,750
Greece 8.1 2.7 Relative

decoupling
3,006 (GDP1,GHG?T) 0,250
Spain 24 3.2 Relative
decoupling
0,757 (GDP1,GHG?t) 0,569
France 0.4 1.1 Relative

decoupling
0,331 (GDP1,GHGY) 0,751
Croatia 6.1 3.9 Relative

decoupling
1,566 (GDP1,GHGT) 0,390
Italy 41 1.0 Relative
decoupling
4,126 (GDP1,GHG?) 0,195
Cyprus 4.4 2.6 Relative

decoupling
1,674 (GDP1,GHGT) 0,374
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Latvia -1.4 -0.4 Both falling
3,453 (GDP|,GHG]) 0,467
Lithuania 10.8 4.0 Relative
decoupling
2,704 (GDP1,GHG?T) 0,270
Luxembourg -2.3 1.8 Absolute

decoupling
-1,292 (GDP1,GHG/|) 1,000
Hungary 4.7 0.4 Relative

decoupling
11,783 (GDP1,GHGY) 0,078
Malta 1.7 2.8 Relative

decoupling
0,615 (GDP1,GHG?T) 0,619
Netherlands 4.1 1.9 Relative
decoupling
2,163 (GDP1,GHG?T) 0,316
Austria -1.7 -0.5 Both falling
3,382 (GDP|,GHG|) 0,464
Poland 1.6 4.1 Relative
decoupling
0,400 (GDP1,GHG?T) 0,714
Portugal 2.4 29 Relative

decoupling
0,813 (GDP1,GHG?T) 0,552

Romania 0.3 0.5 Relative

decoupling
0,662 (GDP1,GHGT) 0,602
Slovenia 9.4 15 Relative

decoupling
6,266 (GDP1,GHGt) 0,138
Slovakia 2.6 1.7 Relative
decoupling
1,514 (GDP1,GHG?t) 0,398
Finland -6.1 0.9 Absolute

decoupling
-6,789 (GDP1,GHGJ) 1,000
Sweden -2.3 1.9 Absolute
decoupling
-1,232 (GDP1,GHG/|) 1,000
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The results analysis obtained allow us to conclude that the countries have different progress in
energy transition:

1) Absolute decoupling (best case, DS = 1.000) was achieved in Estonia, Luxembourg, Finland,
and Sweden, which expanded their economies while reducing emissions. In these cases, growth and
mitigation coexisted, indicating that efficiency gains, fuel switching, clean power supply, or
structural shifts outweighed any emission pressures from added output. These countries provide the
benchmark pattern the EU ultimately seeks to scale.

2) Relative decoupling (mixed case, 0< DS <1) demonstrates a tendency — GDPt, GHGT, and
indicates the economy grows, and emissions still increase, but the DS tells us how strongly growth
outpaces emissions:

— stronger relative decoupling (DS 2 0.60): France (0.751), Ireland (0.750), Poland (0.714), Malta
(0.619), Denmark (0.604), Romania (0.602). These profiles show meaningful mitigation pressure
within growth: emissions are rising more slowly than GDP, suggesting that efficiency policies,
renewable deployment, or cleaner sectoral composition are taking hold;

— moderate (0.50 < DS < 0.60): Spain (0.569), Portugal (0.552), Bulgaria (0.505). Progress is visible but
narrower; incremental improvements could tip these cases into the stronger bracket;

— weak (DS < 0.50): Czechia (0.448), Slovakia (0.398), Croatia (0.390), Cyprus (0.374), Netherlands
(0.316), Lithuania (0.270), Greece (0.250), Italy (0.195), Belgium (0.176), Slovenia (0.138), Hungary
(0.078). In these economies, emissions rose nearly as fast as—or faster than—GDP. That pattern
signals either carbon-intensive growth, delayed clean-energy uptake, or rebound effects outweighing
efficiency gains. Within this set, the lowest DS values correspond to € > 1 (emissions growing faster
than GDP), which is the red flag to address first.

3) Green recession (both falling, capped DS = 0.46-0.47) follows a tendency — GDP|, GHG|, and
was achievedin Latvia (0.467) and Austria (0.464) reduced emissions alongside economic contraction.
The score recognizes that a larger share of the joint decline comes from falling emissions, but applies
an explicit cap so that recession-driven cuts do not outrank countries achieving reductions with
growth. Policy-wise, the priority is to convert these short-run declines into structural improvements
(efficiency, fuel switching, clean heat/power) that persist when growth resumes.

4) Worst case (DS = 0) with a tendency - DP|, GHG?, was achieved in Germany, which is the
sole instance where the economy shrank while emissions increased. By design, DS = 0 flags this as
the least desirable combination, typically pointing to adverse shocks in low-carbon supply, weather-
driven demand spikes, or sector-specific setbacks that raise emissions intensity in a downturn. The
remedy is targeted, sectoral —e.g., stabilizing clean generation and heat, removing bottlenecks for
electrification, and cushioning efficiency investment during slowdowns.

In general, it can be concluded that in some countries, economic growth is not accompanied by
adequate reductions in greenhouse gas emissions, which may signal the need to strengthen
environmental policies and seek more effective pathways for energy transition.

Thus, Table 2 contains all the indicators used for the analysis of energy transition efficiency using

the DEA method.
Table 2. Input and Output Indicators for DEA Analysis.

RES_ Imp_ Fossi_ CCM_in JV_PS DS EIS IDU, EC_pe

share, dep, % share, % v, T, % [52] mln euro r

% [54] [55] [56] million [58] [59] capita

euro [57] [60]

Austria 40.84 61.1 66.42 2756.33 74 0.464 119.9 34130 145
Belgium 14.74 76.1 73.62 3682.74 8.5 0.176 125.8 29244 200
Bulgaria 22.58 39.7 66.32 194.90 0.7 0.505 46.7 10048 112
Croatia 28.05 55.7 67.28 353.61 1.93 0.390 69.6 120690 96
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Czech 48.59 41.7 71.47 981.11 8.0 0.448 94.7 16665 149
Republic
Denmark 44.92 38.9 57.23 5039.79 3.35 0.604 137.6 37853 117
Estonia 40.95 3.5 68.51 172.73 2.38 1.000 98.6 18216 138
Finland 50.75 29.6 38.26 1769.69 3.7 1.000 134.3 32690 253
France 22.28 449 48.15  21606.03 2.95 0.751 105.3 29445 138
Germany 21.55 66.4 78.77  18589.47 6.8 0.00 117.8 31091 130
Greece 25.27 75.6 82.18 339.83 3.2 0.250 79.5 12144 34
Hungary 17.36 62.1 69.43 1424.54 3.7 0.078 70.4 9548 106
Ireland 15.25 77.9 87.67 425.47 1.68 0.750 115.8 38642 115
Italy 19.56 78.4 78.32 4976.76 2.08 0.195 90.3 24143 103
Latvia 43.22 32.7 57.08 378.11 2.7 0.467 52.5 14390 98
Lithuania 31.93 68.0 64.46 804.90 1.78 0.270 83.8 16115 107
Poland 16.50 48.0 88.00 2899.62 0.9 0.714 62.8 12740 112
Portugal 35.16 66.9 68.27 150.14 2.43 0.552 85.6 15705 90
Romania 25.76 27.9 72.47 1258.56 0.83 0.602 33.1 9263 68
Slovakia 16.99 57.7 63.78 417.20 0.43 0.398 65.6 9781 127
Slovenia 25.07 49.3 60.93 141.72 4.1 0.138 95.1 20487 120
Spain 24.85 68.4 72.38 2911.79 0.98 0.569 89.2 22278 109
Sweden 66.39 26.4 31.39 5921.94 3.9 1.000 134.5 31849 187
Luxembourg 11.62 90.6 78.69 137.00 5.0 1.000 117.2 64863 234
Netherlands 17.15 40.45 89.13 2485.59 453 0.316 128.7 32404 179
Malta 15.08 97.56 96.28 64.66 2.78 0.619 85.8 24848 247
Cyprus 20.21 92.21 88.83 16.93 2.85 0.374 105.4 23907 125
Based on the use of formulas (8), (9), the values were normalized (Table 3).
Table 3. Normalized DEA Analysis Indicators for EU Countries.
RES_share, Imp_dep, Fossi_. CCM_inv, JV_PST, DS EIS IDU, EC_per
% % share,  million % mln capita
% euro euro
Austria 0.534 0.388 0.381 0.873 0.136 0.464 0.169 0.777 0.493
Belgium 0.057 0.228 0.254 0.830 0.000 0.176 0.113 0.821 0.242
Bulgaria 0.200 0.615 0.383 0.992 0.967 0.505 0.870 0.993 0.644
Croatia 0.300 0.445 0.366 0.984 0.814 0.390 0.651 0.000 0.717
Czech 0.675 0.594 0.292 0.955 0.062 0.448 0.411 0.934 0.475
Republic
Denmark 0.608 0.624 0.544 0.767 0.638 0.604 0.000 0.743 0.621
Estonia 0.536 1.000 0.344 0.993 0.758 1.000 0.373 0.920 0.525
Finland 0.714 0.723 0.879 0.919 0.595 1.000 0.032 0.790 0.000
France 0.195 0.560 0.704 0.000 0.688 0.751 0.309 0.819 0.525
Germany 0.181 0.331 0.163 0.140 0.211 0.000 0.189 0.804 0.562
Greece 0.249 0.233 0.103 0.985 0.657 0.250 0.556 0.974 1.000
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Hungary 0.105 0.377 0.328 0.935 0.595 0.078 0.643 0.997 0.671
Ireland 0.066 0.209 0.006 0.981 0.845 0.750 0.209 0.736 0.630
Italy 0.145 0.204 0.171 0.770 0.796 0.195 0.453 0.866 0.685
Latvia 0.577 0.690 0.546 0.983 0.719 0.467 0.814 0.954 0.708
Lithuania 0.371 0.314 0.416 0.964 0.833 0.270 0.515 0.939 0.667
Poland 0.089 0.527 0.000 0.866 0.942 0.714 0.716 0.969 0.644
Portugal 0.430 0.326 0.349 0.994 0.752 0.552 0.498 0.942 0.744
Romania 0.258 0.741 0.274 0.942 0.950 0.602 1.000 1.000 0.845
Slovakia 0.098 0.424 0.428 0.981 1.000 0.398 0.689 0.995 0.575
Slovenia 0.246 0.513 0.478 0.994 0.545 0.138 0.407 0.899 0.607
Spain 0.242 0.310 0.276 0.866 0.932 0.569 0.463 0.883 0.658
Sweden 1.000 0.757 1.000 0.726 0.570 1.000 0.030 0.797 0.301
Luxembourg 0.000 0.074 0.164 0.994 0.434 1.000 0.195 0.501 0.087
Netherlands 0.101 0.607 -0.020 0.886 0.492 0.316 0.085 0.792 0.338
Malta 0.063 0.000 -0.146 0.998 0.709 0.619 0.496 0.860 0.027
Cyprus 0.157 0.057 -0.015 1.000 0.700 0.374 0.308 0.869 0.584

To determine the weight coefficient for each country (formulas 2-4), a linear programming
method was applied using the Python programming language. The program code for solving this
task is presented in Appendix B. Following the DEA methodology, the calculation of DEA Score was
provided based on formulas (5), (6), (7).

The results of the DEA was prepared with cartographic form and presented in Fig. 2.
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DEA Efficiency on European Map
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Fig. 2. Representation of the DEA Efficiency Score on the map. Source: compiled using mpl_toolkits.basemap.

As a result of the DEA conducted to assess the efficiency of countries in achieving energy
transition goals, the conversion of input resources into desired results was evaluated, particularly
regarding the use of renewable energy sources, economic growth, and the reduction of greenhouse
gas emissions.

The results obtained show significant variability in the efficiency levels of the energy transition
across EU countries. Specifically, most countries, such as Belgium, the Czech Republic, Estonia,
Finland, Germany, Hungary, Greece, Latvia, Portugal, Slovenia, Sweden, Luxembourg, Cyprus, have
a DEA efficiency score of 1.0000, indicating their high efficiency in the context of energy transition.
These countries are self-sufficient in their achievements and do not require comparisons with others
to evaluate their efficiency. This reflects the successful implementation of energy and environmental
policies that ensure high results in energy transition.

In contrast, some countries have lower efficiency scores, indicating the need to improve their
energy transition strategies. Austria, with a score of 0.9908, is behind the leaders, as evidenced by
comparisons with Belgium, the Czech Republic, and Sweden. Countries like Lithuania (0.9603),
Romania (0.9453), Denmark (0.9395), Malta (0.9283), and Bulgaria (0.8341) have even lower results,
indicating the need to enhance their energy strategies and improve the effectiveness of environmental
initiatives.

Countries with low efficiency scores, including Croatia (0.6589), Slovakia (0.5783), the
Netherlands (0.5679), Spain (0.5017), France (0.5344), Italy (0.4501), Poland (0.4312), and Ireland
(0.3563), have significant potential for improvement in their energy policies. Comparing these
countries with leaders helps identify areas for improvement, including more active implementation
of renewable energy sources, CO:z reduction, and increased innovation in environmental measures.
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For a comprehensive analysis of the energy transformation results and the identification of
relationships between technical efficiency and institutional readiness, a combination of two key
indicators — DEA Efficiency Score and ETI Score — was used. While the first indicator reflects a
country’s ability to efficiently utilize available resources to achieve specified outcomes, the second
characterizes the overall strategic, political, and market readiness for transitioning to new energy
models.

For visual representation and further analytical interpretation, these two indicators were
consolidated into a joint table (Table 4), which enables comparative evaluation of countries across
both dimensions simultaneously. This approach allows not only ranking countries but also
identifying the gaps between potential (ETI) and actual effectiveness (DEA), which is extremely
valuable for making management and strategic decisions.

Table 4. Values of the ITE and DEA Indicators.

# Country DEA Efficiency  ET
Index I

1  Belgium 1 59.
2

2 Czech Republic 1 58.
6

3  Estonia 1 68.
2

4  Finland 1 72.
8

5  Greece 1 60.
9

6 Latvia 1 63.
4

7  Portugal 1 65.
8

8 Slovenia 1 62.
6

9 Sweden 1 78.
5

10 Luxembourg 1 64.
2

11 Cyprus 1 56.
4

12 Germany 1 67.
5

13 Hungary 1 64.
3

14 Austria 0.9908 69.
3

15 Lithuania 0.9603 61.
2
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16 Romania 0.9453 56.
8
17 Denmark 0.9395 76.
1
18 Malta 0.9283 54.
9
19 Bulgaria 0.8341 57.
2
20 Croatia 0.6589 62.
0
21 Spain 0.5017 65.
0
22 Slovakia 0.5783 58.
8
23 Netherlands 0.5679 68.
8
24 France 0.5344 70.
6
25 [ltaly 0.4501 60.
6
26 Poland 0.4312 59.
7
27 Ireland 0.3563 59.
3

To deepen the interpretation of DEA analysis results and identify strategic profiles of countries,
it was deemed appropriate to construct an efficiency matrix that combines two key indicators - DEA
Score and ETI Rank. In this context, the DEA Score is considered a generalized indicator of technical
efficiency, calculated based on the DEA model, while the ETI Rank serves as an indicator of the input
conditions of energy transformation: institutional, political, and market readiness, where a lower
value indicates a higher position in the global ranking.

To justify the feasibility of constructing an efficiency matrix, we check the dependency between
technical efficiency (DEA Efficiency Score) and the overall readiness for energy transition (ETI), the
Pearson correlation coefficient was calculated (formula 11). The presence of a weak direct correlation
(r = 0.145) with a statistically significant p-value (p < 0.05) makes the construction of a two-vector
efficiency matrix particularly appropriate and correct. This decision is justified by the fact that such
a matrix turns a quantitative indicator (weak correlation) into a powerful tool for qualitative and
strategic analysis. The weak correlation between technical efficiency (DEA) and energy transition
readiness (ETI) means that these two parameters, although related, do not move synchronously. That
is, high technical efficiency does not guarantee high readiness for change, and, conversely, companies
ready for the transition may not yet achieve a high level of efficiency. The statistical significance of
p-value (p= 0.4692) is a key point. This indicates that the correlation found (although weak) is real
and not random. Thus, the relationship exists, but it is not linear or predictive. That is why the matrix
will allow you to get a "map" that shows how different entities (enterprises, industries) are distributed
along two key dimensions and to isolate and classify enterprises into four clearly defined groups,
each of which requires a unique approach.
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To systematize the results, a 2x2 classification matrix was applied, constructed by dividing the
space into four quadrants. The classification is based on a matrix built using two indicators — DEA
Score and ETI Rank — with the determination of average values for each axis, allowing the space to
be divided into four quadrants and countries to be classified based on the combination of technical
efficiency and institutional readiness for the energy transition.

The construction of such a matrix allows for moving from abstract country ranking to a
practically oriented typology, which can serve as the basis for recommendations on policy
improvement strategies, adaptation of institutional approaches, and optimization of resource
utilization in the context of the energy transition. In the future, this classification could be expanded
by integrating additional indicators (such as environmental pressure, investment rates, or social
justice), which would allow for the formation of a more comprehensive typology of countries for
sustainable development purposes.

Thus, constructing the efficiency matrix based on DEA Score and ETI Rank is the logical next
step in the research, providing a deeper understanding of the relationship between efficiency,
preparedness, and outcomes of the energy transition. The results of the research were visualized in
the form of a two-dimensional matrix combining two key parameters: DEA Score (on the X-axis),
which reflects the technical efficiency of resource use in the energy transition process, and ETI Rank
(on the Y-axis), an integral indicator of a country's overall readiness for energy changes, taking into
account political, market, institutional, and technological aspects (Figure 3). This approach allows for
identifying not only absolute leaders but also countries that demonstrate relative efficiency under
limited resources or, conversely, suboptimal results despite a favorable environment
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Figure 3. Representation of energy transition effectiveness matrix DEA vs. ETI for EU countries.

The presented scatter plot, hereinafter referred to as energy transition effectiveness matrix,
visually displays the effectiveness of different European countries based on two key dimensions: the
DEA efficiency score (on the X-axis) and the ETI rank (on the Y-axis). This matrix is divided into four
different quadrants based on median values for both efficiency and ETI, allowing for clear
categorization and comparison of national indicators.
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The X-axis (DEA Efficiency Score) quantitatively assesses the relative effectiveness of countries
in converting input resources into output results, with a score of 1.0 indicating full efficiency relative
to the observed group of peers (the efficiency frontier). Countries positioned to the right are more
efficient. The Y-axis (ETI Rank) reflects the country's progress and readiness for energy transition,
with higher values (further up the axis) indicating better scores or more advanced transitions. The
matrix uses a quadrant classification system, where the dashed lines indicate the median DEA
efficiency score and median ETI rank, thus segmenting the chart into four areas. The horizontal
dashed line indicates the median ETI score, while the vertical dashed line corresponds to DEA Score
=1.0. These lines divide the matrix into four quadrants, each characterized by a specific combination
of efficiency and ETI score.

According to the legend, countries are grouped by colour reflecting their position in these four
quadrants:

High DEA, High ETI (marked in blue): This quadrant represents countries that demonstrate high
relative efficiency (DEA = 1.0) and high ETI scores. These are the leaders and “benchmarks” in the
energy transition sample (Sweden, Finland, Germany, Estonia, Portugal, Luxembourg, Hungary,
Latvia, and partly Slovenia). Their task is to maintain the edge: build out storage and hydrogen
infrastructure, electrify hard-to-abate sectors, pursue deep renovation of buildings, and develop local
energy communities. They can serve as practice donors for neighbors and pilot the next wave of
innovations (carbon contracts for difference, digital grids, retail flexibility markets) to remain in the
upper-right quadrant.

High DEA, Low ETI (marked in green): countries in this quadrant are also on the efficiency
frontier (DEA = 1.0), but their ETI score is below the median. This indicates the “latent reserve”:
technically efficient systems that lag on aggregate outcomes and policy indicators (Belgium, Czechia,
Cyprus, and Greece). They need stable, predictable delivery frameworks: long-term auctions for
renewables, permitting reform, development of flexibility markets, scaling corporate demand for
green electricity, and a “green” taxonomy for capital. The key is to move upward — i.e., convert
existing efficiency into a higher ETI through better policies, investment, and social support.

Low DEA, High ETI (marked in red): This quadrant includes countries with relatively lower
efficiency (DEA < 1.0) but with ETI scores above the median. These countries have relatively strong
policies and institutions, but with “structural costs” on efficiency (France, the Netherlands, Spain,
and Austria). The focus should be on micro-reforms of markets and sectoral reorientation: boosting
system flexibility (storage, demand response), accelerating decarbonization of heat and transport,
clearing local network bottlenecks, and speeding up innovation diffusion in industry. The goal is to
shift rightward without losing altitude.

Low DEA, Low ETI (marked in yellow): This is the quadrant for countries that exhibit lower
scores for both relative efficiency (DEA < 1.0) and ETI. These countries lack both technical efficiency
and transition outcomes (typically: Ireland, Italy, Poland, Slovakia, Croatia, Lithuania, Bulgaria,
Romania, and Malta). Their priority is the “basic infrastructure of the transition”: grid and generation
upgrades, lowering energy intensity, tackling energy poverty, and transparent incentives for
renewables and energy efficiency in housing and SMEs. Quick wins come from thermal retrofits,
dynamic tariffs/DSM (demand-side management), and removing permitting barriers for distributed
generation.

The matrix effectively visualizes the reference links between countries with lower DEA scores
and those on the efficiency frontier. These reference links, indicated by dashed gray lines, illustrate
potential benchmarking relationships, where less efficient countries "refer" to more efficient ones as
models of best practices.

Thus, the effectiveness matrix groups countries according to their DEA and ETI indicators. It
allows for the quick identification of leaders ("Best" — Sweden) and countries that need the most
improvement ("Worst" — Ireland), as well as highlighting groups of countries facing similar
challenges. Additionally, the matrix is complemented by reference links. These links, obtained from
the DEA analysis, indicate benchmarking relationships, where less effective countries "refer" to more
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effective ones as models of best practices. The central element of the presented visualization is the
network of lines connecting countries with a DEA score below 1.0 to countries with a DEA score of
1.0. These lines are not random; they are a direct result of the DEA and visualize the concept of
"reference groups" or "benchmarks." Each line indicates a specific effective country serving as a
reference for a less effective country, demonstrating how the latter could improve its efficiency by
following the practices of the "best in class." For each inefficient country, DEA identifies one or more
effective counterparts that form its reference group (Figure 4).
Efficiency Matrix: DEA vs ETI with Median Cross
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Figure 4. Representation of reference links between energy transition effectiveness values for EU countries.

In essence, the DEA method allows for determining the relative efficiency of countries by
identifying the "efficiency frontier." This frontier is formed by the most efficient countries in the
sample, which have a DEA score of 1.0. Countries located on this vertical frontier (e.g., Sweden,
Finland, Germany, Estonia, and several others) are considered benchmark or reference countries as
they demonstrate the best practices in achieving efficiency. The gray dashed lines departing from
countries with a DEA score below 1.0 visually represent these reference links. They connect countries
with the potential to improve their efficiency in DEA to their effective counterparts or references on
the efficiency frontier. Each such link suggests that a country with lower relative efficiency according
to DEA could improve its efficiency by approaching the level of its reference countries. This can be
achieved by studying and implementing the best practices applied in reference countries, regardless
of their ETI score. Countries like Ireland, which demonstrate a low DEA score (around 0.3594), have
multiple reference links. These links are directed towards countries with higher DEA efficiency, such
as Greece, the Czech Republic, and Greece, which are on the efficiency frontier. Another link involves
France, with a DEA score of around 0.53, which also has an extensive network of reference links. Its
references are high-performing countries in terms of DEA, such as Sweden (which has the highest
ETI score among the effective countries), as well as Belgium, and the Czech Republic. Even countries
with relatively high DEA scores, but still below 1.0, such as Austria (around 0.99), demonstrate
reference links to the efficiency leaders in DEA, like Sweden, Belgium and Czech Republic. This
highlights that even highly developed economies have the potential to further enhance their relative
efficiency by focusing on the absolute leaders in the sample
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Thus, the reference links on this graph are not just lines, but a visual roadmap for improving
relative efficiency. They allow for the identification of specific benchmarks for countries with the
potential to improve their DEA scores, promoting the exchange of knowledge and best practices in
energy transition and increasing operational efficiency. This enables the development of more
targeted policies and investment strategies for achieving a sustainable energy future. Thus, the
visualization of reference groups through connecting lines transforms DEA results into concrete,
actionable recommendations, clearly demonstrating that improving efficiency and accelerating the
energy transition are not isolated tasks, but interconnected processes where the experience of leaders
can serve as a catalyst for transforming others. Figure 5 highlights the study of the energy transition
issue in EU countries, providing detailed insight into which allows for identifying priorities for the
best practices in energy change.
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Figure 5. Visualization of the classification of EU countries according to the efficiency matrix based on the

integrated use of DEA and ETI and Distribution of publications dedicated to the study of current energy

transition issues in EU countries.

Overall, the results of the matrix are significant for the formation of state policy, strategic
planning, and monitoring. First, they allow for the identification of reference countries whose
practices can serve as models for others. Second, the matrix helps to identify countries where strategic
preparation does not translate into effective results, which provides a basis for revising policies and
management decisions. Third, it can be used as a tool for assessing the investment attractiveness of
countries based on the efficiency of resource use, rather than just formal positions in rankings. Finally,
the combination of DEA and ETI strengthens the analytical foundation for adaptive energy transition
management in line with the Sustainable Development Goals.

4. Discussion

This study developed a conceptual approach for integrating DEA methods and the ETI to
evaluate the effectiveness of energy transformation in European countries. At the same time, it is
important to highlight several discussion points that may limit the generality of the conclusions and
create a basis for future research.

Discussions of the research.
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Both DEA and ETI are indices based on selected inputs and outputs. Changing the list of these
inputs or their weighting can significantly change the final indicators of efficiency and readiness for
transition.

The four quadrants in the efficiency matrix are demarcated by the median values of DEA and
ETI. The median is only a statistical measure of the middle of the sample, not an absolute criterion of
"good" or "bad". Therefore, a country close to the median may be classified as "efficient", while
another, just below, may be classified as "less efficient", although the actual difference between them
is minimal. This creates a "border effect" that may seem unfair.

All countries that are near the median lines or on the borders between quadrants are considered
"gray areas." Their belonging to one group or another can be a matter of debate, as small changes in
the data can move them from one quadrant to another.

Limitations of the research.

Firstly, the analysis was conducted based on data from only one year. This approach was driven
by the need to create and test a conceptual framework for assessing the effectiveness of the energy
transition environment. However, future studies should consider the dynamics of changes in input
and output parameters of the model, considering time series data. This would allow tracking the
sustainability of efficiency over time, evaluating the impact of political or economic changes, and
identifying the delayed effects of implemented reforms.

Secondly, despite the ability of the DEA to consider various factors, the multidimensionality of
the indicators used (economic, technical, and social) makes it difficult to normalize data between
countries with different economic scales and energy consumption structures. This limits the ability
to consider external factors, such as geographical, war’s consequences, political, etc. The integration
of DEA analysis with the ETI partially mitigates these limitations. DEA allows the assessment of
technical efficiency based on multiple parameters without the need for prior functional form
assumptions, while ETI serves as an aggregated indicator of institutional and market readiness for
energy changes. Combining these approaches enables the identification of countries that, despite a
low ETI rating, demonstrate effective resource use, or conversely, reveal inefficiency despite a high
overall rating. Thirdly, the DEA method has certain limitations related to the sensitivity of the choice
of input and output variables. Although the variables were justified based on a literature review and
previous research results, different combinations of parameters can lead to different outcomes. This
requires further validation of the model to correct any potential statistical distortions. Fourthly, the
ETI, which is used as a component for comparison, has its own internal calculation methodology,
which may not account for all contextual or regional specifics, such as institutional capacity or social
readiness. This creates a risk of oversimplification when comparing countries that differ structurally
or historically. Fifthly, effectiveness in this study is primarily considered in terms of resource use and
macroeconomic parameters. Social aspects of the energy transition, such as energy poverty,
inclusivity of policies, or the level of public participation and stakeholder engagement, are
insufficiently covered [106]. Future research should integrate qualitative indicators and just transition
measures.

While such a matrix is a powerful tool for visualization and strategic analysis, it is only a model
of reality. Its classification serves as a starting point for discussions, not a final verdict. Users of the
analysis should consider the context, methodological limitations, and dynamics of change to avoid
simplistic conclusions.

In conclusion, although this study provides a solid foundation for integrated assessment of the
energy transition, it also opens several directions for further refinement of models, including the
incorporation of time dynamics, multi-dimensional criteria, error correction methods, and the
expansion of variables.

5. Conclusions

As a result of the conducted research, a few theoretical and practical conclusions were
formulated, which define its scientific novelty and practical significance. The relevance of DEA was
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substantiated due to the need to assess the rationality of resource expenditures, particularly in the
process of energy transition, to identify systemic weaknesses, and to conduct comparative analysis
of countries based on real efficiency outcomes. The methodological integration of DEA with multi-
criteria analysis in the field of energy policy has been further developed, which allows for a
comprehensive assessment of the effectiveness of the energy transition, taking into account a wide
range of parameters relevant to the energy transition. An innovative methodology for comparative
analysis was developed, allowing for the inclusion of a wide variety of input and output factors,
ensuring a more accurate interpretation of countries' effectiveness in the dynamics of transition to
sustainable energy systems.

The research expands the potential of DEA as a strategic-level analytical tool capable of
supporting well-grounded policy decisions. It was demonstrated that operational research tools can
serve as an effective platform for forming adaptive energy policies focused on energy transition
results. The relevance of evaluating the effectiveness of the energy transition is determined not only
by the high resource intensity of this process but also by the unequal starting conditions of countries,
differing levels of institutional capacity, access to technologies, and political will.

The integration of DEA and ETI results allows for the creation of a two-dimensional analytical
matrix that reflects not only the level of resource efficiency but also countries' readiness for energy
transformation. Based on the constructed matrix, all countries were grouped into four types
according to DEA efficiency scores (on the X-axis) and ETI ratings (on the Y-axis).

1. High DEA, High ETI (blue points): Countries in this quadrant, such as Sweden, Finland,
Germany, Estonia, Portugal, Luxembourg, Hungary, Latvia, and partly Slovenia, demonstrate
high efficiency and successful energy transition. They are leaders that effectively use resources
and actively develop RES, serving as benchmarks for other countries.

2. High DEA, Low ETI (green points): Belgium, Czechia, Cyprus, and Greece, while effectively
using their resources, show low progress in energy transition. This may indicate their focus on
optimizing existing energy systems rather than rapidly transitioning to new energy sources.

3.  Low DEA, High ETI (red points): France, the Netherlands, Denmark, Spain and Austria show
significant progress in the energy transition, but their internal processes and resource use are
still suboptimal. This highlights the need for improving efficiency to achieve greater results in
the transition.

4. Low DEA, Low ETI (yellow points): countries such as Ireland, Italy, Poland, Slovakia, Croatia,
Bulgaria, Romania, Malta, and Lithuania face challenges both in efficiency and readiness for
energy transition. These countries require a comprehensive approach to improving resource
efficiency and accelerating the transition to sustainable energy systems.

Thus, combining the DEA and ETI methods not only allows for the analysis of the effectiveness
of energy changes but also identifies barriers and policy priorities for each country. The resulting
typology aids in more accurately targeting strategies, considering both current effectiveness and
readiness for implementing changes, which is crucial for achieving a just and inclusive energy
transition in countries with varying starting positions.

Verification of the Results OBTAINED.

A comparison of the DEAxETI matrix results with Decoupling Score (DS) typology shows broad
alignment in identifying profiles, while each metric captures a different facet of transition
performance. DS leaders with absolute decoupling — Estonia, Luxembourg, Finland, and Sweden -
also sit in the matrix’s upper-right quadrant (high technical efficiency and high transition outcomes),
indicating that growth is supported by structurally efficient systems and mature policies. Several
“strong relative decouplers” in DS — France and Denmark — appear in the matrix’s upper-left
quadrant: high ETI with lower DEA suggests that policies and institutions work, but structural costs
and bottlenecks (networks, energy mix) hinder a shift to the right. The rest of this DS group — Ireland,
Poland, Malta, and Romania - is heterogeneous: in the matrix, Ireland, Poland, and Malta remain in
the lower-left quadrant (both outcomes and efficiency still weak despite improving DS dynamics),
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whereas Romania sits in the lower-right (more structurally efficient but without high ETI). The “green
recession” cases — Latvia and Austria — plot close to the leaders (upper half and around/above the
DEA median), consistent with the idea that their emission declines should be converted into durable
intensity improvements so that, when growth resumes, they consolidate in the upper-right. The
sharpest divergence is Germany: DS = 0 due to a one-year pattern of GDP contraction with rising
emissions, while the matrix places it among high-ETI countries and in the DEA threshold. This
underlines the complementarity of the two lenses: DS is sensitive to shocks and short-run disruptions
(weather, war, fuel switching, outages), whereas the matrix reflects a more structural picture of
efficiency and policy quality. In practice, DS offers a dynamic barometer of how clean growth was in
the period observed, while DEAxETI indicates how reliably the system can translate investments and
governance into sustained results. Used together, they clarify priorities: countries with high DS but
a “left-side” position should invest in grids, the heat sector, and flexibility to convert momentum into
durable performance, while those in the lower-right should strengthen policy frameworks and social
support to move upward.

The practical significance of the results lies in their potential use in management, policy, and
investment. Specifically, the research allows identifying best practices for dissemination, adjusting
national strategies based on the actual effectiveness of resource use, forming a well-reasoned
investment appeal, and conducting monitoring and policy reviews within international cooperation
frameworks such as EU programs, OECD, or other international organizations. The use of reference
groups for countries with less efficiency scores allows focusing on countries with higher results that
can serve as models for improving energy transition strategies in less efficient countries. This also
enables transferring best practices from countries that have already succeeded in the energy
transition to other lagging countries.

Thus, multi-factor data analysis based on the efficiency matrix allows not only to assess the
current state of energy transition in EU countries, but also to formulate comprehensive and targeted
strategic recommendations. The comparison of technical efficiency (DEA) and energy transition
readiness (ETI) allows each country to determine its unique place in the context of energy transition
and obtain a visualized "roadmap". This helps countries develop individual strategies to optimize
their energy systems and achieve sustainable development goals within the framework of the energy
transition.
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Abbreviations

The following abbreviations are used in this manuscript:

DEA Data Envelopment Analysis

EIT Energy Transition Index

EIS Energy Intensity Score

DMU Decision Making Unit

RES_share, % Share of renewable energy in gross final energy consumption (%)
Imp_dep, % Energy import dependency rate (%)

Fossi_share, % Share of fossil fuels in total energy supply (%)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0758.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 September 2025 d0i:10.20944/preprints202509.0758.v1

26 of 34
Sil(\)/[_inv, million Investments in carbon containment measures (million EUR)
JV_PST, % Job vacancy rate in professional, scientific, and technical sectors (%)
GHG_red, % Annual reduction rate of greenhouse gas emissions (%)
GDP_growth, % Annual growth rate of Gross Domestic Product (GDP) (%)
DS Decoupling Score
IDU, million euro Income by degree of urbanization (million EUR)
EC_per_capita Final energy consumption per capita (kWh/person)
Appendix A
Table A1l. Justification of the feasibility of using input variables in the DEA model.
Ne Indicator name Variable DEA- Economic interpretation as a resource
code role  (disincentive)
1 Level of energy xi Input Reflects the country's strategic vulnerability;
import dependence high values indicate the need for external
(%) resources, which reduces the stability of the
energy system.
2 Share of fossil fuelsin x2 Input Carbon dependency indicator: a decrease in this
the total energy share indicates a more environmentally efficient
balance (%) energy consumption structure.
3 Investment in climate x3 Input Despite the positive effect, investments are
change mitigation treated as a resource that is consumed to achieve
measures (million sustainable development results.
euros)
4  Level of vacancies in x4 Input High demand for innovative labour may indicate
the scientific and inefficient use of human capital, as an
technical sector (%) underutilized resource.
5 Income by level of x° Input The economic capacity of urbanized areas is
urbanization (million considered as a resource that promotes
euros) transformation, but with high consumption does
not always provide proportional efficiency
6  Energy consumption Xs Input Reflects the energy intensity of the economy;
per capita lower consumption with the same results
indicates greater energy efficiency.
Table A2. Justification of the output variables in the DEA model
Ne  Indicator name Variable DEA-role  Value for assessing the efficiency of the energy
code transition
1  Total share of y1 Output The basic indicators of sustainable development. It
energy from reflects the actual result of the transition to clean
renewable sources energy sources. The growth of this indicator indicates
(% in gross final the achievement of the targets of the ecological
energy transformation.
consumption)
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2 Decoupling Score y2 Output The Decoupling Score (DS) is a single, “higher =
(DS) better” index (0 to 1) that summarizes how a

country’s economy and its greenhouse-gas emissions
move together in each period. It uses annual GDP
growth and GHG change as inputs. DS equals 1 when
the economy grows while emissions are flat or falling
(absolute decoupling); it lies between 0 and 1 when
both grow but GDP grows faster (relative decoupling,
the closer to 1, the cleaner the growth); it gives mid-
range value when both GDP and emissions fall
(recognizing emission cuts during downturns
without over-rewarding recessions); and it is 0 in the
worst case, when the economy contracts while
emissions still rise. The score is easy to compare
across countries and years, aligns with policy goals of
cleaner growth, and should be read alongside multi-
year trends and sectoral evidence.
3  EU Innovation y3 Output The EU Innovation Index (EIS) is an important
Index (EIS) indicator for assessing the effectiveness of the energy
transition, as it reflects the level of innovation and
technological progress in a country. A high EIS
indicates the development of new renewable energy
technologies, the optimization of energy systems
through innovations such as smart grids, and active
investment in research and development. This allows
countries to adapt more quickly to the demands of the
energy transition, reduce CO: emissions, and
improve resource efficiency, contributing to a

successful transition to sustainable energy systems.

Appendix B

BASIC ALGORITHM FOR SOLVING LINEAR PROGRAMMING PROBLEMS

# Iterating over each country to calculate its efficiency
for index_dmu_under_evaluation, dmu_under_evaluation in enumerate(all_dmus):

objective_function_coefficients = np.zeros(number_of_dmus + 1)

objective_function_coefficients[-1] =-1 # Coefficient for h_jO in the objective function
upper_bound_constraint_matrix =[] # Matrix of coefficients for "less than or equal to" inequalities
upper_bound_vector =[] # Vector of right-hand sides for "less than or equal to" inequalities

# Constraints for outputs: -sum(lambda_j * Y_rj) + h_j0 * Y_rj0 <=0
for output_index in range(number_of_outputs):
row = [-all_dmus[dmu_index]['outputs'][output_index] for dmu_index in
range(number_of_dmus)] #-Y_rj for each lambda_j
row.append(dmu_under_evaluation['outputs'][output_index]) # Coefficient for h_j0
upper_bound_constraint_matrix.append(row)
upper_bound_vector.append(0)
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# Constraints for inputs: sum(lambda_j * X_ij) <= X_ij0
for input_index in range(number_of_inputs):
row = [all_dmus[dmu_index]['inputs'][input_index] for dmu_index in range(number_of_dmus)]
# X_ij for each lambda_j
row.append(0) # Coefficient for h_j0 is 0 for input constraints
upper_bound_constraint_matrix.append(row)
upper_bound_vector.append(dmu_under_evaluation['inputs'][input_index])

upper_bound_constraint_matrix = np.array(upper_bound_constraint_matrix)
upper_bound_vector = np.array(upper_bound_vector)

# Bounds for variables: lambda_j >= 0, h_jO >= epsilon

variable_bounds = [(0, None)] * number_of_dmus + [(epsilon, None)]

# Solve the linear programming problem

solution = linprog(objective_function_coefficients, A_ub=upper_bound_constraint_matrix,
b_ub=upper_bound_vector, bounds=variable_bounds, method="highs')

# Get the efficiency score (the last variable in solution.x)

theta_score = solution.x[-1] if solution.success else 0.0

# Correction: the efficiency score for the output-oriented CCR model
# is usually interpreted as 1/theta, where theta >=1.
# If theta_score is very close to 1, it means efficiency.
# If theta_score > 1, then 1/theta_score will be < 1, which indicates inefficiency.
if theta_score > 0: # Avoid division by zero
efficiency_score =1/ theta_score
else:
efficiency_score =0.0 # If theta_score <=0, efficiency is 0
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