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Abstract

The article addresses the assessment of energy security instability associated with the
energy transition process in the EU-27 countries under decarbonisation conditions. It
introduces the original Dynamic Energy Security Risk Index (DESRI), interpreted as a
synthetic measure of transition-related instability in the field of energy security. The index
is structured around five analytical pillars: external dependence and security of supply, the
climate and emissions dimension, efficiency and demand-related factors, structural and
transformational characteristics of the energy mix, and the economic and social dimension.
The empirical analysis covers the EU-27 countries over the period 2013-2023 and is based
on 17 indicators obtained from European statistical sources. The dynamic nature of the
model is captured through logarithmic rates of change, volatility analysis using a rolling
time window, and the multilevel aggregation of instability components at the indicator
and pillar levels. The results demonstrate that transition-related instability in the European
Union varies considerably across both countries and time. The lowest DESRI values were
recorded, among others, in Italy in 2018, Portugal in 2021, Belgium in 2017, and Austria
in 2016, indicating relatively stable transition trajectories in those years. By contrast, the
highest levels of instability occurred in Estonia in 2017-2018 and Luxembourg in 2022-2023,
reflecting rapid and irregular changes in selected dimensions of the energy transition. The
analysis also revealed periods of accumulated transition-related instability, particularly in
2017-2019 and 2021-2022, when the irregularity of transition pathways increased simultane-
ously in numerous countries. These findings show that energy transition-related instability
depends not only on the level of transition advancement but also on the pace, volatility,
and irregularity of structural changes. Countries with a relatively favourable static energy
security or decarbonisation profile may therefore exhibit elevated dynamic instability when
the transition proceeds rapidly or unevenly or requires intensive infrastructural, regulatory,
and social adjustments. The article’s main contribution is the development of a replicable
dynamic assessment framework that complements conventional static approaches to en-
ergy security analysis by identifying instability embedded in transition trajectories. DESRI
provides an additional comparative perspective for monitoring the energy transition in
the European Union. It may also support the identification of countries and policy areas
requiring particular attention regarding security of supply, decarbonisation, demand-side
efficiency, structural change, and the social acceptability of transition costs.
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1. Introduction

Energy security constitutes one of the key pillars of the economic, social, and polit-
ical stability of individual countries. Traditionally, it has been primarily associated with
ensuring the continuity of energy supply at acceptable costs and with limiting dependence
on external sources [1,2]. However, in recent years the significance of this concept has
undergone a fundamental evolution, mainly due to the growing social awareness of the
need to protect the natural environment [3,4]. As a result of this process, renewable energy
sources have been developing, and the importance of energy efficiency has been steadily
increasing [5,6]. All these phenomena, together with increasingly ambitious climate targets
adopted by various international bodies, have led to a significant acceleration of energy
transition processes. A very important aspect of this transition is that energy security
is increasingly perceived as a complex, dynamic, and multidimensional process rather
than as a phenomenon that can be adequately described solely by static indicator values.
This perspective is further reinforced by the dynamically changing geopolitical situation
worldwide [7,8].

This change in the understanding of energy security is particularly evident in the Eu-
ropean Union, which is implementing an ambitious plan to decarbonize its economy [9,10].
At the same time, the EU seeks to reduce its dependence on imports of energy resources,
reform the energy market, and maintain the social acceptability of the costs of the transition.
The energy crises of recent years, especially after 2020 (the COVID-19 pandemic and the
war in Ukraine), have shown that even systems considered relatively secure can become
vulnerable to shocks (e.g., price shocks), supply disruptions, or regulatory pressure within
a short period of time. In this context, it becomes necessary to move beyond classical
approaches to assessing energy security in favour of more dynamic ones that are capable of
capturing the dynamics of ongoing changes. Such analyses require consideration of the
pace, direction, and instability of these changes.

The traditional approach to energy security assessment, most often based on static
indicator values, may lead to misleading conclusions under current conditions of rapid
change. Therefore, it becomes crucial to shift the focus from assessing the “state” of energy
security to assessing the temporal instability of transition-related processes, understood as
a function of the pace, variability, and irregularity of structural change.

With reference to this highly important and timely issue, the objective of the present
study was formulated. Its aim is to propose and empirically test a composite framework
for assessing transition-related instability in selected dimensions associated with energy
security, using the example of European Union countries. For this purpose, the study
introduces the Dynamic Energy Security Risk Index (DESRI), which is interpreted here as a
composite measure of transition-related energy security instability.

In this study, transition-related instability and risk are treated as related but distinct
concepts. Transition-related instability refers to the observed pace, volatility, and irregu-
larity of changes over time in selected energy security and energy transition indicators.
It is therefore an empirically measurable characteristic of transition trajectories. Risk, by
contrast, is understood as a potential vulnerability or pressure that may arise when these
changes are rapid, uneven, or difficult for the energy system, economy, or society to ab-
sorb. DESRI does not therefore measure risk in the strict probabilistic sense, understood
as the probability and consequences of a specific disruptive event. Instead, it measures
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dynamic instability that may signal elevated transition-related risk in selected dimensions
of energy security.
To achieve the stated objective, the following research questions were formulated:

RQ(1): How do EU-27 countries differ with respect to transition-related instability in key
dimensions associated with energy security?

RQ(2): Which dimensions contribute most strongly to the composite index across countries
and over time?

RQ(3): To what extent does the proposed framework complement conventional static
assessments of energy security?

To achieve the research objective and answer the research questions, the Dynamic
Energy Security Risk Index (DESRI) was developed as a composite measure of transition-
related instability in the field of energy security. The index is structured around five
analytical pillars: external dependence and security of supply, climate and emissions risk,
efficiency and demand-related factors, structural and transformational characteristics of
the energy mix, and the economic and social dimension. The empirical analysis covered
the EU-27 countries over the period 2013-2023 and was based on 17 indicators obtained
from European statistical sources.

The originality of the proposed approach lies in explicitly recognising transition-
related instability as a distinct dimension of energy security assessment. Unlike conven-
tional approaches, which generally focus on the static values of indicators in a given
year, DESRI enables the analysis not only of the state of the energy system but also of
the stability of the pathway leading to that state. The novelty of the study comprises
four principal dimensions:

- Conceptual dimension. This involves shifting the research perspective from assessing
the static level of energy security to evaluating the instability of transition trajectories.
The analysis therefore considers not only the level of energy security or transition
advancement achieved by a country but also whether the process of reaching that
state is stable, gradual, and capable of being absorbed by the energy system, economy,
and society.

—  Methodological dimension. This concerns the development of the composite DESRI
index, which combines the levels of selected indicators with the dynamics of their
changes, including the pace, volatility, and irregularity of their trajectories over time.
Unlike conventional composite indices, DESRI does not focus exclusively on indicator
values in a given year. Instead, it enables the identification of situations in which
similar static energy profiles correspond to different transition pathways, either stable
or rapid and irregular.

—  Empirical dimension. This involves applying a uniform and replicable assessment
procedure to all EU-27 countries over the period 2013-2023, using 17 indicators
obtained from harmonised European statistical sources. This makes it possible to
compare countries in terms of their levels of dynamic transition-related instability,
identify periods in which instability accumulates, and determine the dominant areas
of transition pressure.

—  Practical dimension. This consists of providing a tool that complements existing static
energy security assessments by incorporating the stability of the transition process.
DESRI can support energy transition monitoring by identifying countries and pillars
in which changes are rapid, irregular, or potentially difficult to absorb. In this sense,
the proposed method does not replace conventional energy security assessments but
extends them by adding a dynamic perspective on transition-related instability.
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The novelty defined in this way also has practical relevance. Under conditions of
accelerated decarbonisation, the growing role of renewable energy sources, geopolitical
tensions, and social pressure associated with energy costs, information concerning the
current level of energy security alone is insufficient. From a public policy perspective, it is
also important to determine whether changes within the energy system are proceeding in
a stable manner and can be absorbed by the economy, infrastructure, and society. DESRI
addresses this need by enabling the identification not only of the levels of selected indicators
but also of the dynamics and irregularity of their changes over time.

2. Literature Review

The assessment of energy security and energy transition is one of the most frequently
addressed issues in contemporary research on energy policy and sustainable development.
The existing literature indicates that energy security is multidimensional and encompasses
at least such areas as continuity of supply, energy availability and affordability, energy
efficiency, import dependence, environmental impacts, infrastructure resilience, and the
social consequences of the transition [11,12]. With the acceleration of the energy transition,
this concept is increasingly analysed not only as the state of the energy system at a given
point in time [13-15], but also as a process shaped by technological, regulatory, geopolit-
ical, and socioeconomic changes [16]. This section presents the main strands of research
on energy security and energy transition assessment and subsequently identifies the re-
search gap that justifies the development of the DESRI framework as a tool for measuring
transition-related instability.

2.1. Static Indicator-Based Approaches to Energy Security Assessment

Most existing studies on the measurement and assessment of energy security rely on
static or cross-sectional evaluations based on selected indicators. Such analyses primarily
focus on determining the state of energy security in a country, region, or group of countries
at a given point in time, usually a particular year, or over a selected period. The indicators
most commonly used in these studies include the share of renewable energy sources in final
energy consumption, greenhouse gas emissions, energy import dependence, diversification
of energy sources, energy intensity, energy productivity, and energy prices.

Within this research strand, Sovacool [17] analysed energy security from an inter-
national perspective, emphasising its multidimensional character, encompassing energy
availability, affordability, efficiency, and environmental impacts. Radovanovi¢ et al. [18]
developed an indicator-based approach to measuring energy security from a sustainable
development perspective by integrating economic, social, and environmental dimensions.
Erahman et al. [19] developed an energy security index for Indonesia, while De Rosa
et al. [20] examined the diversification, concentration, and renewability of energy supply in
European Union countries. In the European context, Brodny and Tutak [21] assessed the
sustainable energy security of the Visegrad Group countries, Bak et al. [22] analysed spatial
differences in energy security across EU countries, and Kuzior et al. [23] investigated the
energy security of EU Member States in the context of renewable energy development.

Static approaches also underpin composite indices and comparative rankings, such
as the World Energy Trilemma Index [24] and the Energy Transition Index [25]. The
former compares countries in terms of energy security, energy equity, and environmental
sustainability, while the latter assesses countries’ readiness for the energy transition and the
performance of their energy systems. Similar approaches employing multicriteria methods
have been applied by Gardumi et al. [26], Kamali Saraji and Streimikiene [27], and Brodny
and Tutak [28], among others.

Despite their significance, these studies also have certain limitations:
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—  static indicators primarily describe the level of transition at a given point in time,
usually a particular year, rather than the course of the transition process itself;

—  countries with similar indicator values in a given year may follow different transition
trajectories, ranging from stable and gradual to rapid and irregular;

—  despite their considerable comparative value, composite indices generally aggregate
indicator levels rather than their variability over time.

Consequently, static approaches have a limited capacity to identify the pace, irregular-
ity, and potential instability of the energy transition.

2.2. Dynamic Approaches to Energy Transition and Energy Security Assessment

In response to the limitations of static approaches, the literature increasingly employs
dynamic methods that account for changes in indicators over time, the pace of transition,
and the evolution of selected dimensions of energy security. Unlike cross-sectional analyses,
these approaches assume that not only the level of a given indicator is important, but also
the direction, pace, and variability of its changes over time.

An example of this approach is provided by Gong et al. [29], who examined the
dynamic evolution of China’s energy security using functional data analysis. The authors
demonstrated that temporal trajectories provide information that cannot be captured
through conventional cross-sectional analyses. Zhang and Zhou [30], in turn, proposed a
variance-based approach to energy security risk assessment that accounts for the effects
of external shocks and system variability. In research concerning the European Union,
Ziemba and Zair [31] conducted a temporal analysis of the energy transition in EU countries
and identified differences in the pace of change among Member States. Ziemba [32] also
proposed a dynamic multicriteria framework for energy security assessment that accounts
for changes in evaluation criteria over time. Tutak et al. [33] proposed the Dynamic
Energy Transition Assessment (DETA) method, which integrates an assessment of the level
of energy transition advancement, the degree of balance among its key pillars, and the
dynamics of changes over time. This approach makes it possible to analyse the current
state of the transition together with its quality, coherence, pace, and direction.

The dynamic energy transition assessment strand also includes the study by Brodny
et al. [34], who proposed the Energy Transition Efficiency Index (ETEI) to assess empirically
the efficiency of the energy transition in the EU-27 countries over the period 2013-2023.
Unlike conventional static approaches, this method is based on indices reflecting the
dynamics of changes in selected indicators.

The contribution of these studies lies in shifting attention from the level of energy
security itself to the process through which it changes. Dynamic approaches demonstrate
that two countries with similar indicator levels may differ in terms of transition stability.
They also indicate that variability and sudden accelerations or slowdowns in the pace of
change may affect the resilience of energy systems.

At the same time, a critical assessment of this research strand reveals that the lit-
erature on change dynamics remains heterogeneous. Individual studies differ in how
they define dynamics: some focus on trends, others on changes between periods, and
still others on system responses to external shocks. It should also be emphasised that,
despite growing interest in dynamic approaches, their number remains relatively limited,
particularly compared with the prevailing static and ranking-based analyses. Existing
dynamic studies represent an important direction in the development of energy transition
assessment methods. Nevertheless, further research is required, particularly regarding the
explicit operationalisation of instability, international comparability, and the integration of
transition pace and variability within a composite index applicable to all EU countries.
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2.3. Risk-Based Approaches and the Systemic Disruption Perspective

A separate strand of energy security research employs the concept of risk. Within
this perspective, risk is generally understood as the energy system’s exposure to exter-
nal disruptions, such as fuel import dependence, geopolitical instability, energy price
volatility, supplier concentration, supply-chain vulnerability, inadequate infrastructure, or
regulatory uncertainty.

The conventional understanding of energy security from this perspective was pre-
sented by Yergin [35], who associated it primarily with the ability to ensure continuity of
energy supply at affordable prices. Gorzen-Mitka and Wieczorek-Kosmala [36] analysed
the energy sector from a risk management perspective, emphasising the importance of
investment, regulatory, market, and technological risks. Cincinelli and Pellini [37] exam-
ined the effects of geopolitical and climate risks on uncertainty in European electricity
markets. Further contributions were provided by Axon and Darton, whose studies ad-
dressed both sources of risk in fuel supply chains [38] and risk profiles under low-carbon
transition scenarios [39]. In response to the limitations of classical energy security indices,
risk-oriented approaches have also emerged in the literature. One example is the Energy
& Climate Security Risk Index (ECSRI) [40], which integrates energy and climate security
dimensions and assesses the relative vulnerability of energy-climate systems to disruptions
and crises. However, ECSRI is mainly based on aggregated indicator levels compared
across years, while the dynamics of change are not modelled as a separate risk component.
As aresult, it captures temporal variation only indirectly and does not explicitly account
for the pace, irregularity, or volatility of transition trajectories. Therefore, although ECSRI
operationalizes the concept of risk, it has limited capacity to identify transition-related risks
arising from abrupt or uncoordinated structural changes.

Risk-based approaches demonstrate that energy security depends not only on macro-
statistical indicator levels but also on infrastructure, trade relations, supply chains, technological
dependencies, and the system’s vulnerability to disruptions. These approaches are particularly
relevant in the context of energy crises, geopolitical tensions, and instability in energy markets.

Their limitation, however, is that they focus primarily on threats originating outside
the energy system. They less frequently examine the energy transition itself as a potential
source of internal risk. Meanwhile, the rapid growth of renewable energy, the need to
adapt electricity grids, the phase-out of conventional generation capacity, rising household
energy costs, and regulatory uncertainty may generate temporary technical, economic, and
social pressures. Existing approaches capture this problem only partially, as they tend to
measure exposure to disruptions rather than the instability of the transition process itself.

2.4. Research Gap and Positioning of the DESRI Framework
Based on the literature review, the following research gaps can be identified:

- Regarding indicators, the measurement of the levels of analysed phenomena continues
to dominate, while the pace, direction, and variability of their changes over time are
considered relatively infrequently.

- Regarding the scope of analysis, there is a lack of comparable studies covering all EU-
27 countries within a uniform methodological framework, which limits the systematic
comparison of transition trajectories across countries.

- Regarding methodology, many composite indices focus on aggregating indicator
values but do not directly model the instability of transition trajectories, understood
as variability in the pace of progress and the occurrence of accelerations, slowdowns,
or temporary reversals.

—  Regarding mathematical models, the two dimensions of process dynamics, namely
the pace of change and the variability of that change over time, are rarely combined
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into a single component measure that can subsequently be aggregated at the pillar
and composite-index levels.

- Regarding evaluation frameworks, there is a lack of a tool that complements conven-
tional energy security assessments with the dimension of transition-related instability,
enabling the identification not only of the current level of energy security but also of
the durability, stability, and resilience of the process leading to that state.

The DESRI index developed and presented in this study addresses these research gaps.
The proposed DESRI methodology complements conventional approaches by introducing
a dynamic assessment perspective. Its analytical value lies in its ability to identify not only
countries characterised by high or low levels of selected indicators but also those in which
the transition proceeds rapidly, irregularly, or in a potentially destabilising manner. DESRI
therefore captures the pace, volatility, and irregularity of change as a distinct dimension
of energy security assessment under transition conditions. This clarification is important
because the proposed framework does not equate instability with risk in a direct causal
sense. Instability is treated as an observable dynamic state that may increase the likelihood
of transition-related pressures or vulnerabilities. Risk therefore constitutes an interpretative
layer based on measured instability rather than a separate probabilistic risk model.

3. Materials and Methods
3.1. Data

The study employed a set of 17 indicators identified on the basis of a review of
the relevant literature, which are widely used in analyses of the energy transition and
energy security, particularly in European Union countries. The selection of indicators
reflects the key dimensions of EU energy policy, especially objectives related to security
of supply, decarbonization, energy efficiency, system stability, and the social acceptability
of transformation costs. The underlying data for these indicators were sourced from the
Eurostat database [41] and the Energy Statistical Pocket Book [42] for the period 2013-2023.
Because the instability component of the index is estimated using a rolling window, the
final DESRI values are reported for 2015-2023. The selection of 2013 as the initial year
resulted from the availability of comparable data for all EU-27 countries and the need
to calculate dynamic measures based on lagged changes and volatility estimated using a
rolling window. Although the final DESRI values are reported for 2015-2023, the earlier
observations are required to calculate the initial dynamic components of the index. The
analysis included only indicators for which sufficient cross-country comparability and
temporal continuity could be ensured across all EU-27 countries. Because the instability
component is estimated using a three-year rolling window, the final DESRI values cover
the period 2015-2023.

The initial pool of variables was identified through a targeted review of the litera-
ture on energy security, energy transition, composite indicators, and EU energy policy
monitoring (e.g., [33,34,43-54]). Indicator selection was then constrained by four criteria:

—  substantive relevance to the analytical objective of the study,
- availability for all EU-27 countries over the study period,

—  cross-country comparability, and

—  limited redundancy with other candidate variables.

The selected indicators were not intended to exhaust the concept of energy security in
all its dimensions. They were chosen to represent those dimensions of the energy transition
that can be observed consistently in harmonised macro-statistical data and that are relevant
to comparative analysis in the EU context.
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The grouping of indicators into five pillars was conducted ex ante on conceptual
grounds, drawing on recurring themes in the literature and on the structure of EU energy
and climate policy objectives. These pillars are: structural and transformational charac-
teristics of the energy mix, climate and emissions pressure, efficiency and demand-side
performance, economic and social affordability, and external dependency and resilience of
supply. Thus, the pillars should be understood as an analytical classification adopted for
this study, rather than as universally binding categories of energy security.

They were derived from the intersection of three considerations: the multidimensional
character of energy security discussed in the literature, the main domains repeatedly
addressed in EU energy policy, and the practical requirement that indicators should be
measurable consistently for all EU countries over time.

The first pillar is structural and transformational risk of the energy mix, which reflects
the degree and direction of changes in the structure of energy generation and the system'’s
capacity to integrate new technologies. This pillar includes the following indicators: the
share of energy from renewable sources in final energy consumption (RES share), the share
of emission-intensive energy sources in the energy mix, the diversification of the energy
mix measured by the Herfindahl-Hirschman Index (HHI), and the cumulative installed
capacity in wind and solar power. This set of indicators makes it possible to capture both
the direction of the transition (decarbonization of the energy mix) and its potential systemic
risks resulting from technological concentration or the rapid expansion of intermittent
generation sources.

The second pillar is climate and emissions risk, which directly relates to the achieve-
ment of EU climate objectives and the environmental pressure generated by the energy
system. It comprises total greenhouse gas emissions per capita (Total GHG per capita), the
emissions intensity of the economy measured as GHG emissions per unit of energy (GHG
intensity of energy), and the indicator of premature deaths attributable to exposure to fine
particulate matter PM2.5. This approach enables simultaneous analysis of emission levels,
energy-emission efficiency, and the health impacts of the transition, which are increasingly
taken into account in EU climate policy.

The third pillar represents efficiency and demand-related risk, referring to the econ-
omy’s ability to reduce energy demand and improve the efficiency of energy use. Within
this pillar, the following indicators are included: energy intensity of the economy (energy
intensity), energy productivity, final energy consumption in households per capita, primary
energy consumption per capita, and transformation and distribution losses in the energy
system. This set of indicators allows for the identification of risks related to excessive
energy demand, low system efficiency, and limited capacity to implement the “energy
efficiency first” principle.

The fourth pillar covers economic and social risk, reflecting the acceptability of the
costs of the energy transition and its impact on household well-being. This area includes:
the share of the population unable to adequately heat their homes due to energy poverty,
household electricity prices, and adjusted gross disposable household income per capita.
The inclusion of these indicators makes it possible to assess whether the pace and direc-
tion of the energy transition generate social risks that may constrain its durability and
political stability.

The final pillar is external dependency and energy system resilience risk, which
constitutes a key dimension of security of supply in EU energy policy. This pillar is
represented by the energy import dependency indicator and the energy self-sufficiency
ratio. These indicators allow for the assessment of the vulnerability of energy systems to
external disruptions, including geopolitical and commodity shocks, as well as countries’
capacity to maintain continuity of supply under crisis conditions.
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For clarity, the analytical structure of the DESRI framework is summarised in Table 1.
The table presents the five pillars, their conceptual focus, the number of indicators assigned
to each pillar, and examples of indicators used in the empirical analysis.

Table 1. Summary of the DESRI pillar structure, indicator groups, and examples.

DESRI Pillar

Conceptual Focus

Number of
Indicators

Examples of Indicators

Structural and
transformational
characteristics of the
energy mix

Changes in the structure of the
energy mix and the system'’s
capacity to integrate
new technologies

RES share, share of
emission-intensive energy
sources, HHI index, share of
wind and solar PV capacity

Climate and
emissions pressure

Environmental and
emissions-related pressure
generated by
the energy system

GHG emissions per capita,
GHG intensity of energy,
premature mortality related to
PM2.5 exposure

Efficiency and
demand-side performance

Energy demand, energy
efficiency and losses in the
energy system

Energy intensity, energy
productivity, household final
energy consumption per
capita, primary energy
consumption per capita,
transformation and
distribution losses

Economic and
social affordability

Social acceptability of
transition costs and
household vulnerability

Energy poverty, household
electricity prices, disposable
household income per capita

External dependency and
energy system resilience

Exposure to external
energy-related shocks and
domestic capacity to ensure
supply continuity

Energy import dependency,
energy self-sufficiency ratio

Table 2. Characteristics of the indicators.

All indicators used in the study were obtained from the international, publicly avail-
able, and open Eurostat database, which ensures cross-country comparability and full
replicability of the research results. The time span of the data covers the years 2013-2023. It
should be noted, however, that the DESRI index values presented in the study refer to the
period 2015-2023, which results from the adoption of a three-year rolling window (k = 3) in
the procedure for estimating the volatility component. The application of this approach
allows for a stable assessment of the instability of change trajectories while maintaining
adequate sensitivity of the index to transformational impulses.

The indicators used in the study are compiled and described in detail in Table 2.

Indicator

Unit

DESRI Pillar

Direction (s]-)

Relevance in the Context of

Research and EU Policy

Share of renewable
energy sources in %
total final
energy consumption

Structural and
transformational risk
of the energy mix

Indicator of the share of renewable
energy sources in final energy

consumption. An increase in the RES

-1

share reduces emissions risk and

dependence on fossil fuels; however,
high growth dynamics may generate

system integration risks.
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https://doi.org/10.3390/su18136749

Sustainability 2026, 18, 6749

10 of 49

Table 2. Cont.

Indicator

Unit DESRI Pillar

Direction (s]-)

Relevance in the Context of
Research and EU Policy

Proportion of
high-emission

Structural and

Reflects the degree of dependence of
the energy system on fossil fuels.
A high share of emission-intensive

. % transformational risk +1 . .
energy carriers in the . sources increases transformational
. of the energy mix . .
overall energy mix risk and regulatory pressure resulting
from EU climate policy.
Concentration index of the energy
Degree of energy Structural and mix. High values indicate low
source diversification - transformational risk +1 diversification of energy sources and
(HHI index) of the energy mix increased system vulnerability to
technological or market disruptions.
Share of installed Cumulative installed capacity of RES
wind and solar Structural and (wind and photovoltaics). Capacity
photovoltaic capacity % transformational risk -1 growth supports decarbonization, but
in total installed of the energy mix rapid expansion may generate
electricity capacity instability risks in the power system.
Total greenhouse gas emissions per
Greenhouse gas Climate and capita. High values indicate increased
L . t CO; eq. . . +1 : : )
emissions per capita emissions risk climate pressure and a higher risk of
failing to meet the Fit for 55 targets.
Emissions intensity of the economy.
Emissions . The indicator reflects the effectiveness
. kg CO, Climate and o
attributable to the L . +1 of energy system decarbonization
eq./toe emissions risk
energy sector regardless of the scale of
energy consumption.
. Indicator of health impacts of air
Premature mortality . . .
. . . Climate and pollution. Captures the social and
associated with liczba /100 tys. .. ) +1 SRR .
emissions risk health costs of emission-intensive
PM2.5 exposure
energy systems.
Energy intensity of the economy.
Energy intensity of KGOE/ Efficiency and +1 High values indicate low energy
the economy 1000 EUR  demand-related risk efficiency and increased vulnerability
to rising energy prices.
Energy productivity of the economy.
Energy efficiency of Efficiency and An increase in this indicator reflects
the economy EUR/KGOE y . -1 the ability to achieve economic
- demand-related risk .
(energy productivity) growth with lower
energy consumption.
o Energy consumption in households.
Per capita final - . g )
. Efficiency and High and rapidly increasing values
energy consumption KGOE j . +1 o . .
in households demand-related risk may indicate limited effectiveness of
energy efficiency policies.
Per capita primary Efficiency and T(?tal demanFl for primary enersy.
. TOE . +1 High values increase systemic risk
energy consumption demand-related risk :
and pressure on energy infrastructure.
. Energy losses in generation and
Energy losses in - o7 .
. o Efficiency and transmission processes. High values
transformation and To +1

distribution processes

demand-related risk

indicate low efficiency of the
energy system.
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Table 2. Cont.

Relevance in the Context of

Indicator Unit DESRI Pillar Direction (s]-) Research and EU Policy
Sha.re of the Indicator of energy poverty. High
population unable to Economic and values signal limited social
adequately heat their % +1 &

homes due to
economic constraints

social risk acceptability of energy

transition costs.

Electricity prices for
household
consumers,

including all
applicable taxes

EUR/kWh +1

Electricity prices for households.
Rapid price increases may lead to
social and political tensions.

Economic and
social risk

Per capita disposable
income
of households

Disposable household income.
Higher values increase the capacity to
absorb the costs of the
energy transition.

EUR Econc.)mlc; and 71
social risk

Level of dependence
on energy imports

Degree of dependence on energy
imports. A key indicator of security
of supply and vulnerability to
geopolitical shocks.

External dependency
% and system +1
resilience risk

Energy
self-sufficiency
indicator

Indicator of energy self-sufficiency.
Higher values indicate greater system
resilience to external disruptions.

External dependency
% and system -1
resilience risk

3.2. Methods
3.2.1. Methods for Assigning Weights to Indicators Within the Analysed Pillars

The weights of the indicators used in the study were determined using two data-
driven statistical procedures, the entropy method and the Criteria Importance Through
Intercriteria Correlation method (CRITIC), and were subsequently aggregated using the
Laplace criterion. Such an approach is increasingly applied in the literature [28,33,34,55],
as it combines complementary perspectives on assessing indicator importance and helps to
reduce the arbitrariness of weight assignment.

The use of two data-driven weighting methods was motivated by the need to limit a
one-sided assessment of indicator importance within the individual DESRI pillars. Both
methods draw on the informational properties of the data, but they emphasise different as-
pects of criterion importance. The entropy method assigns greater importance to indicators
exhibiting greater differentiation in their values, as higher variability implies a stronger
capacity to discriminate among the analysed objects. Its limitation, however, is that it does
not account for relationships between indicators. Consequently, an indicator that is highly
variable but also strongly correlated with other variables may receive a relatively high
weight despite providing limited additional information. The CRITIC method addresses
this limitation by considering not only indicator variability but also the degree of infor-
mational conflict among indicators, measured through correlations. Under this approach,
indicators characterised by high variability but strongly associated with other variables are
treated more cautiously, whereas greater weights may be assigned to criteria that provide
more distinct diagnostic information. However, the CRITIC method is more sensitive to
the correlation structure of the dataset and may reduce the importance of indicators that
are substantively relevant but statistically associated with other variables. The combined
application of the entropy and CRITIC methods therefore integrates two complementary
criteria of informativeness: differentiation in indicator values and non-redundancy relative
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to the remaining variables. Consequently, the final weighting system is based neither
solely on data dispersion, as in the entropy method, nor exclusively on the combination of
variability and correlation structure, as in the CRITIC method. Integrating these methods
reduces the risk that a single statistical rationale will exert excessive influence on the results
and improves the stability of the weighting procedure.

In the first stage, the entropy method was applied, in which indicator weights are
determined based on the degree of variation in their values [56,57]. After preliminary
normalisation of the data, their relative shares were calculated (Equation (1)):

xi]‘

= 1
P = M)
where p;; denotes the relative share of country i in the value of indicator j.
Next, the informational entropy of the indicator was calculated as:
n
ej = —kY_ pijin(p) 2)
i=1
where 1
k=——
In(n) ®)

and ¢; € [0, 1] determines the degree of disorder of the information contained in indicator j.
On this basis, the degree of information diversification was calculated as:

d] =1- 6]‘ (4)
followed by the entropy-based weights:

w(Entropy) _ dj (5)

j Y d;

In the next stage, the CRITIC was applied, which simultaneously accounts for indicator
variability and their mutual correlations [58]. For each indicator, the standard deviation
was calculated as:

1 & _\2
G =4/-—3 1;(%‘1 - %) ©)

where X; denotes the mean value of indicator j.
Next, Pearson’s linear correlation coefficients between indicators were determined:

iy (i — %) (i — %)
Tk = 2 2
\/Z?:1 (ij — %) (i — Xx)

Based on these coefficients, the informational measure of each indicator was

(7)

defined as:
m
C] = 0'1 Z (1 — rjk) (8)
k=1
The CRITIC weights were then calculated as:

(criticy  Gj

w! = ©)
j 7, G

In the final step, the weights obtained using the entropy and CRITIC methods were
aggregated according to the Laplace criterion, which assumes equal credibility of the
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approaches employed. The Laplace criterion was adopted as a neutral and transparent
aggregation rule under methodological uncertainty, that is, in the absence of sufficiently
strong empirical or theoretical grounds for favouring either of the two data-driven weight-
ing methods. This assumption does not imply that the entropy and CRITIC methods are
methodologically identical. Rather, both methods are based on the same empirical data
matrix and capture complementary aspects of indicator informativeness. Aggregating the
two sets of weights using the arithmetic mean therefore reduces the risk of the results
being driven by the rationale of only one weighting method. In this study, the Laplace
criterion was applied to achieve a balanced compromise between assessing indicator impor-
tance based on variability and assessing it after accounting for interdependencies among
variables, thereby enhancing the transparency and robustness of the weighting procedure.
The final indicator weights were calculated as the arithmetic mean [33]:

w(Entrop) + w(Critc)

Final __ ] ]
w; " = 5 (10)

The combined Entropy-CRITIC-Laplace procedure produces a data-driven weighting
system that reflects both the differentiation and redundancy of information within the
dataset. However, this procedure should not be interpreted as fully objective in a philosoph-
ical sense, since the selection of variables, normalisation procedure, and aggregation rule
remains dependent on researchers’ decisions. In this study, indicator selection determines
which dimensions of energy security are represented in DESRI, normalisation affects the
comparability of variables expressed in different units, and the Entropy—CRITIC-Laplace
scheme assigns greater importance to indicators characterised by higher variability or
lower redundancy. Furthermore, the aggregation procedure assumes partial compensabil-
ity between pillars, meaning that lower instability in one dimension may partially offset
higher instability in another. DESRI values and country classifications should therefore be
interpreted in light of these methodological assumptions.

3.2.2. Method for Determining Pillar Weights

To determine the relative importance of the five pillars in the composite index, the
Analytical Hierarchy Process (AHP) was used as a structured weighting tool [59,60]. The
application of AHP at the pillar level follows from the hierarchical structure of the DESRI
framework. The weighting procedure was deliberately differentiated between two ana-
lytical levels. At the indicator level, weights were derived from the statistical properties
of the data because the indicators within each pillar describe related diagnostic aspects
of a given dimension of transition-related instability, and their informativeness can be
assessed through variability, differentiation, and redundancy. At the pillar level, however,
the five dimensions represent broader conceptual areas of energy security and energy tran-
sition. Their relative importance cannot be derived solely from the empirical distribution
of indicator values, as it also depends on the adopted understanding of energy security,
the role of individual pillars in shaping transition-related instability, and the priorities of
EU energy and climate policy. In this study, AHP was applied to translate an explicitly
adopted analytical perspective, shaped by EU energy and climate policy priorities, into a
transparent set of pairwise comparisons. The pairwise comparison matrix was constructed
by the authors based on an analysis of strategic documents and a substantive interpreta-
tion of EU energy transition priorities. The resulting pillar weights should therefore be
regarded as policy-informed analytical assumptions. The consistency ratio was calculated
to verify the internal coherence of the adopted judgements; however, its value should
not be interpreted as eliminating the normative element of the weighting procedure. It
should be emphasised that the adopted hierarchy of pillars should not be interpreted as
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the only possible or indisputable hierarchy of EU energy policy priorities. It reflects a
specific analytical perspective in which security of supply and the achievement of climate
and emissions objectives are treated as the two principal dimensions of energy security
instability under transition conditions. Consequently, the weights derived using AHP
should be regarded as a transparent and justified modelling assumption.

In the first step, a set of risk pillars F (k =1,...,K), was defined, for which relative
importance in the construction of the index had to be determined. The objective of the AHP
procedure was to estimate the vector of weights (11):

W =Wy, Wy, ..., Wk] (11)

where the weights satisfy the normalisation condition:

K
Y We=1 (12)
k=1

Next, pairwise comparisons of the risk pillars were conducted by constructing a
comparison matrix:
AZ[lel], k,l=1,...,K (13)

where the element ay; specifies how much more important pillar Fy is compared to pillar Fj,
according to Saaty’s nine-point scale. It was assumed that the comparison matrix satisfies
the following conditions (14):

1
ag = o age =1 (14)

which ensures reciprocity of judgments and full equivalence of each pillar with itself.
Based on the comparison matrix, pillar weights were derived as the normalised
eigenvector corresponding to the maximum eigenvalue of the matrix:

AW = Apax W (15)

where Ay, denotes the largest eigenvalue. In practice, the calculations were performed by
normalising the geometric means of the rows of the comparison matrix:

. (Hlel akl)l/K

1/K
K K
Y1 <H1:1 “kl)

(16)

An important element of the AHP procedure is the verification of the consistency of
decision judgments. For this purpose, the Consistency Index (CI) was calculated as:

_ Amax — K
Cl= "= (17)

and subsequently the Consistency Ratio (CR):

I

CR_E

(18)

where RI denotes the random consistency index dependent on the number of pillars K. The
standard acceptability criterion was adopted:

CR < 0.1 (19)

which indicates sufficient consistency of the comparison matrix.
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The calculated pillar weights W) were used in the final aggregation stage to determine
the global DESRI index.

3.3. Dynamic Energy Security Risk Index (DESRI) Method
3.3.1. Conceptual Foundations of the Method

The conceptual foundations of the DESRI method are based on the assumption that
energy security under transition conditions should be analysed not only as a static state
of the energy system but also as a dynamic process shaped by the pace, variability, and
irregularity of change. In the context of the energy transition, rapid or uneven changes in
key energy, climate, structural, demand-related, and socioeconomic indicators may create
adjustment pressures for energy systems, economies, and societies. The proposed method
therefore focuses on identifying transition-related instability as a distinct dimension of
energy security assessment.

In this study, the term “dynamic” refers to changes in selected indicators over time,
encompassing the pace of change, the variability of that change, and the irregularity of
indicator trajectories. The concept of “transition-related instability” is used to describe the
observed variability in the course of energy transition processes. It is therefore treated as
an empirically measurable characteristic of transition trajectories rather than as a direct
measure of a specific disruptive event.

On this basis, the proposed DESRI index provides a quantitative assessment of transition-
related instability in selected dimensions of energy security. In this context, the term “risk”
is used in a narrower, interpretative analytical sense. It refers to a potential vulnerability
or pressure that may arise when changes in key areas of the energy transition are rapid,
uneven, volatile, or difficult for the energy system, economy, or society to absorb. DESRI
should therefore not be understood as a probabilistic risk model estimating the likelihood and
consequences of energy system destabilisation. Rather, the index identifies dynamic instability
that may signal elevated risk associated with the course of the energy transition.

Unlike conventional energy security indices, DESRI focuses on change trajectories and
on the pace, variability, and irregularity with which energy transition-related indicators
evolve over time. The method was designed to support both cross-country comparisons
and analyses of changes over time, enabling the identification of countries in which the
transition process proceeds more rapidly, variably, or unevenly.

The term “risk” is therefore used differently from its meaning in the broader energy
security literature, which focuses on supply disruptions, geopolitical exposure, infrastruc-
ture failures, or supply-chain interruptions. DESRI does not measure the full spectrum of
energy security risks in this systemic sense. Instead, it captures transition-related instability
observable in macro-statistical indicators and interprets substantial, rapid, or irregular
changes as signals of increased vulnerability during the transition process. This approach
is based on the assumption that abrupt shifts in energy, climate, structural, demand-related,
and socioeconomic dimensions may create adjustment pressures even when the long-term
direction of change remains consistent with energy transition objectives.

This interpretation should be regarded as an analytical simplification adopted for
cross-country comparisons. The resulting composite index should therefore be understood
primarily as an index of transition-related instability in selected dimensions of energy
security rather than as a comprehensive measure of energy security risk in a broad systemic
or probabilistic sense.

3.3.2. General Structure of the DESRI Method

The objective of the developed Dynamic Energy Security Risk Index (DESRI) method is
the quantitative assessment of dynamic energy security risk. This risk is understood as the
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risk of destabilisation of the energy system resulting from rapid and/or unstable changes
occurring in key areas of the energy transition. Unlike classical energy security indices,
DESRI does not describe the static level of security in a given year, but focuses on the anal-
ysis of change trajectories and the pace at which risk accumulates over time. The method
was designed as an index for both cross-country and dynamic (time-varying) analyses.

The DESRI computation procedure consists of nine consecutive steps, reflecting the
hierarchical structure of the method—from the level of individual indicators, through risk
pillars, to the global energy security risk index.

The steps of the DESRI method are as follows:

(1) Step 1. Definition of the data set and hierarchical structure. In the first step, the data
set and the analytical structure of the index were defined. Let:

— ¢ € Cdenote an EU-27 country;
- te{ty,..., t7} denote the year of analysis;
- jeA{l,...,m} denote the indicator.

The value of indicator j for country c in year ¢ is denoted as X;(c, t).

Indicators were assigned to thematic risk pillars: F; (k =1,...,K), corresponding to
the key dimensions considered in the analysis. The set of indicators belonging to pillar F;
is denoted as Ji. This hierarchical structure enables coherent aggregation of information,
from partial indicators to the synthetic global index.

(2) Step 2. Determination of risk direction (parameter s;). In the second step, the direction
of the impact of each indicator on energy security risk was defined. For each indicator,
the parameter:

sj € {+1,-1} (20)

was specified. A value of s; = +1 indicates that an increase in the given indicator leads to
an increase in energy security risk (e.g., higher import dependency or rising energy prices),
whereas s; = —1 indicates that an increase in the indicator contributes to risk reduction
(e.g., a higher share of RES or increased energy productivity).

The parameter s; replaces the classical division into stimulants and destimulants
and constitutes the only element of the method in which the direction of indicator
impact is encoded. Consequently, the subsequent stages of the analysis focus primarily
on the intensity, variability, and instability of changes rather than on evaluating their
direction. This solution represents a deliberate shift in the interpretative emphasis
of the DESRI framework. The parameter s; incorporates the desired direction of an
indicator’s impact during data preparation, while the subsequent procedure focuses
on the magnitude, variability, and irregularity of change. DESRI is intended to identify
situations in which the pace of change may generate adjustment pressures for the energy
system, economy, or society. An advantage of this approach is its ability to capture both
the effects of a rapid deterioration in indicator values and the pressures resulting from
their rapid improvement. For example, a rapid increase in the share of renewable energy,
a reduction in emissions, or an improvement in energy efficiency may support long-
term transition objectives while simultaneously requiring substantial infrastructural,
regulatory, investment, and social adjustments. A limitation of this approach is that the
composite DESRI value does not directly distinguish between rapid improvement and
rapid deterioration. High index values should therefore be interpreted together with
the pillar structure and changes in individual indicators rather than as an automatic
indication of transition regression.
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(3) Step 3. Determination of the rate of change (trend component). In the third step,
the annual rate of change in each indicator was calculated using the logarithmic
growth rate:

() =tn( 2D @1

i(c,t) =In

& Xi(c, t—1)

This rate was then adjusted for the risk direction by defining the so-called risk trend:
(e t) =s; x gilet) (22)

(T)
contributes to an increase in energy security risk, while a negative value indicates a risk-

A positive value of r."’ indicates that the change in the indicator in a given year
reducing change. To capture the strength of the impulse regardless of its sign, the following
intensity measure was introduced:

uj(c,t) = ‘r]m (c, t)‘ (23)

This approach reflects the assumption that abrupt changes, including those that
are formally beneficial from the perspective of long-term transition goals, may generate
transition-related instability and adjustment pressure. The use of the absolute value in the
trend impulse measure follows from the assumption that DESRI measures the intensity and
irregularity of change rather than normatively classifying it as beneficial or adverse. A rapid
improvement in indicators, such as an increase in the share of renewable energy, a reduction
in emissions, or an improvement in energy efficiency, may be consistent with transition
objectives while simultaneously generating temporary adjustment pressures. This applies
particularly to challenges related to the grid integration of renewable energy, infrastructure
adaptation costs, the need to expand energy storage capacity, labour market changes,
investment pressures, and constraints on public policy implementation. Consequently,
DESRI treats rapid changes, irrespective of their direction, as a potential source of transition-
related instability when their pace exceeds the system’s capacity to absorb them in a
stable manner.

(4) Step 4. Determination of change instability (volatility component). The fourth step
aims to identify the instability of indicator change trajectories. For this purpose,
a rolling time window of length k years was applied, within which the standard
deviation of the risk trend was calculated:

; — 2
vj(c,t) = ﬁ )3 (”]('T)(C/T)_ ]( )(C/t)> (24)

T=t—k+1

where the mean value of the risk trend within the window is defined as:

1 t
en=1 ¥ e 25)

High values of v; indicate an irregular change trajectory, while low values correspond
to a stable and predictable transformation process.

A three-year rolling window (k = 3) was adopted to balance the stability of volatility
estimation with DESRI’s sensitivity to short-term transition impulses. A two-year window
responds more strongly to individual annual changes, whereas three observations make it
possible to distinguish more effectively between temporary fluctuations and irregularities
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persisting over time (Appendix A). At the same time, the three-year window remains
sufficiently short to capture dynamic changes occurring during the analysed period.

(5) Step 5. Normalisation of dynamic components (min—-max). Because the measures u;
and v; differ in scale and distribution, min—max normalisation was applied in the
next step, performed cross-sectionally across countries, separately for each indicator
and year.

First, the trend impulse was normalised:

u;(c,t) —minqu;i(c, t
ui (e, t) = — &,1) ot (6,1) (26)
maxcuj(c, t) —mincu;(c, t)

and then the volatility component:

vi(c,t) — mingv;i(c, t
’U?wm(c,t) _ ]( ) c ]( )

: 27
maxco(c, t) —mincvj(c, t) @7)

Both measures take values in the interval [0, 1]. The normalisation does not distin-
guish between stimulants and destimulants, since the direction of impact was already
incorporated through the parameter s;.

(6) Step 6. Construction of partial indicator risk. In the next step, the normalised trend
impulse and volatility were combined into a single measure of partial indicator risk:

Rj(e,t) = au™™(c, 1) + (1 = a)oj""™ (c, 1) (28)

where « € [0, 1] denotes the weight of the trend component. In the baseline analysis,
a = 0.6, was adopted, reflecting the greater importance of the pace of change while still
accounting for instability. The value a« = 0.6 moderately favours the trend component over
the instability component without making it dominant in the index. This choice also reflects
the conceptual assumption underlying DESRI that the pace and direction of changes in
selected indicators constitute a primary signal of transition-related pressure. At the same
time, the instability component retains substantial importance, with a weight of 0.4. The
adopted 60:40 ratio represents a compromise between capturing the systematic pace of
change and accounting for irregularities in transition trajectories. The sensitivity analysis
examining a change in « from 0.6 to 0.5 is presented in Appendix B.

(7) Step 7. Aggregation of indicators to the pillar level. The partial risks of indicators
were then aggregated to the pillar level. First, a weighted sum was calculated:

S]:k(C, f) = Z w]-|kRj(c,t) (29)
j€Tk

where the weights satisfy the condition:
X Wi =1 (30)
J€k
Next, to ensure full comparability of pillars, they were normalised:

Sk (c,t) —mincSg, (c, t)

DESRIE (c,t) = -
R (e 1) max.Sg, (¢, t) — mincSg, (c,t)

(31)

As a result, each pillar takes values in the interval [0, 1].
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(8) Step 8. Aggregation of pillars into the global DESRI index. In the final aggregation
step, the risk pillars were combined into the global index:

K
DESRI(c,t) = Y WxDESRIE (c,t) (32)
k=1
where W denotes the weight of pillar F (e.g., determined using the AHP method in line
with EU policy priorities), satisfying the condition:

K
Y We=1 (33)
k=1

(9) Step 9. Interpretation of results. DESRI values lie in the interval [0, 1]. Low values
(DESRI ~ 0) indicate a stable energy transition trajectory and low dynamic risk, while
high values (DESRI =~ 1) signal high risk dynamics and potential vulnerability of the
energy system to destabilisation. DESRI results should be interpreted in relative terms,
i.e., with reference to other EU countries in a given year.

4. Results
4.1. Weights of Partial Indicators and Pillars

In the DESRI method, it is assumed that both the partial indicators included within
individual risk pillars and the pillars themselves do not have equal importance in shaping
dynamic energy security risk. This results from the fact that different areas of the energy
transition affect the stability of the energy system and its vulnerability to disruptions to
varying degrees in the short and medium term.

The weights of the component indicators were determined in accordance with the
methodology described in Section 3, using data-driven analytical methods based on in-
formation entropy and CRITIC. They were subsequently aggregated using the Laplace
criterion. The indicator weights within each pillar sum to 1. Because the weights were
derived from the statistical structure of the dataset, they should be interpreted as measures
of the indicators’ relative diagnostic contribution within a given pillar rather than as a
direct normative assessment of their policy importance. Higher weights indicate that an
indicator provided more information for differentiating among countries and/or contained
less redundant information relative to the other indicators within the same pillar. The
final weights of the component indicators assigned to the individual DESRI risk pillars are
presented in Table 3.

The distribution of weights indicates that, within each pillar, higher weights were
assigned to indicators that more strongly differentiated the countries in the analysed
dataset. In the structural and transformational pillar, relatively high weights were assigned
to the share of renewable energy and installed wind and solar capacity, indicating that
these variables played an important role in capturing differences in the pace and scale of
changes in the energy mix. In the climate and emissions pillar, the highest weight was
assigned to premature mortality associated with PM2.5 exposure, followed by greenhouse
gas emissions per capita. This reflects the strong diagnostic role of indicators linking
energy system transformation with environmental and health pressures. In the economic
and social pillar, the highest weight was assigned to energy poverty, suggesting that
differences in households’ ability to heat their homes adequately were particularly relevant
for identifying socioeconomic vulnerability across countries. In the external dependence
pillar, energy import dependence received the highest weight, confirming its substantial
diagnostic contribution to differentiating countries according to their exposure to external
supply risks.
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Table 3. Values of partial indicator weights.
DESRI Pillar Indicator Weight Value
Share of renewable energy sources in total final 0.309
energy consumption '
Proportion of high-emission energy carriers in the overall 1
Structural and transformational energy mix 0.168
risk of the energy mix i T :
Degree of energy source diversification (HHI index) 0.224
Share of installed wind and solar photovoltaic capacity in
. L . 0.299
total installed electricity capacity
Greenhouse gas emissions per capita 0.367
Climate and emissions Emissions attributable to the energy sector 0.240
Premature mortality associated with PM2.5 exposure 0.392
Energy intensity of the economy 0.110
Energy efficiency of the economy (energy productivity) 0.279
Efficiency and demand-related Per capita final energy consumption in households 0.195
Per capita primary energy consumption 0.173
Energy losses in transformation and
o 0.243
distribution processes
Share of the population unable to adequately heat their
. . 0.463
homes due to economic constraints
Economic and social Electricity prices for household consumers, including all 0.321
applicable taxes '
Per capita disposable income of households 0.216
External dependency and Level of dependence on energy imports 0.552
system resilience Energy self-sufficiency indicator 0.448

The weights of the individual risk pillars were subsequently determined using AHP.
Unlike the indicator weights, which were derived from the empirical informativeness of the
variables, the pillar weights reflect the conceptual and policy-informed hierarchy adopted
within the DESRI framework. This hierarchy draws on the priorities of European Union
energy policy, particularly the fundamental importance of ensuring security of energy
supply and achieving climate and emissions objectives.

The pairwise comparison matrix was constructed based on an interpretative analysis
of EU energy and climate policy priorities, with particular attention to three recurring
objectives: ensuring security of energy supply, accelerating decarbonisation, and main-
taining the socioeconomic feasibility of the transition [61-66]. In this context, external
dependence and security of supply risk and climate and emissions risk were assigned
the highest relative importance because they correspond to two central dimensions of EU
energy policy: reducing vulnerability to external energy shocks and achieving binding
climate targets. These two pillars were therefore treated as equally important, as reflected
by a value of 1 in their pairwise comparison.

The efficiency and demand-related pillar and the structural and transformational pillar
were assessed as moderately less important than external dependence and climate and
emissions risk. This does not imply their marginalisation but reflects their interpretation as
dimensions that support and stabilise the transition. Energy efficiency, demand reduction,
diversification of the energy mix, and the expansion of renewable capacity contribute
to both security of supply and decarbonisation. Within the adopted hierarchy, however,

https://doi.org/10.3390/sul18136749


https://doi.org/10.3390/su18136749

Sustainability 2026, 18, 6749

21 of 49

they primarily serve as mechanisms for achieving these two strategic objectives. The
external dependence and climate and emissions pillars were therefore assigned moderate
importance over these dimensions, represented by a value of 3 in the AHP matrix.

The economic and social pillar received the lowest relative weight but was not regarded
as unimportant. Its lower weight reflects the analytical assumption that energy affordability
and the effects of the transition on households are essential to the durability and social
acceptability of the transition. However, over the short and medium term, they more
often constitute consequences or transmission channels of changes in security of supply,
energy prices, demand, and structural transformation. External dependence and climate
and emissions risk were therefore assessed as strongly more important than economic and
social risk, as reflected by a value of 5 in the pairwise comparison matrix. At the same
time, the economic and social pillar remains an integral component of DESRI to capture the
dimension of transition-related social vulnerability.

Table 4 presents the pairwise comparison matrix of the risk pillars.

Table 4. Pairwise comparison matrix of risk pillars.

External Dependency Climate and Efficiency and Structural and E . d
Risk Pillar and Security of Emissions Demand-Related Transformational CS(;I:?;I;;:E
Supply Risk Risk Risk Risk
External dependency
and security of 1 1 3 3 5
supply risk
Cl_lm.ate an.d 1 1 3 3 5
emissions risk
Efficiency and
demand-related risk 1/3 1/3 1 1 2
Structural and
transformational risk 1/3 1/3 1 1 2
Economic 1/5 1/5 1/2 1/2 1

and social risk

After performing AHP pairwise comparisons, weights reflecting the importance of
each energy transition risk pillar were obtained as follows:

—  External dependency and security of supply risk: 0.346;
—  Climate and emissions risk: 0.346;

—  Efficiency and demand-related risk: 0.122;

—  Structural and transformational risk: 0.122;

—  Economic and social risk: 0.064.

The resulting weight structure has important implications for interpreting the DESRI
results. The relatively high weights assigned to external dependence and security of supply
risk and climate and emissions risk mean that the index more strongly reflects instability
associated with security of supply, exposure to external energy shocks, and decarbonisation
pressures. However, the lower weight assigned to the economic and social pillar does not
imply that the social dimension of the transition is considered unimportant. Rather, within
the adopted DESRI configuration, this dimension is treated as an important component of
vulnerability and the social acceptability of the transition, although it has a lower weight in
the composite assessment of dynamic energy security instability.

To verify the logical correctness and reliability of the expert judgments, a consis-
tency analysis of the pairwise comparison matrix was performed in accordance with the
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AHP procedure. For the number of criteria n = 5, the following diagnostic parameters
were obtained:

- )\mux = 5.0067;
- CI=0.0017;
- CR=0.0015<0.10, with RI =1.12.

The obtained value of the consistency ratio (CR) is significantly below the commonly
accepted threshold of CR < 0.10, which indicates very high consistency of the comparison
matrix. It confirms the internal coherence of the pairwise comparison matrix and demon-
strates that the adopted judgements are formally consistent within the AHP procedure.
As previously stated, the pillar weights should be regarded as analytical assumptions
informed by EU energy and climate policy priorities.

4.2. Overall Distribution and Variability of DESRI Index Values in EU-27 Countries
4.2.1. Analysis of DESRI Index Values

Based on the calculations carried out using the developed Dynamic Energy Security
Risk Index method for the EU-27 countries (with a rolling window k = 3), DESRI values
were determined for the years 2015-2023. This stage of the research aimed to assess the
extent to which the proposed indicator differentiates EU-27 countries in terms of dynamic
energy transition risk, as well as to evaluate its ability to capture changes in this risk over
time. Figure 1 presents the DESRI index values for EU-27 countries in the analysed period.

The results (Figure 1a) indicate substantial differences in transition-related instabil-
ity across the EU-27 countries and considerable variation in DESRI values over time.
These differences should be interpreted both as dispersion in index values and as a re-
flection of the diverse structural conditions under which energy transitions take place.
Countries with larger, more diversified, and institutionally mature energy systems, such as
Germany, Austria, and Italy, generally exhibited relatively lower and more stable DESRI val-
ues. This suggests that gradual adjustments, greater system diversification, and a stronger
capacity to absorb change may reduce dynamic transition-related instability.

Higher DESRI values occurred more frequently in countries characterised by small
energy systems, high exposure to external energy flows, concentrated energy structures, or
rapid changes in selected indicators. This was particularly evident in Estonia, Luxembourg,
Malta, and the Netherlands. In these cases, high index values primarily indicate the
irregularity and intensity of changes across the analysed transition dimensions.

The lowest DESRI values in the entire sample were recorded in Italy in 2018 (0.039),
Portugal in 2021 (0.045), Belgium in 2017 (0.060), and Austria in 2016 (0.066). These results
indicate that the pace and variability of the analysed indicators in these countries were
relatively limited compared with those in other EU countries. However, low DESRI values
should not be interpreted as an absence of energy security challenges. Rather, they indicate
that the trajectory of change in a given year was more stable and predictable, as DESRI
measures dynamic instability rather than the static level of energy security.

The highest index values were recorded in Estonia in 2017-2018 (0.825 and 0.889) and
Luxembourg in 2022-2023 (0.831 and 0.762). In Estonia, these results can be interpreted in
the context of the specific characteristics of its national energy system, which has historically
relied heavily on oil shale, as well as the high sensitivity of emissions, energy intensity,
and energy mix indicators to regulatory and transition-related changes. Luxembourg, by
contrast, has a small and highly open energy system that depends on external energy
flows and is sensitive to changes in import-related and per capita indicators. Under such
conditions, even relatively small absolute changes may result in high dynamic instability
from a comparative perspective.
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Figure 1. DESRI index values in EU-27 countries ((a) index values for 2015-2023; (b) difference in
DESRI values between 2015 and 2023).

The high DESRI values observed for Malta and the Netherlands can also be interpreted
in light of the specific structural characteristics of their energy systems. Malta has a small
island energy system with limited domestic energy resources and high dependence on
imported energy carriers, increasing its sensitivity to external conditions. Despite its high
level of development and advanced energy infrastructure, the Netherlands experienced
substantial changes in the structure of energy supply and demand, including a declining
role for domestically produced natural gas and growing pressure to accelerate decarbonisa-
tion. This helps explain why countries with different levels of development and transition
advancement may simultaneously be classified as exhibiting elevated dynamic instability.

These findings indicate that high DESRI values may be interpreted in light of different
mechanisms shaping transition-related instability. In small and open energy systems, such
as Luxembourg and Malta, scale and external exposure play an important role: relatively
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small absolute changes in energy imports, prices, or consumption may produce substantial
changes in relative indicator values. In Estonia, structural dependence on a carbon-intensive
energy mix is particularly important, as it increases the system’s sensitivity to regulatory,
emissions-related, and technological changes. In the Netherlands, elevated instability
may be interpreted as the combined effect of several processes: the declining role of
domestically produced natural gas, changes in the energy supply structure, decarbonisation
pressures, and the need to adapt infrastructure to the faster development of renewable
energy. Similar DESRI values may therefore result from different configurations of national
conditions and mechanisms.

An important pattern is the concentration of higher DESRI values in two periods:
2017-2019 and 2021-2022. The first may be associated with the intensification of energy
transition processes, particularly changes in the energy mix, renewable energy development,
emissions reductions, and demand-side adjustments. During this period, elevated DESRI
values were recorded in Estonia, Malta, Luxembourg, and the Netherlands, among others.
Estonia reached the highest index value in the entire sample in 2018. The second period
should be interpreted in the context of broader disruptions in the European energy market,
including the post-COVID-19 recovery in demand, high energy price volatility, and growing
geopolitical uncertainty following Russia’s invasion of Ukraine. The simultaneous increase
in DESRI values across numerous countries indicates that transition-related instability was
shaped not only by national conditions but also by common external pressures affecting
EU energy systems.

The findings also demonstrate that a favourable static energy transition profile does
not necessarily imply low dynamic instability. Countries with a high share of renewable
energy or an advanced decarbonisation profile, such as Sweden, Denmark, and the Nether-
lands, recorded elevated DESRI values in selected years. This confirms that DESRI does
not measure the level of transition advancement but rather the stability of its course. Rapid
renewable energy development, changes in the energy mix, the need to adapt grid infras-
tructure, and demand-side changes may temporarily increase instability even in countries
regarded as energy transition leaders.

The opposite pattern can be observed in Germany, Austria, and Italy, which exhibited
relatively low and stable DESRI values in selected years. This indicates that annual changes
in the analysed indicators were less abrupt from a comparative perspective. In this sense,
DESRI captures a different dimension from conventional static energy security indicators,
as it measures the stability of transition trajectories rather than the absolute level of energy
security or decarbonisation.

Overall, the findings indicate that transition-related instability in the EU is shaped
by a combination of national structural conditions and common external pressures. Small
and highly open energy systems are more sensitive to fluctuations in import dependence,
energy prices, and demand-related indicators. Countries undergoing rapid restructuring of
their energy mix may experience elevated instability even when the direction of change is
consistent with EU climate policy objectives. Larger and more diversified systems may be
better able to absorb transition-related changes, resulting in lower DESRI values during
certain periods. The DESRI framework therefore enables the identification not only of
the level of dynamic instability but also of the potential structural sources of differing
transition trajectories.

4.2.2. Assessment of DESRI Levels

In order to organise the results and facilitate the interpretation of DESRI values, the
index values for individual years were divided into four relative classes. The basis for
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this classification was the quartile distribution of DESRI values across European Union
countries in a given year (Table 5). Accordingly, the following classes were distinguished:
—  Class I—low transition-related instability (DESRI < Q1),

—  Class II—moderately low transition-related instability (Q1 < DESRI < Q2),

—  Class lll—moderately high transition-related instability (Q2 < DESRI < Q3),

—  Class IV—high transition-related instability (DESRI > Q3).

Table 5. DESRI-based classes of transition-related instability in EU-27 countries in 2015-2023.

Risk Level 2015 2016 2017 2018 2019 2020 2021 2022 2023
NL,MT, EE,IE, EE, LV, EE,LV, EE,DK, EE LU, EE LU, LUF, LU MT,
High EE,LU, MT,FI, HU,FI, SE,MT, LU,SE, MT,DK, FI,NL, NL,FR, BG,NL,
dynamic risk DK, SE, LU, LV, IE, SE, NL, LU, NL, HI, NL, HI, SE, MT, CY, BG, FI, CY,
FI NL MT, NL FI EL CY FR LV BE
BE. IE BE,DK, BE,CY, 1IE, HR, BE,BG, SE, IE, IE, DK, IE, EE, IE, LV,
Moderately PT’EL’ SE,EL, SK,CZ, EL,BG, IE, LV, BE,BG, LI,PL, SE, DK, CZEL,
high risk I:V ’ CY,FR, SI,HR, CZ,PL, MT HR, LV,HR, HR,SI, PT,SK, LT, PT,
RO PL SK HU PL BE BE EE
FR,HR, BG,S], FR,AT, AT BE, CYFR, CY,CZ HU,BG, RO,HR, DE, DK,
Moderately CY, 9], LT, HR, BG,DE, RO,FR, AT DE, ES,LT, RO,EL, PL,AT, PL,ES,
low risk AT, PL, ES, PL, EL, ES, DE, SI, LT, PL, IT, FR, ES,CY, DE,ES, HU,SE,
LT IT LT HU SI DE AT EL AT
DE,CZ, HU,CZ, RO T, BS PT, o o Ro,SK, CZIT, CZ AT, SK, RO,
. .. HU,SK, SK,AT, ES, DK, DK,IT,
Low dynamic risk ES RO DE EL PT.IE SK CZ IT, ES, HU, AT, DE,DE, HU,S]I, IT, FR,
IT. BG T FI I CZ,PT DE, SI PT, SK IT,LT SI, HR

Notes: AT—Austria, BE—Belgium, BG—Bulgaria, HR—Croatia, CY—Cyprus, CZ—Czech Republic,
DK—Denmark, EE—Estonia, FI—Finland, FR—France, DE—Germany, EL—Greece, HU—Hungary, IE—Ireland,
IT—Italy, LV—Latvia, LT—Lithuania, LU—Luxembourg, MT—Malta, NL—The Netherlands, PL—Poland,
PT—Portugal, RO—Romania, SK—Slovakia, SI—Slovenia, ES—Spain, SE—Sweden.

Class I includes countries characterised by the lowest relative levels of transition-
related instability in a given year.

Class II comprises countries with moderately low DESRI values, indicating a relatively
limited intensity and irregularity of change.

Class Il identifies countries with moderately high DESRI values, suggesting a stronger
accumulation of transition-related instability.

Class IV includes countries with the highest relative DESRI values, indicating the
greatest observed intensity and irregularity of change in the analysed period.

The use of quartile classification makes it possible to clearly distinguish groups of
countries with similar levels of transition-related dynamic instability in a given year,
regardless of the absolute level of the index.

The analysis of the obtained results shows that the assignment of EU-27 countries
to particular classes is not permanent, but changes over time. In the analysed period
(2015-2023), substantial mobility of countries between classes can be observed, confirming
the dynamic character of transition-related instability and showing that DESRI classifica-
tions vary across years marked by different structural, regulatory, and external conditions.
An interesting example of this variability is Bulgaria, which in 2015 belonged to the group
with the lowest DESRI values, but in 2023 moved to the group with the highest DESRI
values. A different trajectory can be observed in the case of Estonia, which began the
analysed period among the countries with the highest DESRI values and ended it in a lower
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relative class. This change reflects a relative decline in Estonia’s DESRI position over the
analysed period.

Interesting conclusions also emerge from observations of countries characterised
by persistently high DESRI values, including Luxembourg, Malta, and the Netherlands.
These countries remained in the fourth quartile, corresponding to high dynamic instability,
for most of the analysed period, which may be associated with their specific structural
conditions, including high exposure to external energy-related factors. At the same time,
Scandinavian countries such as Sweden and Denmark moved from the highest dynamic
instability group in 2015 to the moderate transition-related instability category in 2023,
indicating an improvement in their relative DESRI classification.

Poland’s situation in the context of the European Union appears relatively stable in
terms of its DESRI-based classification, although not without challenges related to the
evolving sources of transition-related instability. Throughout most of the analysed period,
Poland oscillated between the moderate and high transition-related instability groups.

An analysis of the lowest DESRI classes indicates relatively low observed dynamic
instability in countries such as Italy, Romania, and Slovakia, which consistently remained
in the groups characterised by low or moderately low transition-related instability.

The overall picture of inter-class mobility shows that the analysed countries display
different trajectories of adjustment to climate policy requirements, and that their position
in the ranking may reflect both longer-term transformation pathways and short-term
disturbances in energy markets. However, these trajectories should not be interpreted
as evidence of direct causality, but rather as descriptive signals of different adjustment
patterns under changing structural, regulatory, and external conditions.

4.2.3. Overall Distribution and Variability of Pillar Index Values in EU-27 Countries

The final value of the Dynamic Energy Security Risk Index (Section 4.2) is the result
of aggregating five pillar risk indices that reflect key dimensions of the energy transition
and energy security in EU-27 countries. For this reason, the analysis of the distribution
and variability of pillar index values constitutes an important stage in the interpretation
of results, as it allows for the identification of sources of changes in dynamic risk and for
assessing which areas of the transition contribute most to the increase or stabilisation of
DESRI values. In this part of the study, a cross-sectional and temporal analysis of pillar
index values for the years 2015-2023 is presented, with particular attention paid to their
differentiation between countries and variability over time.

Figure 2 presents the values of the partial DESRI index (normalized to the range [0, 1])
for the pillar Structural and transformational aspects of the energy mix.

The values of the structural and transformational pillar in 2015-2023 indicate very
strong differentiation among European Union countries, as well as considerable variability
over time. This dimension represents one of the important components contributing to
changes in DESRI values, which indicates that the pace and manner of change in the
structure of energy generation are closely associated with transition-related instability
during the transformation process.

At the cross-sectional level, clear differences can be observed between countries with
relatively stable structural changes and those in which the transformation of the energy mix
was more abrupt and irregular. Countries characterised by low or moderate pillar values
in most of the analysed years include Germany, Austria, Italy, and Portugal, where the
observed values suggest a more gradual and relatively stable course of structural change.
For example, in Germany the pillar values in 2015-2020 remained at a very low level, while
in Austria they mostly did not exceed approximately 0.25 until 2022.
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Figure 2. Values of the partial DESRI index for the pillar Structural and transformational aspects of
the energy mix.

By contrast, the highest values of the structural and transformational pillar were
observed in countries where the restructuring of the energy mix was characterised by high
intensity or substantial irregularity. Particularly high values were recorded in Luxembourg
(equal to 1 in 2019, 2021, and 2022), Estonia (high values in 2015, 2021, and 2023), Malta
(values close to 1 in 2015-2017), as well as Latvia and Lithuania, where in selected years
the index also reached very high levels. These results indicate pronounced changes in the
structural dimension, which in some years were accompanied by higher variability of the
adjustment path.

The temporal analysis also reveals periods of accumulation of higher values in this
pillar, especially in 2017-2019 and again in 2021-2022. In the first of these periods, increases
were visible simultaneously in many countries, including Luxembourg, Malta, Latvia, the
Netherlands, and Bulgaria, which indicates that higher values in this pillar were observed
across several countries during the same period. The second wave, observed in 2021-2022,
affected, among others, Luxembourg, Finland, the Netherlands, Lithuania, and Sweden,
showing that elevated values in this pillar occurred simultaneously in countries with
different energy system structures and transition pathways.

It is also worth emphasising that high values of this pillar were not always persistent.
In some countries, periods of sharp increases were followed by phases of relative decline,
showing that elevated pillar values did not persist throughout the entire analysed period.
Estonia provides one example, as after very high values in 2015 and 2021 the index declined
in subsequent years. A similar pattern can be seen in Malta, where after very high values
in the initial phase of the analysis a more stable trajectory emerged.

The obtained results indicate that the structural and transformational dimension of
the energy mix constitutes one of the main components of transition-related instability
captured by DESRI in the EU. The mechanism through which this pillar operates can
be interpreted as a mismatch between the pace of change in the structure of generation
capacity and the ability of energy infrastructure to absorb these changes. This applies partic-
ularly when the development of renewable energy sources, the phase-out of conventional
generation capacity, and the expansion of grids and balancing systems do not proceed in a
fully coordinated manner. Under such conditions, the transition may generate temporary
technical and organisational instability, even when the overall direction of change remains
consistent with climate policy objectives.
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The second pillar subjected to detailed analysis was Climate and emissions aspects,
referring to the dynamics of changes in greenhouse gas emissions and the emissions
intensity of energy systems. The values of the partial index (normalised to the range [0, 1])
for this pillar in 2015-2023 are presented in Figure 3.

Year W 2015 W 2016 W 2017 W 2018 M 2019 W 2020 W 2021 2022 2023

Member State

Figure 3. Values of the partial DESRI index for the pillar Climate and emissions aspects.

Among the countries with the lowest values of the climate and emissions pillar in the
analysed period were Romania, Italy, Austria, and Germany. For example, in Romania
the pillar values in 2017-2020 remained at a very low level (2017 = 0.108, 2018 = 0.075,
2019 = 0.075, and 2020 = 0), which indicates relatively low observed variability in emissions-
related change. Similarly, in Italy in 2018-2019 the climate and emissions pillar reached
values close to zero (0.041 and 0, respectively), and in Austria in 2016 it amounted to
only 0.090.

By contrast, the highest values were observed in countries characterised by strong
dynamics of structural change or high initial emissions intensity. Estonia stood out in
particular, where in 2017 and 2020 the pillar reached the maximum value of 1, and in 2018
amounted to 0.866. Very high levels were also recorded in Finland (1 in 2016, 2019, 2022,
and 2023), Sweden (0.799 in 2015 and 0.599 in 2019), and Luxembourg, where in 2023 the
index reached 0.891. Elevated values were also noted in Malta, especially in 2017 (0.798)
and 2023 (0.539).

The temporal analysis reveals periods of accumulation of higher values in the climate
and emissions pillar, particularly visible in 2017-2019 and again in 2021-2022. During these
periods, many countries simultaneously experienced an increase in pillar values, including
Estonia, Finland, Sweden, Luxembourg, the Netherlands, and France. This pattern may
be associated with overlapping regulatory, technological and market pressures related to
climate policy implementation and decarbonization processes.

An important conclusion from this part of the analysis is that countries perceived as
leaders in climate policy did not always exhibit low values of this pillar in dynamic terms.
The examples of Finland and Sweden indicate that even countries with favourable static
climate profiles may display higher dynamic variability in emissions-related trajectories.

The mechanism through which this pillar operates can be interpreted as adjustment
pressure resulting from rapid emissions reductions or abrupt changes in the emissions
intensity of the energy system. Such changes may require substantial technological, regula-
tory, and investment adjustments. High values for this pillar therefore do not necessarily
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indicate only high emissions levels. They also capture irregularities in the decarbonisation
pathway and changes associated with the pace of emissions reduction.

The next analysed pillar was Efficiency and demand-related aspects, reflecting the
dynamics of changes in energy demand and the efficiency of its use in the economy and
the household sector. The values of the partial index for this pillar for 2015-2023 in the
analysed countries are presented in Figure 4.
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Figure 4. Values of the partial DESRI index for the pillar Efficiency and demand-related aspects.

Among the countries characterised by the lowest values of this pillar in the analysed
period were Italy, Austria, Slovakia, and Finland. In the case of Italy, in 2016 the normalised
value of the index amounted to 0, which represented the lowest level among all analysed
countries in that year, while in 2018 it reached only 0.067, indicating relatively low variabil-
ity in energy consumption indicators. Very low values were also recorded in Austria in
2015 (0) and in Finland in 2018 (0), which indicates limited dynamics of demand-related
change. In turn, Slovakia was characterised by an almost zero level in 2015, when the index
amounted to 0.006.

On the opposite side were countries characterised by very high and volatile values of
the efficiency and demand-related pillar. Particularly notable were Ireland, Luxembourg,
Malta, Estonia, and the Czech Republic. In Ireland, the pillar values reached the maxi-
mum of the scale in 2015 and 2018 (1), and in 2020 they remained very high (0.855). In
Luxembourg, this dimension was extremely high in 20192022, reaching a value of 1 in
2020 and 2022. Malta was also characterised by very high values, including 1 in 2017 and
0.466 in 2022.

The temporal analysis reveals periods of accumulation of higher values in this pillar,
particularly in 2018-2020 and 2021-2022. In the first of these periods, a sharp increase
was observed in countries such as the Czech Republic, Estonia, Ireland, Luxembourg,
and Malta, which may be associated with strong fluctuations in energy demand and
differences in the pace of efficiency-related adjustment. In 2021-2022, elevated values
appeared simultaneously in many countries, including Belgium, France, Luxembourg, the
Netherlands, and Lithuania, which may reflect broader systemic conditions, including the
rebound in energy demand after the COVID-19 pandemic and the energy crisis.

An important finding is that this pillar does not exhibit a clear downward trend in
many countries despite long-term objectives related to improving energy efficiency. The
high and variable values recorded in countries such as Luxembourg, Ireland, and the
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Netherlands indicate that demand-related indicators contributed substantially to transition-
related instability in selected years, including in relatively advanced economies. The
mechanism linking this pillar to instability can be interpreted as adjustment pressure as-
sociated with fluctuations in energy demand and uneven progress in improving energy
efficiency. Abrupt changes in household energy consumption, primary energy consump-
tion, energy intensity, or energy productivity may indicate a greater need to adapt energy
supply, infrastructure, and energy efficiency policies to changing demand conditions. This
is particularly relevant following periods of economic disruption, when a recovery in
demand may temporarily weaken the stabilising effects of long-term improvements in
energy efficiency.

The next analysed pillar was Economic and social aspects, covering factors related to
the social acceptability of transition costs, access to energy for households, and the socio-
economic sensitivity of countries to changes in prices and incomes. The normalised values
of the partial index for this pillar in individual European Union countries are presented in
Figure 5.
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Figure 5. Values of the partial DESRI index for the pillar Economic and social aspects.

The obtained results indicate very strong differentiation in the values of the eco-
nomic and social pillar among EU-27 countries, as well as considerable variability over
time. In the analysed period, the index assumed both very low values, indicating rela-
tively low observed variability in the socio-economic dimension of the energy transition,
and high values, indicating higher observed variability in indicators related to costs and
household conditions.

Among the countries with the lowest values of this pillar in selected years were
Austria, Italy, Germany, and Malta. For example, in Austria in 2016 the normalised value
of the index was 0, which represented the lowest level in the entire sample that year. Low
values were also observed in Italy in 2015 (0.085) and in Germany in 2023 (0), indicating
relatively stable socio-economic conditions in relation to the transition process.

On the other hand, the highest values of the economic and social pillar were recorded
in countries such as Luxembourg, the Netherlands, Estonia, the Czech Republic, and
Bulgaria. Particularly high values occurred in Luxembourg in 2015 (1.000) and 2017 (0.825),
as well as in the Netherlands in 2017 and 2021-2023, where the index reached 1.000. These
results indicate that changes in indicators related to energy prices and household-level
transition costs were concentrated in these country-year observations. High values were
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also observed in the Czech Republic in 2017 (1.000) and in Estonia in 2015-2017 (from 0.723
to 0.800).

The temporal analysis shows that this pillar is characterised by strong fluctuations,
which may be associated with external conditions such as price crises, energy market
disruptions, or changes in fiscal and social protection policies. A particularly pronounced
increase in index values across many countries simultaneously was observed in 2021-2022,
which coincided with the sharp rise in energy prices in Europe, increased pressure on
household energy affordability, and broader inflationary conditions. The mechanism
linking this pillar to transition-related instability can be interpreted as socioeconomic
pressure resulting from changes in energy affordability, household vulnerability, and the
distributional effects of rising energy prices. When energy prices increase rapidly or
households experience difficulties maintaining adequate access to energy services, the
socioeconomic conditions of the transition may become less stable. In this sense, high
values for the economic and social pillar do not necessarily indicate only high levels of
energy poverty or elevated energy prices. They may also reflect changes in households’
exposure to transition costs and the potential need for compensatory, fiscal, or social
measures to maintain public acceptance of the energy transition.

The final pillar subjected to partial analysis was External dependency and system
resilience, referring to the degree of countries’ dependence on energy imports and their
capacity to balance energy demand within the system. The normalised values of the partial
index for this pillar in individual EU-27 countries are presented in Figure 6.
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Figure 6. Values of the partial DESRI index for the pillar External dependency and system resilience.

The obtained results indicate very strong differentiation in the values of this pillar
among EU-27 countries, as well as clear variability over time. In the analysed period, index
values ranged from very low levels to very high ones, indicating substantial differences in
the observed scale and variability of exposure to external conditions.

Among the countries with the lowest values of this pillar in selected years were Italy,
Lithuania, France, Germany, and Finland. For example, in Italy in 2017-2018 the normalised
index value was 0, which represented the lowest level in the entire sample in those years.
Low values were also observed in Lithuania in 2015 (0), in Germany in 2017 (0.011), and in
Finland in 2015 (0.082), indicating relatively limited short-term variability in this dimension.

By contrast, the highest values of this pillar were recorded in countries such as Luxem-
bourg, the Netherlands, Malta, Estonia, and Bulgaria. Particularly high values occurred in
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Luxembourg in 2022-2023 (1), in the Netherlands in 2015 (1.000) and again in 2023 (0.619),
as well as in Malta in 2015 (0.718) and 2018 (0.740). High values were also observed in
Estonia in 2017-2021, where the index remained at 1, indicating persistently high values of
this pillar throughout the analysed period.

The temporal analysis shows that the external dependency and system resilience
pillar displayed pronounced variability in periods marked by geopolitical and market
disturbances, and its simultaneous increase in many countries was especially visible in
2021-2022. During this period, a significant rise in values was recorded in Luxembourg,
Finland, the Netherlands, Bulgaria, France, and Lithuania. This pattern occurred in a
broader context of constrained energy resource supply, disruptions in global trade, and
the growing importance of supply security in EU energy policy. The mechanism linking
this pillar to transition-related instability can be interpreted as the transmission of exter-
nal supply, market, and geopolitical shocks to national energy systems. Countries with
greater exposure to imported energy carriers may be more sensitive to changes in fuel
availability, international prices, trade disruptions, and geopolitical uncertainty. At the
same time, limited energy self-sufficiency may reduce a system’s ability to absorb external
disruptions without noticeable changes in energy security indicators. High values for this
pillar therefore do not necessarily indicate only a high static level of import dependence.
They may also reflect variability in external exposure and changes in the ability of national
energy systems to maintain supply stability under disrupted market conditions.

The analysis of the five pillars provides a deeper understanding of the sources and
mechanisms shaping DESRI values in EU-27 countries. The results indicate that transition-
related instability is multidimensional and that its level and variability are the outcome of
interactions among various, often partly independent, structural, technological, climatic,
demand-related, economic, social, and geopolitical processes.

4.3. Analysis of the Impact of Partial Pillars on the DESRI Value

In order to deepen the interpretation of the obtained results and identify the main
sources of variation in DESRI values, an analysis was conducted of the influence of individ-
ual partial pillars on the global DESRI index. This analysis makes it possible to determine
which dimensions contributed most strongly to DESRI values in individual countries and
how the internal structure of the index changed over time.

For this purpose, two reference points were selected: 2015, representing the initial
stage of the analysed period, and 2023, reflecting the situation after a series of strong
energy and geopolitical shocks. For these two years, the internal structure of DESRI
was presented as the relative contribution of individual pillars to the overall index value
(Figure 7). Such an approach allows for a comparison not only of the level of the index, but
also of its internal composition, thereby highlighting changes in the relative importance of
particular dimensions.

The structural analysis of DESRI also makes it possible to identify countries in which
a high global index value resulted mainly from the strong contribution of a single pillar, as
well as those in which the index reflected a more multidimensional structure arising from
the simultaneous contribution of several pillars. This is relevant from the perspective of
energy policy interpretation, because different configurations of pillar contributions may
be associated with different areas requiring analytical attention.

The analysis of the DESRI structure for 2015 and 2023 allows for a clear identification
of changes in the internal composition of the index in EU-27 countries. The obtained results
show the relative contributions of individual pillars to the final DESRI value and reveal
significant shifts in this composition over the analysed period.
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Figure 7. Breakdown of the contributions of partial pillar indices to the value of the global DESRI
index ((a) 2015, (b) 2023).

In 2015, in the majority of countries, the climate and emissions pillar accounted for the
largest share of DESRI. This was the case, among others, in Estonia (0.346), Finland (0.321),
Sweden (0.276), Denmark (0.211), and Luxembourg (0.223). The relatively high share of this
pillar indicates that, at the beginning of the analysed period, emissions-related indicators
contributed substantially to DESRI values. In many countries, the climate and emissions
component accounted for a substantial part of the total index value.

Another important component of DESRI in 2015 was the external dependency and
system resilience pillar, particularly visible in countries such as the Netherlands (0.346),
Malta (0.248), Denmark (0.148), and Sweden (0.046). In these cases, the contribution of
this pillar indicates that DESRI values were influenced to an important extent by variation
in dimensions related to import dependence and the capacity of systems to cope with
external pressures. At the same time, the structural and transformational pillar and the
efficiency and demand-related pillar had relatively smaller shares in the DESRI structure
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in 2015, which indicates that, these dimensions contributed less strongly to the overall
DESRI structure.

The DESRI structure in 2023 differs markedly from that observed in 2015. In many
countries, a strong increase in the share of the external dependency and system resilience
pillar can be observed, and in several cases it became the dominant component of DESRI.
This applies in particular to Belgium (0.275), the Netherlands (0.214), Malta (0.303), Lux-
embourg (0.346), and Sweden (0.217). In these countries, the higher contribution of this
pillar indicates that, in 2023, DESRI values were more strongly influenced by indicators
associated with external dependency and system resilience. This coincided with the energy
crisis, supply constraints and intensified geopolitical uncertainty.

At the same time, in 2023 an increase in the importance of the structural and transfor-
mational pillar became evident, especially in countries implementing intensive changes in
energy generation structures. Examples include Lithuania (0.101), Latvia (0.122), Austria
(0.121), and the Netherlands (0.095). This indicates that, in selected countries, structural
and infrastructural adjustment indicators played a greater role in shaping DESRI values
in 2023.

Compared with 2015, the relative share of the climate and emissions pillar in
2023 decreased in many countries, although in some cases it remained substantial (e.g.,
Finland—0.346; Luxembourg—~0.308). This pattern may be consistent with a partial stabili-
sation of emissions-related trajectories and with the gradual adaptation of countries to the
regulatory framework of EU climate policy.

Overall, the structural analysis of DESRI shows that in 2015-2023 there was a notice-
able shift in the composition of the index: from a structure more strongly influenced by
the climate and emissions pillar in the initial period toward a greater role of the external
dependency and system resilience pillar and, in some cases, the structural and transforma-
tional pillar in 2023. These results indicate that transition-related instability captured by
DESRI not only changes in magnitude, but also evolves in its internal composition, which
is relevant for the interpretation of energy transition pathways across the European Union.

The change in the structure of DESRI between 2015 and 2023 also indicates an evo-
lution in the mechanisms shaping transition-related instability. During the initial period,
climate and emissions components played a more prominent role, which may be inter-
preted as reflecting regulatory pressures and decarbonisation-related adjustments. In 2023,
however, the external dependence and system resilience pillars gained importance, as did
the structural and transformational pillar in some countries. This indicates a shift in the
sources of instability from a predominantly regulatory and emissions-related dimension
towards factors associated with security of supply, exposure to external shocks, and the
capacity of infrastructure to absorb an accelerated transition.

5. Discussion

The results obtained in this study should be interpreted in relation to three major
strands of prior research on energy security. First, similarly to conventional composite
indices, the proposed framework enables comparative cross-country assessment. However,
unlike standard static indices, it emphasises temporal instability and the irregularity of
change rather than only the absolute level of performance. Second, the study is closer in
spirit to recent dynamic approaches, such as those proposed by Gong et al. [29] and Zhang
and Zhou [30], which likewise recognise that temporal variation and external disturbances
are relevant to energy security assessment. At the same time, the present framework
differs from these contributions by relying on a transparent macro-statistical aggregation
procedure applied to the EU-27. Third, in contrast to supply-chain-oriented risk studies,
such as Axon and Darton [38,39] the proposed index does not estimate actual disruption
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mechanisms. Instead, it provides a broader, macro-level picture of transition-related
vulnerability observable in statistical trajectories. In this sense, DESRI is best understood
as a complementary analytical tool positioned between static benchmarking and more
detailed risk diagnostics.

Against this background, the conducted research aligns with the growing body of
literature that highlights the dynamic and multidimensional character of energy security
under conditions of energy transition. Unlike classical static measures focused on the level
of resources, renewable energy deployment, import diversification, or emissions intensity,
the DESRI framework makes it possible to capture temporal instability and episodes of
transitional tension that may remain less visible in approaches based solely on one-time
rankings or average indicator values.

The obtained results are consistent with studies emphasising that energy security
should be analysed as a process shaped by regulatory, technological, economic, and geopo-
litical change rather than exclusively as a condition described by the current level of selected
indicators. From this perspective, the variability of DESRI values across countries and over
time supports the view that static benchmarking alone may not fully capture the instability
accompanying deep transformation processes.

Particularly significant is the fact that countries often considered in the literature as
leaders of the energy transition (e.g., Sweden, Denmark) [20,67-70] were characterised
by elevated DESRI values in selected years. This result is consistent with the observa-
tions of Markard [71] and Grubler [72], who point out that a rapid pace of technological
transformation may generate temporary systemic tensions, especially in the areas of grid
stability, system flexibility, and social acceptance. This finding is especially important from
an interpretative perspective because it demonstrates that a high DESRI value does not
necessarily indicate a reversal of the energy transition. It may also reflect a situation in
which positive changes, such as the rapid development of renewable energy, swift emis-
sions reductions, or improvements in energy efficiency, occur at a pace requiring substantial
infrastructural, regulatory, investment, and social adjustments. In this sense, DESRI does
not classify changes themselves as beneficial or adverse. Instead, it identifies periods in
which their intensity may increase pressure on the stability of the transition process. From
a public policy perspective, this means that countries with ambitious transition objectives
may require more precise management of the pace and sequencing of the transition rather
than its deceleration. Elevated DESRI values in countries with advanced transitions should
be interpreted as signalling a need to coordinate infrastructure investments, strengthen
energy system flexibility, develop balancing capacity, and mitigate social and distributional
costs. An effective energy transition may therefore include periods of elevated instability
that should not automatically be regarded as failures but rather as temporary pressures
requiring active management. From this perspective, DESRI can support the identifica-
tion of countries and periods in which the pace of change requires particular policy and
infrastructure attention.

In this respect, the findings are also partly convergent with results obtained using the
Energy & Climate Risk (ECR) index [40], which identifies elevated levels of vulnerability in
countries characterised by ambitious climate policies and high transformation dynamics.
In the case of ECR, higher values in countries such as the Netherlands or Denmark are
associated primarily with regulatory pressure, sensitivity to energy price volatility, and
the costs of integrating renewable energy sources, rather than with insufficient progress
toward climate objectives. The partial convergence of DESRI and ECR suggests that both
frameworks capture tensions accompanying periods of intensive transformation, although
they do so through different conceptual and methodological lenses.
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At the same time, the analytical value of DESRI lies in its attempt to distinguish
between the level of advancement of the transition and the stability of the change process
itself. This allows the analysis to place greater emphasis on periods of temporary destabili-
sation, which are often treated only indirectly in conventional energy security assessments
and broader energy-climate indices.

The periods of accumulated transition-related instability identified in the study,
namely 2017-2019 and 2021-2022, can be interpreted in light of the interaction of sev-
eral groups of social, market, and geopolitical factors. The first period may be associated
primarily with the intensification of EU climate and energy policy, including the adoption
and implementation of the Clean Energy for All Europeans package [63]. This process
simultaneously increased regulatory and investment pressures across numerous Member
States, particularly regarding renewable energy development, improvements in energy
efficiency, emissions reductions, and adjustments to national energy mix structures. The
increase in DESRI values during this period may therefore reflect an acceleration of ad-
justment processes that occurred unevenly in some countries or exceeded the short-term
adaptive capacity of their energy systems.

The second period, covering 2021-2022, was different in nature. The increase in DESRI
values during this period should be interpreted in the context of overlapping pressures
associated with the post-COVID-19 recovery in energy demand, substantial energy price
volatility, tensions in European gas and electricity markets, and growing geopolitical uncer-
tainty following Russia’s invasion of Ukraine [73]. The simultaneous increase in DESRI
values across countries with different energy mixes and levels of economic development
indicates that transition-related instability during this period was shaped not only by
national structural conditions but also by common external pressures transmitted through
integrated European energy markets [74].

These findings should not, however, be interpreted as direct evidence of causal rela-
tionships between specific policy developments, price shocks, or geopolitical events and
changes in DESRI values. Instead, they indicate a temporal correspondence between rising
transition-related instability and periods of intensified regulatory, market, and geopolitical
pressure. In this sense, DESRI can be treated as a diagnostic tool for identifying periods in
which different channels of pressure, including policy, price, infrastructure, and geopolitical
factors, overlap and increase the irregularity of energy transition pathways.

The analysis of the partial pillars of the DESRI index allows for a deeper interpretation
of the sources of risk, consistent with multidimensional approaches proposed, among
others scholars (e.g., [1,21,22,27,28,45-48,74-76]).

The structural and transformational risk of the energy mix proved to be one of the main
destabilising factors, which is consistent with the literature emphasising that rapid changes
in the energy mix increase flexibility requirements, create integration challenges, and may
generate systemic tensions during the transition process [77-79]. Particularly high values of
this pillar in small, highly open economies (Luxembourg, Malta, Estonia) are consistent with
research findings indicating the limited capacity of such systems to absorb abrupt structural
changes. Climate and emissions risk aligns with observations suggesting that in the early
phase of the transition the main source of uncertainty lies in emission reduction trajectories
and their alignment with policy targets [80,81]. Efficiency and demand-related risks as well
as economic and social risks reveal the importance of demand-side and social factors, which
are often marginalised in classical energy security indices. These findings are consistent
with literature on energy poverty and social acceptance of the energy transition [82-85]. In
turn, external dependency and system resilience risk, which in 2023 became the dominant
pillar of DESR], clearly confirms a shift in both academic and political debate [86,87] toward
security of supply, resilience, and energy sovereignty.
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Against the background of existing research, the contribution of DESRI should be
understood in a specific and delimited way. First, it helps identify episodes of transition-
related instability that may remain less visible in static approaches. Second, it enables anal-
ysis not only of the aggregate level of synthetic risk, but also of its internal structure across
pillars. Third, it indicates that a high level of advancement in the energy transition does not
necessarily coincide with lower short-term instability during the transformation process.

Taken together, these findings are consistent with studies suggesting that effective
energy policy should be not only climate-ambitious, but also adaptive, sequenced, and
resilient to shocks [88,89]. From this perspective, the DESRI model may be treated as a
useful complementary analytical instrument that supports comparative research on the
stability of transition pathways and may also offer support for policy interpretation at the
macro level.

6. Conclusions

This study addressed the timely and important issue of assessing transition-related
instability in the context of energy security in EU-27 countries. It proposed and empiri-
cally tested the DESRI framework as a composite measure designed to capture the pace
and irregularity of changes occurring in selected dimensions associated with the energy
transition. Unlike conventional static energy security indices, which primarily describe
the condition of a system in a given year, the proposed approach places greater emphasis
on temporal instability and the accumulation of transitional tensions over time. In this
sense, the DESRI framework should be understood as complementing rather than replacing
established energy security assessment tools.

The obtained results show that transition-related instability is highly differentiated
both spatially and temporally. EU-27 countries implement the transition in different ways.
Although in a given year they may achieve similar levels of energy security, they may
simultaneously generate entirely different levels of instability in the transition process over
the longer term. This means that when assessing the safety of the transition process, the
rhythm, regularity, and stability of changes are as important as their direction.

The temporal analysis of DESRI values made it possible to identify periods of risk
accumulation across the entire European Union, particularly in 2017-2019 and 2021-2022.
The simultaneous increase in DESRI values in many countries indicates the presence of
systemic factors. These include, among others, the intensification of EU climate policy,
the acceleration of decarbonization processes, the integration of energy markets, and
vulnerability to external shocks, including resource and geopolitical crises.

In turn, the pillar-based analysis showed that the structure of transition-related in-
stability evolves significantly over time. In the initial stages, climate and emissions risk
played a dominant role, whereas as the transition progressed, external dependency risk,
system resilience risk, and structural and transformational risk of the energy mix gained
increasing importance. These findings suggest that as successive stages of decarboniza-
tion are achieved, the focus of instability shifts from the realisation of environmental
goals toward the system’s capacity to absorb rapid technological, infrastructural, and
market changes.

The classification of countries based on quartile risk classes confirmed the dynamic
nature of the phenomenon under study. Membership in particular risk classes is not
permanent, and many countries demonstrate the ability to move between categories,
which reflects the adaptability of their energy systems. At the same time, a group of
countries characterised by structurally elevated DESRI values was identified, stemming
from persistent systemic constraints such as high import dependence, small system scale,
or limited diversification opportunities.
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The empirical application also indicates that countries with apparently favourable

static characteristics may still differ substantially in the stability of their transition trajecto-

ries. This suggests that instability-sensitive assessment may provide a useful additional

analytical lens in comparative energy security research, particularly under conditions of

accelerated policy, technological, and geopolitical change.

From the perspective of energy policy, the results indicate that effective energy transi-

tion should be assessed not only in terms of achieving climate targets but also in terms of

the stability and security of the change process itself.

The obtained results have important implications for the design and implementation

of energy policy at both national and EU levels:

The energy transition should be assessed not only in terms of progress towards climate
objectives but also with regard to the stability of the transition pathway itself. DESRI
results show that countries exhibiting high index values in selected years, such as
Estonia, Luxembourg, Malta, the Netherlands, and Finland, experienced more rapid or
irregular changes in key transition-related indicators. Even measures consistent with
long-term decarbonisation objectives may therefore generate short- and medium-term
instability if implemented too rapidly, unevenly, or without adequate infrastructural
and institutional adjustments.

Monitoring systems at the EU and Member State levels should incorporate dynamic
indicators of transition variability rather than relying exclusively on static measures
of energy security or decarbonisation. The observed accumulation of higher DESRI
values in 2017-2019 and 2021-2022 indicates that transition-related instability may
increase simultaneously across several countries. In this context, the DESRI framework
may support an early-warning approach by identifying countries and policy areas
in which instability begins to accumulate before developing into broader energy
security pressures.

Public policy instruments should be differentiated according to the dominant source of
instability identified at the DESRI pillar level. In countries with elevated structural and
transformational risk, priorities should include electricity grid modernisation, energy
storage development, increased system balancing capacity, demand-side flexibility,
and better coordination between renewable energy expansion and the phase-out of
conventional generation capacity. These instruments are particularly important where
changes in the energy mix occur faster than infrastructure can adapt.

In countries where external dependence and system resilience strongly affect DESRI
values, energy policy should focus on reducing exposure to supply shocks. Rele-
vant measures include diversifying energy suppliers and import routes, expanding
cross-border interconnections, increasing strategic storage capacity, coordinating emer-
gency reserves regionally, and introducing temporary demand-reduction measures
during periods of market stress. The results for 2021-2023 indicate that external
dependence remains an important component of transition-related instability and
should be integrated into transition planning rather than treated as a separate energy
security issue.

In countries where economic and social risk represents a significant DESRI compo-
nent, the energy transition should be supported by targeted protective instruments
and measures improving energy affordability. These should include assistance for
households at risk of energy poverty, programmes for renovating and improving the
thermal efficiency of energy-inefficient buildings, targeted compensation mechanisms,
and instruments mitigating the regressive effects of rising energy prices. In such cases,
the principal policy challenge is not only to maintain the pace of decarbonisation but
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also to prevent the social costs of the transition from undermining its acceptance and
long-term stability.

—  The DESRI framework may also support the coordination of EU energy policy by
distinguishing between countries with stable transition trajectories and those expe-
riencing temporary or persistent dynamic instability. This distinction is important
because countries with similar static levels of renewable energy use, emissions, or im-
port dependence may differ substantially in the stability of their transition processes.
Policy support should therefore be tailored not only to the level of energy transition
advancement but also to the variability and irregularity of the change process.

From an operational perspective, DESRI can be treated as a complementary diagnostic
tool within existing EU energy policy monitoring mechanisms. The index should not re-
place existing indicators of decarbonisation, security of supply, or energy efficiency. Instead,
it can complement them by providing information on the stability of the transition pathway.
Pillar-level DESRI analysis may be particularly useful because it identifies whether ele-
vated instability is driven primarily by structural factors, external dependence, emissions
pressures, demand and efficiency factors, or the economic and social component. This
approach is consistent with the logic of differentiated transition pathways, as countries at
similar levels of transition advancement may require different public policy instruments. In
practice, DESRI could serve as an early-warning indicator. Situations requiring particular
policy attention may include a country remaining in the highest DESRI category for two or
more consecutive years, moving rapidly into a higher instability category, or experiencing
the increasing dominance of one pillar within the index structure. These thresholds should
not be treated as rigid normative values but rather as signals triggering an in-depth country
analysis, additional monitoring, or a review of energy policy instruments. In this sense,
DESRI may support a shift from general monitoring of transition progress towards a more
targeted identification of countries, periods, and areas requiring intervention or improved
policy coordination.

At the same time, the study has important limitations. The set of indicators and
the pillar structure were defined for the European Union context and reflect both the
analytical scope of the study and the availability of harmonised macro-statistical data.
Although this ensures the comparability of results across countries, it may also lead to the
omission of certain technological, institutional, regulatory, or infrastructural dimensions.
Moreover, the weighting procedure combines data-driven elements with elements informed
by public policy priorities, which means that the resulting index is not free from normative
assumptions. The DESRI framework also does not capture disruption mechanisms at
the level of fuel supply chains, infrastructure failures, or scenario-based future risks. For
these reasons, DESRI should be interpreted as a complementary macro-level analytical tool
rather than as a complete measure of energy security risk.

Future research may develop the proposed DESRI framework in several directions.
The first involves testing alternative indicator sets and weighting schemes. This would
make it possible to assess the robustness of DESRI values and country classifications to
key methodological assumptions, including indicator selection and pillar weights. Future
studies could also provide more detailed interpretations of national trajectories by linking
changes in DESRI and its pillars to specific policy decisions, market developments, infras-
tructure constraints, or geopolitical shocks. This would shift the application of the index
from descriptive monitoring towards a more explanatory and policy-relevant approach.
Another direction would involve adapting the DESRI framework to groups of countries
beyond the EU-27. Such applications would, however, require the context-specific adjust-
ment of the indicator set, pillar structure, and weighting assumptions to local institutional,
economic, and geopolitical conditions. In this sense, the methodological value of DESRI lies
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in providing a flexible procedure for the comparative assessment of transition-related insta-
bility under clearly specified assumptions. From this perspective, the DESRI framework
may serve as a useful analytical tool for research on the stability of energy transition path-
ways and, with appropriate interpretative caution, support the macro-level interpretation
of findings for energy and climate policy purposes.
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Appendix A. Sensitivity Analysis of DESRI to the Rolling-Window Length

One of the parameters adopted in the construction of DESRI is the length of the
rolling window used to determine indicator volatility. The baseline variant presented in
the main body of the article employs a three-year rolling window (k = 3). To assess whether
this parameter affects the index results and country rankings, a sensitivity analysis was
conducted using an alternative two-year window (k = 2).

The selection of k = 3 was motivated by the need to balance the stability of volatility
estimation with the index’s sensitivity to short-term transition impulses. A two-year window
bases the volatility assessment on a very short sequence of observations, making the results
highly responsive to individual annual changes. This may lead to the excessive prominence
of temporary fluctuations, measurement errors, or one-off events. Using three observations
makes it easier to distinguish an isolated fluctuation from an irregularity persisting over time.

At the same time, a three-year window remains sufficiently short to preserve DESRI’s
ability to identify dynamic changes associated with the energy transition. Given the
relatively short study period of 2013-2023, applying a longer window would reduce the
number of available annual results and could excessively smooth the index’s response to
significant transition impulses. The selection of k = 3 is therefore regarded as a compromise
between three requirements:

—  limiting the influence of individual annual changes;
- maintaining sensitivity to short-term instability;

—  retaining an adequate number

—  of DESRI observations over the analysed period.

The sensitivity analysis was conducted by recalculating DESRI values for all EU-27
countries using a two-year rolling window (k = 2). All other elements of the procedure,
including the indicator set, normalisation, weighting system, and aggregation method,
remained unchanged. Consequently, the observed differences can be attributed exclusively
to the change in rolling-window length.
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Country rankings were compared in particular because DESRI values obtained us-
ing different window lengths may differ in scale due to differences in the information
used to estimate volatility. Ranking consistency was assessed using Spearman’s rank
correlation coefficient:

B 62 1d2
T -1

where d; denotes the difference between a country’s ranking positions for k =2 and k = 3,

(A1)

while n = 27 denotes the number of countries analysed.
The mean absolute rank difference was also calculated:

MARD; = Z ’R(z R® ‘ (A2)

where Rﬁ) and Rﬁ) denote the ranking position of country i in year ¢ for the two-year and
three-year windows, respectively.
Spearman’s rank correlation coefficients are presented in Table A1.

Table Al. Consistency of DESRI rankings for rolling windows k =2 and k = 3.

Year Spearman’s Rank Correlation Mean Absolute Change in Ranking Position
2015 0.858 3.19
2016 0.880 2.59
2017 0.809 3.26
2018 0.820 3.56
2019 0.918 2.59
2020 0.917 2.30
2021 0.834 3.19
2022 0.847 3.26
2023 0.943 222
Mean 0.870 291

The rank correlation coefficients were high in all analysed years, ranging from 0.809 to
0.943. The greatest ranking consistency was observed in 2023, while the relatively lowest
consistency occurred in 2017. The mean Spearman coefficient for the entire period was
0.870, indicating a high degree of agreement between the country rankings obtained under
the two variants.

The mean absolute rank difference was 2.91 positions. Moreover, 67.9% of the compared
positions changed by no more than three places, while 83.5% changed by no more than five
places. This indicates that applying the shorter window affects index values and the positions
of certain countries but does not fundamentally alter the overall structure of the results.

Detailed DESRI values and country rankings for k = 2 are presented in Table A2, while
the baseline results for k = 3 are reported in Table A3.

The analysis confirmed that the principal DESRI results are robust to changing the
rolling-window length from three to two years. The k = 2 variant is more sensitive to
individual annual changes, resulting in local shifts in country rankings. However, it does
not fundamentally alter the overall ranking structure, as demonstrated by the high rank
correlation coefficients. The sensitivity analysis supports the use of k = 3 as the baseline
variant. The three-year window limits the influence of temporary fluctuations while
preserving the index’s ability to identify short-term and irregular changes in transition
trajectories. Nevertheless, the window length remains a methodological assumption.
Future research may therefore consider longer windows and examine their effects on
DESRI values, country rankings, and the identification of periods of elevated instability.
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Table A2. DESRI values for the rolling window k = 2.
DESRI Value Ranking Position
2015 2016 2017 2018 2019 2020 2021 2022 2023 2015 2016 2017 2018 2019 2020 2021 2022 2023

BE 04393 03965 0.0700 02833 03157 03010 05482 04275 0.5799 7 5 26 16 12 10 2 13 5
BG 0.1596  0.1848 0.2428 04594 02369 02804 04558 05771  0.7437 22 16 18 3 21 14 4 5 2
Cz 0.1652 0.1290 02834 0.2306 0.1565 02349 0.1910 03376 0.5684 21 23 13 21 24 18 22 18 6
DK 03421 01766 02772 01909 04975 04050 0.4245 03167 0.3466 9 17 14 24 4 6 5 20 20
DE 0.0467 0.0538 0.0558 0.1896 02350 0.1951 0.1740 0.2975  0.4195 27 26 27 25 22 23 26 21 17
EE 0.6225 07485 0.8116 09019 04597 0.7617 0.8902 04726  0.4798 3 1 1 1 6 1 1 9 12
IE 0.2867 0.6921 0.1991 02601 04615 02838 04994 02324 0.5046 12 2 22 18 5 13 3 25 11
EL 0.2007 02271  0.0830 03223 04263 04965 0.1740 02939  0.4408 18 12 25 9 8 4 25 23 16
ES 0.1123  0.2227 01310 0.1358 0.2094 03175 02973 02840  0.4448 25 14 23 26 23 9 18 24 15
FR 0.2840  0.2230 0.2351 03380 03474 02783 0.2995 0.6773  0.3999 13 13 20 8 11 15 16 2 18
HR 0.2358 0.1567 03157 03219 0.2899 0.2123 0.2722 04922  0.2767 15 20 10 10 16 21 20 7 26
IT 0.2066  0.1188  0.1117 0.0685 0.1024 0.2309 04115 02959 0.2765 17 25 24 27 26 19 6 22 27
CY 0.1582  0.1387 0.2630 02797 02968 03522 0.1417  0.2157  0.5317 23 21 15 17 15 8 27 26 8
LV 03268 0.2653 03865 0.6762 03770 02945 03624 0.6315 0.5126 10 8 3 2 9 11 9 4 9
LT 02996 02458 02476 03176 03004 0.2256 03700 0.6400 0.4718 11 10 17 11 13 20 7 3 13
LU 04793 03035 0.2888 03580 0.8750 0.7220 0.2978 0.7248  0.8061 6 7 12 6 1 2 17 1 1
HU 02328 01239 03343 0249 02532 01319 02393 03548 0.3677 16 24 8 19 19 27 21 16 19
MT 0.8424 05696 0.6509 03068 03522 05081 03374 05019  0.6447 1 3 2 14 10 3 13 6 4
NL 0.6312 0.2381 03183 04277 05939 04570 0339 04684 0.6814 2 11 9 4 2 5 12 10 3
AT 0.1989  0.0528 0.2010 03076 02569 0.1712 0.1836  0.1928  0.3338 20 27 21 13 18 24 23 27 22
PL 01267 01750 03156 03566  0.0991 0.2106 03415 03545 0.4502 24 18 11 7 27 22 11 17 14
PT 0.4116  0.2026  0.2413 0.2002 0.2972  0.2696  0.1820  0.4004  0.5125 8 15 19 23 14 16 24 14 10
RO 0.0960 0.2615 03366 02437 02502 0.1656  0.2827  0.4445 0.3288 26 9 7 20 20 26 19 11 23
SI 0.2457 0.1655 02584  0.2199 02831 0.2616 03180 03321  0.2899 14 19 16 22 17 17 14 19 24
SK 01995 0.1367 03625 02978 0.1194 0.1689 03515 04350 0.2772 19 22 5 15 25 25 10 12 25
FI 05364 03967 03763 03147 05325 02869 03685 0.4800 0.5344 5 4 4 12 3 12 8 8 7
SE 05716 03826 03371 0.4237 04430 03820 03157 03828 0.3346 4 6 6 5 7 7 15 15 21
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Table A3. DESRI values for the rolling window k = 3.
DESRI Value Ranking Position
2015 2016 2017 2018 2019 2020 2021 2022 2023 2015 2016 2017 2018 2019 2020 2021 2022 2023

BE 0.3673 0.2914 0.0602 0.1722 0.3787 0.2322 0.3586 0.5017 0.4894 8 9 27 23 10 13 5 9 7
BG 0.0954 0.1353 0.1927 0.4325 0.3045 0.2866 0.3147 0.5252 0.5878 27 20 19 4 15 8 11 8 3
Cz 0.1442 0.1017 0.2884 0.2068 0.2317 0.1656 0.0987 0.3196 0.4393 21 24 11 21 22 20 25 27 10
DK 0.4901 0.3434 0.2670 0.1666 0.5688 0.2831 0.3908 0.4114 0.3512 5 8 16 25 3 9 3 15 16
DE 0.1605 0.1173 0.0870 0.2220 0.2220 0.1202 0.1125 0.3540 0.3643 19 22 26 18 23 23 24 21 15
EE 0.6456 0.5828 0.8253 0.8887 0.5916 0.7941 0.8519 0.3811 0.3670 3 1 1 1 2 1 1 19 14
IE 0.3645 0.5795 0.3145 0.2833 0.4609 0.2468 0.3227 0.3553 0.4446 9 2 7 12 8 12 10 20 9
EL 0.2553 0.1837 0.1148 0.2783 0.5561 0.3716 0.1641 0.3917 0.4211 11 14 25 14 5 3 22 17 11
ES 0.1231 0.1661 0.1446 0.1103 0.2119 0.2016 0.2047 0.3492 0.3298 24 16 23 26 24 15 18 22 18
FR 0.2326 0.1872 0.1552 0.2195 0.2992 0.1785 0.2364 0.5975 0.2268 13 13 21 19 16 18 16 5 24
HR 0.2303 0.1295 0.2742 0.2621 0.3346 0.2015 0.1923 0.4708 0.2399 14 21 14 15 12 16 19 10 23
IT 0.1043 0.0677 0.1164 0.0391 0.1043 0.1334 0.2353 0.3238 0.2244 26 26 24 27 27 21 17 24 25
CY 0.2113 0.2112 0.2986 0.3088 0.3555 0.2597 0.0791 0.3416 0.5285 15 11 9 9 11 11 26 23 5
LV 0.2494 0.2025 0.3553 0.7275 0.4500 0.3279 0.3619 0.5657 0.4465 12 12 3 2 9 7 4 6 8
LT 0.1978 0.1521 0.1466 0.2862 0.2546 0.1776 0.3244 0.6120 0.3902 18 19 22 11 19 19 9 4 12
LU 0.5480 0.4384 0.3237 0.2815 0.7592 0.5282 0.3419 0.8307 0.7623 4 5 5 13 1 2 6 1 1
HU 0.1330 0.1033 0.3319 0.2434 0.3242 0.1151 0.1829 0.4020 0.3192 22 23 4 16 14 25 21 16 19
MT 0.6751 0.4944 0.7531 0.3597 0.3321 0.3680 0.2417 0.5300 0.5994 2 3 2 6 13 4 15 7 2
NL 0.6938 0.3754 0.2424 0.3556 0.5548 0.3467 0.3327 0.6212 0.5868 1 6 18 7 6 5 8 3 4
AT 0.2006 0.0659 0.1871 0.2885 0.2324 0.1198 0.1528 0.3207 0.2469 17 27 20 10 21 24 23 26 21
PL 0.1564 0.1663 0.2761 0.3760 0.1623 0.2123 0.2763 0.3209 0.3386 20 15 13 5 26 14 13 25 17
PT 0.3379 0.1547 0.2694 0.1720 0.2921 0.1297 0.0451 0.4176 0.3816 10 17 15 24 17 22 27 14 13
RO 0.1207 0.2773 0.2654 0.1918 0.2423 0.0991 0.1848 0.4350 0.2199 25 10 17 22 20 27 20 12 26
SI 0.2053 0.1522 0.2796 0.2221 0.2793 0.1796 0.2508 0.3870 0.2399 16 18 12 17 18 17 14 18 22
SK 0.1263 0.0802 0.3044 0.2162 0.1965 0.1104 0.3052 0.4308 0.1069 23 25 8 20 25 26 12 13 27
FI 0.4581 0.4811 0.3179 0.3433 0.5225 0.2775 0.5247 0.7036 0.5057 7 4 6 8 7 10 2 2 6
SE 0.4676 0.3512 0.2922 0.4502 0.5668 0.3381 0.3357 0.4641 0.2862 6 7 10 3 4 6 7 11 20
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Appendix B. Sensitivity Analysis of DESRI to the Value of the Parameter «

The parameter a determines the relative importance of the current-change dynamics
component and the historical volatility component in the construction of DESRI. In the
baseline variant, « = 0.6 was adopted, whereas the sensitivity analysis used an equal-
weight variant, « = 0.5. The aim of the analysis was to determine whether a moderate
change in the proportion between the two components affects DESRI values and the ranking
positions of the EU-27 countries.

The value « = 0.6 indicates a moderate increase in the importance of current-
change dynamics relative to volatility observed within the rolling window. This as-
sumption follows from the dynamic nature of DESRI, whose purpose is to identify
current transition-related impulses while also accounting for the irregularity of earlier
change trajectories.

To verify whether this choice determines the results, an analysis was conducted for
« = 0.5, which assigns equal importance to both components. DESRI values were recal-
culated for all EU-27 countries and for the years 20152023 using & = 0.5. The remaining
elements of the procedure, including the set of indicators, normalisation, weighting scheme,
rolling-window length, and aggregation method, remained unchanged. As a result, differ-
ences between the variants can be attributed to the change in the value of «.

Ranking consistency was assessed, as in the sensitivity analysis concerning the rolling-
window length, using Spearman’s rank correlation coefficient (Table A4). The mean abso-
lute change in country ranking position was also calculated.

Table A4. Consistency of DESRI rankings for &« = 0.5 and « = 0.6.

Year Spearman’s Rank Correlation Mean Absolute Change in Ranking Position
2015 0.990 0.67
2016 0.991 0.81
2017 0.992 0.59
2018 0.990 0.74
2019 0.966 1.56
2020 0.977 1.19
2021 0.984 0.89
2022 0.982 1.04
2023 0.993 0.59
Mean 0.985 0.90

The rank correlation coefficients for individual years ranged from 0.966 to 0.993.
The mean value of Spearman’s coefficient was 0.985, indicating very high consistency
between the rankings obtained under both variants. The mean absolute change in
ranking position was only 0.90 places. In 79.4% of cases, changing the value of « shifted
a country by no more than one position; in 93.8% of cases, by no more than two positions;
and in 96.7% of cases, by no more than three positions. The maximum observed change
was five positions. The largest differences occurred in 2019, although even in that year
the rank correlation reached 0.966. This means that changing the parameter affects the
level of DESRI values and some country positions, but does not alter the overall structure
of the results.

Detailed DESRI values and rankings for & = 0.5 are presented in Table A5, while the
results of the baseline variant for « = 0.6 are reported in Figure 1a (Section 4.2).

The sensitivity analysis confirmed the high robustness of DESRI results to changing
the parameter « from 0.6 to 0.5. Very high rank correlations and small average shifts
in ranking positions indicate that adopting a moderate advantage of the current-change
dynamics component does not determine the country classifications.
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Table A5. DESRI values and ranking positions fora = 0.5 and k = 3.
DESRI Value Ranking Position
2015 2016 2017 2018 2019 2020 2021 2022 2023 2015 2016 2017 2018 2019 2020 2021 2022 2023

BE 03604 0.2748 0.0652 0.1519 0.4189 0.2372 0.3239 0.4782 0.4775 9 10 27 24 10 13 9 9 7
BG 0.0985 0.1398 0.1790 0.4099 0.3540 0.3080 0.2829 0.4784 0.5477 26 22 20 4 14 8 12 8 4
Cz 0.1492 0.1104 0.2798 0.1951 0.2885 0.1669 0.0921 0.3021 0.4111 22 24 10 21 18 20 25 26 11
DK 0.5165 0.4028 0.2532 0.1634 0.5679 0.2649 0.3824 0.4082 0.3549 5 7 16 23 5 10 5 13 14
DE 0.1864 0.1436 0.0846 0.2202 0.2129 0.1070 0.1110 0.3364 0.3541 19 21 26 17 25 27 24 22 16
EE 0.6391 0.5709 0.8255 0.8743 0.6028 0.8036 0.8168 0.3306 0.3544 3 2 1 1 3 1 1 23 15
IE 0.3802 0.5790 0.3256 0.2762 0.4439 0.2495 0.2911 0.3619 0.4337 8 1 5 11 9 11 10 19 9
EL 02654 0.1912 0.1103 0.2452 0.5834 0.3515 0.1742 0.3871 0.4218 11 14 24 14 4 4 22 16 10
ES 0.1370 0.1666 0.1257 0.1009 0.2217 0.1906 0.1865 0.3367 0.3061 23 17 23 26 23 17 21 21 19
FR 0.2315 0.2033 0.1515 0.1966 0.2898 0.1901 0.2618 0.5530 0.2031 14 13 21 19 17 18 14 5 25
HR 0.2440 0.1493 0.2577 0.2359 0.3609 0.2234 0.1968 0.4395 0.2409 13 20 14 15 12 15 18 11 21
IT 0.0845 0.0658 0.1041 0.0406 0.1144 0.1324 0.2015 0.3032 0.2156 27 27 25 27 27 21 17 25 24
CY 02274 0.2364 0.2948 0.2997 0.3888 0.2439 0.0700 0.3409 0.5261 15 11 8 9 11 12 26 20 5
LV 0.2515 0.2161 0.3345 0.7248 0.5095 0.3626 0.3991 0.5359 0.4469 12 12 4 2 7 3 4 6 8
LT 0.1952 0.1612 0.1432 0.2906 0.2558 0.1938 0.3500 0.5700 0.3918 17 18 22 10 21 16 8 4 12
LU 0.5884 0.5026 0.3440 0.2734 0.7076 0.4825 0.4024 0.8283 0.7749 4 3 3 12 1 2 3 1 1
HU 0.1252 0.1165 0.3159 0.2351 0.3559 0.1288 0.1868 0.3848 0.3122 24 23 7 16 13 22 20 17 18
MT 0.6447 04984 0.7780 03744 0.3455 0.3496 0.2441 0.5004 0.5960 2 4 2 5 15 5 16 7 2
NL 0.7016 04330 0.2340 0.3332 0.4944 03382 0.3632 0.6062 0.5670 1 6 18 8 8 6 6 3 3
AT 0.1886 0.0804 0.1800 0.2548 0.2092 0.1266 0.1458 0.3105 0.2180 18 26 19 13 26 23 23 24 23
PL 0.1850 0.1869 0.2601 0.3708 0.2193 0.2301 0.2717 0.2914 0.3155 20 15 13 6 24 14 13 27 17
PT 0.3140 0.1581 0.2547 0.1478 0.2947 0.1175 0.0369 0.4094 0.3626 10 19 15 25 16 24 27 12 13
RO 0.1577 0.2863 0.2486 0.1953 0.2445 0.1139 0.1870 0.4059 0.1986 21 9 17 20 22 26 19 14 26
SI 0.1998 0.1681 0.2703 0.2132 0.2805 0.1775 0.2538 0.3825 0.2279 16 16 12 18 19 19 15 18 22
SK 0.1170 0.0881 0.2907 0.1946 0.2570 0.1165 0.2902 0.3900 0.0798 25 25 9 22 20 25 11 15 27
FI 04135 04903 03194 03370 05212 0.2742 0.5222 0.6887 0.4958 7 5 6 7 6 9 2 2 6
SE 04213 0.3449 02769 0.4424 0.6058 0.3319 0.3560 0.4541 0.2859 6 8 11 3 2 7 7 10 20
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The results support the use of « = 0.6 in the baseline variant. This parameter preserves
greater sensitivity of the index to current transition-related impulses while still accounting
for the irregularity of earlier changes. However, it should not be interpreted as the only
possible value. It is a modelling assumption whose influence was verified by comparison
with a variant assigning equal weight to both components.
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