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Energy has a key role in the process of
advancing sustainable development.
Sustainable energy transition is a long-term
process that can be hindered by different
social, economic and environmental effects
(e.g. greenhouse gas emissions, energy
poverty) and influenced by the challenges
related to the recent energy crisis and
contemporary energy trends (e.g. rising
energy prices, the threat of European gas
shortages, regional differences in the use of
renewable energy sources and the aftereffects
of Covid-19 pandemic). Monitoring energy
transition progress and examining its
temporal trends and spatial characteristics
can provide a basic policy analysis framework
for strategic energy policy development in the
European Union (EU) at regional and
national levels. An important approach for
this endeavour is the indicator-based
assessment of trends. Composite indicators
are widely used to track and compare
countries’ progress in domains that are
closely related to policymaking such as
sustainable development and quality of life
assessment. Constructing such indicators
includes multiple steps and decisions, some
of which cannot be justified with statistical
principles or methodologies as addressing
these factors requires uncertainty and
sensitivity analyses. This study develops a
composite index to measure the performance
of the EU member states in terms of
sustainable energy transition. As the
construction  methodology and  most
statistical analyses ate already available, this
study focuses on uncertainty and sensitivity
analysis, assessing the sustainable energy
transition index, which uses representative
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indicators that cover three pillars of

sustainable energy transition that include

economic and development, human and

social and natural and environmental

dimensions. The weights of the base

indicators are based on expert panel opinion,

which  was  determined  referencing

sustainability and policy considerations.

Base indicators’ aggregation summarises

weighted standardised values. Regarding the

sensitivity of the composite index, these two

factors are found to be the most probable

sources of wuncertainty. These factors

contribute to the final index wvalue that

calculates the extent of uncertainty using the

Monte Carlo methodology. This study also

uses variance-based sensitivity analysis to

identify the most significant factors of

uncertainty.  The results provide a

comprehensive overview of EU member

states’ progress In sustainable energy

Keywords: transition that is primarily unbiased as

sustainable energy, changing the chosen input factors only

energy transition, induces a maximum  average rank

composite indicator, change of three. Out of the two factors

energy policy, assessed, the aggregation method is found to
sensitivity analysis  be the greater source of uncertainty.

Introduction

While transitioning to a sustainable energy system is an enormous challenge, it is also
a core aspect of overall sustainable development. Energy transition is a fundamental
objective of decarbonisation policies that can be advanced by promoting energy
efficiency and the use of renewable energy technologies (Neofytou et al. 2020).
Sgouridis—Csala (2014: p. 2609) defined sustainable energy transition as ‘a controlled
process that leads an advanced, technical society to replace all major fossil fuel
primary energy inputs with sustainably renewable resources while maintaining a
sufficient final energy service level per capita’. This process requires coordinated
transformations in societal, equity, economic and environmental dimensions. The
Covid-19 pandemic and the changes incurred by lockdowns presented an opportunity
for policymakers to move further on the path of sustainability from environmental
and human perspectives (Kuzemko et al. 2020); however, remains unclear whether
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permanent changes in behaviour occurred regarding issues such as air quality, fossil
fuel demand and climate change mitigation.

Composite indicators are widely used in policymaking domains such as sustainable
development and quality of life assessment or measuring and comparing countries’
environmental performance (Munda—Nardo 2009, Pinar 2022). Such measures are
useful for understanding the direction of trends, facilitating compatisons across
countries, identifying areas for action and creating a means of communication with the
general public, experts, stakeholders and decision-makers. These measures establish a
big picture to facilitate countries’ performance compatison and ranking (Saisana—
Tarantola 2002). A composite index is a simplified representation of reality, presenting
an aggregation of relevant variables for considering an issue or system (OECD et al.
2008) to assess and summarise multiple aspects of sustainability. Csizovszky—Buzasi
(2023) created a composite indicator measuring community resilience in Hungary. The
sustainable development goals index (SDGI) tracks annual countries’ performance
concerning the United Nations sustainable development goals (SDGs) on a global scale,
based on 100 sub-indicators. Building from the SDGI methodology, the Europe
sustainable development index assesses the progress of the 27 EU member states as
well as European Free Trade Association countries, the UK and EU candidate countries
(Lafortune et al. 2021). The SDGI and the Europe SDGI are calculated to track long-
term trends in addition to assessing annual progress (Lafortune et al. 2020). The human
development index (HDI) is a composite tool that is more focused on measuring
countries’ social and economic development and offers a general index for global
assessment and critique based on minimal listing of capabilities that focus on basic
quality of life indicators. HDI measurement has also included sustainability and
environmental metrics since 2020 (UNDP 2020). Therefore, while the HDI is a welfare
index with social and economic focus, it has a definite connection with sustainable
energy consumption, particulatly in the case of households. Until a certain level of
human well-being is achieved, increased energy consumption and economic growth
contributes to human development (LaBelle et al. 2022). The energy transition index
(ETT) developed by the World Economic Forum (2021) is based on the energy triangle
that includes environmental sustainability, energy security and access and economic
development and growth. For some composite indices focusing on environmental
performance or sustainability, methodological approaches can change from time to
time, e.g. the base indicators included may be altered to highlight issues that are more
prominent in a given year. Because of these changes, not all composite indices can be
analysed as time series. The environmental performance index (Wolf et al. 2022) is one
example of this phenomenon as it is not calculated annually because not all of the sub-
indicator data are available as time series and issue categories have disparate beginning
and end years.

An advantage of composite indices is that they can be used to summarise complex
issues, providing a way to elicit summary figures or time series analysis that can attract
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public interest. However, expressing the conclusion of complex policy issues and a
great amount of base indicator data in just one value can diminish the possibility of
decomposition and complex evaluation. Defining the set of base indicators and
individual weighting is a critical concern that is often affected by the availability of
data and/or researcher (customer) preconceptions (Hétfa Kutatdintézet 2022) In
addition, such composites may have weaknesses in construction, which involves
multiple steps and methodological decisions. All stages of composite index calculation
should be transparent and statistically sound (Saisana—Tarantola 2002). To
compensate for this, often the final aggregate values of composite indicators are
informative as well as the values of individual indicator clusters.

Another method for addressing the weaknesses in the construction and
methodology of composite indices is sensitivity analysis, in which one or multiple a
model’s factors are altered to assess the effects on the outcome of calculations.
This methodology has been traditionally used for to evaluate policymaking decisions
(Razavi et al. 2021). In a detailed sensitivity analysis of the HDI, Agufia—Kovacevic
(2010) assessed the uncertainty of minimum goalpost values for re-scaling and the
weights of sub-indicators, confirming that uncertainty is unavoidable in composite
indices. Kuc-Czarnecka et al. (2023) examined SDG implementation and the
interactions between goals using a methodology based on sensitivity analysis.
Giidemann—Minnich (2023) employed variance-based sensitivity and uncertainty
analysis on their own composite index based on the SDGs. Sinisterra-Solis et al.
(2024) analysed the sensitivity of their composite index assessing sustainable
agriculture using a variance-based methodology, Sobol’s sensitivity index and the
Latin Hypercube Sampling Design. Zhang—Zhou (2024) used a variance-based
approach similar to sensitivity analysis methods to determine the importance of each
weight in their newly proposed energy security indicator framework. Pinar (2022)
examined the sensitivity of the EPI using the stochastic dominance efficiency
methodology. Data envelopment analysis (DEA) is also employed for assessing the
sensitivity of composite scores (Cherchye et al. 2008). Endrédi-Kovacs—Tankovsky
(2023) examined the robustness and sensitivity of a proposed composite indicator
that evaluates EU membership by changing parameters by +/—30% using Monte
Carlo simulation. Alberti et al. (2023) tested winsorisation and weighting systems in
an uncertainty analysis of the Cultural and Creative Cities Monitor.

The weights of composite indicators are often determined based on the perceived
importance of base indicators, which might cause them to not perform according to
the original intention, raising concerns that can be addressed using uncertainty and
sensitivity analysis. (Burgass et al. 2017) Determining uncertainty in indicator weights
is particularly significant if they are defined by a panel of stakeholders or experts with
multiple opinions (Saisana—Tarantola 2002). Another cause of methodological
concern and potential errors is the chosen aggregation method, which can
fundamentally change a composite indicator’s performance. The most widely used
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aggregation methods are linear and geometric aggregation (Burgass et al. 2017).
According to Saisana et al. (2005), other sources of general composite indicator
uncertainty may include the selection of base indicators, data selection, data editing,
data normalisation and the composite indicator formula.

This study endeavours to construct a transparent and statistically sound
methodology for examining the composite indicator. The research undertaken during
the development of the sustainable energy transition index (SETI) focused on three
basic dimensions of sustainable energy transition (Iddrisu—Bhattacharyya 2015), which
are (1) the economic and development-related dimension, (2) the human and social
dimension and (3) the natural resource-related and environmental dimension. The three
pillars or sub-indicators of the SETT were chosen because these dimensions adequately
represent the cross-sectoral and interdisciplinary nature of energy sustainability IAEA
2015). To further ensure the SETT’s transparency, this study references the variance-
based method from Saltelli et al. (2002) for the uncertainty analysis, Monte Catlo
methodology and the sensitivity analysis, which is detailed below.

Methodology

Sustainable energy transition index (SETI)

Sustainable energy transition is a key element of promoting social welfare and justice
and the circular economy. This study constructs the SETT indicator set and composite
index to measure the performance of the EU member states regarding this trend,
developing representative indicators to cover the three dimensions of sustainable
energy transition. SETT’s construction followed steps suggested by the Organization
for Economic Development and Co-operation (OECD et al. 2008) for the
compilation of composite indicators. The eight selected base indicators (SET-1-SET-
8) cover important aspects of sustainable energy management such as residential
energy consumption, energy prices, population affected by energy poverty,
encompassing energy intensity, energy import dependency and share of fossil fuels
and unconditional renewables in energy consumption. After carefully selecting the
indicators and the imputation of missing data, the dataset was analysed using statistical
methods such as stationarity and normality tests. To make the variables comparable,
the dataset was standardised using the z-score method. Weights were determined
based on sustainability and policy considerations. Rather than assigning base
indicators to a single pillar, each of the base indicators was assumed to affect all three
of the dimensions of sustainable energy transition to varying degrees. The first step
of weighting established an interaction matrix through expert panel evaluation to
assess the driving factors of the selected indicators on the three dimensions of
sustainable energy. The second step assigned the weighting factors, ensuring that the
relative importance of the three dimensions within the overall SETT remained equal.
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The values of the three sub-systems are the sum of weighted standardised values of
the selected indicators. The final index value was calculated as the arithmetic mean of
these three dimensions and normalised on a scale of 0-100 for better understanding.
The structure of the SETI is illustrated on Figure 1. The detailed steps for
constructing each composite indicator were presented in previous studies
(Szép et al. 2021, 2022). Therefore, only the weighting and aggregation steps are
presented in more detail below as these are the main subjects of this study’s
uncertainty and sensitivity analyses.

Figure 1

Sustainable energy transition index (SETI) structure

Base indicators

SET-1 SET-2 SET-3 SET-4 SET-5 SET-6 SET-7 SET-8

-

Dimensions

Environment and
natural resources

Human and social Economic development

-

Composite index

Sustainable energy transition index

Uncertainty and sensitivity analyses

A number of methodological choices must be made when constructing a composite
indicator, all of which introduce uncertainty into a composite indicator’s values.
Uncertainty analysis is used to assess the uncertainty of an index, which results from
methodological choices that cannot be justified for theoretical reasons or data
properties such as the weights assigned to sub-indicators and the aggregation method
itself (Saisana—Tarantola 2002, Agufia—Kovacevic 2010). Following the uncertainty
analysis, this study conducts a sensitivity analysis to examine how the uncertainty of
each methodological choice contributes to the output variance of the composite index
(Saisana et al. 2005).

Uncertainty and sensitivity analyses are conducted using R 4.3.1 (R Core Team
2023), RStudio (R Studio Team 2020) and the COINr package (Becker et al. 2022),
which enables the construction and analysis of composite indicators. First, the
methodology of constructing the SETI was implemented in R for weighting and
aggregation steps, using the built-in tools to conduct the uncertainty and sensitivity
analyses following the methodology described below.
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This study focuses on the aggregation and weighting of the SETI as the most
probable sources of uncertainty (Greco et al. 2019). Sensitivity analysis identifies the
input factors that are more significant in affecting the final composite value. The study
employs the Monte Carlo approach for the uncertainty analysis, re-calculating the
composite index multiple times while randomly varying the selected input factors
(Saisana et al. 2005). Output distributions are estimated by altering the input factors and
re-running the calculations multiple times. Calculating the median value of the Monte
Carlo results allows for comparison with the nominal index value of the composite
indicator to assess the extent to which changing the input factors affects the output of
the composite calculation. This study uses a flexible variance-based sensitivity approach
for the sensitivity analysis, which was introduced by Saisana et al. (2005).

The first stage aggregation method (when the base indicators are aggregated into
the sub-indicators of the three pillars) was originally a weighted summarisation
wherein base indicators are multiplied by their respective weights and summed to
obtain the scores for the environmental, economic and social pillars. The final index
was calculated as the arithmetic mean of these three values.

The harmonic mean is chosen as an alternative aggregation method for the
uncertainty analysis. While arithmetic and geometric means are the most widely used
to aggregate composites (Agufia—Kovacevic 2010, Burgass et al. 2017), the negative
weights in our methodology ruled out the use of the geometric mean as an alternative
in our uncertainty analysis. In the original methodology, the weights for the other
uncertain factor assessed were based solely on expert panel evaluation. This study
conducts an overall perturbation of weights to assess uncertainty, generating 100
replications of all original weights, each with a random amount of added noise that
vary between +/-50%.

In contrast, the sensitivity analysis uses 400 replications (N*(d+2)), referencing
the experimental design proposed by Saltelli (2002), where N is the number of
replications and d is the number of uncertain assumptions, which is 2 in this case.
The number of bootstrap replications used for calculating the quartiles is set to 100.
When sampling the weighting scheme and weights, the composite indicator
calculations qualify as a non-linear model; therefore, a variance-based methodology is
most appropriate for sensitivity analysis (Saltelli et al. 2000). The study applies
sensitivity analysis to the SETT values as the output of the model.

The sensitivity of an individual input factor can be measured using the sensitivity
index, which describes the contribution of a given factor to the model’s output
variance (Eq. 1).

S =Vi/V M
where V is the total output variance and Vi is the fraction of the unconditional output
variance that is accounted for by the uncertainty of the given factor.
The decomposition formula for V that is used to calculate V; was described by Saisana
et al. (2005). Only the calculations above are required if no interaction effects exist
between sets of input factors in the model that might introduce further uncertainty.
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This study calculates total effect sensitivity indices (Stj) for all factors to account for
their interactions, referencing Saisana et al. (2005), where the difference between S;
and St; for a given input factor reveals the significance of interactions for that factor
in the output of the model.

Results and discussion

The Monte Carlo SETT values for the 27 EU Member States are calculated for each
of the 400 combinations of aggregation methods and set of weights, producing a
ranking distribution. Figures 2—4 illustrate the median and corresponding 5% and 95t
percentiles of the distribution of the recalculated SETI values per country for the
three cases assessed.

Figure 2

Uncertainty analysis (UA) results showing the median (in grey) and
the corresponding 5th and 95th percentiles (bounds) of the distribution of
the recalculated SETT for 27 countries
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Notes: uncertain input factor: aggregation method; countries are ranked according to median values.
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Figure 3
UA results showing the median (in grey) and the corresponding
5th and 95th percentiles (bounds) of the distribution of
the recalculated SETT for 27 countries
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Notes: uncertain input factor: weights of the base indicators; countries are ranked according to median values.
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Figure 4
UA results showing the median (in grey) and the corresponding
5th and 95th percentiles (bounds) of the distribution of
the recalculated SETT for 27 countries
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Notes: uncertain input factors: aggregation method and weights of the base indicators; countries are ranked
according to median values.

For almost all countries, the nominal SETI value is extremely close to the
recalculated median value of the distribution that includes the two types of uncertainty
assessed in this study. This holds true for the two cases in which only one uncertain
factor is examined (only the weights or only the weighting scheme) as well as the third
case including both uncertain factors. Based on the results for the first case, changing
the aggregation method causes a maximum of 1 median rank change for most
member states. In the second case, changing the weights results in more diverse rank
changes for the assessed countries; however, the bounds of the distribution are
narrower. The third case combining the results of cases 1 and 2 reveals that the
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median rank changes are more varying and the bounds are greater, indicating that
interactions between uncertainty occur that are caused by changing both the weights
and the aggregation method. Still, the maximum value of rank change is 3, and is only
presentin the cases of Bulgaria and Germany when both uncertain factors are present.
Table 1 presents the rank changes for all member states in detail.

Table 1

Nominal ranks of EU member states and median ranking values calculated
with Monte Carlo analysis in three cases of uncertain input factors

Median
Ni;?lfal Country uncertain input factor: | uncertain input factor: unc.ergam H:ip ot .faflt9t8:
weights weighting scheme Weights and weighting
scheme

1 Sweden 1 1 1

2 Denmark 2 2 2

3 Austria 3 3 4

4 Finland 5 4 6

5 Portugal 5 5 5

6 France 6 6 6

7 Spain 8 7 9

8 Slovenia 9 8 9

9 Croatia 9 9 10
10 Romania 11 10 12
11 Malta 11 11 14
12 Italy 12 12 14
13 Estonia 13 13 14
14 Ireland 13 14 14
15 Greece 14 15 13
16 Germany 15 16 13
17 Latvia 17 17 16
18 Czech Republic 18 18 17
19 Belgium 19 19 17
20 Netherlands 20 20 18.5
21 Bulgaria 22 21 18
22 Cyprus 22 22 22
23 Slovakia 23 23 21
24 Poland 24 24 24
25 Hungary 24 25 23
26 Lithuania 26 26 26
27 Luxembourg 27 27 26

Figure 5 and Table 2 present the results of the sensitivity analysis. Each bar in
Figure 5 represents the sensitivity of the results for each uncertain input factor, based
on the average SETI ranking change compared with nominal values. In addition to
the sensitivity of single uncertain factors, the sensitivity from their interactions is
presented.
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Figure 5
Sensitivity analysis results
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Notes: uncertain input factors: aggregation method and weights of the base indicators.
Table 2
Sensitivity analysis results
Variable S; St Sigs Si_qos Stigs Sti_q05 Sti=Si
Weights 0.057 0.099 —0.061 0.166 0.070 0.124 0.042
Aggregation 0.933 1.087 0.640 1.315 0.898 1.277 0.154

Notes: Si is the main effect of each uncertain factor, Stiis the total sensitivity of each uncertain factor, St~Si is the
effect of interactions and Si_¢s and Si_gs are the 5™ and 95t quartiles for the main effect of each uncertain factor.

In cases that introduce both input factors, when an input factor explains more
than 0.5 of the output variance, it is considered to be significant (Saisana et al. 2005).
Based on the results in Table 2, S; and St values for the aggregation factor are both
greater than 0.5, indicating that the uncertain input factor that contributes most to
the sensitivity is the aggregation method in the case of SETL

Conclusion

This study constructs a new indicator set to measure the clean energy transition in
EU member states. The methodology for building the index and the associated
statistical calculations have been presented in detail in earlier publications (Szép et al.
2021, 2022). This study presents uncertainty and sensitivity analyses of the SETI,
particularly concerning the weighting step that was based on expert panel opinion and
the aggregation step, which have considerable influence on the end result of
composite indicators. The uncertainty analysis, employing the Monte Carlo
methodology, confirms that neither changing the weights, nor changing the
aggregation method results in a median rank change greater than 1, whereas the
influence of uncertainty is more significant when both factors are present
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simultaneously; however, the maximum difference between the median ranks and the

nominal ranks is only 3. The variance-based sensitivity analysis reveals that the
primaty source of total uncertainty is the aggregation step. Based on the results, the
original SETI provides a predominantly unbiased view of the EU members’ progress
in sustainable energy transition.

The results of this study further validate that the SETT is a robust indicator with a
strong holistic approach that could be suitable to inform policymakers engaged in
designing sustainable development of national energy and environmental policies.
The base indicators and the steps during the development of the index were chosen
to emphasise the goals of affordable and clean energy and combating climate change,
adhering to SDGs 7 and 13 (UN 2015). The SETI was primarily developed for time
series analysis as examining existing tendencies and determining the ways in which
they connect to changing trends of the past is essential to the decision-making
process. Assessing differences in sustainable energy performance may advance the
process of integrating and mainstreaming sustainable development into national
energy policies by highlighting the influential roles of success factors. Comparing
countries’ performance also offers insights about potential gaps and core areas in
sustainable energy transition.

Tracking tendencies has become especially crucial since Covid-19 pandemic and
the energy crisis resulting from the war in Ukraine have amplified the EU’s existing
challenges. Supply chain disruptions and the environmental effects of climate change
are not only reflected in the trends of indicators, but directly affect the global population
(Toth et al. 2023, Kiss—Balla 2022). In addition, soaring energy prices are pressuring
inflation rates in EU member states, deepening energy poverty and increasing inequality
and the number of vulnerable households (Kashour 2023). To promote energy
affordability, investments in renewable energy and energy efficiency improvement may
be a solution and could lead to resilient and decarbonised energy systems. In the long
term, implementing the European Green Deal and accelerating sustainable energy
transition could increase the EU’s resilience against future challenges.

Comparing the SETI with other, widely used composite indices related to
sustainability; namely, the Wortld Economic Forum’s ETI (Wotld Economic Forum
2021), the HDI (UNDP 2020) and the SDGI (Lafortune et al. 2021), the rankings of
EU member states in 2021 reveal that Sweden, Denmark, Finland and Austria are in
the top ranks for all indices. These countries exhibit the highest sustainability
performance, with characteristics such as low energy intensity, a high share of
renewables and a low proportion of the population affected by energy poverty. Strong
and effective policies have set these countries on a track as the leaders in advancing
sustainability in the EU. Concerning the other member states, four additional groups
have been identified based on SETI score; however, these are highly heterogeneous
and not connected to specific regions (Szép et al. 2022). The rankings for each of the
compared indices differ, which is attributable to the differing purposes of each
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composite indicator. While the SETT and ETT focus on energy transition with some
similar base indicators (e.g. household electricity prices, import dependency), these
indices have different social and environmental indicators related to energy. The
SDGI addresses a wider set of themes that encompass the great variety of SDGs, and
the HDI has a strictly social and economic focus that sets it apart from the other three
sustainability indices. Comparing the SETI, HDI and SDGI as time series in the
2017-2021 time period, the trends primarily show improvement and are similar for
most EU member states, despite differences in the rankings. Based on these
tendencies, the EU is taking definitive steps towards sustainability, in fields of energy,
economics and social policy.

While the primary causes of uncertainty in indicator systems usually concern
weighting and aggregation, examining only these two steps is a limitation of this study.
A more extensive sensitivity analysis could also include normalisation, the second
level of aggregation or missing data imputation steps. The other limitation is that the
uncertainty and sensitivity of SETI is analysed using the data for a single year, despite
the intended use of our composite index being time series assessment. Handling time
series data requires the use of more complex types of programming functions in R
and may be the subject of further research.

This study uses the SETI to assess and compare the sustainable energy
performance of the 27 EU member states. Future research can extend the
methodology to countries and regions outside of the EU, e.g. to assess Middle East
and North Africa (MENA) countries. Another research direction could be to extend
the methodology to NUTS 3 regions or to assess specific cities. The latter option
would require slight adjustments to the list of indicators to adapt to the differences
that arise when examining cities instead of countries (e.g. import dependency is not
applicable for cities).
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