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Abstract

Poland’s energy transition represents a structurally complex case of decarbonization in a
coal-dependent economy, where declining hard coal consumption, increasing renewable
energy production, growing natural gas use, and continued economic expansion interact
within the same energy—economic system. This study assesses the evolution of emission
pressure in Poland between 2000 and 2023 using a Fuzzy Multi-Criteria Evaluation (FMCE)
framework. The analysis integrates four system-level variables: gross domestic product,
hard coal consumption, natural gas consumption, and renewable electricity production,
the latter transformed into an inverse fuzzy variable representing insufficient renewable
energy penetration. The FMCE-based emission pressure index was constructed using
min-max normalization, continuous fuzzy membership degrees, weighted aggregation,
and component-level decomposition. The results show that Poland’s emission pressure
was highest in the early phase of the analyzed period, especially in 2000-2007, when the
energy system remained strongly shaped by coal dependence. The years 2008-2013 formed
an unstable transitional phase, while 2014-2018 showed a more stable moderate-pressure
configuration. After 2018, the index declined markedly, indicating a shift toward lower
emission pressure; however, only selected years reached the formal low-pressure category,
which suggests that a stable low-emission regime has not yet been fully established. The
decomposition confirms that hard coal was the dominant contributor to emission pressure
for most of the period, although its relative contribution declined over time. Renewable
energy development increasingly weakened emission pressure, while natural gas played an
ambiguous transitional role by partly replacing coal but maintaining fossil-fuel dependence.
The study contributes to energy-transition research by proposing an interpretable fuzzy
composite index for tracking structural emission pressure over time. The findings underline
the need for continued coal phase-down, accelerated renewable energy integration, grid
modernization, and careful governance of natural gas as a transitional fuel in Poland’s
pathway toward a lower-emission energy system.

Keywords: energy transition; emission pressure; Fuzzy Multi-Criteria Evaluation; FMCE;
coal dependence; natural gas; renewable energy; energy system transformation; composite
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1. Introduction

The energy transition in Poland is being implemented in line with the requirements
of EU policy, as Poland has been a member of the European Union since 2004. Changes
in the energy market, directed toward “clean” energy, are central to the restructuring
of the energy system. In Poland, the energy transition involves a gradual move away
from fossil fuels, especially coal, toward low- and zero-emission energy sources, including
renewable energy and nuclear power. The Polish government treats these ongoing changes
both as an obligation resulting from EU climate policy and as a condition for maintaining
the competitiveness of the Polish economy. Poland is seeking to reduce carbon dioxide
emissions in accordance with European Union climate and energy policy, including the
European Green Deal, the Fit for 55 package, and the revised Renewable Energy Directive.
At the EU level, these frameworks combine the objective of reducing net greenhouse gas
emissions by at least 55% by 2030 with the target of reaching at least a 42.5% share of
renewable energy in final energy consumption, with an aspiration to reach 45% [1]. By
adopting this objective [2,3], Poland is transforming its systems of energy production,
transmission, and consumption in order to gradually shift away from fossil fuels, such
as coal, oil, and gas, toward low- and zero-emission sources, including renewable energy
sources, nuclear power, and energy storage technologies. The need for energy transition
stems primarily from the necessity to reduce CO, emissions and mitigate climate change.
The Paris Agreement of 2015 [4] established the global objective of limiting the increase
in the Earth’s average temperature to well below 2 °C above pre-industrial levels, while
pursuing efforts to limit the increase to 1.5 °C. The energy transition is a complex and long-
term process. Poland is implementing its strategic priorities gradually. The current strategic
document is the Energy Policy of Poland until 2040, adopted by the Polish government
in 2021, which constitutes the official energy transition policy, referred to in Polish as
PEP 2040 [5]. This document defines the strategic horizon for the entire energy sector in
Poland. The main direction of the transition is the gradual reduction in coal’s share in the
energy mix and the increasing importance of renewable energy sources, nuclear energy,
and energy efficiency, including investments in transmission grid infrastructure and energy
storage. Despite the growing body of literature on the energy transition in Poland and the
European Union, existing studies remain dominated by econometric approaches that focus
mainly on linear relationships between individual variables, such as GDP growth, energy
consumption, renewable energy deployment, and carbon emissions.

The energy transition must not be viewed merely in terms of replacing fossil fuels with
renewable energies but, instead, in the context of a sustainable transition that incorporates
various transitions of structure, institutions, economy, and the environment all at once
within the larger energy-economic system. Sustainability-driven energy transition does
not mean the mere reduction in greenhouse gases or the decarbonization of energy sources
alone but entails the creation of robust and diversified socio-technical systems that can
effectively integrate concerns for climate protection with those for energy security and
economic stability. This kind of complexity is best observed in countries that depend on
coal, as their history, energy infrastructure, path dependency, and institutions affect the
rate and trajectory of low-carbon transitions. As such, the study of sustainable transitions
would necessitate an integrative approach to understanding the interrelated dynamics of
economic growth, fossil fuel dependency, renewable energy, and environmental stresses.

Previous studies have usually analyzed these determinants either separately or within
relatively simple regression models. Such an approach restricts the ability to capture the
complex and multidimensional nature of the energy transition process. At the same time,
limited attention has been given to the development of synthetic analytical frameworks
that could combine economic, fossil-fuel, and renewable-energy dimensions into a single,
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coherent measure of emission pressure. This limitation is especially important in the Polish
context, where the transition is structurally uneven and depends strongly on the interaction
between the reduction in coal use, economic growth, and the development of renewable
energy sources.

Previous research on energy transition has developed along several complementary
lines. The first group of studies focuses on the structural transformation of national energy
systems, especially in countries historically dependent on coal. This literature emphasizes
path dependency, the persistence of fossil-fuel infrastructure, the political economy of coal
phase-down, and the tension between decarbonization, energy security, and industrial com-
petitiveness [6-11]. In the Polish case, these issues are particularly relevant because coal has
long been not only a dominant energy carrier, but also an institutional and socioeconomic
foundation of the national energy system [7,8,12,13]. As a result, Poland’s transition cannot
be interpreted only as a technological substitution of coal by renewable energy sources but
should be examined as a gradual reconfiguration of the energy—economic structure [7,8,14].

Other group of research examines the relationship between economic growth, energy
consumption, renewable energy development, and carbon emissions. These studies often
use econometric approaches to assess decoupling, causality, and long-term dependencies
between GDP, fossil fuel use, and emissions [9,14-16]. They provide important evidence on
whether economic growth can be separated from environmental pressure [15]. However,
such approaches usually focus on the statistical relationships between selected variables
and are less suited to representing the combined structural configuration of the energy
system in a single synthetic measure [16—18]. This is important in transition economies
where emission pressure is generated not by one isolated variable, but by the interaction of
coal dependence, gas use, renewable energy expansion, and economic activity [17-19].

A next group of studies applies composite indicators and multi-criteria decision-
making methods to energy and sustainability assessment. Methods such as AHP, TOPSIS,
entropy weighting, DEA, and fuzzy approaches have been used to evaluate energy perfor-
mance, sustainability, emission intensity, and policy alternatives [20-23]. These methods
are valuable because they allow heterogeneous variables to be integrated into one analytical
framework [20-23]. Fuzzy approaches are especially useful where system states are grad-
ual, imprecise, and difficult to describe through binary classifications [24-29]. Nevertheless,
many applications are oriented toward ranking countries, regions, technologies, or policy
scenarios. Less attention has been devoted to the use of fuzzy composite assessment for
tracing the annual evolution of emission pressure within one national energy—economic
system. This creates a methodological and empirical gap that is addressed in the present
study [25-29].

Against this background, the innovative contribution of this study is threefold. It
develops a synthetic FMCE-based emission pressure index that integrates economic activ-
ity, hard coal consumption, natural gas consumption, and insufficient renewable energy
penetration into one interpretable measure. It applies this index to Poland over the period
2000-2023, allowing the transition to be examined as a phased and uneven process rather
than as a simple linear trend. It decomposes the index into component-level contributions,
making it possible to identify the changing role of coal, gas, GDP, and renewable energy
in shaping emission pressure over time. In this way, the study complements existing
econometric and policy-oriented research by offering a fuzzy composite framework for
diagnosing structural emission pressure in a coal-dependent energy system.

The research gap therefore relates not to the absence of fuzzy and multi-criteria
methods in energy studies in general, but to their still limited use for tracing the long-term
annual trajectory of emission pressure in the Polish energy—economic system. Fuzzy and
multi-criteria approaches have already been applied in international energy research, for
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example to renewable energy planning, energy-policy evaluation, technology selection,
location assessment, and low-carbon transition performance comparisons. However, these
studies are usually oriented toward ranking alternatives, selecting technologies, comparing
countries, or evaluating policy scenarios. Less attention has been given to the use of an
FMCE-based composite index for following the year-by-year evolution of selected energy-
related emission-pressure dimensions within one coal-dependent national economy.

Existing studies rarely provide synthetic measures capable of representing gradual,
multidimensional, and configuration-based changes in energy-transition processes, al-
though these processes are dynamic, uneven, and difficult to describe through simple
deterministic classifications. In particular, there is a shortage of research applying Fuzzy
Multi-Criteria Evaluation (FMCE) methods to assess how different elements of the energy—
economic system jointly affect emission pressure over time. As a result, the structural
decomposition of emission drivers and the identification of transition phases marked by
different levels of environmental pressure remain insufficiently explored. This study ad-
dresses this gap by proposing a synthetic FMCE-based emission pressure index, which
allows for a more integrated interpretation of Poland’s long-term energy transition.

The aim of this study is to examine changes in selected energy—economic dimensions
of Poland’s emission pressure between 2000 and 2023 using the Fuzzy Multi-Criteria
Evaluation (FMCE) approach. The study is guided by the following research questions:

RQ1.How did the structure of Poland’s energy—economic system influence the level of
emission pressure in the period 2000-2023?

RQ2.To what extent did the reduction in hard coal consumption contribute to the decline
in the composite emission-pressure index during Poland’s energy transition?

RQ3. How can the Fuzzy Multi-Criteria Evaluation (FMCE) approach represent gradual and
multidimensional relationships between economic growth, fossil fuel consumption,
renewable energy development, and emission pressure in Poland?

The paper includes both theoretical and empirical components. The theoretical part
consists of Section 2, “Related Works”, and Section 3, “Background of Analysis”. Section 3
also provides a conceptual transition to Section 4, “Materials and Methods”. The empirical
results are presented in Section 5, followed by the discussion in Section 6. The final section,
Section 7, presents the conclusions of the study.

The novelty of this study does not lie in the use of fuzzy or multi-criteria methods
in energy research as such, since these methods have already been applied in many in-
ternational energy contexts. Rather, the contribution lies in adapting an FMCE-based
composite-index approach to trace the annual evolution of selected energy-related emission
pressure in Poland, a coal-dependent economy undergoing a long-term transition between
2000 and 2023.

2. Related Works

Poland’s energy transition should be understood as a long-term restructuring process
shaped simultaneously by international climate commitments and the regulatory frame-
work of the European Union. The central policy context is provided by the European Green
Deal, which establishes the objective of climate neutrality by 2050, and by the “Fit for
55” package, which requires a reduction in greenhouse gas emissions of at least 55% by
2030 compared with 1990 levels [2,3]. Within this framework, Poland occupies a specific
and difficult position because its energy system has historically been based to a much
greater extent on coal than those of most other EU countries [6]. The main national policy
response is “Poland’s Energy Policy until 2040” (PEP2040) [5]. This document defines the
transition pathway through three strategic pillars: ensuring a just transition, building a low-
and zero-emission energy system, and improving air quality [14]. In practical terms, this
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means a progressive reduction in the use of coal, the introduction of nuclear power, and a
rapid expansion of renewable energy sources, especially offshore wind and photovoltaic
energy [7,30,31]. The transition is also expected to involve decentralized and bottom-up
forms of energy production, including energy cooperatives [32]. Early cooperative projects
encountered many barriers [33], but more recent initiatives have begun to expand at a
much faster pace [34].

The historical structure of the Polish energy sector explains the scale of the current
challenge. For decades, hard coal and lignite were treated not only as the dominant fuels,
but also as guarantees of energy security and domestic resource independence [7]. At the
start of the 2000s, coal generated more than 90% of Poland’s electricity. Although its share
has declined in recent years, coal still remains the main source of electricity generation [8].
This continued dependence means that Poland is still one of the most carbon-intensive
economies in the European Union, especially because electricity production remains highly
emission-intensive [9].

The shift away from carbon-intensive energy production is associated with high fi-
nancial and infrastructural burdens. Emissions generate direct economic pressure through
the EU ETS, where increasing allowance prices raise energy costs and reduce the competi-
tiveness of industry, particularly in energy-intensive sectors [10]. The social costs of the
transition are also significant, as rising energy prices and uneven household capacities
increase the risk of energy poverty [11].

Renewable energy sources constitute the fastest-growing element of the transforma-
tion. Their contribution to electricity generation has increased markedly in recent years,
with photovoltaics becoming especially important due to the expansion of prosumer-based
energy production [35-38]. Wind power is also gaining importance and already represents
one of the principal renewable sources in the Polish system. Its further development is
expected to depend strongly on offshore wind projects in the Baltic Sea [39]. However, the
rapid increase in renewable capacity has revealed serious constraints in the existing infras-
tructure. Transmission networks are not sufficiently adapted to the scale and variability
of renewable generation, which leads to curtailment and creates pressure for large-scale
investments in grid modernization and energy storage [8].

The variability of renewable energy means that the Polish transition cannot rely on
RES alone. Stabilizing technologies are also required. Natural gas is therefore treated
as a bridging fuel that can support emission reduction while maintaining continuity of
supply [31]. This role, however, creates additional vulnerability because greater reliance on
gas increases exposure to imports, geopolitical risk, and price volatility [14]. In the longer
term, nuclear power is expected to provide stable, low-emission baseload electricity [40].
Carbon capture and storage or utilization technologies are also discussed as supporting
instruments, especially in sectors where emission reduction is technically difficult [41,42].

The transition also produces major socioeconomic consequences. The idea of a just
transition is central because regions dependent on coal mining, particularly Upper Silesia,
face the risk of structural decline, job losses, and social disruption [12]. Managing this pro-
cess requires labor market restructuring and retraining programs for workers moving out
of coal-related sectors [13]. Energy poverty remains another critical issue, especially where
rising prices coincide with poor building efficiency and limited household investment
capacity [10].

The literature increasingly analyzes Poland’s transition through the concept of de-
coupling, meaning the weakening or breaking of the link between economic growth and
greenhouse gas emissions. Poland has achieved clear progress in this area, including
relative decoupling and, in some periods, absolute decoupling [9]. Emission reductions in
recent years appear to result mainly from technological change rather than from reduced
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economic activity. However, economic growth continues to be linked with emissions
because fossil fuels still play a substantial role in the energy system [15]. This has led
scholars to question whether classical analytical tools are sufficient. Regression-based
and econometric approaches often assume linearity and independence between factors,
which limits their usefulness in explaining energy transformation processes [16]. Energy
transition is better described as nonlinear, multidimensional, and context-dependent, with
relationships that are often gradual rather than clearly bounded [17,18]. For this reason,
synthetic indicators and multi-criteria decision-making methods [MCDM] have become
increasingly relevant, as they allow different types of variables to be combined into one
analytical measure [20].

One important direction in this field is the construction of composite indices that
measure energy sustainability, system performance, or emission intensity. These indices
may be based on traditional weighted aggregation or on more advanced techniques such as
TOPSIS, AHP, entropy-based approaches, and DEA [21,22]. In energy transition research,
such measures help identify structural shifts in the system and compare changes over time
or between countries [19]. Their results, however, are sensitive to methodological decisions,
especially the choice of weights and normalization procedures [23].

Fuzzy logic methods have gained growing importance because they are well suited to
situations in which relationships between variables are imprecise and transitions between
states are gradual [24,25]. Fuzzy Multi-Criteria Evaluation [FMCE] is one approach that
makes it possible to combine several analytical dimensions while recognizing that categories
such as “high” or “low” emission pressure do not have sharp boundaries [26-28]. Such
methods are already used in environmental risk assessment, energy-efficiency evaluation,
and sustainability studies [29].

Although fuzzy and multi-criteria methods are increasingly used in energy and envi-
ronmental research, they are still rarely applied to the Polish energy transition. Existing
studies most often concentrate on sectoral assessments, policy analysis, or econometric
modeling of the relationships between emissions, energy use, and economic growth [9,15].
Fewer studies attempt to build synthetic measures that combine economic development,
fossil fuel consumption, and renewable energy growth within a single framework. The
main unresolved problem is the lack of an approach that jointly accounts for four ele-
ments [18,19]: economic growth as a source of emission pressure, the continuing role of
fossil fuels, especially coal and gas, the increasing importance of renewables in reduc-
ing pressure on emissions, and the changing configuration of these factors within the
energy—economic structure [17].

This creates a need for an integrated measure capable of capturing these dimensions
simultaneously. The present study responds to this need by applying Fuzzy Multi-Criteria
Evaluation [FMCE] to construct an emission pressure index. The index is designed to
reflect the configurational character of the Polish energy—economic system and to trace
its structural evolution over time. A fuzzy approach is appropriate because the links
between economic growth, the energy mix, and emissions are not linear or binary. Al-
though descriptive threshold classes may be introduced at the final interpretation stage,
the core FMCE procedure is based on continuous membership degrees rather than on
deterministic classification.

Although fuzzy TOPSIS, AHP, entropy-based approaches, and DEA are widely used in
energy and sustainability assessment, their analytical orientation differs from the purpose
of the present study. Fuzzy TOPSIS is particularly useful when the aim is to rank a set
of alternatives according to their distance from an ideal and an anti-ideal solution. AHP
is especially valuable for structuring expert judgments and deriving hierarchical weights
among criteria. Entropy-based methods are mainly applied when objective weights are
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expected to be derived from data dispersion, whereas DEA is designed to evaluate relative
efficiency among comparable decision-making units. In contrast, the objective of this
study is not to rank alternative energy systems, select the best policy option, or estimate
efficiency frontiers. The aim is to trace the annual evolution of emission pressure within one
national energy—economic system. For this reason, FMCE is appropriate because it allows
heterogeneous variables to be transformed into continuous fuzzy membership degrees and
then aggregated into an interpretable synthetic index. This makes it possible to examine
gradual movement between emission-pressure states over time and to decompose the index
into the contributions of its component variables.

3. Background of the Analysis

Poland’s energy market is undergoing a deep structural transformation, driven primar-
ily by the need to reduce the dominance of coal and increase the role of renewable energy
sources (RES) and natural gas. In this process, natural gas is treated as a transitional fuel,
although its long-term use is also expected to decline. Coal still remains the foundation of
the Polish energy system, but its importance is steadily decreasing. In 2000, hard coal and
lignite accounted for more than 90-95% of energy production, whereas by 2025 their share
had fallen to approximately 52-56% [43]. This illustrates the scale of the shift, although it
also confirms that coal continues to play a major role in the national energy mix.

The gradual withdrawal from coal is also reflected in the planned reduction in mining
activity and the decommissioning of older coal-fired power units. In the coming decade,
coal is expected to remain in the system mainly as a reserve source supporting energy
security. However, many 200 MW coal-fired units are scheduled for closure between 2030
and 2035. In recent years, the most direct path away from coal has been its substitution
with natural gas, most of which is imported. Gas is still perceived in Poland as a fuel that
can stabilize the system during the transition. New gas-fired power plants, such as the
investment in Gryfino, are intended to replace retired coal units. However, replacing coal
with gas does not fully resolve the problem of energy security. Poland has no significant
domestic gas deposits, which means that a gas-based transition increases dependence on
imports, including LNG supplies. This exposes the Polish energy system to price volatility
on international markets. Although Poland has completely stopped importing coal and gas
from Russia, it has simultaneously become more dependent on other external suppliers. In
2023, the level of energy import dependency reached 45% [44].

The renewable energy sector has developed much more dynamically. By 2025, RES
accounted for more than 30% of total energy production in Poland, and in some months,
such as June, electricity generated from renewable sources exceeded coal-based generation.
This marks a major change compared with 2000, when renewables represented only about
1-2% of the energy mix and were based mainly on small hydropower plants and, to a
limited extent, biomass. At that time, coal’s dominance in the Polish energy system was
almost complete. The current expansion of RES is driven primarily by photovoltaics,
including both prosumer installations and large-scale solar farms [43]. Wind energy is the
second major renewable source and will soon be supplemented by offshore wind power.
Onshore wind farms have already become one of the leading sources of renewable electricity,
accounting for nearly 14% of electricity generation. However, the pace of renewable energy
development is faster than the modernization of transmission infrastructure. As a result,
grid constraints increasingly force temporary curtailment of wind and solar generation.

To present the dynamics of change in Poland’s key energy resources more clearly, an
analysis was conducted using data for the period 2000-2023.

The trend data presented in Figure 1 indicate a clear increase in the role of renewable
energy sources in Poland’s energy production, as shown on the Y2 axis. The lowest RES
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production level was recorded in 2003, at 2250 GWh, whereas by 2023 it had risen to
45,853 GWh. This growth reflects a substantial expansion of renewable generation capacity
over the analyzed period. Hard coal consumption followed a different trajectory. Over
the whole period, its average level amounted to 75,866 thousand tons, as shown on the
Y1 axis. The highest consumption was recorded in 2003, when it reached 85,367 thousand
tons, while the lowest level was 55,418 thousand tons. This indicates that coal consumption
declined over time, although it remained structurally significant in Poland’s energy system.
Carbon dioxide emissions also showed a gradual downward tendency, although the decline
was not linear. Average CO; emissions during the analyzed period amounted to 321,245.8
thousand tons, as presented on the Y1 axis. The lowest value was recorded at the end of
the period and reached 283,619 thousand tons. For comparison, the highest value occurred
in 2018, when emissions amounted to 336,992 thousand tons.
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Figure 1. Energy sources in Poland: dynamics Source: own analysis based on [45-48].

Despite the rapid growth of RES, whose share in electricity production reached 29.4%,
the further development of renewable energy in Poland continues to be constrained by
legislative and administrative barriers involving ministries, system operators, local gov-
ernments, and other institutional actors [49]. At the same time, Poland remains one of
the world’s most emission-intensive economies, both in terms of emissions per unit of
GDP and in relation to energy consumption. In terms of economic emission intensity, only
Kuwait, South Africa, Kazakhstan, and China rank higher. In 2024, the average price of
CO; emission allowances amounted to EUR 64.75 per ton, which was below expectations
and reduced budget revenues from the EU ETS. Nevertheless, revenues from the sale of
allowances still reached PLN 16.6 billion [44].

4. Materials and Methods

The analysis was based on official statistical data obtained from Statistics Poland. The
study covered the years 2000-2023. This time frame was adopted deliberately, as it makes
it possible to observe successive phases of Poland’s energy transition and to distinguish
between the pre-accession period before 2004 and the period following Poland’s entry into
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the European Union. This distinction is analytically important because EU membership
changed the institutional, regulatory, and investment conditions under which the Polish
energy system developed.

The research period covers 24 years. From a methodological perspective, such a long
observation window is appropriate for the analysis of structural change. It allows the study
to move beyond short-term fluctuations and to identify longer-term tendencies, transition
phases, and changes in the configuration of the energy system. At the same time, the period
cannot be treated as internally uniform. The analyzed years were shaped by different
regulatory regimes, changes in energy prices, technological development, and evolving
environmental policy. As a result, Poland’s energy transformation should be interpreted as
an uneven and phased process rather than as a simple linear trend.

The main purpose of the study is to identify the stage-based nature of Poland’s energy
transition using a synthetic emission pressure index. The index was constructed with
reference to the key energy sources determining the structure of the national energy mix.
The analysis therefore focuses on the changing importance of fossil fuels and renewable
energy sources within the broader energy system. It does not examine emission dynam-
ics in isolation, but treats them as the outcome of structural relationships between the
composition of energy production, the intensity of transition, and the pressure exerted on
the environment.

The selection of variables was based on the specific purpose of the study, which is
not to construct a complete sectoral inventory of all carbon-emission sources in Poland,
but to assess structural emission pressure associated with the national energy—economic
transition. For this reason, the model focuses on system-level variables directly connected
with the energy mix and macroeconomic activity: GDP, hard coal consumption, natural
gas consumption, and renewable electricity production. These variables were selected
because they represent the main structural dimensions of Poland’s transition from a coal-
based energy system toward a more diversified and lower-emission configuration. The
model therefore does not directly include sector-specific emission sources such as transport,
heavy industry, construction, agriculture, waste management, or household heating. These
sectors are important sources of carbon emissions, but their inclusion would require a
different sectoral model, based on disaggregated activity and emission data. In the present
study, they are treated only indirectly through the broader macroeconomic and energy-
system variables.

Four variables were used to represent selected system-level dimensions of energy-
related emission pressure:

GDP—macroeconomic activity included as a broad background variable reflecting
the scale of the economy, not as a substitute for sector-specific emission drivers: Gross
Domestic Product at current prices, in millions of PLN, in Poland in 2000-2023 [50].

Coal—hard coal consumption included as a fossil-fuel variable associated with emis-
sion pressure, in thousand tons, in Poland in 2000-2023 [47,48].

Gas—natural gas consumption included as a fossil-fuel variable associated with emis-
sion pressure, while recognizing its lower carbon intensity relative to coal and its possible
substitution role in the transition process: natural gas consumption, in PJ, in Poland in
2000-2023 [44].

RES—renewable energy production transformed into an inverse fuzzy set, RES_low,
expressing insufficient renewable energy penetration as a factor increasing emission pres-
sure: renewable electricity production, in GWh, in Poland in 2000-2023 [45,46].

Carbon emissions, expressed in thousand tons, were used as a contextual reference
variable and were not included as a direct input variable in the FMCE index.
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Renewable electricity production was measured in absolute terms, in GWh, rather
than as a share of electricity generation or final energy consumption. This choice was made
because the aim of the FMCE model is to capture the expansion of renewable generation
capacity as one of the structural changes in the Polish energy system over time. Absolute
RES production directly reflects the physical increase in renewable electricity supplied to
the system, which is especially relevant in a long-term transition analysis covering the
period 2000-2023. However, this variable should not be interpreted as a direct measure of
renewable penetration in the energy mix. A share-based indicator, such as the RES share in
electricity generation or final energy consumption, would better reflect the relative position
of renewables within total demand. The use of absolute RES production therefore has an
important limitation: if electricity demand grows, increasing RES production may coexist
with only limited improvement in renewable penetration. For this reason, the variable
RES_low in the FMCE model should be interpreted as an inverse indicator of insufficient
renewable electricity expansion within the analyzed sample, not as a complete measure of
renewable adequacy or system penetration.

Natural gas was included in the FMCE model as a positive contributor to emission
pressure because it remains a fossil fuel and generates carbon emissions when consumed.
This modeling decision captures the absolute fossil-fuel effect of gas. At the same time, the
interpretation of natural gas in Poland’s energy transition is more ambiguous. In relative
terms, gas may reduce emission intensity when it substitutes for coal, especially in electricity
and heat generation. Therefore, gas can simultaneously act as a transitional substitute for
coal and as a continuing source of fossil-fuel-based emission pressure. The FMCE model
captures the latter effect by treating higher gas consumption as increasing emission pressure,
while the discussion recognizes the former effect as a possible substitution mechanism
within the transition process. This distinction is important because the role of gas depends
on whether it is assessed in absolute terms as a fossil fuel or in relative terms as a lower-
emission substitute for coal.

The selection of variables was guided by data availability, comparability across the
full 2000-2023 period, and the objective of constructing a synthetic indicator of structural
emission pressure rather than a complete physical model of the Polish energy system. GDP
was included as a macroeconomic pressure variable. In the baseline specification, GDP
at current prices was used because it reflects the nominal scale of economic activity and
the economic expansion of the system over time. This choice has an important limitation:
nominal GDP growth also includes inflation and changes in the general price level. There-
fore, GDP in current prices should not be interpreted as a pure measure of real production
growth. In this study, GDP is used only as a broad macroeconomic background variable
within the fuzzy composite framework, while the interpretation of emission pressure is
driven primarily by the energy variables. Future extensions of the model should test
the sensitivity of the results using real GDP, GDP in constant prices, GDP per capita, or
industrial output.

The coal variable used in the FMCE model refers to hard coal consumption. This choice
was made to ensure consistency of the time series and to focus on the dominant coal-related
component available for the entire period of analysis. Nevertheless, this is a limitation of
the model because Poland’s coal dependence also includes lignite, which has played an
important role in electricity generation. Therefore, the coal component in the FMCE index
should be interpreted as a hard-coal-based proxy of coal-related emission pressure rather
than as a complete measure of total coal dependence. The broader discussion of Poland’s
coal-based energy system includes both hard coal and lignite, but the empirical model
uses hard coal only. This distinction has been clarified in the revised manuscript to avoid
conceptual ambiguity. Future research should extend the FMCE framework by including a
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combined coal variable covering both hard coal and lignite, provided that fully comparable
long-term data are available.

To construct the synthetic emission pressure index, the study applied the Fuzzy
Multi-Criteria Evaluation (FMCE) approach. This method enables the integration of het-
erogeneous variables describing the energy—economic system. In this study, FMCE is not
used as a formal nonlinear econometric model, but as a composite-index framework that
converts variables expressed in different units into comparable fuzzy membership degrees
and aggregates them into a continuous, interpretable measure of relative emission pressure.
In this study, FMCE is used as a complementary analytical layer alongside regression-based
approaches, supporting a structural interpretation of the factors shaping emission pressure.

The choice of FMCE was motivated by the specific objective of the study. Unlike fuzzy
TOPSIS, which is mainly designed to rank alternatives according to their distance from ideal
solutions, and unlike AHP, which focuses on hierarchical preference elicitation and expert-
based weighting, FMCE is better suited for constructing a continuous composite measure
for a single system observed over time. In the present study, the purpose was not to compare
several countries or policy variants, but to assess the changing degree of emission pressure
in Poland from year to year. FMCE therefore provides three methodological advantages: it
converts variables measured in different units into comparable fuzzy membership degrees,
it represents gradual transitions between low, moderate, and high emission-pressure states,
and it allows the final index to be decomposed into the contributions of GDP, coal, gas, and
insufficient renewable energy penetration.

The research methodology is summarized in Figure 2. The analytical procedure was
organized into successive stages, starting with data collection and initial organization,
followed by the specification of the FMCE model and the application of statistical modeling
procedures. The procedure was not purely mechanical. Some stages required iterative
verification, especially during data preparation and harmonization, where it was necessary
to ensure consistency between variables and comparability across the entire time series.

Defining the purpose of the | Preprocessing: Data ki Ml et Sitisiter]

: . Model Construction:FMCE
study ‘ collection and preparation it ‘

Stage 3 in the FMCE

Stage 1 in the FMCE model:
Variables normalization (min-
max transformation)

>

Stage 2 in the FMCE model:
Division of variables into two
sets: high emission pressure
and reduces emission
presure

model:The overall emission
pressure index for year t
(FMCE_t) as a weighted

linear aggregation of fuzzy

membership degrees

‘ Stage 5 in the FMCE

model:Detremining changes

between periods in energy
transformation

Step 4 in the FMCE model:
Decomposition of the FMCE |
index ‘

Figure 2. Methodology of research. Source: Own elaboration.

The procedure should be interpreted as an FMCE-based composite-index approach
using linear membership functions and constant weights, not as a full fuzzy-inference
system with adaptive rules, stage-dependent coefficients, or overlapping fuzzy corridors.

The underlying assumption is that relative emission pressure can be approximated
through the selected configuration of energy-related and macroeconomic variables. There-
fore, the FMCE model summarizes the combined contribution of economic activity, fossil-
fuel consumption, and renewable electricity production within the adopted composite-
index structure. To ensure comparability across variables expressed in different units,

https://doi.org/10.3390/en19133060


https://doi.org/10.3390/en19133060

Energies 2026, 19, 3060

12 of 34

all variables were normalized using min—-max transformation. For each variable x;, the
normalized value y; € [0, 1] is defined as (formula (1)):

x; — min(x;)
max(x;) — min(x;)

pi = (1)

It is important to emphasize that the FMCE index is sample-relative rather than
absolute. The value of 0 for a given component indicates the lowest observed value
of that variable within the analyzed period, while the value of 1 indicates the highest
observed value in the same sample. Therefore, a coal membership value close to 0 in
2023 does not mean that coal ceased to matter in Poland’s energy system; it means that
hard coal consumption reached its lowest relative level within the 2000-2023 observation
window. Similarly, (RES_low = 0) does not imply that renewable energy penetration became
sufficient in an absolute technological, policy, or system-adequacy sense. It only means that
renewable electricity production reached the highest level observed in the analyzed sample.
Consequently, all fuzzy membership degrees and FMCE values should be interpreted as
relative positions within the empirical trajectory of Poland’s energy—economic system, not
as absolute assessments of decarbonization completion.

The use of min—-max normalization in this study is interpreted as a linear fuzzy
membership function defined over the empirical range of each variable observed in Poland
between 2000 and 2023. The normalized value does not represent a probability or an
absolute physical threshold of emission pressure. Instead, it expresses the relative degree to
which a given annual observation belongs to the fuzzy set associated with higher emission
pressure within the analyzed period. A value close to 0 indicates that the observation is
located near the lowest empirical level recorded for a given variable, whereas a value close
to 1 indicates proximity to the highest empirical level observed in the same time window.
Thus, the membership functions used in the FMCE model are data-driven, monotonic, and
relative to the national energy—economic trajectory analyzed in this paper.

For GDP, hard coal consumption, and natural gas consumption, higher normalized
values were interpreted as higher membership in the fuzzy set “high emission pressure”,
because these variables act as stimulants of emission pressure in the adopted model. For
renewable energy production, the interpretation is reversed. Since higher renewable elec-
tricity production reduces emission pressure, an inverse membership function was applied.
The variable (RES_low) therefore represents the degree of insufficient renewable energy
penetration: high values of (RES_low) indicate weak renewable-energy development and
thus stronger emission pressure, while low values indicate greater renewable-energy pen-
etration and weaker emission pressure. This specification preserves the interpretability
of the fuzzy sets by ensuring that all membership degrees included in the FMCE aggre-
gation have the same directional meaning: higher values always correspond to stronger
emission pressure.

For variables that increase emission pressure (GDP, coal, gas), the normalized value
directly represents the degree of membership in the fuzzy set “high emission pressure”

(Formula (2)):
(high) x; — min(x;)

Hi = ()

! max(x;) — min(x;)

In contrast, for renewable energy (RES), which reduces emission pressure, an inverse
transformation was applied (Formula (3)):

(low) RES — mln(RES)

Mres = 1 = Lo (RES) — min(RES) ®)
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This formulation ensures that higher RES values correspond to lower emission pres-
sure within the fuzzy framework. The relative importance of each variable was incorporated
through a weighting system derived from prior econometric analysis (ARDL-based sensi-
tivity results). The weights were derived from prior ARDL-based sensitivity analysis and
then normalized to sum to one. To reduce the risk that the results were driven solely by the
weighting scheme, the robustness of the FMCE trajectory was additionally checked against
alternative weighting assumptions, including equal weights and reduced coal-dominance
scenarios. Let w; denote the weight assigned to variable i, such that (Formula (4)):

Y wi =1 4)
The weights used in the model are (Formula (5)):
wepp = 0.0897, weey = 0.8111, wg,s = 0.0718, wrps = 0.0274 )

The large difference between the coal and gas weights should therefore be treated
with caution. It does not imply that hard coal is physically ten times more emission-
intensive than natural gas per unit of useful energy or electricity generation. In general, gas
combustion is less carbon-intensive than coal combustion, although it still remains a fossil-
fuel source of emissions. In the present index, the higher coal weight reflects the historical
association between hard coal consumption and Poland’s emission-pressure trajectory
during the analyzed period, rather than a universal emissions-factor ratio between coal
and gas.

The weights used in Formula (5) were derived from prior ARDL-based sensitivity
analysis linking the selected energy—economic variables with carbon-emission dynamics
in Poland. The estimated relative effects were transformed into non-negative values and
normalized so that the sum of all weights equaled one. This procedure resulted in the
following weighting structure: (w_{GDP} = 0.0897), (w_{Coal} = 0.8111), (w_{Gas} = 0.0718),
and (w_{RES_low} = 0.0274). The high weight assigned to hard coal should be interpreted
as a modeling assumption based on the auxiliary ARDL-based sensitivity procedure and on
the historically important role of coal in Poland’s emission-intensive energy system. It does
not mean that the FMCE model independently proves coal to be the dominant causal driver
of emissions. The lower weights assigned to GDP, gas, and RES_low indicate a smaller
contribution within the adopted composite-index specification, not a general statement
about their absolute physical or causal influence on carbon emissions.

To improve the transparency of the weighting procedure, an auxiliary ARDL-based
sensitivity model was estimated for Poland over the period 2000-2023. The dependent
variable was the logarithm of carbon emissions, while the explanatory variables were
the logarithms of GDP, hard coal consumption, natural gas consumption, and renewable
electricity production. Lag selection was based on the Akaike Information Criterion, with
a maximum lag length of two years. The selected specification was ARDL (0, 2, 0, 1, 2).
The model was used as an auxiliary procedure for validating the empirical importance
of the variables included in the FMCE index, not as the main causal model of the study.
The cumulative absolute effects obtained from the selected auxiliary ARDL model were
used only to inform the baseline weighting scheme. They should not be interpreted as
definitive evidence of the causal dominance of hard coal in carbon-emission dynamics,
especially because the FMCE model includes a deliberately limited set of four system-level
variables. Since the exact values of relative effects may depend on model specification, the
baseline FMCE weighting scheme was additionally tested under equal-weight and reduced
coal-dominance scenarios (Table 1).
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Table 1. Diagnostic statistics of the auxiliary ARDL model used for weight validation.

Element Result
Dependent variable Log carbon emissions
Log GDP, log hard coal consumption, log
Explanatory variables natural gas consumption, log renewable
electricity production
Estimation period 2000-2023
Lag selection criterion AIC
Maximum lag length 2
Selected specification ARDL (0,2,0,1,2)
R? 0.920
Adjusted R? 0.860
Overall F-test p-value 0.000028
AIC —127.460
BIC —114.501
Durbin-Watson statistic 1.777
Breusch-Godfrey LM test, lag 1 p=0.520
Breusch-Godfrey LM test, lag 2 p=0226
Breusch-Pagan heteroskedasticity test p =0.375
Jarque—Bera normality test p =0.297
RESET functional-form test p =0.908

Source: own preparation.

It should be emphasized that the weighting procedure does not demonstrate non-
linearity in the transition process. The weights only determine the relative contribution
of each component to the composite FMCE index. The uneven and non-linear character
of Poland’s energy transition is inferred from the empirical trajectories of the underlying
variables, especially the decline in hard coal consumption, the late acceleration of renewable
electricity production, and the fluctuating path of carbon emissions shown in Figure 1.
Therefore, the FMCE index should be interpreted as a synthetic and decomposable rep-
resentation of these observed changes, not as a formal nonlinear transformation of the
input variables.

To verify whether the FMCE trajectory depends excessively on the adopted ARDL-
based weighting scheme, a sensitivity analysis was performed using three alternative
weighting scenarios (Table 2). The baseline model was compared with equal weights and
with two reduced coal-dominance scenarios, in which the coal weight was decreased to 0.60
and 0.50, while the remaining weights were redistributed proportionally among GDP, gas,
and RES_low. The results show that the absolute values of the FMCE index are sensitive
to the weighting scheme, which is expected in composite-index construction. Under the
baseline ARDL-based weights, the average FMCE value declined from 0.793 in 2000-2007
to 0.336 in 2019-2023. When the coal weight was reduced to 0.60, the corresponding decline
remained visible, from 0.646 to 0.430. Under the more restrictive coal-weight scenario
of 0.50, the decline was weaker but still present, from 0.577 to 0.475. In contrast, the
equal-weight scenario produced a much flatter trajectory, with the average FMCE value
decreasing only from 0.528 to 0.508. This indicates that assigning equal importance to all
variables partly offsets the decline in coal-related pressure through the increasing values
of GDP_high and Gas_high. Therefore, the ARDL-based weighting scheme is justified

https://doi.org/10.3390/en19133060


https://doi.org/10.3390/en19133060

Energies 2026, 19, 3060

15 of 34

because it better reflects the historically dominant emission role of coal in Poland’s energy
system. At the same time, the sensitivity analysis confirms that the main direction of change
remains visible under reduced coal-dominance assumptions, although the magnitude of
the decline depends on the adopted weighting structure.

Table 2. Sensitivity analysis of FMCE subperiod averages under alternative weighting schemes.

Change Between First

Weighting Scenario 2000-2007 2008-2013 2014-2018 2019-2023 and Last Subperiod
ARDL-based weights 0.793 0.655 0.568 0.336 —0.456
Equal weights 0.528 0.505 0.542 0.508 —0.020
Coal weight reduced to 0.60 0.646 0.574 0.558 0.430 —0.216
Coal weight reduced to 0.50 0.577 0.535 0.553 0.475 —0.102

Source: own preparation.

The classification into low, moderate, and high emission pressure should be inter-
preted only as a descriptive analytical device. The equal-width thresholds were adopted
because the FMCE index is normalized to the interval [0, 1], which makes the classification
transparent and reproducible. However, these thresholds are not statistically estimated
cut-off points, policy-defined decarbonization targets, or externally validated regime bound-
aries. For this reason, the main interpretation of the results is based on the continuous
FMCE trajectory, while the threshold classes are used only to improve the readability of the
temporal pattern.

These values reflect the dominant role of coal in shaping emission pressure, as iden-
tified in the empirical analysis. The overall emission pressure index for year ¢, denoted
as FMCE;, is calculated as a weighted linear aggregation of fuzzy membership degrees
(Formula (6)):

FMCE; = Y/ w;- iy 6)

Expanding for specific variables (Formula (7)):
FMCE; = wgpp - HGDPt + WCoal * HCoalt T WGas * HGast + WRES_low * HRES lowt  (7)

The resulting index takes values in the interval [0, 1], where higher values indicate
stronger emission pressure. To better understand the internal structure of the index, a
decomposition of the FMCE index into individual contributions was performed. The
contribution of each variable is defined as (Formula (8)):

Cit = w; - pip 8)
Thus (Formula (9)):
FMCE; = Cgppt + Ccoalt + Caast + CRES_low,t )

This decomposition allows for the identification of dominant drivers of emission
pressure in each year and enables a dynamic structural analysis of the system. To capture
long-term dynamics, the analysis was extended by grouping years into sub-periods and
computing average FMCE values (Formula (10)):

- 1
FMCE; = T Y e kFMCE; (10)

where k denotes a specific sub-period and Tj is the number of years in that period.
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The change between periods is defined as (Formula (11)):
AFMCE;, = FMCE; — FMCE; _ 4 (11)

This approach supports the descriptive identification of periods in which the transfor-
mation process changed its intensity. The FMCE index is understood as a composite indica-
tor of selected energy-related emission pressure, representing the combined arrangement
of the variables included in the model. The method is based on continuous membership
degrees and therefore preserves the gradual character of changes in the index. However,
the subsequent division of the FMCE values into low, moderate, and high classes is an
additional descriptive step, not a formal fuzzy classification procedure or a statistically
estimated regime model.

For interpretative purposes, the FMCE index was divided into three qualitative
emission-pressure classes. Values from 0.000 to 0.333 were interpreted as low emission
pressure, values from 0.334 to 0.666 as moderate emission pressure, and values from 0.667
to 1.000 as high emission pressure. These equal-width intervals were adopted because the
FMCE index is normalized to the 0-1 range. However, this classification is a descriptive
convention only. It does not represent statistically estimated thresholds, fuzzy corridors, or
objectively separated transition regimes. Therefore, the study does not avoid classification
in a literal sense; rather, it avoids treating the classes as rigid empirical regimes.

The fixed threshold ranges were used only as an interpretative device and not as
statistically estimated boundaries between objectively separated regimes. Since the FMCE
index is normalized to the interval [0, 1], the equal-width division into low, moderate, and
high emission pressure provides a transparent and replicable classification rule. However,
this approach is relatively rigid and may be sensitive to boundary values. For this reason,
the classification should be interpreted as descriptive rather than deterministic. The main
analytical result of the study is the continuous FMCE trajectory, whereas the threshold
classes are used only to facilitate the interpretation of changes over time. To reduce the
arbitrariness of stage interpretation, the empirical results additionally report within-stage
dispersion using standard deviation, minimum, and maximum FMCE values.

The periodization used in the empirical interpretation was not treated as a set of
formally estimated statistical regimes. It was derived from a combined interpretation of
four elements: the continuous FMCE trajectory, changes in average FMCE values between
subperiods, the stability or instability of threshold classes, and the broader energy-policy
context of Poland’s transition. The first phase, 2000-2007, represents a period of consistently
high emission pressure. The second phase, 2008-2013, reflects transitional instability,
because the FMCE index alternated between high and moderate values. The third phase,
2014-2018, represents moderate stabilization, as the index remained within a narrower
moderate-pressure range. The final phase, 20192023, captures the movement toward lower
relative emission pressure within the analyzed sample. Therefore, the periodization should
be understood as a descriptive and analytically justified structure supporting interpretation,
not as a formal change-point model.

5. Results

The findings are reported in line with the methodological sequence adopted in the
study and presented earlier in Figure 2 in Section 4. The organization of the results therefore
mirrors the logic of the research procedure: first, the synthetic indicator is constructed, and
then the structural patterns of the transition observed over time are interpreted.

Table 3 shows the values of the synthetic emission pressure index for Poland in 2000—
2023, calculated using the Fuzzy Multi-Criteria Evaluation (FMCE) method. The index was
developed through weighted aggregation of fuzzy membership degrees assigned to four
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variables: gross domestic product, hard coal consumption, natural gas consumption, and
renewable energy production. GDP, hard coal, and natural gas were included as variables
increasing emission pressure, while renewable energy was treated as a compensating factor
that reduces environmental pressure within the energy system.

Table 3. FMCE-based emission pressure index for Poland (2000-2023).

Year FMCE Index Class
2000 0.784 High
2001 0.775 High
2002 0.757 High
2003 0.856 High
2004 0.794 High
2005 0.736 High
2006 0.807 High
2007 0.832 High
2008 0.730 High
2009 0.551 Moderate
2010 0.782 High
2011 0.705 High
2012 0.608 Moderate
2013 0.668 High
2014 0.541 Moderate
2015 0.532 Moderate
2016 0.595 Moderate
2017 0.620 Moderate
2018 0.623 Moderate
2019 0.473 Moderate
2020 0.314 Low
2021 0.530 Moderate
2022 0.366 Moderate
2023 0.136 Low

Source: own preparation.

The table presents annual index values scaled from 0 to 1, together with qualitative
classifications of emission pressure: low, moderate, and high. This format enables a
synthetic assessment of long-term structural changes in Poland’s energy—economic system.
The results also show that the transition did not proceed in a linear or uniform way. Some
years point to relative stabilization, whereas others reflect transitional instability caused by
shifts in the fuel structure, economic growth, and the gradual incorporation of renewable
energy sources into the national energy mix.

The qualitative classification of the FMCE index was based on fixed threshold intervals.
Values from 0.000 to 0.333 were classified as low emission pressure, values from 0.334 to
0.666 as moderate emission pressure, and values from 0.667 to 1.000 as high emission
pressure. The same classification thresholds were applied consistently across all tables and
figures. These thresholds should be treated as a descriptive convention, not as empirically
estimated transition boundaries.

These thresholds should be understood as a transparent descriptive convention. They
do not imply that the transition process is divided into objectively separated regimes.
For this reason, the numerical FMCE trajectory and the sensitivity analysis of alternative
thresholds are used to check whether the substantive interpretation depends on the adopted
classification rule.

The values reported in Table 3 show that emission pressure changed markedly over
time. In the first years of the analysis, the index remained relatively high, indicating that
Poland’s energy—economic system was still dominated by emission-intensive conditions.

https://doi.org/10.3390/en19133060


https://doi.org/10.3390/en19133060

Energies 2026, 19, 3060

18 of 34

Between 2000 and 2007, emission pressure stayed at an elevated level, which suggests
that fossil fuels continued to shape the system’s structure to a considerable extent. The
particularly high value recorded in 2003 reflects an especially unfavorable configuration
of variables, mainly connected with the strong position of fossil fuel consumption in the
national energy mix.

The years 2008-2013 can be interpreted as an unstable transitional phase. During
this period, the FMCE index no longer remained uniformly high, but it did not yet form a
stable moderate-pressure regime. Several years, including 2008, 2010, 2011, and 2013, still
belonged to the high-pressure category, whereas 2009 and 2012 moved into the moderate
category. This pattern indicates a partial weakening of emission pressure rather than a
completed transition to a moderate regime.

In 2014-2018, emission pressure stabilized at a moderate level. The index remained
close to intermediate values, suggesting a temporary balance between variables that in-
creased emissions and variables that weakened emission pressure. Structurally, this means
that the energy transition was progressing, but not yet strongly enough to create a stable
low-emission configuration. A more visible change appeared after 2018, when the index
began to fall more clearly.

After 2018, the FMCE index declined markedly, indicating a transition toward lower
relative emission pressure within the analyzed sample. However, this result should not be
interpreted as evidence that Poland reached an absolute low-emission state. According to
the adopted threshold classification, only 2020 and 2023 fall into the low-emission-pressure
category, and this classification refers to the normalized FMCE scale for the 2000-2023
period. The lowest value recorded in 2023 therefore indicates the greatest departure from
the high-emission profile observed within the sample, not the full elimination of coal
dependence or the achievement of sufficient renewable energy penetration in absolute
policy terms.

Taken together, Figure 3 points to a long-term decline in emission pressure, although
the course of this change was uneven and included phases of adjustment, slowdown,
and temporary stabilization. The FMCE approach captures this process more fully than
standard linear methods because it combines several interacting factors and accounts for
their nonlinear and fuzzy relationships. The results therefore suggest that Poland’s energy
transition should be interpreted as a gradual, multidimensional, and structurally embedded
process. Its effects do not result from isolated changes in individual variables, but from
broader reconfigurations within the whole energy—economic system.

To validate the interpretative relevance of the FMCE index, the index values were
compared with observed carbon emissions, which were used in this study as a contextual
reference variable. The purpose of this comparison was not to transform the FMCE index
into a causal econometric model, but to assess whether the synthetic emission-pressure
measure captures a meaningful emission-related phenomenon. The results indicate a
strong positive association between the FMCE index and observed CO; emissions. The
Pearson correlation coefficient between the FMCE index and carbon emissions for 2000
2023 equals (r = 0.815) (p = 0.0000012), while the Spearman rank correlation equals (p =
0.731) (p = 0.000050). The relationship is also visible in year-to-year changes, where the
Pearson correlation between annual changes in the FMCE index and annual changes in CO,
emissions equals (r = 0.714) (p = 0.000132). The Spearman correlation for annual changes
equals (p = 0.747) (p = 0.000042).

The validation confirms that the FMCE index is meaningfully related to observed
emission dynamics (Table 4). The index captures several major turning points, including the
decline in 2009, the weakening of emission pressure after 2014, the marked decrease in 2019-
2020, and the lowest emission-pressure value in 2023. At the same time, the comparison
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also reveals some divergences. In 2017-2018, observed CO; emissions remained high, while
the FMCE index indicated only moderate emission pressure. In 2022, the FMCE index
declined, whereas observed CO; emissions increased. These divergences show that the
FMCE index should not be interpreted as a direct substitute for measured emissions. Rather,
it reflects the structural configuration of selected energy—economic variables that generate
emission pressure. Actual emissions may also be affected by short-term production, weather
conditions, electricity demand, fuel quality, imports, and operational factors not directly
included in the FMCE model.
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Figure 3. Trend of emission pressure in Poland with periods of energy transformation. Source:
own research.
Table 4. Validation of the FMCE index against observed CO, emissions.
Validation Element Result Interpretation
Pearson correlation between FMCE and CO, emissions 0.815 Strong positive association
Pearson correlation p-value 0.0000012 Statistically significant relationship
Spearman correlation between FMCE and CO; emissions 0.731 Strong rank-order consistency
Spearman correlation p-value 0.000050 Statistically significant relationship
P lati 1 FMCE ch . -
earson correlation between annua CE changes and 0.714 Similar direction of year-to-year movement
annual CO; changes
Pearson p-value for annual changes 0.000132 Statistically significant relationship

Spearman correlation between annual FMCE changes and
annual CO; changes

0.747 Strong rank-order consistency of changes

Spearman p-value for annual changes 0.000042

Statistically significant relationship

Source: own preparation.

The proposed periodization is therefore based on the observed structure of the FMCE
trajectory rather than on arbitrary calendar divisions alone (Table 5). The first period is
characterized by consistently high index values, while the second period shows instability
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and movement between high and moderate pressure. The third period reflects a more
stable moderate configuration, and the final period shows the strongest decline toward
lower relative emission pressure. This interpretation supports the use of the four phases
as descriptive analytical periods, while avoiding the overinterpretation of these phases as
statistically estimated regimes.

Table 5. Justification of the emission-pressure periodization.

Period Average FMCE Interpretation Justification
2000-2007 0.793 High emission pressure Consistently high FMCE values and strong coal-related
pressure
2008-2013 0.657 Transitional instability Alternation between high and moderate FMCE values
2014-2018 0.582 Moderate stabilization More stable moderate-pressure configuration
2019-2023 0.364 Lower relative emission pressure Clear decline in FMCE values and movement toward

the lowest relative values in the sample

Source: own preparation.

Table 6 reports the degree to which selected macro-energy variables belong to fuzzy
sets associated with high emission pressure in Poland between 2000 and 2023. For GDP,
hard coal consumption, and natural gas consumption, the values express membership in
the “high” category. Renewable energy sources were treated differently, using the inverse
variable RES_low. Under this specification, insufficient renewable energy penetration is
interpreted as a condition that strengthens emission pressure in the energy system.

Table 6. Fuzzy membership degrees (2000-2023).

Year GDP_High Coal_High Gas_High RES_Low
2000 0.000 0.933 0.000 0.998
2001 0.013 0.916 0.064 0.988
2002 0.024 0.896 0.020 0.988
2003 0.037 1.000 0.197 1.000
2004 0.066 0.913 0.283 0.981
2005 0.089 0.835 0.341 0.963
2006 0.118 0.937 0.142 0.953
2007 0.162 0.962 0.163 0.927
2008 0.199 0.832 0.185 0.900
2009 0.224 0.615 0.123 0.853
2010 0.262 0.887 0.233 0.802
2011 0.308 0.791 0.217 0.750
2012 0.331 0.659 0.347 0.665
2013 0.341 0.731 0.373 0.660
2014 0.365 0.579 0.312 0.597
2015 0.395 0.563 0.351 0.531
2016 0.419 0.626 0.484 0.529
2017 0.466 0.642 0.610 0.498
2018 0.517 0.628 0.720 0.556
2019 0.578 0.430 0.828 0.468
2020 0.597 0.233 0.839 0.404
2021 0.718 0.474 1.000 0.351
2022 0.882 0.302 0.504 0.187
2023 1.000 0.000 0.644 0.000

Source: own preparation.

To make the variables comparable, all of them were transformed to a common 0-1 scale
using min-max normalization. This step was required because the variables differ substan-
tially in their original units, ranges, and empirical magnitudes. Standardization therefore
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made it possible to compare fuzzy membership degrees across dimensions that represent
different aspects of the energy—economic system. Without this procedure, the interpretation
of membership values would be methodologically weak and potentially misleading.

The membership values presented in Table 2 show a pronounced structural change
in Poland’s energy—economic system over the analyzed period. The GDP_high variable
rises almost continuously, moving from values close to zero at the beginning of the series to
values approaching the maximum level in the final years. This trajectory reflects sustained
economic growth in Poland. However, the relatively regular and stable course of this
variable suggests that GDP acts mainly as a broad systemic condition rather than as the
main source of short-term variation in emission pressure.

A different and more structurally significant pattern is visible for coal_high. In the
early years of the analysis, this variable reaches high values, close to one, which confirms
the dominant position of coal in the national energy structure. Over time, however, the
indicator declines clearly, approaching values close to zero by 2023. This pattern points to
a deep restructuring of the energy system, in which coal gradually loses its previous role
as the central energy carrier. Although this decline was not entirely smooth and included
year-to-year fluctuations, the overall direction of change remains clear.

The gas_high variable follows another path. Its values generally increase over time,
but with greater volatility than in the case of GDP. At the beginning of the period, the
membership degree in the high-gas-consumption category is relatively low. In later years,
however, it rises, reaching its highest level around 2021. This indicates the growing role
of natural gas as a transition fuel used partly to replace more emission-intensive sources.
Its environmental meaning remains ambiguous. Compared with coal, gas may reduce
emission intensity, but it also maintains the dependence of the energy system on fossil fuels.

The RES_low variable captures one of the most important dimensions of the transition,
because it is defined inversely to renewable energy production. At the beginning of
the analyzed period, RES_low takes values close to one, which means that renewable
energy penetration was very limited and therefore associated with a high-emission system
structure. In subsequent years, the value of this variable declines steadily, reaching levels
close to zero by 2023. This reflects the growing importance of renewable energy sources
and their increasing role in weakening emission pressure.

Taken together, the results confirm that Poland’s energy transition is a multidimen-
sional process shaped by the interaction of several mechanisms: economic growth, the
declining role of coal, the increasing use of natural gas, and the rapid development of
renewable energy sources. The central effect of this transformation is a gradual movement
away from a fossil-fuel-dominated, high-emission configuration toward a more diversified
system in which emission-reducing factors become increasingly important.

Table 7 ranks the years from 2000 to 2023 according to the level of emission pressure
measured by the FMCE index. Each year is assigned a normalized synthetic value ranging
from 0 to 1 and a corresponding rank. Higher index values indicate stronger emission
pressure resulting from the configuration of the energy—economic system. The ranking
makes it possible to identify years with the highest and lowest emission pressure and to
compare the relative position of each year within the full time series.

Table 7. Ranking of emission pressure (FMCE).

Rank Year FMCE Index Class
1 2003 0.856 High
2 2007 0.832 High
3 2006 0.807 High
4 2004 0.794 High
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Rank Year FMCE Index Class
5 2000 0.784 High
6 2010 0.782 High
7 2001 0.775 High
8 2002 0.757 High
9 2005 0.736 High
10 2008 0.730 High
11 2011 0.705 High
12 2013 0.668 High
13 2018 0.623 Moderate
14 2017 0.620 Moderate
15 2012 0.608 Moderate
16 2016 0.595 Moderate
17 2009 0.551 Moderate
18 2014 0.541 Moderate
19 2015 0.532 Moderate
20 2021 0.530 Moderate
21 2019 0.473 Moderate
22 2022 0.366 Moderate
23 2020 0.314 Low
24 2023 0.136 Low

Source: own preparation.

The ranking based on the FMCE index shows that the strongest emission pressure
was concentrated in the early years of the analyzed period. The highest index values occur
in 2000-2007, with the peak recorded in 2003. This indicates that, at the beginning of the
period, Poland’s energy system was still organized around a highly emission-intensive
structure, dominated primarily by fossil fuels and especially coal. The high ranking
positions of 2004-2007 further confirm that this configuration remained relatively stable
and that mechanisms capable of reducing emission pressure were still weak at that stage.

The middle part of the ranking reflects a gradual but uneven reduction in emission
pressure. Some years after 2008 still remained in the high-pressure category, particularly
2010, 2011, and 2013, which confirms the persistence of structural inertia in the Polish
energy system. At the same time, the increasing number of moderate-pressure years after
2009 indicates that emission-reducing mechanisms were gradually becoming more visible.

The lowest positions in the ranking are occupied by the years after 2018, especially
2019-2023. This period is characterized by a visibly weaker level of emission pressure. The
final year, 2023, ranks last, which means that it represents the configuration most distant
from the high-emission profile observed at the beginning of the study period. This suggests
that the final stage of the analysis was marked by a substantial structural shift toward
a less emission-intensive energy model, reflected in the consistently lower values of the
FMCE index.

Table 5 presents changes in Poland’s emission pressure across four subperiods distin-
guished on the basis of average FMCE index values. The mean value calculated for each
subperiod represents the general level of emission pressure generated by the structure of
the energy—economic system. The “Change” column shows both the direction and the scale
of movement between consecutive stages. This approach makes it possible to describe
changes in average FMCE values across predefined sub-periods and to identify periods in
which the transformation process appears to have changed its intensity.

The first subperiod, 2000-2007, records the highest average index value, equal to
0.793. This indicates a consolidated high-emission configuration. During these years,
the Polish energy system remained strongly dependent on conventional energy sources,
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especially coal, while alternative sources still played only a marginal role. Since this interval
constitutes the baseline for comparison, no change value is reported for this stage.

The second subperiod, 20082013, shows a clear decrease in the average FMCE index
to 0.655. This represents a reduction of approximately 0.138 points compared with the pre-
vious phase. The decline signals the beginning of a more visible structural transformation.
It can be linked to the gradual weakening of coal dependence and the increasing role of
alternative energy sources in the national energy system.

In the third subperiod, 20142018, the average index falls further to 0.569. However,
the pace of decline becomes weaker, as shown by the smaller change value of —0.086. This
suggests a phase of partial stabilization: the transition continued, but its intensity was
lower than in the previous stage. The system was moving away from the high-emission
model, although the transformation was still constrained by structural inertia.

The strongest shift appears in the final subperiod, 2019-2023. The average FMCE
index drops sharply to 0.337, which is the largest reduction observed in the entire analysis,
with a change of —0.232. This decline indicates a breakthrough phase in the transition and
points to a substantial restructuring of the system toward a less emission-intensive energy
model. Overall, Table 8 confirms that Poland’s energy transition did not follow a linear
path. Instead, it developed unevenly, through identifiable phases of acceleration, with the
cumulative effects becoming most visible in the final years of the analyzed period. The final
subperiod, 2019-2023, shows the strongest decline in the average FMCE index, reaching
0.337. According to the adopted thresholds, this value still belongs to the moderate-pressure
category, although it is located very close to the low-pressure boundary. Therefore, this
period should be interpreted not as a fully established low-emission regime, but as a
transition toward low emission pressure.

Table 8. Structural change in emission pressure.

Period Avg FMCE Change
2000-2007 0.793 —
2008-2013 0.655 —0.138
2014-2018 0.569 —0.086
2019-2023 0.337 —0.232

Source: own preparation.

Figure 4 presents the average values of the FMCE index across four transition stages,
together with +1 standard deviation error bars calculated from annual FMCE values within
each stage. In the first stage, covering 2000-2007, the average FMCE index reached 0.793,
which indicates the highest level of emission pressure in the analyzed period. The low
standard deviation in this stage, SD = 0.039, shows that annual FMCE values were relatively
concentrated around the mean, suggesting a stable high-pressure configuration.

In the second stage, covering 2008-2013, the average FMCE value declined to 0.655.
This represents a decrease of 0.138 compared with the previous stage. At the same time, the
standard deviation increased to 0.092, which indicates greater internal variability of the index
during this period. This stage can therefore be interpreted as a transitional phase, in which
emission pressure began to decline, but the annual values still fluctuated considerably.

In the third stage, covering 2015-2018, the average FMCE index decreased further to
0.569, with a standard deviation of 0.065. The decline between the second and third stages
amounted to 0.086. This stage reflects a moderate emission-pressure configuration, with
lower dispersion than in the previous phase. The results suggest partial stabilization of the
transition trajectory at a lower level of emission pressure.
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Figure 4. Average FMCE values by transition stage with £1 standard deviation error bars. Source:
own research.

The fourth stage, covering 20192023, shows the lowest average FMCE value, equal to
0.336. The decrease from the third stage amounted to 0.232, which is the largest inter-stage
decline shown in the figure. However, this phase also has the highest standard deviation,
SD = 0.162, indicating substantial internal variation between annual values. The figure
shows a downward trajectory of the FMCE index across successive stages, from high
emission pressure in 2000-2007 toward a lower-pressure configuration in 2020-2023.

To examine whether the interpretation of emission-pressure phases depends exces-
sively on the fixed equal-width thresholds, an additional threshold sensitivity analysis was
conducted. The baseline classification (0.000-0.333;0.334-0.666;0.667-1.000) was compared
with two alternative classification rules: empirical terciles and a mean-based classification
using the mean value of the FMCE index =+ 0.5 standard deviation. For the full period,
the mean FMCE value was 0.630 and the standard deviation was 0.179, which produced
mean-based thresholds of 0.540 and 0.719. The empirical tercile thresholds were 0.580 and
0.743 (Table 9).

Table 9. Threshold sensitivity analysis of emission-pressure classification.

Classification Rule Low Emission Pressure Moderate Emission Pressure High Emission Pressure
Equal-width thresholds 0.000-0.333 0.334-0.666 0.667-1.000
Empirical terciles <0.580 0.581-0.743 >0.743
Mean =+ 0.5 SD <0.540 0.540-0.719 >0.719

Source: own preparation.

The comparison shows that some boundary years change their class depending on
the adopted classification rule. This is expected because emission pressure is treated as a
gradual fuzzy phenomenon rather than as a sharply separated state. The main temporal
interpretation remains stable. Under all three classification rules, the period 2000-2007 is
dominated by high emission pressure, while the years after 2018 are consistently located in
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the lowest or lower-pressure part of the distribution. The period 2008-2013 remains transi-
tional, and 2014-2018 represents an intermediate stabilization phase (Table 10). Therefore,
the equal-width thresholds should be interpreted as a transparent descriptive tool, not as
statistically estimated regime boundaries. The main findings of the study are based on the
continuous FMCE trajectory, while the threshold classes only support the interpretation of
this trajectory.

Table 10. Classification stability across energy-transition subperiods.

Period Average FMCE Equal-Width Thresholds Empirical Terciles Mean + 0.5 SD
2000-2007 0.793 8 high 7 high, 1 moderate 8 high
2008-2013 0.655 4 high, 3 moderate Lhigh, ﬂg‘vzderate' 2 2 high, 5 moderate
2014-2018 0.569 5 moderate 3 moderate, 2 low 3 moderate, 2 low
2019-2023 0.336 2 low, 2 moderate 4 low 4 low

Source: own preparation.

Table 11 disaggregates the synthetic FMCE emission pressure index into the contri-
butions made by its component variables in 2000-2023. For each year, the table shows
how gross domestic product, hard coal consumption, natural gas consumption, and re-
newable energy sources contributed to the final index value. The contribution of each
variable was obtained by combining its assigned weight with its fuzzy membership degree,
which makes it possible to break down the overall emission pressure index into identi-
fiable structural elements. This decomposition allows the analysis to move beyond the
interpretation of the FMCE index as a single composite measure. It shows which variables
were most responsible for shaping emission pressure in particular years and how their
relative importance changed over time. In this way, the index becomes not only a synthetic
indicator of emission pressure, but also a tool for examining the internal structure of that
pressure within Poland’s energy—economic system. Methodologically, such a procedure
strengthens the interpretability of the results. The final index value can be traced back
to specific economic and energy-related components, making it possible to assess how
changes in GDP, coal consumption, gas consumption, and renewable energy development
influenced the broader structural trajectory of emission pressure.

Table 11. Fuzzy contribution analysis (2000-2023).

Year GDP Coal Gas RES FMCE
2000 0.000 0.757 0.000 0.027 0.784
2001 0.001 0.743 0.005 0.026 0.775
2002 0.002 0.727 0.001 0.027 0.757
2003 0.003 0.811 0.014 0.028 0.856
2004 0.006 0.741 0.020 0.027 0.794
2005 0.008 0.678 0.024 0.026 0.736
2006 0.011 0.760 0.010 0.026 0.807
2007 0.015 0.780 0.012 0.025 0.832
2008 0.018 0.674 0.013 0.025 0.730
2009 0.020 0.499 0.009 0.023 0.551
2010 0.024 0.719 0.017 0.022 0.782
2011 0.028 0.642 0.016 0.019 0.705
2012 0.030 0.535 0.025 0.018 0.608
2013 0.031 0.593 0.027 0.017 0.668
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Table 11. Cont.
Year GDP Coal Gas RES FMCE
2014 0.033 0.470 0.022 0.016 0.541
2015 0.035 0.457 0.025 0.015 0.532
2016 0.038 0.508 0.035 0.014 0.595
2017 0.042 0.521 0.044 0.013 0.620
2018 0.046 0.510 0.052 0.015 0.623
2019 0.052 0.349 0.059 0.013 0.473
2020 0.054 0.189 0.060 0.011 0.314
2021 0.064 0.385 0.072 0.009 0.530
2022 0.079 0.245 0.036 0.005 0.366
2023 0.090 0.000 0.046 0.000 0.136

Source: own preparation.

Figure 5 presents the decomposition of the FMCE emission pressure index into the
contributions of GDP, hard coal consumption, natural gas consumption, and insufficient
renewable energy penetration. The graph shows that coal was the dominant contributor to
emission pressure for most of the analyzed period, but its contribution declined substan-
tially over time. At the same time, the contributions of GDP and natural gas became more
visible in the later years, while the RES_low component decreased as renewable energy
production expanded. This graphical presentation strengthens the interpretation that the
decline in emission pressure resulted primarily from the weakening role of coal, but also
from broader changes in the structure of the Polish energy—economic system.
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Note. The x-axis shows years of observation. The y-axis shows weighted fuzzy values are not original physical units. Component contributions sum to the annual FMCE index.

Figure 5. Decomposition of the FMCE emission pressure index by component, 2000-2023. Source:
own preparation.

The decomposition of the FMCE index shows that hard coal consumption was the
dominant component of emission pressure throughout most of the analyzed period. In
the early years, its contribution clearly exceeded all other variables, reaching values above
0.7. This means that most of the total emission pressure generated by the Polish energy-
economic system was attributable to coal. Such a structure indicates a highly concentrated
energy model, in which emissions were shaped mainly by one carbon-intensive energy
carrier. At this stage, the system was poorly diversified and strongly dependent on coal-
based energy production.

In later years, the contribution of coal began to decrease, and this decline represents
the most important structural tendency visible in Table 5. The reduction was not fully
linear. It occurred in phases, with periods of slower adjustment and temporary stabilization.
Nevertheless, the long-term direction is clear: by 2023, the coal component had fallen to

https://doi.org/10.3390/en19133060


https://doi.org/10.3390/en19133060

Energies 2026, 19, 3060

27 of 34

values close to zero. This points to a fundamental reconfiguration of the energy system
and to a substantial weakening of coal as the main source of emission pressure. The
diminishing role of coal can therefore be treated as one of the key mechanisms of Poland’s
energy transition.

GDP shows the opposite pattern. Its contribution increases systematically across the
analyzed period. At the beginning, the GDP component is marginal, but its importance
gradually rises and reaches its highest values in the final years of the series. However, even
with this upward trend, GDP does not replace coal as the dominant source of emission
pressure. Its contribution remains more limited, which suggests that economic growth
itself is not the primary driver of emissions. Rather, GDP becomes an increasingly visible
background factor reflecting the growing complexity of the relationship between economic
development and the energy system.

Natural gas also increases its contribution over time, although its trajectory is more
volatile than that of GDP. In the initial years, gas plays only a minor role in the structure of
emission pressure. Its contribution becomes more noticeable in later periods, especially
after 2014. This reflects the growing importance of natural gas in the transition process,
mainly as a substitute for more emission-intensive fuels, particularly coal. At the same
time, gas cannot be interpreted as a fully decarbonizing factor. It reduces emission intensity
relative to coal, but it still belongs to the fossil-fuel segment of the energy system and
therefore occupies an intermediate position.

The RES variable was included in the model as RES_low, which means that the
index measures insufficient renewable energy penetration as a source of emission pressure.
Higher RES_low values therefore indicate a weaker presence of renewable energy in the
national energy mix. The relatively modest contribution of this component results from
both the lower weight assigned to it and the structure of the index, in which the impact of
renewables is partly indirect. In the final years of the period, the RES_low contribution falls
toward zero, reflecting the expansion of renewable energy and the gradual decarbonization
of the energy system.

From a dynamic perspective, the results show a clear movement away from a
coal-dominated configuration toward a more diversified composition of selected energy—
economic variables. This transformation should not be interpreted as evidence of a full
infrastructural reorganization of the energy system, because the FMCE model does not
include direct infrastructure indicators. Rather, it shows that within the adopted composite
index, the declining role of coal was not fully offset by the rising contributions of GDP,
natural gas, or RES_low. As a result, the total FMCE index decreases, indicating a reduction
in relative emission pressure.

In synthetic terms, the decomposition indicates that the decline in the FMCE index is
mainly associated with the decreasing contribution of hard coal within the selected set of
variables. The main force behind the reduction in relative emission pressure is therefore the
systematic weakening of the most carbon-intensive component included in the model. At
the same time, the increasing contributions of GDP and natural gas show that the selected
energy—economic configuration becomes more differentiated over time. This should not be
interpreted as direct evidence of infrastructural change, but as a change in the composition
of the variables included in the composite index.

6. Discussion

The results indicate a gradual decline in the FMCE-based emission-pressure index in
Poland between 2000 and 2023. The highest values were recorded in the early part of the
period, especially before 2008, when hard coal consumption remained high and renewable
electricity production was still marginal. This pattern is consistent with energy transition
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theory, according to which energy-system transformation is usually gradual, institutionally
embedded, and shaped by historically accumulated technological and infrastructural
conditions [51-53]. The Polish case reflects these assumptions because the initial high
FMCE values were associated with a fossil-fuel-based energy configuration, while the later
decline of the index resulted mainly from the weakening contribution of hard coal and the
increasing role of renewable electricity generation.

The FMCE trajectory should not be interpreted as a causal model of CO; emissions. It
is a composite indicator based on selected energy-related and macroeconomic variables.
Its results show changes in the configuration of the variables included in the index, not
direct infrastructural transformation of the whole energy system. In this limited sense, the
observed decline in emission pressure reflects a movement away from a coal-dominated
configuration toward a more diversified energy—economic pattern. Earlier studies on
energy transition emphasize that such processes become visible when emission pressure
begins to decline and when fossil-fuel dependence weakens over time [54—60]. The results
of this study correspond with this view, although they do not prove that coal reduction
alone caused the observed changes in emissions.

The decomposition of the FMCE index shows that hard coal made the largest contribu-
tion to emission pressure for most of the analyzed period. This result should be interpreted
within the adopted weighting scheme and variable selection. It indicates that the decline in
the index was mainly associated with the decreasing role of the coal component, while GDP
and natural gas became more visible in the later phases. Renewable electricity production
increasingly reduced relative emission pressure, whereas natural gas occupied an ambiva-
lent position. On the one hand, gas may lower emission intensity when it substitutes coal.
On the other hand, it remains a fossil fuel and therefore still contributes positively to the
FMCE index. This supports a cautious interpretation of gas as a transitional fuel rather
than as a long-term basis of a low-emission system.

The results also confirm that Poland’s transition did not follow a uniform trajectory.
The index shows periods of decline, stabilization, and temporary fluctuation. This cor-
responds with theoretical approaches that describe energy transition as an evolutionary,
multidimensional, and context-dependent process [61-63]. However, the term “structural
change” should be used cautiously in this study. The model does not include direct in-
frastructure indicators, such as installed capacity by technology, grid capacity, storage
capacity, power-plant retirements, or industrial process modernization. Therefore, the
results show a change in the composition of selected energy—economic variables rather
than a full infrastructural reorganization of the Polish energy system.

Some abrupt changes in the FMCE trajectory can also be interpreted in relation to
external macroeconomic shocks. The decline around 2008-2009 coincided with the global
financial crisis, which affected industrial activity, energy demand, and emission dynamics
in many economies. Therefore, the lower value observed in 2009 should not be attributed
only to the internal logic of the energy transition. Similarly, the sharp decline in 2020
occurred during the COVID-19 pandemic, when restrictions on economic activity tem-
porarily reduced energy demand and emissions. The rebound in 2021 suggests that part
of this decline was temporary. These episodes indicate that the FMCE trajectory reflects
both longer-term changes in the selected energy—economic configuration and short-term
disturbances caused by external events.

The results can also be interpreted through the lens of decoupling theory, which
assumes that economic growth may gradually become separated from environmental
degradation and greenhouse gas emissions [64—66]. During the analyzed period, Poland
recorded economic growth, while the FMCE index declined, especially in the later years.
This suggests a partial weakening of the link between economic development and emission
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pressure. However, this process should not be understood as complete decarbonization.
The decomposition results show that fossil fuels, first hard coal and later natural gas,
continued to play an important role in the Polish energy system. This is consistent with
contemporary interpretations of decoupling, which emphasize that decoupling in transition
economies is usually incomplete, gradual, and dependent on institutional adaptation,
technological change, and the development of low-emission solutions [67-69].

From a governance perspective, the Polish transition remains shaped by the interaction
between EU climate policy, national energy strategy, market conditions, energy-security
concerns, and investment capacity. The decreasing role of coal and the expansion of
renewable energy cannot be explained only by technological substitution. They also
depend on regulatory frameworks, infrastructure constraints, administrative coordination,
and the involvement of public and private stakeholders. Energy transformation therefore
requires coordination across multiple levels of administration and participation of a broad
range of actors [70]. In this context, the FMCE index may be treated as a diagnostic tool
that organizes selected dimensions of emission pressure into one transparent trajectory, but
it should not replace sectoral emission inventories, infrastructure-based analyses, or causal
econometric models.

The comparison with Matukhno [71] helps clarify the analytical status of the index
developed in this paper. The FMCE index should not be treated as a complete climate-
policy performance indicator or as a direct substitute for emission inventories. Rather, it
is a focused diagnostic measure of selected structural emission-pressure dimensions. Its
value lies in showing how fossil-fuel dependence, renewable electricity expansion, and
macroeconomic activity jointly shaped relative emission pressure in Poland between 2000
and 2023. Therefore, the approach complements broader composite-index and climate-
policy assessment frameworks by offering a more detailed longitudinal view of one coal-
dependent economy undergoing transition.

7. Conclusions

The most valuable findings of this study are related to the identification of structural
changes in Poland’s emission pressure over time. The FMCE index shows that the highest
emission pressure was concentrated in the early phase of the analyzed period, especially in
2000-2007, when the Polish energy system remained strongly dependent on hard coal. The
results also confirm that the transition did not follow a simple linear path, but developed
through distinguishable phases: high emission pressure, transitional instability, moderate
stabilization, and a recent movement toward lower emission pressure. The decomposition
of the FMCE index demonstrates that hard coal was the dominant contributor to emission
pressure for most of the period, although its role declined substantially over time. Renew-
able energy development increasingly weakened emission pressure, but its effect depended
on broader system conditions, including grid capacity, storage potential, and the ability
to integrate variable renewable generation. Natural gas played an ambiguous role, as it
supported the reduction in coal dependence while at the same time maintaining fossil-fuel
pressure within the energy system. Overall, the study shows that the FMCE approach
provides an interpretable tool for tracing structural emission pressure over time and for
identifying the changing contribution of individual energy—economic factors.

This study examined the structural transformation of Poland’s energy—economic sys-
tem between 2000 and 2023 using a Fuzzy Multi-Criteria Evaluation framework and a
synthetic emission pressure index. The first research question concerned how the structure
of Poland’s energy—economic system influenced emission pressure over time. The results
show that emission pressure was highest in the early phase of the analyzed period, espe-
cially in 2000-2007, when the system was still strongly shaped by hard coal consumption.
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The following years did not show a simple linear transition. Instead, the FMCE trajectory
indicates a phased process, with transitional instability in 2008-2013, moderate stabilization
in 2014-2018, and a movement toward lower relative emission pressure after 2019.

The second research question concerned the contribution of hard coal reduction to
the decline in emission pressure. The decomposition of the FMCE index shows that hard
coal was the dominant contributor to emission pressure for most of the analyzed period.
Its relative contribution weakened over time, which was associated with the downward
movement of the composite index. However, this decline should be interpreted as a relative
structural change within the analyzed sample, not as evidence that coal ceased to matter
in Poland’s energy system. The findings also show that renewable electricity expansion
contributed to the weakening of the RES_low component, while natural gas played an
ambiguous role as both a fossil-fuel pressure factor and a possible transitional substitute
for coal.

The third research question concerned the usefulness of the FMCE approach for
representing gradual and multidimensional relationships between economic growth, fossil
fuel consumption, renewable energy development, and emission pressure. The study
shows that FMCE provides an interpretable tool for integrating heterogeneous energy—
economic variables into one composite measure. Its main empirical contribution is the
identification of structural phases in Poland’s emission pressure and the decomposition
of the index into component-level contributions. The validation against observed CO,
emissions further indicates that the FMCE index is meaningfully related to actual emission
dynamics, although it should not be interpreted as a causal econometric model.

A key contribution of the study is the construction of a composite FMCE-based inter-
pretation showing that, under the adopted variable selection and weighting scheme, the
decline in the emission-pressure index was mainly associated with the gradual weakening
of hard-coal dependence.

From a practical perspective, the findings underline the need for continued hard
coal phase-down, faster renewable electricity integration, grid modernization, and careful
governance of natural gas in Poland’s energy transition. The results suggest that reducing
emission pressure requires not only expanding renewable generation, but also addressing
system-level constraints such as grid capacity, storage, fossil-fuel lock-in, and the interaction
between economic growth and energy demand. The proposed FMCE framework can
therefore support policy-oriented diagnosis by showing how different energy—economic
components jointly shape relative emission pressure over time.

Most valuable conclusions of the paper:

e Poland’s emission pressure decreased in 2000-2023, but not in a simple linear way; the
transition occurred through distinct phases, with fluctuations and temporary reversals.

e  Hard coal was the dominant source of emission pressure in the FMCE index, and the
decline of coal consumption was the main factor behind the observed reduction in the
synthetic pressure index.

e Renewable electricity growth increasingly reduced emission pressure, because the
RES_low component weakened as renewable production expanded, especially in the
later part of the period.

e Natural gas cannot be interpreted only as a clean transition fuel; it may partly replace
coal, but in the model it remains a fossil-fuel component contributing to emission
pressure.

e  The FMCE index is valuable as a diagnostic tool, because it combines GDP, hard coal,
natural gas, and insufficient renewable penetration into one decomposable measure
showing how Poland’s energy-transition structure changed over time.
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8. Limitations and Future Research

The study has some limitations that should be mentioned. The FMCE index is relative
to the analyzed 2000-2023 period and should not be interpreted as an absolute measure of
decarbonization or emission performance. Its values show Poland’s position within the
adopted empirical sample, not universal thresholds of low or high emission pressure. The
model also includes only four system-level variables: GDP, hard coal consumption, natural
gas consumption, and renewable electricity production. Therefore, it does not directly
capture lignite, sectoral emissions, transport, industry, household heating, agriculture,
waste, or other detailed sources of carbon emissions.

Limitations also concern variable specification and model interpretation. GDP is mea-
sured in current prices, so it reflects not only real economic growth but also inflation and
changes in the general price level. Renewable energy is represented by absolute electricity
production rather than by its share in total electricity generation or final energy consump-
tion. The results are also influenced by the adopted weighting scheme, although alternative
weighting scenarios were used to check robustness. Finally, the FMCE framework should be
understood as a synthetic diagnostic tool, not as a causal econometric model; therefore, the
findings indicate structural patterns of emission pressure rather than direct causal effects.

Future research should extend the FMCE framework beyond the Polish case and test
its usefulness in other coal-dependent or fossil-fuel-dependent economies. The model
could also be developed by using alternative variable specifications, such as real GDP
or industrial output instead of nominal GDP, a combined hard coal and lignite variable,
RES share indicators instead of absolute renewable electricity production, and additional
variables reflecting storage capacity, grid flexibility, carbon pricing, energy imports, and
climate-policy instruments. Further studies could also compare ARDL-based weights
with expert-based, entropy-based, and scenario-based weighting schemes. The FMCE
approach could be combined with formal change-point analysis, econometric validation, or
energy-system modeling to better distinguish structural emission pressure from short-term
fluctuations in observed CO, emissions.
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