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Abstract

Implementing the provisions related to energy transition, decarbonization, and, thus, the
implementation of the Green Deal in the European Union requires increasing the share of
renewable energy sources in the energy generation mix. On the one hand, this approach
enables the acquisition of clean energy, but, on the other hand, it can affect the stability
of energy supply to consumers in terms of the time and quantity required. Therefore, in
the presented research, the authors proposed and verified the following thesis: Innovative
coal technologies can play a temporary but crucial role in building the stability of the
energy system by developing an operational stability index for the energy system in Poland.
To this end, they determined the energy system stability index (ESSI) level, verified its
variability over time, and simulated changes in the index when clean coal technology
was used. The proposed method is highly universal and can be applied to any country,
and the program written specifically for this research fully automates the ESSI calculation
process. It is an excellent tool for facilitating decision making and enables the creation
of simulations and scenarios of the impact of potential energy development strategies
on its operational stability. The set of indicators developed by the authors characterizes
the operational stability of the energy system according to the four-dimensional energy
security paradigm. This allows for the consideration of the entire spectrum of operational
and structural indicators when analysing the stability of the energy system. The developed
ESSI allows for the assessment of the system’s stability in a technical sense, but also its
adaptability, power and energy balancing, and, ultimately, its independence.

Keywords: energy system stability index (ESSI); Hellwig method; SVR model; clean coal
technologies (CCTs); renewable energy sources (RESs)

1. Introduction

The energy transition is forcing major changes in the energy systems of European
Union member states. Since fossil fuels are expected to completely disappear from energy
mixes by 2050, they will have to be replaced by alternative energy sources [1,2]. Currently,
renewable energy sources (RESs), particularly solar and wind energy, are perceived as
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such a substitute [3,4]. They have many advantages that will cause their share in the
energy generation structure of European Union (EU) countries to increase in the coming
years [5]. Above all, generating energy using RESs does not generate greenhouse gas
emissions, which is assumed to be crucial in the fight against climate change [6]. However,
the amount of energy generated by using RESs depends on the time of day, year, and
weather conditions. This means variability in generation, the risk of power shortages or
surpluses, and the need for power reserves and regulatory sources [7]. Stable operation
of energy systems in the coming years, as demonstrated by the examples of Spain and
Portugal in April 2025, will require the use of buffers to stabilize them. One such solution
is energy storage. It will be able to accumulate excess energy generated during periods
of high production and then return it to the system when demand increases. Storage
facilities would reduce production variability and emergency reserves. However, the share
of storage facilities in the national energy systems in the EU is negligible. Germany leads
in this regard, holding almost 50% of grid-scale battery energy storage systems (BESSs)
in Europe (excluding the UK) in 2024 [8]. In Poland, the battery infrastructure is still
being built. The strong geographic dispersion of renewable energy sources increases the
load on the transmission grid and creates challenges in ensuring the system’s operational
stability. Reducing the number of synchronous energy sources, such as coal-fired power
plants, and simultaneously increasing the importance of nonsynchronous sources, such
as photovoltaics and wind farms, could lead to an imbalance in the stability of the energy
system by disrupting the inertia and frequency of generated electricity [9].

According to the classic definition of stable power system operation, stability is under-
stood as the system’s ability to maintain voltage—frequency balance despite disruptions [10].
However, with the growing importance of renewable energy sources, the importance of new
indicators that describe the operational stability of the power system is increasing, such as
the energy balance, the variability of renewable energy generation, the ability of renewable
energy sources to meet peak demand, and the available power margin. Therefore, it is
necessary to develop an indicator that would be more useful in the context of stable power
system operation, where renewable energy sources are gaining increasing importance.
Another way to provide a buffer to stabilize the system is to use regulated energy sources,
such as fossil fuels, the combustion of which is currently unacceptable in the EU. Therefore,
in this sense, solutions enabling the use of coal while ensuring the elimination of harmful
emissions are important. Clean coal technologies (CCTs) are one such remedy. To increase
operational flexibility, a hybrid transition system model equipped with a smart grid can be
implemented. Modern coal-fired units could act as a peak or emergency power reserve in
such a case. Thus, CCTs and a smart grid would provide system resilience (like rotating
masses or synchronization), operational resilience, and logical resilience. Since the literature
on energy system stability has so far focused on the technical aspects of energy system
stability (very often on single indicators and probabilistic models), there is a noticeable
lack of practical decision-making tools that decisionmakers could use to quickly assess
system stability, compare scenarios, refer to an adopted benchmark, or monitor a selected
system. The potential impact of clean coal technologies in this context in Poland has also
not been studied.

This article presents a solution for determining an energy system stability indicator that
integrates multiple operational dimensions, allowing for the provision of a comprehensive
perspective on energy system stability. The analysis was carried out for Poland, as a
typical representative of countries with a significant share of fossil fuels in their energy
generation mix. Poland was assessed against the backdrop of Sweden, a benchmark in
energy transition and the use of renewable energy. The indicator was constructed for the
two years of 2018 and 2024. This allowed us to verify the dynamically growing contribution
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of RESs to system stability in Poland during this period on the one hand, and to consider
the potential role of clean coal technologies in ensuring energy system stability on the other.
The authors integrated multiple operational dimensions of the system and presented them
as a single clear indicator using a taxonomic approach [11]. The set of variables comprising
the indicator was selected to indirectly represent the system’s technical stability while
also allowing for the inclusion of the impact of RESs and CCTs. It considers, among other
factors, how the system balances power, its reserve capacity, and how renewable energy
sources meet peak demand. Renewable energy is not seen as a disruption here [12,13],
but rather as an operational factor. The multidimensionality of the measure was ensured
by a set of variables used to determine the indicator, selecting them according to the 4A
paradigm [14] characteristic of determining energy security indicators.

The proposed methodology implemented a hybrid approach, which used artificial
intelligence-based forecasts, indicators describing the state of the energy system in Poland
and Sweden, and multidimensional comparative analysis to determine the ESSI index. The
methodology used included the following elements:

() Estimation of the share of RESs in the energy mix. The SVR machine learning
method was used, with automatic parameter optimization, model error analysis,
and residual analysis.

(I) Estimation of a set of indicators characterizing the stability of the energy system. Each
indicator was determined separately, identifying its impact on the state of the energy
system. It was determined whether this impact was positive or negative, which was
crucial in the next step.

(III) Construction of a coherent indicator encompassing all the indicators estimated in
Step (II) using the Hellwig method. At this stage, work began with normalizing and
standardizing the data. Next, the method required determining the weights of the
individual indicators calculated in Step (II). Information entropy was used for this
purpose. The Hellwig method allowed for the determination of a benchmark, i.e.,
the best values of the analyzed features, in order to determine the distance of objects
(countries) from this benchmark. These values allowed for the determination of the
final ESSI index value—the closer to the benchmark, the higher the index value is.

In summary, the objective of the investigation was to verify the following proposed
thesis: Innovative coal technologies can play a temporary but crucial role in building
the stability of the energy system based on RES. The thesis was verified by developing
an indicator of the operational stability of the energy system in Poland, based not on
simulations or local indicators but on actual system data nationwide. For this purpose, a
simulation of the impact of RESs and CCTs on this indicator was carried out.

2. Literature Review

Typically, in the literature, indicators used to describe power system stability are
divided into three categories, namely frequency stability, transient stability [15], and voltage
stability [16]. These indicate whether the system will operate synchronously after a sudden
disturbance, so they measure the system’s physical resistance to disturbances. Particular
attention has been paid to technical stability, which can be understood as the ability of
a power system to maintain a state of dynamic equilibrium and synchronization after a
disturbance. Many examples of voltage stability indicators can be found in the literature,
and they are further divided into two categories, i.e., line voltage stability indices and bus
voltage stability indices [17-19]. The most commonly used technical stability indicators
include the voltage stability load index (VLSI), critical clearing time [20], rotor angle
deviation [21], rate of change in frequency [22], frequency nadir [23], L-index [24], and
voltage collapse margin [25]. There are also interesting examples of the construction of
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resilient systems to restore the operation of an integrated energy and transport network
after potential failures [26]. Stability in the sense of sustainable development of power
systems has also been studied using resource, environmental, social, and economic factors.
On their basis, measures were determined, which were then used to estimate a synthetic
measure of energy system stability using the multicriteria aggregation method [27].

Operational stability is analyzed less frequently. This can be understood as ensuring
reliable operation, access to infrastructure and energy when needed, the ability to balance
supply and demand, and ensuring resilience to disruptions. In this case, the focus is on
real-time system continuity. Instead of measuring physical resilience to disruptions, it
assesses how well the system handles power balance, renewable energy share, responses to
renewable energy variability, and congestion management. Operational data, which are not
typical measures of technical stability but are related to it, are provided by the European
Network of Transmission System Operators for Electricity (ENTSO-E) [28]. These include,
among others, actual operational data, such as electricity generation, power balance, energy
trading, and energy transmission. These indicators have also been analyzed in the literature,
such as the cost of congestion management [29], outages [27,30], balancing [31], total
load [32], energy production variability coefficient [33], and generation margin [34].

The authors decided to develop an indicator that would encompass stability assess-
ment while considering generation variability and the availability of balancing reserves
and addressing the need to stabilize the operation of uncontrollable energy sources. In
this case, the authors mainly considered such indicators as annual generation, volume
imbalance, cross-border physical flows, actual load, unavailability in the transmission grid,
and cost of congestion management [35]. In the presented research, the set of indicators was
selected to reflect the current state of the system, i.e., the growing role of RESs. Although
the classic approach to technical system analysis is common, as described in the literature,
the authors concluded that system stability should be considered in a broader context, as is
the case with energy security. Therefore, the factors were classified into four dimensions,
namely accessibility, availability, acceptability, and affordability (4A) [36]. The evolution
of the definition of energy security was required by changes in the political and economic
environments of countries around the world [37]. Over time, energy security analysis has
focused not only on supply but also on energy costs, climate change, and environmental
protection [38—40]. Therefore, in the research presented, the authors, following the example
of the energy security indicator, considered system stability indicators that can be assigned
to categories analogous to 4A, focusing on the role of RESs and CCTs in the energy sys-
tem. A set of indicators was selected so that each category was represented by at least
one indicator.

L. Availability—related to power resources and generation resources:
Generation margin
Load factor
Outages ratio
Activated balancing energy
Accepted balancing energy
Coverage of peak demand by RESs and coal
II.  Accessibility—real access to power for consumers:
Cross-border physical flow
Power import
Power export
Net position
Import dependency
Single-supplier dependency ratio
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II.  Affordability—are consumers willing to accept energy prices?
Congestion cost ratio

IV.  Acceptability—is the method of power distribution and production socially acceptable?
Power volatility ratio
Import volatility ratio

Some indicators could be classified into multiple categories but were divided uniquely.
This set allows for a comprehensive diagnosis of energy system stability, not only indicating
whether the system’s capacity is available but also enabling a more transparent analysis of
the system’s resilience and assessing the impact of potential crises, which is important in
the context of energy transformation.

Despite the clarity of the selected set of indicators and the ease of interpreting each
individually, analyzing them all simultaneously is a difficult task for decisionmakers.
Therefore, it was necessary to develop a synthetic measure to assess the stability of the
power system. Examples of such indicators can be found in the literature. A method was
proposed to build a composite indicator with four subindices, including the integral of
acceleration, speed deviation, and generator rotor angle using the PCA method [41]. A
transient stability indicator was also developed, combining indicators, such as the rotor
angle and the dot products of the system variables. LSM regression and summing indices by
equal weights were used [42]. Measures that can be used in real time were also developed,
based on contingency screening to reduce the computational burden of building dynamic
security regions [43].

The authors proposed a solution based on the Hellwig method. It offers numerous
advantages, such as easy interpretation of results and the ability to establish benchmarks
and create rankings for countries. The method also allows the analysis to incorporate both
stimulating and destimulating features. It is suitable for use with both large data sets and
small numbers of observations [44]. The methods and tools used in the study are described
in the next section.

3. Methods

The tools described below were used according to the proposed methodology de-
scribed in the Introduction.

3.1. SVR Model

Initially, the basic assumption of the growing contribution of RESs to Poland’s energy
system was confirmed by building the support vector regression (SVR) model [45,46]. This
model allowed forecasting of the amount of energy production from RESs until 2030. It is
a regression variant of the SVM support vector machine model [47]. It allows modeling
of nonlinear time series dependencies and is resistant to overfitting [48]. The regression
equation is described by the following formula [49,50]:

z(a,w) = (w-p(a) +¢) ©)

which is intended to minimize the following Equation (2) [51]:

QUf) = CgLelb2(0,w)) + | W @

where
w—vector weights;
N—number of observations;
a—vector of real independent variables and b;
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L.—epsilon-insensitive loss;

C—constant, which determines the trade-off curve between the smoothing model and
the experimental risk;

o(a)—feature function.

©)

B 0 if|lb—z(a,w)| <e
Le(b,z(a,w)) = {|b —z(a,w)| —e otherwise }

The model was verified using the mean absolute percentage error (MAPE) [52]. Model
residuals were tested for autocorrelation and normality of distribution using the Ljung-Box
and Shapiro-Wilk tests [53,54].

3.2. Energy System Stability Index (ESSI)

A set of indicators was constructed that served as input data for determining the ESSI.
The set of characteristics used in the analysis consisted of the indicators and formulas
described in the subsequent subsections.

3.2.1. Balancing Index

The index was calculated in four variants. Both indices were created in the form of an
up (U) version, when the amount of generated energy or power should be increased, and
a down (D) version, when the amount of generated energy or power should be reduced.
The closer the index to 1, the more stable the system is. The index acts as a stimulant.
Equations (4) and (5) are as follows:

AvR
AVBE=1— — 4
VB TL-t @)

ApR

APBE=1—- ——
TL ©)

where

AvR—activated reserve, MWh;

ApR—accepted offers, MW;

TL—total load, MW;

t—time, h, 8760 h for a year.

Activated balancing energy (AVBE) is the energy actually activated to balance the
system. The closer the AVBEU value to 1, the less intervention was required; the system did
not require reserves. An AVBEU value close to 0 indicates that the system relies primarily
on reserves. An AVBED value close to 1 indicates that the system does not have to reduce
production, while a value close to 0 indicates that the system has to frequently curtail
energy production.

Accepted balancing energy (APBE) refers to the planned reserves and show the ex-
pected system instability. An APBEU value close to 1 means that the system does not expect
a power deficit and demand can be met without operator intervention, while an APBEU
value close to 0 indicates that the system has low self-sufficiency. An APBED value close to
1 means that the system must rarely reduce power, while a value close to 0 means that the
intervention to curtail production must be frequent.

3.2.2. Congestion Cost Ratio (CCR)

CCR (Equation (6)) is an economic measure of the stability and efficiency of the power
system. It determines the cost of congestion management per unit of energy consumed. If
the indicator is low, that is, below 0.1 EUR/MWH, the system can be considered efficient,
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and the costs of congestion management are low. This indicator serves as a destimulant.

Equation (6) is as follows:
Y TCCM

R =
CcC L

(6)

where
TCCM—total cost of congestion management, EUR.

3.2.3. Load Factor (LF)

LF (Equation (7)) indicates how much maximum power was used in a given year. This
value determines how efficiently energy sources operate; the higher the index value, the
lower the risk of power shortages is. This indicator acts as a stimulant. Equation (7) is

as follows:
Y EP

B Lmax't

LF 7)

where
EP—total energy production, MWh;
Ljjay—maximum load, MW.

3.2.4. Outages Ratio (OR)

OR (Equation (8)) is a measure of unavailability of system capacity. It determines how
much of the installed capacity is unavailable due to failures, maintenance, or technical
limitations. This indicator serves as a destimulant. Equation (8) is as follows:

Y IC — Y AC

OR = Y IC

8)
where

IC—installed capacity, MW;

AC—available capacity, MW.

3.2.5. Power Volatility Ratio (PVR)

The PVR index (Equation (9)) for a given source indicates how often the power
produced by this source changes. The higher the value, the greater the volatility of the
source. The PVR index was determined for individual energy sources, such as coal, solar,
wind, nuclear, and hydropower. This is particularly important in the context of renewable
energy sources. The index serves as a destimulant. Equation (9) is as follows:

0A

9]

PVR = (9)

2l
)

where
cac—standard deviation of actual generation per production type, MW;
AG—average actual generation per production type, MW.

3.2.6. Generation Margin (GM)

This indicator (Equation (10)) shows how much reserve-generating capacity the system
has in relation to actual demand. The higher the value of this indicator, the safer the system
is, as it has reserves that can cover peak demand, as well as demand during outages.
Therefore, it serves as a stimulant. Its value should be at least 10% for the system to be
considered stable. The indicator was determined for individual energy sources, such as
coal, solar, wind, nuclear, and hydropower. Equation (10) is as follows:

Y AGC — PL

GM = PL

(10)
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where
AGC—power actually available in the system, MW;
PL—peak load, maximum power demand, MW.

3.2.7. Covering Peak Demand with Energy from a Selected Source (PD)

This indicator (Equation (11)) determines whether renewable energy sources and coal
can deliver adequate power during peak demand. It indicates the extent to which the
system can rely on renewable energy sources and coal during critical periods. The higher
the index value, the greater the potential for renewable energy or coal to relieve the system
during peak stress. The index was calculated based on peak hours in Poland, i.e., from

5 p.m. to 8 p.m.,, as follows:
Y AGRES

PD = Y AG

(11)

where

AGRES—RESs (or coal) actual generation, MW.

The indicators mentioned and their values may be partially influenced by imports, for
example, in terms of the activation of domestic reserves (impacting energy up-balancing).
The analysis of imports, exports and the relationships between them provides information
on strategic and operational stability.

3.2.8. Power Import (PI)

PI (Equation (12)) represents the sum of power imported from neighboring countries.

In the case of Poland, these are mainly Germany, Ukraine, Slovakia, Sweden, Lithuania,

and the Czech Republic, while in the case of Sweden, these are Finland, Denmark, Germany,

Lithuania, Norway, and Poland. The indicator serves as a destimulant. Equation (12) is
as follows:

PI =) PIC (12)

where
PIC—power imported from each country, MW.

3.2.9. Power Export (PE)

PE (Equation (13)) represents the sum of power transmitted to neighboring countries.
This variable was treated as a stimulant, indicating that the capacity exceeds domestic
needs. This can serve as a reserve capacity, a source of system competitiveness at the time
of sale, and an indication of the system’s flexibility, which allows the country to support its
neighbors when needed.

PE =) PEC (13)

where:
PEC—power exported to each country, MW.

3.2.10. Import Dependency (ID)

This indicator (Equation (14)) shows whether the system meets demand from its own
resources, i.e., the degree of operational self-sufficiency. This variable was treated as a
destimulant. Equation (14) is as follows:

PI

= 14
ID = (14)
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3.2.11. Net Position (NP)

NP (Equation (15)) represents the difference between imports and exports of electric-
ity. If its value is less than 0, it indicates that the country is a net exporter of electricity.
Otherwise, the country is a net importer of electricity, as in the following Equation (15):

NP =PI - PE (15)

In the context of energy system stability and energy security, this variable was treated
as a destimulant. An increase in the variable’s value indicates a growing dependence on
imported power, which may indicate a shortage of domestic power in the system.

3.2.12. Import Volatility Ratio (IVR)

The indicator determines the percentage by which power imports change over time,

as in the following Equation (16):
I1

IVR = =
Al

(16)

where

o—standard deviation of the power import, MW,

Al—average import in a given year, MW.

A low index value (below 1) indicates stable and predictable import usage. High
volatility can make the system vulnerable to external disturbances. The indicator serves as
a destimulant.

3.2.13. Single-Supplier Dependency Ratio (SSI)

This indicator (Equation (17)) measures the degree to which a country is dependent
on power imports from a single supplier. The closer its value is to 1, the greater the risk of
supply disruptions in the event of incidents, such as technical or political ones, indicating
low supply diversification. The indicator serves as a destimulant, as in the following
Equation (17):

PIC 0y
SSI=).—%r (17)

The results of each indicator were used as input data for multi-criteria analysis con-

ducted using the Hellwig method.

3.3. Hellwig’s Method

A taxonomic method was used to construct a single synthetic measure of the energy
system stability index. The Hellwig method enables the classification of a set of features
and the detection of emerging patterns and regularities [55,56]. It is important to classify
the set of features in terms of their impact on the analyzed phenomenon, in this case the
ESSI. This impact can be positive for stimulants, negative for destimulants, or neutral. To
correctly determine the index, it was necessary to standardize the variables, i.e., transform
the destimulants into stimulants, which was carried out using the max-minus method
using the following equation [57]:

xij/ = Ximax — xij (18)

where
xij’ —destimulant value converted into stimulant;
Ximaxy—maximum value of the feature among all objects i.
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It was also necessary to transform each of the features into a dimensionless form, i.e.,
to standardize them, as follows [58]:

(19)

where

Sj—standard deviation for the j-th variable;

zjj—standardized values of the j-th variable;

Yj/ —arithmetic mean of the j-th variable.

The weights of the individual variables were estimated using Shannon’s entropy [59,60].
The weight was determined by the information given variable carries. For each variable j,
the entropy E; was calculated according to the following formula:

n
Ei=—) pijIn(py) (20)
=1

where
pij—normalized value of the variable.
Weights [61] were determined using the following formula:

1-E

Y1 F @)

wj
If the data are highly diversified, the weight is high; if they are uniform, the weight
will be low.
This modification allowed us to obtain objective weights, taking into account the
informativeness of the feature rating, and balance the obtained rating.
In the next step, the pattern Py and the distance of each object point from this pattern
(d;) were determined, as in the following Equation [62]:

di = J le] (Zij — Zoj)z (22)
]:

where

wj—weight of the j-th variable;

zoj = max{z;; }—model object.

Then, a standard (dp) was applied, which ensured that the meter value could only take
values in the range of 0-100%, as in the following Equation (23):

dg=d+2%5, (23)

where
dy—standard;
d—arithmetic mean of the variable d;;
S;—a standard deviation.
The synthetic measure of the stability of the energy system was determined according
to the following equation [63]:
di

ESSI=1-—
SS o

(24)
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4. Results

The research began with the creation of a model for the production of electricity from
renewable sources in Poland. This made it possible to initially verify the validity of the
research conducted. It was assumed that the growing share of renewable energy in the
Polish energy system would impact the stability of the system. Using the SVR machine
learning model, a forecast of renewable energy production until 2030 was generated.
For this purpose, a Java program was written using the Weka library. It utilizes the
SVR regression algorithm (SMoreg with an RBF (radial basis function) kernel). For each
time series variable, the program builds a set of values consisting of the year and the
previous period. The program automatically optimizes the model’s C parameter using
cross-validation. Finally, the model is trained on the full dataset. Model accuracy was
assessed using the MAPE error [64]. The error value was 3%, indicating that it can be
considered highly reliable. Furthermore, using the Shapiro-Wilk (p = 0.2) and Liung-Box
(p = 0.89) tests, it was confirmed that the residuals of the model were characterized by a
normal distribution and that autocorrelation did not occur. The actual data and forecasts
made using the model are presented in Figure 1.

Figure 1. Total renewable energy production in Poland, actual values and forecast until 2030, source:
own study.

The resulting forecast to 2030 confirmed that the share of renewable energy supplied
to the Polish energy system will increase in the coming years. When comparing the years
2024 and 2030, this increase exceeds 20%. This is also consistent with the assumptions of
the EU’s climate policy.

After verifying the hypothesis of a growing share of renewable energy in Poland’s
energy mix, the authors began to determine the values of indicators characterizing the
stability of the energy system, as described in the Section 3. Data for determining indicators
were obtained from the ENTSO-E website. Only values characterized by the completeness
of the data for the selected years and common to both countries were used. The exceptions
were values related to the share of coal in the Polish energy generation structure, which are
available only for Poland and were used in the simulation of the impact of CCTs on the
energy system. The data were also selected to represent each of the categories distinguished
by ENTSOE, namely load, generation, transmission, balancing, outages, and congestion
management. In addition, they were selected to ensure that each of the 4A categories was
covered by at least one indicator. A total of 28 indicators were determined, and their values
are presented in Table 1. The indicators were estimated for Poland and Sweden in 2018
and 2024.
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Table 1. Values of the indicators determined describing the stability of the energy system.

Number Indicator Poland 2018 Poland 2024 Sweden 2018 Sweden 2024
1 AVBED 0.998 0.999 0.999 1.000
2 APBED 0.970 0.988 1.000 1.000
3 AVBEU 0.995 0.999 0.999 1.000
4 APBEU 0.970 0.932 1.000 1.000
5 CCR 0.002 0.002 0.012 0.055
6 LF 0.760 0.868 1.005 1.160
7 OR 0.250 0.282 0.752 0.842
8 PVR

A Coal 0.185 0279 -

B Solar 0.000 1.493 0.000 1.801

C Wind 0.819 0.824 0.634 0.615

D Water 0.180 0.540 0.400 0.331

E Nuclear 0.149 0.147
9 PI 13,359,495.000 12,732,722.000 12,235,076.000 5,602,504.000
10 PE 7,774,277.000 15,675,042.000 29,205,513.000 39,140,886.000
11 NP —5,585,218.000 2,942,320.000 16,970,437.000 33,538,382.000
12 ID 0.078 0.030 0.089 0.042
13 IVR 1.121 1.823 2.409 3.168
14 LF solar 0.006 0.008 0.011 0.010
15 LF wind 0.001 0.017 0.001 0.003
16 GM

A total 0.501 1.316 0.678 1.315

B Solar —0.991 —0.446 0.009 0.011

C Wind —0.785 —0.637 —0.729 —0.222

D Coal 0.064 0.0004 -

E Water —0.983 —0.988 —0.308 —0.241

F Nuclear —0.627 —0.679
17 SSI 0.400 0.870 0.670 0.400
18 PDRES 0.085 0.280 0.510 0.665
19 PDC 0.840 0.530 -

The AVBE and APBE balancing factors for Poland and Sweden in 2018 and 2024
are close to 1. This may indicate that the Polish and Swedish power systems did not
require significant interventions in terms of capacity curtailment or reserve activation and
were characterized by sufficient capacity and energy levels. Poland slightly improved
its indicators in 2024. The CCR indicator remained unchanged in Poland, but in Sweden
it more than quadrupled. Poland is characterized by very low congestion management
costs, indicating system efficiency. Sweden may experience greater transmission or traffic
management problems. The load factor (LF) in Poland increased by 13% and in Sweden
by 15%. This indicates greater utilization of available capacity, while in Sweden, an LF
value above 1 indicates the possibility of exporting surplus power. The outage rate (OR)
deteriorated slightly in Poland, while in Sweden the deterioration was more significant at
12%. Increasing unavailability may indicate more frequent outages or maintenance, which
can be typical of aging infrastructure.

The power volatility ratio (PVR) determined for Poland indicates a decline in the
stability of coal-based power. This is due to its decreasing role in the mix. In both Poland
and Sweden, the volatility index for solar energy indicates that it is a highly unstable source,
dependent on changing weather conditions. In this case, the use of reserves and energy
storage is required. Wind energy is also an unpredictable energy source, but the index
is up to half as low as that of solar energy. The most stable renewable energy source is
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hydropower, but the PVR index for Poland has also deteriorated. The most stable energy
source is nuclear energy, which is still absent in Poland’s energy mix.

Poland’s PI decreased by approximately 5%. Poland reduced its dependence on im-
ports, while in Sweden imports fell twofold. This improved the stability and independence
of energy systems and may indicate improved energy efficiency.

Poland’s power exports indicator (PE) doubled, while Sweden’s increased by 30%.
This confirms the growing position of both countries as energy exporters. It is also indicated
by the NP index. Poland achieved independence and an export advantage, while Sweden
strengthened its position. However, it should be noted that 2018 was a record year for
Poland’s power imports. Both countries reduced their dependence on power imports,
Poland by 60% and Sweden by 50%.

Interpreting the PI and PE indices alone without a broader context can lead to mis-
leading results, as the system can only import energy during peak periods and export it for
most of the day. Therefore, two additional factors were determined.

The Import Volatility Ratio (IVR) showed that, although imports decreased, they
became less predictable and subject to fluctuations. This suggests that Poland relies on
imports during peak periods. It also indicates a lack of flexible domestic sources capable
of supporting the system in the short term. In Sweden, this indicator has also increased
as imports are used in crisis situations or when energy from neighboring countries is at
favorable prices.

The coefficient of variation of renewable energy imports in Poland indicates better
capacity utilization. In Sweden, the indicator is stable, with a slight deterioration in the
case of solar energy.

The aggregate GM indicates a significant increase in the stability of the system in terms
of surplus capacity. This means that the entire system has sufficient capacity to meet peak
demand, but individual sources cannot be relied on at critical moments. In 2018, the GM
for coal in Poland was 6%, which means that this source was able to meet all the power
demand with a small margin. However, in 2024, the indicator is still positive, but the
margin is close to 0. For other energy sources, the indicator is below 0.

The single-supplier dependency ratio (SSI) has increased in Poland, meaning that
it has become more dependent on power imports from Germany. Sweden, on the other
hand, has improved its diversification of supply. The coverage of the peak power demand
from renewable energy sources (PDRESs) indicates an improvement in both countries. In
Poland, it is still low compared to Sweden, as RESs are not yet sufficiently reliable during
peak hours. The value of this ratio determined for coal in Poland indicates that Poland is
increasingly relying less on coal during critical hours.

As can be seen, interpreting individual indicators is possible but time-consuming, and
combining individual results into a single coherent assessment is practically impossible.
Therefore, it was necessary to use a method that combined all of these variables into a
single synthetic measure. The Hellwig method was used for this purpose. Data were
entered into the ESSI 1.0 program, which was written specifically for the research presented.
It allowed the assessment of the entities, namely Poland and Sweden, in 2018 and 2024,
based on multiple indicators (rows in Table 2), considering the nature and importance of
these indicators.
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Table 2. Indicators used in the analysis and their weight.

C Indicator Libra
1 AVBED 0.037
2 APBED 0.048
3 AVBEU 0.047
4 APBEU 0.048
5 CCR 0.058
6 LF 0.034
7 OR 0.047
8 PVR solar 0.048
9 PVR wind 0.054
10 PVR water 0.031
11 PI 0.041
12 PE 0.035
13 NP 0.037
14 ID 0.040
15 IVR 0.033
16 LF solar 0.036
17 LF wind 0.049
18 GM total 0.047
19 GM solar 0.047
20 GM wind 0.036
21 GM water 0.057
22 SSI 0.046
23 PDRES 0.035

Only variables for which data were available for both countries and years were entered
into the program. Therefore, indicators designated solely for coal and nuclear energy were
eliminated. First, the indicators were standardized to unify the nature of the variables.
Then, they were normalized, eliminating differences in features, their units, and scales.
This ensured the objective determination of the synthetic indicator. The entropy was also
calculated and used for deriving the weights of the individual indicators. These weights
are usually adopted based on expert opinion. The procedure using entropy resulted in
objective weights, free of the influence of subjective assessments by individual experts.
The high entropy of a variable meant that it carried little discriminating information, so
it received a low weight. The lower the entropy, the less random the data were, and the
higher the weight was. For each feature, the best case (maximum value) was determined.
Then, the distances of each value from the designated pattern were determined. Finally, the
program calculated the value of the ESSL. The program algorithm is presented in Figure 2.

Table 2 presents the weights assigned by the program to each of the indicators used in
the analysis. The highest weights were assigned to the CCR indicator and the PVR wind
indicator. The lowest weights were assigned to the PVR water and IVR indicators.

The value of the synthetic ESSI assessment measure for each of the objects determined
by the program is presented in Table 3.

Table 3. The value of the ESSI as determined by the ESSI 1.0 program.

Object 2018 2024

Poland 0.11 0.31
Sweden 0.40 0.45
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Figure 2. Algorithm of the program used to determine the ESSI; source: own study:.

The highest value that the index can reach is 100%. The actual values are significantly
lower. Sweden achieved the highest ESSI value in 2024, at 45%, which was a slight increase
compared to 2018. The lowest value for Poland was recorded in 2018, at 11%. In 2024, this
index nearly tripled for Poland, reaching 31%. A graph was also generated by the program
for the ESSI components for all objects (Figure 3).

Each axis of the graph displays one of the indicators in Table 2. The further the value
on an axis from the center of the graph, the lower the value of the standardized indicator
is. Therefore, the shape of the grid presented in the graph represents the stability profile
of the energy system of a given country (Figure 3). The smaller the area of the graph, the
better the result of the synthetic assessment indicator is. Poland significantly improved the
stability of the system in 2024, particularly in terms of the LF solar, LF wind, GM, and PDRES
indicators. However, there was a slight deterioration of the APBEU, PVR solar, and water
indicators. In the case of Sweden, on the other hand, the indicator improved the values of
GM total and GM wind, single-supplier dependency ratio (SSI), ID, and PI. However, less
favorable values were recorded for the CCR, OR, PVR solar, NP, and IVR components.
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Figure 3. Radar charts generated by the program for the ESSI components for all objects in (a) 2018
and (b) 2024 in Poland, and (c) 2018 and (d) 2024 in Sweden.

The next stage of the study examined the potential impact of clean coal technologies on
the ESSI. To this end, coal-specific indicators were added to the set (Table 1) and indicators
related to renewable energy were removed. Due to the lack of coal data for Sweden, the

analysis was conducted solely for Poland. In this case, the value of the ESSI for 2018 was

0.27, while for 2024, it was 0.13.

The decline in the index in 2024 (Figure 4) was primarily due to balancing accepted rate
up, CCR, OR, PVR Coal, PI, GM Total, GM Coal, 551, and PD for coal. The areas where the
system improved its stability included balancing activation rate down, balancing accepted

rate down, and balancing activation rate up.
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Figure 4. Radar charts generated by the program for the objects of the ESSI components chosen in
(a) 2018 and (b) 2024 in Poland.

5. Discussion

The aim of the analysis carried out was to examine the impact of the growing share
of renewable energy sources on the stability of the energy system. Typically, indicators
used in the literature that describe system stability are limited to the technical and physical
parameters of the grid. The goal of this approach was to comprehensively describe the
stability of the energy system, similar to the 4A category used in energy security studies.
This approach also enabled analysis over a longer time horizon, rather than the usual focus
on short-term network parameters. The proposed approach also allowed comparisons not
only of a given country’s energy system over time but also with other systems and countries
at different levels of development. The results of the research presented clearly indicate
that the share of renewable energy in Poland’s energy mix will systematically increase, as
confirmed by the forecast made using the SVR model until 2030. This prediction is highly
probable, with a MAPE error of 3%.

The Hellwig method, which has rarely been used to assess energy system stability,
was applied to determine a synthetic assessment metric. Analysis conducted for Poland
and the benchmark country, Sweden, showed that Poland significantly lags behind the
established benchmark in terms of energy stability. In 2018, the ESSI was four times lower
than that in Sweden in the same year. A significant change was observed in 2024, as it
increased threefold. However, the index value is still lower than that in Sweden. Sweden
has an energy system based on the only stable renewable energy source, i.e., hydropower,
and stable nuclear energy. This has a positive impact on various indicators, such as PVR,
GM, LF, SSI, ID, PI, AVBE, and APBE, whose values indicate system maturity, limiting the
number of necessary interventions due to balancing and the use of reserves. Poland is
making visible progress in energy transformation and system independence, but the success
of this endeavor will depend on the implementation of energy storage and technologies
that enable the management of variability of the energy system.

Furthermore, a simulation of the ESSI was conducted for Poland to characterize the
potential impact of CCT5 on the stability of the Polish energy system. For this purpose, the
set of indicators used to determine the energy system stability index was modified. The
index was calculated for Poland by introducing variables that characterize the share of coal
in the energy mix. In this case, the index in 2024 was half that in 2018. A sensitivity analysis
was also performed for two scenarios, i.e., a pessimistic scenario, where coal-related factors
have virtually disappeared from the index and are close to 0, and an optimistic scenario,
where coal-related factors remain unchanged and are equal to those in 2018. It was observed
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that for the value of the pessimistic scenario, the ESSI decreased by 40%. However, in the
optimistic scenario, the index for 2024 was twice as high as the index value in 2018. This
clearly indicates the stabilizing role of coal in the system, and its removal without ensuring
access to flexible energy sources could worsen the system'’s resilience to disruptions and
the overall predictability and reliability of the system. Coal technologies could have a
positive stabilizing effect on the energy system, particularly considering the controllability
of the energy source, the system’s resilience to changes in demand, demand surges, and,
consequently, operational flexibility. The main factors contributing to the decline in the ESSI
index in 2024 were the increasing PVR and the coverage of peak demand with coal-fired
energy. The value of the ESSI decreased due to the decline in the share of coal in the energy
mix. Therefore, it can be concluded that CCTs in countries with a high share of coal in their
energy mixes and a low share of other stable energy sources, such as nuclear energy, could
play a significant role in stabilizing the energy system during the period of the energy
transition. Combining CCTs and RESs would constitute a hybrid transformation strategy
that would enable a smooth transition to a zero-emission energy system without the risk
of destabilization. CCTs are intended to provide a countermeasure during the transition.
They are not the ultimate solution but can be crucial for energy security and ensuring that
citizens have access to energy when they need it and in sufficient quantities. In future
studies, the authors want to take into account additional factors, such as the possibility of
coordinated planning of electrical and heating infrastructure [65].

6. Conclusions

The set of indicators developed by the authors characterizes the operational stability of
the energy system according to a four-dimensional energy security paradigm. This enabled
the inclusion of the entire spectrum of operational and structural indicators in the analysis
of energy system stability. The developed ESSI assesses the system’s stability in a technical
sense, but also its ability to adapt, balance power and energy, and ultimately maintain
independence. The Hellwig method used enabled the determination of a synthetic ESSI
measure. The method was modified by introducing Shannon’s entropy, thus obtaining
indicator weights, which eliminated subjective expert interpretations. The CCR received the
highest weight (i.e., 0.058). This indicates the significant impact of congestion management
costs on the operational stability of the power system. This emphasizes that system stability
is not solely dependent on power generation and balancing. The analysis demonstrated that
implementing a strategy of gradual coal phaseout and parallel development of renewable
energy can be more effective than a sudden shift away from a stable energy source without
preemptive structural support, such as energy storage. The use of CCTs can be a key
component in transitional energy systems. The research results fully supported the thesis
that CCTs can play a key role in the construction of a stable energy system based on RESs.
This is particularly justified in countries, like Poland, where energy systems are not yet
prepared for the dominant role of RESs. As the results obtained for Sweden demonstrate,
Poland should also consider increasing the share of stable energy sources in its energy
mix, which is undoubtedly hydropower. Supporting the assessment of the system with
the ESSI will enable the design of safe and realistic energy transition paths. The proposed
method is highly universal and can be applied in any country, and the created program
fully automates the ESSI calculation process. It is an excellent tool for facilitating decision
making, enabling the creation of simulations and scenarios of the impact of potential
energy development strategies on the stability of its operation. This will allow the energy
transition to be designed in accordance with the expectations of decisionmakers, technical
conditions, infrastructure, and raw materials in a given country. The results indicate that
decisionmakers should focus on developing support mechanisms for countries that must
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drastically change their energy mixes. Diversification of energy sources and imports, as
well as expansion of cross-border networks, is recommended. As the example of Sweden
demonstrates, the participation of diverse sources, such as nuclear and hydropower, in the
energy generation structure ensures long-term system stability. Therefore, it is justified to
introduce renewable energy sources with energy storage, as well as CCTs, which may be a
temporary solution on the path to building a zero-emission system.
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