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Abstract: The combustion of hard coal and lignite in power and combined heat and power
plants generates significant amounts of coal fly ash (CFA), a waste material with variable
properties. CFA naturally contains radionuclides, specifically naturally occurring radioac-
tive materials (NORMs), which pose potential radiological risks to the environment and
human health during their storage and utilization, including their incorporation into build-
ing materials. Although global research on the radionuclide content in CFA is available,
there is a clear gap in detailed and current data specific to Central and Eastern Europe and
notably, a lack of a systematic analysis investigating the influence of installed power plant
capacity on the concentration profile of these radionuclides in the generated ash. This study
aimed to fill this gap and provide crucial data for the Polish energy and environmental
context. The objective was to evaluate the concentrations of selected radionuclides (232Th,
226Ra, and 40K) in coal fly ash samples collected between 2020 and 2023 from 19 Polish
power and combined heat and power plants with varying capacities (categorized into
four groups: S1–S4) and to assess the associated radiological risk. Radionuclide concen-
trations were determined using gamma spectrometry, and differences between groups
were analyzed using non-parametric statistical methods, including PERMANOVA. The
results demonstrated that plant capacity has a statistically significant influence on the
concentration profiles of thorium and potassium but not radium. Calculated radiological
hazard assessment factors (Raeq, Hex, Hin, IAED) revealed that although most samples fall
near regulatory limits (e.g., 370 Bq kg−1 for Raeq), some exceed these limits, particularly
in groups S1 (plants with a capacity less than 300 MW) and S4 (plants with a capacity
higher than 300 MW). It was also found that the frequency of exceeding the annual effective
dose limits (IAEDs) showed an increasing trend with the increasing installed capacity of
the facility. These findings underscore the importance of plant capacity as a key factor
to consider in the radiological risk assessment associated with coal fly ash. This study’s
outcomes are crucial for informing environmental risk management strategies, guiding safe
waste processing practices, and shaping environmental policies within the energy sector in
Central and Eastern European countries, including Poland.

Keywords: environmental risk assessment; coal fly ash; gamma spectrometry; radionuclides;
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Energies 2025, 18, 3010 https://doi.org/10.3390/en18123010

https://doi.org/10.3390/en18123010
https://doi.org/10.3390/en18123010
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-9437-3988
https://orcid.org/0000-0001-5121-9027
https://orcid.org/0000-0003-3605-0109
https://orcid.org/0000-0002-0096-6660
https://orcid.org/0000-0001-6835-9595
https://doi.org/10.3390/en18123010
https://www.mdpi.com/article/10.3390/en18123010?type=check_update&version=1


Energies 2025, 18, 3010 2 of 22

1. Introduction
Coal fly ash (CFA) is primarily generated during the combustion of hard coal and

lignite in thermal power plants [1,2]. It is a heterogeneous material with properties that
vary significantly based on the quality of the fuel and the combustion conditions [3–5]. It is
estimated that global CFA production is approximately 600–800 million tons per year [6].
The most common disposal method of CFA at present is still landfill deposition. How-
ever, this practice not only leads to the inefficient use of resources but also contributes
to escalating environmental pollution over time [7–10]. This increases the potential for
environmental contamination and poses health risks to people living in the surrounding
areas [11]. Fly ash waste, a by-product of fossil fuel combustion in thermal power plants
and various industries, is generated on a global scale. This growing environmental concern
poses significant challenges worldwide, including negative effects on human health [12].
Fly ash has found applications in various industries, including the production of cement,
asbestos, bricks, and concrete, constructing embankments and roads, reclaiming mines,
extracting valuable metals, and manufacturing ceramics, glass-ceramics, zeolites, adsor-
bents, and geopolymers, as well as, more recently, in agriculture [3,13–17]. Approximately
5% of the total ash produced by coal-fired power plants is utilized in the construction of
residential buildings [18]. Beyond traditional uses, the recovery of valuable and critical
metals from coal fly ash is gaining increasing importance and is an active research area. In
recent years, fly ash has gained increasing attention not only as a waste material requiring
careful management but also as a potential secondary resource. In particular, the recovery
of critical raw materials such as rare earth elements (REEs), gallium, germanium, and other
valuable trace metals from fly ash has emerged as a promising research direction. This
approach supports the concept of the circular economy and offers a sustainable solution for
reducing the dependence on primary sources of strategic materials.

Coal-fired power plants have long been overlooked as a potential source of radiation.
However, similar to other forms of TENORMs (technologically enhanced naturally occur-
ring radioactive materials), airborne emissions from coal-fired power plants raise radiologi-
cal concerns [19]. CFA contains radioactive isotopes as impurities, making it a significant
source of radioactivity. It includes naturally occurring primordial radionuclides such as
uranium (238U, 235U), thorium (232Th), radium (226Ra), potassium (40K), and polonium
(210P) [20]. Coal typically contains approximately 12–24 Bq kg−1 of 238U and 12–17 Bq kg−1

of 232Th. However, certain types of coal can have significantly higher concentrations of nat-
ural radionuclides [21,22]. The concentrations of radionuclides naturally occurring in CFA
are generally 3 to 10 times higher than those found in coal [22–25]. The combustion of fuels
releases various radionuclides into the surrounding environment, leading to radiological
contamination in areas near power plants [26–33]. High-temperature combustion processes
cause a significant enrichment of volatile elements and their isotopes, such as 210Pb and
210Po, in CFA. These isotopes are released into the surrounding environment, either bound
to particulate matter or in the volatile phase of flue gases [34–36].

The natural radioactivity levels in CFA are two to five times higher than those in raw
coal, as the combustion process oxidizes most of the carbonaceous matter in coal, concen-
trating the radionuclides in the by-product, CFA [37]. Uranium and radium compounds are
typically released with flue gas through volatilization, then oxidized into less volatile forms
that condense and adhere to the fly ash. Studies show that the radioactive emissions from
CFA produced in a thermal power plant are 100 times higher than those from a nuclear
power plant with the same energy generation capacity [38]. Fly ash emitted from stacks
can remain airborne for extended periods, polluting the surrounding atmosphere with
238U, 232Th, and 40K [39]. Radionuclides released into the environment are deposited both
through wet and dry precipitation near the source of emission. Additionally, they can
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be carried over long distances, including to remote areas, via atmospheric transport [40].
Spherical particles of fly ash, formed as a result of high-temperature processes occurring in
oil shale power plant furnaces, have been identified at locations as far as 70 km from the
emission source [41,42].

Openly dumped fly ash presents a radiation hazard due to the potential leaching
of radionuclides into groundwater, ultimately contaminating drinking water sources. Its
disposal and use in construction activities can also expose nearby individuals to radiation
doses. Hence, analyzing and quantifying the natural radioactivity levels in fly ash and
bottom ash is essential to assess the related environmental and health risks [37]. Within
a 20-kilometer radius of a coal-fired power plant, the levels of 238U, 232Th, and 40K in the
topsoil increase annually by approximately 0.03% to 0.12%, resembling typical natural
concentrations found in soil [43]. For example, in Japan, fly ash with radioactivity levels
below 8000 Bq kg−1 can be recycled for applications such as cement [44,45], ceramics [46],
stone [47], and zeolite production [48], similar to conventional, municipal solid waste
incineration fly ash [49].

Prolonged exposure to 238U, 232Th, and 40K can increase the risk of developing bone
and cavity cancers [50,51]. Additionally, the inhalation of ash particles may irritate or
obstruct the fine airways in the lungs, leading to conditions such as asthma and chronic
bronchitis. Radium, a decay product of 238U, when ingested or inhaled, mimics calcium in
metabolic processes and deposits in the bones. This accumulation can cause teeth fractures,
anemia, cataracts, and various cancers. Similarly, exposure to thorium can result in cancers
of the lungs, pancreas, liver, bones, and kidneys, as well as leukemia [52–58].

While numerous studies assessing radionuclide content in coal fly ash worldwide
are available, there is a clear lack of detailed and up-to-date publications describing this
situation in Poland. Additionally, most existing studies focus on general radionuclide con-
centrations or the influence of the coal’s origin or combustion technology. In the available
literature, not many articles systematically investigating the dependence of radionuclide
concentration on the installed capacity of power and combined heat and power plants
have been found. Our study aims to fill this gap by providing crucial data specific to the
national energy and environmental context regarding how this technological parameter
might influence the radionuclide concentration profile. The urgency of this study stems
from the continuous production of large volumes of fly ash, the potential environmental
and health hazards associated with their storage and utilization, and the need to develop
safe and compliant methods for managing this waste.

The novel character of the research lies in the systematic analysis of the relationship
between the concentration of selected radionuclides and the installed capacity of power
and combined heat and power plants in Poland. This specific technological correlation
analysis within the Polish context has not been widely documented. The use of advanced
statistical methods, such as PERMANOVA, allowed for a rigorous assessment of differences
in the overall radionuclide concentration profile among groups of varying capacity.

The scientific contribution of the work includes providing detailed, up-to-date data
on the concentrations of natural radionuclides in fly ash from the Polish energy sector and
most importantly, demonstrating the influence of the plant capacity on the radionuclide
concentration profiles. These results constitute new knowledge regarding the factors
affecting the radiological composition of fly ash.

The aim of this study was to compare the content of selected radionuclides in coal fly
ash from 6 power plants and 13 combined heat and power plants in Poland, differing in
capacity. The sub-goal was to calculate radiological hazard assessment factors—including
radiological risks and dose rates. The objectives of this study are critically important,
as they enable a comprehensive assessment of the radiological risk associated with fly
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ash, support the development of safe technologies for processing industrial waste, and
contribute to raising environmental protection standards in the energy sector.

2. Materials and Methods
2.1. Classification of Power Plants

The power plants (PPs) and combined heat and power plants (CHPs) were divided
according to capacity into four groups:

• S1—less than 300 MW (3 CHPs, 33 samples);
• S2—from 300 to 1000 MW (3 PPs and 4 CHPs, 252 samples);
• S3—from 1000 to 3000 MW (2 PPs and 3 CHPs, 538 samples);
• S4—more than 3000 MW (2 PPs, 83 samples).

Samples were collected between the years 2020 and 2023. In all the analyzed cases,
the only fuel used was hard coal (bituminous coal), and the only dedusting technology
employed at the studied power and CHP plants was an electrostatic precipitator.

2.2. Preparation of Samples for Gamma Spectrometry

For the gamma spectrometric analysis, coal fly ash (CFA) samples with particle sizes
exceeding 2 mm were subjected to mechanical crushing and passed through certified 2 mm
sieves to ensure uniformity. To determine the activity of 226Ra, measurements of its decay
product 214Bi were used, requiring airtight sealing of the containers to prevent radon’s
escape due to its volatility. The concentration of 232Th was assessed based on the activity of
its daughter nuclide 208Tl. Each sample was analyzed nine times under consistent geometric
conditions, and the final results represent the arithmetic mean of these replicates [59,60].

2.3. Gamma Spectrometry

Radioactivity measurements of the coal fly ash (CFA) samples were carried out using
a MAZAR-type gamma spectrometer (POLON-IZOT Ltd., Warsaw, Poland), equipped
with a 2 × 2′′ NaI(Tl) scintillation detector. To reduce the influence of ambient background
radiation, the detector was housed inside a shielding chamber constructed from lead bricks
with a wall thickness of 50 mm. The MAZAR system enables a multi-range gamma analysis,
allowing the identification and quantification of key naturally occurring radionuclides.
Specifically, it is calibrated to measure the activities of 40K, 226Ra, and 232Th based on their
characteristic gamma emissions. The gamma-ray detection system employed three distinct
energy channels to identify and quantify radionuclides present in the samples. Calibration
of the spectrometric system was achieved using volumetric reference materials containing
40K, 226Ra, and 232Th. Measurements of these standards, alongside a background matrix
reference, enabled the computation of ten calibration coefficients using a matrix-based
approach. The sample and standard containers were 1.5-L Marinelli beakers (POLON-
IZOT Ltd., Warsaw, Poland). The spectrometer’s energy resolution ranged from 6% to 8%,
depending on the energy range [61].

2.4. Radiological Hazard Assessment
2.4.1. Radiological Risks

This study utilized the radium equivalent activity (Raeq) and the external hazard index
(Hex) to evaluate the potential radiological risks associated with using fly ash as a building
material. These parameters can be determined following the methods outlined by Beretka
and Mathew [62], as follows [22]:

Raeq = ARa + 1.43 × ATh + 0.077 × AK (1)



Energies 2025, 18, 3010 5 of 22

Hex = ARa/370 + ATh/259 + AK/4810 (2)

where ARa, Ath, and AK are the activity concentrations of 226Ra, 232Th, and 40K in
Bq kg−1, respectively.

Raeq is associated with both the external gamma radiation dose and the internal
exposure caused by radon and its decay products. For building materials to be considered
safe, the Raeq value should not exceed 370 Bq kg−1. Hex is derived from the Raeq formula,
with its maximum permissible value (equal to unity) corresponding to the upper safety
threshold of Raeq, which is 370 Bq kg−1 [22].

Radon and its short-lived decay products also present a risk to the respiratory system.
The level of internal exposure to radon and its progeny is measured using the internal
hazard index (Hin), which is determined by the following equation [62,63]:

Hin = ARa/185 + ATh/259 + AK/4810 (3)

2.4.2. Dose Rates, Activity Concentration Index, and Alpha Index

In this study, an effort was made to estimate the gamma radiation dose emitted from
the CFA pond. Conversion factors were determined to translate the specific activities of
40K (AK), 226Ra (ARa), and 232Th (ATh) into absorbed gamma dose rates measured at a
height of 1 m above the ground (in nGy h−1 per Bq kg−1). These conversion factors were
calculated using the Monte Carlo method by Bhangare (2014), and the resulting equation is
as follows [22]:

D (nGy h−1) = 0.0417 × AK + 0.462 × ARa + 0.604 × ATh (4)

According to the guidelines [64–67], the absorbed dose rates (D) (nGy h−1) at the
height of 1 m above the ground are assessed from the gamma radiation of 226Ra, 232Th, and
40K natural radionuclides supposed to be uniformly distributed in the ground. They are
calculated as follows:

Din (nGy h−1) = 0.92 × ARa + 1.1 × ATh + 0.081 × AK (5)

Dout (nGy h−1) = 0.4368 × ARa + 0.5993 × ATh + 0.0417 × AK (6)

where Din and Dout are the indoor and outdoor air absorbed dose rates, respectively; ARa,
ATh, Ak are activity concentrations of 226Ra, 232Th, and 40K radionuclides (Bq kg−1).

In order to estimate the annual effective dose rates, the conversion coefficient from
the absorbed dose in the air to the effective dose (0.7 SvGy−1) and the outdoor occupancy
factor (0.2) was used [22].

The effective dose rate was calculated using the formula

Eef (mSv year−1) = D (nGy h−1) × 8760 (h year−1) × 0.2 × 0.7 (Sv Gy−1) × 10−6 (7)

The outdoor and indoor annual effective dose Eout and Ein (mSv y−1) were calculated
using the following equations [67,68]:

Ein (mSv y−1) = Din (Gy h−1) × 8760 (h) × 0.8 × 0.7 (Sv Gy−1) × 10−6 (8)

Eout (mSv y−1) = Dout (Gy h−1) × 8760 (h) × 0.2 × 0.7 (Sv Gy−1) × 10−6 (9)

where
0.7 Sv Gy−1—a conversion factor from Gy to Sv;
0.2—outdoor occupancy factor;
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0.8—indoor occupancy factor [65–69].
The indoor annual effective dose (IAED) from gamma radiation emitted by terrestrial

radionuclides in a building was calculated using the Markkanen model (CEN). This model
evaluates the IAED based on gamma radiation exposure at the center of a standard room
with no windows or doors, featuring concrete walls with dimensions of 3 m × 4 m × 5 m
and a thickness of 0.2 m. The calculation incorporates a dose conversion factor of 0.7 Sv
Gy−1 and an average indoor occupancy time of 7000 h per year [69,70]. The IAED (in mSv)
was determined using the CEN formula provided in the references [71]:

IAED = [(281 + 16.3 × ρd − 0.0161 × (ρd)2) · ARa + (319 + 18.5 × ρd − 0.0178 ×
(ρd)2) × ATh + (22.3 + 1.28 × ρd − 0.00114 × (ρd)2) × AK] × 10−6 (10)

where
ρ—the density of the FA concrete (2300 kg m−3);
d—the thickness of the model room (0.2 m).
The Activity Concentration Index (ACI) is commonly employed to regulate excess

gamma radiation originating from terrestrial radionuclides present in structural, deco-
rative, or covering materials, as well as raw building materials. This regulation aims to
restrict the external radiation exposure caused by materials containing elevated levels of
natural radionuclides.

High annual effective doses (AEDs) or individual doses (IDs) are of particular con-
cern and must be controlled. According to the EC report, AEDs exceeding 1 mSv from
construction materials are rare but significant and cannot be disregarded from a radiation
safety perspective. Consequently, the ACI, calculated based on the activity concentrations
of radionuclides and AED or ID thresholds, serves as a screening tool for assessing the
safety of ready-to-use building materials [71]. Considering the types and proportions of
industrial by-products, such as CFA, blast furnace slag, bauxite, and phosphogypsum,
utilized in construction materials, the ACI is determined using the formula provided in
relevant studies [29,70–72]:

ACI = ((ARa)/(300 Bq kg−1) + (ATh)/(200 Bq kg−1) + (AK)/(3000 Bq kg−1)) × UR (11)

where
ARa, Ath, and AK are the activity concentration (in Bq kg−1) of 226Ra, 232Th, and 40K

measured in CFA samples, respectively
UR—the usage ratio or fraction of the building raw materials.
In the case of structural materials, an ACI value of ≤1 aligns with an AED not ex-

ceeding 1 mSv, while an ACI ≤ 0.5 corresponds to an AED of ≤0.3 mSv. For superficial
(surface-level) building materials, ACI thresholds of ≤6 and ≤2 similarly relate to AED
values of ≤1 mSv and ≤0.3 mSv, respectively [71].

The Alpha Index (AI) assesses the additional alpha radiation resulting from radon
inhalation due to its release from building materials [73]. When the annual effective dose
(AED) is less than 1 mSv or the radium concentration (ARa) is below 200 Bq kg−1, it is
generally unlikely that indoor radon levels will surpass the recommended design threshold
of 200 Bq m−3 set by the European Commission. The AI is determined using the following
formula [72]:

AI = ARa/(200 Bq kg−1) (12)

When the AI < 1, the 226Ra activity concentration measured in any building material
does not exceed 200 Bq kg−1 [71,73].
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2.4.3. Excess Lifetime Cancer Risks

The excess lifetime cancer risks (ELCRs) were calculated according to estimated values
of the annual effective doses, as expressed in equations [65–67,74,75]:

ELCRin = Ein × DL × RF (13)

ELCRout = Eout × DL × RF (14)

ELCRext = ELCRin + ELCRout (15)

where
ELCRin, ELCRout and ELCRext are excess lifetime cancer risks for indoor, outdoor,

and external;
DL is the duration of life (70 years);
RF is the risk factor (Sv−1), fatal cancer risk per Sievert.
For stochastic effects, ICRP 60 proposed an RF value of 0.057 Sv−1 for the public [67].

2.5. Statistical Methods
2.5.1. Tests Used for Analysis

The Shapiro–Wilk test evaluates the normality of a dataset. It tests the null hypothesis
that the data are drawn from a normally distributed population. A small p-value (below
0.05) indicates that the data deviate significantly from normality. Levene’s test was used to
assess the equality of variances (homogeneity of variance) across different groups. It tests
the null hypothesis that the variances are equal. A significant result suggests that at least
one group has a different variance compared to the others.

The Kruskal–Wallis test is a non-parametric alternative to a one-way ANOVA. It
compares the medians of three or more independent groups to determine if there are
statistically significant differences among them. It does not assume a normal distribution,
making it useful when that assumption is violated. After a significant Kruskal–Wallis test,
Dunn’s test was used for pairwise comparisons between groups, adjusting the significance
level to account for the problem of multiplicative testing.

The Bonferroni correction is applied to adjust the significance level for multiple com-
parisons, thereby reducing the likelihood of Type I errors (false positives) when testing
multiple pairs. These tests are commonly used together to analyze data that may not meet
the assumptions required for parametric tests, ensuring that the conclusions drawn are
statistically robust.

To answer the question of whether the entire concentration profile (i.e., the combined
vector of values for thorium, radium, and potassium) differs between groups with different
plant capacities, a PERMANOVA test was used. This is a test that examines whether
differences between groups are greater than differences within groups. It estimates the
degree of difference through pseudo-F and p-value statistics and does not require strict
assumptions about normality or homogeneity of variance, since it is based on permutations.

2.5.2. Statistical Rationale and Methodological Justification

All the applied statistical methods were selected based on a prior evaluation of the
dataset’s distributional properties and variance structure. The Shapiro–Wilk test indicated
that the distribution of radionuclide activity concentrations (226Ra, 232Th, and 40K) signif-
icantly deviates from normality (p < 0.05). Additionally, Levene’s test showed unequal
variances among capacity groups. These findings justified the use of non-parametric meth-
ods, which are more robust and reliable under such conditions. The Kruskal–Wallis test,
as a rank-based alternative to ANOVA, allowed a comparison of medians across groups
without assuming a normal distribution. To identify specific intergroup differences, a post
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hoc analysis using Dunn’s test with Bonferroni correction was performed, minimizing the
risk of Type I error due to multiple comparisons.

PERMANOVA (Permutational Multivariate Analysis of Variance) was employed to
evaluate whether the multivariate profile of radionuclide concentrations differs significantly
between plant capacity categories. PERMANOVA is particularly suited for ecological and
environmental datasets where assumptions of multivariate normality and homogeneity of
dispersions are often violated. The method uses permutation testing to assess significance,
making it appropriate for the present study. Its use enabled the simultaneous evaluation of
all three radionuclides as a multivariate response, enhancing the analytical depth beyond
what univariate comparisons can offer. Results from ordination techniques such as PCA
and NMDS further supported and visualized the multivariate patterns, allowing the
interpretation of variable contributions and group separations.

This methodological framework ensures statistical rigor and transparency and sup-
ports the reliability of the derived conclusions.

3. Results
3.1. Dependence of Radionuclide Concentration on Power Plant Capacity

Figure 1 presents the radionuclide activity concentration depending on the capacity of
the plant.

Figure 1. Radionuclide (Thorium—left panel; Radium—middle panel; Potassium—right panel)
activity concentration depending on the capacity of the plant.

As a result of the Shapiro–Wilk test, the hypothesis of normality of the distribution
of activity concentrations of radionuclides in each of the four groups (plant capacity) was
rejected. In each case, the p-value was lower than the assumed significance level of 0.05—the
distribution of the tested data set significantly deviates from the normal distribution. Also,
in the case of the homogeneity of variance test (Levene’s), the p-value was lower than 0.05,
indicating that the variances in the groups are not similar. The results of both tests ruled
out the use of parametric methods, because of which non-parametric methods were chosen
for further analysis.

The Kruskal–Wallis test was performed to check the comparison of median concen-
trations between groups. For the thorium concentration, significant differences between
groups were observed (p < 0.05); for radium, there were no significant differences be-
tween groups (p > 0.05), while for the potassium concentration, clear and highly significant
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differences between groups (p ≈ 0) were observed. In cases where the Kruskal–Wallis
test showed significant differences, Dunn’s multiple comparisons test with Bonferroni
correction was performed.

In the case of thorium, before adjustment, the difference between S2 and S3 would have
been considered significant (p < 0.05). However, after applying the Bonferroni correction,
the p-value increased to about 0.099, which exceeds the standard level of 0.05. Therefore,
the difference is no longer considered statistically significant after the correction. For
the S3–S4 pair, as with the S2–S3 comparison, the difference was significant (p < 0.05)
before adjustment, but after applying the Bonferroni adjustment, the p increases to about
0.171, meaning the difference is not statistically significant. In other cases, the difference
between the groups is not statistically significant, both before and after adjustment. After
applying the Bonferroni correction, the results show that there are no statistically significant
differences between the groups in terms of the parameter under study (e.g., concentration),
as none of the pairs show a corrected p-value of less than 0.05. As a conservative method,
the Bonferroni correction increases the p-value in multiple tests, which in this case made
the initially significant results (for S2–S3 and S3–S4) no longer significant.

After Bonferroni correction, the S2–S3, S1–S4, S2–S4, and S3–S4 groups show highly
statistically significant differences in potassium concentration. A comparison of S1–S2
(p-adj = 0.107) and S1–S3 (p-adj = 1.000) shows no significant differences after adjustment.
The PERMANOVA test results indicate that the group (capacity) has a statistically signifi-
cant effect on the profile of the variables studied (thorium, radium, potassium concentra-
tions). A p-value of 0.001 means that differences between groups are very unlikely to occur
by chance.

Effect size: The “Capacity” variable explains about 4.93% of the total variation.
Although this percentage is not high, in the context of studies of complex systems
(e.g., environmental, ecological, or industrial) such a result can be interpreted as significant.

F-value: A high F-statistic (15.504) confirms that intergroup differences are relatively
large compared to within-group variability.

Ordination—or dimensionality reduction, which visually represents the structure of
the data—was used to examine which variables contribute most to the differences between
groups. PCA (Principal Component Analysis) and NMDS (Non-Metric Multidimensional
Scaling) are two popular approaches.

The cumulative proportion of variance shows how much of the total variation in the
data is explained by the subsequent components. In this case, the first two components
(PC1 and PC2) together explain about 80.67% of the variability, which means that they can
be used for visualization and further analysis, retaining most of the information. PC1 is the
most important component, explaining about 47% of the variance, suggesting that the main
axis of variation in the data runs in this direction. PC2 additionally explains about 33.6%
of the variance, which, together with PC1, adds up to more than 80% of the total variance.
PC3 adds the remaining 19.3%, but in many applications, it is sufficient to consider only
the first two components. To visualize the results of the PCA, a biplot was used allowing
us to see both samples and vectors (loadings) of variables, which makes it easier to assess
which variables contribute most to each principal component. Points represent individual
samples (Figure 2).

Arrows represent variables (concentrations). The direction and length of the arrow
indicates how strongly a variable correlates with a given principal component. Longer
arrows indicate a greater contribution of a given variable.

NMDS is a nonlinear method that works well when the data do not meet the assump-
tions of linearity or normality.



Energies 2025, 18, 3010 10 of 22

Figure 2. Radionuclide activity concentration depending on plant capacity (PCA biplot). PC1,
PC2—the first two components, which explain about 80.7% of the variability.

The results of the envfit analysis indicate that the environmental vectors corresponding
to the variables ATh, ARa, and AK are significantly associated with the spatial distribution
of the samples in the NMDS ordination. Specifically, the variable AK (potassium) exhibits
the strongest influence, with an R2 value of 0.7429, suggesting that approximately 74.3% of
the variation in the ordination is explained by AK. In comparison, ARa (radium) and ATh
(thorium) explain 40.4% and 36.6% of the variation, respectively.

The PERMANOVA results were presented graphically by visualizing the NMDS
ordination based on the same distance matrix used for the PERMANOVA test; groups and
different plant powers were labeled on the graph to show how the samples separate in
ordination space and whether the differences between groups, detected statistically, also
have a clear graphical picture (Figure 3).

Figure 3. Radionuclide activity concentration depending on plant capacity (NMDS ordination).
NMDS1, NMDS2—the primary axes resulting from Non-Metric Multidimensional Scaling. The
purple ellipse represents the 95% confidence ellipse for group S1, illustrating the statistical spread
and variability of its samples in the NMDS ordination space.
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The NMDS1 and NMDS2 coordinates for each vector reveal the direction in which each
variable increases. The vector for ATh (with NMDS1 = −0.21673 and NMDS2 = 0.97623)
indicates that changes in ATh are primarily associated with variations along the NMDS2
axis. Conversely, ARa, with coordinates (NMDS1 = −0.51976, NMDS2 = −0.85431), con-
tributes negatively along both axes, implying that higher values of ARa correspond to shifts
in the negative direction on both NMDS axes. The vector for AK, displaying coordinates
(NMDS1 = 0.94929, NMDS2 = −0.31440), is strongly aligned with NMDS1, indicating that
AK predominantly influences the variation along this axis.

All vectors are statistically significant (p = 0.001), as determined by 999 permutations,
confirming that the observed relationships are highly unlikely to be due to chance. Overall,
these findings suggest that the concentration of AK is the most critical factor driving
the differences among the samples in the NMDS space, with ARa and ATh also making
significant contributions, albeit to a lesser degree.

3.2. Radiological Hazard Assessment
3.2.1. Radiological Risks

Figure 4 contains Raeq values calculated from the studied plants’ 226Ra, 232Th, and 40K
activity concentrations, divided by the variable “Size”. The dashed line indicates the value
of 370 Bq kg−1, the maximum value allowed in building materials.

Figure 4. Raeq values divided by the variable “Size”. Dashed line—370 Bq kg−1, the maximum value
allowed in building materials.

The calculated values of Raeq ranged from 20.86 to 547.6 Bq kg−1, with a median of
321.3 Bq kg−1, while the calculated values of Hex ranged from 0.06 to 1.93, with an average
of 1.00. In the case of category S1, 33.3% of Raeq values were found to be above Bq kg−1

(11 out of 33 counts). For category S2, this proportion was 18.7% (47 out of 252); for category
S3, 1.12% (6 out of 538); and for category S4, 13.3% (11 out of 83). For category S1, it was
69.7%. The Hin values were above 1, while for categories S2, S3 and S4, the Hin values
were above 1—respectively, 84.1%, 98.7%, and 100%. The Hin should be less than unity to
safely use material in constructing dwellings (Table 1).
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Table 1. Values of Raeq, Hex, and Hin divided by the variable “Size”.

Plant Size Total
S1 S2 S3 S4

Min Max Med Min Max Med Min Max Med Min Max Med Min Max Med

Raeq (Bq kg−1) 20.9 503 326 44.7 575 330 180 448 320 262 420 324 20.9 548 321.2

Hex 0.07 1.7 1 0.14 1.9 1.02 0.52 1.5 1 0.84 1.3 1.01 0.07 1.93 1.002

Hin 0.08 2.1 1.22 0.17 2.6 1.25 0.58 2 1.23 1.04 1.6 1.23 0.8 2.56 1.23

Abbreviations: Min: minimum, Max: maximum, Med: median.

3.2.2. Dose Rates, Activity Concentration Index, and Alpha Index

The absorbed dose rate at 1 m above ground D (nGy h−1 by Bq kg−1) and Din and Dout

were calculated. Moreover, the effective dose rate (Eef) and the outdoor (Eout) and indoor
(Ein) annual effective dose, as well as the indoor annual effective dose (IAED) from gamma
radiation emitted by terrestrial radionuclides in a building rate, the Activity Concentration
Index (ACI), and Alpha Index (AI) have been compiled in Table 2.

Table 2. Values of dose rates (D, Din, Dout, Eef, Eout, Ein, IAED), Activity Concentration Index (ACI),
and Alpha Index (AI) divided by the variable “Size”.

Size
D Din Dout Eef Ein Eout IAED ACI AI

Unit (nGy h−1) (mSv y−1) - -

S1

Min 9.51 18.2 9.26 0.012 0.089 0.011 0.085 1.62 0.044

Max 231.0 448.0 224.0 0.284 2.20 0.274 2.10 34.3 1.45

Med 149.0 285.0 146.0 0.183 1.40 0.179 1.33 14.6 0.644

SD 64.0 123.0 62.0 0.079 0.606 0.076 0.578 10.1 0.389

S2

Min 19.9 38.0 19.2 0.024 0.186 0.024 0.177 8.66 0.082

Max 264.0 514.0 254.0 0.324 2.52 0.312 2.42 529.0 1.87

Med 151.0 289.0 148.0 0.186 1.42 0.181 1.35 174.0 0.667

SD 35.4 68.7 34.1 0.043 0.337 0.042 0.323 107.0 0.283

S3

Min 89.7 173.0 88.7 0.110 0.849 0.109 0.797 288.0 0.177

Max 203.0 392.0 195.0 0.249 1.92 0.240 1.84 1267.0 1.36

Med 147.0 282.0 143.0 0.180 1.38 0.175 1.31 627.0 0.678

SD 9.93 18.9 9.49 0.012 0.093 0.117 0.089 182.0 0.078

S4

Min 117.0 224.0 113.0 0.143 1.10 0.139 1.05 772.0 0.486

Max 194.0 372.0 188.0 0.237 1.82 0.231 1.73 1334.0 1.00

Med 150.0 287.0 146.0 0.184 1.41 0.179 1.34 997.0 0.640

SD 14.0 27.2 13.5 0.017 0.133 0.017 1.128 104.0 0.132

Total

Min 9.51 18.21 9.26 0.012 0.089 0.011 0.085 1.62 0.044

Max 264.3 514.4 254.4 0.324 2.52 0.312 2.42 1334.0 1.87

Med 147.5 282.9 143.6 0.181 1.39 0.176 1.32 508.0 0.672

SD 24.0 46.5 23.18 0.029 0.233 0.028 0.218 306.0 0.182

According to UNSCEAR (United Nations Scientific Committee on the Effects of
Atomic Radiation), the global average IAED from terrestrial radionuclides is approxi-
mately 0.41 mSv/y. The ICRP recommends that the annual radiation dose for the general
public should not exceed 1 mSv y−1, excluding medical and natural background radiation.
The WHO and the European Commission (Radiation Protection 112) suggest that if the
IAED exceeds 1 mSv y−1, control measures may be necessary, such as reducing the use
of materials with a high radionuclide content. In buildings containing materials rich in
radium, thorium, or potassium, the IAED may exceed 1–2 mSv y−1, requiring further
assessment and potential mitigation strategies. For category S1, 72.7% of IAED values were
above 1 mSv h−1. For category S2, this proportion was 88.5%; for category S3, 99.6%; for
category S4, 100%.
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When the AI is less than 1, the measured 226Ra activity concentration in any building
material remains below 200 Bq kg−1. In category S1, 78.8% of IA values were lower
than 1 mSv h−1. In S2, this percentage was 88.9%, while in S3 and S4, it reached
99.6% and 99.8%, respectively.

3.2.3. Excess Lifetime Cancer Risks

Table 3 contains the excess lifetime cancer risk (ELCR) values for indoor, outdoor, and
external, divided by the variable “Size”.

Table 3. Indoor (ELCRin), outdoor (ELCRout), and external (ELCRext) excess lifetime cancer risks,
divided by the variable “Size”.

S1 S2 S3 S4 Total

Min Max Med Min Max Med Min Max Med Min Max Med Min Max Med

Unit mSv−1 × 10−3

ELCRin 0.489 10.3 6.84 1.35 48.0 17.3 23.6 97.7 48.8 58.0 99.4 74.0 0.489 99.4 40.4

ELCRout 0.062 1.28 0.872 0.169 5.94 2.21 2.98 12.2 6.19 7.32 12.6 9.43 0.062 12.6 5.13

ELCRext 0.551 11.6 7.72 1.52 54.0 19.5 26.6 110.0 55.0 65.3 112.0 83.5 0.551 112.0 45.5

The global average ELCR for natural radiation exposure is 0.29 × 10−3 (0.00029 or
0.029%) according to UNSCEAR. An acceptable ELCR level according to the ICRP is
1 × 10−3 (0.001 or 0.1%)—considered the upper threshold for permissible public exposure.
The ELCR level considered hazardous is 1 × 10−2 (0.01 or 1%) and above—this may indicate
a significant radiological risk and the need for exposure reduction measures.

4. Discussion
Table 4 contains activity concentration values of chosen radionuclides determined in

fly ashes by different authors worldwide.

Table 4. Review of the activity concentrations of chosen radionuclides worldwide.

Country
[Reference]

Plant
Capacity

Activity Concentration (Bq kg−1)
Remarks

226Ra 232Th 40K 238U

Australia [76] - 59–110 57–130 170–615 64–114 -
Bangladesh [77] 250 MW 70.9 115.3 205.5 - -
Bangladesh [78] - 117.8 157.3 1463.3 - -

Belgium [19] 2 units 500 MW total
590–1100 - - - FA in chimney
160–185 FA caught by electro-filters

Brazil [28] 10 MW 1442–3773 43–124 471–968 1459–5198 -
Brazil [79] 162 MW 661 80 489 867.5 210Pb: 806; 228Ra: 67

China [63]
2000 MW 90.3–165.6 83.9–145.6 309.0–593.2 - Exhalation rate (Eh)

(Bqm−2 h−1): 4.7–20.5- 136.5–189.9 123.6–202.4 176.5–278.6 -
China [80] 660 MW 76.1–165.7 118.7–195.6 261.5–520.8 -

China [81]
850 MW 60.5–131.8 61.5–164.6 155.9–316.1 - Raeq: 169.3–384.0
900 MW 46.4–148.0 59.3–153.9 123.3–343.0 Raeq: 139.7–388.6

Croatia [82] - 53.3 54.4 361.7 - Raeq: 158.9
Estonia [83–85] 2030 MW - 12–26 400 50 228Ra: 50
Great Britain [86] - 40–70 - - - -

Greece [87] - 142–605 - 204–382 263–950
228Ra: 27–68
210Pb: 133–428

Greece [88] 4 units 850 MW total 794–1028 50–55 403–516 899–1051 210Pb: 1028–1322

Greece [89]

600 MW 142–165

- - - -620 MW 193–299
1200 MW 430–495
1200 MW 570–605

Greece [90] 550 MW 1020 59.1 447 998
Greece [91] - 366 50 297
Greece [92] - 273–1377 41–65 143–661
Hungary [93] 324 MW 178 55 387 - I-index (activity index): 1.00
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Table 4. Cont.

Country
[Reference]

Plant
Capacity

Activity Concentration (Bq kg−1)
Remarks

226Ra 232Th 40K 238U

India [17]

2920 MW 58.2 89.2 301.2

- -

2100 MW 84.1 98.8 297.1
1720 MW 83.1 102.5 334.1
1320 MW 78.4 89.1 362.7
1050 MW 76.3 87.5 288.1
840 MW 81.8–177.3 111.6–178.5 365.9–495.9
810 MW 78.5 86.5 278.1
705 MW 75.5 88.1 286.4
460 MW 79.2 96.3 291.6

India [22] - 60.7–105.7 19.8–125.1 43.6–199.8 67.3–116.2
India [94] 1270 MW 45.1 39.9 88.4 Raeq: 109.2
India [95] 480 MW 150.0 133.2 340.4 -
India [95] 600 MW 865.8 107.3 55.5

India [96]
135 MW 18.90–26.12 26.65–44.55 532.3–929.5 - Raeq: 95.23–136.19
705 MW 19.33–48.56 18.89–87.60 419.2–695.0 Raeq: 92.60–175.96

India [97]

4200 MW 59.2 95.1 507.0

- -

3390 MW 64.0 126.9 370.0
1350 MW 126.9 138.0 279.0
338 MW 70.3 118.4 252.0
210 MW 49.2 106.2 329.3
30 MW 64 126.9 370.0

India [20]
1260 MW 111.4 140.2 350.7

- -350 MW 97.3 107.5 315.8
215 MW 126.9 106.3 321.8

India [98] 1260 MW 695 103 342 -
Kosovo [29] 910 MW 30 30 133 -
Malaysia [99] 2100 MW 48 44 299 - Raeq: 135; Hex: 0.40

Malaysia [54] 3100 MW - 50.2–134.57 327.54–1114.40 67.54–189.18

Raeq (Bq kg−1):
Th: 467.42
K: 429.09
U: 164.55

Malaysia [53] 2420 MW 27.42 134.41 321.65 152.71 232U: 157.71
Nigeria [100] 30 MW 41 49 321 - -
Pakistan [50] - 50.1 70.1 533 -
Poland [26] - 54.2–119.3 47.5–91.5 448.5–758.0 94.0–184.6 210Pb: 43.5–264.3
Republic of North
Macedonia [101] 675 MW 143 116 719 - -

Serbia [102]

1650 MW

-

Raeq: 182–308; Hex: 0.68
1360 MW Raeq: 105–152; Hex: 0.33
1240 MW Raeq: 102–325; Hex: 0.64
299 MW 120 72 360 Raeq: 170–316; Hex: 0.63
120 MW Raeq: 164–405; Hex: 0.68

Serbia [18] 1650 MW 114.4–118.8 - - - -
Serbia [103] 1240 MW 90 66 240 -
Spain [104] 400 MW 128 88 860 - -
Turkey [25] 1355 MW 291–853 - - - -

Turkey [51] 457 MW 24.6–899.7 18.2–47.2 270.2–436.5 -
Raeq: 71.85–1000.76
Annual effective dose equivalent
(mSv y−1): 42.02–532.12

Turkey [105]

190 MW 47.2–186.0 10.4–138.6 123.0–815.0

--

Raeq: 72.5–400.6
210 MW 87.0–575.9 75.0–212.0 28.0–2057.0 Raeq: 269.1–812.1
300 MW 20.0–229.0 50.0–217.0 90.0–2532.3 Raeq: 158.4–665.4
320 MW 103.4–248.0 55.3–113.0 84.7–342.6 Raeq: 208.8–414.9
420 MW 182.1–906.2 9.0–96.0 112.0–1244.0 Raeq: 212.0–968.3
429 MW 117.0–790.0 105.5–2740.0 25.3–2349.0 Raeq: 374.4–1090.0
457 MW 156.0–2720 16.0–158.0 98.0–1978.0 Raeq: 259.8–2760.9
620 MW 17.0–476.0 10.1–155.5 17.0–850.0 Raeq: 51.9–684.2
630 MW 341.0–1142.0 9.0–141.0 75.0–484.0 Raeq: 376.1–1201.0
630 MW 63.0–992.0 40.5–696.0 12.0–2062.0 Raeq: 255.0–1710.5
1034 MW 23.0–2398.0 38.0–279.0 13.4–2974.0 Raeq: 187.6–2630.1
1320 MW 70.0–166.0 48.0–204.0 195.0–695.0 Raeq: 174.9–402.7
1360 MW 234.0–1245.0 11.0–127.0 61.0–1613.0 Raeq: 254.4–1382.5
1440 MW 117.0–431.1 10.0–77.0 65.7–371.5 Raeq: 143.3–518.9

Vietnam [67] 4244 MW 77 92 938 93

Radon dose: 5.27
Indoor external: 1.22
Internal: 0.16
Total effective dose equivalent:
6.65 mSv y−1

Vietnam [106]
1040 MW 14.3–37.5 83–461 523–673 - -
330 MW 11.0–30.3 70–370 450–920

USA [107] - 100–200 23–125 112–315 - -
EU average [108] - 207 80 564 - -
World aver. [51] - 32 45 420 - Raeq: 370
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Also, Lauer et al. (2017) [109] involved a comparative analysis of naturally occurring
radioactive materials in uranium-rich coal samples and their corresponding coal com-
bustion residues (CCRs), in relation to CCRs from the Beijing region and natural loess
deposits in Northeastern China. The uranium-rich coals exhibited significantly elevated
uranium concentrations, reaching up to 476 ppm, which were accompanied by notably
low activity ratios of 232Th/238U and 228Ra/226Ra (≪1). Furthermore, a positive correla-
tion was observed between 226Ra and 238U activities, as well as between 228Ra and 232Th
activities. Additionally, 226Ra activity displayed a strong association with 210Pb activity
across all the analyzed coal samples [109]. In comparison with worldwide literature val-
ues, the activity concentrations measured in the S1–S4 samples generally fall within or
near the broad ranges reported for coal combustion residues in different regions. For
example, many global studies cite mean values for 226Ra in the vicinity of 30–60 Bq kg−1,
232Th around 20–60 Bq kg−1, and 40K spanning approximately 200–600 Bq kg−1. The data
from S1–S4 typically align with these intervals, although some samples, particularly for
226Ra, exhibit activity concentrations that exceed these averages. Such elevated values are
not uncommon in the literature, as local geological conditions and coal composition can
markedly influence radionuclide levels. A more detailed comparative perspective reveals
that the activity concentrations of 226Ra, 232Th, and 40K in CFA from Polish power and
CHP plants (especially in groups S1 and S4) are largely consistent with values reported
in the international literature. For instance, studies conducted in India, China, Brazil,
and Greece have shown a wide variability in CFA radionuclide content, depending not
only on plant capacity but also on geological background, fuel composition, and pollution
control strategies. In Brazil, values of 226Ra have reached up to 3773 Bq kg−1, while in
China and Greece, average concentrations of 232Th often exceed 150 Bq kg−1, notably
higher than the median values observed in this study. The variability observed between
countries may be attributed to several factors: (i) the geological origin of the coal, which
determines the initial NORM content—for example, uranium-rich coal basins in Brazil and
India; (ii) combustion technology, particularly the use of pulverized coal boilers versus
fluidized bed systems, which influence the partitioning and volatilization behavior of
radionuclides; and (iii) pollution control technologies, such as high-efficiency electrostatic
precipitators or fabric filters, which affect the particle-bound radionuclide capture rates.
Furthermore, regulatory frameworks—such as permissible Raeq thresholds or building
material standards—vary considerably between countries. For instance, Japan allows CFA
use in cement only below 8000 Bq kg−1, while European standards define Raeq limits at
370 Bq kg−1. This influences both the classification of fly ash as hazardous and its sub-
sequent utilization. Our results indicate that although Polish CFA falls within globally
reported ranges, a significant portion of samples, particularly in the case of plants with
a capacity less than 300 MW (group S1) and higher than 3000 MW (S4), approach or ex-
ceed these thresholds, especially in terms of Raeq, IAED, and Hex indices. This suggests
that while Polish CFA is generally comparable in radiological profile to that from other
countries, local assessments must account for national environmental conditions, energy
infrastructure characteristics, and regulatory benchmarks. These findings reinforce the
need for country-specific risk evaluation frameworks, while also enabling international
comparability and potential standard harmonization. Moreover, the observed variations do
not appear to correlate strictly with the installed capacity of the PP and CHP plants. While
it is likely that higher-capacity facilities could yield higher radionuclide concentrations,
multiple studies have demonstrated that the principal determinants include the origin and
quality of the coal, the specific combustion technology, and the efficiency of particulate con-
trol systems. Consequently, even plants with relatively low capacities can exhibit elevated
radionuclide concentrations if the coal source is enriched in naturally occurring radioactive
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materials. Conversely, large installations may generate residues with moderate activities if
the coal and operational parameters favor a lower accumulation of radioactive elements.
In this context, the results presented here are consistent with global findings, highlighting
that a complex interplay of factors, rather than power plant capacity alone, governs the
ultimate radionuclide content of coal combustion by-products.

5. Conclusions
In this study, the radiological hazard of coal fly ashes from power and cogeneration

plants by analyzing the concentrations of thorium (232Th), radium (226Ra), and potassium
(40K) across four capacity-based groups (S1: <300 MW, S2: 300–1000 MW, S3: 1000–3000 MW,
S4: >3000 MW) was evaluated. Samples collected between 2020 and 2023 were analyzed
using PERMANOVA, which revealed significant differences in the overall concentration
profiles among the groups. Our findings indicate that the plant capacity has a discernible
effect on the concentrations of thorium and, particularly, potassium, while no statistically
significant differences were observed for radium. Notably, potassium concentrations
exhibited marked differences between groups S2, S3, and S4, as well as between S1 and
S4; however, the differences between S1–S2 and S1–S3 were not statistically significant
after adjustments for multiple testing. Additionally, most S1 samples displayed values
near or below the 370 Bq kg−1 threshold, most S3 samples were below this threshold,
and most S4 samples clustered around it, with the greatest variability observed in the
S3 group. These results underscore the importance of considering plant capacity when
assessing the radiological risks associated with fly ash and have significant implications for
environmental risk management and waste processing in the energy sector.

Our study addressed a gap in the literature by providing a detailed assessment of
the radiological hazard associated with coal fly ash from Polish power and combined heat
and power plants, with a specific focus on the influence of installed plant capacity. Using
non-parametric methods, including PERMANOVA, we demonstrated that plant capacity
has a statistically significant influence on the overall profile of radionuclide concentrations
(thorium, radium, and potassium) and particularly on potassium concentration. While
radium concentrations did not show statistically significant differences between capacity
groups, significant differences were observed in potassium concentration among groups S2,
S3, S4, and between S1 and S4 after Bonferroni correction for multiple comparisons. The
PERMANOVA analysis results confirmed that the “Capacity” variable has a statistically
significant impact on the profile of the studied variables.

The calculated radiological hazard assessment factors, such as Raeq and Hex, often
approached or exceeded permissible limits for building materials, especially in groups S1
and S4. The internal hazard index (Hin) and annual effective doses (e.g., IAED) frequently
exceeded reference levels. Importantly, the frequency of exceeding these levels, particularly
IAEDs, showed an increasing trend with increasing installed plant capacity.

The main scientific contribution of this work is the confirmation of a statistically
significant dependence between the installed capacity of power plants and the profile
of radionuclide concentrations in fly ash, representing a novel approach in studying the
factors influencing the radiological characteristics of energy waste. The study also provides
valuable, current data for the Polish energy sector that can be used for risk assessment in
Central and Eastern European countries.

The practical implications of the results are significant. The analysis of the dependence
on plant capacity allows for a better understanding of the potential hazards associated with
different types of power plants and can aid in developing more targeted waste management
strategies. The findings underscore the need to consider capacity as a key parameter in
radiological risk assessment and may suggest the necessity of implementing more stringent
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monitoring and control measures in the future, especially for higher-capacity installations.
Our study provides strategically important results for shaping energy policy and envi-
ronmental protection in Poland, particularly in the context of future sector developments.
Moreover, by explicitly incorporating plant capacity as a stratification variable, this research
introduces a novel methodological perspective: it links technological and operational scale
(reflected by installed power output) with measurable radiological properties of waste. To
our knowledge, this variable has rarely been examined in relation to radionuclide distribu-
tion patterns, despite its clear relevance to fuel throughput, combustion efficiency, and fly
ash characteristics.

The dataset—comprising over 900 samples from 19 facilities over a three-year period—
offers a statistically robust foundation for meta-analyses and regulatory benchmarking.
These insights can guide decision-makers in optimizing monitoring frameworks and up-
dating safety standards, especially for high-capacity plants with elevated hazard indices.
The study also opens avenues for follow-up research, such as exploring correlations with
combustion technology, ash composition, or emission control systems.

Calculating radiological hazard assessment factors, including radiological risk and
dose rate indicators, allows for a thorough analysis of the potential consequences of expo-
sure to these materials. Such an evaluation facilitates the development of appropriate waste
management strategies and measures to minimize exposure, both for power plant workers
and local communities, while also contributing to the establishment of environmental
protection norms and standards. Furthermore, analyzing the results in relation to plant
capacity enables the identification of potential correlations between the technological pa-
rameters of the installations and the radionuclide content. This may lead to the necessity of
implementing more stringent monitoring and control measures in the future. Considering
plans for constructing new power units and the dynamic changes occurring within the
energy sector, the outcomes of such a study hold strategic importance for shaping energy
policy and environmental protection.
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Alpha-Particle and Gamma-Ray Spectrometry Methods for Determination of 235U, 238U and 226Ra Activity Concentration in
Samples of Coal, Slag and Fly-Ash. Radiat. Phys. Chem. 2022, 193, 109933. [CrossRef]

19. Zeevaert, T.; Sweeck, L.; Vanmarcke, H. The Radiological Impact from Airborne Routine Discharges of a Modern Coal-Fired
Power Plant. J. Environ. Radioact. 2006, 85, 1–22. [CrossRef]

20. Mondal, T.; Sengupta, D.; Mandal, A. Natural Radioactivity of Ash and Coal in Major Thermal Power Plants of West Bengal,
India. Curr. Sci. 2006, 91, 1387–1393.

21. Flues, M.; Camargo, I.M.C.; Silva, P.S.C.; Mazzilli, B.P. Radioactivity of Coal and Ashes from Figueira Coal Power Plant in Brazil.
J. Radioanal. Nucl. Chem. 2006, 270, 597–602. [CrossRef]

22. Bhangare, R.C.; Tiwari, M.; Ajmal, P.Y.; Sahu, S.K.; Pandit, G.G. Distribution of Natural Radioactivity in Coal and Combustion
Residues of Thermal Power Plants. J. Radioanal. Nucl. Chem. 2014, 300, 17–22. [CrossRef]

23. Almahayni, T.; Vanhoudt, N. Does Leaching of Naturally Occurring Radionuclides from Roadway Pavements Stabilised with Coal
Fly Ash Have Negative Impacts on Groundwater Quality and Human Health? J. Hazard. Mater. 2018, 349, 128–134. [CrossRef]
[PubMed]

24. Lauer, N.; Hower, J.; Hsu-Kim, H.; Taggart, R.; Vengosh, A. Naturally Occurring Radioactive Materials in Coals and Coal
Combustion Residuals in the United States. Environ. Sci. Technol. 2015, 49, 11227–11233. [CrossRef]
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