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Abstract: In Poland, special attention is focused on sustainable municipal waste management. As
a result, new waste incineration plants are being planned. They are considered to be modern,
ecologically friendly, and renewable energy sources. The waste from conventional incineration,
which contains hazardous substances, must be disposed of in an appropriate manner. This study
used advanced statistical tools, such as control charts, trend analysis, and time series analysis. The
analysis was based on the leachability of selected elements and chemical compounds in incineration
bottom ashes (IBAs) from the Waste to Energy Plant in Kraków, which were weathered for 2 weeks.
The analysis was performed for 34 weeks. The obtained leachability results were compared with the
leachability limit values of individual components. Based on the analysis of the control charts, it
was found that in the case of selected samples, the leachability limit values for processing outside
the plant using the R5 recovery process (LLVR5) values were exceeded. Seasonality analysis was
performed using the autocorrelation function (ACF), the partial autocorrelation function (PACF),
and the frequency analysis. Based on the obtained results, it was concluded that the leachability
of elements and chemical compounds from waste does not confirm the occurrence of seasonality.
It was found that from the exceedances of the LLVR5 mean that the two-week weathering is not
sufficient and further studies should be carried out. The research methodology, which was presented
on the example of the leachability of elements and compounds from IBA, can also be used for other
waste analyses.

Keywords: leachability; IBA; waste; municipal waste incineration plants; control charts; time series

1. Introduction

The increasing amounts of municipal solid waste (MSW) generated contributes to
the landfilling problem. One of the solutions to this problem is the thermal conversion of
waste in waste incineration plants. Thermal treatment of waste is one of the methods to
reduce the volume (up to 90%) and mass (approximately by 70%) of waste generated while
recovering the waste energy [1]. It is also a response to EU recommendations based on
Council Directive 1999/31/EC of 26 April 1999 on the landfill of waste [2] and Directive
2008/98/EC of the European Parliament and of the Council of 19 November 2008 on
waste and repealing certain Directives, setting targets for the reduction of biodegradable
municipal waste going to landfills to 35% [3] and the reduction of municipal waste and
waste from the treatment of municipal waste with a gross calorific value over 6 MJ/kg
DM (dry mass) [4]. In an era of climate change and political pressures, there is an urgent
need for new more environmentally friendly energy sources. Part of the energy generated
during the incineration of waste containing biodegradable fractions can be considered re-
newable energy. Modern incineration plants, thanks to the application of the best available
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techniques (BAT) presented in the Best Available Techniques Reference Document (BREF),
ensure that no significant pollution is caused. However, the incineration process produces
large amounts of residues, which can account even for 38% of the input material. These
residues include, among others, fly ash 1–3% (FA), incineration bottom ash 20–30% (IBA),
and air pollution control residues 2–5% (APCr) [5]. A number of studies have investigated
the loss of valuable metals when residues are landfilled [6–8]. While the production of
significant amounts of these residues is associated with the challenges of their management
and processing [9], most of IBA after weathering and the recovery of metals can be recycled
as a road sub-base and replace natural aggregates typically used in that process [10–13]. Un-
fortunately, some of these residues, due to their heavy metal content and leaching potential,
have environmental impact on soils and water and can be classified as a hazardous waste
that requires specialized processing methods. Heavy metals, such as Cr, Cu, Pb, Hg, and
Ni, are commonly present in leachate [14,15]. A number of studies investigated IBA and
their leaching potential as a function of time and pH [16,17] or their particle size [8,18–22].
The degree of leaching of environmentally hazardous substances has also been the subject
of geochemical modeling [23]. This paper is the first to use advanced statistical tools to
examine the stability and seasonality in chemical compounds in IBA. The results presented
refer to waste with European waste catalogue code 19 01 12–bottom ash and slags other
than mentioned in 19 01 11 (IBA) [24].

Study Area

The examined material was obtained from the Waste to Energy plant in Kraków
(ZTPO). This plant was commissioned in 2016. The ZTPO can process 245,000 tons of MSW
per year. Mixed municipal waste classified as waste unsuitable for recovery and recycling
in other processes and other waste resulting from mechanical treatment of municipal
waste (after waste recovery processes, i.e., material waste, bulky waste, or post-renovation
waste) is directed to the incinerator. It was obtained exclusively from the Municipality of
Kraków. The thermal treatment of waste is carried out continuously on 2 parallel lines, each
with a maximum capacity of 15.5 t/h and with an incineration chamber that guarantees a
temperature of over 850 ◦C for a minimum of two seconds. It also ensures the recovery
of energy contained in waste and the production of electricity and heat in cogeneration,
approximately 91,000 MWh of electricity, and 970,000 GJ of thermal energy, which allows
meeting about 10% of the annual needs of the heating system of the city of Kraków. IBA,
which are not hazardous waste, are used in the extracting of ferrous and non-ferrous
metals and weathering processes in the IBA valorization junction. IBA consists mainly of
non-flammable substances, i.e., water-insoluble silicates, aluminum, and iron oxides.

The first stage of the process of valorization is the initial weathering on a hardened
and tight substrate inside a closed building structure, which is used for its hydration and
stabilization involving the penetration of moisture to the IBA grains, where hydration
processes take place. After a period of two weeks, IBA is processed in a crusher and
separated on sieves, during which fractions of an appropriate size and ferrous and non-
ferrous metals are separated by means of a magnetic and induction separator. Then,
the separated fractions are transferred for further weathering in separate sectors. The
maximum capacity of the plant is 70,000 tons per year. Further management of this
waste is carried out by external entities. The residues are processed to aggregates and
used in road construction after obtaining technical approval. Polish law regulates the
principles of waste processing. Wastes can be processed in installations or devices. In some
cases, wastes like IBA may also be processed outside installations and devices in the R5
recovery process, recycling, or reclamation of other inorganic materials. These wastes are
used as a material for road and highway foundations provided that the parameters and
requirements are specified in the Regulation of the Minister of Environment of 11 May
2015 on waste recovery outside installations and equipment (Journal of Laws 2015 item
796) [25]. Recovery conditions are met when leaching tests do not exceed leachability
limit values and additional requirements are done: (1) IBA are separated from light, dry,
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unburned parts, ferromagnetic and non-ferrous metal scrap, and are weathered’ (2) IBA
are processed outside flood areas, at a distance of minimum 50 cm from the highest
water level in the 50-year period and at a distance of minimum 60 m from each river; (3)
outside the areas subject to protection on the basis of water and nature protection; and
(4) IBA should also be compacted and covered with an impermeable layer. The study
analyzed the variability of the leachability of selected elements and compounds over a
period of 36 weeks. Using advanced statistical tools, the stability of the IBA composition
was examined in terms of the amount of leaching elements, such as arsenic, barium,
cadmium, copper, chromium, mercury, molybdenum, nickel, lead, antimony, selenium,
zinc, and the following compounds: chlorides, sulphates, fluorides, as well as the content
of dissolved organic carbon (DOC) and total dissolved solids (TDSs). The obtained results
were compared with the applicable standards: leachability limit values (LLVs) [4] and
leachability limit values for processing outside the plant using the R5 recovery process [25]
(LLVR5). Such detailed statistical tests, together with the analysis of trends and seasonality
for the leachability of the above-mentioned elements and compounds from IBA from MSW
incineration plants, are performed for the first time, which makes the obtained results
unique. The data from the experiments were measured at equal time intervals, so they were
assumed to be a time series. In addition, due to the purpose of the research, demonstrating
that the leachability does not change with time, the use of trend and seasonality assessment
methods was justified. The use of ACF and PACF charts allowed us to determine the
randomness, trend, and seasonality in the data. Based on the conclusions from the ACF
and PACF, it was decided to use the other methods presented in the paper. The number of
possible methods was limited due to the small sample size of the study. Further analysis
requires more complete data. Based on the statistical methods used in this study, it is
possible to predict the chemical composition of the waste. The used methods are suitable
to regulate the process and optimize the costs of the waste treatment depending on the
chemical compounds of this waste as a function of time.

2. Research Methodology

The leachability analysis was conducted using IBA samples initially weathered for
two weeks and then subjected to crushing to 0–16 mm and to extraction of ferrous and
non-ferrous metals. Increments were taken from the heap using a shovel from the points
evenly distributed on its surface. The total weight of each weekly primary sample was
approximately 350–400 kg. Sample weight was reduced using a manual quartering method.
Every primary sample was formed into a cone on a clean surface, and then piled with
a shovel onto the second, adjacent to the first cone. IBA was piled so that each material
shovel was placed on top of the new cone so that the applied material falls evenly on all
sides of the cone, thereby mixing the different particle sizes. This operation was repeated
until all the material was piled over the new cone. The third cone in a row was flattened
and then divided into four parts by two diagonals. The material from the two opposite
quarters was discarded and the material from the other two quarters was mixed again and
then divided into four parts until the correct 20-kg laboratory sample was obtained.

The leachability analyses were conducted by the environmental laboratory SGS Polska
Sp. z o. o., in a liquid to solid ratio of 10:1, according to the following standards: EN 12457-
1 [26], EN 12457-2 [27], EN 12457-3 [28], and EN 12457-4 [29], in a legally regulated area [4].
The laboratory has implemented a quality management system in accordance with the ISO
17025 standard [30]. Traceability is ensured based on analysis of control samples—blanks,
fortified samples, and certified reference materials. Methods used for selected elements
and compounds determination in the leachates are summarized in Table 1.
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Table 1. Analytical methods used for selected elements and compounds determination.

Element/Compound Analytical Method Limit of Quantification
(LOQ) Uncertainty (U) * (%)

Dry mass Weight method [31] 0.10% 25
As

Inductively Coupled Plasma Mass
Spectrometry ICP-MS [32]

0.10 mg/kg 35
Cd 0.010 mg/kg 35
Ba 0.10 mg/kg 35
Cu 0.10 mg/kg 35
Cr 0.10 mg/kg 35
Mo 0.10 mg/kg 35
Ni 0.10 mg/kg 35
Pb 0.10 mg/kg 35
Se 0.010 mg/kg 40
Sb 0.010 mg/kg 35
Zn 0.50 mg/kg 35

Hg Atomic Absorption Spectrometry
with the amalgamation technique [33] 0.005 mg/kg 35

Cl−
Continuous flow analysis method

(CFA) with
spectrophotometric detection [34]

25 mg/kg 29

SO4
2−

Continuous flow analysis method
(CFA) with

spectrophotometric detection [35]
50 mg/kg 29

F−
Continuous flow analysis method

(CFA) with
spectrophotometric detection [36]

5 mg/kg 29

TOC Infrared spectroscopy [37] 1.0 mg/L 29
TDS Weight method [38] 3.0 mg/L 29

* related expanded uncertainty, k = 2.95%.

The results of the analysis of individual substances were compared with the limit
values determined in the regulations [4,25].

The results obtained were subjected to statistical analysis, which included basic statis-
tics, Shewhart control charts, trend analysis, and time series analysis.

In terms of basic statistics, the following were determined for each tested component:
minimum, maximum, mean, standard deviation, and the coefficient of variation.

2.1. Control Charts

Control charts of individual measurements allow control of the results of laboratory
tests (measurements, analyses, and technological processes). They present points corre-
sponding to the obtained results of analyses as a function of time. The following lines are
additionally marked on the chart:

(A) The upper control limit (UCL) set at a distance of three standard deviations above the
mean value. Observations higher than UCL are called extreme values;

(B) Upper warning limit (UWL) set at a distance of two standard deviations above the
mean value. Observations higher than UWL and lower than UCL are called outliers;

(C) Center line (CL), determining the mean value;
(D) The lower warning limit (LWL), which is set a distance of two standard deviations

below the mean value, observations lower than UWL and higher than UCL are called
outliers;

(E) The lower control limit (LCL), which is set at a distance of three standard deviations
below the mean value. Observations lower than UCL are called extreme values.

The occurrence of a single result outside the main control limits is the so-called point
signal, while the location of two or more results outside the warning limits is referred to as
the sequential signal [39]. In general, according to the principles of a normal distribution,
approximately 4% of the results may fall outside the +/− 3 limits. These results can be
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removed from further analysis (e.g., trend analysis) or, if it is decided that it is not an error
but simply the actual variability in the process, they can be taken for further analysis.

Trend analysis was performed using GWSDAT software (Ground Water Spatiotem-
poral Data Analysis Tool) [40]. In this program, trend analysis was performed using a
nonparametric method called local linear regression. A traditional linear time series trend is
estimated with a 95% confidence interval. The trend evaluation using the linear regression
method is based on the assumption that if there is a trend in the analyzed data set, the
directional coefficient of the line in the regression equation is different from zero. The sign
of inclination (upward or downward trend) is indicated by the sign before the coefficient.
If the value of the directional coefficient is not statistically significant, then we can con-
clude, that for the analyzed parameter no statistically significant monotonic trend has been
identified. GWSDAT uses Mann-Kendall trend test to estimate the statistical significances
of trends. The p-value below 0.05 indicates that the trend is statistically significant. In turn,
a p-value above 0.05 suggests that the trend is not present.

2.2. Time Series

A time series is a series of data observations indexed in time order. The key character-
istic features of time series are the trend and seasonality components. Therefore, a strong
emphasis should be placed on seasonality and trend analysis. Trend analysis should be
performed using ARIMA models, exponential smoothing, regression methods, Census I,
Census II, and Tramo-Seat methods. The most popular seasonality analysis methods are
Census I, Census II, ACF, and frequency analysis. The selection of appropriate methods
depends on many factors, for example: the number of observations and seasons, trend
type, and the strength of an irregular component.

Seasonality analysis was performed using the autocorrelation function (ACF), the
partial autocorrelation function (PACF), and the frequency analysis.

The autocorrelation functions describe the relationships between delays in time series.
The autocorrelation function (ACF) is expressed as a series of Pearson’s correlation coeffi-
cients for each lag in time series [41]. The partial autocorrelation function (PACF) is similar
to the ACF. PACF is the partial correlation of a time series with its own lagged values and
regressed values of the time series at all shorter lags [42].

The last method used for seasonality analysis was spectral analysis with Fast Fourier
transform (FFT). The Fourier transform is a mathematical tool used to convert time series
from the domain of time to the domain of frequency. During the analysis, the data are
decomposed into a group of sine and cosine functions [43]. Time series can be expressed as
a sum of harmonic frequencies (1):

xt = ∑n/2
j=1

[
β1

(
j
n

)
cos

(
2πωjt

)
+ β2

(
j
n

)
sin

(
2πωjt

)]
(1)

where:

βj—sine and cosine coefficients;
ωj—frequency; and
t—time (from 0 to n).

The most valuable harmonic frequencies can be identified using periodogram analysis,
expressed as [44] (2):
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)
(2)

The Census I, Census II, and Tramo-Seat methods cannot be performed due to the
limited amount of data. The analysis in the frequency domain and the model based on the
Fourier transform were used with time domain analysis, autocorrelation function (ACF),
and partial autocorrelation function (PACF). The determined seasonality requires additional
statistical analysis of individual seasons, with box and whisker plots and ANOVA analysis.
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3. Results
3.1. Control Charts and Trend Analysis

The obtained analytical data on the leachability of individual elements and chemical
compounds were the basis for further analysis.

In general, most of the unprocessed IBA are extremely heterogeneous and have varied
chemical composition. IBA are mainly composed of amorphous substances and minerals
rich in calcium and silicates and are enriched with iron and sodium [45–47]. The main
mineral components of municipal IBA are quartz, gehlenite, calcite, lime, and minerals
from the spinel group (e.g., magnetite: Fe3O4). They also include metal oxides, sulfates,
and carbonates [47]. The elements that constitute a potential source of pollution occur in the
form of oxides or are associated with aluminosilicates [48]. Cu, Zn, Pb, and chlorides, which
are found in significant quantities in IBA, are particularly dangerous [49]. Furthermore,
IBA from MSW also contain fragments of glass, ceramic, and various types of metals, which
are usually separated in separators.

When determining the leachability, the content of certain elements was below the
detection threshold; therefore, their statistical analysis was abandoned. During the analysis
of the control charts, the leachability of arsenic, cadmium, mercury, nickel, selenium, and
fluorides was completely omitted. In the case of chromium, lead, and zinc, the limit of
determination was considered as their concentration.

Figures 1–3 show the control charts and trend analysis for the leachability of elements
and compounds from the IBA. Using the control chart and the permissible values of indi-
vidual leachability components plotted on the graph, it was possible to determine whether
the deviation from the set standard found at a given moment could be treated as a random
deviation or as a special deviation that could not be explained by the action of random
factors. If the control chart signals a special deviation from the prescribed standard, a
signal that the process is out of control is emitted. This is the first step in a series of efforts
to detect and eliminate the real cause of process deregulation. During the test, one sample
(concentration above the upper range of analytical method—10/mg/kg) with exceeded
leachability limit values (LLVs) (10 mg/kg standard) was detected (Figure 2a). Based on
the analysis of the chart, it was assumed that the result was random and most likely caused
by an analytical error. Re-examination of the sample confirmed that the permissible leacha-
bility limit was not exceeded (concentration below the limit of quantification 0.1 mg/kg).
The source of lead in IBA is, among others, lead chlorides, wulfenite, or anglesite [50]. The
average concentration of lead leached over the 34-week period was 0.85 mg/kg (Table 2).
However, the variability in the content of this component was high. The control charts also
contain the leachability limit values for processing outside the plant using the R5 recovery
process (LLVR5). The presented control charts clearly show outliers, which should be
thoroughly verified. The amount of lead leached from IBA is highly variable. In some
samples, the lead content was at the limits of detection, and in some cases exceeded the
LLVR5 limit. In the initial period of observation, two samples with outliers were recorded.
The analysis did not reveal any trend (Mann–Kendall test significance above 0.05) in the
leachability of lead from IBA. According to many studies, lead concentration depends
on many factors, especially pH, and also on the solubility of lead compounds, such as
hydrocer-rusite (Pb3(CO3)2(OH)2) and cerrusite (PbCO3) [16]. Furthermore, the amount of
lead in the waste is highly variable, as indicated by studies performed in Japan [51], Ger-
many [52], Italy [53], or Lithuania [54], where the lead content exceeded 4500 mg/kg [53].
The analysis carried out on bottom ash from the MSA incinerator in Klaipeda showed
that the concentration of lead in the leaching process was in the range of 0.2–12.2 mg [54].
In addition, the analysis of municipal solid waste incineration bottom ash from Macao
showed that lead (Pb) concentrations reached as high as 19.6 mg/kg, far exceeding the
maximum concentration limit [55].
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Figure 1. Control charts and trend analysis results for (a) Ba, (b) Cu, (c) Cr, and (d) Mo. Figure 1. Control charts and trend analysis results for (a) Ba, (b) Cu, (c) Cr, and (d) Mo.
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Figure 3. Control charts and trend analysis results for (a) SO4
2−, (b) DOC, and (c) TDS.

Table 2. Mean values for the analyzed variables and the values of outliers (2out) and extreme (3out).

Variable Mean Median Min Max Std.
Dev.

The
Coefficient

of
Variation

“−2 Std.
Dev.”

“+2 Std.
Dev.”

“−3 Std.
Dev.”

“+3 Std.
Dev.” LLV LLVR5

Barium 9.58 2.48 0.61 80.60 17.17 175.29 −24.76 43.92 −41.9 61.1 ≤100 7
Copper 0.28 0.21 0.10 1.05 0.23 81.97 −0.18 0.73 −0.41 0.96 ≤50 0.9

Chromium 0.13 0.10 0.10 0.33 0.06 43.66 0.02 0.25 −0.04 0.31 ≤10 0.2
Molybdenum 0.28 0.26 0.10 0.71 0.13 45.43 0.02 0.53 −0.10 0.65 ≤10 0.3

Lead 0.85 0.10 0.10 10.00 1.88 216.20 −2.90 4.60 −4.77 6.48 ≤10 0.2
Antimony 0.15 0.15 0.01 0.42 0.10 71.49 −0.06 0.36 −0.16 0.47 ≤0.7 0.02

Zinc 1.19 0.53 0.50 8.85 1.70 141.77 −2.20 4.59 −3.90 6.28 ≤50 2
Chlorides 1938 1815.00 871.00 4010.00 735 38.20 468 3407 −266 4142 ≤15,000 550
Sulfates 612 430.00 50.00 2990.00 722 114.31 −832 2055 −1553 2776 ≤20,000 560

DOC 49.0 40.00 22.40 124.00 26.3 52.79 −3.6 101.5 −29.8 127.8 ≤800 240
TDS 8961 7537.50 5200.00 23,400.00 3357 43.70 2247 15,674 −1110 19031 ≤60,000 2500

In the tested IBA, the average leachability of barium was 9.66 mg/kg. The barium
in IBA is most often found in the form of barite and barium oxides [56]. The highest
barium leachability was observed in the initial observation period, where one outlier was
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80.6 mg/kg with a maximum LLV of 100 mg/kg. On the basis of the control charts, it was
also found that the LLVR5 was exceeded. The trend analysis showed a slight downward
trend in barium content, which is certainly related to high measurement values in the initial
period of obtaining results (Figure 1a, Table 2).

Copper in IBA, like other metals, is bound to non-silicate minerals [51]. It also occurs
in the form of sulfates and spinels, e.g., with iron [52]. The content of leached copper was a
maximum of 1.05 mg/kg and did not exceed the LLV (50 mg/kg); however, in the case of
the two tested samples, it was higher than the LLVR5 (0.9) (Figure 1b, Table 2). In the case
of copper leaching, one sequential signal was also recorded. No trend for the leachability
of copper was found, but its variability over the period considered was high. Such a high
variability is due to the high variability of the copper content in the combustion waste
and in the bottom ash itself. Furthermore, the copper content in bottom ash from various
installations is also highly variable and ranges from 1100 to 7700 mg/kg [54].

The leachability of chromium from IBA is moderately varied. In some samples,
the amount of leachable chromium is lower than the detection limit, and in five cases,
it was higher than LLVR5 (0.2 mg/kg), reaching a maximum of 0.33 mg/ kg (Table 2,
Figure 1c). One sequential signal was also observed on the chromium control charts; no
trend was detected.

Molybdenum in leached sediments occurred in concentrations from <0.1 to 0.71 mg/kg.
However, all the obtained results were below LLV (10mg/kg). Eleven samples from differ-
ent periods had values higher than MLR5 (0.3 mg/kg) and one sample can be defined as
an outlier (Table 2, Figure 1d). The trend analysis did not reveal any trends in the amount
of molybdenum leached.

The leachability of antimony from the IBA tested in most cases exceeds LLVR5
(0.02mg/kg). The variability of the antimony content is relatively high, ranging from
0.01 to 0.42mg/kg (Table 2, Figure 2b). There was also no trend for the antimony content.
The zinc content of the leached solution was low in most samples. However, in some
samples, the amounts of zinc were defined as outliers and the LLVR5 (2 mg/kg) was
exceeded. The maximum content of leached zinc in the tested samples was 8.85 mg/kg;
the zinc content was very high (Table 2, Figure 2c). According to the study on leaching of
Cu, Zn, Pb, and Cd from bottom ash by Tang and Steenari [57], this process is influenced
by many factors, especially pH, temperature, time, and liquid/solid ratio, but also by the
chemical and physical nature of the ash. Local factors, such as the composition of the
waste used as fuel in the incinerator and the technical characteristics of the combustion
chamber and the particle separation equipment used, also have a significant influence on
the chemical properties of the ash generated.

Chlorides are one of the most troublesome compounds leached from IBA. The LLV for
this component is 15,000 mg/kg. The chloride content ranges from 871 to 4010 mg/kg. In
all tested IBA samples, the chloride content was above LLVR5 (Table 2, Figure 2d). The
trend analysis showed a downward trend for the leachability of chloride from IBA.

The leachability of sulfates from the IBA tested is highly variable and ranges from 50 to
2990 mg/kg (Table 2, Figure 3a). These contents do not exceed the LLV of 20,000 mg /kg,
though the LLVR5 was exceeded many times. The control chart also shows two outliers,
suggesting that the IBA composition is unstable. This instability and high variability of
sulfate leaching from IBA is also confirmed by the lack of a trend.

For comparison, the amount of compounds leached from bottom ash from the inciner-
ation plant in Kraków is much lower than in the case of the Klaipeda incinerator. Leaching
studies showed that large amounts of soluble salts were leached from IBA from the Klaipeda
incinerator, mainly sulphates (2816–10,012 mg/kg), chlorides (1869–3046 mg/kg), and
some heavy metals (Mo 0.5–1.8 mg/kg, Pb 0.1–2.5 mg/kg) [58].

The dissolved organic carbon (DOC) content of the leached sludge is moderately
variable. It ranges from 22.40 to 124 mg/kg, with a maximum LLV of 800 mg/kg and an
LLVR5 of 240 mg/kg (Table 2, Figure 3b). During the first observation, one outlier was
recorded. However, the analysis showed no trend.
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The amount of leached total dissolved substances (TDS) from IBA was moderately
variable during the analyzed period and ranged from 5200 to 23,400 mg/kg. The leachabil-
ity of TDS was greater than the LLVR5 (2500 mg/kg) in all of the tested samples but did
not exceed the LLV (60,000 mg/kg). The analysis showed no trend and one outlier was
recorded on the control charts (Table 2, Figure 3c).

3.2. Assessment of Seasonality and Trend

In the further part of the analysis, time series analysis was used to assess the seasonality
and trend in the leaching of individual components from the tested IBA samples.

Values lower (or higher in the case of lead) than the limits shown were changed to
limit values. One of the samples did not meet the LLV (two measurements in the same
week) and was excluded from the analysis. The sample no. 3.1 can be defined as an outlier
for some of the analyzed elements and as an extreme value for lead. This sample was
excluded from further analysis. Because of the fact that the tested samples showed low
concentrations, below the detection limit, which meant that the obtained results were
constant, the analysis of the time series for arsenic, cadmium, mercury, nickel, selenium,
and fluoride was abandoned.

The seasonality and trend analyses were performed on the basis of autocorrela-
tion (ACF) and partial autocorrelation (PACF) plots. The obtained results are shown
in Figures 4 and 5. Based on the statistically significant correlations on the chart and the
shape of the chart, it can be determined whether there is a trend and/or periodicity in the
data. The maximum time lag for the autocorrelations is half of the observations.
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Analysis of the seasonality using ACF and PACF shows the lack of trend and season-
ality in copper, dry mass, lead, sulfates, and zinc. The correlation values for the individual
lags are low and do not exceed the confidence levels.

For some elements and chemical compounds, the ACF (Figure 4) and PACF (Figure 4)
plots contain individual correlations at the confidence limit. Because of the low number of
observations, there is a need for further analysis carried out in line with the methodology
for data with a trend or seasonality. This group includes chlorides (lag 10: R = −0.26; lag 15:
R = 0.21) and molybdenum (lag 6: R = −0.27) (Figure 4).

The last group included elements and chemical compounds for which some lags show
statistically significant correlations. These include antimony, barium, chromium, and TDS.

The barium ACF plot shows the first five lags with statistically significant correlations
and the first leading lag in the PACF plot (Figure 5a). This indicates a trend in the non-linear
data. This trend can be described by the following formula:

BARIUM = 30.3728 − 2.0594 ∗ x + 0.0382 ∗ x2 (3)

For barium, a second-degree polynomial or some other fast-fading function seems to
be a suitable match. From week 43, barium stabilizes at a similar level with little variation.

The ACF plot for chromium shows a statistically significant correlation for delay
14 (R = 0.29); in the case of the PACF plot, the delay 14 is not statistically significant
(Figure 5b).

The leachability of antimony shows the first ACF lags at the border of statistical
significance (lag 1: R = 0.32, lag 2: R = 0.30) with no statistically significant correlation for
the 1 delay for PACF. The time lag 9 is statistically significant with R = 0.32 (Figure 5c).

For TDS, the maximum statistically significant correlation was observed for the lag
3 (R = 0.34) and the correlation for the PACF for this lag is 0.32 and is at the border of
statistical significance (Figure 5d).

For further seasonality analysis, the following variables were selected: chromium,
molybdenum, antimony, chlorides, and TDS.

Then, the frequency estimation was performed. The ACF and PACF were constructed
to check the seasonality and trend occurrence (Figure 6). In order to accurately assess the
seasonality, analysis in the frequency domain was performed. The frequency analysis was
based on the fast Fourier transform (FFT) and periodogram. The statistically significant
frequencies for α = 0.05 should be higher than approximately 1.5. The analysis did not
confirm the seasonality for antimony and molybdenum; periodogram values for any
frequencies were not statistically significant (α = 0.05). For molybdenum and antimony,
the highest periodogram value was recorded for the frequency corresponding to 11 weeks
and the periodogram values are not statistically significant (Figure 6b). Therefore, the
seasonality was not confirmed.

In the FFT analysis of chromium, the highest frequency of 0.147 corresponds to the
period of 7 weeks, and the value of the periodogram is statistically significant (α = 0.05,
power 8.7). The frequency analysis confirmed the existence of seasonality. Therefore, the
results of Fourier’s analysis (period 7 weeks) are not compatible with ACF and PACF
(period of 14 weeks). To finally exclude or confirm seasonality, a model for the frequency
of 0.15 was developed. The use of Fourier analysis to confirm the seasonality was also
necessary in the case of leachability of chlorides and TDS. In the case of chlorides, the
maximum statistically significant values were found for the period of 3 and 4 weeks, which
means that the obtained results are not compatible with the ACF and PACF analysis. For
TDS, the maximum periodogram value occurred for period 4. The ACF and PACF plots
indicate the lag 3 and the periodogram values are statistically significant. Such results may
be due to the spectral leakage to adjacent frequencies.

The model for the frequency with the highest periodogram values created for chromium,
chlorides, and TDS was compared with the real data. In addition, box and whisker plots
were created (Figure 7).
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The Fourier model for the leached chromium at the frequency 0.147059 gave a 7-
week period. This is significantly different from the result obtained using ACF and PCF
(10 weeks). Model quality evaluated with the determination coefficient (R2) equals 0.073. It
shows insufficient fitting between the model and chromium data. The Fourier model for
chlorides and TDS at a frequency of 0.26470 gave a 4-week period. The model quality is
also insufficient with R2 lower than 0.1.

For chromium, chloride, and TDS, a statistical analysis of the seasons using box and
whisker plots was also performed (Figure 7). Original data were divided into seasons based
on periodogram values. Basic descriptive statistics, mean and standard deviation, were
computed for each season and presented in the plot. The average values for individual
seasons for chloride are similar, seasonal variation is not visible in the box and whisker
plot. The same lack of variance between seasons is visible in the TDS data. Based on the
charts, we can say that there is no statistically significant difference between the seasons.

In the case of chromium, differences in the average level of the phenomenon can be
noticed. For this reason, a one-way analysis of variance (abbreviated one-way ANOVA)
was performed.

The ANOVA results for chromium are statistically significant: F(6,28) = 2.47, p < 0.048.
It shows that at least one group differs significantly from the others. To determine which
one, post-hoc tests are required. Post-hoc Scheffe and least significant differences (LSD)
tests were conducted. The most rigorous Scheffe’s test does not confirm a statistically
significant difference in the mean values for individual groups; however, in the case of the
less stringent LSD test, the season defined as 2 differs significantly from the others. Season
2 differs from 1, 5, 6, and 0 subsequently with p values of 0.017, 0.005, 0.013, and 0.011.

4. Conclusions

The analysis of the leachability of elements and compounds from IBA is one of the
key factors in determining their use. As can be seen for all the elements tested, in some
samples, the content of leached elements is higher than the leachability limit values for



Energies 2021, 14, 771 16 of 19

processing outside the installation using the R5 recovery process (LLVR5). In the case of
leaching of barium and chloride from IBA, a downward trend was demonstrated based
on the GWSDAT analysis. A similar trend was shown for barium leaching using the ACF
and PACF analysis. Barium differed from the other elements and compounds; the first lag
with statistically significant correlation provided trend existence, also confirmed by the
line graph. In the case of barium, a polynomial trend can be used; however, after an initial
decrease in the average level of the phenomenon, the data remains stable.

In other cases, the trend analysis did not show any regularities. Based on the obtained
results, it can be stated that most elements and compounds are random, and no seasonality
was observed. ACF and PACF graphs show statistically significant correlations for lags
(with lag and correlation sign) in barium (1 positive), chromium (14 positive), antimony
(9 negative), and TDS (3 positive). For chlorides, the molybdenum correlation for one lag
was on the border of statistical significance (lag and correlation sign: 10 positive, 6 negative).
For the leaching of chromium, chloride, and TDS, a Fourier model and statistical analysis of
the seasons were performed to confirm or exclude the occurrence of seasonality in the data.
Despite statistically significant periodogram values for TDS, the frequency of 0.264 is weak.

Furthermore, a box and whisker plot and a one-way analysis of variance (ANOVA) did
not confirm the existence of differences between seasons. The same results were obtained
for chlorides. The ANOVA analysis showed that in the case of chromium, at least one group
differs significantly from the rest, but the Scheffe’s test did not confirm the test result. The
result of the NIR test was not confirmed by the rest of the obtained results for chromium.
Hence, it can be concluded that also for chromium the seasonality was not observed.

The only element that shows seasonality (very weak and visually poorly matched) is
chromium. In the case of chromium, the seasonality cannot be ruled out on the basis of
analysis. However, based on borderline significance, this is likely to be a random event
associated with a small number of observations.

The analysis of control charts and time series showed that the chemical composition
and leachability of selected elements and compounds was stable. However, the exceedances
of the LLVR5 meant that the use of IBA in the recovery in the R5 process as required in [25],
following an initial weathering period of two weeks, was limited. Other studies have shown
the intensity of the leaching process decreases when the wastes are subjected to accelerated
carbonation [59] or weathering [60]. Meima et al. [61] determined three stages of natural
weathering/carbonation. Every single stage has its own pH range between 8 and 8.5,
where calcite is formed and dominant, and trace elements are trapped into carbonates [62],
with the major heavy metal content in grain size fraction below 2 mm [7]. Reported studies
indicate that the leaching process stabilizes as the weathering time increases. The issue
requires further analysis in ZTPO and evaluation of the impact of the IBA weathering time
on the leachability of elements and substances contained in them.

The research methodology, which was presented on the example of the leachability of
elements and compounds from IBA, can also be used for other waste analyses. However,
the main limitation of the application of the presented method is the representativeness
of the tested samples, which was clearly visible in the case of lead. In one case, the lead
content significantly differed from the other results. However, after repeating the analysis,
the obtained values were correct. Therefore, the sample collection and averaging are crucial,
as this affects the results of the statistical analysis.
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