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Abstract: Municipal solid waste incineration (MSWI) is a major element of modern waste management
and produces annually around 5.7 million tonnes of bottom ash (BA) in Germany. In order to save natural
resources and protect the environment, utilisable materials need to be recovered from BA. It was the
aim of the present study to determine metal and mineral resource potentials of MSWI BA based on a
characterisation study of raw and aged BA of the MSWI plant in Kassel (Germany). The BA investigated
consisted of 82.2% mineral materials, 16.3% metals, and 1.5% unburnt organic matter. Overall, 12.1% and
3.6% of the MSWI BA were theoretically recoverable as native ferrous (Fe) and non-ferrous (NFe) metals,
respectively. Assuming state-of-the-art recovery technology, 10.7% and 2.0% of the BA were actually
extractable as Fe and NFe metals. The processed BA, as a mixture, did not comply with current German
limit values for use as a construction material mainly due to excessive soluble salt contents. Coarser grain
size fractions were less contaminated, resulting in a utilisable potential of less than 30% of the BA as a
construction material. Hence, grain-size specific processing routes need to be developed for MSWI BA to
fully exploit its mineral resource potential.
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1. Introduction

Municipal solid waste incineration (MSWI) is an important treatment method for non-recyclable
waste in Europe. In 2016, about 50 million tonnes of municipal solid waste were incinerated in the
European Union, which is about 40% of the total municipal solid waste treated [1]. After waste incineration,
solid residues like bottom ash (BA) and fly ash remain. MSWI BA is the main solid residue and amounts to
20%–30% of the waste input and consists mainly of the mineral fraction (80–85%), ferrous metals (5–10%),
non-ferrous metals (NFe) (2–5%), and unburned organic matter (OM) [2,3]. The vast majority of European
MSWI plants operate wet BA discharge systems [4]. Wet discharged BA is characterised by the formation
of new mineral phases and hardening processes. On the one hand, this leads to the solidification of the BA
and thus immobilisation of heavy metals. On the other hand, potentially recoverable metals are bound in
the mineral matrix [5]. MSWI BA is commonly processed in order to recover the metals contained. Due
to its high water content, wet bottom ash must be stored (aged) prior to dry treatment. In Germany, the
BA is currently stored for four weeks on average before processing, with a trend towards shorter aging
periods [6]. Shorter aging facilitates the recovery of fine metals, which could otherwise be incorporated
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into or conglomerated with minerals [7], but goes hand in hand with higher soluble contents of salts and
less stable mineral phases [8,9]. After metal recovery, the residual mineral fraction is typically disposed of
in landfills or utilised in technical constructions (mainly in road construction). Processed BA is used as a
construction material in about half of the European countries [10]. The most common utilisation option
for processed BA is as a subbase layer material in road construction. In Germany, 34% of the 5.7 million
tonnes of MSWI BA produced in 2017 was utilised in such technical constructions (road subbase layers
and embankment construction). More than half of the BA (59%) was disposed of in landfills or used as
landfill construction material. The remaining 7% was used as underground backfill material [3].

Due to the general importance of MSWI as a waste treatment method, numerous studies on the
compositions of BA exist (e.g., [11–13]), but only recently detailed grain size-specific characterisation studies
have been performed on BA [14–17]. Such detailed characterisation studies are essential to determine
the resource potential of BA and as a basis for the design of appropriate recovery processes. Due to the
heterogeneity of MSWI BA [18], representative sampling is a critical issue for its characterisation [19]. As a
consequence of the large effort required for sampling and analysis, there are only a few complete MSWI
BA characterisation studies and no recent ones for German MSWI plants. So far, most studies on resource
recovery from MSWI BA focused on metals, due to their economic value and the environmental benefits
of metal recycling [20–25]. Nevertheless, the mineral fraction of MSWI BA is also a potential resource
because its utilisation as a construction material can conserve landfill space and primary resources [26–28].
However, it has been shown that soluble salts and heavy metals may be problematic for material use in
technical constructions [28], or that the metallic aluminium content may also be problematic for use as
aggregates in concrete due to its deteriorating effect on the compressive strength of the concrete [29,30].
To understand the resource potentials and contaminant levels in different grain size fractions of MSWI BA,
grain-size specific information on the material composition, elemental contents and leaching behaviour is
needed, but rare [31,32]. Furthermore, given the trend towards shorter aging periods before BA processing
in Germany [6], such investigations should also take into account different properties of raw and aged
BA with respect to metal recovery and the quality of the mineral fraction as a construction material.
Despite the increasing interest in MSWI BA utilisation as a construction material, there are currently no
studies available that provide a characterisation of its resource potential, particularly for different grain
size fractions in raw and aged BA.

Although the overall composition of MSWI BA is well investigated, there is a lack of knowledge about
grain-size specific characteristics of raw and aged BA with respect to material properties and resource
potentials. Therefore, it is the aim of the present study to characterise the raw and aged MSWI BA from the
MSWI plant in Kassel (Germany) as a function of the particle size to determine its theoretical and utilisable
resource potentials. In particular, this study focusses on the utilisation of the mineral fraction given current
regulations in Germany. Because the waste input and incineration technology (grate incineration) of the
Kassel MSWI plant is typical for German MSWI plants [33], the case study findings can also be used to
provide information about the characteristics and resource potentials of MSWI BA in Germany on a more
general level.

2. Resource Potential of MSWI Bottom Ash

MSWI BA is a mix of materials from which metals such as iron, aluminium, copper, brass and steel as
well as construction materials can be recovered. Studies on the resource potential of MSWI BA in Europe
are reviewed and major findings on resource recovery from MSWI BA are summarised.
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2.1. Metal Recovery Potential

The most abundant metals in the BA that can be recovered are iron, stainless steel, aluminium
and copper. Their concentration basically depends on the composition of the incinerated waste.
Total contents of Fe of 6 to 12 wt.% in the MSWI BA were reported in the literature [15,16,20]. The iron
concentration increased with decreasing grain size [17,25,31]. Some other studies reported that higher
iron concentrations were found in bigger grain sizes [16,34]. Aluminium was uniformly distributed
across different grain sizes [17,31]. According to the literature, the content of the metallic aluminium was
1.2–1.7 wt.% and the non-ferrous metal fraction consisted of approx. 70% metallic aluminium [20,35,36].
The recovery of fine Al particles (<2 mm) is only possible to a minor degree using conventional processing
technologies [5,36]. Metallic Al can pose a problem for BA utilisation as a construction material because it
reacts with water to aluminate Al(OH)4

− and hydrogen gas H2 [30]. The hydrogen produced during this
reaction leads to an increase in volume and swelling of the BA, which can cause damages in technical
constructions [37]. Iron and aluminium may be present in a metallic form as native metals or chemically
bound, which is relevant for recoverability as well as reactivity.

Copper, zinc, nickel, and lead were found in the BA in high concentrations, mainly in grain sizes
below 4 mm [17,25,31]. Copper and zinc can be recovered from the BA. Moreover, alloys like brass, which
can be found in the BA, contain copper and zinc. The melting point of Cu and Zn is in or below the
range of waste incineration temperatures, which means that they melt during the combustion process
and may form new alloys. Because these metals are toxic, they are also of concern as potential pollutants.
Total contents of selected metals in MSWI BA from recent European studies reported in the literature are
shown in Table 1. Precious metals are not contained in Table 1, despite their economic value and existing
recovery options [4,22] because they are rarely addressed in characterisation studies due to the very large
sample masses required [23,38] and their recovery requires above state-of-the art processing intensities.

Table 1. Total elemental contents of municipal solid waste incineration (MSWI) bottom ash (BA) reported
in the literature. For Al and Fe, only the metallic contents are shown.

Element Content (mg/kg) Reference

Al (metallic) 12,000–17,000 [20,22,36]
Fe (metallic) 60,000–12,000 [15,16,20]

Cd 2.6–14 [22,31,39]
Cr 180–1500 [22,31,39]
Hg 0.5 [31]
Pb 540–970 [22,31,39]
Ni 120–640 [22,31]
Cu 700–5200 [20,22]
Zn 1600–3400 [20,22]

2.2. Utilisation of Processed Bottom Ash

The utilisation of processed MSWI BA is regulated differently in the European countries and has
recently been reviewed by Blasenbauer et al. [10]. The majority of European countries permit the utilisation
of MSWI BA outside landfills, but only half of them use BA in practice. All countries which permit
and regulate the utilisation of the BA have requirements on the leaching contents that are specifically
defined for BA. Only Austria has additional requirements on the total elemental (inorganic) contents [10].
Some other countries specify requirements related to total contents of organic compounds (Wallonia in
Belgium, France, Lithuania, Poland). Heavy metals are more relevant for the utilisation of the MSWI BA
than organic pollutants, because the heavy metals can leach out and cause environmental problems [40].
In general, it should be noted that soluble substance contents are not necessarily comparable among
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different sources because of a variety of leaching tests applied in terms of liquid-to-solid ratio or grain
size [10].

In Germany, only leaching contents of the MSWI BA are relevant for its utilisation in technical
constructions. There are several German regulations and recommendations for the utilisation of MSWI
BA. The most commonly used recommendation is LAGA M 20 [41], which addresses the utilisation of BA
as a material in constructions with engineered containment (e.g., as a base layer under an impermeable
layer in road construction). LAGA M 20 [41] is not legally binding, but is often adopted by the competent
authorities. According to the recommendation, the leachable content of As, Pb, Cd, Cr, Cu, Ni, Hg, Zn,
Cl− and SO4

2− should be analysed in order to check whether the material is suitable for utilisation in
technical constructions or not. Furthermore, there is a regulation for the utilisation of BA as an aggregate
in road construction, called TL Gestein-StB 04 [42]. The limit values are identical to LAGA M 20 [41],
except for chloride, sulphate and chromium. There has also been an ongoing discussion about a draft
regulation on the use of secondary building materials for more than decade in Germany. In this draft, the
utilisation criteria and limit values for the application of recovered materials, including processed MSWI
BA in buildings and constructions, are defined [43]. However, it is unclear whether and when this unifying
regulation will come into force. The limit values of this draft regulation, TL Gestein-StB 04 and LAGA
M 20, are shown in Table S1 of the Supplementary Information (SI).

2.3. MSWI Bottom Ash Characterisation and Sampling

Most studies on the resource potential of MSWI BA have investigated the raw MSWI BA [14,15,32].
An exception is the study by Loginova et al. [17], who investigated and characterised aged MSWI BA
from the MSWI plant in Duiven, Netherlands as a function of the particle size. Moreover, Pfrang-Stotz
and Reichelt [44] evaluated the quality of different raw and aged MSWI BAes with regard to their
utilisation options. They studied the mineralogy, environmental compatibility and construction properties
of the ashes [44]. However, none of the studies in the literature reviewed addressed the utilisation potential
of the mineral fraction simultaneously for different grain-size fractions and aging periods.

In order to characterise heterogeneous materials, appropriate sampling is the key to representative
analysis results. The composition of MSWI BA depends, among other factors, on the waste incineration input,
which varies temporally and locally. As mentioned, the concentrations of some analytes can be very low,
which requires large sample masses in order to determine their contents. In many cases, the size and
number of samples (increments) are limited in practice, which may impair the analyses’ representativeness.
Correct sampling means that each particle has the same probability of ending up in the sample, as defined
by Gy’s sampling theory [45]. There are two types of sampling error. Systematic sampling errors result
from incorrect sampling and can be avoided by correct sampling. Random sampling errors, also called
correct sampling errors (CSE), are unavoidable and occur due to the heterogeneity of the material,
even if the sampling is carried out correctly. In the theory of sampling, two types of heterogeneity are
distinguished. The constitutional heterogeneity (CH) is related to the individual composition of the material.
The distribution heterogeneity (DH) concerns the particle distribution in the material. Random sampling
errors due to CH can be controlled through sample mass. Errors as a consequence of DH can be controlled
through the number of increments that are combined to a mixed sample [35,45]. Therefore, for a complete
characterisation of the highly heterogeneous MSWI BA, a large amount of material needs to be sampled to
obtain representative results.

Despite their importance for MSWI BA characterisation, few studies in the literature have provided
a detailed description of the sampling strategies applied. Morf et al. [22] and Huber et al. [32] took
samples according to the Theory of Sampling, taking into account the material heterogeneity by calculating
the required sample mass in order not to exceed a defined maximum sampling error. Morf et al. [22]
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took the samples from a falling stream, which is the best sampling strategy for covering the material
heterogeneity [45]. Most other studies were very brief on the sampling procedures [14–17] and the
motivation for the sampling performed or the sampling plan were not elaborated on. This is a shortcoming
in the literature because the representativeness of study results cannot be assessed and the comparability
among different studies is impaired.

3. Materials and Methods

3.1. MSWI Plant

For the present research, BA was collected from the MSWI plant located in Kassel (Germany). Annually,
around 175,000 Mg of waste are incinerated, consisting mainly of residual household waste and a minor
share of commercial, business and industrial waste. The incineration plant has two combustion lines with
a forward-moving grate. The combustion temperature in the oven is approx. 1000 ◦C, with an average
residence time of waste of 2.5 h [33]. The plant has a wet discharge system for the BA. At the MSWI
plant, approximately 44,000 Mg of fresh BA are produced per year, which is around 25% of the waste
input and thus similar to other German MSWI plants [33]. The BA produced is subsequently transported
to an external treatment plant and, after metal recovery, it is currently either used as material for road
construction or deposited at a landfill.

3.2. Sampling

Sampling theory was applied [45] to obtain a representative sample of the Kassel MSWI BA.
The sampling aim was to determine the content of non-ferrous metals, with a maximum relative standard
error of 10%. Non-ferrous metals were chosen as analyte because they are essential for the resource potential
of MSWI BA and are typically present at relatively low concentrations of 1–3% [16,20]. The required
sampling mass was calculated to be around 1900 kg. Formulas and calculations are described in Section S.2
and Table S2 of the SI.

The sampling campaign was carried out at nine days over a period of four weeks in May and June 2019.
The increments were taken at different random times of the day between 8 a.m. and 5 p.m. from the
conveyer in order to obtain a sample that is representative for the whole sampled bulk material and to
avoid biased samples due to periodic waste delivery times or periodic changes in the operating conditions
of the plant. Both combustion lines of the plant were sampled in order to cover the full spectrum of the
BA heterogeneity. Since the conveyor system receives BA from both ash dischargers, one discharger was
switched off in order to take a defined quantity of material from the other discharger (Figure 1). This was
applied several times per day in order to obtain independent increments. The sample mass was defined
as the BA quantity on the conveyor after 10 min when the discharger was switched on. Then the whole
amount of BA lying on the conveyor was taken. Forty single increments with an average mass of 43 kg
were taken during the sampling campaign. The variation in the increment mass (10 min discharges of
BA) is shown in Figure S1 of the SI. The total mass of the sample was finally 1.7 Mg. After separation of
the coarse fraction (>31.5 mm) by sieving, around one third of the sieve throughput was immediately
processed, another third (roughly) was stored indoors for later analyses of the aged BA, and the remaining
material was discarded (scheme and mass flows are shown in Figure 2).
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3.3. Sample Preparation and Analysis

The fresh and aged BA were processed and analysed in the same way. The preparation process
consisted of the following steps: drying, sieving, sorting (Figure 3). The mass flows for sample preparation
and analysis are shown in Figures S2 and S3 of the SI for the raw and aged BA, respectively. All the
sampled BA was initially sieved on a screen with a mesh size of 31.5 mm in order to remove coarse particles.
The coarse fraction above 31.5 mm was manually sorted into ferrous metals, non-ferrous metals, glass,
unburned organic matter, minerals and magnetic ash. The fraction smaller than 31.5 mm was either directly
processed, stored for 4 months in barrels for subsequent processing, or discarded (Figure 2). After the
drying process at 50 ◦C for at least 48 h, the particle size distribution was determined by sieving on
screens with mesh sizes of 25, 20, 16, 8, 4, 2, 1, and 0.063 mm. Thereafter, the fractions over 2 mm were
manually sorted into the following material fractions: ferrous metals, non-ferrous metals, mineral fraction
(consisting of slag, ash, ceramics, demolition waste), glass, unburned organic matter, and magnetic ash
(agglomerates of ferrous metals and minerals). The magnetic ash was regarded as a separate fraction
because the ferrous metals contained are unavailable for manual sorting without crushing. The magnetic
ash and mineral fractions were ground in a ball mill to liberate encapsulated metals and to prepare the
samples for elemental analysis and leaching analysis. Visual identification of the non-ferrous metals in the
fraction below 4 mm was not feasible. Therefore, in these grain size fractions, the metallic aluminium
content was determined with the soda attack method, based on the reaction of metallic aluminium with
NaOH (Equation (1)), as reported in previous studies [15,36,46]. The volume of the H2 gas released from
the reaction was measured and the aluminium content was calculated. Ten grams of the material below 4
mm was analysed (triple determination) using a sodium hydroxide solution with a concentration of 30
wt.%. The equations to determine the metallic Al content are shown in Section S.3 of the SI.

2Al + 2OH− + 2H2O→ 2AlO−2 + 3H2, (1)

3.4. Chemical Analyses

X-ray fluorescence spectroscopy (XRF) was carried out with a handheld XRF device (Analyticon
NITON XL3t) in order to determine total elemental contents. Non-ferrous metal particles were visually
identified, and their elemental composition was determined by XRF analysis. Furthermore, the elemental
composition of the mineral, magnetic fraction and the glass was also determined by XRF. Glass was not
analysed for each grain size because the glass composition do not differ significantly among the grain
sizes as Huber et al. (2019) have observed [31]. All samples were analysed using the analysation mode
“Mining” for the mineral samples and “General Metals” for the metallic samples. Further investigations
on the chemical composition were performed by mass spectroscopy with inductively coupled plasma
(ICP-MS) on aqua regia dissolved samples in order to verify and complement the results of the XRF analysis.
The determination of the total contents was carried out on three analysis samples (triplicates).

The eluates were prepared from the sieved and sorted materials, including the residual mineral fraction,
the magnetic ash and the glass with a liquid-to-solid ratio of 10 L/kg [47]. This leaching test is required
by several German recommendations and regulations such as LAGA M 20 and TL Gestein-StB 04 [41,42].
The eluates were filtrated through a 0.45 µm cellulose nitrate filter. The pH value was determined with
a handheld device (Aqualytic AL 15). After the leaching test, the resulting solutions were analysed by
ICP-MS for contents of Cr, Cu, As, Pb, Cd, Ni, Zn, Hg, and by ion chromatography (IC) for chloride and
sulphate contents. The determination of the leaching contents was carried out in duplicates.
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3.5. Determination of Resource Potentials

In the present study, the theoretical and the utilisable resource potential of MSWI BA are distinguished.
The theoretical resource potential is defined by the total content of (native) metals > 2 mm and minerals.
The utilisable resource potential is defined in view of technical and environmental conditions, which limit
the actually recoverable material quantity. The utilisable resource potential therefore depends on applied
processing technologies as well as regulatory frameworks. In the present study, the recoverable material
fractions were determined based on the defined state-of-the-art BA treatment in Europe and in view of the
legal framework in Germany. The latter is relevant for the utilisation of the mineral fraction only since
there are no regulations on the quality of recovered metals from BA.
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The utilisable resource potential of metals is determined by the recovery rates assumed for the
state-of-the-art dry treatment plant according to Allegrini et al. [20] and the Best Available Techniques
Reference Document for Waste Incineration [48]. It is assumed that only metals > 2 mm were recovered,
as this is common in most German BA treatment plants [6]. The average recovery rates for particles
above 2 mm were 85% for ferrous metals and 61% for non-ferrous metals. The grain size-specific recovery
rates used for the analysis are shown in Table S3 of the SI. Precious metals are not considered in the
utilisable resource potential due to their very low concentrations in the MSWI BA and their low importance
regarding the quality of the mineral fraction. However, it should be noted that they may be economically
very relevant for full valorisation [4,22].

The utilisable resource potential of the mineral fraction is defined for two different utilisation routes
of the BA processed: on the one hand, as construction material in contained structures (such as road
subbase layers) subject to the regulation of LAGA M 20 [41], and on the other, as aggregates in concrete
subject to the regulation of TL Gestein-StB 04 [42]. For both options, the composition of the processed
bottom ash is determined based on the metal recovery rates assumed for state-of-the-art BA treatment
(see above). The processed BA thus contains the mineral fractions, the magnetic ash fraction as well
as residual metal contents. The technical and mineralogical properties of the mineral fraction are not
further considered for its utilisation, as previous studies [17,30,44] have shown that this should be feasible.
The soluble contents in the residual mineral fraction after metal recovery were determined for each grain
size fraction using the results from the leaching analysis. It was assumed that the residual metal contents
have a negligible influence on the solubility of heavy metals because the leaching of heavy metals does not
depend on the bulk content but is controlled by mineral solubility [49]. Moreover, the soluble amount of
heavy metals is typically below 1% [19]. For the utilisable resource potential as a construction material in
contained structures, the determined leaching concentrations of each grain size fraction were compared
with limit values from LAGA M 20 [41]. Then the utilisable resource potential for this route was determined
by considering the grain size fractions that comply with these limit values without further treatment.
To determine the utilisable resource potential as aggregate in concrete, a mineral mixture was synthetically
designed to produce a Fuller curve. The Fuller curve provides an ideal gradation for aggregates, resulting
in optimum density and strength of the concrete mixture [50]. The approach for designing the Fuller
curve is described in Section S.4 of the SI and the particle size distribution of the Fuller-curve-mixture is
shown in Table S4 of the SI. Here, the coarse grain size fraction > 31.5 mm cannot be used. The residual
metal and glass contents in the designed mixture were determined. Finally, the utilisable resource
potential for the aggregate route is made up by the grain size fractions complying with limit values
from TL Gestein-StB 04 [42] and with a maximum residual metallic aluminium concentration of 1% [51].
Both potentials were determined on a grain size-specific basis. Single different grain size fractions are not
used as separate materials in practice, but as multistage sieving is applied in most treatment processes,
the utilisation of a mixture of different grain sizes is applicable. Although theoretically feasible, the potential
of the fine fraction as a raw meal substitute in cement production was not considered due to the lack of
implementation [37].

3.6. Statistical Measures

In this study, spread and deviations were considered in order to assess the sampling, processing,
and analysis. The relative difference was used to compare the compositions of the raw and aged BA
by calculating the relative deviation between two values of the same characteristic, e.g., the content of
ferrous metals in the raw and aged BA. As the raw and aged BA are the result of sample division, sample
processing could be assessed in this way. The standard deviation (SD) and the relative standard deviation
(RSD) were used to compare the nine daily samples in order to evaluate the temporal variation of the BA
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composition. The SD and RSD measure the sample variability due to the heterogeneity of the material [52].
As far as the total elemental contents and the leaching contents are concerned, the standard deviation
shows the deviations between the analysis samples and thus provides some indication about proper (i.e.,
non-selective) sample preparation. The standard error was used to compare the material composition
between the nine daily samples and shows how well the determined content (e.g., metals, glass, etc.)
corresponds to the actual content in the bulk material. Moreover, it is an indicator of the unavoidable
sampling error. The relative standard error was used to plan and evaluate the sampling performed [45],
as described in Section S.2 of the SI.

4. Results

4.1. MSWI Bottom Ash Characterisation

4.1.1. Particle Size Distribution

The particle size distribution of the raw and aged MSWI BA is shown in Figure 4. Both ashes are
similar in their particle size distribution. The aged BA has a lower share over 8 mm and a higher share
between 1 and 8 mm, compared to the raw BA. The share of very fine particles (below 1 mm) is lower in
the aged BA. The results for both ashes show that approx. 20% of the BA is smaller than 2 mm and 25% is
bigger than 31.5 mm. The daily variation in the mass of the grain size fractions, expressed as the standard
deviation (Figure 4), is in the range of 0.1–1.5%, and thus relatively low. This indicates that the particle size
distribution is not affected by the daily fluctuation of the waste input.
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4.1.2. Material Composition

The material composition of the MSWI BA investigated was determined by the manual sorting of six
material groups above 2 mm grain size and resulted in 42.2% and 40.6% minerals (>2 mm), 13.8% and
16.5% magnetic ash (>2 mm), 14.3% and 14.1% ferrous metals (>2 mm), 2.0% and 2.2% non-ferrous metals
(>2 mm), 6.1% and 5.0% glass (>2 mm), 1.4% and 1.6% unburned organic matter (>2 mm), and 20.2% and
20.2% fine materials (<2 mm) for the raw and aged samples, respectively (see Figure S4 of the SI). Hence,
the material composition of the raw and aged BA is similar, with the largest relative difference of 19.2% for
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magnetic ash (Table S5 of the SI). A detailed account of the material composition of the raw BA above
2 mm is provided by Figure 5 and its equivalent for aged BA (Figure S5 of the SI). All the mean values and
statistical measures on the material composition of the raw and aged BA can be found in Table S5 of the SI.

Figure 5 illustrates that minerals make up the largest share of each grain size fraction. Ferrous metals
have a share similar to minerals in the fraction above 31.5 mm, but there is a clear tendency towards
decreasing ferrous metal contents with decreasing grain size. With respect to the distribution of non-ferrous
metals, across grain size classes, no clear trend can be observed. The highest contents of non-ferrous metals
were found in the grain sizes between 4 and 16 mm. The very low NFe metal content in the grain size
fraction from 2–4 mm is partly caused by the lower identification rate during manual sorting of these small
particles. Hence, native NFe metal contents are supposedly higher in this fraction and total contents were
determined in further analyses (metallic Al by the soda attack method, total contents by elemental analysis),
which are shown in Section 4.1.3. The main metal in the NFe metal fractions below 31.5 mm is aluminium,
with concentrations between 23.7% and 58.6% and an average content of 35.2%. The concentration of
copper in NFe metals above 2 mm is between 9.4% and 28.3%, and thus substantially lower than that of
iron or aluminium. Selected metal contents (Al, Cu, Zn, stainless steel) of the non-ferrous metals in the raw
and aged BA are shown in Figures S6 and S7 of the SI. Figure 5 also shows that most of the glass was found
in grain sizes from 2 to 16 mm. The unburned organic matter was mainly found in the grain size fraction
above 31.5 mm. In the size fractions below 31.5 mm, there is a tendency towards increasing contents of
unburned organic matter with decreasing grain size.
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The standard deviation illustrated in Figure 5 presents the daily deviation of the material composition.
It is higher for material fractions with higher concentrations such as the mineral fraction and the magnetic
ash. With regard to the relative standard deviation (Table S5 of the SI), it can be stated that the daily
variation is most significant for the unburned OM, magnetic ash, glass and ferrous metals. The relative
standard error for NFe content over the nine daily samples is 4.7% and 5.0% for the raw and aged BA,
respectively (Table S5 of the SI). Thus, the sampling goal of a maximum relative standard error of 10%
could be achieved by the present characterisation study. The RSE is below 10% for all material fractions,
except for the unburned organic matter (23.5% and 19.1% in the raw and aged BA, respectively, in this
case). Thus, the fundamental sampling error is acceptable for all relevant materials.

4.1.3. Total Contents

The total elemental contents of the MSWI BA investigated were determined for 33 elements (see
Tables S6–S16 of the SI). The contents of Al, Fe, Cu, Zn, Cr, Ni, Pb and Cd as metals of economic or
environmental interest are exemplarily shown for different grain size fractions and the BA in total in
Figure 6. Because native metal contents are essential for recovery, they are distinguished from chemically
bound metal contents. From Figure 6, it can be seen that the contents of metallic aluminium and copper
increase with decreasing grain size. The same tendency can be observed for zinc below 31.5 mm. Contrarily,
the contents of metallic iron, chromium and nickel decrease with decreasing grain size and show a strong
correlation because of chromium and nickel being constituents of stainless steel. Iron and zinc in the
coarse grain size fraction above 31.5 mm are mainly present in metallic form (see Figure 6). Their contents
correlate with each other because zinc is used to protect steel against corrosion. Metallic aluminium makes
up 40% and 29% of all Al in the raw and aged BA (Tables S15–S17 of the SI), respectively, which is in line
with the literature values (e.g., Xia et al. [21] reported that Al2O3 is 60–70% of the total Al amount). Copper
is mainly found as native metal (Figure 6), and its contents differ significantly between the raw and aged
BA in the grain sizes below 16 mm. For Cd and Pb, no clear correlation between raw and aged BA, metallic
and mineral content, and grain size could be observed. The total content of Pb in the raw and aged BA is
almost identical, while Cd has a slightly higher concentration in the aged BA. Both elements are enriched
in the finer grain size fractions below 4 mm.

The SD for the triplicate analysis (Figure 6) is higher for elements with low concentrations such as Cd
and Pb because of the lower homogeneity of the analysis samples. In view of the high SD observed for the
metallic and chemically bound shares of Cd and Pb, these results should be seen as tentative. In the case of
Al, Cu, Zn, Pb, and Cd as chemically bound elements, larger SDs can be observed, indicating that these
elements are irregularly distributed in the mineral phases. The ranges clearly overlap with differences
between the raw and aged BA, hence, statements about higher or lower contents of these elements in raw
and aged BA are less certain.

4.1.4. Leaching Concentrations

The leaching concentration is an important parameter for BA utilisation as construction material.
Therefore, the leaching concentrations of chloride, sulphate, Cu, Zn, Cr, Ni, Pb and Cd as well as the pH
value were analysed for different grain size fractions of the mineral and magnetic ash fractions in the raw
and aged BA (see Figure 6). The results show that chloride and sulphate contents in the eluate of the aged
BA are slightly lower than for the raw BA. Chloride concentrations in the eluate increase with decreasing
grain size. A slight increase in the solubility of the sulphates during the aging process can be seen in the
grain size fractions above 31.5 mm, between 8 and 16 mm, and below 0.063 mm. From Figure 7, it can be
seen that the concentrations of copper, chromium and nickel increased after aging, while zinc, lead and
cadmium concentrations were lower in the eluate of the aged BA. The contents of the elements investigated
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in the eluate increase with decreasing grain size, with the finest fraction below 0.063 mm being the most
contaminated. A full account of the elemental concentrations analysed in the leaching tests for the mineral
and magnetic ash fractions can be found in Tables S18–S22 of the SI.
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The standard deviations over the analysis samples are larger for finer grain sizes (Figure 7). However,
despite the partly large SDs of Cu, Zn and Ni concentrations, the differences between raw and aged BA are
substantial and overlap with the ranges of ± one SD only for individual grain size fractions.

In comparison to existing limit values of LAGA M 20 [41] (see Table S1 of the SI), it can be stated that
the concentrations of salts are generally above the limit values of 250 mg/L for chloride and 600 mg/L for
sulphate for all grain size fractions below 8 mm and with regard to the average concentration over all
grain sizes as well. With respect to heavy metal concentrations in the eluate, the LAGA M 20 limit values
are exceeded by grain size fractions below 0.063 mm in the case of chromium (limit value: 200 µg/L) for
raw and aged BA and copper (limit value: 300 µg/L) for aged BA. For raw BA, lead concentrations are
above the limit value of 50 µg/L for grain size fractions below 1 mm. It should be noted that for Pb and Cr
in the finest fraction of the raw BA, the standard deviation ranges overlap with the limit values mentioned.
Furthermore, the mean value of zinc below 0.063 mm is only very slightly below the limit value of 300 µg/L
in the case of raw BA, and standard deviation ranges exceed the limit value (see Figure 6). Given the
observed spread, limit values for copper may also be critical for the eluate of very fine fraction (<0.063 mm)
of the raw BA.

4.2. Resource Potentials

4.2.1. Metal Recovery

The theoretical resource potential is equivalent to the contents of pure metals above 2 mm grain size
that are not chemically bound. Metals that are conglomerated with mineral phases are also potentially
recoverable after crushing to release them. For ferrous metals, the theoretical resource potential amounts
to around 12% of the mass of the BA investigated (12.2% for raw and 12.0% for aged BA), with more than
75% of it present in the coarse fraction above 31.5 mm (see Figure 8). For non-ferrous metals, the theoretical
resource potential is 3.8% for the raw and 3.5% for the aged BA, with the largest contributions made by the
fractions between 4 and 16 mm (see Figure 8). With regard to the individual non-ferrous metals > 4 mm,
0.7% aluminium, 0.3% copper, 0.1% brass and 0.8% stainless steel are potentially recoverable from the
raw MSWI BA investigated (Figure S6 of the SI). In the aged BA above 4 mm, the theoretical resource
potential of the NFe metals is 0.4%, 0.2%, 0.2% and 0.9% for aluminium, copper, brass, and stainless steel,
respectively (Figure S7 of the SI).

In practice, not all metals contained in the BA can be recovered due to sorting efficiencies below 100%.
The recoverable fractions depend on the technologies applied for metal recovery. Here, the utilisable
resource potential was determined assuming conventional state-of-the-art technology for metal recovery,
with no recovery below 2 mm grain size (Table S3 of the SI). The resultant utilisable resource potentials are
shown in Figure 8 and amount to 10.8% and 10.7% for ferrous metals and 2.1% and 1.9% for non-ferrous
metals in the case of raw and aged BA, respectively.

4.2.2. Minerals Utilisation

The theoretical resource potential of the MSWI BA is 86.2% and 86.6% for the raw and aged BA,
respectively (Figure 9). These values are equivalent to the contents of the mineral fraction, magnetic
ash, glass and a residual content of metals after metal recovery in a state-of-the-art treatment plant.
The utilisable resource potential as construction material in contained structures is 27.9% and 22.9% for the
raw and aged BA, respectively. The relatively low potential results from the high salt concentrations in the
eluate of most grain size fractions below 31.5 mm. Only the grain size fractions from 8 to 16 mm for the
raw BA and 16 to 31.5 mm for the aged BA comply with the limit values of LAGA M 20 [41] (see Figure S8
of the SI). The aging did not improve the quality of the BA with regard to soluble salts.
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With respect to the utilisation as aggregate in concrete, the suitability of grain size fractions to be
used in a Fuller curve was evaluated and resulted in utilisable potentials of 0.0% and 8.1% in the raw and
aged BA, respectively (Figure 9). The particle size distribution of the Fuller-curve mixture is shown in
Figure S9 of the SI. Critical leaching concentrations are those of soluble salts and chromium, which do not
comply with the limit values from TL Gestein-Stb 04 [42] for most fractions (Figure S10 of the SI). Based on
these limit values, only the coarse grain size fractions (above 16 mm) are utilisable. However, the metallic
aluminium content is above 1% in all grain size fractions of the raw BA (Figure S11 of the SI), impairing the
utilisation of all grain size fractions of the raw BA as aggregate in concrete. In the aged BA, only the grain
size fraction 16–31.5 mm satisfies the technical and environmental requirements for utilisation. The glass
content determined is 7.2% and 5.3% in the raw and aged BA, respectively (Figure S12 of the SI).
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Although the contents of sulphates and chlorides in eluate were slightly reduced after aging (Figure 7
and Figures S8 and S10 of the SI), they are still above the limit values and are an obstacle for BA utilisation.
The leaching concentrations of copper, zinc, lead, nickel, and cadmium are below the limit values for
utilisation as a construction material in contained structures and as aggregate in concrete. With respect to
utilisation as aggregate in concrete, chromium can pose a problem for the utilisation of the BA because its
concentrations in the fine fraction, and thus in the whole Fuller-curve mixture, are higher than the limit
values, even after aging. Concerning the results for both utilisation routes, neither the raw nor the aged BA
can be utilised as a complete aggregate mixture without further treatment or without mixing the fractions
from MSWI BA with other materials such as recycled aggregates from other waste or natural aggregates.
Both options exist in practice and enable higher utilisation rates for processed BA, but were not considered
during the assessment of the resource potentials.

5. Discussion

5.1. Sampling and Processing

The partly significant differences, expressed as the standard deviation, in the nine daily samples
regarding the material composition (Figure 5 and Table S5 of the SI) indicate that MSWI BA composition is
subject to substantial daily variations. If a representative composition of the BA for a longer period, e.g.,
one year, is required, further effects such as seasonal variations need to be considered. Due to the moderate
deviations between the material contents of the raw and aged BA, expressed as the relative difference, it can
be stated that the sample division was carried out properly in this study. Furthermore, the relative standard
errors below 10% for all material fractions, except for the unburnt OM, indicate a good representativeness
of the material composition over the sampling period and thus generally acceptable sampling errors
(Table S5 of the SI). The substantial variation in the content of unburned organic matter over the nine daily
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samples (Table S5 of the SI) shows that the content of unburnt organic matter is sensitive to changes in the
input and operating conditions of the MSWI plant.

It was expected that the raw and aged MSWI BA would show negligible differences in their total
elemental composition. This cannot be observed for all elements analysed. Elements with concentrations
below 0.1%, such as Pb and Cd, show larger differences between the raw and aged BA. This may be
explained by the larger sample mass required for elements with lower concentrations due to their more
heterogeneous distribution in the bulk material. Differences between the total contents of these elements in
the raw and aged BA are therefore compromised by the chosen sample size and the strong heterogeneity
of the BA.

5.2. Characterisation

The fraction of fine particles (<2 mm) of the MSWI BA investigated is lower than previous studies
reported [5,15,16,20]. Because the comparison with other German BA characterisation studies [34,53]
shows similar particle size distributions, the lower share of fine particles may be explained by differences
in national waste management systems.

The trend of decreasing ferrous metal contents with decreasing grain size observed in the present study
has also been reported in previous studies [32]. The total content of ferrous metals is higher than in other
studies [16,20,54], which was not expected because of extensive source separation of waste in Germany.
One possible explanation for the relatively high iron contents compared to other studies could also be
the fact that the very coarse fraction, which is rich in iron, was not included in many characterisation
studies [32], leading to an underestimation of the iron content in those cases.

The total content of copper shows significant differences in the raw and aged BA. Copper and its alloys
have melting temperatures in the temperature range of waste incineration plants. Due to the circulation of
the waste in the furnace, partially molten Cu particles come into contact with solid particles, resulting in a
dissipative distribution of the copper [55]. This process affects the distribution heterogeneity of copper in
the BA, resulting in larger uncertainties as to the Cu content analysis. This could be observed for copper in
the raw and aged BA (Figure 6).

The decrease in soluble salts after aging can be explained by the chemical reactions taking place
during the aging process. The main process during aging, the carbonation, may play an important role in
reducing the solubility of the chloride ions [56]. Trends showing increasing contents of soluble chlorides
with decreasing grain size are in line with the results from other studies [17]. The enrichment of soluble
salts in the fine fraction may present an obstacle for the utilisation of the MSWI BA [37], as observed in the
present study. Quicker et al. [34] and Pfrang-Stotz and Reichert [44] reported that the copper concentration
in eluate decreases during aging. The opposite was observed in the present study. Copper has a cationic
leaching pattern and its concentration increases with decreasing pH value [56]. The lower pH after aging
may correlate with the higher copper solubility. Moreover, the oxidation level of copper in the aged BA
was lower (Table S17 of the SI), which also correlates with the higher solubility. The substantial decrease in
soluble Zn and Pb after aging can be explained by their insertion in the crystal lattice of calcite during the
carbonation process [44,57].

5.3. Resource Potentials

5.3.1. Metals

Approximately two thirds of the aluminium in the BA is chemically bound in the mineral matrix.
The higher mineral contents correspond to lower metallic aluminium contents in the aged BA compared
to the raw BA. However, the chemically bound Al does not contribute to the metal resource potential.
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Copper, iron, chromium, nickel, and zinc are mainly present in metallic form, which indicates that they
are potentially recoverable. Chemically bound Cu and Zn are not considered within the metal resource
potential because they cannot be recovered with conventional technologies [21].

The determined content of metallic aluminium in the grain sizes above 4 mm is relatively low in
comparison with the reported literature data [16,20,22,32]. The total aluminium contents (metallic and
chemically bound) are also lower than in previous studies [25,31]. A possible explanation for this is the
separate collection of packaging materials and the deposit return system in Germany. Aluminium from
packaging is expected to be in the medium grain sizes of the BA. For instance, in Austria, the Czech
Republic and Switzerland, there are no deposit return systems for Al beverage cans, thus more aluminium
cans end up in the residual waste. This may explain higher aluminium contents reported for Austrian,
Czech and Swiss BA [16,22,32]. In Denmark, however, there is a deposit return system for aluminium
cans, but reported Al contents of the BA were still above the values found in the present study [20]. Hence,
the differences in Al contents cannot be explained only by the presence or absence of deposit systems for
Al beverage cans, but other factors such as incinerated waste types and incineration technology may also
be relevant.

Whereas metallic aluminium could be detected in finer fractions by the soda attack method, other NFe
metals between 2 and 4 mm could not be identified during manual sorting. Hence, the theoretical resource
potentials and utilisable resource potentials for NFe metals would increase if complete identification was
possible. However, even if all the elemental Cu and Zn in the 2–4 mm fraction was present as native metals,
this would increase the theoretical potential by 3% and the utilisable potential by 1% (Tables S9 and S13 of
the SI). Consequently, neglecting native metals in this grain size fraction does not have a strong effect on
the overall metal resource potentials.

The resource potential of metals below 2 mm was not considered. Nevertheless, it should be stated
that the metals in these grain size fractions are potentially recoverable [58] by more extensive treatment.
Currently, such treatment is applied only in a few treatment plants [38].

Precious metals were also not considered in the present study, although they may significantly
contribute to the resource potential from an economic point of view [4,23]. Despite their typically very low
concentrations in the BA (e.g., 2.2 mg/kg Au in BA < 5 mm [22]), their economic value may be higher than
that of abundant metals such as iron or aluminium [4]. However, for their recovery, advanced processing
is required, which was not considered in this study.

5.3.2. Mineral Fraction

The theoretical resource potential of the MSWI BA is equivalent to the amount of processed BA,
which was more than 85% of the original mass in the present case. The utilisable potential of the MSWI
BA was much lower for both utilisation routes than the theoretical potential in this study. Only a few
grain size fractions could meet the respective requirements for use as material in technical constructions or
aggregate in concrete. Because mixing with other mineral materials (recycled or natural) as well as further
treatment was not considered in the directly utilisable potentials, the major part of the BA investigated
could not be used. However, in practice, such manipulation and processing can be applied to enhance
utilisation, for instance, by wet processing [31,37]. During wet processing, soluble salts such as chloride
and sulphate are transferred to the finest fraction and removed as filter cake [59]. Holm and Simon [59]
reported that 70% of the sulphate is transferred to the filter cake. Yang et al. [60] stated that the soluble
chloride content can also be reduced by 70% by washing. Furthermore, the agglomerated fine particles
that are enriched in contaminants as heavy metals can also be removed from the bigger fractions [61] and
transferred to the filter cake. As a result, the whole BA as a mixture could be utilised if such treatment
was applied. However, wet processing may have a deteriorating effect on NFe metal recovery using eddy
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current separators [59]. Hence, current processing technologies for NFe metals recovery, especially Al,
in the small grain size fractions < 2 mm need to be adapted in the case of wet processing [62]. To further
decrease the metallic aluminium content, which also deteriorates the quality of the minerals, washing in
alkaline conditions can be applied [37].

Müller and Rübner [30] reported on alkali–silica reactions in concrete specimens with MSWI BA.
The reactions were related to the bottle glass contained in the BA (15%) and caused gel formation, which
was accompanied by cracks inside the glass fragments. However, cracks in the concrete specimens due to
the alkali–silica reactions were not observed during the nine months of investigations [30]. As the glass
content in the Fuller-curve-mixture is lower than in the study of Müller and Rübner [30], it is expected
that glass would not affect the concrete if the MSWI BA was used as aggregate. However, long-term
investigations with MSWI BA concrete would be necessary to verify this.

6. Conclusions

The grain-size specific characterisation of the BA of the Kassel MSWI plant showed similar particle
size distribution and material composition for the raw and aged BA. The raw BA consisted of 42.2%
mineral fraction, 13.8% magnetic ash, 14.3% ferrous metals, 2.0% non-ferrous metals, 6.1% glass, 1.4%
unburned OM and 20.2% fines below 2 mm in size. In comparison, the aged BA consisted of 40.6% mineral
fraction, 16.5% magnetic ash, 14.1% ferrous metals, 2.2% non-ferrous metals, 5.0% glass, 1.6% unburned
OM and 20.2% fine materials below 2 mm in size. Most of the ferrous metals in both cases were found in
the coarse grain size fraction above 31.5 mm, whereas non-ferrous metals were primarily present in the
medium and fine fractions.

The characterisation study was performed using a defined sampling strategy, which was confirmed by
generally acceptable relative standard errors of less than 10%. Furthermore, significant variation between
the individual daily samples of the MSWI BA was observed, which highlights the importance of temporally
distributed sampling of MSWI BA.

Theoretical metal resource potentials of the MSWI BA, i.e., the contents of native metals above 2 mm,
were 12.1% and 3.6% on average with respect to Fe and NFe metals. The utilisable potentials were
determined to be 10.7% and 2.0% on average for Fe and NFe metals, respectively. However, the latter
depend strongly on the applied recovery technology and therefore vary for different processing plants.

In the case of construction materials, the theoretical potential is constituted by the residual fraction of
the BA after metal separation and amounted to 86–87%. The processed BA was not utilisable as a whole,
neither as construction material in contained structures nor as an aggregate in concrete because it did not
comply with limit values of current German regulations. Therefore, the utilisable resource potentials were
identified on a grain-size specific basis. Only larger grain size fractions could be used because leaching
concentrations of salts were too high in the fine fractions. Overall, less than 30% of the BA was directly
utilisable as a construction material in contained structures and less than 10% could be used as aggregate in
concrete. In the case of use in concrete, the content of metallic aluminium posed an additional restriction,
apart from soluble salts. Aging did not have any significant effect on the utilisation potentials regarding
leaching concentrations. Thus, legal compliance of BA as a construction material was not facilitated by
longer aging.

In order to enable the utilisation of the processed BA, further manipulation or processing would be
required to reduce the contents of soluble salts as well as to minimise residual metal contents. The grain
size-specific characterisation performed in this study constitutes a basis for defining grain-size specific
processing routes for purposes of producing utilisable BA qualities. In order to assess the actual use of
BA as construction material and identify suitable applications, further investigations on its mineralogical
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and technical properties are needed. Such investigations should reflect different MSWI and BA treatment
settings to provide a broad basis for the assessment of mineral utilisation options of processed BA.
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flows in [kg] determined by the analysis of the raw MSWI BA smaller than 31.5 mm, Figure S3: Mass flows in [kg]
determined by the analysis of the aged MSWI BA smaller than 31.5 mm, Figure S4: Total material composition of
the raw and aged MSWI BA; error bars show the standard error of the nine daily samples, Figure S5: Composition
of the aged MSWI BA as a function of the particle size; error bars show the standard deviation of the nine daily
samples, Figure S6: Composition of the non-ferrous metals in the grain size fractions over 4 mm in the raw MSWI
bottom ash, Figure S7: Composition of the non-ferrous metals in the grain size fractions over 4 mm in the aged MSWI
BA, Figure S8: Leaching concentrations for evaluation of the utilisable resource potential as construction material
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