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A B S T R A C T   

Bottom ash is the primary solid residue arising from municipal solid waste incineration. It consists of valuable 
materials such as minerals, metals and glass. Recovering these materials from bottom ash becomes evident when 
integrating Waste-to-Energy within the circular economy strategy. To assess the recycling potential from bottom 
ash, detailed knowledge of its characteristics and composition is required. The study at hand aims to compare the 
quantity and quality of recyclable materials present in bottom ash from a fluidized bed combustion plant and a 
grate incinerator, both located in the same city in Austria and receiving mainly municipal solid waste. The 
investigated properties of the bottom ash are grain-size distribution, contents of recyclable metals, glass, and 
minerals in different grain size fractions, and the total and leaching contents of substances in minerals. 

The study results reveal that most recyclables present are of better quality for the bottom ash arising at the 
fluidized bed combustion plant. Metals are less corroded, glass contains fewer impurities, minerals contain fewer 
heavy metals, and their leaching behavior is also favorable. Furthermore, recoverable materials, such as metals 
and glass are more isolated and not incorporated into agglomerates as observed in grate incineration bottom ash. 
Based on the input to the incinerators more aluminum and significantly more glass can potentially be recovered 
from bottom ash from fluidized bed combustion. On the downside, fluidized bed combustion produces about five 
times more fly ash per unit of waste incinerated, which is currently disposed of in landfills.   

1. Introduction 

In many countries, including most EU member states, incineration is 
an essential municipal solid waste (MSW) treatment technology (Pom-
berger et al., 2017; Scarlat et al., 2019). The main solid residues from 
MSW incineration are incinerator fly ash (IFA) and incinerator bottom 
ash (IBA). IBA is the material not carried along with the flue gas and 
discharged in the lower part of the combustion chamber. Depending on 
the firing technology (grate furnace, fluidized bed combustion, rotary 
kiln), 1–10 wt% of the incinerator input is transferred to IFA, and about 
15–25 wt% ends up as IBA (Purgar et al., 2016). The annual IBA gen-
eration in the EU is about 19 million tonnes (Bruno et al., 2021). IBA 
consists of minerals (80–85 wt%) and metals (8–15 wt%) that can serve 
as secondary raw materials for producing construction materials or in 
metal recycling (Chandler et al., 1997; Chimenos et al., 1999; Holm and 

Simon, 2017; Huber et al., 2020). However, these secondary raw ma-
terials should not contain significant amounts of substances detrimental 
to the environment. Therefore, it is required to determine the properties 
of IBA for the assessment of the potential contribution of IBA-recycling 
to a circular economy (Van Caneghem et al., 2019). Consequently, many 
studies aimed to determine these IBA-attributes, (e.g. Alam et al., 2019; 
Chimenos et al., 1999; del Valle-Zermeño et al., 2017; Dugenest et al., 
1999; Huber et al., 2019, 2020; Huber et al., 2021; Loginova et al., 2019; 
Morf et al., 2013; Muchova et al., 2009; Seniunaite and Vasarevicius, 
2017; Vateva and Laner, 2020; Wei et al., 2011), which are summarised 
and analyzed in different review articles (Abdullah et al., 2019; Astrup 
et al., 2016; Blasenbauer et al., 2020; Dou et al., 2017; Luo et al., 2019; 
Šyc et al., 2020; Verbinnen et al., 2017). These works mainly address 
IBA from MSW-fed grate incinerators (GI), but less from MSW-fed flu-
idized bed combustors (FBC). This is not surprising since the vast ma-
jority of MSW is processed in GI and less in FBC (Fellner et al., 2015; 
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Leckner and Lind, 2020). However, in countries like Austria, Canada, 
China, Japan, Sweden or the USA, 10–30 % of MSW incineration is FBC 
(Jung et al., 2004; Leckner and Lind, 2020; Republic of Austria, 2017a). 

A few studies aimed to address MSW-fired FBC and its residues: 
Abbas et al. (2001) determined the total elemental composition, the 
mineralogy, the leaching behavior of major and trace elements, and the 
content and behavior of chromium compounds of IBA from a mainly 
MSW-fed FBC in Sweden. Jung et al. (2004) determined the total content 
of particularly valuable metals from IBA and IFA from MSW-fed GI and 
FBC in Japan. While IBA and IFA from the GI were analyzed separately, 
IBA and IFA from the FBC were mixed before laboratory analysis. This 
did not allow a distinction of the element contents between both residue 
types. Saikia et al. (2008) determined the elemental and mineral 
composition of IBA from waste-fed FBC in Belgium. However, it is not 
entirely clear whether the high calorific fraction, that is co-incinerated, 
derives from MSW or any other waste stream. Santos et al. (2013) 
continued the work of Saikia et al. (2008) by comparing the leaching 
behavior of aged IBA from MSW-fed GI, and MSW- and industrial-waste- 
fed FBC. The difference in feedstock influenced the total element con-
tents and leaching behavior of the IBA produced. Abbà et al. (2014) 
determined the elemental composition and suitability as recycled 
aggregate in concrete of IBA from MSW-fed FBC in Spain. Another 
Spanish study by Maldonado-Alameda et al. (2023) investigated the 
suitability of FBC-IBA as the precursor of alkali-activated binders 
compared to GI-IBA. They assessed different IBA properties such as 
particle-size-distribution, the elemental composition of matrix elements, 
leaching behavior and the composition of crystalline and mineral phases 
in both IBA types. 

Although these studies provide some valuable information on GI- 
and FBC-IBA, they do not provide a complete picture of essential attri-
butes of IBA relevant from a circular economy and environmental sus-
tainability perspective. As Brunner and Mönch (1988) and Riber et al. 
(2008) point out, general material flows of MSW incinerators are 
required for further investigations. Furthermore, the particle-size dis-
tribution (PSD) and the potential secondary raw material content in 
different particle-size fractions (PSF) are essential for IBA treatment and 
material recovery facilities (Šyc et al., 2020). Knowledge of the total and 
leaching contents of environmental- and product-quality impairing 
substances in the mineral fraction of IBA is relevant if this fraction 
should be used as construction material (Blasenbauer et al., 2020; Dou 
et al., 2017). This article aims to fill these gaps using IBAs generated at 

two MSW incineration plants designed as GI and FBC and compare them 
regarding the issues mentioned before. Specifically, the research ques-
tions in this article are: (1) What are the material flows of GI and FBC 
MSW incineration? (2) What is the particle-size distribution of IBA from 
GI and FBC? (3) Which particle sizes in GI and FBC IBA contain valuable 
materials (metals, glass, minerals)? (4) What is the recovery potential of 
recyclables from GI and FBC? (5) What is the total and leaching content 
of relevant substances in the mineral fraction of IBA? 

2. Materials and methods 

2.1. MSW incineration plants considered 

Both investigated incinerators, designed as GI (type: horizontal 
double-motion overthrust grate, wet bottom ash discharge) and FBC 
(type: stationary, rotating fluidized bed, “ROWITEC-technology”, dry 
bottom ash discharge), are located in the same city in Austria. The GI has 
a capacity of 250,000 t/a and was described in detail in Huber et al. 
(2020) and Boehmer et al. (2006, p. 66). The FBC has an annual capacity 
of 100,000 t/a and is described in detail in Kirnbauer and Kraft (2017) 
and Krobath and Thomé-Kozmiensky (2004). The feedstock of the two 
plants consists mainly (>90 %) of MSW from households, which makes 
those two plants ideal for comparison regarding their output fractions. 
Differences in the feedstock of the two plants are that the FBC in-
cinerates mainly pretreated MSW, and small amounts of sewage sludge 
(5–10 wt% of the input). Pretreatment means mixed MSW is shredded 
and classified into particle sizes of <125 mm (42 wt%), 125–250 mm 
(45 wt%), and > 250 mm (12 wt%). Ferrous metals are removed from 
the PSF 125–250 mm (equals about 1 % of input). The entire fraction <
125 mm and about 60 % of the fraction 125–250 mm, are incinerated in 
the FBC, while the remaining outputs of the pretreatment process are 
incinerated in three other GI plants. As a result, after pretreatment about 
70 wt% of the initial MSW is the input to the FBC, while the remaining 
30 wt% is divided among the three GI plants. 

2.2. Sample collection and preparation including particle-size distribution 

Between November 2017 and November 2018, fresh IBA from four 
MSW incineration plants – including the GI and the FBC investigated in 
the present study – was sampled. The sampling procedure, described in 
detail in Huber et al. (2020) for the IBA of three GI, also applies to the 
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sampling procedure of IBA from the FBC and is summarized herein. The 
sample collection was distributed over a one-year sampling period, at 
different seasons and on different weekdays. Each sample was a truck-
load of 20 t, freshly delivered (not aged) IBA from the incineration plant, 
from which 3 t increment samples were randomly collected for further 
processing (Figure S1 and S2, supplementary document). Further sam-
ple processing consisted of dry sieving into PSFs of <4 mm, 4–8 mm, 
8–12 mm, 12–16 mm, 16–50 mm and >50 mm using a XAVA Recycling 
LS12X vibrating screen (Figure S4 left, supplementary document). 
Subsequently, these PSFs were wet sieved on a sieve stack with about 
5–10 l water per kg IBA to investigate its impact on leaching properties 
and to determine the quantity of adhering smaller particles to larger 
ones (Figure S3, supplementary document). The sieve stack was 
assembled from 4 mm, 2 mm and 0.5 mm sieves. The wash suspension 
consisting of the <0.5 mm fraction, the dissolved solids and the wash 
water was filtered using a Büchner funnel. Total dissolved solids (TDS) 
were determined by drying the filtrate at 105 ◦C. Also, all other PSFs 
were dried at the same temperature and weighed. The cumulative PSD 
was determined according to the following equations, where Pn is the 
percentage of the mass m of particles that pass a sieve with the mesh 
width d (md), in relation to the total mass of all particles mtotal. 

Pn =

∑d=n
d=1md

mtotal
× [100%] (1) 

The share of the PSFs above PSFdi − dj were calculated using Eq. (2), 
where mdj is the mass of particles that pass through the upper mesh 
width, mdi is the mass of particles that pass through the lower mesh 
width, and mtotal is the total mass of all particles. 

PSFdi − dj =
mdj − mdi

mtotal
× [100%] (2) 

The PSD is illustrated as a cumulative diagram, starting with the 
smallest to the largest PSF. The PSFs are also expressed as graphs, but 
non-cumulative, starting with the largest to the lowest PSF, from left to 
right. 

2.3. Hand sorting analysis 

Washed PSFs with a diameter >2 mm were hand-sorted based on 
their visual appearance and magnetic properties. The following general 
material fractions and subfractions (the latter in brackets) were distin-
guished: metals (magnetic ferrous metals, weakly-magnetic ferrous 
metals (e.g. stainless steel), aluminum, copper, brass, coins, silver, gold), 
pieces containing different metals like electric motors and transformers 
(copper, magnetic ferrous metals, aluminum), batteries (minerals, 
magnetic ferrous metals, brass), minerals (glass, mineral material), and 
unburnt organic matter. Mineral material of the PSFs > 16 mm, poten-
tially containing enclosed metals, was crushed with a vibrating roller 
(JCB VMD 70) (Figure S4 right, supplementary document). The crushed 
PSFs still >16 mm were hand-sorted according to the abovementioned 
procedure. Crushed PSFs <16 mm and the original PSFs 0.5–16 mm 
were dried at 105 ◦C and subsequently milled with a disc mill (Essa 
LM201 Pulverizing Mill). The resulting fraction was classified into a 
fraction <0.5 mm, considered as mineral fraction, into a fraction of 
mixed materials 0.5–2 mm, which was not further hand-sorted, and a 
fraction >2 mm, which underwent hand-sorting. Results are only pre-
sented for the main fractions from a quantitative point of view. These are 
aluminum, magnetic ferrous metals, weakly-magnetic ferrous metals, 
copper, brass, glass, unburnt organic matter and mineral material. The 
hand-sorting procedure is described in more detail in Huber et al. 
(2020). 

2.4. Chemical analysis of mineral fractions 

The chemical composition of the mineral fractions in IBA is essential 

for its recycling in the construction industry, which is limited by legal 
requirements on the total and leaching contents of selected substances 
(Blasenbauer et al., 2020). In addition, several more substances, such as 
oxides of Ca, Si, Al and Fe are of relevance if recycling in cement pro-
duction is planned (Huber et al., 2019). The chemical analysis was only 
performed on minerals, as metals and impurities should be removed 
before recycling as construction material (Šyc et al., 2020; Verbinnen 
et al., 2017). Since washing of IBA is increasingly practiced in countries 
like Austria and Germany, only washed minerals were considered (Holm 
and Simon, 2017; Huber, 2020). Glass was also analyzed separately as 
technologies to extract glass for recycling from IBA are available (Šyc 
et al., 2020). Where applicable, the total and leaching contents of 
selected substances were compared to legal requirements for using 
minerals in road-construction (Republic of Austria, 2017a) and cement- 
clinker production (Republic of Austria, 2017b). 

2.4.1. Total contents of substances in washed mineral fractions 
Determining the total content of selected substances of the washed 

mineral material, glass, and the TDS in different PSFs is described in 
detail in Huber et al. (2019). These materials were milled to a particle 
size <0.5 mm using an Essa LM201 Pulverizing Mill. Subsequently, a 
hand-held X-ray fluorescence (XRF) device (NITON XL3t Air, analyza-
tion mode “TestAll-Geo”) was used to determine the total content of 
matrix elements (Al, Ca, Cl, Fe, S, Si and K). The total content of the 
elements As, Cd, Co, Cr, Cu, Hg, Mo, Na, Ni, Pb, Sb and Tl was deter-
mined by digesting the material with a mixture of HNO3, H3PO4, and 
HBF4 in a microwave oven (MLS-MWS Laboratory Solutions), followed 
by the chemical analysis using a PerkinElmer Optima 8300 ICP-OES 
(inductively coupled plasma optical emission spectroscopy) equipped 
with a SC-2DX FAST autosampler. Values are displayed for each PSF 
individually and are compared to literature values. The weigthed averagej 

is calculated using Eq. (3), in which j is the substance, PSF is the particle 
size fraction, i is the index of each PSF, with a maximum of i = n, and cij 

is the concentration of substance j in PSF i. 

weigthed averagej =

∑i=n
i=1PSFi × cij
∑i=n

i=1PSFi
(3)  

2.4.2. Leaching of substances in washed mineral fractions 
To investigate whether washed minerals of IBA are suitable for uti-

lization in road-construction, Austrian authorities require a leaching test 
according to standard EN12457-4 (EN, 2002), using a liquid-to-solid (L/ 
S) ratio of 10 L water per kg dry bottom ash (Republic of Austria, 
2017a). Limit values for the elements and substances As, Cr, Cu, Mo, Ni, 
Pb, Sb, chloride and sulfate and the physical parameter pH value are 
defined and were assessed. The required heavy metals were determined 
using ICP-OES (same device as described in Section 2.4.1); chloride and 
sulfate were measured with ion chromatography (IC) using a Dionex ICS 
900 IC. 

2.5. Uncertainty ranges 

Uncertainty ranges refer to the standard deviation from three IBA 
samples per investigated plant. 

3. Results and discussion 

3.1. Material flow analysis of the two MSW incineration plants under 
investigation 

The material flow analysis (MFA) (Fig. 1), based on data obtained by 
the plant operator by weighing every truck entering and leaving the 
plant, highlights the different distribution of solid outputs between the 
GI and FBC plants. The input to the GI and the FBC is similar, with 92 % 
of municipal solid waste as the primary input fraction. The MSW to the 
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FBC is pretreated as outlined in Section 2.1. Additional waste inputs are 
8 % other waste in the GI and 6 % sewage sludge in the FBC. A third 
input fraction to the FBC is 2 % sand to ensure a proper heat transfer in 
the fluidized bed. 

The input-related total ash production (IBA + IFA) is 21 % and 24 % 
for the GI and FBC, respectively, and is therefore in a similar range. 
However, the ratio between IBA and IFA related to total ash production 
differs significantly. It is 90/10 for the GI and 58/42 for the FBC. Both 
values are in the range given by Leckner and Lind (2020). The significant 
differences between GI and FBC regarding IBA and IFA production are 
discussed in the following. 

The FBC only incinerates pretreated waste with limited particle size 
(<250 mm) and sewage sludge. Moreover, parts of ferrous metals are 
removed before combustion. This, combined with more homogeneous 
but turbulent combustion conditions in a fluidized bed, leads to a better 
conversion of the input material causing more fine ash particles carried 
with the flue gas. Additionally, sand that forms the bed material in the 
FBC is partially transferred to the IFA through abrasion. As the amount 
of sand in the fluidized bed has to be constant, new sand is introduced to 
compensate for the abrasion losses. Regarding sand consumption, the 
literature suggests a relatively wide variation between 0.74 and 2.3 % of 
the FBC input (De Gisi et al., 2018; Leckner and Lind, 2020). 

The GI, on the other hand, can process larger pieces of waste. In 
addition, the design of the furnace leads to a lower flue gas velocity. 
Both characteristics favor that particles remain on the grate and are not 
transferred into the flue gas, therefore not discharged as IFA. 

3.2. Particle-size distribution 

Fig. 2 shows the share of each considered PSF (left) and the cumu-
lative PSD (right) of washed PSFs. GI-IBA has a much higher content of 
smaller particles than FBC-IBA. For instance, about 30 % of particles in 

the GI-IBA are ≤2 mm, and almost 60 % are ≤8 mm. In contrast, only 18 
% of particles in the FBC-IBA are ≤2 mm, and 35 % are ≤8 mm. The PSF 
0.5–2 mm is the largest fraction in the GI-IBA (19 %), whereas in the 
FBC-IBA, the largest fraction is 8–12 mm (24 %). The diameter D50, 
which indicates that 50 % of the particles are smaller and 50 % are larger 
than this diameter, equals 6 mm for the GI-IBA and 10 mm for the FBC- 
IBA. In ̌Syc et al. (2018) and Caviglia et al. (2019), similar ranges for D50 
(3–6 mm) for IBA from GI plants are given. In Maldonado-Alameda et al. 
(2023), the D50 value for GI-IBA is 4 mm, whereas the value for the FBC- 
IBA is slightly above 1 mm, which is different from the findings in the 
present work. Maldonado-Alameda et al. (2023) explain their high 
content of fine particles with the pretreatment before the incineration in 
the FBC. In a review by Dou et al. (2017), D50 ranges from 1 to 10 mm. 
However, it is not always entirely clear from which incineration type the 
IBA originated. 

The low proportion of fine particles (especially <0.5 mm) in the FBC- 
IBA of this present work can be explained again by the specific design 
and operating conditions in an FBC plant. IBA is screened at 2 mm right 
after discharge to reduce sand consumption (Krobath and Thomé-Koz-
miensky, 2004). All particles (sand and fine ash particles) smaller than 
this mesh size are fed back to the combustion chamber as bed material. 
Additionally, abrasion leads to a higher share of fine material, which 
tends to be carried along with flue gas and therefore does not remain in 
the IBA (see Section 3.1). From a recycling point of view, larger particle 
sizes are more desirable since it is easier to extract metals from these 
(Šyc et al., 2020). The concentrations of TDS are generally low, with 
values of 1.1 % for the GI-IBA and 0.15 % for the FBC-IBA. 

3.3. Materials in different particle-size fractions 

Fig. 3 shows the mass fractions of aluminum, magnetic ferrous 
metals, weakly-magnetic ferrous metals, brass, copper, glass, unburnt 

Fig. 1. Average material flows in weight-% for the GI plant (left) and the FBC plant (right). The data was obtained from the plant operator in 2021. Mean values of 
the years 2018–2020. Solid output flows are on dry basis. Incinerator fly ash (IFA); incinerator bottom ash (IBA); municipal solid waste (MSW). Note: the wastewater 
treatment facility, where filter cake is generated, receives wastewater from the FBC investigated in this work and other incinerators operating at the same indus-
trial complex. 

Fig. 2. Particle size fractions and cumulative particle size distribution of washed GI- and FBC-IBA related to total bottom ash dry matter (BADM). Total dissolved 
solids (TDS) are the fraction of bottom ash solubilized during the washing procedure. D50 − GI = 6 mm, D50 − FBC = 10 mm. 
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organic matter and mineral material based on dry IBA matter. All ma-
terials, except for magnetic ferrous metals and mineral material, show 
higher concentrations in the FBC-IBA than in the GI-IBA. The most 
remarkable differences between the two incinerators can be seen in glass 
and weakly-magnetic ferrous metals. IBA from the FBC consists of 2.8 
times more glass than the IBA from the GI. In addition to the high overall 

concentration, glass is with about 43 % also the largest single fraction in 
the FBC-IBA. The PSFs >8 mm contain about 70 % of the glass; more 
than 95 % of the glass can be found in the PSFs >4 mm. So far, attempts 
to recover glass from IBA as reported in literature have failed (Šyc et al., 
2020). However, all those attempts were carried out with IBA from grate 
incinerators. Due to the lower, more homogeneous temperature 

Fig. 3. Mass fractions of materials in washed GI- and FBC-IBA. Each material shown has (1) an upper graph showing the proportion of that material relative to the 
mass of that particle size fraction and (2) a lower graph showing the same material relative to the total IBA mass. Additionally, for each material, the weighted 
average content of this material is shown. All values refer to bottom ash dry matter. 
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distribution in an FBC, which is in the range of 600–900 ◦C in general 
(Kolbitsch et al., 2012), and about 630 ◦C in the investigated FBC spe-
cifically (Kirnbauer and Kraft, 2017), glass is less likely to melt and form 
agglomerates with other materials such as metals and mineral phases, as 
shown in Fig. 4. In addition, the dry discharge of the IBA in an FBC fa-
vors cleaner fractions, which are less contaminated with extraneous 
materials (less caking) that lower the quality and make the recovery of 
glass more complex (see Fig. 4, top row). The weakly-magnetic ferrous 
metals content, that is 2.8 times higher in the FBC-IBA compared to the 

GI-IBA, can be traced back to one sample, which contained about five 
times more weakly-magnetic ferrous metals than the other samples. This 
indicates a high variability of the content of this metal. Regarding 
aluminum, contents are by a factor of 1.7 higher in the FBC- than in GI- 
IBA. In that case, lower bed temperatures in the FBC (Leckner and Lind, 
2020) may reduce oxidation processes, preserving aluminum in its 
metallic form (Hu et al., 2011). This is supported by the fact that the 
non-metallic aluminum concentration in the GI-IBA mineral fraction is 
significantly higher than in the FBC-IBA (cf. Fig. 5). How significant the 

Fig. 4. Glass (1st row), aluminum (2nd row), and magnetic ferrous metals (3rd row) fractions of IBA from GI (left) and FBC (right). 4th row: Mineral fractions of IBA 
from GI (left) and FBC (middle). Agglomerate of glass, metals and mineral phases in GI-IBA (right). 
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effect of oxidation is, is still a subject of debate and needs to be further 
investigated (Šyc et al., 2020). Brass and copper contents are by a factor 
of 1.3 higher in the FBC-IBA, which is possibly caused by variations in 
the incinerators’ waste input. Magnetic ferrous metals are also by a 
factor of 1.3 higher in GI-IBA, while minerals are higher by 1.8. The 
lower content of ferrous metals in the FBC-IBA can be explained by the 
pretreatment of the input material, where parts of the ferrous metals are 
removed from the input fraction 125–250 mm prior to incineration. In 

the FBC-IBA, most materials are concentrated in fractions >4 mm. Only 
mineral materials are also found in the smaller PSFs. Finally, the average 
content of unburnt matter in the GI-IBA is as low as 0.39 %. Only some 
isolated pieces of unburnt matter were found in the FBC-IBA, which 
means that the total content of this material can be considered to be 
zero. 

In Fig. 3 each diagram also includes a lower graph showing the same 
material relative to the total IBA mass. This is important since the 

Fig. 5. Matrix elements in the different PSF of minerals (MIN), glass, and total dissolved solids fraction of IBA from GI and FBC in mg/kg mineral bottom ash dry 
matter (MBADM). Reference values refer to literature data for bottom ashes provided by Hjelmar et al. (2013). Note: Only in PSFs >2 mm it was possible to 
distinguish between minerals and non-mineral materials. Therefore, below 2 mm the entire fraction (mineral and non-mineral material) was used in the analysis. 
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concentration of a certain material in a particular PSF might be very 
high, but if this PSF is only of minor importance, the overall concen-
tration of this material can be much lower. Example: The magnetic 
ferrous metals content in the GI-IBA in the PSF >50 mm is as high as 70 
% (Fig. 3, magnetic ferrous metals, top graph). However, the PSF > 50 
mm is only about 7 % of the total mass. As a result, the magnetic ferrous 
metals larger than 50 mm are only about 5 % overall (Fig. 3, magnetic 
ferrous metals, lower graph). 

Regarding metal recycling, PSFs larger than 12 mm are the most 
interesting fractions in the FBC-IBA. 82 % of the total brass content is in 
this PSF, 88 % of the copper, 88 % of the aluminum, 91 % of the mag-
netic ferrous metals and 94 % of the total weakly-magnetic ferrous 
metals content. In comparison, the same PSF of the GI-IBA also contains 
the majority of the magnetic- and weakly-magnetic ferrous metals 
(about 84 % of their total content). However, only 27 % of aluminum, 
43 % brass, and 54 % copper are in this PSF. To achieve similar recovery 
potentials for aluminum and brass, they must be recovered from the 
PSFs >2 mm, and for copper from the PSFs >4 mm. A reason for the 
concentration of these metals in the smaller particle-sizes of the GI-IBA 
could be the heterogeneous temperature distribution on the grate. 
Temperatures of over 1000 ◦C can be reached on a grate (Vandecasteele 
et al., 2007) and even up to 1400 ◦C on the surface of waste particles 
(Wissing et al., 2017). At these temperatures, metals like aluminum, 
brass and copper melt (partially mineralize due to nitrification or 
corrosion) and concentrate finely dispersed in droplets in smaller par-
ticle sizes. Hu et al. (2011) investigated this phenomenon for aluminum 
at temperatures above 810 ◦C, a temperature which is in the range of 
FBC but not of GI. They found that previously lumpy and flat aluminum 
pieces form droplets – especially if salts are present, which can facilitate 
the coalescence of aluminum droplets. Similar observations were ob-
tained by Bunge (2018), who found that above 660 ◦C molten aluminum 
trickles through the firebed and solidifies at the colder grate surface. 

Higher contents of valuable metals and a significantly higher glass 
content in the FBC-IBA are mainly facilitated by the input to the furnace, 
operating conditions, and design. As shown in Fig. 1, considerably more 
of the input to the FBC is transferred to the IFA, increasing the relative 
content of metals and glass in the IBA. To consider this, the recovery 
potentials of valuable materials are compared between the two in-
cinerators in the subsequent section. 

3.4. Recovery potential of recyclables from GI and FBC 

As previously discussed, both incinerators produce significantly 
different amounts of IBA, which impedes a direct comparison of the 
recovery potential of recyclables from the two technologies. Despite this 
fact, this section assesses the recovery potential of aluminum, magnetic 
ferrous metals, weakly-magnetic ferrous metals, brass, copper and glass 
from IBA, based on the input to the respective incinerator. This method 
considers the different IBA generation rates and directly compares the 
two incineration technologies regarding recycling material recovery. 

A review by Šyc et al. (2020) showed that advanced treatment 
technologies for IBA could recover metals from particle sizes starting at 
2 mm (in specific cases even below). Therefore, 2 mm is the cut-off 

particle size considered for the calculation. Table 1 depicts the results 
of this assessment, where the recovery potentials are shown in kg per 
1000 kg of waste input to the respective incinerator. 

Considering the high standard deviation of brass and copper in the 
FBC-IBA, which may indicate a high fluctuation in the content of these 
materials, it can be assumed that equally high recovery potentials for 
brass and copper are in both IBAs. More significant are the differences 
for aluminum, where higher amounts can potentially be recovered from 
the FBC-IBA. Beside a different composition of the input, the most 
obvious explanation are lower oxidation rates in the FBC due to lower 
temperatures (see Section 3.3). Only about half as much magnetic 
ferrous metals can be found in the FBC-IBA, resulting from the pre-
treated waste input to the FBC (see Section 2.1). As previously discussed, 
the PSF >50 mm of one FBC-IBA sample contained five times more 
weakly-magnetic ferrous metals than the other samples, which is also 
reflected in this calculation. If this outlier would be excluded from the 
calculation, then the difference between GI and FBC would be much 
smaller. The most remarkable difference is for glass, where per 1000 kg 
waste input almost twice as much can be recovered from the FBC if 
compared to the GI. This large difference can hardly be explained by 
variations in the input. 

The discussed similarities and the differences allow two conclusions: 
(1) Similar recovery potentials for copper, brass and weakly-magnetic 
ferrous metals suggest that the input to both incinerators is relatively 
similar. It can be assumed that these materials are less affected by the 
harsh environment in an incinerator than other materials and are 
therefore transferred through the plant almost unchanged. The same 
may apply for magnetic ferrous metals if not removed during the pre-
treatment. (2) The differences show that for some materials, such as 
aluminum and glass, the type of incineration technology can affect the 
recoverability of those materials. Lower, more homogeneous tempera-
tures generate fewer melt products, lead to less oxidation in combination 
with a dry discharge of IBA and leave particles almost unchanged in size. 
The latter is especially important for aluminum since the most widely 
used eddy current separators can separate particles with a size >5 mm 
(Šyc et al., 2020). Most of the aluminum in FBC-IBA is present in the 
PSFs >16 mm. 

3.5. Chemical composition of mineral IBA fractions 

3.5.1. Total contents of matrix substances 
Fig. 5 shows the total content of matrix substances in the washed 

mineral fractions of IBA from GI and FBC per PSF and the weighted 
average. In the quantitatively most relevant mineral fractions, Al, Fe and 
Si concentrations show significantly higher values in the GI-IBA 
compared to the FBC-IBA. Other substances such as Ca, Na and K are 
in a similar range for both IBAs. 

Matrix elements such as Ca, Cl, Na, S, Si and K of the GI-IBA are in 
good agreement with literature values provided by Hjelmar et al. 
(2013), which are also shown in Fig. 5. For Al and Fe, literature values 
are clearly higher than the measured values of the investigated GI-IBA. 
Values for Al, Fe and S also tend to be higher in the study by Loginova 
et al. (2019). In the present work, only mineral IBA-components were 
analyzed. Higher Al and Fe concentrations could result from different 
sample preparation and pretreatment of IBA. Because Hjelmar et al. 
(2013) processed and statistically evaluated data from numerous ash 
samples from GIs in different European countries, it is unknown how the 
sample preparation was carried out and which constituents were 
considered. Furthermore, it is unknown whether washed or unwashed 
samples were used for the analysis. In Loginova et al. (2019), the con-
centrations of Ca, Na and Si correspond well with measured contents in 
GI-IBA of the present study. No clear correlation between increase or 
decrease and particle-size can be found. Regarding matrix elements in 
the FBC-IBA, the content of Ca, K and Si are comparable to literature 
values; other such elements show lower concentrations in the FBC-IBA. 

As shown in Section 3.2, TDS play, due to their overall low 

Table 1 
Recovery and recycling potential in PSFs larger than 2 mm per 1000 kg of waste 
input to the two different incinerators.   

GI FBC  

kg/1000 kg waste input 

Aluminum 5.6 7.5 
Magnetic ferrous metals 19 11 
Weakly-magnetic ferrous metals 0.85 1.7 
Brass 0.70 0.73 
Copper 0.43 0.43 
Glass 32 62  
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concentrations, only a minor role in both IBAs. Still, remarkably high 
concentrations of Ca, Cl and S in the TDS of the FBC-IBA can be observed 
– presumably due to the dry IBA discharge. In a wet discharging system – 
like installed in most GIs – soluble components are dissolved and sepa-
rated from the IBA. 

3.5.2. Total contents of trace elements 
In Fig. 6, trace element contents in the two IBAs are compared with 

the limit values (horizontal lines) according to Austrian regulations for 
recycling mineral materials from IBA in road-construction and cement- 
clinker production (Republic of Austria, 2017a, b). For reference, values 
are compared to literature data provided by Hjelmar et al. (2013) again. 

The trace element concentrations in the GI-IBA tend to be higher 
than in the FBC-IBA. The most considerable differences can be observed 
for the elements Sb (15 vs 0.41 mg/kg) and Tl (7.2 vs 0.29 mg/kg). The 
very low standard deviation indicates little variation between samples of 
each IBA. Reasons for these significant differences could be that less of 
these two elements are generally supplied in the FBC; however, since the 
input to the plants is similar, this is unlikely. Another reason may be an 
increased transfer to the IFA, so that they cannot be found in the IBA. 
Both, del Valle-Zermeño et al. (2017) and Loginova et al. (2019), have 
shown that Sb tends to be enriched in finer fractions. As shown in Fig. 2, 
the fine fraction (<0.5 mm) in the FBC ash is much smaller than in the 
GI, suggesting a transition into the IFA. Furthermore, these significant 
differences may be due to the higher tendency of these elements to 
transfer into the washing water during wet screening. This is indicated 
by the much higher contents of these two elements in the TDS of the 
FBC-IBA compared to the GI-IBA. 

Slightly higher concentrations of trace elements in the FBC-IBA can 
only be found for the elements As and Hg. Generally, measured con-
centrations in both investigated IBAs are in a similar range compared to 
the literature (Hjelmar et al., 2013). Remarkably high literature values 
were found for the elements Hg and Sb. The concentrations of Cr and Pb 
correspond well to the values obtained by Loginova et al. (2019), while 
Ni and Sb concentrations are slightly lower. 

For utilization in road-construction, the elements Cd, Cr, Ni and Pb 
have to be considered (Republic of Austria, 2017a). The weighted 
average contents of Cd and Cr in the GI-IBA exceed the limit values, 
which can be traced to the PSF 0.5–2 mm. Values for Pb are slightly 
below the limit, whereas values for Ni are well below the limits. Con-
trary to GI-IBA, the weighted average contents of all required elements 
in FBC-IBA pass the threshold for utilization in road-construction. Only 
individual PSFs would exceed the limit values for Cd (PSFs 12–16 mm, 
8–12 mm and 0.5–2 mm), Cr (PSFs 4–8 mm and 2–4 mm), Ni (PSF 0–0.5 
mm), and Pb (PSF 2–4 mm). 

To use IBA in cement clinker production, the total contents of As, Cd, 
Co, Cr, Hg, Ni, Sb and Tl have to comply with limit values defined by the 
Republic of Austria (2017b). The weighted average contents of Cd and 
Cr of both IBAs are above the limit value. Additionally, Pb and Tl con-
tents in the GI-IBA exceed the limit values. This is also the case for the As 
content in FBC-IBA. These elevated values are marginal for FBC-IBA, 
whereas Cd, Cr, and Pb contents in the GI-IBA are more significantly 
above the limit values. In most cases, small PSFs are responsible for 
exceeding the limit values. However, utilization in cement-clinker pro-
duction would still be possible if the substitution of raw meal is limited 
to 10 %, and the produced cement complies with the requirements in the 
corresponding guideline (Republic of Austria, 2017b). 

Certain heavy metals (e.g. Cd, Cr, Pb) tend to be increased in particle 
sizes <2 mm, which in the case of GI-IBA accounts for more than one- 
third of the total PSD (see Fig. 2). Huber et al. (2019) found similar 
results in IBA originating from two other grate incinerators in Austria. 
Caviglia et al. (2019) found this effect for Pb, Ni and Ti, while Cr and Cu 
tend to concentrate in coarser PSFs. Regarding Cr, this observation does 
not correspond to the findings of this present investigation. del Valle- 
Zermeño et al. (2017) also investigated the correlation between particle 
size and heavy metal content. They found increased concentrations of 

Cd, Cu, Mn, Ni, Sb, Ti, Pb, Zn in particle sizes smaller than 2 mm. As, Cr, 
Mo and Sn also have their peak concentrations below 2 mm, but slightly 
increase again towards larger particles. Alam et al. (2019) suggest 
removing particles <0.125 mm since this fraction is found to be most 
enriched with heavy metals. 

A possible improvement for the two investigated IBAs, would be 
removing the particles <2 mm after their discharge from the incinerator. 
This measure would reduce the total concentration of heavy metals, 
which, in turn, would benefit the utilization of the mineral fraction of 
IBA. In addition, removing particles smaller than 2 mm after discharging 
also results in improved metal recovery since binding reactions associ-
ated with the wet discharge of IBA are reduced (Bunge, 2018). 

Glass can also be a carrier of trace elements. Compared to the FBC- 
IBA, the glass fraction in the GI-IBA contains some of these elements 
at significantly higher concentrations. Viczek et al. (2020) found that As, 
Cd, Cr, Ni, Pb and Sb can serve for instance as additives or pigments in 
glass production, which are potential carriers for such elements. Thus, 
glass extraction might help reduce the contents of trace elements (Mühl 
et al., 2022). However, not only can glass itself be a carrier for heavy 
metals but small extraneous non-glass materials adhering to glass par-
ticles. Loginova et al. (2019) and the literature therein identified such 
particles attached to larger particles resulting from the quenching of IBA 
and concluded that their structure facilitates the absorption (and release 
during leaching tests) of heavy metals to their surface. Fig. 4 depicts that 
glass in the GI-IBA is much more coated in small particles – even after 
wet-sieving – than glass in the FBC-IBA. This might explain why the total 
content of certain elements in the glass fraction in the GI-IBA is signif-
icantly above the content of the glass fraction in the FBC-IBA. Further-
more, if glass recovery from IBA is an option, sensor-based sorting of less 
coated materials is more efficient. The recovered glass should also be 
subjected to lead glass removal to reduce the lead content (see Fig. 6). 

TDS do not carry significant amounts of the discussed trace elements 
– with three exemptions: Hg, Sb and Tl in the FBC-IBA. However, the 
high standard deviation indicates that the transfer of these elements to 
the washing solution during wet screening is highly variable. Only low 
concentrations of the other measured elements can be found in the TDS, 
showing that solely wet screening does not remove these substances 
efficiently. 

3.5.3. Leaching contents of substances in the washed mineral fractions of 
IBA 

Comparing the leaching behavior between the two investigated IBAs 
shows that GI-IBA consists of more soluble components than FBC-IBA, 
indicated by higher chloride content and electric conductivity (Fig. 7). 

For utilization of IBA in road construction, leaching limit values for 
pH value, chloride, sulfate, As, Cr, Cu, Mo, Ni, Pb and Sb contents are 
defined (Republic of Austria, 2017a). Concentrations of Cr and Sb in the 
GI-IBA leachate are above the limit values and prevent utilization in 
road construction. One GI-IBA sample has significantly elevated Cr 
values in all PSFs and is therefore responsible for exceeding the limit. For 
Sb, consistently all IBA samples exceed the leaching limit in all grain size 
fractions. For FBC-IBA, Sb is also responsible for the fact that this IBA 
cannot be utilized in road construction. Possible reasons and causes for 
heavy metal leaching from IBA are discussed below. 

In addition to the parameters relevant for utilization in road- 
construction, the leachate concentrations of the elements Cd, Co, Hg 
and Tl were measured. The concentrations of Cd, Co and Tl are below 
their respective limit of detection (LOD) of 0.018 mg/kg, 0.09 mg/kg 
and 0.16 mg/kg. Average concentrations of Hg in the GI-IBA are 0.01 
mg/kg and 0.023 mg/kg in the FBC-IBA. The LOD for Hg is 0.003 mg/kg. 

Since glass separation from IBA is not widely practiced, knowing its 
leaching behavior in wet environments is a valuable information. The 
pH value of the glass leachate from the GI-IBA is about one pH unit 
above the FBC-IBA. Moreover, significantly more chloride and Cr, and 
slightly more As are released from the glass of the GI-IBA. In contrast, 
glass from the FBC-IBA releases slightly more Mo and Ni to the leachate. 
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Fig. 6. Trace elements in the different PSF of minerals, glass, and total dissolved solids fraction (TDS) of IBA from GI and FBC in mg/kg mineral bottom ash dry 
matter (MBADM). Total dissolved solids are the fraction of bottom ash solubilized during the washing procedure. Reference values refer to literature data for bottom 
ashes provided by Hjelmar et al. (2013). Note: Only in PSFs >2 mm it was possible to distinguish between minerals and non-mineral materials. Therefore, below 2 
mm the entire fraction (mineral and non-mineral material) was used in the analysis. 
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Fig. 7. Leaching behavior of substances in the different PSF of minerals and glass fraction of IBA from GI and FBC in mg/kg mineral bottom ash dry matter 
(MBADM). Although limit values for Pb are defined, measured values for Pb are not shown in the diagram because concentrations are below the detection limit 
(0.036 mg/kg) and therefore meet the limit value defined at 0.5 mg/kg. Note: Only in PSFs >2 mm was it possible to distinguish between minerals and non-mineral 
materials. Therefore, below 2 mm the entire fraction (mineral and non-mineral material) was used in the analysis. 
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Astrup et al. (2016) and the literature therein, point out that a 
particular leaching behaviour is less driven by the waste input to the 
incinerator, the operating conditions or the total content of a specific 
element (except highly soluble salts of Na, K and Cl) but by dissolution/ 
precipitation reactions of mineral phases present in the IBA. Further-
more, specifically weathered IBA interacts with reactive surfaces and 
complexing components. 

An explanation for elevated heavy metals leaching rates is the higher 
pH value of the GI-IBA-leachate compared to FBC-IBA-leachate. Ver-
binnen et al. (2017) show that the leaching behavior of certain heavy 
metals, such as Cu, strongly depends on the pH value. Low and high pH 
values facilitate the leaching of Cu, whereas at pH values around 9–10 
leaching rates reach a minimum. In contrast, Sb reaches its leaching 
maximum at pH values around 8–9, whereas leaching rates decrease at 
lower and higher values. Chandler et al. (1997) published data from 
hundreds of IBA samples investigating the dependency between the pH 
value and the leaching rate of several heavy metals. For As, no clear 
correlation between the pH and the solubility was found. This present 
data also reflects that contents of As in the FBC-IBA-leachate are 
generally slightly above the ones from the GI-IBA, although the pH value 
of the FBC-IBA-leachate is lower. For glass this is exactly vice versa: the 
pH value of the GI-IBA-glass-leachate is high, As content therein is as 
well higher than in the FBC-IBA. For Cd, Cr, Cu and Mo, a wide range 
between pH value and solubility was found by Chandler et al. (1997); 
however, all of these elements tend to leach more at high pH values 
around 11–12. Our measurements also reflect this finding for Cr, Cu and 
Mo. Cd leaching values are for both investigated IBAs below the limit of 
detection. For Ni, Chandler et al. (1997) describe a decreasing solubility 
with an increasing pH value. This could be a another explanation for the 
consistently higher Ni contents in the leachate of the FBC-IBA. Pb con-
centrations in the leachate of both IBAs are below the limit of detection 
of 0.036 mg/kg. This finding is interesting since Pb leaching increases at 
pH values above 11 (Chandler et al., 1997), which is the case for the 
leachate of the GI-IBA (pH 11.6). In contrast, the pH value of the FBC- 
IBA leachate is 10.7. 

Verbinnen et al. (2017) and Chandler et al. (1997) also point out that 
the presence of organic matter is detrimental to the leaching rates of Cu 
in particular, as well as Ni, Pb and Zn. Organic matter present as acids in 
combination with an alkaline environment in the leachate forms highly 
soluble complexes with cations of the previously mentioned heavy 
metals (Verbinnen et al., 2017). Although the unburnt matter content is 
relatively low in the GI-IBA, it is still significantly higher than in the 
FBC-IBA. This fact may be a possible explanation for tendencies toward 
higher leaching rates of heavy metals in GI-IBA. 

Caviglia et al. (2019) found amorphous mineral phases, combined 
with heavy metals in these phases to be potentially responsible for 
higher leaching rates of heavy metals. Alam et al. (2019) found that up 
to one-third of the IBA’s composition consists of amorphous phases 
containing significant amounts of heavy metals. Amorphous mineral 
phases are products of the quenching process of IBA in the wet dis-
charging system of a typical GI incinerator. Since such a wet discharging 
system for IBA is installed in the GI under investigation, this could 
explain higher leaching rates for some heavy metals. This hypothesis is 
supported by the fact that only in the GI-IBA agglomerates composed of 
molten glass, metals and mineral phases were found (see Section 3.3). 

Since significant Sb leaching prevents both IBAs from being utilized 
in road construction, it is discussed in more detail in this paragraph. 
Johnson et al. (1999) investigated the leachate composition of an IBA 
landfill in Switzerland and revealed that Sb leaching directly corre-
sponds to the Ca concentration of IBA. Cornelis et al. (2006) and Cornelis 
et al. (2012) investigated this phenomenon more deeply. They found 
that carbonation of IBA and the resulting decrease of the pH value of the 
leachate below 12 leads to increasing leachability of Sb. More recently, 
Kalbe and Simon (2020) and Simon et al. (2021) carried out long-term 
lysimeter leaching tests where a decreasing Ca concentration due to 
carbonation clearly leads to an increasing Sb leaching rate. Both, Kalbe 

and Simon (2020) and Simon et al. (2021), conclude that wet treatment 
has, in general, positive effects on the leaching behavior of IBA; how-
ever, regarding Sb leachability, it is detrimental and a technically 
applicable solution for this issue is yet to be found. 

These findings regarding Ca and Sb interaction can explain the high 
Sb leaching contents in the GI-IBA. In the supplementary file, Table S16, 
total and leachate content values measured are compared with the re-
sults from Kalbe and Simon (2020) (batch leaching test at L/S 10). It is 
shown that the total Ca content in our measurements is considerably 
higher, while the Sb content is only one-third. For the leachate contents, 
the situation is vice versa. In the present case, considerably less Ca was 
leached but almost three times more Sb compared to the measurements 
in Kalbe and Simon (2020). 

However, this does not explain the two outliers in the size fractions 
12–16 mm and 2–4 mm in the FBC-IBA. The measured values are also 
shown in Table S16. These measurements do not have exceptionally 
high standard deviations (see bold Sb values in Table S16). The total Ca 
and Sb contents and the pH of the leachate are almost the same for all 
three samples. The Ca content in the leachate varies and offers no 
consistent explanation for the high Sb values in the leachate. Very little 
Sb is present in this ash (0.41 mg/kg in FBC-IBA vs 15 mg/kg in GI-IBA). 
All these points are, therefore, not very likely to be the source of the 
outlier. A possible explanation could be that one or more individual 
particles contained an exceptionally high amount of Sb, which leached 
out during the leaching test. Since only minerals were used in this test 
(metal and glass were sorted out), a possible source could be ceramic 
shards with glazes containing a lot of Sb. Turner and Filella (2020), 
found ceramicware with Sb contents ranging from 308 to 62,800 mg/kg. 
In Fig. 4, ceramic shards can be seen in the FBC and the GI-IBA. It can be 
speculated whether these shards are rich in Sb and contribute to high Sb 
contents in both IBA-leachates. 

4. Conclusion 

GI-IBA and FBC-IBA contain substantial portions of recyclable ma-
terials (metals, minerals, glass). Recovering these recyclables from IBA 
can contribute to achieving recycling targets to comply with sustainable 
development initiatives like the circular economy package of the EU. 
Purely from a recycling point of view, this study shows that FBC-IBA has 
some major advantages over GI-IBA. Metals recovered from FBC-IBA are 
qualitatively more suitable for recycling as they are generally less 
oxidized than metals from the GI-IBA. These metals are concentrated in 
larger particle-size-fractions, making a recovery significantly easier. 
This finding is important from an economic and environmental point of 
view since metals have a significant monetary value and the primary 
production of metals causes more environmental burden than recycling. 
A high recovery rate of metals also facilitates the utilization of glass and 
mineral materials, as both routes require low metal contents. Since 
almost 50 % of the FBC-IBA consists of glass, from which three-quarters 
have a particle size >8 mm, and in addition, this glass fraction is less 
contaminated compared to the GI-IBA, it is worth investigating the 
quality and recovery methods of this material in more detail. For utili-
zation in the construction sector, minerals from the FBC-IBA also show 
more promising results due to the lower total content of heavy metals 
and their preferable leaching behavior. In-depth mineralogical in-
vestigations, such as X-ray diffraction (XRD), differential thermal anal-
ysis (DTA) and thermogravimetric analysis (TGA), can help to further 
understand and explain the differences between the two IBAs. 

From a quantitative point of view, more aluminum and significantly 
more glass can be recovered from the FBC-IBA based on the plant input. 
For other metals, the incineration technology has no significant influ-
ence on the recovery potential. 

Many of the discussed advantages of the FBC-IBA are due to a 
combination of a more homogeneous input (e.g., pretreatment of the 
waste), the conditions in the incinerator (e.g., lower bed temperature, 
more homogeneous temperature distribution), and the dry IBA 
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discharge. 
However, it is not possible to assess which incineration technology is 

better in terms of a circular economy and from an environmental point 
of view purely on the basis of a comparison of the IBAs. For this purpose, 
the entire incineration processes, including their pre-processes (e.g., 
pretreatment of MSW), the energy recoverable from waste and the 
possible applications for IBA utilization, must be considered. An overall 
assessment must also consider that fines are transferred to fly ash (IFA) 
in an FBC. This results in about five times more IFA per unit of waste 
incinerated compared to a GI, which has to be landfilled. However, this 
can also be desirable, as the fine fraction contains more pollutants, and 
concentrating them in IFA, removes them from the materials cycle. 
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