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1 INTRODUCTION

Each year almost 250 Mt of municipal solid waste (MSW) are generated over Europe. European
countries are currently able to incinerate about 67.5 Mt of waste, leaving behind 16-17 Mt of residual
material defined bottom ashes (BA) (European Commission, 2017a). Considering that the average
cost for waste landfilling is 75 €/tonnes (European Environmental Agengy, 2014), complete landfill
disposal of BA would cost around 1.3 M€ each year, thereby it appears clear the necessity to find
other solutions to manage this material.

Moreover, BA chemical composition and physical properties make them a worthwhile material in
terms of reuse and recycling as inert material or “urban mine” for metals (Loginova et al., 2019).
Indeed BA treatments would have manifold benefits since they allow to separate the mineral fraction
from other components in order to obtain a more pure inert material, recover the metals as secondary
raw materials and reduce the waste stream sent to landfills (Verbinnen et al., 2017). Over the years
more and more applications for BA reuse have been identified (Bourtsalas, 2012; Dou et al., 2017,
Lam et al., 2010; Tang et al., 2016, 2015), although researchers and industry have not yet developed
an optimal treatment to recover this material, in particular the fine fraction, which is the richest in
terms of metals (Enzner et al., 2017).

Tackling and reducing this loss of resources is the main aim of the project “BASH-TREAT -
Optimization of bottom ash treatment for an improved recovery of valuable fractions”, that won the
call Horizon 2020 ERA-MIN2 “Research and Innovation Programme on Raw Materials to foster
Circular Economy” in 2017. This is the framework in which this thesis developed. The samples
analysed have been collected after full-scale treatment performed by a mobile plant designed by
Heidemann Recycling GmgH. These collected samples have been analysed to investigate the
feasibility of secondary raw materials recovery from BA. The experimental work for this thesis was
performed under the co-supervision of the research partners of the project, Prof Silvia Fiore at
Politecnico of Torino and Prof Kerstin Kuchta at the Technische Universitit of Hamburg (TUHH).
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2 STATE OF THE ART

Since the composition of BA is strongly related to the solid waste they derive from, the first section
of this chapter will be dedicated to an overall framing of the current situation of waste generation
and management in Europe, linking these data with common socio-economic indicators. Afterwards
BA general characteristics will be presented to account for their possible reuses, also presented in
this chapter. Eventually the current state of the art on BA treatment will be described in order to
identify technology flaws, that justify the work of this thesis.

2.1 Waste production

The economic growth registered in the developing countries and the consumerist lifestyle adopted
by countries worldwide is leading to the production of a quantity of waste larger than what we are
actually able to manage. All statistical analyses show a general decrease in waste production in
European countries over the years but the targets proposed by the most recent legislations (European
Commission, 2008) in terms of waste management still seem unattainable.

The analysis presented in this section is aimed to compare countries with a noteworthy waste
incineration capacity, Germany (20 Mt/y) and Sweden (4,5 Mt/y), with Italy (4,7 Mt/y) (CEWEP
report, 2012). This choice has been made also because they are the countries of the partners of the
project BASH-TREAT.

400
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Figure 1 — Waste generated [Mt] from 2008 to 2017 (Eurostat 2019)

According to Figure 1, contrary to the targets set by recent legislations, the amount of waste generated
by European countries after a slight decrease, started to rise again in 2014. This period corresponds
to the economic upturn following the financial crisis of 2008 and, as will be further discussed in this
chapter, several studies have identified a strong correlation between economic wealth and the total
amount of waste produced in a country.
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Figure 2 — Waste generation in 2017 [Mt] (Eurostat 2019)
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Figure 3 — Waste generation in 2017 [kg per capita] (Eurostat 2019)

As shown in Figure 2 and Figure 3, the total amount of waste produced during 2017 is different
among the three countries analysed and it can be due to multiple reasons since population, income
and development level play a significant role in the amount of waste originated (Brown, 2015). The
analysis of more than 100 countries all over the word has confirmed the intuitive correlation existing
between population size and amount of waste originated (Brown, 2015) and this trend can be
observed also among the countries analysed in this thesis, as in Figure 3 and Figure 4, where it is
possible to notice that the most populated countries are the ones with the higher values of waste
generation per capita.

[n* people]
23019213

0

Figure 4 — Population [mln people] (OECP Data 2014)
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In addition, in Figure 5 another social indicator, that has been identified as fundamental for the
characterization of a country, is presented the population density, that appears to be related also to
the virtuosity shown by a country in the management of waste other than to the amount of waste
produced, as will be discussed in section 2.2.

[Ab./km2]
501.1

34

Figure 5 - Population density [people/Km?] (OECP Data 2014)

Several studies agree that the parameters most strongly related to the production of waste are the
economic indicators. In Brown 2015 it has been estimated that the gross domestic product (GDP) of
a country is related to the amount of waste generated by a log-log relation with an R” of 0.983. This
is not the situation of the countries analysed here where, as shown in Figure 6. Sweden is the richest
country in terms of GDP but it is also the one with the lowest amount of generated waste, both total
and per capita.

GPD
256

'3l

Figure 6 — Gross Domestic Product [€ per capita/year] (OECP Data 2014)

This anomaly can be interpreted applying the “Environmental Kuznets curve” (EKC) to waste
production (WKC). EKC represents the relation between the impact on environmental quality and
economic growth as a bell-shaped curve, resulting from several driving factors interacting in a
complex system (Abrate and Ferraris, 2010). It is a matter of discussion among scholars if the same
principle can be applied to waste production (Ercolano et al., 2018). A possible explanation of the
data presented for Germany, Italy and Sweden is that all of them have already reached and overcome
the critical point after which the relation reverses towards an inverse proportion and an higher GDP
corresponds to the possibility of a wiser approach on waste management.
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Furthermore, to validate the pattern in the production of waste shown in Figure 3, it can be useful to
switch the focus to other economical parameters, no longer to an indicator of income per se but to
proxies of how this income is evenly distributed among the population, like Gini’s coefficient or
income distribution.

Gini“s coeffident
1.0

Pfics,

f.,'f 5"';: ,f.'.

05

Figure 7 - Gini's coefficient [-] (OECP Data 2014)

Gini’s coefficient measures the deviation from a perfectly equal distribution of income among
individuals or households within a country. A null value represents absolute equality; a value of 1
absolute inequality and as it is shown in Figure 7 the profile of all the countries analysed is consistent
with the European average, but Sweden shows a lower inequality value abreast with the waste
generation trends of Figure 3.

2.2 Waste management

Within the general framework presented in paragraph 2.1, MSW generated by households, small
businesses and public institutions, represents a small percentage of solid waste. However, due to their
heterogeneous composition they represent a complex issue in waste management and at the same
time a worthwhile resource to recover energy and secondary raw materials (Malinauskaite et al.,
2017).

A considerable amount of potential secondary raw materials is lost as a consequence of the
characteristic waste stream of linear economy, where landfilling plays a significant role in waste
management. However, the current state-of-the-art technologies offer manifold solutions to this
problem in order to follow the principle of end-of-waste fostered by recent legislation, as it is leading
to reduce the amount of waste directed to landfills in favour of recycling materials and recovering
energy (European Commission, 2008).

The percentages of MSW disposed of in landfills, incinerated and treated with other technologies in
the benchmark countries during 2018, are reported in Figure 8.
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Figure 8 — MSW treatment technologies (BAT on waste incineration, 2018)

Although around Europe almost 30% of waste is disposed of in landfills (European Commission,
2017a). Income levels and social well-being seem to play a key role in the sustainability levels
reached in waste management. Indeed, as in Figure 8, more economically prosperous countries like
Germany and Sweden almost never resort to landfill to dispose of municipal solid waste choosing
instead different treatments involving materials and energy recovery. However, the percentages are
different concerning hazardous waste, in Figure 9, where incineration is less applied in favour of
landfilling and other treatments.

52,50 49,86

[17.] 420
31,50 39,38
18,18 1429

Germany Italy Sweden EU (28 states)

64,03
81,43

%

OMSW landfilled BMSW incinerated O other treatment

Figure 9 - Hazardous waste treatment technologies (BAT on waste incineration, 2018)

Even though landfilling is still common practice for disposing hazardous and municipal solid waste
all over Europe, it has been proven as a detrimental solution in terms of land use, possible soil and
groundwater contamination and greenhouse gas production therefore the global trend is going
towards other techniques (Daskal et al., 2019). Awareness of these negative impacts on global
warming, eco systems, ground and surface water, human health, and land availability resulted in calls
for legislation at European level.

Environmental policies enacted in the past two decades are setting the directions for waste
management towards a circular system, where environmental and economic aspects can be
maximised by transforming waste into secondary raw materials. Following that trend, the most recent
directive on this topic, Directive n°2008/850, aims to encourage a progressive reduction in the use
of landfill for waste suitable for recycling and recovery, in order to prevent and reduce as much as
possible negative effects on the environment.
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In order to meet the new legislation requirements, that aim to dismiss the practice of landfilling and
increase the amount of material recycled and recovered, the research is focusing on identifying and
improving techniques that enable to close material life cycles in a cradle to cradle loop or to create
interconnected networks where waste from one process can serve as raw material for another one.

2.3 Incineration with thermal recovery

Incineration is a mature technology and it is present in many European countries, although with
different importance with respect to other treatments, as shown in Figure 10.

[n"]
126

:‘:"\
,aﬁt%" ¥ [M1]

26.80

‘017

Figure 11 — Amount of incinerated waste [Mt]

The most used technology for thermal treatment of municipal solid waste in Europe is combustion
in grate incinerators. This configuration is used by 90% of municipal solid waste incinerators
(European Commission, 2017a). In moving grate incinerators, MSW stream is fed to the combustion
chamber where it is dried and then incinerated at temperatures up to 950°C (European Commission,
2017a). This treatment does not require any particular pre-treatment of the waste and makes it
possible to turn non-reusable, non-recyclable waste into energy, and to reduce the need for
landfilling.
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The advantages of this technology are manifold and concern both the supply of energy demand with
an alternative to fossil fuels based solutions (Malinauskaite et al., 2017) and the more efficient
recovery of secondary raw materials. Indeed municipal solid waste heating value is around 10 MJ/Kg
and it represents an important alternative source of energy (Malinauskaite et al., 2017) and
furthermore after incineration, elementary materials are more easily accessed and, opposed to other
destructive processes like shredding or milling that are energy consuming, incineration has a positive
energy output as well.

Moreover, incinerators play a key role in emissions restraint both in terms of decreasing CH4
emissions from landfills, by reducing the amount of waste disposed there, and preventing CO-
emissions, due to energy production. The environmental impact of this emission restraint is not
negligible, because CH,4 has a global warming potential (GWP) 28 times higher than CO, and on the
other hand energy production from fossil fuels are currently accounted for about 70% of CO, emitted
each year (source: Climate Analysis Indicators Tool (World Resources Institute, 2017)). This result
can be improved with a more efficient recovery of incineration residues, that, as will be further

discussed in section 2.5, could replace raw materials in the infrastructure industry.

2.4 Bottom ashes

The solid residues generated by the combustion process are flying ashes (FA) and bottom ashes (BA).
Bottom ashes generations is usually 5 times higher than flying ashes (Dou et al., 2017) and represents
in terms of weight about the 25% of the total incinerated waste, as in Figure 12.

25
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@ Waste incinerated B Bottom ash produced

Figure 12 — Incinerated waste and bottom ash produced [Mt] (source: CEWEP Report 2012)

Although the volume reduction is considerable, BA still represent about 20-30% of the weight of the
MSWI all over Europe (Caviglia et al., 2019), it is a critical material for landfilling since it may cause
contamination problems releasing heavy metals and metalloids, while on the other hand it has shown
a great deal of possible applications after some reasonably simple treatments. The investigation of
the feasibility of an efficient BA recovery is the rationale of this thesis.

In a Waste-to-Energy plant the bottom ashes are collected on the furnace’s grate as non-combustible
materials. Even if the waste was sorted before incineration, metals are always present and both
ferrous and non-ferrous ones can be taken out of the bottom ashes and recycled. Moreover, the inert
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fraction could find a market in the construction materials industry (Minane et al., 2017), as feedstock
material for ceramic production (Rincon Romero et al., 2018) or as adsorption substrate in particular
applications (Fontseré Obis et al., 2017).

Bottom ashes treatments are specifically designed to remove the components that may jeopardise
their performance as secondary raw materials: to be recovered as loose construction aggregates or
ceramic material, they need to undergo thermal treatments in order to avoid further metals and
metalloids release, as detailed in section 2.6.

2.4.1 Physical characterization

The particles size distribution generally belongs to the range within 0.02 and 10 mm, typical values
of sand and gravel (Dou et al., 2017). From a physical perspective BA are characterised by a slightly
lower density compared to other minerals, the dry bulk density is around 950 Kg/m?, the moisture
content depends on whether the ashes are quenched with water after discharge or not and can vary
between 15% and 60% (Dou et al., 2017).

The porous nature of this material grants an adsorptive capacity in line with the values of natural
aggregates, and this adsorption property appears to increase in the finest fraction, due to an increase
in the specific surface area (Lynn et al., 2017). Many important parameters have shown significant
changes within different granulometric classes. However geometrical parameters, such as circularity
factor, seem not to change significantly according to the particles dimensions (Yao et al., 2014).

In view of the applications for BA reuse, presented afterwards in section 2.5, engineering
characteristics have been studied. BA is a compactable material, even if compaction can often lead
to a reduction in the larger fractions due to grinding. It is not possible to define a characteristic range
of values for BA’s permeability since it is strongly related to moist content and can vary up to 6
orders of magnitude between 10 and 10 nv/s, but it is almost always suitable to be used as drainage
material (Dou et al., 2017). All the parameters to assess the feasibility of aggregates replacement
with BA, such as shear strength, freeze thaw resistance and abrasion resistance, are adequate. Besides
it is worth-noting that the elastic module presents better performances before ageing, when however
BA are not suited for use due to leaching concern (Lynn et al., 2017).

2.4.2 Mineralogical composition

Bottom ashes characteristics depend strongly on the composition of the MSW they were generated
from, that is highly variable within a region, and over time. Moreover, the configuration of the
incineration plant may also affect BA composition, as the organic content present in the ashes can be
linked to the combustion temperature and residence time, and if its concentration is above a certain
value it can have a negative effect on the material’s density, stiffness and resistance over time (Lynn
et al., 2017).

Albeit estimations of solid waste composition are always uncertain, and combustion operative
conditions depend on the specific plant, it is always possible to identify some general characteristics.
BA always correspond to the inert and metallic components of the waste and generally present as a
granular material with a relevant amorphous phase and a characteristic particle size distribution
within 0.02-10 mm. The typical composition of bottom ashes may be identified as around 60 % SiOa,
20% Ca0, 10% metal oxides (Fe,Os, Al,Os3, Na,O) and residual amounts of trace metals Pb, Cu, Zn,
Cd, Cr, Ni (Dou et al., 2017).
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Across all granulometric classes, quartz is the most abundant mineralogical specie even in the finest
fractions (Minane et al., 2017). However, since it is a mechanically resistant mineral, its presence is
wider in the largest fraction (Loginova et al., 2019). Zeolites, on the other hand, are rarely found in
the fraction between 4 and 22 mm, mainly due to the fact that they present as a powder in the fine
fraction per se or attached to greater particles (Loginova et al., 2019). The most common Calcium
minerals in BA are Calcite and Anhydrite, the former is commonly found in all granulometric classes
while the latter is characteristic only of the finest fractions (< 500 pm), where it is the main
responsible for sulphate leaching (Loginova et al., 2019).

2.4.3 Elemental composition and leaching behaviour

Several studies have tackled the characterisation of bottom ash composition and their results are
shown below in Table 1. However, BA’s chemical composition seems to be strongly related to
particle size: Si appears to decrease with particle size while Ca and heavy metals show an increase
upon particle size decrease (Caviglia et al., 2019), as shown in Figure 14. Moreover, metals like Pb,
Zn, Cd and Sn have been found in high concentration in fraction below 8 mm (Allegrini et al., 2014).

Table 1 - Composition of MWIBA characterization studies (Lopez Ferber et al., 2019)

References Wuetal [13] Bethanis et al. [1] Barbieri  Schabbach et al. Aloasi et al. [14] Appendino et al. Bourtsa-  Barbieri
etal [6] [5] [15] lusetal.  etal
[3] [16]
Analysis ICP AES ICP AES XRF ICP XRF AAS XRDy ICP
Compound (% dry weight)
Silly 31 40.1-42.] 46.7 30.3-3511 40.9 42.5-401.9 0.4 45.1
Caly 1000 18 4-200.0 6.3 23.1-26.1 122 16.4-12.2 iR ] 188
Al Oy 257 G92-14.2 fii6 13.0-136 134 17.6-13.6 1.5 073
Ma.(» 210 2.60-2.75 4.62 194244 1.4 12.89-10.9 352 4.6
Mg( 0.4 1.70-1.90) 2.22 2.83-3.73 il 1.3-31 2.6 2.0
Fe, (), 4.36 6. 20-6.60 4.69 10.0-11.5 57 5.7-5.7 13.1 84
T, 083 1L.O0-1.14 077 1.07-1.71 1.2 25-1.2 1.39 0.3
(L 207 L3M-1.44 - 1.96—1.90 - - 2.18 -
S0y (.6l - 2.18 - - - s -
K,0 (.86 086092 LR (LS-1.45 1.8 1E-18 1.33 1.29
Crly, (.40 - - - - - - -
MnCh - 008 - 18017 - 0.1-0.1 131 -

LOL{%drwt) 3.21 - 11 - - — - —

200,000 <63 um 63-90um
90-125um 125-180 um
S 150,000 180 - 250 um 250-355um
Eiﬂ 355-710um =0.71-1mm
P m1-2mm m2-2.8mm
E 100,000 ®2.8-4mm m4-11.2mm
2 m11.2-22.4 mm m>22.4mm
8
50,000
A,
Si Ca Fe Al Na S Mg

Figure 13 - Major elements content in different granulometric classes (Loginova et al., 2019)
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Figure 14 — Trace metals content in different granulometric classes (Loginova et al., 2019)

Different studies have investigated presence and release mechanisms of metals in BA as they
represent an interesting opportunity for “urban mining”(Xia et al., 2017), with all the environmental
and economic advantages that result from it, but also from the possible recovery of the inert fraction
(Alam et al., 2019b). BA leaching characterization is mostly concerned on determining heavy metals
release mechanisms, since other substances that may pose a threat on health and environment, like
dioxins and furans, are rarely found in BA. From several experimental analyses it was possible to
develop a log-log linear model to estimate metals leaching potential based on the total amount present
in BA (Dou et al., 2017).

1Ogcleaching = 0.618 - logCyota — 1.92 (1)

Leaching is not constant over time since it depends on the present concentration but also because
during ageing CO,, diffusing into the solid matrix, facilitates the transformation of CaO into calcite
(CaCOs3) and ettringite (CasAli2(SO4)3(OH)12:26H,0) leading to a pH decrease that inhibits metal
release (Dou et al., 2017).

Furthermore, metals releasing has been related to other factors, such as liquid-to-solid (L/S) ratio and
bulk content. The particle shape factor has an interesting effect on metal release since a higher
specific surface area (SSA) facilitates the metal solubility and mineral dissolution that leads to an
increase in metals leaching (Dou et al., 2017).

Relying again on the model previously presented, the mineral composition of the incinerated waste
has to be taken into account as it affects the partition of metals between BA and flue gasses and
thereby the total amount present in BA. If chloride is present it is possible for the metals to form
compounds with small size and low boiling point that evaporate during combustion, on the other
hand sulphur stabilizes the metals as sulphates into the matrix of BA (Verholst et al., 1996).
Additionally geochemical reactions naturally occurring over time, like precipitation of gypsum and
aluminosilicates and formation of Al and Fe oxides induce variation in acid neutralization capacity,
pH, redox potential, sorption and ion exchange capacity, affecting metals release (Polettini and Pomi,
2004).

Besides, REEs can be found within BA with a concentration around 88 and 124 mg/kg (Funari et al.,
2016). Their presence is greater in bottom ash compared to fly ash since they have high boiling
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points. This value is too low to justify their recovery from an economical point of view, however
they are easily detectable by correlation with other parameters such as P>Os and Al,Os concentration
or magnetic susceptibility, that can be quickly measured on site, in order to evaluate from case to
case if the recovery is economically feasible (Funari et al., 2016).

2.5 Current management of bottom ash

Nowadays, BA exiting from MSW incinerators are either disposed of in landfills or recovered as
secondary raw materials (Lam et al., 2010). Over the years the market for treated BA has spread
from recovery of inert fraction, reused in the construction field, to metals mining (Enzner et al.,
2017). Other than a source for metals recovery, BA, thanks to their chemical composition and
physical properties, as described in the paragraph 2.4.3, are suitable for use as base and sub-base
materials in road construction, cement and concrete production and low-cost adsorption substrate
(Dou et al., 2017).

BA, since their composition is generally rich in CaO and SiO, are a potential replacement for raw
materials in concrete and cement production (Sorlini et al., 2011). The decarbonation process of lime,
in order to transform calcium carbonate (CaCQ3) into lime (CaQ), is the most critical step in cement
production due to the amount of CO; released and of energy required, hence using as raw material
BA, which are naturally rich in CaO, entails an environmental and economic advantage (Lam et al.,
2010). On the other hand the main issues with the concrete application are early cracking, induced
by the presence of metallic aluminium or zinc, and corrosion of steel reinforcements caused by
chlorides that can however easily be averted by wet or semi-dry separation processes and washing
treatments (Verbinnen et al., 2017).

Other than concrete and cement production, one of the earliest application proposed for BA reuse
has been asphalt paving, where the material, appropriately treated, may replace natural gravel or
crushed rocks in the base and sub-base layers of road pavement (Frangois and Pierson, 2009).
Considering that the main limitation is the concern for eventual contaminations, caused by the release
of the metals present in the BA, it is necessary to operate washing or separation treatments to reduce
metals concentration before their posed (Van Praagh et al., 2018).

Another construction application of BA has been as ceramic materials, since they have shown the
appropriate characteristics in terms of density, strength and adsorption properties (Verbinnen et al.,
2017). Likewise cement and concrete, BA chemical composition makes it suitable to replace clay in
ceramic production (Lam et al., 2010). While to assume the characteristic amorphous structure of
glass a vitrification treatment is required (Rincon Romero et al., 2018).

In the recent years, the high level of porosity and specific surface area, discussed in the paragraph
2.4.1, have lead research to focus on the reuse of BA as adsorption material to treat gaseous and
liquid waste stream (Lam et al., 2010). BA have been found particularly suitable for removing dyes,
like alizarin yellow, fast green, and methyl violet from industrial waste water with adsorption
capacity comparable with other adsorbents like perlite (Gupta et al., 2005). Besides, BA have shown
an interesting behaviour in gaseous phase treatment, where they selectively adsorbed H»S, finding a
proper fit as daily cover material for landfills (Fontseré Obis et al., 2017). Adsorption and cation
exchange capacity have been proved to increase in the smaller fraction of the BA (Lam et al., 2010),
that are the most difficult to recover and therefore this is one of the less used application (Dou et al.,
2017).
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However, all these potential applications require the BA to undergo a series of treatments, which has
the main goal of removing metals from the bulk material. In several European states metals recovery
is common practice for BA treatment, even though the efficiency reached is often trivial (Bourtsalas,
2012).

2.5.1 Environmental impacts

Seen the possible applications of recovered BA previously discussed, the main environmental
concern for their reuse is about their leaching behaviour (Schafer et al., 2019), but recent studies are
starting to take into account other aspects such as life cycle assessment and greenhouse gas emission
(Silva et al., 2019).

Regarding the replacement of aggregates in cement production and road pavement realization the
most critical environmental issue has always been leaching. Asphalt pavement was one of the first
application to be implement for bottom ash reuse and extensive literature handled their leaching
characterisation (Bourtsalas, 2012; Frangois and Pierson, 2009; Lynn et al., 2017; Silva et al., 2019;
Van Praagh et al., 2018). The main environmental issues for this application are salt dissolution and
metal release (Frangois and Pierson, 2009). However it has been observed that blending BA with
other aggregates hinders metals release (Schafer et al., 2019).

Moreover, since they represent a cluster of metals that can be mined through physical and chemical
separation, as discussed afterwards in section 2.6, resource recovery form BA is a noteworthy action.
This possibility has been compared with regular extraction of raw materials, that could be also found
in BA, such as steel, aluminium alloys, Cu and aggregates, using the usual life cycle assessment
methodology. Since conventional metal extraction and melting activities requires a considerable
amount of energy, often provided by fossil fuels, recovery of metal from BA result in a decrease of
global warming potential (GWP) and also a decrease of potential impact acidification (TA), due to
SO; release from metal smelters.(Allegrini et al., 2015).

2.6 Bottom ash treatment

The possible configurations of BA treatments are composed of dry and wet processes that follow dry
or wet discharge. The differences between these configurations and their advantages or disadvantages
will be presented in this section.

Nowadays bottom ashes could be discharged with different technologies, either a wet or a dry system.
The former system is the most used all over Europe and it enables to contain dust released during
BA movement from the moving grate, but it could slightly compromise the quality of the recovered
metals. Dry bottom ash discharge on the other hand is more challenging since it requires an enclosed
system, constantly under suction in order to prevent dust release (Kahle et al., 2015). This technique
has been adopted by only two industrial plants in Europe, however it has been proven to be
economically viable since it increases the effectiveness of metal separation, therefore it maximises
revenues from metal recovery (non-ferrous metals, above all) while reducing disposal costs as a result
of weight reduction, and associated lower transport costs (Koralewska, 2011).

The different processes that BA undergo are aimed to minimise the environmental impact in case of
landfilling and to allow the recovery of valuable materials. Past research has identified several
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possibilities to treat BA, including separation processes, based on different composition or behaviour,
stabilization, either natural or artificially accelerated and thermal methods (Dou et al., 2017).

2.6.1 Discharge systems

The most common practice in Europe is wet discharge, where the unburnt materials are moved
through a moving grate to a water tank in order to extinguish burning lumps and cool down the ashes.
In this case the final water content of the bottom ashes may vary from 15% in case a pressing and
draining system is present, to 20% if the extraction from the water basin is carried out by a loading
bucket. Nowadays, wet discharge is a consolidated technology that allows to easily reduce ash
temperature, to wash out salts or chlorides and to prevent fine dusts spreading. However, this practise
may compromise the quality of the extracted metals, since when in contact with water BA may react
and change pH, inhibiting further metal release. Moreover, water eases fine particle agglomeration
hindering the recovery of particles with dimension between 5 and 8 mm (Riva et al., 2016).

A more recent trend is to change the configuration of the discharge system to a dry one, where the
cooling of the ashes is carried out by recycle of air from the outside in order to better exploit the
thermic energy gained during the incineration and guarantee a more efficient combustion of the
organic matter. Furthermore, corrosion reactions and agglomeration of fine particles are not
occurring due to the lack of water, and the fine fraction, which is the one with more metals content,
results more easy to separate (Martin et al., 2015). The main issue with this configuration is the
difficulty in containing the dust released during ash transport. Currently in Europe, there are only
two waste incineration plants that use the dry ash extraction system: SATOM in Monthey (CH) and
KEZO in Hinwill (CH).

Metal recovery is more difficult from wet-discharged BA due to different factors. As previously
stated, the flowing air in the dry discharge system increases the efficiency of the combustion and
decreases the quantity of organic matter present in the ash. Moreover the contact with water causes
an increase in the difficulty of metals recovery due to a lumping effect and to the generation of a
thin layer of silicon and calcium oxides, that need a treatment with acids in order to be removed
(Kahle et al., 2015).

2.6.2 Stabilization - Weathering

Notwithstanding the processes undergone by the BA, in the majority of treatment plants the first step
after discharge is a weathering phase when, as a consequence of exposure to atmospheric conditions,
different mineralogical alterations occur (Polettini and Pomi, 2004). During this phase the original
mineralogy is altered as a result of different processes: hydrolysis of Ca, Al, Na and K oxides,
hydroxides dissolution or precipitation and absorption of atmospheric CO, that leads to carbonation
(Meima and Comans, 1999). These alterations cause changes in macroscopic aspects like an increase
in crystallinity index (Polettini and Pomi, 2004) and chemical properties like acid neutralization
capacity, pH and sorption and iron exchange capacity (Meima and Comans, 1999).

During ageing, the main reaction kinetics are influenced by the natural diffusion of CO; and the
Ca(OH). dissolution, that can be described with an unsteady transport and reaction model, in which

porosity € and effective diffusion coefficient Desr are assumed to be constant over time (Meima and
Comans, 1999).
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This carbonation process is due to the interaction of CO, with naturally alkaline materials like the
alkaline metal oxides present in BA and leads to the reaction below.

Ca(OH)3(aq) + COsaq) = CaC0zy, + H,0q, 3)

The formation of calcium carbonates causes several alterations in physical and chemical properties
of BA. The capture of CO» ;s linked to a mass increase and a porosity decrease, however, creation of
micropores has been observed since CaCOj3 has a higher molar volume than CaO. As for the chemical
characteristics pH is reduced from 11-12 to 8-9 while acid neutralization capacity may rise, leading
to heavy metals stabilization (Dou et al., 2017).

Carbonation kinetics seem to improve with higher CO, concentration and a specific range of
moisture, in order to create water layers thin enough to limit diffusion distance. Moreover recurring
to pressurised conditions apparently aids carbonation kinetics, without affecting however the overall
CO; uptake (Santos et al., 2013). Besides natural ageing, research has investigated feasibility and
effectiveness of reagents addition to improve bounding of metals and solid matrix in order to reduce
leachability (Lam et al., 2010) but these works mainly concerned fly ashes, where leachable heavy
metals concentration is higher (Wang et al., 2015) due to processes like metals vaporisation and
adsorption on the surface of fly ash particles (Lam et al., 2010) . Moreover, the curbing of leaching
potential obtained during weathering is due to the formation of mineral coatings around the particle
surface and that has been proven to be detrimental in terms of mineral recovering (Holm and Simon,
2017).

2.6.3 Physico-mechanical treatment

After been discharged the bottom ashes undergo a series of treatments aimed to separate the inert
fraction from the metallic components in order to obtain more pure secondary raw materials. The
configuration of the system varies from plant to plant, but treatments involved are generally aimed
to classify the mineral fraction and separate ferrous metals and non-ferrous metals as well as organic
matter. Separation could be implemented based on particle size, shape, density, surface wettability,
magnetic properties, colour, physicochemical property, and solubility, the efficiency of the
separation relies on these differences (Xing and Hendriks, 2006).

The most conventional method in European WtE plant is a dry separation process following wet
discharge. This process employs manual sorting, screening, magnetic and eddy current separation
to achieve a recovery of metals (both ferrous and non-ferrous) that makes it worthwhile (Koralewska,
2011). Nevertheless, a more innovative approach is to treat wet discharged ash adding more water
in order to further improve the quality of the recovered metals. This process involves a screening of
different granulometric classes (< 2 mm, 2-6 mm, 6-20 mm, 20-40 mm) that are then treated
separately to recover valuable fraction. In Figure 15 it is represented the percentage of application
for the different treatments, described later in this section, all over Europe.
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Figure 15 - Application of different separation techniques

Since each granulometric class has one or more characteristic components, it has been proven
effective to always operate sieving and screening to classify the ashes in groups with different particle
size and therefore different behaviour, in order to subsequently direct them to the most appropriate
treatment sequence. The main issue with this step is the formation of lumps in the fine fraction of the
bottom ashes. Generally, this treatment is carried out in a closed environment since even in wet-
discharged BA if the water content is lower than 10% it causes problems of dust releasing.

It is possible to notice that ferromagnetic metals are always subject to recover since the technique for
their separation is easily implemented and because even if their market value is lower compared to
other elements, iron scraps can be found in significant amounts (Morf et al., 2013). The configuration
for this treatment varies according to material flow size, velocity and particle size. However, eventual
stainless steel present cannot be separated with this principle because it does not assume magnetic
behaviour even if the main element of its alloys is iron.

Non-magnetic metals are generally separated from the ashes using an eddy current separator where
a set of rotating magnets induces eddy currents that cause a magnetic deflection force to act on ferrous
metals while non-magnetic metals are guided by friction, gravitational, centrifugal and drag (air
resistance) forces. This causes a separation in ferrous and non-ferrous material trajectories and allows
their separation. The efficiency of eddy current separators can be improved with a more precise
interval in the fractioning, that simplifies the calculation of the ballistic curves, as well as having a
configuration of multiple separation in series. The key parameter in this process is repulsiveness
[m?/Q -Kg], which is the ratio of electrical conductivity [1/Q] and density [Kg/m?].

Typically, in a state-of-the-art plant, following magnetic and eddy current separation an Induction
Sorting System (ISS) is installed to separate non-magnetic materials with low repulsiveness like
stainless steel. This machine uses sensors to detect metallic objects with magnetic induction and with
compressed air it throws them away from the conveyor belt. A similar principle is the one on which
X-ray sorting is based, where the sensors detecting metallic items are replaced by an X-ray module
that recognise specific shapes that are more likely to be metallic and separate them from the ash
stream again with compressed air.

The treatments that the ash undergoes are similar to the ones used in reclamation of polluted sites,
they are very energy-demanding but achieve remarkable yields in metals recovery and leachate
reduction (Bourtsalas, 2012). Efficiency in non-ferrous metals recovery ranges between 29% and
75% with a dry-sorting system but can increase up to 79% with wet sorting (Rem et al., 2004).
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2.6.4 Thermal treatment

Thermal treatments rely on two different processes to reduce metals leaching: separation through
evaporation or immobilisation to stabilise metals in the solid matrix, resorting to vitrification,
melting, sintering and microwaving (Dou et al., 2017).

Evaporation of suitable metals, like Cd, Pb and Zn, is generally induced by heating the ashes to a
temperature of 1000°C, higher than the one reached during MSW incineration but still below their
melting points. Higher temperatures are needed in order to more stably embed metals in the solid
matrix, but this step does not usually requires long residence time (Dou et al., 2017).

As for thermal immobilisation, several techniques could be implemented: melting, vitrification,
sintering or microwaving (Dou et al., 2017). Melting and vitrification are similar processes in which,
due to high temperature (between 1000°C and 1500°C), inorganic species present in the residues
chemically bond together and therefore volatilization of metals like Hg, Cd, Pb and Zn is inhibited
(Stabile et al., 2019). Sintering instead relies on increasing temperature or pressure, without reaching
the melting point, to produce glass-ceramic products characterized by low porosity and high
resistance, suitable for use as cementitious composites (Yang et al., 2018). The most recent
developed thermal treatment is microwaving: heating with a non-ionizing electromagnetic radiation
between 300 MHz and 300 GHz (Dou et al., 2017).

2.7 Research gap: feasibility of recovery for fine fraction

The treatment processes described in the paragraph above, allow to recover a noteworthy amount of
secondary raw materials, which would otherwise be lost with the waste stream sent to landfills.
Nevertheless, some resource potential is still unexploited. The limit of current state-of-the-art
treatment corresponds with the difficulty met in recovering the finest fraction.

In Figure 16 it is summarised the finest particle size for which recovery is still feasible in different
European countries. All the source from these data are listed in table 1 of “The characterisation of
the fine fraction of MSWI bottom ashes for the pollution and resource potential” of V. Enzner, O.
Holm, M. Abis, K. Kuchta.
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Figure 16 - Finest particle size treated in state-of-the-art European plants (Enzner et al., 2017)

The recovery feasibility gap is significant, as some more upstanding countries, among which
Germany, are able to treat BA with particle size as fine as 2 mm while other countries leave a greater
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amount of material untreated. The latter is the case of Portugal, which performance is particularly
sub-standard considering that all the materials with dimension lower than 10 mm is sent to landfills.

The finest fraction, that is currently not recovered, is critical to manage, since in this fraction the
higher concentration of heavy metals is gathered. Hence it is crucial treating it to reduce pollution
potential in case of landfilling and to recuperate metals to make the process profitable (Allegrini et
al., 2014).

The resources present in this fraction are manifold considering that, as detailed in paragraph 2.4.3,
BA’s elementary composition is strongly related to the particle dimension. For instance, leaching
capacity of elements like Ni or Sb does not show significant dependence on particle size, while Cu ,
Zn and the others show an increasing concentration in the fine fractions of BA (Loginova et al.,
2019). Indeed, presence of these metals in the finest fractions represent an unaddressed criticality
when it comes to landfilling and a lost resource as secondary raw materials. The aforementioned
metals have not negligible market values and their recovery could be economically favourable. Even
if it is important to underline that these values are mere approximations since market values are
subject to change.

These economic aspects, combined with the environmental advantages described in section 2.5.1,
are the grounds for optimising the recovery of residual metals and minerals, in particular for the
fractions still unexploited, which is the rational of this work.
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3 BASH-TREAT PROJECT

The H2020 project “BASH-TREAT - Optimization of bottom ash treatment for an improved
recovery of valuable fractions”, won the call ERA-MIN2 “Research and Innovation Programme on
Raw Materials to foster Circular Economy” (May 2018-May 2021), is coordinated by Technical
University of Hamburg and involves DIATI Politecnico di Torino as partner. The main goal of BASH
-TREAT is the optimization of a physico-mechanical process, implemented at full-scale on a mobile
plant (fed by 50 t/h of bottom ash), for the recovery of metals and inerts. Three full-scale industrial
tests, performed in municipal solid waste (MSW) incineration plants in Germany, Sweden and Italy
are planned in the project.

The samples analysed in this thesis have been collected in 2 bottom ash treatment plants. The
treatment trains implemented in the two facilities, shown in Figure 17 and Figure 18 consist in a
series separation steps based on magnetic properties, particle size and inductive characteristics. The
materials exiting from these plants have been afterwards fed to a mobile treatment plant, designed
by Heidemann Recycling GmbH, described in paragraph 3.3.

3.1 BA treatment plant 1 (Germany)

In the treatment plant installed in Germany, the BA firstly undergo a magnetic separation to recover
iron, (with a 99% purity) from the waste stream, that it is afterwards sent to sieving. The first sieve
separates the particles above 40 mm, sending them to a wind shifter, from the particles with
dimension below 40 mm, that are again sent to magnetic separation and sieving at 8 mm. Both the
particles with size above and below 8 mm undergo a series of eddy current separations, with however
the different configurations shown in Figure 17.

After the last step, the remaining mineral fractions, slags between 0-2 mm, 2-8 mm and 8-40 mm,
are collected partly to be analysed and partly to be fed to the mobile plant to investigate the feasibility
of a further separation of recoverable fractions.
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Figure 17 - Work chart of BA treatment plant 1 (Germany)
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3.2 BA treatment plant 2 (Sweden)

BA treatment plant 2 (located in Sweden) implements a first magnetic separation of the ferrous
metals with greater particle dimension and then operates a series of dimension classifications to better
recover the non- ferrous materials (Figure 17). The slags with dimension between 0-4 mm and 4-26
mm have been sent to the mobile treatment plant to be processed and analysed in the labs.
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Figure 18 - Work chart of BA treatment plant 2 (Sweden)

3.3 Mobile treatment plant

The fine fraction refinery tests have been additionally implemented with the mobile treatment plant
Sortatec PRO M1, designed by Heidemann Recycling GmbH, shown in Figure 19 and which specific
characteristics are listed in Table 2
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Figure 19 - Mobile treatment plant Sortatec PRO M1

Table 2 - Mobile treatment plant characteristics

Characteristic Value m.u.
Transport length 13.77 m
Transport height 3.97 m
Transport width 3.00 m
Throughput (0-40 mm) 50 t/h
Operating voltage 400 A"
Control voltage 230 A"
Total weight 28 t
Support load max. 5 t
Acoustic level 72 dBa

Hence, the finest fractions have been treated with this innovative system that uses an enhanced
magnetic field, generated by a forefront coil, to separate ferrous materials from the dry BA stream
on the conveyor belt. The specific configuration of this treatment involves a rotating drum magnetic
separator that improve the recovery of the magnetic fraction, dividing the iron oxides that are not
recoverable using standard treatments. Then the material, depurated of this fraction, undergoes an
eddy current separation, that relies on 38 rotating magnetic poles and is able to enhance the separation
yield of non-ferromagnetic components.
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The treatment is carried out in a dry environment, skipping weathering and crushing steps, since it
has been observed that wet conditions lower sieve separation efficiency (Holm and Simon, 2017).
The operational settings adopted in this treatment are aimed to the recovery of metals fractions, both
ferrous and non-ferrous, as pure as possible, sacrificing recovering rates in place of grade of the
recovered metals. Thereby a necessary loss of metals has to be expected in the mineral output, as
illustrated in Figure 20.

Figure 20 — Metals and mineral particle trajectories overlap (Bunge, 2015).

The mineral material, contaminated by the presence of these residual metals, has been the subject of
this study, as it will be discussed in the next chapter.
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4 MATERIALS AND METHODS

The aim of this work is the assessment of the current solutions for bottom ash treatment implemented
in full scale treatment plants and in an innovative mobile plant designed by Heidemann Recycling
GmbH.

The characterization of the samples of bottom ash collected at the treatment plants described in
chapter 3 has been carried out at TUHH and at Politecnico di Torino. This analyses allowed to
evaluate the efficiency of metal separation from the bottom ash stream in the mobile treatment plant
by comparing the composition of the fine fractions entering the mobile treatment plant and the
outputs of the magnetic oxides separation and the residual mineral fraction; the composition of the
last output, the non-ferrous metals collected with the eddy current separator, has been estimated in
the mass balance.

Besides, the elemental analysis of these different categories has been compared with the results
obtained from the analyses of the fine fraction. This comparison allowed to determine the origin of
the different elements in order to spot which materials would be necessary to separate from the waste
stream to avoid the presence of undesired components or to better recover secondary raw materials.

Eventually the feasibility of a further treatment to recover critical raw materials (CRMs) and valuable
fraction from the analysed bottom ash have been tested in the laboratories of TUHH. The recovery
potential has been assessed by comparison with the characteristic composition of commercial
materials, also measured through XRF spectrometer, while recovery of mineral fractions as
construction aggregates has been teste by performing leaching tests in batch condition and analysing
the leachate with ICP-OES spectrometry. The analyses with ICP-OES have been also used to
complete the sample composition characterization for those elements that the XRF spectrometer is
not able to detect.

4.1 Samples

The samples that were analysed have been collected between May and September 2019 at the bottom
ash treatment plants 1(Germany) and 2 (Sweden), described in chapter 3.

The sampling procedure for each of the samples has been implemented according to the standard
DIN EN 932-1 “Test for general properties of aggregates - Part 1: Methods for sampling”. The
samples have been collected picking up 15 incremental masses of treated BA at regular time intervals
and mixing them. All the sampling has been taken two times. The preparation of the samples had the
aim to select significant and representative specimens, the procedure used was coning and quartering.
The sub-sampling technique consisted in piling up the loose material, flattening the tip of the pile
and splitting it in four identical parts. Then two opposite quarters were discharged while the two
complementary ones were combined to form a specimen, repeating these steps until the desired
dimension of the specimen was reached. The analysed samples have been shown in Figure 21.
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Figure 21 — Analysis scheme

The materials analysed belong to two different granulometric classes: a coarse one (between 2 mm
and 40 mm) that corresponds to the one that is already valorised and a fine one (below 2 mm) that is
still unrecovered in all countries.

The sampling of the fines in plant 1 has involved the mineral fraction entering the mobile treatment
plant and the output materials: the oxides separated by the magnetic collector and the final mineral
fraction.

Among the coarse fraction of bottom ash, different material classes have been identified through
manual sorting (such as Glass, Ceramics, Oxides and a remaining unsorted fraction named Others).
The classification of the sample components with manual sorting has been performed following the
standard defined by the norm DIN EN 1744-8 “Tests for chemical properties of aggregates — Part 8:
Sorting test to determine metal content of Municipal Incinerator Bottom Ash (MIBA) Aggregates”.

In particular the fraction between 2 and 4 mm have been washed with an acid solution to clean the
particles surface and improve the classification with manual sorting. The dried samples have been
weighted and placed in a stainless-steel colander to be submerged with the acid solution. This
solution has been prepared mixing water and hydrochloric acid (37%) with a ratio of 9:1. After a
contact time of 60 seconds the samples have been removed from the acid bath and rinsed with water,
placed again in the oven at 105°C to dry and weighted a second time to evaluate the loss of material
due to the washing.

After this procedure the samples from the mineral fraction of both bottom ash samples have been
categorized in the same classes previously defined. The magnetic metals have been removed with a
hand-guided magnetic separator characterized by an attraction force of 60 Kg, while all the other
components have been selected by hand-picking. The remaining material has been sorted based on
its appearance: it has been identified as “glass” the material which presented transparency to light
and as “ceramics” the fragments which broke along straight planes.

The results of this material component analysis are shown in Figure 22, where the terms fines
identifies the granulometric class below 2 mm for which it was not possible to identify the different
material classes present.
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Figure 22 — Material classes distribution of bottom ash mineral fractions

Since it was not possible to identify the different material components in the fraction with particle
size below 2 mm, this class has been categorised only according to the granulometric distribution.
The fine fraction from treatment plant 2 and from the mobile plant in both tests have been sieved at
63 um, 0.1 mm, 0.2 mm, 0.63 mm and 1.0 mm, the results of this analysis are shown in Figure 23
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Figure 23 — Particle size distribution of fine mineral fractions

The values in the previous figure represent for each size range the percentage of material retained by
the sieve normalised by the total weight of the sieved sample. In all the following analysis, the results
have been normalised considering that for the samples collected after the mobile treatment plant the
fine fraction represent 41% of the total sample from plant 1 and 34% of the sample from plant 2.
However, since the percentage of the fine fraction of bottom ash from plant 1 before the mobile
treatment plant was not available, the percentages shown in Figure 23 sums up to 100% of fine
fraction (below 2 mm) and not to 100% of bottom ash.
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4.2 Sample characterization

4.2.1 X ray spectrometry analyses

The samples collected in both sites described in the previous section have been analysed with XRF
spectrometry in order to determine their element composition both to spot criticalities, due to the
presence of hazardous compounds, and to enlighten potentially unexploited secondary raw materials.

The procedure for XRF analyses stems from the standard defined in the reference norm DIN EN
15309 “Characterization of waste and soil - Determination of elemental composition by X-ray
fluorescence”. The different categorises identified by manual sorting have been finely ground,
according to procedure, and analysed with X-ray spectrometry.

The instrument used for analysing the samples is the XRF spectrometer “VEX DE VS” from Rigaku,
that with minimum preparation returns a complete element analysis of a powdered sample.

The results of these measurements have been integrated for the elements too light to be detected (in
order of atomic weight Li, B, Na and Mg), with the values measured with ICP-OES. ICP-OES.

Calibration

The quantitative analysis of samples is generally carried out by comparison with standards containing
elements of known and certified concentration, consisting of matrices similar to those of the samples
to be analyzed. In case of BA, there are not default standards to compare the analysis results, therefore
it was necessary identifying a sample that was acceptably similar, even if not flawless. The
constituents of the chosen standard sample are listed in Figure 24.
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Figure 24 - Sample for XRF calibration (Nordtest catalog)

As described in section 2.4,the main components of BA are SiO,, CaO, metal oxides and trace
elements, and their characteristic percentages have been the benchmarks in the selection of the
standard sample.
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Sample preparation

The samples with particle size between 0.63-1 mm and 1-2mm have been further milled with a
tungsten carbide planetary mill to reduce their grain dimension in order to be analysed. The settings
applied to the planetary mill are listed in Table 3.

Table 3 - Milling settings for bottom ash

Parameter Value u.m.
N° of spheres 2 -

Frequency 24 Hz

Time 10 min

The samples with greater particle dimensions have been separated into different categories, milled
and gathered within material classes to be analysed with XRF spectrometer. Whereas, the different
subsamples for each material class were already milled and reduced t the dimension required by the
XRF spectrometer.

4.2.2 Leaching batch test

As it will be discussed in the next chapter the main recovery application for bottom ash mineral
fraction is reuse as construction material, however this requires the leachate water to comply with
regulatory thresholds, defined by law. In order to estimate the leachate concentration values of the
samples a batch test with L/S=10 has been performed.

The samples used for this test are the fine fractions of bottom ash collected in Bremen before and
after the mobile treatment plant and the “other minerals” fraction, resulted from manual sorting of
the mineral output of the mobile treatment plant, both between 2-8 mm and 8-40 mm.

The test has been performed by pouring 90 gr of material and 900 ml of deionised water in different
bottles, that have been then agitated for 24 hours at room temperature. After this first step the samples
have been left settle for 30 minutes and filtered. Afterwards, from the filtrate three sub-samples have
been collected: 20 ml to measure pH, electrical conductivity and redox potential, each one with a
specific datalogger, 20 ml to measure Chlorides and Sulphates and a remaining part has been
analysed with ICP-OES in order to determine the composition of the leachate. In the last sub-sample,
it was necessary to add 100 ul of HNOj  to slightly decrease the pH of the liquid in order to keep in
solution the metal species in order to be able to detect them with ICP-OES.
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4.3 Sensitivity analysis

The statistical analysis of the measured data has been implemented by calculating the Pearson
product-moment correlation coefficient (or Pearson correlation coefficient), which is a measure of
the strength of a linear association between two variables and is denoted by 7, defined in Equation

(4).

L n@xy) — Ex)(Ey) )
V[nEx? — (2x)?][nZy? — (Zy)?]

The correlation between two variables is directly proportional to the absolute value assumed by the
coefficient “r”, which itself can be either positive or negative depending whether the relationship

TR
T

between the variables is respectively positive or negative. While, when “r” assumes a value close to

zero the variables analysed have to be considered not correlated.

Eventually, all the correlation coefficients presented have been tested with a p-value lower that 0.05
(5%), whereas the p-value represents the probability of finding the same result in case of a null
hypothesis, when the correlation coefficient were actually zero.

4.4 Recovery potential assessment

The feasibility of several recovery possibilities has been studied, as it will be described in the
following sections.

4.4.1 Material recovery as aggregates

Several past studies (Keulen et al., 2016; Lynn et al., 2017; Silva et al., 2019, 2017; Sorlini et al.,
2011; Tang et al., 2016; Yang et al., 2018; Yin et al., 2018) have examined the possibility of recovery
mineral fraction of bottom ash as construction aggregates.

Having the analysed material already undergone an advanced treatment for the removal of magnetic
metallic oxides and electroconductive metals, the feasibility of its recovery as construction material
has been investigated.

The leachate concentration have been measured according to the procedure described in section 4.2.2
and compared to the leaching limit values for utilisation of waste-derived aggregates in several EU
Member States (Saveyn et al., 2014). In particular, the thresholds used to determine the recovery
feasibility have been the limits define by German law “Referentenentwurf des Bundesministeriums
fiir Umwelt, Naturschutz, Bau und Reaktorsicherheit” from 2017 and “Regolamento recante
modifiche al decreto ministeriale 5 febbraio 1998 «Individuazione dei rifiuti non pericolosi
sottoposti alle procedure semplificate di recupero, ai sensi degli articoli 31 e 33 del decreto
legislativo 5 febbraio 1997, n. 22" updated in date S5th April 2006 .

Moreover, despite the finest fraction of bottom ash have been identified as the most contaminated
and is usually disposed of in landfill without being recovered, past studies (Alam et al., 2019b) have
been able to identify a cut-off particle size above which the material could still comply with
regulatory limits for reuse as non-shaped construction material. Leaching tests have not been
performed on the different granulometric classes below 2 mm but only on generic samples with
particle size between 0 mm and 2 mm. However, these results have been used to identify elements
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exciding legal limits and, using the total concentration of the particles below 2 mm represent almost
half of the collected sample.

4.4.2 Specific material recovery

In order to further evaluate the recovery feasibility for the different material classes identified
through manual sorting the analyses performed on the glass and ceramics components of bottom ash
have been compared with samples of glass and ceramic collected from commercial products, such as
glass bottles and ceramic mugs. This comparison between the elemental compositions of the fractions
of bottom ash identified as glass or ceramic and commercial materials allowed to identify which
element is present on behalf of the incineration process that the ashes overwent or was a characteristic
component of the material from the beginning.

Comparison with reference commercial materials

Since XRF spectrometry requires samples in the form of fine powders, hence comminution is a
fundamental step in the preparation of the samples. Each object has been washed in the sink and
manually crushed to obtain fragments with proper dimensions for the following step of milling. The
dimensions of the container and of the milling spheres adopted required a maximum dimension of
the input material of 6 mm.

To remove impurities as much as possible the fragments have been cleansed with deionized water.
Before being insert in the milling equipment the fragmented samples have been dried in the oven at
105°C for one hour. The milling has been performed according to the following settings: 2 tungsten
carbide spheres, frequency of 24 Hz and milling time of 10 minutes. The final milled samples have
then been analysed through x-ray fluorescence spectrometry.

Addressing the difficulty in collecting a representative sample of different glass a further step for
the identification of the element alien to the characteristic composition of glass has been made by
comparing the XRF spectrometry with the standard concentration values found on literature (Lopez
Ferber et al., 2019; Puertas et al., 2015).

4.4.3 Urban mining potential evaluation for oxides fraction

Despite the concentration of metals in bottom ash are generally not comparable to mineral ores, the
metal oxides fraction identified with manual sorting results richer on these valuable components,
hence the feasibility of metal mining from this fraction has been estimated.

This computation stems from the characterisation of the material classes with XRF spectrometry,
although these values have been remodelled using the available data about the granulometric
distribution and material composition of the sample. Eventually these concentration values, referred
not to 1 Mg of glass, ceramics, oxides or mineral but to 1 Mg of overall bottom ash, have been linked
up with their price range (Bunge, 2015; US Geological survey, 2019).
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Figure 25 — Procedure for economic value assessment

4.5 Economic evaluation

The last analysis presented is a simple cost/gain assessment for the different recovery possibilities
investigated. These possibilities have been combined in different scenarios as following (Table 5):

0. Landfilling:

a.

All the material is sent to a hazardous waste landfill, without treatment or separation
processes

After a step of magnetic separation, the non-magnetic (less contaminated) fraction
of bottom ash is sent to a landfill for non-hazardous waste, while the metal oxides
and fine fractions are sent to a hazardous waste landfill

Other than the magnetic separation, a further sieving step is implemented for the fine
fraction and the class above 0.5 mm is sent, along with the non-magnetic fractions,

to a landfill for non-hazardous waste

1. Material recovery as aggregates:

a.

After a step of magnetic separation, the non-magnetic (less contaminated) fraction
of bottom ash is recovered as recycled aggregates, while the metal oxides and fine
fractions are sent to a hazardous waste landfill

After a step of magnetic separation and the sieving of the fine fraction at 0.5 mm,
the non-magnetic fraction and the fraction between 0.5 mm and 2 mm is recovered
as recycled aggregates, while the metal oxides and fine fractions are sent to a

hazardous waste landfill

2. Specific material recovery:

a.

A more complete material sorting is performed to separated not only the metal
oxides from the coarse fraction but also glass and ceramic material. Glass and
ceramics are recycled, and the mineral fraction is recovered as aggregates while

metal oxides and fine fraction are sent to an hazardous waste landfill
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3. Specific material recovery and metal mining:

b. Glass and ceramics are recycled, the mineral fraction and the fine fraction sieved at

0.5 mm are recovered as aggregates while metal oxides and the remaining fines are

sent to a hazardous waste landfill

a. After a complete material sorting glass and ceramics are recycled, the mineral
fraction is recovered as aggregates and the metal oxides undergo further treatments
to extract metals and critical raw material while the fine fraction is sent to an
hazardous waste landfill

b. Glass and ceramics are recycled, the mineral fraction and the fine fraction sieved at
0.5 mm are recovered as aggregates and metal oxides undergo further treatments to
extract metals and critical raw material while the fine fraction is sent to an hazardous
waste landfill

Table 4 — Recovery scenarios
Fines Fines
Scenario Glass Ceramics Oxides Others
(0.5-2mm) (0-0.5 mm)

0.a Landfill Landfill Landfill Landfill Landfill Landfill
0 0.b | Inertlandfill | Inert landfill Landfill Inert landfill Landfill Landfill

0.c | Inertlandfill | Inert landfill Landfill Inert landfill | Inert landfill Landfill

l.a | Aggregates | Aggregates Landfill Aggregates | Inert landfill Landfill
1

1.b | Aggregates | Aggregates Landfill Aggregates | Aggregates Landfill

2.a Glass Ceramics Landfill Aggregates | Inert landfill Landfill
2

2.b Glass Ceramics Landfill Aggregates | Aggregates Landfill

3.a Glass Ceramics Metal rec. | Aggregates | Inert landfill Landfill
3

3b Glass Ceramics Metal rec. Aggregates Aggregates Landfill

The economical evaluation of these scenarios has been performed considering an average cost of
landfilling for non-hazardous (75 €/t) and hazardous waste (150 €/t) (European Environmental
Agengy, 2014). The revenue from the sale of the material as aggregates, recycled glass and recycled
ceramics have been estimated based on literature data (Mugoni et al., 2020; Release, 2018), while

the economic value of the metal oxides class has been estimated as the total value of the different

metals and critical raw material present in it, according to the scheme in Figure 25.
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S RESULTS AND DISCUSSION

5.1 Bottom ash characterisation

The analysis with XRF spectrometry has been performed on the different classes of materials
identified through sieving (above and below 2 mm) and manual sorting (Glass, Ceramics, Oxides
and Others), hence the concentration values refer to the single material class and not the overall
samples of bottom ash.

5.1.1 Bottom ash fine fraction: treatment efficiency

The fine fraction (below 2 mm) treated in the mobile treatment plant has been characterised with
XRF spectroscopy. The samples analysed are the mineral fraction treated in plant 1 and fed to the
mobile treatment plant and the outputs of metal oxides collected by the magnetic separator and the
final mineral fraction, cleared of ferrous and non-ferrous metals, as shown in Figure 26.
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Figure 26 — Analysed samples in the fine fraction

Different granulometric fractions of each samples have been analysed in order to observe how metals
and mineral concentration varies with particle dimensions (Figures 26, 27, 28).
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Figure 27 — Fine mineral fraction from plant 1 fed to the mobile plant (1)
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Figure 28 Fine mineral fraction from plant 1 fed to the mobile plant (2)
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Figure 29 Fine mineral fraction from plant 1 fed to the mobile plant (3)

The material analysed in the graphs above is the output of the state-of-the-art treatment plant in
Bremen and it already underwent several treatment steps, consisting mainly in sieving and magnetic
and inductive separations. The samples analysed belong to the finest fraction of bottom ash treated,
which is the most contaminated, since metals in ionic form tend to deposit on fine particles, that have
a high specific surface. Moreover, state-of the art separation techniques have been proved to have
lower efficiency on materials with smaller particle size. Hence this material, which is the mineral
output of plant 1, still contains ferrous and non-ferrous metals that hinder its recovery and has been
fed to the mobile treatment plant where an innovative solution to collect non-ferrous metals is
implemented.

The first output of the mobile treatment plant is the magnetic fraction, which is separated from the
bottom ash in order to streamline the mass flow directed to the eddy current separator and increase
the efficiency of that treatment step.
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Figure 31 Fine metal oxides removed by mobile plant (2)
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Figure 32 Fine metal oxides removed by mobile plant (3)
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The separation of this material stream is operated with a magnetic collector, thereby its composition
results higher in magnetic elements, such as Iron, Nickel and Cobalt. Whereas the concentration of
elements, constituent the mineral phases of bottom ash, such as Calcium, Sulphates and Chloride
tends to decrease. This behaviour is less marked in the finest fractions, below 0.1 mm, where
separation based on magnetic properties is no more efficient.

Eventually the final mineral output of the mobile treatment plant has been characterised. The main
aim of this enhanced treatment is not the creation of a pure mineral fraction, but rather the collection
of non-ferrous metals, then metal contamination in the mineral fraction is not completely removed
but substantially reduced.
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Figure 33 — Fine mineral fraction after the treatment of BA from plant 1 into the mobile plant (1)
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Figure 35 Fine mineral fraction after the treatment of BA from plant 1 into the mobile plant (3)

The composition of this fraction is similar to the first sample analysed, however the concentration of
native metals such as Aluminium, Copper, Lead and Zinc is lower. Likewise also the concentrations
of metals like Iron, Nickel and Tin are reduce. Cobalt is completely removed from all granulometric
classes and Silver results completely collect from the fractions between 0.63 mm and 2 mm. The
concentration of potentially toxic elements (PTEs), like Copper, Nickel, Antimony and Zinc appears
lower after the treatment implemented in the mobile plant.

The granulometric classes below 0.63 mm, from this mineral material, have been analysed also with
ICP-OES spectrometry, hence their characterisation includes also Sodium, Magnesium, Boron and
Lithium.

5.1.2 Bottom ash coarse fraction

Moreover, the characterization of the coarse fraction of bottom ash produced by plant 1 is presented
for each one of the material classes identified with manual sorting, in order to identify where the
different elements concentrate.
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Figure 36 — Analysed samples in the coarse fraction

The composition shown in the figures below, would not be complete with only the results of XRF
spectrometry, which, as address in section 4.2, is not able to detect Na, Mg, B, and Li, thereby the
concentration values for those elements have been taken from the ICP analyses performed at TUHH
laboratory.

37



Circular economy perspectives for municipal solid waste incineration bottom ash valorization

900000

800000
£ 700000
&’ 600000

—

10n [m
i
(=3
(=3
(=3
(=3
(=}

400000
300000
200000

100000 .
0 | |

Si02 CaO Al203 SO3 Fe203

Concentrat

Figure 37 — Characterisation of glass fraction (1)
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Figure 38 — Characterisation of glass fraction (2)
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Figure 39 — Characterisation of glass fraction (3)

The composition of the class identified as glass is consistent with the typical concentration values of
commercial glass, whereas the main components are quartz, SiO,, sodium or potassium compounds,
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which lower the fusion temperature of the material and calcium and magnesium carbonates, that
prevent the material from melting again. In particular the most common type of glass, soda-lime, has
a composition of 70-75 wt% SiOa, ,12—16 wt% of Na O and 10% CaO, while lead glass typically
contains 55-65 wt% SiO,, 18-38 wt% of PbO, and 13—-15 wt% Na,O or K,O and 10-15 wt% CaO,
aluminosilicate glass 52—58 wt% SiO,, 15-25 wt% of Al,O; , and 4-18 wt% CaO and borosilicate
70-80 wt% SiO,, 7—13 wt% of B,03, 4-8 wt% Na,O or K,O and 2—8 wt% of Al,Os (Hasanuzzaman
et al., 2015).

Besides, glass composition may change with the addition of other metals or minerals in order to
bestow specific properties to the material: for example barium carbonate is added to increase the
refraction index of the material, while boron enhance its thermic behaviour and some metals are used
to confer different colours to the glass: iron and chromium for green, nickel and cobalt for blue and
copper oxides for lighter shades of blue, titanium for brown or yellow and tin, arsenic and antimony
oxides for a matt white hue. However, these metals are present only as trace elements and, since the
analysed samples have been collected from a incineration plant located in Germany where green and
brown glass is subject to specific incentives for material recycling, iron, chromium and titanium
concentrations are expected to be lower than in samples from other countries.
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Figure 40 — Characterisation of Ceramics fraction (1)
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Figure 41 - Characterisation of Ceramics fraction (2)
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Figure 42 - Characterisation of Ceramics fraction (3)

According with the literature data about ceramics composition the main elements are silica SiO» and
alumina Al,Os, followed by calcium, iron, magnesium, sodium, potassium and titanium (Lopez
Ferber et al., 2019). The difficulty of comparing these results to the generic composition of ceramic
materials is due both to the wide concentration ranges of different elements among the numerous
types of existing ceramic materials and in the unavailability of data about which of these materials
is actually sent to incineration instead of being directly recycled or sent to landfill.

The presence of strontium in the first two classes of material may be related to the presence of
intensely performing materials such as glasses with enhanced strength and optical properties
containing strontium oxide or ceramic glazes where strontium carbonates or oxides are used to
replace barium or lead (Singerling and Ober, 2018).

Furthermore, Tungsten has been found only in these first classes. Due to the abrasive nature of these
materials it is possible that this value represents a contamination of the sample occurred during the
process of size reduction in a tungsten carbide planetary mill, step necessary for XRF analysis.
Instead the plastic behaviour of the metals in the class oxides and the fragile structure of the minerals
in the residual mineral fraction may have prevented this from happening in those classes. Therefore,
from now on, tungsten has not been considered as a matrix component of the material and it has not
been taken into account in the assessment of the economic value of the material.
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Figure 43 — Characterisation of metal oxides fraction (1)
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Figure 45 — Characterisation of metal oxides fraction (3)

The class defined as oxides, which has been separated in the manual sorting process with the aid of
a magnet, is richer in concentration of metals with magnetic properties, such as Fe, Ni and Co, and
of metals commonly found in their alloys, like Zn, Ti, Cu and Cr (Schulte, 2020). This particular
class, after the separation from the rest of the bottom ash, appears to be enriched in Fe, Zn, Ti, Cu,
Mg, Mn, Cr, Ni, B, Co, Li and Sb and, because of that observation, this class has been identified as
a potential resource for metal mining, as it will be discussed further in paragraph 5.4.3.
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Figure 46 — Characterisation of residual mineral fraction (1)
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Whereas the remaining mineral fraction composition is coherent with the general mineralogical
composition of weathered bottom ash, containing: quarts SiO,, ghelenite Ca,Al>,SiO7, magnetite
Fe;04, hematite Fe;Os, calcium carbonates CaCos, Anhydrite CaSOs, ettringite CasAlx(SO4)3(OH)12
6H,0, Goethite FeEOOH, Corundum Al,O3 (T. Astrup, A. Muntoni, A. Polettini, R. Pomi, T. Van

Figure 48 — Characterisation of residual mineral fraction (3)

Gerven, 2016).

5.

Using the mass balance shown in Figure 22 it was possible to calculate the weighted average
concentration of the coarse fraction of bottom ash produced by plant 1. The estimation of this
weighted average concentration values has been compared to the characterisation of each material
class identified in order to evaluate how the different compounds distributes themselves among the

2 Element distribution and enrichment factors

materials and identify the most contaminated and the most valuable components of bottom ash.
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Figure 49 — Element distribution among BA produced by plant 1

Furthermore, the enrichment on different components of each material class has been estimated
considering the values above 1, from the graph above, indicating that the concentration of the single
element in that class is higher than the average.

Enrichment factor
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Figure 50 — Enrichment factor of glass fraction

From the previous figure, it is possible to observe that the glass fraction of bottom ash results enriched
in elements like silica, Calcium and Potassium that are among the main constituent of glass and
elements like Barium and Strontium that are used in glassmaking industry to increase thermic and
optic characteristics of this material. Moreover, the high concentration of Vanadium, Antimony and
Chlorides is in line with the results obtained by batch leaching test with L/S=2, performed during
previous analyses.
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Figure 51 — Enrichment factor of ceramics fraction

Likewise, the ceramics materials separated from bottom ash result richer in Silica and Alumina,
Potassium and Zirconium, which are common constituents of the material and at the same time it
appears to have high concentration of extraneous metals. Moreover, the higher superficial
contamination of this class compared to glass fraction can be justified by the porous nature of ceramic
materials.
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Figure 52 — Enrichemnt factor of metal oxides fraction

The class of metal oxides has been separated from other bottom ash material with a strong
neodymium magnet, thereby it results a concentrated cluster of magnetic metals, Iron, Nickel and
Cobalt, and other metals that are generally used in alloys with the ones previously listed.
Molybdenum and Chromium release from bottom ash has been found to compromise the possible
recovery of this material as construction aggregates (Verbinnen et al., 2017). The fact that those
elements, as well as other potentially toxic elements like Copper, Nickel and Antimony, tend to
concentrate in the metal oxides class, allows to define this class as the one that is necessary to remove
in order to improve the leaching characteristic of the material and guarantee the possibility of its
recovery as construction aggregates. On the other hand, seen how valuable metals and critical raw
materials content increases by separation of this class from the rest of bottom ash, metal oxides has
been identified as a possible “urban mine” and a different recovery path has been considered for this
material.

44



Circular economy perspectives for municipal solid waste incineration bottom ash valorization

18
16
14
12
10

Enrichment factor

HHHHHHHHHHHH

Br MnO CaO SO3 MoO3 Mg Ba V205 P205 TiO2 SrO Al203

S N B~ O X

Figure 53 — Enrichemnt factor of residual mineral fraction

The last class of residual minerals, like the metal oxides class, formed during the incineration process
and it is constituted by the combination of the flame-resistant materials non-refractories, like
ceramics or glass, and non-magnetic, since those have been separated through manual sorting. This
class in characterised by the presence of Manganese, Calcium, Sulphates, Chlorides, Magnesium,
Barium and Aluminium in mineral forms like Halite, Melilite, Plagioclase and Pyroxene (T. Astrup,
A. Muntoni, A. Polettini, R. Pomi, T. Van Gerven, 2016).

5.3 Sensitivity analysis

The results of the analysed previously discussed have been used to perform a sensitivity analysis
using Pearson correlation coefficient, as define in Equation (4). The results of this analysis are shown
in Figure 54.
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Figure 54 — Pearson correlation coefficients

The distribution of valuable elements like Silver and Gold does not app to be related to any other
component. On the other hand, mineral elements like Calcium, Chloride and Sulphates seem to be
strongly correlated, as shown in Figure 55 with vale of the parameter r up to 0.91.
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Figure 55 —Correlation Calcium-Chloride and Calcium-Sulphates

The presence of these relationships may be due to the formation of mineral phases during
incineration, as in Melilite (Calcium, Sodium, Potassium, Strontium and Magnesium) and
Plagioclase (Sodium, Calcium, Potassium and Barium mineral), or during weathering/aging phase,
as for instance Gypsum (Calcium sulphates) Halite (Sodium chloride) or Zeolite (Calcium,
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Potassium, Sodium, Barium and Strontium mineral). In this case the presence of these elements is
strongly related to their released, considering that ionic bonding formed by those salts are easily
dissolved in water.

Yet at the same time, some of the correlations identified have been linked to the feedstock of
incinerated municipal solid waste composition. For example Cobalt and Lithium show a Pearson
coefficient r of 0.85, and this is in accordance with the estimation that more than half of Lithium
production is destined to produce batteries alongside with Cobalt (US Geological survey, 2019). The
determination of the correlation Lithium-Cobalt can be used to determine Lithium concentration
based on detected amount of Cobalt, without recurring to ICP-OES spectrometry. Moreover, the
enrichment of Lithium in the metal oxides fraction, as observed in Figure 52, may be justified by the
strong relation existing between this element and Cobalt, which is strongly magnetic.
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Figure 56 —Correlation Cobalt-Lithium

In the same way Chromium concentration in the metal oxides fraction is justified by the strong
correlation existing between this element and Iron, which presents a Pearson coefficient r of 0.88.
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Figure 57 —Correlation Iron-Chromium

On the other hand, Antimony, which is widely used in plastic manufacture due to its action as flame-
retardant, has been found to be correlated with other components of plastic materials like Chlorides
(r=0.87) or Bromine (r = 0.83).
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Figure 58 —Correlation Antimony-chlorides and Antimony-Bromine

A linear relation has been observed also among mineral stemming from organic residues, as for
instance Magnesium and Manganese (r = 0.82), Magnesium and Sodium (r = 0.95) and Magnesium
and Potassium (0.94).
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Figure 59 —Correlation Magnesium-Manganese, Magnesium-Sulphates and Magnesium-Sodium
5.4 Recovery potential assessment

5.4.1 Recycling of Glass

Glass is a stable material, formed in combustion chambers with temperature higher than the one
reached into municipal solid waste incinerators. Hence it is assumed that this material is not altered
during the combustion and the contamination present in this class is due to the melting of metals or
plastic during the incineration or to the deposition of a superficial layer in the ageing phase. Anyway,
these elements, external to the general composition of glass, are the main limits to recycle this
material. In order to study the composition of this external contamination, the glass fraction separated
from bottom ash has been compared to literature data on glass composition, in Figure 60, and to the

analyses of a sample of different glass materials collected before incineration, in Figure 61 and Figure
62.
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Figure 60 — Composition of bottom ash glass (XRF) and soda-lime glass (Puertas et al., 2015)

The data collected from literature review refer to the composition of soda-lime glass that is the most
commonly found in waste and thereby in bottom ash. The main components seems to be unaltered
by the incineration process, except for calcium which concentration in bottom ash is twice the
standard value for glass. This result is in line with the assumption of the presence of a superficial
layer composed by salts like Calcium sulphates, carbonates and chlorides.

However literature composition do not specify the concentration ranges for trace components and
this comparison has been performed by analysing with XRF a sample of glass material different from
the one collected from the bottom ash, in Figure 61 and Figure 62.
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Figure 61 - Composition of bottom ash glass and waste glass (main components)
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Figure 62 — Composition of bottom ash glass and waste glass (trace components)

The difference in the composition of the main components is comparable to the one observe with
literature data. Whereas the bottom ash glass fraction results richer in chlorides, phosphates, and
Barium that form the mineral fraction of bottom ash and some other metals, like Titanium, Zinc
Copper, Vanadium and Antimony. The last elements are metals with low melting temperature or

components of plastics like polyethylene and may have sticked to the surface of glass particles during
the incineration of the waste.

The feasibility of the removal of these elements from glass surface has been estimated comparing
the concentration released into water, in a Batch test with L/S=2, and digested with aqua regia. In
both cases the concentration values have been measured with ICP-OES spectrometry.

5.4.2 Recycling of ceramics

Ceramics, just like glass, belong to a class of materials, called refractories, which are not altered in
mineralogy and thermal expansion if subjected to thermal processes between room temperature and
1000°C (Lopez Ferber et al., 2019). Hence the incineration process does not alter the characteristic
composition or mechanic behaviour of those materials. The class of bottom ash selected as ceramic
material has been compared to literature data on characteristic composition of ceramic materials, in
Figure 63.
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Figure 63 — Composition of bottom ash ceramics (XRF) and traditional ceramic mixtures (Mugoni
et al., 2020)
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In the previous figure, it is possible to observe how similar the composition of those materials is;
however, from these data it is not possible to address the presence of low concentration of metals
and minerals due to the deposition of a superficial layer during weathering phase. Like already
discussed for glass materials, a sample of waste ceramic mixture has been created in the lab purposely
to be analysed with XRF spectrometry and to be compared with the materials separated from bottom
ash.
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Figure 64 — Composition of bottom ash ceramics and waste ceramics (main components)
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Figure 65 — Composition of bottom ash ceramics and waste ceramics (trace components)

The higher contamination appears to be Chlorides, Posphates, Titanium, Zirconium, Lead and
Mercury; however information on the types of ceramics materials (crockeries, kitchenware, tiles and
bricks) and their relatively percentage are scares and it is difficult to define a representative sample
of reference ceramic mixture to evaluate the effect of incineration process on this class of material.

5.4.3 Urban mining from metal oxides

As already mentioned in section 5.2, the separation of the magnetic components form the mineral
fraction of bottom ash generated a class of metal oxides enriched in valuable metals and critical raw
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materials. Thereby harvesting these components from this class may result more economically
favourable than it would be from the total mineral fraction. The economic value of the total fraction
and of the magnetic component is presented in Figure 66 and Figure 67.
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Figure 66 — Economic value of metals in the total mineral fraction
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Figure 67 — Economic value of metals in the metal oxides fraction

Previous researches established that approximately 85% of bottom ash economic value stems from
the collection of iron scraps and non-ferrous metals recovery (Bunge, 2015). Since all of these
components result more concentrated in the metal oxides fraction, the increase in the economic value
is significant. The most abundant metal present in the material analysed is iron, that represents around
10% or the total bottom ash sample and this concentration values increase almost at 25% in the metal
oxides class, where iron concentrates. Despite being one of the most common metal present on the
planet crust, mining within the European countries accounts barely to 12% of the global iron
production, despite the presence of important steel industries like the ones in Germany, Italy and
France (European Commission, 2017b).

Copper concentration increase is also noteworthy and although it is not currently listed as critical
raw material, the only European country in which copper is mined is Poland, accounting only for
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2.6% of the global production. Since this is not enough to meet demand, Europe relies almost
completely on imported copper from south America (27.6% Peru, 22.1% Chile, 9.5% Brazil and
9.1% Argentina) and Indonesia (10.9%) and recycling it from end-of-life products is encourage
(European Commission, 2017b). Moreover the energy saved by recycling copper is 75% less than
what is required to mine a virgin material (D. Giurco et al., 2014). Whereas the requested energy to
recycle aluminium is 95% less than extraction from mineral ores (D. Giurco et al., 2014). In particular
it is necessary to point that the Aluminium presence in the total mineral fraction is overestimated due
to the alumina (aluminium oxides) content in the ceramic and mineral components, which is not
recoverable with metal mining. Moreover, despite the significant enrichment of Molybdenum and
Nickel registered in the metal oxides fraction, as previously shown in Figure 52, their concentration
is still too low to considerably increase the economic value of the magnetic fraction. Low
concentration values registered for silver, gold, Bismuth, molybdenum, Thallium and Zinc is due to
the high transfer rate into flying ash that those element show (Funari et al., 2015).

The economic value of bottom ash is also strongly dependent from the presence of critical raw
materials, that tend to concentrate in the metal oxides fraction.

V205 [O
Li
Sb203
Co0203 —
Ba
Mg I
P205 |
0 10 20 30 40 50 60 70 80 90
Economic value [€/t]
Figure 68 — Economic value of CRMs in the total mineral fraction
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Figure 69 — Economic value of CRMs in the metal oxides fractions
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Phosphate in mineral form is mainly mined to produce Phosphoric acid, used a fertilizer, however
the concentration in bottom ash is too low compared to mineral ore grade. Magnesium is the main
driver, among the critical raw materials present, of the value increase registered separating the metal
oxides fraction, and the economic importance of this element resides in the wide range of
metallurgical application available for it: reduction of titanium and other metals (32%); alloying
aluminium (24%); diecasting (16%); and desulfurization of iron and steel (15%).

Barium is used as powder coatings and filler in paint and plastics. Plastic production is also one of
the main applications of Antimony, which provides better behaviour to plastic material acting as
flame-retardant. Lithium and Cobalt have a high market value since they are necessary materials for
battery production. Likewise Vanadium is used in battery production and in steelmaking to provide
additional strength to ferrous alloys (US Geological survey, 2019).

Table 5 — Economic value estimation from metal and CRMs recovery (Funari et al., 2015; Allegrini
et al., 2014)

Literature data Concentration . .4
. ) Active mines
Total Metal on bottom ash ore
Element . . u.m.
mineral oxides
min max min max min max
Fe;03 4.52 24.80 0.40 15.00 - - 27 54 %
AlLO3 5.27 7.71 1.90 11.00 - - - - %
P,0s5 0.32 1.14 0.10 2.40 - - 1 18 %
Mg 0.21 1.00 0.04 2.49 10 40 - - %
ZnO 1244.67 5163.33 - 2.00 50000 150000 4400 110000 mg/kg
CuO 656.15  3453.33 0.02 2.50 5000 20000 1000 26700 mg/kg
Ba 364.31 1180.00 - 0.40 590000 - - - mg/kg
Co0,0; 173.77 992.33 - - 500 3000 150 2300 mg/kg
PbO 253.33 446.33 74 13000 300000 400000 - - mg/kg
Sh,03 21.68 70.60 7.00 432.00 - 27000 1000 25000 mg/kg
Li 12.09 67.00 - 0.01 - - - - mg/kg
V205 19.49 57.00 20.00 122.00 500 13000 - - mg/kg
MoO; 2.09 12.37 2.5 280 - 10000 - - mg/kg

! (Funari et al., 2015)
2 (Allegrini et al., 2014)

3 Geological Survey of Finland (GTK-website: http://en.gtk.fi/). (Funari et al., 2015)
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Unfortunately, despite the significant accumulation of metals in the oxide fraction (Lead and
Vanadium double their concentration, Barium and Antimony concentration increases by three times
while Magnesium and Molybdenum almost by five times) their presence is not comparable to the
grade of mineral ore necessary to mine those elements. Iron oxides concentration, after collection of
the magnetic fraction, gets closer to the ore grade, like also Phosphorous, Zinc and Copper. Cobalt
concentration in the total sample results already comparable with the grade of mined mineral ore,
nevertheless the concentration in the metal oxides fraction is five times higher.

Phosphate in bottom ash is still far from the concentration of the mineral reserves, however nowadays
there no known substitutes for it in agriculture and recovering from secondary raw materials is a
trending topic in research.

Exploitation of bottom ash as “urban ore” is usually defined as not economically favourable, since
the concentration values for most of the metals is too low to justify further treatments, and especially
in this case the recovery of ferrous and non-ferrous metals has already been performed with state-of-
the-art equipment. Anyway the results demonstrate the existence of components still recoverable,
considering that this components are present in bottom ash already in granulated form and the energy
required for their extraction is lower than from mineral deposit, therefore separation techniques
different from the one already implemented in the mobile treatment plant, like gravimetric collection
of Wilfley shaking table, should be investigated.

5.4.4 Recovery of mineral fraction as construction material

In order to assess the feasibility of material recovery as construction aggregates for the class of
bottom ash identified as residual mineral after manual sorting and the fine fraction (below 2 mm), a
leaching test in batch condition has been performed.
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Figure 70 — Leachate characteristic after batch test L/S=10 on coarse fraction
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Figure 71 —Leachate composition after batch test L/S=10 on coarse fraction ( 2-8 mm)
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Figure 72 —Leachate composition after batch test L/S=10 on coarse fraction ( 8-40 mm)

The leachate characteristic of the mineral fraction of bottom ash seems not to be dependent from

particle size, the only considerable difference between the fraction 2-8 mm and 8-40 mm is that the
former releases four time more sulphates compared to the latter. Despite this disparity and a small
increase in Chromium and Copper released by the fraction 8-40 mm, the results of the leaching tests
performed on those samples appear similar.
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Figure 73 — Leachate characteristic after batch on fine fraction before and after mobile plant
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Figure 74 —Leachate composition after batch test L/S=10 on fine fraction before mobile plant
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Figure 75 —Leachate composition after batch test L/S=10 on fine fraction after mobile plant

From the results of the leaching test performed on the fine fraction of bottom ash prior the treatment
in the mobile plant, Figure 74, and after it, Figure 75, it is possible to notice how the removal of the
magnetic and non-magnetic metals plays a role in decreasing the amount of metals released in water,
especially for Chromium, Molybdenum and Antimony. The concentration of element released have
been compared with the limits defined by Italian law (D. Lgs. 152, 2006), in Table 6, and German
legislation in Table 7, Table 8 and Table 9 for recovery as construction material.

Table 6 — Comparison with Italian legislation (D. Lgs. 152, 2006)

Law limit 2-8 mm (M)  8-40 mm (M) 0-2 mm (P) 0-2 mm (M)

[mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg]

Cl 100 19£101 250435 716.67 £13.61 725.33+£22.94
SO4- 250 76109 483+151 706.33+£9.07 653.33 £39.72
As 0.05 0.07 £ 0.07 0.07 + 0.01 0.07 £0.04 0.05 £ 0.001
Ba 1 0.11 £0.01 0.1+ 0.007 0.09 £0.005 0.09 £0.003
Be 0.01 0.00+£0 0.00+ 0 0.001 £ 0 0.001 £ 0
Co 0.25 0.004 £ 0 0.00+ 0 0.003 +0 0.005+0

Cr 0.05 0.05+0.01 0.05+ 0.019 0.21+0.03 0.09 = 0.005
Cu 0.05 0.16 £0.03 0.14+ 0.016 0.31 £0.09 0.33£0.013

Ni 0.01 0.023+£0.003  0.02 + 0.007 0.02 +£0.004 0.02 +0.004
Pb 0.05 0.029+0 0.027 + 0.048  0.05+0.098 0.07 £ 0.088
Se 0.01 0.033 £0.006 0.027+ 0.025  0.00 +£0.017 0.004 £0.017
A% 0.25 0.03+£0.003 0.027 £ 0.003  0.04 +0.004 0.04 +0.004
Zn 3 0.46 £0.12 0.61+ 0.012 0.56+0.117 0.63+0.117

According to Italian legislation, the main barriers for reuse as construction aggregates are Chloride,
Sulphates, Arsenic, Copper, Nickel and Selenium. The fine fraction present also released above the
authorized thresholds for Chromium and Lead; meanwhile Arsenic release appears to be hindered in
the fine fraction after the treatment in the mobile plant.
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Table 7 — Comparison with German legislation (HMVA-1)

HMVA-1 2-8mm (M) 840mm(M) 02mm(P)  0-2 mm (M)

[mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg]

Cl 160 19+101 25035 716.67 + 13.61 72533 +22.94
SO4- 820 76+109 483+151 706.33 +9.07  653.33 +39.72
Cr 0.15 0.05+0.01  0.048= 0.019 021+0.026  0.09 =+ 0.005
Cu 0.11 0.16+0.03  0.14+ 0.016  031+0.094  0.33+0.013

Mo 0.055 0.036 £0 0.03£0.002  0.095+0.032 0.087 +£0.032
Sb 0.01 0.11 +0.05 0.11£0.023  0.156 £0.032 0.13+0.03
\Y 0.055 0.029 +0.003 0.027 + 0.003  0.04 +0.004 0.04 £ 0.004

Table 8 — Comparison with German legislation (HMVA-2)

HMVA-2 2-8 mm (M) 8-40 mm (M) 0-2 mm (P) 0-2 mm (M)

[mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg]

Cl 5000 19+101 250+35 716.67 £ 13.61 72533 +£22.94
SO4- 3000 76109 483+151 706.33 £9.07  653.33 £ 39.72
Cr 0.46 0.05+0.01  0.048+ 0.019 0.21+0.026  0.09 +0.005
Cu 1 0.16+0.03  0.14+ 0.016  0.31+0.094  0.33+0.013
Mo 0.4 0.036 +0 0.03+£0.002  0.095+0.032  0.087 +0.032
Sb 0.06 0.11 £0.05  0.11+0.023  0.156+0.032  0.13 +£0.03
\ 0.15  0.029 £0.003 0.027 + 0.003  0.04+0.004  0.04 = 0.004

Table 9 — Comparison with German legislation (HMVA-3)

HMVA-3 2-8mm (M) 8-40 mm (M) 0-2 mm (P) 0-2 mm (M)

] [mg/kg] [meg/kg] [mg/kg] [mg/kg] [mg/kg]

Cl 5000 19+101 250435 716.67 + 13.61  725.33 +22.94
SO4- 3000 76+109 483+151 706.33 £9.07  653.33 +39.72
Cr 0.6 0.05+0.01 0.048+0.019 0.21+0.026  0.09 +0.005
Cu 2 0.16+£0.03  0.14+0.016  0.31+0.094  0.33+0.013
Mo 1 0.036+0  0.03+0.002 0.095+0.032 0.087 +0.032
Sb 0.15 0.11£0.05 0.11+0.023 0.156+0.032  0.13+0.03
\% 0.2 0.029 +0.003 0.027+0.003  0.04+0.004  0.04 +0.004

Materials identified as HMVA-1 have the widest range of applications among the three classes of
material, as they can be used also in protective walls under cultivated soil Backfilling of structures
and dams in the embankment area under cultivable soil Bedding sand under pavement or under
slabs. However, the results of the leaching tests both on coarse and fine fractions are too high in the
analysed samples to be considered for these applications.

The possible uses identified by German legislation for materials belonging to the class HMVA-3 and
HMVA-2 are base course bitumen bound, substructure under foundation or floor slabs, ground
consolidation under bound top layer, base layer with hydraulic binders under bound topcoat or
backfilling of construction pits. The difference between these two classes is that HMVA-2 material
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can be used also in substructure up to 1 m from the subgrade under bound Topcoat and backfilling
of structures and dams in the embankment area under cultivable soil.

Samples collected after the treatment in the mobile plant, belonging to all granulometric classes 0-2
mm, 2-8 mm, 8-40 mm, comply with the requirements for HMVA-3 application. While instead
HMVA-2 requirements are not fulfilled for Antimony in the coarse fraction and a specific treatment
for this material should be considered.

5.5 Economic evaluation

Eventually, after the assessment of the different proposed recovery scenarios feasibility, detailed in
the previous sections, the economic aspects have been investigated, in order to identify a sustainable
management system for this fraction of bottom ash. All the following consideration have been
estimated for a total amount of 100 tonnes of bottom ash. The identification of the scenarios refers
to Table 4.

In Figure 76 the outcomes and incomes determined by the different handling possibilities are
presented. Whereas the differences between incomes and outcomes is presented as net revenue in
Figure 77.
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Figure 76 — Outcomes and incomes of different recovery scenarios

Specifically, the worst scenarios from an economic point of view are the one defined scenario “0”,
in which landfill disposal is considered. In scenario “0.a”, all the considered amount of bottom ash
(100 tonnes) are sent to a landfill for non-hazardous waste; in scenario “0.b”, on the other hand, the
less contaminated material classes of the coarse fraction, and in scenario “0.c” also the fine fraction
between 0.5 and 2 mm, are sent instead to a landfill for inert waste, which requires lower landfill tax
rates and gate fees. The total cost of landfilling has been estimated based on the data collected for
different European countries, the tax cost considered for non-hazardous waste landfill has been 75
€/t while for inert waste has been 5 €/t (European Environmental Agengy, 2014).

In scenario “1” the fraction previously identified as inert waste have been supposed to be recovered
as construction aggregates with a market value of 10 €/t (Brown, 2019). While the eventual profit
collected from the separation of different materials from the coarse fraction of bottom ash has been
estimated considering an economic value of 20 €/t for recycled glass (Rincon Romero et al., 2018)
and, in absence of more specific data, a value of recycled ceramics equivalent to the market price of
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aggregates. Eventually, the overall economic value of the metal oxides class, which recovery is
assumed in scenario “3”, has been estimated. The data used in this case corresponds to the average
between the minimum and maximum values reported in section 5.4.3.

4000

2000

-2000

/100t BA]

£ 4000

-6000

-8000

0.a 0.b 0.c la Lb 2a 2b 3a 3b

Figure 77 — Net revenue of different recovery scenarios

It is possible to observe how the last possibilities presented, where the amount of material directed
to landfill is as little as possible, present a positive revenue While the worst solution, from a merely
economic point of view, is the case in which the entire amount of bottom ash is sent to hazardous
waste landfill (scenario 0). Thereby the differences between the cost of any solution and scenario 0
has to be intended as potential savings, as in Figure 78.
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Figure 78 — Potential saving compared to scenario 0

Material-based recovery for the mineral fraction of bottom ash (as in scenarios 2 and 3) has been
proven to increase the income margin and the last three scenarios present not only less cumbersome
solutions compared to complete landfill but also a positive overall economic flux. The treatment cost
required by these solutions has not been estimated in this study; hence, the margin shown in Figure
78 should serve for a future and economically more detailed study, as the upper edge below which
treatment cost should place in order to define this process as economically justifiable.
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6 CONCLUSIONS

According to several previous studies (Alam et al., 2019a; Allegrini et al., 2014; Funari et al., 2015;
T. Astrup, A. Muntoni, A. Polettini, R. Pomi, T. Van Gerven, 2016), the characterisation of municipal
solid waste incineration bottom ash (BA) performed in this thesis has highlighted the twofold nature
of this material, which represents at the same time an environmental hazard and an exploitable
resource. Hence the correct recovery of bottom ash has been once again proven to be a key step
toward reaching circular economy. Nowadays, the main application for bottom ash, whether it is not
directly sent to landfill, is as raw material in cement and concrete production. This application is
fostered by the fact that aggregates cost is strongly dependent on the distance between aggregate
mining sites and the construction sites where they are sent; and municipal solid waste incineration
plants on the other hand are usually located close to urban areas, where construction materials are
more required (Bourtsalas, 2012). Although previous studies have estimated how the recovery of
bottom ash as construction aggregates can hypothetically replace only 0.6% wt. of primary
aggregates in the European market, the removal of this material from the waste stream directed to
landfill results in a 7— 8 vol% decrease each year (Blasenbauer et al., 2020). Thereby the main drivers
towards bottom ash recovery appear to be the necessity to comply with the EU Landfill Directive
and to reduce management costs due to Landfill tax.

From the starting point of an already well-developed research literature on the topic of sustainable
management of municipal solid waste incineration bottom ash, the main contributions brought by
this work have been:

- the assessment of the recovery feasibility of the BA fine fraction as construction material after a
treatment with the cutting-edge technology of Sortatec PRO M1 plant (Holm and Simon, 2017),
although the fine fraction of BA has always been defined as the most critical component to recover;

- the identification of a more innovative material-based recovery system for the mineral fraction,
depurated of ferrous and non-ferrous metals by Sortatec treatment plant. The different materials
sorted from this fraction were: glass, ceramics, metal oxides and a residual mineral fraction.

Refractory materials like glass and ceramics have been proven, as detailed in sections 5.4.1and 5.4.2,
to remain substantially unaltered after incineration, aside from minimal increases in trace elements
concentration that, based on the correlation reported in section 5.3, have been linked to superficial
contamination, which can be easily removed either with water washing or dry abrasive treatments.
Then, a more proper recycling process has been identified for these materials instead of being used
as construction aggregates.

Meanwhile the conventional solution of recovery as aggregates has been proposed only for the
mineral materials formed during incineration. However, among this fraction, a further class of metals
oxides has been identified and separated from the residual mineral fraction, in order to remove
hazardous components or elements that may hinder its performance as construction material, as
explained in 5.4.4.

From the characterisation of the metal oxides, in section 5.4.3, it has been observed how this class
concentrates not only the dangerous components but also the most valuable elements in terms of
metals (Iron, Zinc and Copper) and critical raw materials (Phosphorous and Cobalt). The grade of
these elements are rather low compared to mineral ore, however their recovery may be justified by
the reduction of energy consumption and greenhouse gas emissions linked to metal mining from this
already available form instead of from virgin metal extraction.
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Eventually, the fine fraction of bottom ash (below 2 mm) has been proven to benefit from the
enhanced treatment performed by the mobile plant Sortatec PRO M1, to the extent that the results of
the leaching test performed on this sample comply with the regulatory limits for recovery as
construction material defined by German legislation, as detailed in section 5.4.4. However,
thresholds reported in the Italian legislation are not respected by this fraction of bottom ash.
Nonetheless, despite the fact that leaching tests have been performed only on the total fine fraction
between 0-2mm, from the characterization of different granulometric classes among the fines in
terms of total content, as presented in section 5.1.1, the concentrations of the critical elements appear
to decrease with the increase of particle size. Thereby, leaching test of different granulometric ranges
of the fine fraction of bottom ash should be performed in order to identify a possible cut-off particle
size above which fine bottom ash can comply with other countries regulations.

In conclusion, the existence of different solutions for sustainable management of on municipal solid
waste incineration bottom ash has been proven. However, the legal framework on this topic at
European level is still lacking homogeneity and specificity, and currently this one of the main barriers
that jeopardize the closure of the loop for the management of this material within a circular economy
approach.

62



Circular economy perspectives for municipal solid waste incineration bottom ash valorization

BIBLIOGRAPHY

L.

10.

1.

12.

13.

14.

15.

Abrate, G., Ferraris, M., 2010. The Environmental Kuznets Curve in the Municipal Solid Waste
Sector. Hermes (Wiesb). 1-28.

Alam, Q., Schollbach, K., Hoek, C. Van, Laan, S. Van Der, Wolf, T. De, Brouwers, H.J.H.,
2019a. In-depth mineralogical quantification of MSWI bottom ash phases and their association
with potentially toxic elements In-depth mineralogical quantification of MSWI bottom ash
phases and their association with potentially toxic elements. Waste Manag. 87, 1-12.
https://doi.org/10.1016/j.wasman.2019.01.031

Alam, Q., Schollbach, K., Rijnders, M., van Hoek, C., van der Laan, S., Brouwers, H.J.H.,
2019b. The immobilization of potentially toxic elements due to incineration and weathering of
bottom ash fines. J. Hazard. Mater. 379. https://doi.org/10.1016/j.jhazmat.2019.120798
Allegrini, E., Maresca, A., Olsson, M.E., Holtze, M.S., Boldrin, A., Astrup, T.F., 2014.
Quantification of the resource recovery potential of municipal solid waste incineration bottom
ashes. Waste Manag. 34, 1627-1636. https://doi.org/10.1016/j.wasman.2014.05.003

Allegrini, E., Vadenbo, C., Boldrin, A., Astrup, T.F., 2015. Life cycle assessment of resource
recovery from municipal solid waste incineration bottom ash. J. Environ. Manage. 151, 132—
143. https://doi.org/10.1016/j.jenvman.2014.11.032

Blasenbauer, D., Huber, F., Lederer, J., Quina, M.J., Blanc-biscarat, D., Bogush, A., Bontempi,
E., Blondeau, J., Maria, J., Dahlbo, H., Fagerqvist, J., Giro-paloma, J., Hjelmar, O., Hyks, J.,
Keaney, J., Lupsea-toader, M., Simon, F., Svecova, L., Joyce, C., Caollai, O., Orupdld, K., Paja,
T., Syc, M., Ulvang, R., Vaajasaari, K., Caneghem, J. Van, Zomeren, A. Van, Vasarevic, S.,
Wégner, K., Fellner, J., 2020. Legal situation and current practice of waste incineration bottom
ash utilisation in Europe 102, 868—883. https://doi.org/10.1016/j.wasman.2019.11.031
Bourtsalas, A., 2012. Review of WTE ash utilization processes under development in northwest
Europe 1-25.

Brown, D.P., 2015. Garbage: How population, landmass, and development interact with culture
in the production of waste. Resour. Conserv. Recycl. 98, 41-54.
https://doi.org/10.1016/j.resconrec.2015.02.012

Brown, T., 2019. BGS Mineral Planning Factsheet: Construction aggregates 1-32.

Bunge, R., 2015. RECOVERY OF METALS FROM WASTE INCINERATOR BOTTOM
ASH.

Caviglia, C., Confalonieri, G., Corazzari, 1., Destefanis, E., Mandrone, G., Pastero, L., Boero,
R., Pavese, A., 2019. Effects of particle size on properties and thermal inertization of bottom
ashes MSW  of  Turin’s incinerator). Waste  Manag. 84, 340-354.
https://doi.org/10.1016/j.wasman.2018.11.050

D. Giurco et al.,, 2014. Circular Economy: Questions for Responsible Minerals, Additive
Manufacturing and Recycling of Metals 432—453. https://doi.org/10.3390/resources3020432
D. Lgs., 2006. Individuazione dei rifiuti non pericolosi sottoposti alle procedure semplificate di
recupero ai sensi degli articoli 31 e 33 del decreto legislativo 5 febbraio 1997, n. 22 (versione
coordinata con il DM 5 aprile 2006) 1998, 1-85.

Daskal, S., Ayalon, O., Shechter, M., 2019. Closing the Loop: the Challenges of Regulation in
Municipal Solid Waste Management. Detritus In Press, 1. https://doi.org/10.31025/2611-
4135/2019.13775

Dou, X., Ren, F., Nguyen, M.Q., Ahamed, A., Yin, K., Chan, W.P., Chang, V.W.C., 2017.
Review of MSWI bottom ash utilization from perspectives of collective characterization,
treatment and existing application. Renew. Sustain. Energy Rev. 79, 24-38.
https://doi.org/10.1016/j.rser.2017.05.044

63



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

64

Circular economy perspectives for municipal solid waste incineration bottom ash valorization

Enzner, V., Holm, O., Abis, M., Kuchta, K., 2017. The characterisation of the fine fraction of
MSWI bottom ashes for the pollution and resource potential Agenda Bottom Ashes and fine
fraction Pollution potential Resource potential Conclusions. Sardinia 2017.

Ercolano, S., Lucio Gaeta, G.L., Ghinoi, S., Silvestri, F., 2018. Kuznets curve in municipal solid
waste production: An empirical analysis based on municipal-level panel data from the
Lombardy region (Italy). Ecol. Indic. 93, 397-403.
https://doi.org/10.1016/j.ecolind.2018.05.021

European Commission, 2017a. Best Available Techniques (BAT) Reference Document for
Waste Incineration.

European Commission, 2017b. REPORT ON CRITICAL RAW MATERIALS FOR THE EU
NON-CRITICAL: NON-CRITICAL RAW MATERIALS PROFILES.

European Commission, 2008. DIRECTIVE 2008/98/EC OF THE EUROPEAN PARLIAMENT
AND OF THE COUNCIL of 19 November 2008 on waste and repealing certain Directives 3—
30.

European Environmental Agengy, 2014. Typical charge (gate fee and landfill tax) for legal
landfilling of non-hazardous municipal waste in EU Member States and regions — European
Environment Agency (EEA).

Fontseré Obis, M., Germain, P., Bouzahzah, H., Richioud, A., Benbelkacem, H., 2017. The
effect of the origin of MSWI bottom ash on the H2S elimination from landfill biogas. Waste
Manag. 70, 158-169. https://doi.org/10.1016/j.wasman.2017.09.014

Francois, D., Pierson, K., 2009. Environmental assessment of a road site built with MSWI
residue. Sci. Total Environ. 407, 5949—-5960. https://doi.org/10.1016/j.scitotenv.2009.08.007
Funari, V., Bokhari, S.N.H., Vigliotti, L., Meisel, T., Braga, R., 2016. The rare earth elements
in municipal solid waste incinerators ash and promising tools for their prospecting. J. Hazard.
Mater. 301, 471-479. https://doi.org/10.1016/j.jhazmat.2015.09.015

Funari, V., Braga, R., Nadeem, S., Bokhari, H., Dinelli, E., Meisel, T., 2015. Solid residues
from Italian municipal solid waste incinerators : A source for ““ critical ”’ raw materials. Waste
Manag. 45, 206-216. https://doi.org/10.1016/j.wasman.2014.11.005

Gupta, V.K., Ali, I, Saini, V.K., Van Gerven, T., Van Bruggen, B. Der, Vandecasteele, C.,
2005. Removal of dyes from wastewater using bottom ash. Ind. Eng. Chem. Res. 44, 3655—
3664. https://doi.org/10.1021/ie0500220

Hasanuzzaman, M., Rafferty, A., Sajjia, M., Olabi, A., 2015. Properties of Glass Materials
Properties of Glass Materials, Reference Module in Materials Science and Materials
Engineering. Elsevier Ltd. https://doi.org/10.1016/B978-0-12-803581-8.03998-9

Holm, O., Simon, F.G., 2017. Innovative treatment trains of bottom ash (BA) from municipal
solid waste incineration (MSWI) in Germany. Waste Manag. 59, 229-236.
https://doi.org/10.1016/j.wasman.2016.09.004

Kahle, K., Kamuk, B., Kallesge, J., Fleck, E., Lamers, F., Jacobsson, L., Sahlén, J.,
Hannemanns, 2015. Report 2015 BOTTOM ASH FROM WTE PLANTS METAL
RECOVERY AND 1-30.

Keulen, A., Van Zomeren, A., Harpe, P., Aarnink, W., Simons, H.A.E., Brouwers, H.J.H., 2016.
High performance of treated and washed MSWI bottom ash granulates as natural aggregate
replacement within earth-moist concrete. Waste Manag. 49, 83-95.
https://doi.org/10.1016/j.wasman.2016.01.010

Koralewska, R., 2011. Recovery of Metals from Combustion Residues 656—671.

Lam, C.H.K., Ip, A.W.M., Barford, J.P., McKay, G., 2010. Use of incineration MSW ash: A
review. Sustainability 2, 1943—1968. https://doi.org/10.3390/su2071943

Loginova, E., Volkov, D.S., van de Wouw, P.M.F., Florea, M.V.A., Brouwers, H.J.H., 2019.



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Circular economy perspectives for municipal solid waste incineration bottom ash valorization

Detailed characterization of particle size fractions of municipal solid waste incineration bottom
ash. J. Clean. Prod. 207, 866—874. https://doi.org/10.1016/j.jclepro.2018.10.022

Lopez Ferber, N., Pham Minh, D., Falcoz, Q., Meffre, A., Tessier-Doyen, N., Nzihou, A., Goetz,
V., 2019. Ceramics from Municipal Waste Incinerator Bottom Ash and Wasted Clay for
Sensible Heat Storage at High Temperature. Waste and Biomass Valorization 0, 0.
https://doi.org/10.1007/s12649-019-00617-w

Lynn, C.J., Ghataora, G.S., Dhir OBE, R.K., 2017. Municipal incinerated bottom ash (MIBA)
characteristics and potential for use in road pavements. Int. J. Pavement Res. Technol. 10, 185—
201. https://doi.org/10.1016/].ijprt.2016.12.003

Malinauskaite, J., Jouhara, H., Czajczynska, D., Stanchev, P., Katsou, E., Rostkowski, P.,
Thorne, R.J., Colén, J., Ponsa, S., Al-Mansour, F., Anguilano, L., Krzyzynska, R., Lopez, 1.C.,
A.Vlasopoulos, Spencer, N., 2017. Municipal solid waste management and waste-to-energy in
the context of a circular economy and energy recycling in Europe. Energy 141, 2013-2044.
https://doi.org/10.1016/j.energy.2017.11.128

Martin, J.J.E., Koralewska, R., Wohlleben, A., 2015. Advanced solutions in combustion-based
WIE technologies. Waste Manag. 37, 147—156. https://doi.org/10.1016/j.wasman.2014.08.026
Meima, J.A., Comans, R.N.J., 1999. The leaching of trace elements from municipal solid waste
incinerator bottom ash at different stages of weathering. Appl. Geochemistry 14, 159-171.
https://doi.org/10.1016/S0883-2927(98)00047-X

Minane, J.R., Becquart, F., Abriak, N.E., Deboffe, C., 2017. Upgraded Mineral Sand Fraction
from MSWI Bottom Ash: An Alternative Solution for the Substitution of Natural Aggregates in
Concrete Applications. Procedia Eng. 180, 1213-1220.
https://doi.org/10.1016/j.proeng.2017.04.282

Mugoni, C., Siligardi, C., Rosa, R., Ferrari, A.M., 2020. Opportune inward waste materials
toward a zero waste ceramic slabs production in a circular economy perspective 32—41.
https://doi.org/10.1111/ijac.13401

Polettini, A., Pomi, R., 2004. The leaching behavior of incinerator bottom ash as affected by
accelerated ageing. J. Hazard. Mater. 113, 209-215.
https://doi.org/10.1016/j.jhazmat.2004.06.009

Puertas, F., Torres-Carrasco, M., Alonso, M.M., 2015. Reuse of urban and industrial waste glass
as a novel activator for alkali-activated slag cement pastes: A case study, Handbook of Alkali-
Activated Cements, Mortars and Concretes. Woodhead Publishing Limited.
https://doi.org/10.1533/9781782422884.1.75

Release, A., 2018. 2016 Minerals Yearbook.

Rem, P.C., De Vries, C., Van Kooy, L.A., Bevilacqua, P., Reuter, M.A., 2004. The Amsterdam
pilot on bottom ash. Miner. Eng. 17, 363—-365. https://doi.org/10.1016/j.mineng.2003.11.009
Rincon Romero, A., Salvo, M., Bernardo, E., 2018. Up-cycling of vitrified bottom ash from
MSWI into glass-ceramic foams by means of ‘inorganic gel casting’ and sinter-crystallization.
Constr. Build. Mater. 192, 133-140. https://doi.org/10.1016/j.conbuildmat.2018.10.135

Riva, A., Biganzoli, L., Grosso, M., Milano, P., Civile, 1., 2016. GESTIONE DELLE SCORIE
DA INCENERIMENTO DI RIFIUTI SOLIDI URBANI: SISTEMI DI ESTRAZIONE E
LAYOUT IMPIANTISTICI DI TRATTAMENTO 3, 28-43.

Santos, R.M., Mertens, G., Salman, M., Cizer, O., Van Gerven, T., 2013. Comparative study of
ageing, heat treatment and accelerated carbonation for stabilization of municipal solid waste
incineration bottom ash in view of reducing regulated heavy metal/metalloid leaching. J.
Environ. Manage. 128, 807-821. https://doi.org/10.1016/j.jenvman.2013.06.033

Saveyn, H., Eder, P., Garbarino, E., Hjelmar, O., Sloot, H. Van Der, Zomeren, A. Van, Hyks,
J., 2014. Study on methodological aspects regarding limit values for pollutants in aggregates in

65



49.

50.
51.

52.

53.
54.

55.

56.

57.

S8.

59.
60.

61.

62.

63.

64.

65.

66

Circular economy perspectives for municipal solid waste incineration bottom ash valorization

the context of the possible development of end-of-waste criteria under the EU Waste Framework
Directive. https://doi.org/10.2791/1125

Schafer, M.L., Clavier, K.A., Townsend, T.G., Kari, R., Worobel, R.F., 2019. Assessment of
the total content and leaching behavior of blends of incinerator bottom ash and natural
aggregates in view of their utilization as road base construction material. Waste Manag. 98, 92—
101. https://doi.org/10.1016/j.wasman.2019.08.012

Schulte, B.R.F., 2020. 2016 Minerals Yearbook.

Silva, R. V., de Brito, J., Lynn, C.J., Dhir, R.K., 2019. Environmental impacts of the use of
bottom ashes from municipal solid waste incineration: A review. Resour. Conserv. Recycl. 140,
23-35. https://doi.org/10.1016/j.resconrec.2018.09.011

Silva, R. V., de Brito, J., Lynn, C.J., Dhir, R.K., 2017. Use of municipal solid waste incineration
bottom ashes in alkali-activated materials, ceramics and granular applications: A review. Waste
Manag. 68, 207-220. https://doi.org/10.1016/j.wasman.2017.06.043

Singerling, B.S.A., Ober, J.A., 2018. 2016 Minerals Yearbook Strontium.

Sorlini, S., Abba, A., Collivignarelli, C., 2011. Recovery of MSWI and soil washing residues
as concrete aggregates. Waste Manag. 31, 289-297.
https://doi.org/10.1016/j.wasman.2010.04.019

Stabile, P., Bello, M., Petrelli, M., Paris, E., Carroll, M.R., 2019. Vitrification treatment of
municipal solid  waste  bottom  ash. Waste Manag. 95, 250-258.
https://doi.org/10.1016/j.wasman.2019.06.021

T. Astrup, A. Muntoni, A. Polettini, R. Pomi, T. Van Gerven, A.V.Z., 2016. Treatment and
Reuse of Incineration Bottom Ash Chapter 24 -, Environmental Materials and Waste. Elsevier
Inc. https://doi.org/10.1016/B978-0-12-803837-6.00024-X

Tang, P., Florea, M.V.A., Spiesz, P., Brouwers, H.J.H., 2016. Application of thermally activated
municipal solid waste incineration (MSWI) bottom ash fines as binder substitute. Cem. Concr.
Compos. 70, 194-205. https://doi.org/10.1016/j.cemconcomp.2016.03.015

Tang, P., Florea, M.V.A., Spiesz, P., Brouwers, H.J.H., 2015. Characteristics and application
potential of municipal solid waste incineration (MSWI) bottom ashes from two waste-to-energy
plants. Constr. Build. Mater. 83, 77-94. https://doi.org/10.1016/j.conbuildmat.2015.02.033

US Geological survey, 2019. MINERAL COMMODITY SUMMARIES 2019.

Van Praagh, M., Johansson, M., Fagerqvist, J., Gronholm, R., Hansson, N., Svensson, H., 2018.
Recycling of MSWI-bottom ash in paved constructions in Sweden — A risk assessment. Waste
Manag. 79, 428-434. https://doi.org/10.1016/j.wasman.2018.07.025

Verbinnen, B., Billen, P., Van Caneghem, J., Vandecasteele, C., 2017. Recycling of MSWI
Bottom Ash: A Review of Chemical Barriers, Engineering Applications and Treatment
Technologies. Waste and Biomass Valorization 8, 1453—1466. https://doi.org/10.1007/s12649-
016-9704-0

Verholst, D., Buekens, A., Spencer, P.J., Eriksson, G., 1996. Thermodynamic behavior of metal
chlorides and sulfates under the conditions of incineration furnaces. Environ. Sci. Technol. 30,
50-56. https://doi.org/10.1021/es940780+

Wang, F.H., Zhang, F., Chen, Y.J., Gao, J., Zhao, B., 2015. A comparative study on the heavy
metal solidification/stabilization performance of four chemical solidifying agents in municipal
solid  waste incineration fly ash. J. Hazard  Mater. 300, 451-458.
https://doi.org/10.1016/j.jhazmat.2015.07.037

Xia, Y., He, P., Shao, L., Zhang, H., 2017. Metal distribution characteristic of MSWI bottom
ash in view of metal recovery. J. Environ. Sci. (China) 52, 178-1809.
https://doi.org/10.1016/j.jes.2016.04.016

Xing, W., Hendriks, C., 2006. Decontamination of granular wastes by mining separation



66.

67.

68.

Circular economy perspectives for municipal solid waste incineration bottom ash valorization

techniques. J. Clean. Prod. 14, 748—753. https://doi.org/10.1016/j.jclepro.2004.05.007

Yang, Z., Ji, R., Liu, L., Wang, X., Zhang, Z., 2018. Recycling of municipal solid waste
incineration by-product for cement composites preparation. Constr. Build. Mater. 162, 794-801.
https://doi.org/10.1016/j.conbuildmat.2017.12.081

Yao, Q., Samad, N.B., Keller, B., Seah, X.S., Huang, L., Lau, R., 2014. Mobility of heavy metals
and rare earth elements in incineration bottom ash through particle size reduction. Chem. Eng.
Sci. 118, 214-220. https://doi.org/10.1016/j.ces.2014.07.013

Yin, K., Ahamed, A., Lisak, G., 2018. Environmental perspectives of recycling various
combustion ashes in cement production — A review. Waste Manag. 78, 401-416.
https://doi.org/10.1016/j.wasman.2018.06.012

67



