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Introduction

Modern human consumption, rapid urbanization and further increases in the world’s
population lead to the demand for more goods and materials. However, after utilization, only
some of these materials are recovered or recycled, many are discarded due to a lkack of imple-
mented recovery technologies and regulations, or due to the content of contaminants. Moreo-
ver, many of the potentially recoverable materials are deposited in landfills or shipped to less
developed countries for disposal where they can cause environmental contamination. The
new approach to waste management follows the hierarchy of waste prevention. First, waste
is prepared for reuse and repair without the need for treatment processes, or it is recycled.
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If this is not possible, the waste is incinerated with energy recovery, or failing that, it is
disposed of in landfills. This waste hierarchy has become one of the key factors in the trans-
formation of a linear economy into a circular economy. Particularly noteworthy is waste
containing raw materials of significant economic importance, especially those of a high sup-
ply risk due to the level of concentration in another country and import dependence. These
critical raw materials (CRM) are an inherent part of our modern, technology-driven life.
They are essential to national security and the economic development of every country.
Their use is drastically increasing, and with it, the need to assure their reliable and unre-
stricted access along with lowering the environmental impact from their production and
extraction. Currently, scientists and industry direct a lot of effort into finding new supplies
of these materials, not only from traditional sources in nature but also from new sources
like anthropogenic waste. The purpose of this study is to present the raw material potential
which remains mostly unused in residues from municipal waste incineration in regions with
highly developed economies — the United States and the European Union. These economies
have shortages of their own raw material extraction capacity due to high levels of consump-
tion and insufficient amounts of raw-material content in natural resources.

1. What are critical materials?

The term critical materials was introduced for the first time in 2008 and it defines mate-
rials (or minerals) as any substance essential to economic or national security for which the
supply chain is vulnerable to disruptions and for which there are no substitutes (Bielowicz
2021; Nassar and Fortier 2021; TS 2015).

Until the nineteen-fifties, a limited number of elements were needed for technological
development, and prior to the “Paley Report” publication in 1952, resources of these ma-
terials were not considered or discussed as limited. However, in the last decades, we have
been reminded several times that the supply of critical materials are not guaranteed. In the
nineteen-nineties, a civil war in the Democratic Republic of Congo caused a temporary but
significant decrease in the amount of cobalt on the market and in 2010, a dispute between
China and Japan led to supply chain issues and a drastic increase in the prices of rare earth
minerals (Drobniak and Mastalerz 2022; Graedel et al. 2015; Offerman 2019).

Today, material criticality is an important assessment conducted by many countries and
companies across the world. It requires the complex, short and long-term analysis of mul-
ti-dimensional factors which include supply risk, vulnerability to supply restrictions and
environmental implications (Nassar and Fortier 2021; Graedel et al. 2015; IRT 2020). The
European Union Commission published the first list of critical raw materials in 2011, and it
has been updating it every three years since then. As of 2020, the EU Critical Raw Mate-
rial List contains thirty metals, minerals and natural materials considered as economically
essential for industrial growth and sustainability and as crucial components of Europe’s
transition to climate neutrality (European Commission 2020). Similarly, the United States
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has created its list of critical minerals, which as of 2021 contains fifty commodities, up from
thirty-five listed in 2018 (Figure 1) (Nassar and Fortier 2021).

1.1. Waste management in the european union (EU)

Twenty-seven countries of the European Union generated 226 million Mg of municipal
solid waste (MSW) in 2020. This means that each EU citizen generated 505 kilograms of
MSW. To deal with the rising amounts of waste over the last two decades, EU countries have
been increasingly focusing on the treatment of solid municipal waste through its recovery
and recycling, while limiting depositing it in landfills from 50% in 2000 to 23% in 2020
(Eurostat 2021).

After waste recycling and composting, one of the most widespread methods of treating
residual waste in the EU is thermal treatment with energy recovery in incineration plants
(MSWI). In Europe, 516 MSWI were operated. Plants can be divided into three types based
on the methods of energy recovery: heat recovery with electricity co-generation (251 MSWI),
recovering only heat (94 MSWI) or recovering only electricity (161 MSWI) (Scarlat et al.
2019). Compared to waste disposal, this method of waste treatment includes a significant
reduction of their volume by about 70—90% (Dou et al. 2017) and a significantly lower car-
bon footprint (Jeswani et al. 2013). As increasing pressure is placed on the efficient use of
resources and reducing the negative impact on the natural environment, new EU MSW tar-
gets are aimed at increasing the share of the recycling and reuse of municipal solid wastes
in 2035 to 65%, the incineration of waste to 25% and reducing the share of landfilled waste
to 10% (EPC 2008).

Moreover, the waste incineration residue is becoming a reliable source of many materials
that are important in the economies of the EU countries. This topic has become a subject
of many studies and attempts to implement state-of-the-art technologies for the recovery
of critical materials. The new EU climate Green Deal policy promotes the principles of
sustainable development through the transition to a modern, resource efficient, competi-
tive and environmentally neutral economy (Zhang et al. 2022). Therefore, the continuing
EU waste management policy is aimed at transforming the linear economy into a circular
economy by extracting high-quality resources from waste as much as possible. The planned
legal regulations will introduce an obligation in the EU, where recycling capacity should
be able to recover at least 15% of the EU’s annual consumption of strategic raw materials
(EPC 2023).

1.2. Waste management in the United States (USA)

United States in one of the largest producers of waste worldwide, generating nearly
816 kg of waste per person every year. This amount added to 265.3 million Mg of MSW
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in 2018 (about 12% of the global amount of waste), a drastic increase from 80 million Mg
in 1960 (EPA 2020; Bradford et al. 2018).

Prior to 1976, the majority of waste in the United States was dumped in open pits, but
enactment of the Resource Conservation and Recovery Act has fundamentally changed the
landscape of waste management. The law described and enforced the proper governance and
disposal of hazardous and non-hazardous solid waste and supported the development of fa-
cilities for resource and energy recovery promoting recycling programs (Code 1976). While
the Act has transformed the approach to waste management, as of 2021, nearly two-thirds of
the American trash (62%) is still primarily buried in landfills or combusted in incinerators,
the rest is recycled, composted, and exported to other countries (EPA 2020; EPAa 2022;
Bradford et al. 2018).

Although management of municipal solid waste is seen as a growing challenge, the
MSW is also considered as a valuable and not fully tapped resource (Donahue 2018; He
et al. 1995). The rates of recycling and composting increased from 6% of wastes generated
in 1960 to over 32% in 2018, at the same time, the amount of combusted municipal waste
with energy recovery raised from 0% in the nineteen-sixties to almost 12% in 2018 (EPAa
2022). Currently, there are seventy-five municipal waste incinerating facilities in twenty-five
states generating on average 550 kilowatt hours (kWh) of energy per Mg of waste. In 2017,
over 30 million Mg of MSW was combusted using waste to energy process, producing about
4.5—6 million Mg of ash (15-25% of trash weight) containing on average 2—3% of post-recy-
cled waste metal scrap (EPA 2023). The operating waste-to-energy facilities use a variety of
technologies to recover these valuable resources (mainly steel, aluminum, and copper), yet
on average, 7.5 million Mg of metal scrap ends in the US landfills each year.

Fig. 2. Past and projected waste generation by region in million Mg per year (modified from Kaza et al. 2018)

Rys. 2. Historyczne i prognozowane ilo§ci wytwarzanych odpadéw wedtug regionu w milionach Mg rocznie
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The amount of generated residues could potentially contain significant amounts of fifty
critical materials (including the rare earth elements) considered by the US Geological Sur-
vey as essential components necessary for technological development, energy independence
and national security. However, while much research is presently conducted in the United
States to assess critical-metal production from coal, coal waste, coal combustion products,
fertilizer byproducts or electronic recycling, the concept of urban mining to recover critical
metals from municipal waste is not as well-known and implemented as in Europe (Nassar
and Fortier 2021; Drobniak and Mastalerz 2022; Balaram 2019; Gaustad et al. 2021; Funari
et al. 2016).

In 2020, the US Department of Energy awarded a novel research project to look at the
potential of REE recovery from MSW incinerated residues. While the initial results suggest
the MSW might be a good source of critical elements, no data is publicly available due the
pending patent application (Virginia Tech 2021).

2. Municipal soild waste and critical raw materials

Increasing demand, the geopolitical situation and the scarcity of the natural sources of
critical metals pose a growing challenge for their production and extraction. To confront this
challenge, a lot of attention is currently directed towards untapped resources, such as their
recovery from waste. This is especially true in case of rare earth elements (REE) considered
to be essential for technological development, energy independence and national security
(Drobniak and Mastalerz 2022; Balaram 2019; Gaustad et al. 2021).

Much research is currently being conducted to assess CRM production not only from
traditional sources and their byproducts, but also from “urban mines” —a general term defin-
ing the recovery of critical raw materials from anthropogenic sources like electronic waste,
municipal landfills and waste-treatment plants. While many of these new techniques require
refining and might not yet be economically viable on a large scale in many countries, they
may become feasible in the future with technological innovations and government support
(Balaram 2019; DOE 2021; Jowitt et al. 2018; Mastalerz et al. 2020; Mining 2021; Tesfaye
et al. 2017; DARPA 2021). As the world generates over 2.1 billion Mg of municipal solid
waste annually, anthropogenic waste can be a potentially vast resource of CRM. This re-
source is expected to grow as global waste production is predicted to reach 3.4 billion Mg by
2050 due to population and economic growth, urbanization, and shopping habits (Figure 2).
While designing more recyclable products, effective waste collection and efficient process-
ing technologies are key to a circular economy and environment protection, MSW can be
also a critical raw materials resource of great potential (Tesfaye et al. 2017; Funari et al. 2016;
Kaza et al. 2018; WWF 2023).
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3. Methods

A flow assessment is performed in order to inventory the sources and proportions of
the distribution of resources and materials. In waste management, mass flow can be used
in reports on circular economy implementations in urban regions (Zeller et al. 2019). The
estimation of the mass flow of elements available for recovery in the residues from munici-
pal solid waste incineration process was calculated on the basis of the formula for material
flow analysis (MFA) proposed by Brunner (Brunner and Rechberger 2016). Assumptions
were made for the development of mass flow analysis. The equation has been transformed
according to data collected in recent published articles. Mass (m;) of waste generated in
the US and EU has been taken from statistical data from EPAb (EPAb 2022) and Eurostat
(Eurostat 2017). The chemical composition (c;) of residues was determined by Funari et al.
(Funari et al. 2015) and Bogush et al. (Bogush et al. 2015). Dry matter content (d,,,) and the
proportion of residues (r.) to the mass of waste incinerated was defined by (Sabbas et al.
2003; Hyks and Hjelmar 2018).

X:=m;-c;-dm, - rc,- 107 (Mg/a) 0
% X; — is mass flow of “i” element in municipal solid waste incinerated residues (Mg/a);
m; — mass of municipal solid waste incinerated in EU or USA (Mg/a);
¢; — concentration of “i”” element in municipal solid waste incinerated residues (mg/kg);
dm— percentage dry mass content of “r” residue (in decimal form);
rc — percentage content of “r” residue [(decimal form);
r — residue type: IBA — incineration bottom ash, FA — fly ash,

APCr — air pollution control residues.

4. Critical raw materials in residues from municipal solid waste
incineration

Although waste incineration is an optimal method for reducing the volume of waste, the
remaining residues (by weight) remain around a quarter of incinerated waste. Typical incin-
eration residues include: IBA — incineration bottom ash (20 to 30% of input weight), FA —fly
ash (1 to 3% of input weight), APCr — air pollution control residues (2 to 5% of input weight)
(Syc et al. 2010), Fe — ferrous metal wastes (5 to 15% of IBA weight) and NFe — non-ferrous
metals (1 to 5% of IBA weight) (Syc et al. 2020).

Due to the high content of heavy metals, chlorides and sulfates FA as well as APCr are
considered as hazardous waste for which state of the art treatment is necessary (Jung et al.
2004). On the other hand, unlike ash fraction, the IBA are rich in Fe and NFe scrap, and
after metal recovery and ageing processes (usually lasting from two to several weeks), they
are used as an aggregate (Mary Joseph et al. 2020; Lynn et al. 2017). Detailed studies of the
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Table 1.
in the US and the EU

Comparison of the estimated amounts of elements as summarized in MSWI residues with their mining

Tabela 1. Poréwnanie szacunkowych ilosci pierwiastkow znajdujacych si¢ w pozostatosciach z MSWI
z ich wydobyciem w USA 1 UE
CriFigal for USA - X, Mining output | Mining output M.FA content MFA content
critical for UE -, . . in MSWI in MSWI
candidates — Z inUSA in EU Residues USA Residues UE
Mg/a
Ag Xz 980 2,110 68 121
Au Xz 200 23 4 7
Ba XY 390,000 64,680 12,177 21,600
Be XY 170 NM 5 9
Co XY 500 21,648 314 557
Cu Xz 1,300,000 861,925 28,773 51,041
Hf XY NM1 41 23 41
REE XY 26,0002 NM 887 1,574
Li XY W3 23,185 226 401
Mo Xz 44,000 1,210 156 276
Ni Xz 14,000 49,239 1,874 3,325
Pb Xz 280,000 146,062 15,878 28,166
Sb XY NM NM 2,069 3,671
Sc Y NM NM 87 154
Sn Xz NM 200 2,526 4,481
Sr Xz NM 121,920 4,180 7,416
Ta XY NM 399 10 17
v XY 470 NM 1,585 2,812
w XY NM 1,615 170 302
Zn Xz 780,000 645,623 44,069 78,175
Zr Xz 100,000 NM 936 1,660

1 NM - not mined.

2 REE in USA — mined as bastnaesite concentrates.

3 W — data withheld.

Data from (Brown 2020; USGS 2020).
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composition of residual wastes have been conducted over the years (Shaub 1997; Bogush
et al. 2015; Huber et al. 2020). Many of these studies have attempted to determine the level of
the environmental impact of residues (Chen et al. 2020; Nikravan et al. 2020), other have fo-
cused on assessing the content of elements considered critical in maintaining supply chains
in US and UE economies (Funari et al. 2015; Yao et al. 2014; Morf et al. 2013).

The analysis of the composition of waste in terms of the possibility of the recovery of
valuable components should take into account both the concentration of the element in the
waste and the total amount of waste available for recovery. If the element content and the
amount of waste intended for recovery is low, the processing of waste proves to be unprofit-
able. On the other hand, in the case of the high availability of waste, elements recovery, even
in a low concentration, may turn out to be profitable (Gaustad et al. 2021). The data collected
in Table 1 was estimated on the basis of the formula proposed in this paper. Mining data was
obtained from the United States Geological Survey and the British Geological Survey. Criti-
cal elements for the United States and the European Union as well as other elements present
in large amounts in MSWI residues and which have significant economic importance were
selected. For many raw materials, both the EU and the US are not present in the early stages
of the value chain, which are related to the mining and processing of ores. The reason for this
is both the lack of mineral deposits and the limited knowledge about the availability of these
materials as well as the economic, environmental and social factors that negatively affect the
research and mining stage (EC 2020). The analysis of the flow of elements shows that the
share of elements found in MSWI residues is significant in terms of their mining both in the
US and the EU. The content of hafnium in residues is comparable to its extraction in the Eu-
ropean Union. The share of cobalt and vanadium is respectively, 63% and 37% of the mined
volume of these elements in the United States. Rare earths are not mined in the EU, therefore
their content at the level of 1,574 Mg/year is twice as high as in the case of mining in Brazil,
which is the ninth largest producer of REE in the world. The amount of rare earths is also
significant — note that REE mining in the US refers to bastnaesite concentrates where the
REE oxides content is 60—70% (Cen et al. 2021). Due to the limited availability of elements,
their enclosing into larger structures and morphological differentiation, possibilities for their
recovery are limited (Blasenbauer et al. 2020). However, the development of research on re-
covery technology in urban mining promotes optimism and the first installations of this type
are already operating on a technological scale in Europe (Quina et al. 2018).

5. Characteristics of some of the recovery methods
of critical raw materials

Elements from MSWI residues can be recovered in several stages. These stages include
the separation of different part sizes, and the leaching and recovery of coarse and fine metal
fractions. The type of recovery technology depends on waste composition and the tech-
nology in which the waste is obtained. In the case of IBA, the recovery of elements can be
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performed in three ways: dry processing of wet bottom ash, wet processing of wet bottom
ash, dry processing of dry bottom ash.

Magnetic and eddy current separation are the main methods of metal separation from
bottom ashes. First, the recovery of ferrous and nonferrous metals from ashes take place
with the use of electromagnetic and eddy current separation. Funari (Funari et al. 2016)
demonstrated with magnetic methods and chemical analyses that iron rich FA and APCr
contain the highest total concentration of REE. World class primary REE deposits are indeed
found in sulfur-rich and iron-rich minerals. The use of magnetic separation (high field) to
obtain a REE-rich concentrate facilitating further valorization can be used as a pretreatment
in larger scale projects. Nonferrous metals are recovered in a conventional manner using an
eddy current separator (ECS). However, this technology is not as effective in operation and
with regard to the recovery rates of nonferrous metals (maximum of 40%). Therefore, many
state-of-the-art technologies for the recovery of various types of raw materials are being
implemented, including those critical from ashes and slags generated in the combustion
process.

The first plant to comprehensively commence IBA treatment was an incineration plant of
the Zweckverband Kehrichtverwertung Ziircher Oberland (KEZO) in Hinwil, Switzerland
in 2016. The plant is based on the thermorecycling concept (ThermoRe process) (Mehr et al.
2021) and uses the dry processing of dry bottom ash. In the first stage of recovery, a sys-
tem of eddy current separators is used, connected by crushers of decreasing fraction. ECS
makes it possible to increase the metal recovery from the slag by 30 to 40% compared to the
previous levels, as the plant can also separate out fine-grained metal residues. The process
recovers iron, aluminum, copper, brass and even precious metals such as gold, silver and
palladium. The benefits are twofold: first ecological, as small metal particles can cause con-
siderable damage to the environment; second, financial, as the value of the metals recovered
is so high that the dry slag processing plant brings sales revenues.

Precious metals are also recovered from ashes by magnetic density separation (MDS),
for example, as employed in an incineration plant in Amsterdam, Netherlands (Muchova
et al. 2009). This technology uses wet separation techniques. First, to recover precious met-
als, bottom ash must first be classified into different size fractions, then heavy nonferrous
metals (HNF) should be concentrated by physical separation (eddy current separation, den-
sity separation etc.). Finally, MDS can separate gold from other HNF metals (copper, zinc).
Precious metal concentrates must then be recovered in the smelter and the copper zinc frac-
tion to a brass or copper smelter.

Another example of the IBA’s metal removal is that which is used in the Afatek plant in
Copenhagen, Denmark. Among the most important results of their development work is the
semi-dry system, where bottom ash can be dried to a degree that makes it possible to sort
out the very fine metals down to half a millimeter. When IBA arrives at Afatek’s, it contains
approximately 5% percent iron and 2% other metals, like nonmagnetic aluminum, copper,
brass and zinc. Bottom ashes are initially aged for two to three months, and as the temper-
ature rises in the heap, the bottom ash dries out. In the process, many of the heavy metals
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are bound to bottom ash; therefore, the metals are not washed out when slag gravel is sub-
sequently used as aggregate. When IBA dries out sufficiently, iron and metals can be sorted
out and the rest of the mineral material is used as aggregate. Magnetic iron is then separated
using over-belt magnets, which are the first stage of IBA processing. Subsequently, metal
droplets in grain sizes of half a millimeter are recognized and isolated from bottom ash.
This is done with magnets for iron, with eddy currents for metals and with sensor technol-
ogy combined with compressed air and nozzles that shoot stainless steel as well as residual
metals out of the slag. The sorted metals are sold for processing Fe and NFe concentrates into
a portfolio of pure fractions of iron, copper, brass, zinc, soft aluminum, hard aluminum and
stainless steel. Some fractions can be sorted into several sizes to better meet the needs of the
market. This applies, for example, to aluminum and copper (Norgaard et al. 2019). Economic
profitability of operated incineration bottom ash processing plants is achieved by most of the
plants located in European countries with bottom ash mass flow exceeding 20,000 Mg per
year. Average values of economic indicators are for net present value (NPV) 83 million Euro
and return on investment (ROI) 20% with a payback time of eleven years (Bruno et al. 2021).

Mechanical operations such as grinding, classification, gravity separation, electrostatic
separation, magnetic separation and flotation etc. have been widely used in the processing of
waste from printed circuit boards (PCB). The release of Fe and NFe metals from the PCBs
was achieved during size reduction. Crushers or impact crushers are used in the first stage,
while in the second and third stages, mills and crushers produce the fine released particles
(Yoo et al. 2009). The corresponding fine grained waste products obtained in this way are
subjected to the separation of Fe and NFe metals (Sarvar et al. 2015) using the Harz instru-
ment to separate particles based on differences in density.

Eswaraiah (Eswaraiah et al. 2008) conducted classification studies using a column air
classifier to separate metals and plastics from crushed PCBs. The evaluation of the classifi-
er’s performance was analyzed in terms of various tested operating parameters. For example,
Yue-Min (Yue-min et al. 2006) used the Falcon centrifugal concentrator, an advanced gravi-
ty unit to separate Fe and NFe metals. The test results show that the 76.9% metal concentrate
obtained from the input raw material (feed) contained 5.42% metals. Li (Li et al. 2004) con-
ducted studies on a corona electrostatic separator to concentrate metals from crushed PCB
particles and Ghosh (Ghosh et al. 2015) investigated the use of an over-belt magnet to remove
iron contamination prior to electrostatic separation.

Foam flotation is another method for the separation of physicochemical particles based
on differences in the degree of hydrophobicity. Research shows that foam flotation is widely
used to separate hydrophilic polymers of Fe and hydrophobic NFe metals from PCB EoL
(Vidyadhar and Das 2013; Gallegos et al. 2014; He et al. 2017). The study by Vidyadhar and
Das (Vidyadhar and Das 2013) on foam flotation show that particle sizes of less than 1 mm
display an excellent separation of both ferrous and nonferrous metals. The results of one
stage flotation studies show that the metal content of the input material (feed) containing
23% can be enriched to the value of 37%, of which 95% metal recovery can be obtained in
further processes. In another study, Gallegos (Gallegos et al. 2014) investigated the separa-
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tion of metals and nonmetals from waste PCBs using a conventional flotation cell proved
that sing techniques and equipment designed for mineral processing can significantly aid the
growing urban mining.

Chemical leaching of Zn, Cu, Cd and Pb from fly ash is performed in several plants,
especially in Switzerland (Schlumberger et al. 2007; Quina et al. 2018). The extraction of
metals such as Zn, Pb, Cu and Cd is mainly dependent on the properties of fly ash, the acidity
of the rinse water, the redox potential, the temperature and the eluation time. Depending on
these parameters, 60—80% of Zn, 80-95% of Cd and 50—85% of Pb and Cu can be recov-
ered in the leaching process (Quina et al. 2018). This process was implemented at one of
the MSWI plants in Zuchwil, Switzerland in 2012, where approximately 300 Mg of Zn are
recovered per year. However, chemical leaching is a technology that is quite burdensome for
the environment, especially the chemical leaching of critical elements, in particular REE.
To lower the environmental impact, very intensive works are performed on the possibility of
using the bioleaching of waste (Faramarzi et al. 2020).

Further methods of critical material recovery use the technologies of microfiltration,
ultrafiltration, reverse osmosis and dialysis. Filtration methods transport water molecules
through filters and membranes. These techniques are mainly used for pollution removal
but can also be applied for light and heavy metals and even REE recovery (Elbashier et al.
2021). Before performing recovery, it is necessary to prepare the waste. The separation of
the magnetic and non-magnetic fractions is required. Then, HNO5 or HCI is used to wash
out waste with a high content of calcium compounds. In the next step, ionic liquids are used
to remove Si, Fe and Al. The last step of the separation involves the separation of the REE
from the solution. For this, various solutions, like cyanex272, Trioctylphosphine oxide and
di-nonyl phenyl phosphoric acid, are used to allow the REE to be washed out of the waste.
Depending on the type of elements washed out from the waste, it is necessary to properly se-
lect the pressure and pH (Kose Mutlu et al. 2018). The filtration methods lead to the recovery
of the elements contained in the solution at the level of 50-99% (Rybak and Rybak 2021).

A recent discovery by Rice University researchers is the use of flash joule heating to
activate REE in coal fly ash and increase their leaching efficiency. Unlike other REE recov-
ery methods characterized by long purification times, low extractability and high effluent
volumes, the use of flash joule heating can activate REE in waste in about one second. The
pulsed voltage brings the wastes to a temperature of 3,000°C within 1 second, leading to the
thermal decomposition of the difficult-soluble REE phosphates to highly soluble REE oxides
and then to the carbothermal reduction of REE components to highly reactive REE metals.
REE leaching can then be performed with 1 M HCl or 15 M HNOjs. The extraction efficiency
of activated REEs in coal fly ash ranges from 33 to 67% for individual REEs. The process
has a low electricity consumption of 600 kWh ton~! and costs of $12 ton!. Costs are ex-
pected to be more than ten times lower compared to the direct leaching of raw materials. For
further refining, however, it is necessary to remove dissolved impurities (Deng et al. 2022).
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6. Discussion

The recovery of critical raw materials from the residues generated during municipal
solid waste incineration has the potential to provide a domestic source of these materials,
reducing the reliance on imports and enhancing the security of supply. The results of
this study demonstrate that the recovery of critical raw materials from these residues is
indeed feasible, as significant quantities of these materials are present in the residues. In
2020, 27% of MSW was incinerated in the European Union, 48% waste was recycled and
composted, and about 25% of waste was placed in landfill. Despite the high share of waste
subjected to recovery processes, incineration is still a very important component of the
waste-management system. It reduces landfilling and a large proportion of non-recyclable
waste due to the presence of pollutants, and it can be combined with energy recovery.
Therefore, residues from waste incineration may be a stable and reliable source of many
elements important for the economies of the EU and the USA for many years to come.
The high variability of CRM in residues from waste incineration has become a subject of
many studies and attempts to implement state of the art recovery technologies (EC 2020).
Since China is the main supplier of most critical elements and many other important raw
materials, the European Union countries and the United States try to diversify the source
of these elements. Residues from MSWI are one of possible sources of CRM in urban min-
ing. Recent trends by local initiatives promoting the circular economy are leading to the
use of waste as a source of raw materials. Such actions certainly increase the security of
supply.

Treating waste as a raw material can lead to an increase in the independence of poor
countries in CRM in a new way. The municipal waste processing sector, despite the fact
that it accounts for only 10% of total waste generated, is an important source of many raw
materials. MFA has shown that the content of elements in residues from combustion can
be comparable with the size of their extraction. The main limitation, however, may be the
costly recovery techniques of these elements. The European Union places great emphasis
on the waste to resources project. One such project was CEWASTE, which analyzed CRM
recovery from electrical and electronic waste. The project report suggests that legislation
should require the recovery of certain CRMs and additional market incentives should stim-
ulate secondary use as much as possible CRM in new product. This approach should also be
transferred to other sectors of the economy. Good examples can be found in the laws of the
member states where information on the types, distribution and capacity of the existing ones
and essential for the waste management system of recovery installations and waste disposal,
including significant amounts of the most important economic raw materials the point of
view of the deliveries of which are at high risk, is defined at nationals waste management
plans (Ministry of the Environment 2023).

The estimated data in Figure 3 shows that waste is characterized by the presence of many
elements recognized by the EU and the USA as critical raw materials. All waste consists of
elements belonging to PGM, with LREE, HREE and precious metals also being present.
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Precious metals are mostly represented by silver and gold. The content of REE is close to
their concentration in the earth’s crust. However, the high market prices combined with
the low supply of REE, may make the recovery of these elements profitable, along with the
processing of other valuable fractions like Zinc. The amount of the remaining elements in
relation to their content in the Earth’s crust is very diversified and is over 5,000 times higher
in a case of Bi and Sb, over one hundred times higher for Ag, Au, Zn, Sn and fifty times

Fig. 3. Critical materials in residues from MSW incineration
and their estimated annual quanti-ty in UE and USA

Rys. 3. Materiaty krytyczne w pozostatosciach ze spalania MSW
iich szacowana roczna ilo§¢ w pozostatosciach w UE i USA
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higher for Cu. Heavy metals are represented mainly by copper and zinc. The estimated
amounts of critical raw materials in the USA and EU residues indicate that their recovery
could significantly reduce the reliance on primary mining activities. For example, the re-
covery of rare earth elements from the residues could exceed their mining from ores in the
EU. Similarly, the cobalt content in USA residues accounts for a significant proportion of the
amount mined in the country. This highlights the potential for significant resource recovery
from these waste streams, which could contribute to a more circular economy and reduce the
environmental impact of raw material extraction.

The recovery of zinc and copper from residues has been widely implemented in Switzer-
land using acid-leaching Fluwa technology. This process recovers up to 80% of the zinc and
40 to 80% of the copper in the waste, which confirms the effectiveness of this technology
and the possibility of its implementation in other plants and countries (Zucha et al. 2020).
However, the recovery of these critical raw materials from the residues presents several
challenges. Firstly, the heterogeneous nature of the residues and the complex interactions be-
tween the different components can complicate the recovery processes. Secondly, the form
in which these materials are present in the residues can limit their recovery potential. For
example, some critical raw materials are present in the form of highly dispersed nanoparti-
cles, which can make their separation and recovery difficult and costly. Despite partnership
deals between countries, conflicts, disasters and diseases can cause months of breakdowns
in supply chains. This makes it even more important to use the available raw materials
as efficiently as possible, and anthropogenic sources such as municipal waste and residues
from treatment processes can be a good alternative to natural sources of raw materials. The
recovery of critical raw materials from municipal solid waste incineration residues should
be pursued as part of a comprehensive strategy for the supply security of raw materials and
the development of a circular economy. Advances in separation and recovery technologies
and processes could enhance the efficiency of recovery operations and reduce the costs asso-
ciated with these operations. Additionally, the development of policies and regulations that
support the recovery of critical raw materials from waste streams could provide incentives
for businesses and promote investment in these technologies.

Conclusions

The aim of this study was to present the potential for the recovery of critical materials
contained in municipal waste and residues from municipal waste incineration. The paper
presents the chemical composition of combustion residues with a particular emphasis on
elements considered as critical by the United States and European Union. Mass flow analysis
was used for the estimation of element content in MSWI residues in USA and UE.

¢ The analysis showed that the estimated amount of elements in residues from waste

incineration in the USA is in the range from 1.4 Mg (Thallium) to 44,000 Mg (Zinc)
and in the EU from 2.4 (Thallium) to 78,000 Mg (Zinc).
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¢ The content of REE is 1,500 Mg and exceeds their mining from ores in the European
Union.

¢ Cobalt content in USA residues accounts for 63 of the amount mined in this country.

¢ The share of other raw materials in residues correspond to 2% to over 2000% of their
mining in the USA and the EU.

¢ Due to the form of occurrence of raw materials in MSWI residues, their recovery
potential may be limited.

¢ Despite the implementation of circular-economy principles into waste management
systems, there remain technical limitations for waste recycling processes. Therefore,
waste incineration will probably remain the main method of processing residual
waste in the nearest future, and attention should be paid to the possibility of element
recovery that may be critical to economic growth.

Agnieszka Drobniak contribution comes from the support of the Polish National Agency for
Academic Exchange within the Polish. Returns Programme (BPN/PPO/2021/1/00005/DEC/1), and the
National Science Center, Poland (2022/01/1/ST10/00024).

This research was funded by the Ministry of Science and Higher Education of Poland (subsidies
no. 16.16.140.315).

REFERENCES

Al-Ghouti et al. 2020 — Al-Ghouti, M., Khan, M., Nasser, M. and Saad, K. 2020. Recent advances and applications
of municipal solid wastes bottom and fly ashes: Insights into sustainable management and conservation of
resources. Environmental Technology and Innovation 21, DOI: 10.1016/j.€ti.2020.101267.

Balaram, V. 2019. Rare earth elements: A review of applications, occurrence, exploration, analysis, recycling, and
environmental impact. Geoscience Frontiers 10(4), DOI: 10.1016/j.gs£.2018.12.005.

Bielowicz, B. 2021. Selected critical raw materials in waste from coal gasification in poland. Energies 14(23), DOI:
10.3390/en14238071.

Blasenbauer et al. 2020 — Blasenbauer, D., Huber, F. and Leder, J. 2020. Legal situation and current practice of
waste incineration bottom ash utilisation in Europe. Waste Management. 102, pp. 868-883, DOI: 10.1016/].
wasman.2019.11.031.

Bogush et al. 2015 — Bogush, A., Stegemann, 1., Wood, I. and Amitava, R. 2015. Element composition and minera-
logical characterisation of air pollution control residue from UK energy-from-waste facilities. Waste Manage-
ment 36, pp. 119-129, DOI: 10.1016/j.wasman.2014.11.017.

Bradford et al. 2018 — Bradford, A. Broude, S. and Truelove, A. 2018. Trash in America. [Online:] https:/frontier-
group.org/resources/trash-america [Accessed: 2023-01-17].

Brown, T. 2020. World mineral production 2015-2019. British Geological Survey.

Brunner, P.H. and Rechberger, H. 2016. Handbook of material flow analysis : for environmental, resource, and waste
engineers. CRC Press, DOI: 10.1201/9781315313450-4.

Bruno et al. 2021 — Bruno, M. Abis, M. Kuchta, K. Simon, F. Gronholm, R. Hoppe, M. Fiore, S. 2021. Material flow,
economic and environmental assessment of municipal solid waste incineration bottom ash recycling potential
in Europe. Journal of Cleaner Production 317, DOI: 10.1016/j.jclepro.2021.128511.

Cen et al. 2021 — Cen, P, Bian, X., Liu, Z., Gu, M. and Wu, W. 2021. Extraction of rare earths from bastnaesite
concentrates: A critical review and perspective for the future. Minerals Engineering 171, DOI: 10.1016/J.
MINENG.2021.107081.


https://doi.org/10.1016/j.eti.2020.101267
https://doi.org/10.1016/j.gsf.2018.12.005
http://doi.org/10.3390/en14238071
https://doi.org/10.1016/j.wasman.2019.11.031
https://doi.org/10.1016/j.wasman.2019.11.031
http://doi.org/10.1016/j.wasman.2014.11.017
https://frontiergroup.org/resources/trash-america
https://frontiergroup.org/resources/trash-america
https://doi.org/10.1201/9781315313450
https://doi.org/10.1016/j.jclepro.2021.128511
https://doi.org/10.1016/j.mineng.2021.107081
https://doi.org/10.1016/j.mineng.2021.107081

www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

Jedrusiak et al. 2023 / Gospodarka Surowcami Mineralnymi — Mineral Resources Management 39(3), 43-63 59

Chen et al. 2020 — Chen, H., Lin, H., Zhang, P. and Yu, L. 2020. Immobilisation of heavy metals in hazardous waste
incineration residue using Si02-A1203-Fe203-CaO glass-ceramic. Ceramics International. pp. 1-10, DOI:
10.1016/j.ceramint.2020.11.213.

Code US 1976. Public Law 94-409 94th Congress An Act, (1), pp. 1023-1024.

DARPA 2021. Looks to Microbes to Process Rare Earth Elements. US Department of Defense. [Online:] https:/
www.defense.gov/News/News-Stories/Article/Article/2768268/darpa-looks-to-microbes-to-process-rare-ear-
th-elements/ [Accessed: 2023-01-16].

DOE 2021. Department of Energy. DOE Awards $19 Million for Initiatives to Produce Rare Earth Elements and
Critical Minerals. [Online:] https://www.energy.gov/articles/doe-awards-19-million-initiatives-produce-rare
-earth-elements-and-critical-minerals [Accessed: 2023-01-13].

Donahue, M. 2018. Waste incinertion: a dirty secret in how states define renewable energy acknowledgements. [On-
line:] https://ilsr.org/waste-incineration-renewable-energy/ [Accessed: 2023-01-13].

Dou et al. 2017 — Dou, X., Ren, F., Nguyen, M. and Aham, A. 2017. Review of MSWI bottom ash utilization from
perspectives of collective characterization, treatment and existing application. Renewable and Sustainable
Energy Reviews 79, pp. 24-38, DOL: 10.1016/j.rser.2017.05.044.

Drobniak, A. and Mastalerz, M. 2022. Rare Earth Elements: A brief overview. Indiana Journal of Earth Sciences 4,
DOI: 10.14434/ijes.v4i1.33628.

Deng et al. 2022 — Deng, B., Wang, X., Luong, D., Carter, R., Wang, Z., Tomson, M. and Tour, J. 2022. Rare earth
elements from waste. Science Advances 8(6), DOI: 10.1126/sciadv.abm3132.

Elbashier et al. 2021 — Elbashier, E., Mussa, A., Hafiz, M. and Hawari, A. 2021. Recovery of rare earth elements
from waste streams using membrane processes: An overview. Hydrometallurgy 204, DOI: 10.1016/j.hydro-
met.2021.105706.

Eswaraiah et al. 2008 — Eswaraiah, C., Kavitha, T. and Vidyasagar, S. 2008. Classification of metals and plastics from
printed circuit boards (PCB) using air classifier. Chemical Engineering and Processing: Process Intensification
47(4), pp. 565-576, DOI: 10.1016/j.cep.2006.11.010.

EPA 2020. Advancing Sustainable Materials Management: Facts and Figures. Environmental Protection Agency.
[Online:] https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/advancing-sustainable
-materials-management [Accessed: 2023-01-13].

EPAa 2022. Municipal Solid Waste Landfills. Environmental Protection Agency. [Online:] https://www.epa.gov/
landfills/municipal-solid-waste-landfills [Accessed: 2023-01-13].

EPAb 2022. National Overview: Facts and Figures on Materials, Wastes and Recycling. Environmental Protection
Agency. [Online:] https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/national-o-
verview-facts-and-figures-materials [Accessed: 2023-03-01].

EPA 2023. Energy Recovery from the Combustion of Municipal Solid Waste (MSW). Environmental Protection Agen-
cy. [Online:] https://www.epa.gov/smm/energy-recovery-combustion-municipal-solid-waste-msw [Accessed:
2023-01-13].

EC 2020. Study on the EU's list of Critical Raw Materials, Factsheets on Critical Raw Materials. European Com-
mission, DOI: 10.2873/11619.

EPC 2008. Directive 2008/98/CE of the European Parliament and of the Council of 19 November 2008 on waste and
repealing certain Directives. European Parliament and Council. Official Journal of European Union, L312, pp.
1-59. [Online:] http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2008:312:0003:01:ES:HTML
[Accessed: 2023-01-13].

EPC 2023. Establishing a framework for ensuring a secure and sustainable supply of critical raw materials and
amending Regulations (EU) 168/2013, (EU) 2018/858, 2018/1724 and (EU) 2019/1020. European Parliament
and a Council.

Eurostat 2021. Data browser - Municipal Solid Waste Management. Eurostat. [Online:] https://ec.europa.eu/eurostat/
databrowser/view/tec00115/default/table?lang=en [Accessed: 2023-01-13].

Eurostat 2017. Municipal waste statistics. pp. 1-6. [Online:] http://ec.europa.eu/eurostat/statistics-explained/ [Ac-
cessed: 2023-01-14].

Faramarzi et al. 2020 — Faramarzi, M.A., Mogharabi-Manzari, M. and Brandl, H. 2020. Bioleaching of metals from
wastes and low-grade sources by HCN-forming microorganisms. Hydrometallurgy 191, DOI: 10.1016/J.HY-
DROMET.2019.105228.


http://doi.org/10.1016/j.ceramint.2020.11.213
https://www.defense.gov/News/News-Stories/Article/Article/2768268/darpa-looks-to-microbes-to-process-rare-earth-elements/
https://www.defense.gov/News/News-Stories/Article/Article/2768268/darpa-looks-to-microbes-to-process-rare-earth-elements/
https://www.defense.gov/News/News-Stories/Article/Article/2768268/darpa-looks-to-microbes-to-process-rare-earth-elements/
https://www.energy.gov/articles/doe-awards-19-million-initiatives-produce-rare-earth-elements-and-critical-minerals
https://www.energy.gov/articles/doe-awards-19-million-initiatives-produce-rare-earth-elements-and-critical-minerals
https://ilsr.org/waste-incineration-renewable-energy/
http://doi.org/10.1016/j.rser.2017.05.044
http://doi.org/10.14434/ijes.v4i1.33628
http://doi.org/10.1126/sciadv.abm3132
http://doi.org/10.1016/j.hydromet.2021.105706
http://doi.org/10.1016/j.hydromet.2021.105706
http://doi.org/10.1016/j.cep.2006.11.010
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/advancing-sustainable-materials-management
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/advancing-sustainable-materials-management
https://www.epa.gov/landfills/municipal-solid-waste-landfills
https://www.epa.gov/landfills/municipal-solid-waste-landfills
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/national-overview-facts-and-figures-materials
https://www.epa.gov/facts-and-figures-about-materials-waste-and-recycling/national-overview-facts-and-figures-materials
https://www.epa.gov/smm/energy-recovery-combustion-municipal-solid-waste-msw
http://doi.org/10.2873/11619
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do%3Furi%3DOJ:L:2008:312:0003:01:ES:HTML%20
https://ec.europa.eu/eurostat/databrowser/view/tec00115/default/table%3Flang%3Den
https://ec.europa.eu/eurostat/databrowser/view/tec00115/default/table%3Flang%3Den
http://ec.europa.eu/eurostat/statistics-explained/
http://doi.org/10.1016/J.HYDROMET.2019.105228
http://doi.org/10.1016/J.HYDROMET.2019.105228

www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

60 Jedrusiak et al. 2023 / Gospodarka Surowcami Mineralnymi — Mineral Resources Management 39(3), 43-63

Funari et al. 2015 — Funari, V., Braga, R. and Bokhari, S. 2015. Solid residues from Italian municipal solid waste
incinerators: A source for “critical” raw materials. Waste Management 45, pp. 206-216, DOI: 10.1016/j.wa-
sman.2014.11.005.

Funari et al. 2016 — Funari, V., Bokhari, S. and Viglio, L. 2016. The rare earth elements in municipal solid waste
incinerators ash and promising tools for their prospecting. Journal of Hazardous Materials 301, pp. 471-479,
DOI: 10.1016/j.jhazmat.2015.09.015.

Gallegos-Acevedo et al. 2014 — Gallegos-Acevedo, P.M., Espinoza-Cuadra, J. and Olivera-Ponce, J. 2014. Co-
nventional flotation techniques to separate metallic and nonmetallic fractions from waste printed circuit
boards with particles nonconventional size. Journal of Mining Science 50(5), pp. 974-981, DOIL: 10.1134/
S1062739114050172.

Gaustad et al. 2021 — Gaustad, G., Williams, E. and Leader, A. 2021. Rare earth metals from secondary sources:
Review of potential supply from waste and byproducts. Resources, Conservation and Recycling 167, DOI:
10.1016/j.resconrec.2020.105213.

Ghosh et al. 2015 — Ghosh, B., Ghosh, M., Parhi, P. and Mukhe, P. 2015. Waste Printed Circuit Boards recycling: An
extensive assessment of current status. Journal of Cleaner Production Elsevier Ltd, pp. 5-19, DOI: 10.1016/j.
jclepro.2015.02.024.

Graedel et al. 2015 — Graedel, T., Harper, E. and Nassar, N. 2015. Criticality of metals and metalloids. Proceedings
of the National Academy of Sciences of the United States of America 112(14), pp. 4257-4262, DOI: 10.1073/
pnas.1500415112.

He et al. 1995 — He, X., Logan, T. and Traina, S. 1995. Physical and Chemical Characteristics of Selected U.S.
Municipal Solid Waste Composts. Journal of Environmental Quality 24(3), pp. 543-552, DOI: 10.2134/
JEQ1995.00472425002400030022X.

Heetal. 2017 —He, X., Li, X., Han, J. and Zhan, H. 2017. ZnO template strategy for the synthesis of 3D interconnec-
ted graphene nanocapsules from coal tar pitch as supercapacitor electrode materials. Journal of Power Sources
340, pp. 183-191, DOI: 10.1016/j.jpowsour.2016.11.073.

Huber, F. and Blasenbauer, D. 2020. Complete determination of the material composition of municipal solid waste
incineration bottom ash. Waste Management 102, DOI: 10.1016/j.wasman.2019.11.036.

Hyks, J. and Hjelmar, O. 2018. Utilisation of Incineration Bottom Ash (IBA) from Waste Incineration — Prospects
and Limits. Removal, Treatment and Utilisation of Waste Incineration Bottom Ash pp. 11-24.

IRT 2020. Material criticality: an overview for decision-makers. Internationa Round Table on Materials Criticality
in Business Practice.

Jeswani et al. 2013 — Jeswani, H.K., Smith, R.-W. and Azapagic, A. 2013. Energy from waste: Carbon footprint of
incineration and landfill biogas in the UK. International Journal of Life Cycle Assessment 18(1), pp. 218-229,
DOI: 10.1007/s11367-012-0441-8.

Jowitt et al. 2018 — Jowitt, S.M. Werner, T. and Wenig, Z. 2018. Recycling of the rare earth elements. Current Opi-
nion in Green and Sustainable Chemistry 13, pp. 1-7, DOI: 10.1016/J.COGSC.2018.02.008.

Jung et al. 2004 — Jung, C.H., Matsuto, T., Tanaka, N. and Okada, T. 2004. Metal distribution in incineration residues
of municipal solid waste (MSW) in Japan. Waste Management 24(4), pp. 381-391, DOI: 10.1016/S0956-
053X(03)00137-5.

Kaza, S. 2018. What a Waste 2.0 Introduction - Snapshot of Solid Waste Management to 2050. Urban Development
Series, pp. 1-38. [Online:] https://openknowledge.worldbank.org/handle/10986/30317 [Accessed: 2023-01-17].

Kose Mutlu, B. and Kantoni, B. 2018. Application of nanofiltration for Rare Earth Elements recovery from coal
fly ash leachate: Performance and cost evaluation. Chemical Engineering Journal 349, pp. 309-317, DOI:
10.1016/J.CEJ.2018.05.080.

Lietal. 2004 —Li, J., Shrivastava, P. and Gao, Z. 2004. Printed circuit board recycling: A state-of-the-art survey. /EEE
Transactions on Electronics Packaging Manufacturing 27(1), pp. 33-42, DOI: 10.1109/TEPM.2004.830501.

Lynn et al. 2017 — Lynn, C.J., Ghataora, G. and Dhir, R. 2017. Municipal incinerated bottom ash (MIBA) characte-
ristics and potential for use in road pavements. International Journal of Pavement Research and Technology
10(2), pp. 185-201, DOI: 10.1016/.ijprt.2016.12.003.

Joseph et al. 2020 — Joseph, A.M., Snellings, R. and Nielsen, P. 2020. Pre-treatment and utilisation of municipal solid
waste incineration bottom ashes towards a circular economy. Construction and Building Materials 260, DOI:
10.1016/j.conbuildmat.2020.120485.


http://doi.org/10.1016/j.wasman.2014.11.005
http://doi.org/10.1016/j.wasman.2014.11.005
http://doi.org/10.1016/j.jhazmat.2015.09.015
http://doi.org/10.1134/S1062739114050172
http://doi.org/10.1134/S1062739114050172
http://doi.org/10.1016/j.resconrec.2020.105213
http://doi.org/10.1016/j.jclepro.2015.02.024
http://doi.org/10.1016/j.jclepro.2015.02.024
http://doi.org/10.1073/pnas.1500415112
http://doi.org/10.1073/pnas.1500415112
http://doi.org/10.2134/JEQ1995.00472425002400030022X
http://doi.org/10.2134/JEQ1995.00472425002400030022X
http://doi.org/10.1016/j.jpowsour.2016.11.073
https://doi.org/10.1016/j.wasman.2019.11.036
http://doi.org/10.1007/s11367-012-0441-8
http://doi.org/10.1016/J.COGSC.2018.02.008
http://doi.org/10.1016/S0956-053X%2803%2900137-5
http://doi.org/10.1016/S0956-053X%2803%2900137-5
https://openknowledge.worldbank.org/handle/10986/30317
http://doi.org/10.1016/J.CEJ.2018.05.080
http://doi.org/10.1109/TEPM.2004.830501
http://doi.org/10.1016/j.ijprt.2016.12.003
http://doi.org/10.1016/j.conbuildmat.2020.120485

www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

Jedrusiak et al. 2023 / Gospodarka Surowcami Mineralnymi — Mineral Resources Management 39(3), 43-63 61

Mastalerz et al. 2020 — Mastalerz, M., Drobniak, A. and Eble, C. 2020. Rare earth elements and yttrium in Pennsy-
Ivanian coals and shales in the eastern part of the Illinois Basin. /nternational Journal of Coal Geology. 231,
p. 103620, DOI: 10.1016/J.COAL.2020.103620.

Mehr et al. 2021 — Mehr, J., Haupt, M., Skutan, S. and Morf, L. 2021. The environmental performance of enhanced
metal recovery from dry municipal solid waste incineration bottom ash. Waste Management 119, pp. 330-341,
DOI: 10.1016/j.wasman.2020.09.001.

Mining 2021. Extracting rare earths from fertilizer byproduct may soon be a reality. [Online:] https://www.mining.
com/extracting-rare-earths-from-fertilizer-byproduct-may-soon-be-a-reality/ [Accessed: 2023-02-16].

Ministry of the Environment 2023. Act of December 14, 2012 on waste. OJ 2022 item 699. (Ministerstwo Srodowi-
ska 2023. Ustawa z dnia 14 grudnia 2012 r. o odpadach. Dz.U. 2022 poz. 699). [Online:] https://isap.sejm.gov.
pl/isap.nsf/DocDetails.xsp?id=wdu20130000021 [Accessed: 2023-02-01] (in Polish).

Morf et al. 2013 — Morf, L.S., Gloor, R., Haag, O., Haupt, M., Skutan, S., Lorenzo, F. and Boni, D. 2013. Precious
metals and rare earth elements in municipal solid waste — Sources and fate in a Swiss incineration plant. Waste
Management 33(3), DOI: 10.1016/j.wasman.2012.09.010.

Muchova et al. 2009 — Muchova, L., Bakker, E. and Rem, P. 2009. Precious metals in municipal solid waste incinera-
tion bottom ash. Water, Air, and Soil Pollution: Focus 9(1-2), pp. 107-116, DOI: 10.1007/S11267-008-9191-9.

Nassar, N. and Fortier, S.M. 2021. Methodology and Technical Input for the 2021 Review and Revision of the U.S.
Critical Minerals List. U.S. Geological Survey Open File Report, 2021-1045, p. 31.

Nikravan et al. 2020 — Nikravan, M., Ramezanianpour, A. and Maknoon, R. 2020. Study on physiochemical proper-
ties and leaching behavior of residual ash fractions from a municipal solid waste incinerator (MSWI) plant.
Journal of Environmental Management 260, DOI: 10.1016/j.jenvman.2019.110042.

Norgaard, K.P. and Hyks, J. 2019. Optimizing large-scale ageing of municipal solid waste incinerator bottom ash
prior to the advanced metal recovery: Phase I: Monitoring of temperature, moisture content, and CO, level.
Waste Management 85, pp. 95-105, DOI: 10.1016/j.wasman.2018.12.019.

Offerman, S. 2019. General Introduction to Critical Materials, pp. 1-10, DOI: 10.1142/9789813271050_0001.

Papadopoulos et al. 2019 — Papadopoulos, A., Tzifas, I. and Tsikos, H. 2019. The potential for REE and associated
critical metals in coastal sand (Placer) deposits of Greece: A review. Minerals 9(8), DOI: 10.3390/min9080469.

Quina, M. and Botempi, A. 2018. Technologies for the management of MSW incineration ashes from gas cleaning:
New perspectives on recovery of secondary raw materials and circular economy. Science of the Total Environ-
ment 635, pp. 526542, DOI: 10.1016/j.scitotenv.2018.04.150.

Rybak, A. and Rybak, A. 2021. Characteristics of some selected methods of rare earth elements recovery from coal
fly ashes. Metals 11(1), pp. 1-27, DOI: 10.3390/met11010142.

Sabbas et al. 2003 — Sabbas, T., Muntoni, A. and Pollettini, A. 2003. Management of municipal solid waste incinera-
tion residues. Waste Management 23(1), pp. 61-88, DOI: 10.1016/S0956-053X(02)00161-7.

Sarvar et al. 2015 — Sarvar, M., Salarirad, M. and Shabani, M. 2015. Characterization and mechanical separation of
metals from computer Printed Circuit Boards (PCBs) based on mineral processing methods. Waste Manage-
ment 45, pp. 246-257, DOI: 10.1016/j.wasman.2015.06.020.

Scarlat et al. 2019 — Scarlat, N., Fahl, F. and Dallemand, J. 2019. Status and Opportunities for Energy Recovery
from Municipal Solid Waste in Europe. Waste and Biomass Valorization 10(9), pp. 2425-2444, DOI: 10.1007/
$12649-018-0297-7.

Schlumberger et al. 2007 — Schlumberger, S., Schuster, M. and Ringmann, S. 2007. Recovery of high purity zinc
from filter ash produced during the thermal treatment of waste and inerting of residual materials. Waste Mana-
gement and Research 25(6), pp. 547-555, DOI: 10.1177/0734242X07079870.

Shaub, WM. 1997. Municipal solid waste incinerator residues. Resources, Conservation and Recycling. DOI:
10.1016/s0921-3449(97)00026-8.

Syc et al. 2010 — Syc, M., Keppert, M. and Pohorely, M. 2010. Fly ash treatment technology in modern waste
incineration plant. 2%/ International Conference on Sustainable Construction Materials and Technologies,
pp. 405-412.

§yc et al. 2020 — §yc, M., Simon, F., Hyks, J. and Braga, R. 2020. Metal recovery from incineration bottom
ash: State-of-the-art and recent developments. Journal of Hazardous Materials 393, DOI: 10.1016/j.jha-
zmat.2020.122433.


http://doi.org/10.1016/j.wasman.2020.09.001
https://www.mining.com/extracting-rare-earths-from-fertilizer-byproduct-may-soon-be-a-reality/
https://www.mining.com/extracting-rare-earths-from-fertilizer-byproduct-may-soon-be-a-reality/
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp%3Fid%3Dwdu20130000021
https://isap.sejm.gov.pl/isap.nsf/DocDetails.xsp%3Fid%3Dwdu20130000021
http://doi.org/10.1016/j.wasman.2012.09.010
http://doi.org/10.1007/S11267-008-9191-9
http://doi.org/10.1016/j.jenvman.2019.110042
http://doi.org/10.1016/j.wasman.2018.12.019
https://doi.org/10.1142/9789813271050_0001
http://doi.org/10.3390/min9080469
http://doi.org/10.1016/j.scitotenv.2018.04.150
http://doi.org/10.3390/met11010142
http://doi.org/10.1016/S0956-053X%2802%2900161-7
http://doi.org/10.1016/j.wasman.2015.06.020
http://doi.org/10.1007/s12649-018-0297-7
http://doi.org/10.1007/s12649-018-0297-7
http://doi.org/10.1177/0734242X07079870
http://doi.org/10.1016/s0921-3449%2897%2900026-8
http://doi.org/10.1016/j.jhazmat.2020.122433
http://doi.org/10.1016/j.jhazmat.2020.122433

www.czasopisma.pan.pl P N www.journals.pan.pl

POLSKA AKADEMIA NAUK

62 Jedrusiak et al. 2023 / Gospodarka Surowcami Mineralnymi — Mineral Resources Management 39(3), 43-63

Tesfaye et al. 2017 — Tesfaye, F., Lindberg, D. and Hamuyun, J. 2017. Improving urban mining practices for
optimal recovery of resources from e-waste. Minerals Engineering 111, pp. 209-221, DOI: 10.1016/j.mi-
neng.2017.06.018.

TS. 2015. Technology Transitions Case Study Critical Materials Institute. CMI : Accelerating Energy Innovations.
Transitions and Study.

USGS 2020. USGS Online Publications Directory. United States Geological Survey. [Online:] https://pubs.usgs.gov/
periodicals/mcs2020/ [19.01.2023].

Vidyadhar, A. and Das, A. 2013. Enrichment implication of froth flotation kinetics in the separation and recovery
of metal values from printed circuit boards. Separation and Purification Technology 118, pp. 305-312, DOI:
10.1016/j.seppur.2013.07.027.

Virginia Tech 2021. DOE Funds Novel Project to Recover Rare Earths from Municipal Solid Waste Incinerated Ash.
Mining and Minerals Engineering. [Online:] https://www.mining.vt.edu/news/articles/fall-2020/research-pro-
ject-aims-to-recover-rare-earths-while-reducing-land.html [Accessed: 2023-02-13].

WWF 2023. World Waste Facts. [Online:] https://www.theworldcounts.com/challenges/planet-earth/state-of-the
-planet/world-waste-facts/story [Accessed: 2023-02-13].

Yao et al. 2014 — Yao, Q., Samed, N., Keller, B. and Huang, L. 2014. Mobility of heavy metals and rare earth
elements in incineration bottom ash through particle size reduction. Chemical Engineering Science 118, pp.
214-220, DOI: 10.1016/j.ces.2014.07.013.

Yoo et al. 2009 — Yoo, J.M., Jeong, J. and Yoo, K. 2009. Enrichment of the metallic components from waste printed
circuit boards by a mechanical separation process using a stamp mill. Waste Management 29(3), pp. 1132-1137,
DOI: 10.1016/j.wasman.2008.06.035.

Yue-min et al. 2006 — Yue-min, Z., Wen, X. and Shi, H. 2006. Study on Metals Recovery from —0.074 mm Printed
Circuit Boards by Enhanced Gravity Separation. The Chinese Journal of Process Engineering.

Zeller et al. 2019 — Zeller, V., Towa, E. and Degrez, M. 2019. Urban waste flows and their potential for a circular eco-
nomy model at city-region level. Waste Management 83, pp. 83-94, DOI: 10.1016/J. WASMAN.2018.10.034.

Zhang et al. 2022 — Zhang, C., Mingming, H., Di Maio, F., Sprecher, B. and Yang, X. 2022. An overview of the
waste hierarchy framework for analyzing the circularity in construction and demolition waste management in
Europe. Science of the Total Environment 803, DOI: 10.1016/j.scitotenv.2021.149892.

Zucha et al. 2020 — Zucha, W., Weibel, M. and Wolffers, M. 2020. Inventory of MSWI fly ash in Switzerland: He-
avy metal recovery potential and their properties for acid leaching. Processes 8(12), pp. 1-13, DOI: 10.3390/
pr8121668.

FROM WASTE TO VALUE: RECOVERING CRITICAL RAW MATERIALS
FROM URBAN MINES IN THE EUROPEAN UNION AND UNITED STATES
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Abstract

Municipal waste is a global issue and they are generated in all countries around the world. Both
in the European Union and the United States, a common method of non-recyclable waste utilization
is thermal incineration with energy recovery. As a result of this treatment, residual waste like bottom
ash, air pollution control residues and fly ashes are generated. This research shows that residues from
waste incineration can be a potential source of critical raw materials. The analysis of the available
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literature prove that the residues of municipal waste incinerators contain most of the elements impor-
tant for the US and EU economies. Material flow analysis has shown that each year, the content of
elemental copper in residues may be 29,000 Mg (USA) and 51,000 Mg (EU), and the amount of rare
carth elements in residues exceeds their mining in the EU. In the case of other elements, their content
may exceed their extraction by even over 300%. The recovery of elements is difficult due to their en-
capsulation in the aggregate matrix. The heterogeneous nature of residues and the many interactions
between different components and incineration techniques can make the process of recovery com-
plicated. Recovery plants should process as much of the residues as possible to make their recovery
profitable. However, policy makers from the EU and the US are introducing new legal regulations to
increase the availability of critical raw materials. In the EU, new regulations are planned that will
require at least 15% of the annual consumption of critical raw materials to come from recycling.
Therefore, innovative technologies for recovering critical raw materials from waste have a chance to
receive subsidies for research and development.

OD ODPADU DO WARTOSCI: ODZYSKIWANIE SUROWCOW KRYTYCZNYCH
Z MIEJSKICH KOPALNI W UNII EUROPEJSKIEJ I STANACH ZJEDNOCZONYCH

Stowa kluczowe

odpady komunalne, spalanie odpaddw, surowce krytyczne,

przetwarzanie pozostato$ci, gospodarka o obiegu zamknigtym

Streszczenie

Odpady komunalne stanowig globalny problem i sa wytwarzane we wszystkich krajach na ca-
tym $wiecie. W Unii Europejskiej i Stanach Zjednoczonych powszechng metoda utylizacji odpadow
nienadajacych si¢ do procesow recyklingu jest ich termiczne spalanie z odzyskiem energii. W wy-
niku tego procesu generowane sg pozostalosci procesowe, takie jak popioty denne, stale pozostato-
$ci z oczyszczania spalin i popioty lotne. Badania wykazaty, ze te odpady moga by¢ potencjalnym
zrodtem surowcow krytycznych. Analiza dostepnej literatury dowodzi, ze pozostatosci z instalacji
termicznego przeksztalcania odpadéw komunalnych zawieraja wigkszos¢ surowcow krytycznych
waznych dla gospodarki USA i UE. Analiza przeptywu materiatéw wykazata, ze zawartos¢ mie-
dzi pierwiastkowej w pozostato$ciach moze wynosi¢ rocznie 29 000 Mg (USA) i 51 000 Mg (UE),
a ilo$¢ metali ziem rzadkich w pozostalosciach przewyzsza ich wydobycie w UE. W przypadku in-
nych pierwiastkow, ich zawarto$¢ moze przewyzszaé¢ wydobycie nawet o ponad 300%. Odzyskiwanie
pierwiastkow jest jednak trudne ze wzgledu na ich agregacj¢. Heterogeniczna natura pozostatosci
i liczne interakcje miedzy roznymi sktadnikami oraz technikami spalania moga komplikowac proces
odzysku. Instalacje specjalizujace si¢ w przetwarzaniu pozostato$ci muszg przetwarzac jak najwigcej
odpadow aby ich odzysk byt optacalny. Jednak politycy z UE i USA wprowadzaja nowe regulacje
prawne w celu zwigkszenia dostgpnosci surowcow krytycznych. W UE planowane sg nowe przepisy
wymagajace, aby minimum 15% rocznego zuzycia surowcoéw krytycznych pochodzito z recyklingu.
Dlatego innowacyjne technologie odzysku surowcow krytycznych z odpadéw maja szanse na uzyska-
nie dotacji na badania i rozwo;.
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