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A B S T R A C T

Municipal Solid Waste Incineration (MSWI) plants pose significant environmental concerns, generating solid by- 
products, namely Fly Ash (FA) and Bottom Ash (BA). These MSWI residues have received attention due to the 
presence of valuable elements, Potentially Toxic Elements (PTE), and other contaminants. Radionuclide detec
tion is also critical because they can concentrate in incineration ashes to pose a radiological hazard. Therefore, 
multi-element and radionuclide analysis was performed on BA and FA, including samples from bag filters con
taining lime (FAL) and soda (FAS) additives collected from two MSWI plants in northern Italy. BA and FA were 
sampled in 2013, 2020, 2021, and 2022 for a multi-year assessment, including during the COVID-19 pandemic. 
Our objectives were to evaluate the potential of elemental flows and radiological impact of the two different 
MSWI plants. The chemical concentration of 70 elements and the activity of 8 radionuclides were determined 
using sector Field Inductively Coupled Plasma Mass Spectrometry (ICP-SFMS) and alpha and gamma spec
trometry, respectively. Regarding major elements (Fe, Al, Mg, Ti, and P), high mean concentrations were found 
in BA, followed by FAL and FAS. Notably, in BA samples, Fe, Al, Zn, and Cu averaged 47600, 35300, 4100, and 
3500 mg kg− 1, respectively, and critical raw materials, namely elements of economic importance such as Mg, P, 
Ti, and Ba, were concentrated at 16100, 6800, 3500, and 1400 mg kg− 1, respectively. The annual flows of el
ements from MSWI residue streams ranged in the order of 103-104 kg a-1 for Fe, Al, Zn, Cu, Mg and Ti, and the 
sum of Rare Earth Elements (

∑
REE) was about hundreds of kg per year. Chondrite-normalized patterns of REE 

and normalized patterns of selected elements over crustal averages helped to evaluate anthropogenic signals, 
which enabled us to hypothesise elemental sources related to the input MSW. BA and FA showed a higher content 
of natural radionuclides than artificial ones. In BA, natural radionuclides, 40K and 210Pb, ranged from 666 to 693 
Bq kg− 1 and 23.3–48.1 Bq kg− 1, respectively. In FA, 40K ranged from 308 to 2198 Bq kg− 1 and 210Pb from 17.1 to 
534 Bq kg− 1. Activity concentration index (ACI) results in all-natural radionuclides below the permissible limit 
(<1). Still, the significant abundance of 210Pb and 40K, coupled with their complex behaviour, calls for new and 
continuous evaluation of long-term emissions and the radiological hazard related to MSWI systems.
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1. Introduction

Incineration using Waste to Energy (WtE) technology is one of the 
preferred options for volume reduction and management of Municipal 
Solid Waste (MSW) in many industrialised countries. Inevitably, two 
solid byproducts are generated in Municipal Solid Waste Incineration 
(MSWI) systems. The Fly Ash (FA), which is removed from exhaust flue 
gases along the Air Pollution Control (APC) system, and Bottom Ash 
(BA), i.e., the residual material that remains at the bottom of the grate- 
furnace of the incinerator (Tang et al., 2015), are the two main solid 
waste “flows” as considered after Brunner and Rechberger (2004). After 
incineration, approximately 25–30 % of BA and 1–3 % of FA are 
generated from the original waste input (Jiao et al., 2016). BA is 
composed of minerals (50–70 %), glass and ceramics (10–30 %), un
burned materials (1–5 %), ferrous-metal particles (5–15 %), and 
non-ferrous-metal particles (1–5 %) (Funari et al., 2024, and reference 
therein). Typically, FA is composed of fine particles smaller than 200 μm 
and is classified as hazardous waste in many countries (Quina et al., 
2018) due to high concentrations of Potentially Toxic Elements (PTE). 
On the other hand, BA is usually not included in the list of hazardous 
wastes (Dou et al., 2017) because BA does not exceed regulatory hazard 
thresholds, but it still shows a significant level of PTE (Ghani et al., 
2023). During the COVID-19 pandemic, incineration and landfilling of 
medical waste and MSW generated were prioritised over recycling as 
many waste categories could be infectious (Prata et al., 2020). Produc
tion of MSWI residues is increasing with rapid urbanisation. In addition, 
the pandemic inevitably led to an increase of (micro)plastics in the MSW 
input, primarily due to the disposal of single-use protective equipment. 
Substantial quantities of these (micro)plastics are thus processed in 
MSWI systems because the thermal treatment is believed to facilitate 
their fragmentation or destruction, despite a general uncertainty related 
to legislative gaps (Casella et al., 2024) and actual fate (Yang et al., 
2021). The strategic importance of such a residue can be high because 
BA and FA contain valuable elements for urban mining (Funari et al., 
2023), including Critical Raw Materials (CRM) for the European Union 
(European Union, 2020). According to the European Commission 
(European Commission, 2023), these CRM are a fundamental base for 
technological development and include elements at high risk of supply, 
such as Co, Ga, Nb, Li, Rare Earth Elements (REE), and Platinum Group 
Elements (PGE), amongst other elements, minerals and aggregates.

BA and FA can be considered urban mines because chemical ele
ments can be extracted from their constant production flow (Funari 
et al., 2015). From this point of view, the chemical characterisation of 
BA and FA is of paramount importance in a circular economy perspec
tive. BA composition varies among different incinerators, depending on 
country, seasonality, incinerator technology, and waste collection effi
ciency (Wang et al., 2019). However, elements in BA and FA generally 
fall within a relatively narrow range of concentration (Funari, 2022). BA 
and FA characterisation emphasised their resource recovery potential 
(Morf et al., 2013; Funari, 2022; Ghani et al., 2023), which may be 
realised through various traditional and advanced technologies (Funari 
et al., 2023). As recently reported, CRM present at significant concen
trations in MSWI residues can be Co, Ba, V, W, Ga (Valentim et al., 
2024), B, Li, Mg, Ti, P, REE, Ag, Au, Os, Pd, and Pt (Funari et al., 2015; 
Ghani et al., 2023). Resource recovery from MSWI residues can vary 
across different incinerators and seasons. Time series analysis is crucial 
to understanding fluctuation in elemental concentrations and identi
fying controlling factors (e.g., Chuchro et al., 2025). The variation of 
elemental abundance can uncover dynamics in MSWI process, identi
fying significant chemical changes that might indicate changes in input 
MSW and incineration efficiency over time. In addition, the influence of 
additives, lime and soda, is least explored in existing studies. The 
two-step process, which involves the addition of neutralising agents, 
neutralises acid compounds and stabilises volatile elements, making the 
FA suitable for disposal or beneficial reuse (Dal Pozzo et al., 2016). 
Therefore, FA at two different steps of the treatment (see section 1.2 in 

Supplementary Material), FAL (after lime addition) and FAS (after soda 
addition), would need an assessment, including in time series.

Some radionuclides can concentrate from carbonaceous materials 
during combustion (Sahu et al., 2014), which can lead to an enrichment 
of radionuclides such as 238U, 226Ra and 210Pb in the residual ash, 
particularly well-known in FA from coal combustion (Ozden et al., 
2018). Coal combustion FA can also contain high concentrations of 
naturally occurring radionuclides such as polonium (210Po), uranium 
(234U, 235U, 238U), radium (226Ra), and potassium (40K) (Janković et al., 
2011). Landfilled FA materials eventually showed high levels of radio
activity in their disposal sites (Baxter, 1993). Less is known about the 
emission of radionuclides from BA due to their coarser and heavier 
particles, which are reused as aggregates in backfilling, primarily un
derground, with minimal risk of endangerment to nearby environments. 
The evaluation of activity and radiological hazard of radon (Rn), ura
nium (U), thorium (Th) and potassium (K) in BA from coal power plants 
is relatively well documented (e.g., Mohamed et al., 2023). Therefore, 
radionuclides in MSWI BA and FA should be quantified more constantly 
using analytical techniques and statistical models to evaluate radiolog
ical hazards and associated health impacts. According to the European 
Society of Radiology (ESR, 2015), new data on radionuclides can be 
utilised in the process of monitoring and implementing strategies of the 
European Basic Safety Standard (2013/59/EURATOM) within the na
tional legislation system.

MSWI ashes can have different elements and radionuclide profiles 
depending on the incineration facility and combustion conditions. This 
assessment of radiochemical composition and variability is virtually 
overlooked in MSWI residues across years and plants. Concurrent 
analysis of elemental composition and radionuclides is important in 
material characterisation, with the ultimate goal of achieving the suc
cessful and safe recovery of resources from waste for a circular economy. 
Assessment of time-resolved and multi-plant chemical analysis of BA, 
FAL, and FAS can provide valuable insights into seasonal variations and 
assist stakeholders in anticipating future conditions, making informed 
decisions on responsible resource usage (e.g., Menéndez-García et al., 
2024). A knowledge gap exists in the detailed characterisation of BA and 
FA, especially their radionuclide activity. Filling this gap is necessary for 
the evaluation of a safe utilisation of BA and FA. Hence, the present 
study aimed to. 

(i) Determine and compare the elemental composition of MSWI 
samples from two incinerator plants with time series analysis,

(ii) Estimate elemental flows in MSWI residues, and
(iii) Assess elemental concentrations and the activity of radionuclides 

in BA and FA with enrichment factors and calculations of emis
sion factors.

This study presents the first quantitative estimation of several ra
dionuclides emission from BA and FA related to the single plant and 
extended to a regional scale.

2. Materials and methods

2.1. Sampling and pre-treatment

The sampling campaign of FA and BA was conducted in 2013, 2020, 
2021, and 2022, from two grate-furnace MSWI plants, located in Ferrara 
(FE) and Forlì-Cesena (FC) municipalities, Italy (see Supplementary 
Materials file section 1.1). Thirty samples, including FA samples (n =
19), divided into FAL samples (n = 13) and FAS samples (n = 6), and BA 
samples (n = 11) were collected (Table 1). In this study, the number of 
samples is adequate to assess elemental abundances in MSWI residues, 
considering two MSWI plants, four years of reference data, and three 
types of MSWI residues to capture potential differences and inter- 
relationships. The sample number represents the diversity of MSWI 
residues (BA, FAL, and FAS), mainly because the number of samples for 
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each category is roughly proportional to the output streams (Table S1) 
within the two seasons considered (summer and winter). In this pro
portionality, a higher number of FA samples is required to represent the 
higher variability of FA compared to BA (Ghani et al., 2023; Funari, 
2022).

Lime and soda additives make up a substantial part of the FAL and 
FAS, respectively. Therefore, elemental concentrations related to the 
corresponding FA are calculated by subtracting the elemental concen
trations determined for the additives. Samples of these additives (Lime 
and Soda) used at FE and FC were obtained through sampling by the 
managers of the MSWI plants from their raw material supply, whose 
origin can be linked to natural rocks from the Balkan areas, according to 
the disclosure of the same managers. Details on FAL and FAS, including 
the role of additives are in the Supplementary Materials file section 1.2. 
Two available types of FA, i.e., lime-doped FA (FAL) and soda-doped FA 
(FAS), were sampled from ‘‘big bags’’ following a simple random sam
pling methodology, while the quenched BA were sampled from outdoor 
storage sites, following a stratified random sampling methodology, as in 
Funari et al. (2015). Sampling of MSWI ashes in 2020, 2021, and 2022 
was done because they cover the period of COVID-19 pandemic and its 
aftermath, while the samples from 2013 were used as a pre-pandemic 
reference. Moreover, the sample of summer 2020 can be considered as 
the infancy of the potential changes related to the pandemic concerning 
waste management, including the MSW sent to incinerators. The scheme 
in Fig. 1 presents the main processing stages, including the MSWI air 
pollution control (APC) system where FA materials are generated, 
sampling storage points, and sample and data treatment. Further details 
of sampling, homogenisation, and pre-treatment are presented in the 
Supplementary Materials file section 1.3.

2.2. Sample preparation

All samples (BA, FAL, FAS, and additives) were prepared for analysis 
by multi-acid digestion (Fig. 1) with the aid of a hot block (Pontér et al., 
2021). Sample manipulation procedures were performed in a clean 
laboratory (Class 10,000) to reduce as much possible external sources of 
contamination (Rodushkin et al., 2010). Hydrochloric acid (HCl, 30 %, 
Sigma-Aldrich Chemie GmbH, Munich, Germany) and hydrogen fluo
ride (HF, 48 %, Merck, Darmstadt, Germany) used in this study were of 
ultrapure grade. Nitric acid (HNO3, 69–70 %, Sigma-Aldrich Chemie 
GmbH, Munich, Germany) was of analytical grade additionally purified 

Table 1 
Descriptions of sample labels, classification of samples, incinerators, and sam
pling time.

Sample label Sample classification Incinerator Sampling time Year

1S FAL FE November 2013
2S BA FE November 2013
3S FAL FC November 2013
4S BA FC November 2013
10S FAL FE July 2020
11S FAS FE July 2020
15S2 BA FE July 2020
18S-1 FAL FC July 2020
18S-2 FAL FC July 2020
19S FAL FC July 2020
23S BA FC July 2020
26S FAL FE December 2020
29S FAS FE December 2020
33S BA FE December 2020
35S FAL FC December 2020
38S FAL FC December 2020
41S BA FC December 2020
44S FAL FE December 2020
45S FAS FE December 2021
46S BA FE December 2021
47S FAL FC December 2021
48S FAS FC December 2021
49S BA FC December 2021
62S FAL FE December 2021
63S FAS FE June 2022
64S BA FE June 2022
74S FAL FC June 2022
75S FAS FC June 2022
76S-1 BA FC June 2022
76S-2 BA FC June 2022

Fig. 1. The flow chart of sampling, laboratory activity, and interpretation described in this paper relative to BA and FA from FE and FC MSWI plants. Note: BA; 
Bottom ash, FA; Fly ash, FAL as Lime-doped fly ash, FAS as Soda-doped fly ash.
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in-house by sub boiling distillation. Ultrapure water (Millipore, Bedford, 
MA, USA) was used for dilution of samples and preparation of blanks 
and standards.

Homogenised samples (0.5 g) were weighed into 50 ml conical sterile 
polypropylene centrifuge tubes, one sample for FA and one for BA were 
weighed in duplicates to evaluate repeatability (18S-1 and 18S-2 for FA; 
76S-1 and 76S-2 for BA; Table 1). Exactly 10 ml of HCl and 10 ml of 
HNO3 were added to all samples and two procedural blanks. Digestion 
was carried out using a 120 ◦C hot block under reflux conditions for 24 
h. After cooling, 2 ml of HF were added to all tubes and further digestion 
steps were carried out at 120 ◦C for a further 2 h. Then, ultrapure water 
was added up to 50 ml and all tubes were thoroughly mixed. Prior to 
elemental analysis, samples and blanks were further diluted 100 times in 
acid-washed (0.78 M HNO3 room temperature leach for 24 h), 12-ml 
polypropylene tubes with ultrapure water and HNO3 to a total volume 
of 10 ml and 1.57 M HNO3 matrix. Matrix separation was performed on 
the remaining sample solution to reduce interferences when measuring 
trace elements (such as, REE, PGE, and Au), following a modified pro
tocol based on Rodushkin et al. (2018) and Mitra et al. (2021) (Sup
plementary Materials file 1.3).

2.3. Elemental analysis

Elemental concentrations (Ag, Al, As, Au, B, Ba, Be, Bi, Ca, Cd, Ce, 
Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Ge, Hf, Hg, Ho, I, Ir, K, La, Li, Lu, 
Mg, Mn, Mo, Na, Nb, Nd, Ni, Os, P, Pb, Pd, Pr, Pt, Rb, Re, Rh, Ru, S, Sb, 
Sc, Se, Si, Sm, Sn, Sr, Ta, Tb, Te, Th, Ti, Tl, Tm, U, V, W, Y, Yb, Zn, Zr) in 
ash and additive samples, blanks, and standards were determined using 
a single-collector double-focusing Inductively Coupled Plasma Sector- 
Field Mass Spectrometer (ICP-SFMS, ELEMENT XR and ELEMENT 2, 
Thermo Fisher Scientific, Bremen, Germany). Quantification was ach
ieved by external calibration with synthetic standards and an internal 
standard, indium (In), was used to correct for potential matrix effects 
and signal instability (Axelsson et al., 2002; Engström et al., 2004; 
Rodushkin et al., 2005).

2.4. Radiometric measurements

Alpha spectrometry of 210Po was used for 210Pb determinations in BA 
and FA samples from FC, assuming secular equilibrium between the two 
isotopes, and alpha decays were counted by a silicon surficial barrier 
detector connected to a multichannel analyzer (Bellucci et al., 2007). 
Details of the extraction procedure, measurements, software commands 
for activity calculations, and analytical accuracy are reported in Sup
plementary Materials 1.4. A selection of samples (representative of each 
ash category) was analysed based on highest concentrations measured 
by ICP-SFMS of relevant elements (Pb, Th, and U). The samples 
considered for comparison were from 2013 to 2022 sampling periods. 
Natural (210Pb, 40K, 226Ra, and 232Th) and artificial radionuclides (137Cs, 
241Am, and 131I) were measured in dry samples using standard vessels of 
suitable geometries by non-destructive gamma spectrometry (Fig. 1), 
using Ortec high-purity germanium detectors connected to Ortec DSPEC 
multi-channel analysers. In gamma spectrometry, 210Pb was determined 
from the 46.5 keV peak, 242Am from the 59.5 keV peak, 137Cs from the 
661.7 keV peak, and 40K from the 1460.8 keV peak. 226Ra was deter
mined as a weighted average of the radon progeny, 214Bi (609.3, 1764.5, 
and 1120.3 keV peaks), and 214Pb (351.9, 295.2, and 242 keV peaks). 
232Th was determined as a weighted average of 228Ac (911.2 and 338.3 
keV peaks) and 212Pb (238.6 keV peak) since these decay products 
representing 228Ra and 228Th were in or close to equilibrium.

2.5. Substance flow analysis

Substance flow analysis is a tool used to assess various bio-physical 
aspects related to human activity across various temporal and spatial 
scales (Brunner and Rechberger, 2004). In the mass balance 

calculations, the output materials (BA, FAL, and FAS) derived from (and 
how much) the input MSW is a well-known information. The flows of 
output waste for each fraction (BA, FAL, and FAS), in terms of mass per 
year, are obtained from the annual technical reports of FE and FC MSWI 
plants, as detailed in the Supplementary Materials (Table S1). Due to the 
lack of FAS samples suitable for comparison in 2013 and 2020, the mass 
balance calculation using all fractions (BA, FAL, and FAS) was not 
possible. Therefore, we used an average of the FAS from other years. 
Although assuming an average FAS value introduces a source of error, 
the results of the substance flow analysis can be reliable because the FAS 
is the smallest fraction in terms of output flows (often less than 1 % of 
the total waste input). Other necessary assumptions associated to mass 
conservation principles were: i) the collected BA, FAL, and FAS samples 
are representative of the entire season/year, ii) the system is effectively 
closed with no external interferences to the inorganic elements of in
terest. Details on mass balance calculation are reported in the Supple
mentary Materials section 1.5.

2.6. Assessment of metal enrichment and radiological hazard

Enrichment Factors (EFs) were used to assess the enrichment and 
behaviour of radionuclides measured in BA and FA for FC plant. The EF 
was calculated using equation (1) (Ouyang et al., 2018): 

EF=
(Xs/Ys)
(Xc/Yc)

(1) 

Where Xs and Ys represent the concentration of radionuclides and non- 
volatile element in BA and FA. Xc and Yc are the concentration of the 
radionuclide element and non-volatile element (Ti) in the Upper Con
tinental Crust (UCC; data from Rudnick and Gao, 2014). Titanium is 
used as a reference element in calculating enrichment factors of BA and 
FA as Ti is a major constituent of Earth’s crust and has chemical stability 
in solid phases and low volatility during combustion, thus more suitable 
than other elements (e.g., Cu, Fe, Zr) in the case of MSWI residues.

The Activity Concentration Index (ACI) was used to quantify the 
radiological hazard of radionuclides, as recommended in the EU Safety 
Standards (European Commission, 1999). ACI was calculated according 
to equation (2): 

ACI=
CTh

200
+

CRa

300
+

CK

3000
(2) 

where CTh, CRa, CK are activity concentrations of 232Th, 226Ra, and 40K, 
respectively, expressed in Bq kg− 1.

The Total Emission Factor (TEF) was used to calculate average 
annual radionuclides activity at the provincial level, using a standard 
emission factor-based approach (Sahu et al., 2017). The TEF was 
calculated, using (3): 

Ex =Ʃ (F X N) X SMR (3) 

where Ex is the total emission of radioactivity (in Bq); F represents the 
quantity (in kg) of BA and FA generated annually for each incinerator; N 
is the total number of incinerators, while SMR is the sum of all measured 
radioactivity (in Bq kg− 1) in BA and FA. Further details of EF, ACI and 
TEF are in the Supplementary Material section 1.6.

3. Results and discussion

3.1. Chemical composition of BA, FAL, and FAS

The elemental composition of BA and FA (FAL, FAS) samples from FE 
and FC are presented in Fig. 2. Table S2 and Table S3 of the Supple
mentary material file report descriptive statistics (minimum, maximum, 
median, mean and standard deviation) and the complete results of 
measurements by ICP-SFMS, respectively. BA has, in general, the highest 
concentration of most elements except volatile elements, followed by 
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FAL and, lastly, FAS. This concentration difference is expected as: 1) BA 
consists of all waste products and non-volatile materials that combust 
completely or partially during the MSWI process, resulting in high 
elemental concentrations, and 2) elemental concentrations in BA are not 
diluted by the alkaline additives in contrast to FAL and FAS. Since FAL 
derives from the first step in cleaning the flue gases, it can scrub a higher 
particle-leaded stream compared to the second step of the clean-up 
process, i.e., FAS, along the APC line. Only highly volatile elements, 
or those that are more stabilised by soda than by lime, will remain in 

higher concentrations in the FAS category. For example, K, Zn, Pb, As, 
Cr, and Cd tend to follow this pattern. In Table S2, the average con
centration of all elements in BA and FA (FAL, FAS) are compared to UCC 
average values (from Rudnick and Gao, 2014) to assess their potential in 
elemental resources.

3.1.1. Industrial base metals and other valuable elements
Calcium and Na are the most abundant elements in all sample cat

egories; BA and FAL show high Ca concentrations of 189 g kg− 1 and 197 

Fig. 2. Box plots of selected valuable elements in BA, FAL, and FAS. Industrial base metals (Fe, Al, K, Zn, and Cu); CRM (P, Ti, Mg, Ba, Co, REE, and PGE), precious 
elements, Ag and Au, and PTE (As, Br, Cd, Cr, Cs, Hg, Ni, and Pb). PGE expressed in μg kg− 1. 

∑
REE: La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu; 

∑
PGE: Ru, Rh, Pd, Os, Ir, Pt.
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g kg− 1, respectively, and FAS shows high Na concentrations averaging 
306 g kg− 1 (Table S3). FAL and FAS are enriched in Ca and Na due to the 
addition of calcium hydroxide (CaOH)2 and sodium bicarbonate 
(NaHCO3), respectively. In BA and FA, concentrations of base elements 
(K, Zn, Cu, Fe, and Al, but Cu, in FAS) are higher than their respective 
UCC averages (Table S2). Fig. 2 shows how Fe and Al vary in all samples. 
Both Al and Fe reach maximum concentration in BA, followed by FAL 
and FAS. The abundance of these elements in BA can be associated with 
metallic scraps and mineral phases that are not volatilized during 
combustion (Bunge, 2015). Potassium and Zn reach maximum concen
tration in the FAL category, followed by BA and FAS (Fig. 2). Although K 
and Zn occur as major constituents in minerals found in BA (Funari et al., 
2024), their volatile part can condense in chlorides as temperature drops 
in the APC system, and accumulate in FA, also influenced by the organic 
matter contents (Rissler et al., 2020). K and Al concentrations are 
comparably low in Chinese MSWI FA (Han et al., 2021). Copper is more 
concentrated in BA than FAL and FAS, likely forming stable mineral 
phases (Nguyen et al., 2024). Fe and Cu can be found at high concen
trations in BA (Yao et al., 2010), and our results, especially for Zn and 
Cu, are similar to those of Zhao et al. (2021). Regarding FAL, Zn and Cu 
concentrations can be higher in Chinese FA containing a lime additive 
(Lou et al., 2023).

3.1.2. Critical Raw Materials (CRM)
In Fig. 2 and Table S2, chemical concentrations of CRM for both FE 

and FC plants and in all sample categories (BA, FAL, and FAS) are pro
vided. CRM concentrations are one order of magnitude higher than the 
UCC averages, except Ba that is 30 times lower in FAS and slightly lower 
in FAL than the UCC. In BA, Mg Ti, P, and Ba show highest concentra
tions due to their non-volatile nature. In BA, Mg can be present at high 
concentrations due to the accumulation of Mg-oxides, which tend to 
remain in the solid residual phase during combustion (e.g., Smołka-
Danielowska et al., 2019). BA and FAL show comparable Ti concentra
tions, and high Ti in FAL is likely due to external contamination from the 
scrubbing process, such as, the corrosion of exchanger tubing (Kermani 
et al., 2007). Phosphorus is generally higher in BA than FA. In BA, Mg 
and Ti contents are higher than those from Japan (Back and Sakanakura, 
2021) and other MSWI plants in the USA, UK and Denmark (Gökelma 
et al., 2021). The formation of stable minerals from organic waste can 
explain high P contents (Kasina et al., 2023). Barium is typically 
retained in BA instead of being volatilized, due to its high boiling point 
(Frandsen et al., 2004).

In FA, CRM, such as, Sr, B, Li, V, Co, W, Nb, Ga, Hf, and Be are mainly 
concentrated in FAL, followed by FAS (Tables 2 and 3). The alkaline 
nature of the additives may influence major mineral’s formation in FA 
and final concentration of these valuable elements. CRM concentrations 
measured for FC and FE plants align to data of FA from EU countries 
(Nedkvitne et al., 2021). In BA, CRM, such as, Mg, P, Ti, Ba, Sr, B, Li, V, 
Co, W, Nb, Ga, Hf, and Be are likely hosted in carbonates (Xiang et al., 
2022), spinels, metallic inclusions (Funari et al., 2018), melilites, her
cynites, non-silicate minerals, and other glassy phases (Mantovani et al., 
2023). These minerals are difficult to destroy and can contain inclusions 
of volatile elements that are not released during incineration, resulting 
in the relative enrichment of naturally incompatible elements in BA 
materials (Funari et al., 2024). In the following order, MSWI-BA, FAL, 
and FAS, can source CRM. A few CRM, including Sb, Bi, and W, are 
remarkably enriched compared to the Earth’s crust (Table S2). Knowing 
the concentration differences between these materials can be useful to 
improve CRM extraction from MSWI residues.

3.1.3. Rare Earth Elements (REE)
The observed variability of REE concentrations is in Fig. 2. Generally, 

REE abundance is higher in BA compared to other categories (Fig. 2), 
likely due to high REE boiling point (Zhao et al., 2008). In BA, the sum of 
Light REE (ΣLREE) ranged 52.3–236 mg kg− 1, while the sum of Heavy 
REE (ΣHREEs) ranged 12.4–25.4 mg kg− 1. Their concentrations are ten 

times higher in BA than FAL (ΣLREE 5.12–62.4 mg kg− 1 and ΣHREE 
1.7–26.4 mg kg− 1), and even much higher than FAS (ΣLREEs 1.2–2.83 
mg kg− 1, ΣHREEs 0.3–0.7 mg kg− 1).

Ce is generally the most abundant REE in BA (Table S2). The pres
ence of Ce in MSWI residues may be related to its use in glass, cast iron, 
and stainless steel production (Zambon et al., 2021), which ultimately 
ends up as MSW (inadequate collection of C&D, Construction and De
molition Waste streams, for instance). REE such as La, Gd, Dy, and Ho 
are also concentrated in BA. The enrichment of these elements can be 
attributed to their use in various industrial applications. Lanthanum, for 
example, is commonly used in battery alloys, laptops, cell phones, 
hybrid vehicles, and as a glass additive (Perry and Van Veen, 2024). 
Gadolinium finds applications in products like microwaves, optical 
components, compact discs, TV tubes, and alloys (Rogowska et al., 
2018). The HREE, Dy, is used in permanent magnets (King and Eggert, 
2022), Ho in glass polishing and glass additives (Kolawole et al., 2021). 
Notably, unsorted WEEE, Waste from Electrical and Electronic Equip
ment, can contribute most to HREE presence in feedstock of in
cinerators. At the end of their life cycle, all these goods and products can 
contribute to enhancing REE concentrations in MSWI residues.

The solubility and chemical behaviour of REE can be influenced by 
the presence of salts, especially Soda and Lime additives in MSWI FA. In 
general, chlorides and carbonates chemically interact with REE, forming 
insoluble phases and influencing the partitioning and behaviour of REE. 
However, the raw material (Lime and Soda additives) used in the APC 
system leading to FA generation shows uneven chondrite-normalized 
patterns of about one order of magnitude lower than FAL and FAS 
values, respectively (Fig. 3), so additives in FA should not superimpose 
the signals from MSW. In Fig. 3, chondrite normalisation helps to un
derstand the geochemical behaviour of REE in BA and FA. The REE 
chondrite-normalized patterns of BA show consistency, considering the 
prolonged observation (Fig. 3). In BA, fluctuation appears for Ce in Dec- 
2020 samples and Ce, Pr, Nd, Gd, and Ho in 2022 ones. In general, the 
BA trend adheres to UCC chondrite-normalized patterns. Conversely, the 
FA patterns slightly differ from UCC chondrite-normalized patterns 
showing uneven abundances between LREE and HREE. Anomalous 
behaviour (Ce, Nd, and Yb in FAL; Nd, Gd, and Yb in FAS) may be partly 
related to the composition of additives (Fig. 3). In FAL, REE patterns 
show similarity between the yearly samples, but anomalies are visible 
for Ce, Tb, and Yb in 2013 and Dec-2020 samples. The FAS chondrite- 
normalized patterns have Gd and Ho peaks in Dec-2020 samples. Ac
cording to Fig. 3, the relative abundance of LREE such as Ce, Tb, Nd, and 
Gd is high in BA and FAL, while HREE shows low enrichments. However, 
HREE partitioning compared to the UCC chondrite-normalized patterns 
might reflect that REE are often encapsulated in aluminosilicates and 
other glassy phases, which are typically found in MSWI BA and FA.

3.1.4. Potentially Toxic Elements (PTE)
In BA and FA, PTE concentrations are different to the UCC averages. 

For example, Cr, Cd, As, Ni, and Hg are high in BA and FAL, particularly 
in BA, and less concentrated in FAS, with some exceptions (Hg; Fig. 2; 
Table S2). Ni and U are comparably higher in BA samples; Cd, As, and Tl 
in FAL, and Hg in FAS. Significant concentrations of Cr, Mo, and Pb can 
be found in BA and FAL. At elevated temperatures, Pb tends to occur as 
oxides (Świetlik et al., 2016), contributing to Pb enrichment in BA and 
FA. In FAL, high concentrations of As, Cr, Cd, Hg, and Ni can also be due 
to their ability to volatilise (>500 ◦C) and condense in the FA residue (Lu 
et al., 2022). Thereby, PTE tend to condense in the cooler areas of the 
APC system where FA is collected (Frandsen et al., 2004). The different 
speciation of PTE, like Pb, Cr, As, and Cd, can affect their behaviour in 
the residual ashes (Yao et al., 2017).

Table S4 reports a brief literature analysis regarding most common 
PTE in MSWI residues. Chemical concentrations of Pb, As, and Cr are 
similar to reported values from grain-sized BA of the same MSWI plants 
(Mantovani et al., 2023; Ghani et al., 2023) and other samples of BA and 
FA from MSWI plants of the same Italian region, collected in 2015 
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(Funari et al., 2015) and 2016 (Funari et al., 2016a). In BA, Pb and Cd 
concentration data are higher than those from Qatar (Al-Ejji et al., 
2023), whereas, in FA, the mean concentration of several PTE (Cr, Pb, 
As) is lower than that reported from MSWI plants in Switzerland (Weibel 
et al., 2018) and China (Lujiashan plant in Beijing; Zhao et al., 2021).

3.1.5. Platinum Group Elements (PGE), Au, Ag, Re, Sn, Zr, Th, Br, and I
PGE are Pd, Ru, Pt, Rh, Os, and Ir, listed as “critical raw materials” 

due to their strategic importance in the EU economy. Like REE, PGE are 
extensively used in modern industrial applications. The main source of 
PGE in incinerator ashes is linked to advanced electronics, jewellery, 
and special alloys wastes (Romano et al., 2023). PGE are at low con
centrations in MSWI residues (Fig. 2 and Table S2). PGE concentrations 
show selective enhancement among the different sample types. BA and 
FA, especially FAL, show significant Pd and Ru concentrations compared 
to the UCC average. Ru is higher in BA or FAL than the UCC average 
(Table S2). As previously reported (Funari et al., 2016b), Os is higher in 
FAS, and significantly higher than UCC average. Other PGE, Pt, Rh, and 
Ir, can vary within very low concentrations with differences attributable 
to their volatility (e.g., Ajorloo et al., 2022).

Similarly, Au, Ag, Re, and Sn, typically present at significant con
centrations in FAL samples, can be associated to WEEE, catalysts, 
jewellery, and special alloys (e.g., cans as a major Sn source; Wei et al., 
2011). Th and Zr show high concentrations in BA, likely associated to 
refractory materials (glass, ceramics) from C&D, WEEE, and other spe
cial waste streams (e.g., Lemaignan, 2012; Keith et al., 2019; Ebert et al., 
2020). Halogens, like Br and I, are higher in FA due to their volatility 
(Ebert, 2021). The highest mean concentrations are measured in FAS 
samples (Table S2). Regarding the potential sources of Br and I, Br is 
related to flame-retardants, textiles, and plastics, while I mostly to 
medical waste (Vainikka and Hupa, 2012; Witard et al., 2022).

3.2. Time series analysis of elemental abundance

A time series of chemical analysis helps to understand patterns of 
seasonal variation for a given product, which in turn informs policy
making. In the assessment of MSWI residues, time series analysis can be 
a powerful tool for understanding changes in waste composition over 
time, reflecting shifts in population habits or sorting practices. The 
COVID-19 pandemic ineluctably changed the waste management 

Fig. 3. Chondrite-normalized REE in BA, FAL, and FAS samples from 2013 to 2022, based on the carbonaceous chondrite averages by McDonough and Sun (1995). 
Lime and Soda samples normalized values are also reported to appraise the contribution onto FAL and FAS, respectively.

J. Ghani et al.                                                                                                                                                                                                                                   Journal of Environmental Management 393 (2025) 126977 

7 



scenario worldwide. In Italy, incineration was extended to its full ca
pacity. Time series analysis of BA, FAL, and FAS for two plants (FE and 
FC) spans from 2013 to 2022, with a gap from 2014 to 2019 (Fig. 4).

In BA, FAL, and FAS, most elements show a decrease in concentra
tions with time, probably because of continuous phasing out of haz
ardous products and a more efficient waste recycling strategy. Elemental 
concentrations of BA samples in FC and FE plants are similar (Fig. 4). 

These results suggest that BA from these plants are more homogenous 
than FA, where fluctuation in volatile element concentrations can be 
found (BA: Fig. S1 and Fig. S4 vs FA: Fig. S2, 3 and 5 and Fig. S6). In BA, 
the concentration of Fe, Cu, Ba, Ti, Cr, and As tends to decrease with 
time (Fig. 4), although some peaks are randomly observed (Co, W, Pb, 
Cd, Ni, and PGE; Fig. S4). Conversely, K, P, and Mg concentrations 
globally increase in both plants. The precious elements Ag and Au are 

Fig. 4. Mean concentrations (mg kg− 1) of selected elements in BA, FAL and FAS from FE and FC plants. The dotted line represents UCC average values. Refer to Fig. 2
for the element selection. The squared area within each plot highlights the pandemic period.
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chemically stable and typically concentrate into BA more than FA 
(Fig. 4). Au more than Ag can partition in BA, consistent with earlier 
observation (e.g., Wielinski et al., 2021).

The FAL category shows different patterns among years and MSWI 
plants (Fig. S5). However, a generalised decrease is observed in the FE 
plant. In particular, Fe, Cu, Zn, Ba, Ag, PGE, Pb, and As abruptly 
decreased compared to 2013-sample data (Fig. 4). The FC plant shows a 
generalised increase of P, Mg and Cs concentrations, peaking in Dec-21 
and Jun-22 samples. The FAS category was missing an FC plant’s sam
pling in 2013 and 2020; however, observations can be made, focusing on 
the FE plant. The concentrations of several elements (K, Zn, P, Ti, Ag, Pb, 
Cd, and PGE) decrease, especially from 2020 to 2022 (Fig. 4; Fig. S6). 
Aluminium is the only element that consistently increased with time in 
the FAS samples of the FE plant (Fig. 4; Fig. S3). In the shorter record of 
the FC plant, some elements markedly changed concentrations (Fe, Cu, 
Co, Cr, Ni, and Hg; Fig. 4), with similarities to the FE plant in 2022 
samples. The precious elements, Ag and Au, are higher in FAL than FAS 
samples. In FAL samples, Ag and Au decrease over time, except for a 
concentration peak of Au in FC plant in 2020. Interestingly, the average 
content of I is always higher in FAS than in FAL (Fig. 4; Fig. S5 vs 
Fig. S6), likely because the Na-rich additive can retain I better than the 
Ca-rich one.

The temporal variation observed can be correlated to the different 
waste sorting, incineration technologies, and treatment performances 
that are expected to vary, according to the European Environmental 
Agency (EEA, 2016). CRM, such as Ti, Co, V, Ga, and REE, are primarily 
concentrated in the 2013 samples, and their concentration pattern de
creases over time for both plants (Fig. S2). The 2013 samples data show 
outliers (e.g., Al, Fe, Cu, Zn, Ba, W, and PGE), which may be attributed to 
ageing reactions (Santos et al., 2013) and variations in the MSW input 
and combustion process. The 2013-sample data compared to the most 
recent likely suggest improvements in phase separation and waste 
recycling. The differences outlined might be influenced by quantity and 
quality of certain input MSW (i.e., household waste, medical waste, 
industrial waste, packaging materials, and electronic waste) and/or 
variation in flue gas treatment systems (e.g., Abanades et al., 2002). The 
production of e-waste, medical waste, equipment and sanitisation 
products increased during COVID-19 pandemic, possibly explaining 
elemental variations of, e.g., Hg, Pb, Cd, Cr, Ni, and I. In particular, 
during the COVID-19 pandemic, the use of single-use plastics likely 
containing some PTE for fire resistance or antibiotic activity/sterilisa
tion has significantly increased, mainly due to the necessity of personal 
protective equipment such as masks, gloves, and other throwaway 
plastics, which are finally destined for MSW, especially as unsorted 
collection. Although all evidence indicates that incineration is a method 
capable of permanently eliminating plastic waste, some unburned ma
terial still exists, especially in BA, which may still contain a minimal 
content of (micro)plastics-related substances (Yang et al., 2021). 
Nonetheless, incineration has been identified as a critical and precau
tionary strategy for the safe management of MSW during pandemics, 
such as the COVID-19 pandemic. Alterations in both the quantity and 
composition of MSW streams, as well as an enhanced microplastics 
content during the COVID-19 pandemic, may have led to changes in the 
activity of radionuclides and elemental content. Thereby, the combus
tion of such contaminated waste increases the likelihood of emitting 
hazardous byproducts, which should be monitored in future studies to 
avoid potential human health issues.

Our results are similar to those of Zhao et al. (2021), reporting high 
levels of Zn and Cu in BA and FA detected during seasonal assessment, in 
particular in the warmer season when incineration procedures may vary. 
Zhao et al. (2021) reported high mean concentrations of Cd, Cr, Ni, and 
As in FA during seasonal fluctuations in MSWI plant in Beijing, China. 
Valentim et al. (2024) reported similar high values of Cu, Zn, Pb and As 
concentration in FA collected over six months from a MSWI plant in 
Portugal (Table S4). Although the decreasing REE trend, average 

∑
REE 

concentrations recorded in FA from Shanxi MSWI plant (Cui and Qin, 

2023) are lower than 
∑

REE values presented here (Table S4). Fig. 4 and 
Figures S1, S2 and S3, show elemental concentrations in BA, FAL, and 
FAS between MSWI plants, year of sampling, and seasonality (winter/
summer). The results of the independent sample t-test conducted to 
different populations (BA, FAL, and FAS) for the assessment of statistical 
difference of elements within different plants (FE and FC) and seasons 
(winter and summer) are reported in Table S5 and Table S6, respec
tively. The BA and FA from FE and FC MSWI plants are not statistically 
(at 0.05 significance level) different (Table S5); BA and FA from winter 
and summer seasons are not statistically (at 0.05 significance level) 
different (Table S6). Significant p-values considering all sample cate
gories pertain a handful of elements (Table S5: Ca, P, Se, and Tl; 
Table S6: Rb, W, and I). In BA, Mg, Sr, Au, and Re are statistically 
different considering the two populations of FE and FC. At the same 
time, elements such as Br, Co, Sb, V and PGE are statistically different 
seasonally. FAL (plant-wise: I, Pb, Sb, and Te; season-wise: Co, Mn, V, 
and REE) and FAS (plant-wise: Au, Cs, In, S, Ta and REE; season-wise: 
Au, Ge, Ta, REE and PGE) show another behaviour. Differences in 
non-significant p-values suggest that factors like waste heterogeneity 
can explain differences between plants or seasons.

3.3. Estimated annual flow

In accordance with the principle of mass conservation, our mass 
balance calculations based on chemical concentration data of MSWI 
samples assume that the inorganic elements of interest in the input 
waste are fully retained in BA, FAL, and FAS samples. This approach 
further assumes efficient flue gas cleaning and negligible elemental 
losses due to (diffuse or single-point) emissions. The contributions from 
Lime and Soda samples (i.e., additives) are subtracted from corre
sponding FA data to isolate the element concentrations originating from 
the waste itself (Table S7). The assumption that all Ca in FAL and all Na 
in FAS originated from the added Lime and Soda raw material, respec
tively, can be rejected because Na and Ca amounts are clearly sourced 
from both additives and input MSW.

The output flows of Fe and Al are very high on a yearly average, 
followed by K, Mg, P, Zn and Cu in both plants (Fig. 5 and Table S8), 
especially from BA streams. In BA, Fe and Al flow estimates are 
consistent to those reported by Mühl et al. (2024) from an Austrian 
MSWI plant and by Allegrini et al. (2014) from a Danish MSWI plant. 
Some CRM, such as Co, V, W, and Ga, show a significant flow (in terms of 
t a− 1 output), and seemingly constant all years of observation (Fig. 5). 
The average flow of Mg increases, while Ba, P, and Ti flows decrease 
over time. Although Mg is statistically different in BA from two MSWI 
plants (Table S5), Mg-rich MSW input can be increasing in the regional 
basin of collection. High P flow in both plants can be associated to MSW 
containing organic and inorganic compounds rich in phosphorus, and Ti 
could be derived from Ti-bearing minerals such as ilmenite and rutile in 
consumer products (Havukainen et al., 2016; Maldybayev et al., 2024). 
High amount of Co can be recovered from spent batteries (particularly 
lithium-ion batteries) and electronic waste (Granite et al., 2023). In
dustrial waste products, especially those resulting from the 
manufacturing of steel and other alloys, can contain V. Gallium is pri
marily found in electronic waste, particularly light-emitting diodes 
(LEDs) and semiconductors. A decrease overtime was observed for As, 
Cr, and Ni output flows, with Cr and Ni peaks in Dec-2021 samples 
(Fig. 5). These PTE found in MSWI residues are associated to electronic 
equipment, batteries, lamps, paints, leather, rubber, and others (Wei 
et al., 2022). In 2021, some PTE, especially Cr and Ni, flows are ten times 
higher than those reported earlier by Morf et al. (2013) in Switzerland 
and Funari et al. (2015).

The average flows of REE from FE and FC are similar (order of 102 kg 
a− 1) for all years (Fig. 5), with the highest average flow observed for Ce, 
followed by Nd, La, Y, Sc, Gd, and Pr (Table S8). Average flows of PGE 
such as Pt, Os, and Pd are all years very low, ranging 0.02–0.60, 
0.22–13.6, and 0.01–7.24 kg a− 1, respectively. These low flows of PGE 
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are consistent to previous substance flow analysis of MSWI residues (e. 
g., Jackson et al., 2010; Allegrini et al., 2014; Funari et al., 2015). In 
both FE and FC, a flow of Ag and Au of about tens of kg a-1 can reflect 
their presence in electronic scrap (Brandl et al., 2008). A previous study 
proposed that most Au elemental mass fraction of Swiss MSW is asso
ciated to WEEE (Müller et al., 2010). Therefore, some WEEE fractions 
ended up in MSW in FE and FC plants, likely due to the increasing 

use/wasting of electronics over time (from 2013 to 2022).

3.4. Activity concentrations of radionuclides

Results of radionuclides activity concentrations (210Pb, 40K, 226Ra, 
232Th, 137Cs, 241Am, 131I) in BA and FA (FAL, FAS) samples for 2013 and 
2022 are presented in Fig. 6 and Table S9. Naturally occurring 

Fig. 5. Estimated annual flow of elements (kg a− 1) for all feeding input waste materials of FAL, FAS and BA from FE and FC in time series analysis. Results were 
calculated in (kg a− 1) on the basis of mass balance calculations (see section 2.6). Refer to Fig. 2 for the element selection.
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radionuclides (210Pb, 40K, 226Ra, and 232Th) are higher in FAL than FAS 
and BA, while the anthropogenic radionuclides (137Cs, 241Am, and 131I) 
are comparatively low in all samples for all years (Fig. 6; Table S9). 
These radionuclides pose potential risks due to their radioactive decay 
and assessing their distribution in environmental matrices is crucial for 
radiation safety.

The activity of all radionuclides shows a similar behaviour for BA in 
2013 and 2022. 40K is recorded with high activities, while 226Ra and 
232Th are low in 2013 and 2022 (Fig. 6). High activities of 40K and 
moderate activities of 232Th are associated with inorganic materials in 
MSWI residues, while 238U-radioactive decay series like 226Ra is asso
ciated with organic material as MSW sent to MSWI plants (Papastefanou, 
2010). 137Cs, 241Am, and 131I have low mean values (<3 Bq kg− 1). Re
sults of 226Ra and 232Th in BA are comparable to those reported for BA 

from coal fired power plants in Turkey (Ozden et al., 2018). The activity 
of 40K, 226Ra, and 232Th is similar, 210Pb is higher, and 241Am is lower 
than that measured in BA and FA from nine MSWI plants in Finland 
(Kallio et al., 2023). Activity concentrations through alpha and gamma 
detectors of 210Pb in the 2013 FAL samples are lower than FAL samples 
of 2022 (Fig. 6 and Table S9). Alpha and gamma measurements on the 
same samples show slightly different results since the acid extraction 
used in the alpha measurement protocol is partial, while the gamma 
counting is performed on the bulk material. Despite this, alpha and 
gamma measurement results for both FAL 2013 and 2022 agree to the 
same order of magnitude, confirming the validity of the two analytical 
procedures for monitoring purposes. The highest activity of 40K was 
observed in FAL samples of 2013 and 2022 (Table S9). Activities of 226Ra 
are low and similar to those of 232Th (Fig. 6). The activities of 226Ra and 

Fig. 6. Activity concentration (Bq kg− 1) of selected radionuclides in BA, FAL, and FAS from the FC plant, in 2013, and 2022.
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232Th are lower in FAS than in FAL. High activity of 40K is recorded in 
FAS samples but seven times lower than that of FAL samples. Activity 
concentrations of 210Pb are also low but highest in FAL samples. In FAL 
and FAS, 137Cs, 241Am, and 131I activities are markedly low (<2 Bq kg− 1) 
and constant over time. Volatile radionuclides of Pb and Cs are generally 
lower in BA than FA, as previously observed between BA and FA from 
coal combustion (Sahu et al., 2014). High 210Pb can be originated from 
synthetic phosphor-gypsum and construction materials as cemetery 
wastes, while high 137Cs in 2013 might originate from bark wood, old 
leaves, birch and spruce mixed in MSW (Yoshida et al., 2011). Increased 
activities of 131I and 241Am are likely derived from smoke alarms in 
household wastes (Kallio et al., 2023). In conclusion, these nuclides can 
continuously end up in MSW and incineration facilities, but their 
abundance and activity levels are very low and pose no harm to humans. 
The overall health of the ecosystem should be assessed and monitored in 
future studies through multidisciplinary approaches.

3.4.1. Radionuclides’ enrichment factors and radiation hazard
In BA, low EFs (<3) are for 210Pb and 232Th, 137Cs, and 131I, whereas 

a significant enrichment of 40K is estimated for 2013 and 2022 samples, 
with similar EFs of 247 and 244, respectively. EFs showed that radio
nuclides are enriched up to high levels in the FA, specifically FAL 
(Fig. 7a). In FAL, 137Cs, 232Th and 131I show low EFs (<10), and mod
erate EFs are for 210Pb (~100), while 40K has the highest EFs (>2600) 
for 2013 and 2022 samples. High 40K enrichment suggests that K vola
tilises and deposits on volatile ash particles (Knudsen et al., 2004), 
eventually depleting 40K contents in BA. The FAS category shows a high 
EF of 216 for 40K, while 210Pb displayed a much lower value (2), 

followed by 137Cs, 232Th and 131I (Fig. 7a).
The results of ACIs show that BA presented low values (<0.5) for 

both 2013 and 2022. The highest values of ACI are 0.86 ± 0.028 mSv 
y− 1 and 0.85 ± 0.005 mSv y− 1 for FAL samples of 2013 and 2022, 
respectively (Fig. 7b). A low value (0.14 ± 0.019 mSv y− 1) is estimated 
for FAS in 2022 (Fig. 7b). Similar ACIs (especially to FAL) were reported 
from thermoelectric power plants in Spain (Caño et al., 2023). All ACI 
values and their global average of 0.91 are found below the recom
mended permissible limit of 1 (European Commission, 1999). This 
means that activity concentrations from BA and FA fractions do not pose 
any potential radiological hazards to human health in the external 
environment.

3.4.2. Total radionuclide emissions
Total radionuclide emissions are estimated based on radioactivity 

levels measured in samples of the FC plant (FC estimation) (Fig. 7c). 
Moreover, a regional estimation could consider volumes of treated waste 
for 6 incinerators plants, i.e., available WtE facilities across the Emilia- 
Romagna region, Italy (Fig. 7d and Table S10). Total emissions of nat
ural radionuclides in BA and FA (FAL and FAS) are substantially similar 
for 2013 and 2022. Highest emissions are observed for 40K, followed by 
210Pb. Total annual emission of radionuclides from FAS is lower than 
FAL or BA emissions. In FAL, 226Ra shows moderate emissions, which 
increased by 80 %, on the regional scale, from 2013 to 2022 (Fig. 7c and 
d). Emissions of 210Pb and 40K are high, while 137Cs, 232Th, 131I and 
241Am vary from low to moderate levels. This annual estimation 
revealed that the potential risk of radiological hazard is high for some 
nuclides. Hence, the assessment of radiological emissions from BA and 

Fig. 7. (a) Enrichment factors (EFs) of selected radionuclides; (b) Activity concentration indexes (ACIs) in FAL, FAS, and BA from the FC plant, sampled in 2013 and 
2022; (c) Total emission factor (TBq y− 1) of radionuclides of FC estimation; and (d) regional estimation of 6 incinerator plants of Emilia-Romagna region, Italy.
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FA is crucial for assessing environmental impacts and help decision- 
makers.

4. Conclusion

This study presents a characterisation of Bottom (BA) and Fly Ash 
(FA) samples, including lime-doped, FAL, and soda-doped, FAS, taken in 
2013, 2020, 2021 and 2022 from two incinerator plants (FE and FC) in 
Italy, detailing a selection of samples for their elemental abundance and 
radionuclide activity.

Elements like Fe, Al, Cu, Zn, P, Mg, Ti, Co, V, W, Ga, Ag, and REE 
(especially Ce) show high mean concentrations in BA, followed by FAL 
and FAS. These elements’ abundance in solid residues is higher in 2013 
than in 2020, 2021, and 2022, indicating a decrease in valuable ele
ments from MSWI streams of substances. Heterogeneity in the chemical 
composition of MSW and related output flows of elements can compli
cate the recovery strategies. Understanding similarities and differences 
with other MSWI systems can prompt strategies for combined efforts to 
better utilise and manage MSWI residues. The substance flow analysis 
indicates significant elemental flows, including critical raw material, 
CRM, and potentially toxic elements, PTE. Remarkable flows of Fe, Al, 
Zn, Cu, Mg, Ti, Ag, and REE highlight the resource recovery potential of 
MSWI residues.

Time series analysis applied to MSWI residues can be a powerful tool 
for understanding how incineration waste feedstock has evolved for a 
given population, which can help define good practices in the waste 
management sector and subsequent urban mining. Declining trends for 
many elements over time likely suggest an improvement in sorting, 
regulations, and consumption patterns. Volatile elements like Zn, Pb, 
Cd, Ni, and Hg seem enriched in recent samples (i.e., after the COVID-19 
pandemic). In all samples, major elements like Fe, Al, K, P, and Mg vary 
over time and can enrich seasonally (e.g., P in summer and Ni in winter), 
as well as REE fluctuate. After normalisation to chondrite reference 
values, REE patterns showed anomaly peaks for Ce, Pr, Nd, Gd, Tb, and 
Yb in most samples. In particular, high concentrations of Ag, Au, REE, 
and PGE possibly suggest incomplete separation of waste from electric 
and electronic equipment.

The activity of eight nuclides was assessed in samples from 2013 to 
2022. Natural radionuclides (e.g., 40K, 210Pb) dominate over artificial 
ones, but Activity Concentration Index (ACI) values remain below safety 
thresholds, indicating no potential radiological hazards to humans in the 
external environment. However, enrichment factors (EF) suggest the 
accumulation of some radionuclides in FA over time, especially FAL.

A thorough assessment of elemental contents, resource flow, and 
emission factors of radionuclides in MSWI residues is crucial for 
informing life-cycle assessment inventories and policymaking. This 
study calls for new, multidisciplinary, and long-term assessments of 
MSWI systems.
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Environmental implication

European regulations classify MSWI residues as hazardous waste, 

particularly FA (Decision, 2000/532/EC). Additionally, the high flows 
of valuable elements make MSWI residues a potentially alternative 
resource for the circular economy. Minimising landfilling through 
appropriate treatments can also reduce the radiological hazard. The 
present study provides information that enables a comparative assess
ment of elemental contents and potential radiological impacts.
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