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Fly ash as a potential multi-commodity resource: data set on 
elemental composition across eight precipitation stages in a 
Danish MSWI plant
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Abstract
Municipal solid waste incineration generates fly ash, which is increasingly viewed as a potential 
secondary raw material. We present multi-element analyses of fly ash from the ARGO plant at 
Roskilde, Denmark. Samples were collected with a sampling cylinder from eight sequential outlets 
for 15 days, yielding 120 samples. These were then composited by outlet, sieved at 2 mm and 
all size fractions (n = 16) analysed by inductively coupled plasma mass spectrometry and optical 
emission spectrometry. This is the first data set to report elemental compositions across individual 
precipitation stages while distinguishing particle sizes. The data show that existing fly ash sub-
streams possess greater individual recycling potential than bulk fly ash. Notably, coarse fractions 
and bag-filter ash are enriched in Zn and other volatile elements (Na, K, Cl and S), including metals 
exceeding regulatory thresholds for hazardous waste classification (e.g. Pb, Cd, Sb and Cu). Their 
co-occurrence with Zn highlights the multi-commodity recovery potential of fly ash and suggests 
that improved control of formation and precipitation processes could enable more selective and 
efficient recycling strategies. There are grounds for further statistical analysis of the data and 
mineralogical studies of the sample material archived at the Geological Survey of Denmark and 
Greenland. 
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1 Data collection
This study investigated the spatial variability and internal heterogeneity 
of elemental compositions in fly ash (FA) from the ARGO municipal solid 
waste incineration (MSWI) plant in Roskilde, Denmark (Fig. 1). The new data 

Tabular abstract
Geographical coverage ARGO municipal solid waste incineration (MSWI) plant in Roskilde, 

Denmark.
Temporal coverage November 2023.
Subject(s) Geochemistry and geochronology, energy and resources.
Data format(s) Raw geochemical data in .csv format.
Sample collection & 
analysis

Samples (n = 120) were obtained from eight different precipitation 
outlets at the plant once a day for 15 days. Composite samples (n = 8) 
of each outlet series were made and then sieved into size fractions 
(0–2 mm and > 2 mm). The size-fractioned composite samples (n = 16) 
were then analysed with ICP-MS and ICP-OES.

Parameters Concentration of elements (n = 60): major and trace elements.
Data availability All data files are available at https://doi.org/10.22008/FK2/5OBYRU
Related publications Clausen et al. (2019):

https://data.geus.dk/pure-pdf/MiMa-R_2019_01_web.pdf
Feltrin et al. (2024):
https://www.nordicinnovation.org/2024/
information-management-and-classification

Potential application(s) 
for these data

The data allow for further analyses to increase the understanding of 
the chemistry at each precipitation stage of FA as well as FA minerali-
sation, formation and recyclability.
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can inform further assessments of FA from similar 
incineration facilities as a potential multi-commodity 
resource.

1.1 Background
The ARGO MSWI plant in Roskilde (Fig. 1) is a com-
bined heat and power plant, which operates two mov-
ing-grate furnaces. In 2023, it treated 348 kt of waste, 
generating approximately 1 TWh of energy and 6 kt of 
FA. ARGO is Denmark’s third-largest incineration facility 
and forms part of a national system of 28 plants that 
together process about 3 Mt of municipal solid waste 

(MSW) annually, producing c. 50 kt of FA while supply-
ing around 20% of district heating and 5% of electricity 
(Energistyrelsen 2022; DAKOFA 2024). Beyond Den-
mark, incineration constitutes a major component of 
Waste-to-Energy (WtE) systems worldwide, with more 
than 2900 WtE plants in operation (Supplementary 
File S3). A continuing shift towards greater use of incin-
eration is anticipated (Chen et al. 2020; Abedin et  al. 
2025). This trend would increase the generation of 
incineration residues, which consist primarily of bottom 
ash (BA), FA and air-pollution-residues. FA generation 
is estimated at c. 4 Mt globally and c. 1.2 Mt in the EU. 
Table 1 summarises the residual waste treatment for 

Fig. 1 MSWI (municipal solid waste incineration) facilities in Denmark, scaled by annual capacity and categorised by type (Energistyrelsen 2022). Types: 
Dedicated (≥ 80% household/commercial waste; 19 facilities), Multi-feed (household/commercial waste plus biomass/natural gas; four facilities) and 
Special (co-incineration of household or hazardous waste; three facilities). Modified after Feltrin et al. (2024). 
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Denmark, the EU and globally, together with associated 
quantities of BA and FA.

FA recycling is receiving increasing interest in indus-
try and academia driven by increasing ash generation, 
stricter landfill regulations, rising disposal costs and the 
recovery potential of valuable metals (Fellner et al. 2015; 
Abedin et al. 2025; Ahmed et al. 2026). These pressures 
have led to the development of industrial treatment tech-
nologies for MSWI residues, primarily based on hydro-
metallurgical processes such as acid or alkaline leaching, 
electrodialysis and solution-based separation systems 
(Ottosen et al. 2006; Hjelmar et al. 2022; Perrin et al. 2023). 
Existing technologies target metals, salts or stabilisation 
but exhibit recovery limitations for untargeted fractions, 
particularly under varying operating conditions (Ottosen 
et al. 2006; Fellner et al. 2015; Zhang et al. 2021). Examples 
include Flugashen-Wäsche (FLUWA; metal recovery), Ash-
2Salt (salt recovery) and HaloSep, of which the latter com-
bines washing and leaching to target multiple fractions.

Hydrometallurgical performance is strongly con-
trolled by FA chemistry and mineralogy. Major elements 
such as Ca, Al, Fe, Si and P can hinder recovery when 
incorporated in stable phases (Ahmed et al. 2026). In 
contrast, chloride- and sulphate-bearing phases can dis-
solve during leaching (Bernasconi et al. 2022), thereby 
increasing the accessibility of metals for subsequent 
hydrometallurgical recovery. Metals such as Zn, Pb, Cu 
and Cd not only represent the primary value carriers 
but also drive hazardous classification if not removed 
(Ottosen et al. 2006; Fellner et al. 2015; Perrin et al. 2023).

FA composition is governed by thermochemical pro-
cesses during combustion and flue-gas treatment. Vola-
tile metals (e.g. Zn, Pb and Cd) evaporate in the furnace 
and subsequently condense onto fine particles or react 
with chloride-rich species in the air pollution control 
system, forming a multiphase material of chlorides, sul-
phates, oxides and amorphous aluminosilicates (Ver-
hulst et al. 1996; Sabbas et al. 2003; Rissler et al. 2024). 
Recent studies show that FA is chemically and miner-
alogically heterogeneous and varies across particle-size 
fractions, with metals distributed between soluble salt 
phases and more stable silicate-, carbonate- and oxide-
rich phases, which control metal speciation and leach-
ing behaviour (Bernasconi et al. 2022; Rissler et al. 2024; 
Soylu et al. 2025; Keulen et al. 2026). This heterogeneity 
is also reflected spatially within incineration systems, 

where ash composition can vary along the boiler and 
flue-gas path (Allegrini et al. 2014). A thorough under-
standing of these formation-composition relationships 
is essential for developing MSWI plants with controlled 
generation of chemically distinct FA streams for tar-
geted recovery as well as for predicting treatment effi-
ciencies for any given recycling method. Consequently, 
FA studies benefit from sampling strategies that mini-
mise post-formation alteration and preserve initial ash 
characteristics, which can be achieved by sampling as 
close as possible to the point of formation.

1.2 Sample collection
The ARGO plant in Denmark offers unique sampling 
across multiple precipitation stages, and FA was col-
lected at all eight locations in this study (Fig. 2). To cap-
ture temporal variability, sampling was conducted as 
a two week time series with daily collections. At each 
stage, material was collected at the narrowing of the set-
tling funnel (outlet or hopper). A cylinder was inserted 
across the flow to obtain a representative cross-sec-
tional sample. Each cylinder was inserted until full, yield-
ing approximately 0.5 to 1 L of material, with sampling 
durations ranging from 1 to 15 min depending on flow 
conditions. In total, 120 FA samples were collected over 
15 consecutive days from the eight sample locations in 
November 2023. Photos of sampling can be viewed in 
Feltrin et al. (2024).

1.3 Composite samples
The 120 individual FA samples were composited by 
splitting and combining, resulting in eight bulk sam-
ples, one for each sampling location. To address the 
observed particle-size heterogeneity, each composite 
was sieved at 2 mm, producing two fractions (0–2 mm 
and > 2 mm, hereafter referred to as the fine fraction 
and the coarse fraction, respectively) for each of the 
MSWI outlets.

1.4 Observations
The sampled FA consists mostly of the fine fraction (76–
97% of the composite sample mass; Table 2) with slight, 
but systematic colour change from light brown (outlet 1) 
to light grey (outlet 8). At close range, the fine fractions 
appear dotted with white particles. The coarse fraction 

Table 1 Estimated 2025 waste incinerated (including incineration residues: BA and FA) and municipal solid waste (MSW) landfilled and 
recycled (global, EU and Denmark).

2025 MSW recycled/composted [Mt] MSW land-filled [Mt] Waste incinerated [Mt] BA [Mt] FA [Mt]

Global 730 1650 370 74 15
EU 110 40 100 20 4
DK 1.9 0.1 3.6 0.7 0.1

Calculations are detailed in Supplementary File S3. BA: bottom ash; FA: fly ash.
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consists of brittle fragments, appearing either with observ-
able porosity and agglomeration (Fig. 3A) or as tube crusta-
tions released by rapping (Fig. 3B) or both mixed (Fig. 3C).

1.5 Analysis
The 16 composite samples were analysed for their bulk 
geochemical composition at the Geological Survey of 
Denmark and Greenland (GEUS). Elements were selected 
based on their relevance to FA formation processes, envi-
ronmental regulation and resource recovery potential. 
Major elements (including Si) were determined by induc-
tively coupled plasma – optical emission spectrometry 
(ICP-OES; PerkinElmer Avio 500 instrument) following 
hydrofluoric acid (HF) leaching, except for Si, which was 
measured after borate fusion and leached with HNO3. 
Most of the trace elements were analysed by inductively 
coupled plasma – mass spectrometry (ICP-MS; Perkin-
Elmer NexION 1000 instrument). Supplementary ele-
ments were analysed at Actlabs, who analysed Cl with 
Instrumental Neutron Activation Analysis, Na with acid 
assay ICP-OES and the remaining elements with ICP-OES 
after infusion with sodium peroxide. Table 3 details the 
elements analysed. Measured concentrations showed 
minimal deviation from certified reference materials, 
with overall accuracy close to 99% for all elements.

1.6 Statistical analysis and data processing
The Pearson’s correlation coefficient (PCC), commonly 
denoted as r, quantifies the strength and direction of 
linear relationships between variables. PCC analyses of 
temporally resolved MSWI FA have shown that volatile 
elements exhibit strong mutual correlations, particularly 
with Zn, reflecting shared formation pathways, mineral 
associations and metallurgical availability (Clausen et al. 
2019). Following this approach, PCCs were calculated 
between Zn and the remaining elements in the data set 
for both fine and coarse particle fractions (Table 3, a–c). 
Coarse  particles from outlets 3 and 4 – identified as 

tube-derived crusts (Fig. 3B) and enriched in alkalis and 
sulphur (Fig. 4B) – deviated from the expected correla-
tion structure, indicating a distinct bonding environ-
ment. PCCs were therefore recalculated excluding these 
samples (‘c’ in Table 3).

2 Data description and main features
The full data set, which includes the results of the analy-
sis of 16 samples, is provided in the Supplementary Files. 
The data set contains elemental concentrations in FA 
from eight outlets, analysed in two sieved particle-size 
fractions (0–2 mm and > 2 mm). The main features of the 
data set are presented in Table 3, including concentra-
tion ranges and average concentrations of the elements 
analysed. Figure 4 illustrates the variation of major ele-
ment concentrations across the eight outlets for each 
size fraction. Here, we provide brief descriptions of the 
concentrations of selected elements, together with their 
variations and PCC in relation to recycling.

2.1 Zinc
Zinc is the primary driver of FA recycling in terms of 
intrinsic metal value, making its concentration partic-
ularly relevant. The coarse fractions (>2 mm) contain 
the highest Zn concentrations (2–5 wt.%). In the fine 
fractions, Zn ranges from 0.6 to 5 wt.% across outlets 
1–8, averaging 2.87 wt.% and increasing gradually from 
outlet 1 to 8 (Table 3). Overall, Zn concentrations vary 
between 0.57 and 4.95 wt.% across the analysed FA sub-
streams and particle-size fractions – an almost tenfold 
difference – indicating that the resource potential is not 
uniform across outlets or particle sizes.

2.2 Heavy metals and metalloids (Pb, Sn, Cd, 
Sb, Bi, In and Ga)
Heavy metals such as tin, lead and cadmium have 
some intrinsic value but are mostly viewed as a deter-
rence for the usability of inert FA versus classification as 

Table 2 Composite sample weights and corresponding fly ash (FA) production from the ARGO plant, with calculated representation of each 
fraction in the total FA output.

Outlet Composite samples Est. prod. in 
2023 

(t)

Representation in FA prod.

Total 0–2 mm >2 mm 0–2 mm >2 mm

[g] [g] [%] [g] [%] [%] [%]

1 1545 1394 90 151 10 360 7.2 0.8
2 2137 1617 76 520 24 405 6.8 2.2
3 2219 1842 83 377 17 405 7.5 1.5
4 1798 1590 88 208 12 675 13 1.8
5 1325 1216 92 109 8 360 7.4 0.6
6 1104 1049 95 55 5 360 7.6 0.4
7 1188 1149 97 39 3 360 7.8 0.2
8 833 740 89 93 11 1575 31 3.9

prod.: production.

https://doi.org/10.34194/k7mxv763
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Fig. 3 Representative coarse fraction specimens shown from front, back and side views. A: Outlet 2. B: Outlet 3. C: Outlet 5 (outlets shown in Fig. 2).
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hazardous waste. Pb (278–12 107 ppm), Cu (614–3242 ppm),  
Cd (9.1–370 ppm), Sb (868–3090 ppm), Bi (48–296 ppm), 
In (< 0.2–4.2 ppm) and Ga (4.8–14.0 ppm) are elevated, 
especially in the coarse fractions and in the bag-filter 

ash (outlet 8). Fortunately, they are elevated in the same  
fractions as zinc, as observed in Fig. 4 and verified by 
Pearson’s correlation coefficient (PCC ≥ 0.95; ‘a’ in Table 3). 
This indicates shared volatilisation-condensation 

Table 3 Overview of analysed analytes, their data ranges, weighted averages and Pearson correlation coefficients (PCC) relative to Zn. 

Analyte Unit Range
(n = 16)

Weighted average PCC

(a) (b) (c)

1 Zn wt.% 0.57–5.20 2.87 1.00 1.00 1.00
1 K2O wt.% 1.24–13.79 5.67 0.99 0.79 0.98
2 Cl wt.% 1.00–17.2 9.17 0.99 0.33 0.78
1 Na2O wt.% 2.31–18.74 8.00 0.98 0.73 0.95
2 S wt.% 2.28–17.5 5.22 0.70 –0.21 –0.68
1 MgO wt.% 0.60–3.28 2.37 –0.85 –0.44 –0.31
1 P2O5 wt.% 0.28–1.35 0.98 –0.85 –0.31 –0.13
1 SiO2 wt.% 4.40–36.35 17.39 –0.90 –0.19 0.11
1 CaO wt.% 5.68–38.86 23.94 –0.90 –0.79 –0.93
1 TiO2 wt.% 0.36–2.32 1.63 –0.93 –0.37 –0.19
1 Al2O3 wt.% 1.09–9.21 5.62 –0.97 –0.36 –0.17
1 Fe2O3 wt.% 0.77–4.84 2.76 –0.97 –0.42 0.15
1 MnO wt.% 0.031–0.11 0.08 –0.97 –0.42 –0.26

2 Sn ppm 130–1590 867 1.00 0.96 0.99
1 Cs ppm 0.84–12.41 1233 1.00 0.89 0.98
2 Sb ppm 868–3090 1763 0.99 0.91 0.96
2 Bi ppm 48–296 92 0.99 0.65 0.80
1 Rb ppm 25–219 117 0.99 0.99 0.99
1 Cd ppm 9.1–370 177 0.99 0.99 1.00
2 In ppm < 0.2–4.2 1.8 0.98 0.91 0.97
1 Li ppm 20–71 37 0.98 0.84 0.99
1 Pb ppm 278–12 107 3980 0.97 0.67 0.92
1 Cu ppm 614–3242 1898 0.97 0.66 0.99
2 Tl ppm < 0.1–7.4 1.5 0.97 0.36 0.48
2 Ge ppm 1.5–4.5 2.8 0.95 0.80 0.94
1 Sc ppm 3.4–12.6 7.6 0.95 0.56 0.97
1 Ga ppm 4.8–14.0 11 0.95 0.97 0.98
2 As ppm 77–331 207 0.93 0.41 0.70
2 Se ppm < 8–53 9.4 0.75 0.46 0.53
1 Mo ppm 5.2–18.1 14 –0.27 –0.15 0.24
1 Ta ppm 0.21–3.23 1.2 –0.33 –0.11 0.19
2 B ppm 40–400 271 –0.24 –0.28 0.08
1 Cr ppm 89–506 371 –0.70 –0.42 –0.26
2 W ppm 6.4–19 10 –0.74 –0.03 0.22
2 Nb ppm 2.6–19.6 9.0 –0.77 0.28 –0.16
1 REE ppm 15.6–135.9 86 –0.81 –0.17 0.12
1 Ni ppm 35–159 106 –0.83 –0.25 –0.03
1 Co ppm 11.10–38.34 28 –0.94 –0.56 –0.48
1 Y ppm 2.3–15.8 10 –0.94 –0.39 –0.21
1 Sr ppm 127–646 463 –0.95 –0.65 –0.74
1 Zr ppm 18–191 105 –0.95 –0.40 –0.23
1 Hf ppm 0.44–3.81 2.5 –0.95 –0.40 –0.22
1 U ppm 0.55–1.72 1.1 –0.96 –0.53 –0.49
1 V ppm 12–63 43 –0.97 –0.34 –0.13
1 Th ppm 0.50–4.58 2.8 –0.97 –0.38 –0.20
1 Ba ppm 549–1790 1233 –0.99 –0.47 –0.08
2 Be ppm < 3 < 3 NA NA NA
2 Te ppm < 6–7 < 6 NA NA NA

(a) PCC for fine fractions. (b) PCC for coarse fractions. (c) PCC for coarse fractions excluding outlets 3 and 4. Strong correlations (PCC > 0.7) are shown 
in bold. Data grouped by major and trace elements and then ranked by PCC (a). 1ICP-MS at GEUS; 2Supplementary ICP-MS at Actlabs. REE: La, Ce, Pr, 
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu.
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pathways at the incineration plant and coupled metal-
lurgical availability during downstream recycling.

2.3 Major elements (Na, K and Cl)
Alkali and volatile elements vary widely across outlets 
and particle-size fractions (Na2O 2.31–18.74 wt.%, K2O 
1.24–13.79 wt.%, Cl 1.00–17.2 wt.%) and, similar to previ-
ously discussed elements, show strong correlations with 
Zn (PCC c. 0.95–1.0, fine fraction; ‘a’ in Table 3), consistent 
with condensation behaviour and earlier studies (Clau-
sen et al. 2019). Peak concentrations occur in outlets 3–4 
and are linked to the observed mineral crusts (Fig. 3B). 
The association of Zn and other heavy elements with 
alkaline and volatile elements suggests weaker bond-
ing environments and thus greater metallurgical avail-
ability. Outlet 1 fines (c. 7% of FA production; Table 2) 

contain the lowest Na, K and Cl concentrations (c. 7% 
total) but still exceed limits for construction applications 
such as supplementary cementitious materials (≤  5% 
Na2Oeq ASTM C618 (ASTM International 2022); EN 450-1 
(CEN 2012)).

2.4 Major elements (Si, Ca, Fe, Al, Ti and Mg)
Major oxides span broad concentration ranges in 
the analysed samples (e.g. SiO2 4.40–36.35 wt.%, CaO 
5.68–38.86 wt.%). In the fine fractions, these elements 
decrease gradually across the data set (Fig. 4A), which 
is opposite to the trend observed for Zn (PCC −0.85 to 
−0.97; ‘a’ in Table 3). In the coarse fractions, they occur 
at lower concentrations (Fig. 4B) and show weaker 
negative correlations with Zn (PCC −0.19 to −0.79; ‘a’ in 
Table 3), with Ca maintaining the strongest correlation. 

Fig. 4 Concentrations of selected major elements (Zn, Na, K, Ca, Cl and S) and heavy metals (Pb, Cu and Cd) in weight % from the eight different outlets. 
(A): Fine fractions. (B): Coarse fractions. Numbers 1–8 on the x-axis refer to the outlets, see Fig. 2.
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This inverse relationship indicates that Zn-rich fractions 
are relatively depleted in major oxides, which is favour-
able for recycling as it concentrates the metals targeted 
for recovery.

2.5 Non-analysed light elements (C, H, O and N)
The major elements that were not directly analysed 
include carbon, hydrogen, nitrogen and oxygen. It is 
likely that these contribute substantially to the residual 
mass unaccounted for in the analysis: constituting c. 
10% of the total fine fractions (outlets 1–7); constituting 
c. 15–30% in coarse fractions and the outlet 8 fine frac-
tion. The combined fraction of unaccounted elements 
correlates with Zn and alkali metals (Na, K), suggest-
ing association or reaction with these elements. From 
a metallurgical perspective, analysis of these elements 
would provide a more complete picture.

2.6 Sulphur
Sulphur concentrations range from 2.28 to 17.5 wt.%, 
with the highest levels found in coarse-fraction FA 
from outlets 3 and 4 (tube crusts; Fig. 3B). In the fine 
fractions, S correlates positively with Zn (PCC 0.70; ‘a’ in 
Table 3), consistent with Zn-bearing sulphates or salts. 
In contrast, that correlation between S and Zn is lost 
in the coarse fraction (PCC –0.21; ‘b’ in Table 3) and in 
fact S correlates negatively with Zn when excluding tube 
crusts (PCC –0.58; Table 3c). Sulphur is the only element 
whose correlation changes sign between particle-size 
fractions, suggesting greater sensitivity to environmen-
tal conditions (e.g. temperature and pressure) and inter-
actions with other elements. This observation warrants 
further investigation.

3 Summary
The ARGO MSWI plant produces FA sub-streams and 
mineral fractions with greater recycling potential 
than bulk FA. Notably, the bag-filter ash (outlet 8) and 
coarse fractions – particularly from outlets 3 and 4 
(tube flakes) – contain the highest concentrations of 
Zn, alkali and heavy metals. The lower major-element 
content (Si, Ca, Fe, Al, Ti and Mg) in these fractions 
suggests that zinc and heavy metals are less incor-
porated in refractory matrices and therefore exhibit 
greater metallurgical availability. Together these frac-
tions account for c. 42% of FA production from Oven 
Line 6 (Fig. 2).

In providing this elemental data set, the authors 
would like to encourage future statistical and compar-
ative analyses of the FA from the ARGO plant, including 
principal component analysis and hierarchical clus-
ter analysis. The sampled material is archived at GEUS 
for further investigation, which may enable additional 

elemental analyses (particularly C, H, O and N), leaching 
tests, pH and conductivity measurements and miner-
alogical characterisation. Such analyses could improve 
the understanding of FA particle formation processes, 
mineral bonding and metallurgical availability as well 
as enable hazardous waste classification, a key deter-
minant in selecting appropriate waste management 
options.
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