
Waste Management 126 (2021) 623–631
Contents lists available at ScienceDirect

Waste Management

journal homepage: www.elsevier .com/locate /wasman
Variation in chemical composition of MSWI fly ash and dry scrubber
residues
https://doi.org/10.1016/j.wasman.2021.04.007
0956-053X/� 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Abbreviations: APC, air pollution control residues; BFB, bubbling fluidized bed;
CFB, circulating fluidized bed; DS, dry/semi-dry scrubber; EO, extreme outliers; FA,
fly ash; FB, fluidized bed incinerators; FB-APC, air pollution control residues from
fluidized bed incinerators; G, grate incinerators; G-DS, dry scrubber residues from
grate incinerators; G-FA, fly ash from grate incinerators; IAWG, International Ash
Working Group; MSW, municipal solid waste; MSWI, municipal solid waste
incineration; RSD, relative standard deviation; SD, standard deviation; WS, wet
scrubber; XRF, X-ray fluorescence analysis.
⇑ Corresponding author at: Department of Chemistry, University of Oslo, Norway.

E-mail addresses: e.n.nedkvitne@kjemi.uio.no (E.N. Nedkvitne), Haakon.Rui@
noah.no (H. Rui).
Eirik Nøst Nedkvitne a,⇑, Ørnulf Borgan b, Dag Øistein Eriksen a, Haakon Rui c

aDepartment of Chemistry, University of Oslo, P.O. Box 1033, Blindern 0315, Oslo, Norway
bDepartment of Mathematics, University of Oslo, P.O. Box 1053, Blindern 0316, Oslo, Norway
cNOAH Solutions AS, Langøya, Weidemannsgt 10, 3080 Holmestrand, Norway

a r t i c l e i n f o
Article history:
Received 20 October 2020
Revised 25 March 2021
Accepted 1 April 2021
Available online 15 April 2021

Keywords:
MSWI
Fly ash
APC residues
XRF
PCA
a b s t r a c t

Our society generates extensive amounts of municipal solid waste (MSW), which are mainly incinerated
for volume reduction and energy recovery. Though, MSW incineration generates hazardous air pollution
control (APC) residues that must be treated and deposited in appropriate landfills. An alternative to
landfilling is material recovery, leading to regeneration of valuable products and reducing hazardous
waste amounts. The chemical composition of APC residues, stemming from MSW, makes the waste
attractive for metal and salt recovery, but its variation makes the development of material recovery
processes challenging. This study investigates results from 895 X-ray fluorescence analyses of fly ash
and dry scrubber residue samples originating from Norway and Sweden between 2006 and 2020 to
explore variation in chemical composition within and between different incineration plants. The average
relative standard deviation of elemental concentration in APC residue was estimated to 30% within
plants. The variation in elemental concentration between grate fired incineration plants is about half
of the average variation within the plants. The study also clarifies compositional differences from APC
residues originating from fluidized bed incinerators and grate incinerators. Also, reported concentrations
of APC residues from other countries than Sweden and Norway showed significant differences in
chemical composition. The presented variations clarifies the importance of holistic approaches for waste
valorization processes which can substitute stabilization processes for landfilling.
� 2021 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

With the increase in municipal solid waste (MSW) generation
and the lack of raw material availability in Europe, the importance
of MSW management and material recovery is imperative. Accord-
ing to Eurostat, Norway and Sweden generated 739 kg and 434 kg
MSW per capita in 2018, respectively. This makes Norway among
the largest producers of MSW in Europe, whereas Sweden lies at
the European average. MSW incineration (MSWI) has become the
standard method for treating MSW with its benefit of 95% volume
reduction and additional energy recovery. During the incineration
process, volatile metals, halogenide compounds and persistent
organic tend to mobilize into the flue gas (varying with their vola-
tile character). Consequently, solid matter originating from the flue
gas cleaning system is high in concentration of toxic pollutants and
is therefore deposited in appropriate landfills.

The International AshWorking Group (IAWG) (1997) defined fly
ash (FA) as collected flue gas dust prior to any sorbents and reagent
injection in the flue gas cleaning system. In comparison, air pollu-
tion control (APC) residues are defined as residues originating from
dry scrubbers, semi-dry scrubbers and wet scrubber systems. In
this article, the definition presented by IAWG is used for designat-
ing FA, dry/semi-dry scrubber residues are referred to as DS resi-
dues, and APC residues is used as a collective term for all solid
residues from air pollution cleaning systems. The term APC resi-
dues is also used to design residues that are a combination of FA
and DS residues or used when there are uncertainties about the
residues’ origin. FA usually originates from a wet-scrubber system
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where electrostatic precipitators remove all particular matter
before the flue gas enters a wet scrubber. For grate incinerators,
the acronyms G-FA and G-DS are used for FA and DS residues,
respectively. For APC residues from fluidized bed incinerators,
the acronym FB-APC is used.

Hazardous waste landfills may be potential sources of pollution.
Because opening new landfills are costly and politically difficult,
efforts have been made to valorize APC residues. Waste valoriza-
tion and material recovery processes are good alternatives to land-
filling with the benefits of reducing hazardous waste amounts and
the generation of valuable products. Environmental benefits can
justify the use of additional resources and costs. Quina et al.,
(2018) emphasize 4 different routes that promote recovery of sec-
ondary raw materials/products from APC residues:
decontamination/detoxification, product manufacturing, practical
application, and recovery of materials. All these routes are depen-
dent on the characteristics of the APC residue, e.g. chemical com-
position, mineralogy, morphology and organic constituents.
Huber et al., (2018) showed that a metal recovery process is the
most environmentally friendly waste management strategy when
comparing four different strategies in a life cycle analysis (LCA)
study. One of the most uncertain parameters in the LCA model
was the metal concentration in FA.

Hydrometallurgical methods have shown promising results for
removal and recovery of toxic heavy metals. In Switzerland, Zn
and Pb metal concentrate is recovered from FA with the FLUWA
FLUREC process (Weibel et al., 2017). A large pilot plant is testing
the HALOSEP� process operated by Stena Recycling A/S to recover
salts at the Vestforbrændingen plant in Denmark (‘‘Life HaloSep”,
2020). Both processes use spent acid scrubber liquor to leach met-
als from FA. The FLUWA FLUREC process uses metallic Zn cementa-
tion to remove less noble metal impurities and further liquid
extraction and electrowinning for Zn recovery. HALOSEP� uses
selective precipitation by regulating pH to separate heavy metals
and a salt solution. Studies on Cu recovery utilizes solvent extrac-
tion and leaching with various solvents on Swedish fluidized bed
(FB) incineration APC residues have also been performed
(Karlfeldt Fedje et al., 2012; Tang, 2017; Tang and Steenari,
2015). Even though the methods mentioned above have demon-
strated positive results for metal recovery, such processes can be
sensitive to elemental compositional variations resulting in vari-
able yields and challenging quality control. Elomaa et al., (2019)
point out that Fe can be a costly impurity in their leaching study.
The alkaline character of the residues can also offer challenges.
The Ca concentration, as the largest constituent in APC residues,
indicates the residues acid neutralization capacity, which is impor-
tant for acid consumption when aiming for leaching at low pH.
High acid consumption will be economically disadvantageous.
However, leaching with concentrated solution may reduce costs
by the lower total volume of aqueous solutions.

Removing highly soluble salts from APC residues might be the
most uncomplicated process for material recovery, where residue
reduction and reduced heavy metal mobility in deposited residues
are gained. Here, Colangelo et al., (2012) have studied water con-
sumption for washing out salts from APC residues. Further, utiliz-
ing APC residues for construction materials, which demands large
amounts, would significantly decrease the volume needed for
applicable landfills. Ca, Si, Al, and Fe phases present in APC residues
make the residues applicable as rawmaterials in the cement indus-
try (Quina et al., 2018). Here, chlorides are undesirable, but sul-
phates are acceptable (Moen, 2019).

The dynamic character and variation in APC residues’ chemical
composition make the development of recycling and material
recovery processes challenging. Such processes must be robust
and withstand variations in chemical composition. The elemental
composition varies with geographical regions and time (year and
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seasons) (Haberl et al., 2018; Ohbuchi et al., 2019; Wang et al.,
2019). It also varies with incineration technology (Leckner and
Lind, 2020), flue gas cleaning system (Jurczyk et al., 2016a,
2016b), upstream waste management system and downstream
management (e.g. mixing of different APC fractions for storing
and transport). Metals have different partitioning between bottom
ash and APC residues. The partitioning is dependent, e.g. on
strength of convective air flows, on vaporization of metals which
again depends on temperature, the residence time in the incinera-
tor and MSW composition that can catalyze vaporization reactions.
Ruth, (1998) reports the enrichment factors (concentration in FA
compared to the concentration in waste fuel) for selected metals:
Cd 500, Sb 60, Zn 25, Pb 20 and Cu 3 for grate fired incinerators.
The enrichment factors are significantly different in FB incinerators
because the chemical conditions for gaseous species formation are
different. Also, the total mass partitioning between APC residues
and bottom ash is different. About 3–4% of incinerated waste ends
up as APC residues and 15–20% as bottom ash in grate incinerators.
In comparison, FB incinerators lead to about 8–9% APC residues
and 6–7% bottom ash (Olofsson, 2006). According to Olofsson
(2006), more APC residues are generated from FB incinerators,
but the solid residues’ total mass is lower. Different scrubber
designs with variations of reagents and adsorbents generate con-
centration variation. Activated carbon is usually added to remove
organic pollutants and Hg prior to dust filters (Jurczyk et al.,
2016b).

This article provides an overview of 895 X-ray fluorescence
analyses (XRF) samples of DS residue and FA from plants in Nor-
way and Sweden gathered from 2006 to 2020. Variation in chem-
ical concentration of APC residues originating from incinerators
with different combustion technologies and flue gas cleaning sys-
tems are explored and presented. Differences between FB-APC
and G-APC, as well as differences between G-FA and G-DS, are
quantified. The chemical concentrations are compared to residues
from other countries for putting Scandinavian APC residue charac-
teristics into a global perspective. We consider this important for
clarifying variations that can affect holistic waste management
and material recovery process strategies for APC residues. Under-
standing the variation of APC residues is key for developing robust
material recovery processes that can handle variation in chemical
composition.
2. Methodology

2.1. Data source

A data set of chemical analyses of MSWI APC residues per-
formed by NOAH AS at the Langøya landfill in Norway is the basis
for this study. NOAH AS has performed XRF of Swedish and Norwe-
gian APC residues between 2006 and 2020. Samples are taken from
incoming trucks to Langøya. These are considered representative of
bulk APC residues and rather homogenous due to well mixing dur-
ing the transfer from temporarily storage siloes to trucks for trans-
portation. Most samples originate from yearly verification of toxic
heavy metals and many from periods with intense XRF analyses for
technology development. The number of samples per year does
hence vary.

Table 1 gives an overview of the dataset. The data represent 127
000 tons per year of MSWI residues which is the amount of resi-
dues delivered annually from all plants considered in 2017–2020.
The plants are denoted with the letters A-Z. There are 310 samples
of G-DS residues (all lime-based), 165 samples of G-FA, 65 samples
of G-APC residues and 355 of various FB-APC residues. Further, cir-
culating fluidized bed (CFB) and bubbling fluidized bed (BFB) com-
bustion technologies are differentiated, as for dry scrubber



Table 1
Overview of dataset, where FA is fly ash, DS is dry scrubber, SDS is semi dry scrubber, WS is wet scrubber filter cake.

Plant MSWI incineration technology Type of MSWI residue # XRF samples XRF sampling years Yearly tonnage waste delivered to Langøya
in the period between 2017 and 2020

A Grate DS 44 2006–2020 5800
B Grate DS 43 2005–2020 3600
C Grate DS 20 2007–2020 1200
D Grate DS 18 2006–2020 1600
E Grate DS 64 2006–2020 16,600
F Grate DS 18 2006–2020 1800
G Grate SDS 38 2015–2017 –
H Grate DS/SDS 18 2010–2020 2600
I Grate SDS 18 2011–2020 2700
J Grate DS/SDS 14 2009–2020 800
K Grate DS/SDS 15 2009–2020 3500
L Grate FA 30 2008–2020 2800
M Grate FA 41 2007–2020 13,700
N Grate FA 18 2006–2020 1400
O Grate FA 45 2007–2020 1900
P Grate FA 31 2006–2015 –
Q Grate SDS/FA 15 2006–2015 –
R Grate SDS/FA 38 2010–2020 6400
S Grate SDS/WS 12 2010–2020 1900
T FB (CFB) SDS 121 2014–2020 24,500
U FB (CFB) SDS 29 2015–2020 5800
V FB (CFB) SDS 40 2015–2020 7300
W FB (BFB) DS 28 2011–2020 6100
X FB (BFB) Unknown 72 2009–2020 8100
Y FB (BFB) DS 46 2007–2020 3300
Z FB (BFB) DS 19 2008–2020 4000
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residues (DS) and semi-dry scrubber (SDS) residues. Elsewhere in
this article, CFB and BFB are combined, and so are DS and SDS.
Before 2017, samples were analyzed with a loose powder XRF
while samples from after 2017 were analyzed with pelletized pow-
der XRF.
2.2. Descriptive statistics

The residues from the different plants were grouped into DS
from grate incinerators (Plants A-K, Table 1), FA from grate inciner-
ators (Plants L-P, Table 1), mixed APC residues from grate inciner-
ators (Plants Q-S, Table 1) and APC residues from FB incinerators
(Plants T-Z, Table 1). Mean elemental concentration with standard
deviations (SD) were calculated for each group after extreme out-
liers were removed. The extreme outlier criterion was:
X < Q1� IQR � 3 or X > Q3þ IQR � 3, where X is the elemental
concentration, Q1 is the lower quartile, Q3 is the upper quartile
and IQR = Q3� Q1. The normality of the distributions of the ele-
mental concentrations for each group was checked visually with
normal probability plots and tested with the Shapiro-Wilk test. A
robust principal component analysis (PCA) was performed in order
to see variations between the groups in a multivariate system. The
software package R 4.03 with robustPCA from the package
pcaMethods (v1.64.0) was used.
2.3. Variation due to MSWI technology

The mean elemental concentrations of MSWI APC residues
originating from grate incinerators were compared with those
originating from FB incinerators to explore differences emerging
from different combustion technologies. The distribution in G-DS,
G-DS, and FB-APC concentration are presented in density plots
(kernel smoothed) in the results chapter. Wilcoxon tests were also
executed, shown in the Appendix. The same procedure was
followed for the mean elemental concentration of G-DS, which
were compared with G-FA to compare APC residues originating
from different flue gas cleaning systems.
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2.4. Geographical variation

The XRF data from different MSWI technologies and flue gas
cleaning systems were compared with literature data to highlight
the geographical variations in chemical composition. Three differ-
ent sources were selected for comparison: First a comprehensive
overview of FA and DS residues from 1997 illustrating time varia-
tion (The International Ash Working Group (IAWG), 1997); sec-
ondly, the comprehensive overview of heavy metals from
Chinese grate incinerator and FB incinerator APC residues (Wang
et al., 2019); and third, studies related to the Zn recovery process
FLUWA FLUREC in Switzerland (Weibel et al., 2018, 2017). The
number of samples for each source is about 40 (varying with the
element), about 200 (varying with the element) and four samples,
respectively.

2.5. Other variations

Variations between plants that are not subjected to geographi-
cal or principal technological characteristics were explored. These
variations originate, e.g. from the number of incineration lines at
a plant, from changes in fuel composition in short and longer per-
spectives and from different designs of flue gas cleaning system.
After removing extreme outliers (same as previous criteria) from
samples originating from each plant within the groups (G-FA, G-
DS, and FB-APC), the average standard deviation was calculated
as a measure of the variation within plants. The average standard
deviation in a group was compared to an estimate of the variation
between the plants in the group. The latter estimate denoted swas
obtained using a one-way random-effects ANOVA model, as
explained in Appendix E. This was done in order to compare the
variation of APC residues within and between plants.

Elements with a large potential for material recovery and ele-
ments with the most extensive variations in either technology,
geography or time were presented for all statistical analyses. V,
As, Ag, Co, Ni, and Mo had too low concentrations to be reliable
for the XRF method and were therefore excluded from the analy-
ses. The Appendix contains more comprehensive results, normal
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probability plots, mean elemental concentrations for the plants,
estimates of the variation between the grouped plants, and statis-
tical hypothesis testing results.

3. Results and discussion

The mean concentration, standard deviation, relative standard
deviation, number of removed outliers and the number of samples
for selected elements are presented in Table 2. Fig. 1 B-D presents
boxplots ordered from highest to lowest elemental concentration.
Regarding the highest concentrations over 10 wt%, both Ca and
Cl concentrations can be found in G-FA and G-DS (B and C), while
only Ca can be found in FB-APC (D). Regarding concentrations
between 0.1 and 1 wt%, Na, K, S, Si, Al, and Zn are found in G-DS
and G-FA while Cl, Si, Al, Na, Fe, S and K are found in FB-APC. Ele-
mental concentrations of Cu, Zn and Pb, are between 0.01 and
0.1 wt% for FB-APC. The Cu concentrations are lower than
0.01 wt% for G-DS and G-FA. Cu and Fe have the most extreme out-
liers for grate incineration residues, while Si, Al and S have the
most outliers from FB-APC residues (Table 2).

The PCA (Fig. 1A) shows an apparent clustering of samples from
the grouped incineration technologies and explains 67.3% of the
variance (47.8% for the first principal component and 19.5% for
the second component). The first principal component (PC1) sepa-
rates the difference between G-APC residues and FB-APC residues,
and a high score is decided by the high concentrations of non-
volatile elements (Cu, Fe, Al, Ba, Si, Ti, Cr and P). FA and DS scrubber
residues from grate incinerators are separated into two clusters by
the second principal component (PC2). High PC2 scores are decided
by high concentrations of volatile elements (e.g. Sb, Cd, S, Zn, K, Sn
and Pb) and relatively lower Ca and Cl concentrations. In Fig. 1 A,
green colour is G-APC residues not covered by G-DS and G-FA
and represent plant Q-S in Table 1. These samples are more closely
linked with DS residue than FA. The FB-APC residues clustering into
several groups in the PC1 direction indicates a large variation in FB
residues from plant to plant. This difference comes from the differ-
ent FB combustion technologies (variations of CFB and BFB) and
flue gas cleaning system.

Normal probability plots for the elemental distributions in the
groups G-DS, G-FA and FB-APC and the results of Shapiro-Wilks
test for normality are given in Appendix B. Most elemental distri-
butions deviate significantly from the normal distribution. The
most considerable deviations from normality are found in the FB-
APC group, followed by the G-DS group. Elements with the most
significant deviation from normality are Al, Ba, Fe, P, S, and Si for
grate incinerators. The deviations are generally high for FB-APC
elemental concentration. Density plots with mean concentration
Table 2
Descriptive statistics of dataset. Concentrations are in mg/kg. SD is standard deviation, RSD
samples. Mean, SD and RSD is calculated from groups trimmed for EO.

Cu Pb Zn Cd Sb Sn Cr Fe

G-FA Mean 1200 2900 15,900 200 800 900 500 11,0
SD 260 980 5250 50 270 200 130 3970
RSD 22% 34% 33% 25% 34% 22% 26% 36%
EO 8 1 0 2 2 0 0 4
n 164 164 164 164 163 164 164 164

G-DS Mean 770 2400 10,900 110 640 490 240 6300
SD 280 970 3900 40 280 160 130 2800
RSD 36% 40% 36% 37% 44% 33% 53% 44%
EO 4 0 0 0 0 0 3 7
n 305 305 305 305 305 305 305 305

FB-APC Mean 5280 2270 6950 50 340 390 500 25,6
SD 1670 930 1890 20 110 100 150 11,4
RSD 32% 41% 27% 40% 32% 26% 30% 45%
EO 1 5 5 3 5 2 5 3
n 355 355 355 355 355 355 355 355
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marked are given for selected elements in Figs. 2 and 3 and for
all elements in Appendix C. These figures show that mean concen-
tration is a good measure of centrality for the distributions.

3.1. Variation due to MSWI technology

3.1.1. Combustion technology
FB-APC residues have significantly higher mean elemental con-

centrations of non-volatile metals compared to G-APC residues. Cu,
Fe, Al, Ba, Si, Ti, Cr and P show higher concentration by the first
principal component in Fig. 1 A. The mean elemental concentration
ratios for FB-APC versus G-FA and G-DS are highest for elements in
the following order: Cu (6.8 and 4.4), Fe (4.1 and 2.3), Al (4.4 and
1.8) and Ba (3.0 and 1.6). The differences are also apparent for Ti
(2.9 and 1.2), Si (2.8 and 1.2) and Cr (2.1 and 0.9). In contrast,
the elemental concentrations are much higher for volatile ele-
ments in G incinerators compared to FB incinerators. The mean ele-
mental concentration ratios for G-FA and G-DS versus FB-APC are K
(3.7 and 1.9), Cd (2.5 and 2.0), Na (3.2 and 1.9), Sb (2.5 and 2.0), Cl
(1.7 and 2.1), Zn (2.3 and 1.6), Sn (2.0 and 1.3) and S (1.7 and 1.4).
The differences are clearly seen in density plots in Fig. 2. Figures for
all elements are found in attached Appendix C.

The difference between FB-APC and G-APC can be explained by
the different elemental partitioning between bottom ash and APC
residues. For FB combustion, a larger portion of residues ending
up in the flue gas cleaning system is due to more turbulent conven-
tions leading to higher concentrations of non-volatile elements in
APC residues. Metallic Al concentrations of 4–5 wt% in Swedish
CFB APC residues have been reported (Östrem, 2019). This indi-
cates that a large portion of Al in FB-APC is in the metallic state.
This can give rise to special residue properties as metallic Al has
a high reduction potential. Some Si and Al may come from the
bed material (sand) that end up in the flue gas.

Another key difference for the combustion technologies is the
difference in chemical condition for volatilization. FB operates at
lower temperatures than grate incinerators. Nonetheless, the oper-
ating temperature depends on the plant design and can vary signif-
icantly. One FB plant included in this study reports incineration
temperatures around 500 �C. It is also reported that typical tem-
peratures is 850 �C for FB incinerators compared to <1100 �C in
grate incinerators (Leckner and Lind, 2020). Lower temperatures
in FB incinerators result in lower up-concentration of volatiles.
The vaporization kinetics and equilibrium are very dependent on
temperature. Different kinetics and equilibrium below and above
750 �C have been reported (Falcoz et al., 2009; Rio et al., 2007).
The low temperature in FB hinders heavy metals like Cd, Pb and
Zn to be volatilized in contrast to grate incinerators which have
is relative standard deviation, EO is number of extreme outliers and n is number of

Ca Si Al S Cl Na K

00 187,200 37,700 17,300 39,000 118,200 84,900 51,200
42,040 15,100 8730 11,790 27,100 19,260 12,530
22% 40% 50% 30% 23% 23% 24%
1 0 0 1 1 0 0
163 163 164 163 163 119 163
288,500 15,500 6900 31,000 138,700 51,400 25,700
46,800 11,300 7400 13,400 43,900 19,200 8400
16% 73% 107% 43% 32% 37% 33%
2 3 0 1 0 1 1
305 305 305 305 305 164 305

80 203,950 43,700 30,710 22,500 66,900 27,230 13,550
30 43,930 18,860 14,150 7590 36,370 12,310 4140

22% 43% 46% 34% 54% 45% 31%
6 10 12 14 1 0 3
355 355 355 355 355 164 355



Fig. 1. A: Principal component analysis of XRF dataset. B-D: Elemental concentration ordered from highest to lowest concentration for G-FA, G-DS and FB-APC, respectively.
Note logarithmic y-axis. In figure A, green are G-APC residues which are neither pure DS nor FA, but rather a mix of different APC residues. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Concentration distribution for elements with the highest difference betweenmean elemental concentration from G-APC and FB-APC, where Cu, Fe and Al are highest in
FB-APC and K, Cd and Na are highest in G-APC. Stippled lines are concentration means.
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higher combustion temperatures. From highest to lowest, Cd, Sb,
Zn, Sn and Pb are the heavy metals with a significantly higher con-
centration in G-APC than FB-APC. This is the same order as elemen-
tal enrichment factor from waste to FA reported by Ruth (1998).

The alkali volatilization is very dependent on temperature (Ma
et al., 2020) and alkali chlorides volatilize around 700 �C, whereas
alkali carbonates and sulfates decompose around 850 �C. Char-
bound alkalis also decompose significantly in the temperature
range between 800 and 850 �C. The highest differences in elemen-
tal concentration between FB-APC and G-APC observed in this
study are K, Cd and Na.

The high heating rate in FB incinerator retards Cl volatilization
compared to the slow heating rate in grate incinerators (Liu et al.,
2001; Ma et al., 2020). Experiments have also shown significantly
less Cl and S volatilized at 600 �C compared to 900 �C (Watanabe
et al., 2004). The difference in Cl concentration between FB-APC
627
and G-APC reflects that lower temperature in FB incinerators does
not volatilize Cl to the same extent as grate incinerators. The Cl
concentration is about twice as high for G-APC compared to FB-
APC.

Because of Cr’s non-volatile character, a more considerable dif-
ference in concentration of FB-APC than G-APC is expected. This is,
however, not observed in this study, which can indicate special Cr
volatilization mechanisms in grate incinerators. Ebbinghaus (1995)
show with thermodynamic modelling that Cr2O3 can be volatilized
as CrO2Cl2(g) with HCl(g) present at typical incineration
conditions.

3.1.2. Flue gas cleaning system
Only the mean elemental concentrations of Ca and Cl are higher

in G-DS than in G-FA: Ca is 1.5 times higher, whereas Cl is 1.2 times
higher. The lowest mean concentration ratios of G-FA versus G-DS



Fig. 3. Concentration distributions for elements with highest difference between mean elemental concentration from FA and DS from grate incinerators. Stippled lines are
mean concentrations.
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are Ca (0.6), Cl (0.9), Pb (1.2), S (1.3), Sb (1.3), Cd (1.3) and Zn (1.5).
The Cu, Mg, Na, Sn, Fe, Ba and K mean concentrations of G-DS ver-
sus G-FA lie between 1.5 and 2. The highest differences are present
for P, Cr, Ti, Si and Al, which lie between 2.2 and 2.4 times higher.
The elements with the most considerable difference between mean
elemental concentration from FA and DS from grate incinerators
are presented in Fig. 3. Figures for all elements are displayed in
Appendix C.

The Ca mean concentration is approximately 100 g/kg higher in
DS residues compared to FA. This indicates that 10% of DS residues
is added lime. The difference in Cl content illustrates the DS sys-
tem’s efficiency for removing HCl(g) from the flue gas. The lime
addition is primarily for HCl(g) neutralization. HCl(g) is stable at
low temperatures, while other gaseous species (e.g. SOX, KCl(g),
K2SO4 (g)) nucleates before particle filters in wet scrubber systems
(Ma et al., 2020). Therefore, the concentrations of S are not higher
in DS residues as regular particle filters can remove most S-based
gaseous species before wet scrubbers.

The difference in elemental concentration between the two dif-
ferent flue gas cleaning systems can indicate which elements have
the highest chance of going through a particle filter without the
addition of neutralization agent, adsorbents or other reagents. This
may imply that Pb, S, Sb, Cd and Zn, in that order, tend to form
stable gaseous species that can penetrate regular particle filters
when no reagents or neutralization agent are added for nucleation.
3.2. Geographical variations

Boxplots presenting selected elemental concentrations from
this study and literature data are shown in Fig. 4. Figures for all ele-
ments considered can be found in Appendix D while the mean ele-
mental concentrations found in literature are presented in Table 3.
The Zn and Pb concentrations are approximately twice and three
times higher for G-FA reported by Weibel et al. (2018, 2017) than
for G-FA analyzed in this study. In Switzerland, industrial waste is
commonly mixed with MSW for incineration, which results in the
elevated heavy metal concertation of the generated FA (Haberl
et al., 2018). he high elemental Zn concentration makes the Swizz
FA more suitable for Zn recovery with, e.g. the FLUWA FLUREC pro-
cess. The Swiss FA is only based on 4 different samples, which
question its representativeness.
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Chinese APC residues are significantly lower in heavy metals
than Swedish and Norwegian APC residues. Even Cu and Cr concen-
trations from FB incinerators are lower than concentrations in G-
FA and G-DS residues. The Chinese MSW composition differs from
high-income countries where, e.g. the organic fraction is higher
(Mian et al., 2017). The APC residue concentrations reported by
IAWG (1997) are significantly different than the values reported
in this study, in particular for heavy metals like Pb and Cd. This
clarifies that the elemental concentration of APC residues changes
with time due to waste fuel changes.

3.3. Other variations

The variation in chemical concentration from plant to plant and
within plants can be seen in Fig. 5, where each plant’s concentra-
tion distributions are presented in boxplots for selected elements.
Figures for all elements can be found in Appendix E. The average
relative standard deviation for the elemental concentration of G-
DS plants is 28%; for G-FA plants, it is 33%, and for FB-APC plants,
it is 22%. The average relative standard deviation for Ca in DS resi-
dues is about half of the other elements because Ca is added as the
main element in lime-based neutralization agent in a controlled
manner. The average RSD for all elemental concentrations for G-
FA plants was 28%, close to RSD for all samples in the whole group
(29%). The RSD for all samples in the G-DS group is 47% and is
much higher than the average RSD within the plants at 33%. This
indicates that there are more considerable differences between
DS residues than FA residues from various plants.

The variation between plants estimated by s (Appendix B)
showed equal trends. On average, the s estimates are 40% less than
the average standard deviation for G-FA plants, while they for G-DS
plants on average are 20% lower than the average standard devia-
tion. This distinction might be explained by more considerable
variations in dry/semi-dry scrubber designs compared to particular
filter designs utilized before wet-scrubber systems. Also, the differ-
ent reagent types may cause a larger variation for DS residues. The
average s is 40% higher than the average standard deviation per
incinerator for FB-APC plants, resulting from FB technologies
(e.g., CFB and BFB) and flue gas cleaning system technologies not
being differentiated.

The estimate s is obtained from a one-way random-effects
ANOVA model. As seen in Appendix E, this model assumes equal



Fig. 4. Zn, Pb, Cd, Cu, Ca and K elemental concentration of APC residues from this study (left plot) and from the literature, Table 3 (right plot). G-FA, G-DS and FB-APC are
represented by yellow, blue and red colours, respectively. In plots of literature data, green colour represents grate incineration APC residues. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3
Mean elemental concentration in mg/kg of literature data where G-FA (97) and G-DS (97) are from IAWG (1997), G-FA (CHE) is Swizz FA from Weibel et al. (2018, 2017) and G-
APC (CHN) and FB (CHN) are Chinese APC residues from Wang et al. (2019).

Cu Pb Zn Cd Sb Sn Cr Fe Ca Si Al S Cl Na K

G-FA (97) 1200 11,000 28,000 650 530 1400 390 25,000 107,000 160,000 71,000 26,000 74,000 31,000 36,000
G-DS (97) 710 5400 15,000 300 790 890 180 12,000 230,000 69,000 26,000 15,000 180,000 17,000 23,000
G-FA (CHE) 2699 9704 45,160 280 2699 1444 569 20,344 174,263 78,150 38,325 54,493 104,215 46,951 46,218
G-APC (CHN) 990 2004 6370 121 – – 121 – – – – – – – –
FB-APC (CHN) 718 810 3105 42 – – 42 – – – – – – – –
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variances of the elemental distributions for all the grouped
incineration technologies. However, this assumption is not fulfilled
for most elements, as shown in Fig. 5, from the homogeneity of
variance test in Appendix E and from the tests presented in Appen-
dix B. Therefore, the exact numerical values of s must be inter-
preted with care, but approximate conclusions can be drawn.
Roughly, estimates show that the variation is twice as high within
a grate incineration plant than between grate incineration plants –
with a larger variation for DS residues than FA. In comparison, for
FB-APC plants, the variation in residues are larger between plants
than within the plants. Therefore, the FB-APC residues should be
629
well differentiated with respect to different FB technologies and
flue gas cleaning systems and should be further investigated. This
is substantiated with the different FB-APC clustering in the PCA
(Fig. 1 A).
4. Valorisation of MSWI APC residues

Zn and Cu are considered the most valuable metals in APC resi-
dues. The Zn concentrations are higher in G-FA and G-DS (1 and
1.6 g/kg, respectively) than FB-APC residues (0.7 g/kg). The mean
Cu concentration is higher in FB-APC residues (0.5 g/kg) than G-



Fig. 5. Zn, Pb, Cd, Cu, Ca and K elemental concentration of APC residues from different incineration plants A-Z. G-FA, G-DS and FB-APC are represented by yellow, blue and red
colours, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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DS and G-FA (average of both 0.1 g/kg). For FB-APC residues, Cu
should be the target metal for recovery. However, these described
metal concentrations apply to Norwegian and Swedish APC resi-
dues as a result of their MSW management systems. The variation
between Scandinavian, Chinese and Swiss MSWI APC residues
illustrates that metal recovery processes must be adapted to geo-
graphical location and the location’s holistic waste management
system.

A high acid neutralization capacity of the APC residues results
from the high Ca content (G-DS 1.5 higher mean than G-FA with
28.8 wt% compared to 18.7 wt%). This results in ideal properties
for neutralizing spent industrial acid, as performed at the Langøya
landfill. The high Ca concentrations may also allow the residues to
be processed into suitable construction materials. However, the
high Ca content can be challenging in metal extraction processes
as high amounts of acid must be used to reach an acid extraction
regime. The mean concentrations for Cl, Na, and K are about twice
as high for grate incineration APC residues than FB residues, facil-
itating economic salt recovery.

The variation between different APC residues is important when
considering the design of a material recovery process, especially if
the process shall be centralized to handle several plants’ residues.
Larger variation should be expected from FB-APC than from G-DS,
which should be expected higher than G-FA.

It is important to emphasize that the chemical concentrations
only show the potential for material recovery. The concentration
of organic pollutants, inorganic speciation and mineralogy in APC
residues are not specified in this study yet are necessary for under-
standing separation processes in material recovery processes.
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5. Conclusion

This article presents representative data on chemical
composition of Swedish and Norwegian MSWI APC residues from
2006 to 2020. The APC residues are categorized as G-FA, G-DS
and FB-APC residues, where the variation in chemical composition
is presented and quantified. These variations must be taken into
account when designing material recovery processes. This study
clarifies several aspects concerning differences in chemical compo-
sitions for MSWI APC residues.

First, combustion technologies give rise to significantly different
APC residues. G-FA and G-DS residues have higher concentrations
of volatile elements compared to FB-APC residues, typically ele-
ments with low metal or metal oxide melting temperatures. The
difference is evident for K, Na, Cd, Zn, Sb and Sn. In contrast, FB-
APC residues have a higher concentration of Cu, Fe, Al, Si and Cr.
This is due to lower combustion temperatures and more turbulent
flows in the combustion chambers, which give a more even parti-
tioning between bottom ash and APC residues. Large variations are
observed in the FB-APC and are most likely coming from the differ-
ent FB combustion technologies. The characteristics of different FB-
APC residues should be further investigated and differentiated.

Second, various flue gas cleaning systems also give rise to sig-
nificantly different APC chemical compositions. Differences
between lime-based DS residues and FA from wet scrubber sys-
tems, both from grate incinerators, are quantified. Ca and Cl con-
centrations are higher for DS residues, while the other elemental
concentrations are higher for FA. Further, chemical compositional
variations are larger for G-DS than for G-FA due to more
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considerable variation in DS designs than in dust filter designs for
wet scrubber systems. Differences in DS and FA’s chemical compo-
sition may indicate that Pb, S, Sb, Cd and Zn (in that order) tends to
form stable gaseous species that can penetrate regular particle fil-
ters in wet scrubber systems.

Third, there is more considerable chemical compositional vari-
ation within MSWI plants than between MSWI plants. However,
the variation between plants is significant. The variation is about
twice within grate incineration plants than between grate inciner-
ation plants. The average relative standard deviation for elemental
concentration within plants is 30%.

Fourth, metal recovery processes must be adapted to geo-
graphic variations, waste management systems and be robust con-
sidering chemical variation over time. The metal concentrations
are significantly different for Scandinavian, Swiss and Chinese
APC residues. Swiss FA is high in Zn, which is more beneficial for
Zn recovery, while Chinese APC residues are low in valuable metals
like Zn and Cu. The different metal concentrations of Scandinavian
APC residues from 2006 to 2020 and FA reported by the IAWG
(1997) illustrate the dynamic character of MSWI residues over
time. Typical APC residue characteristics must be revised over time
as MSW composition changes with time.

With an increased comprehension of the variation in chemical
concentrations of MSWI APC residues, more insightful decisions
regarding the development of material recovery processes may
be taken. Hopefully, this might lead to more sustainable waste
management practices for MSWI APC residues.
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