
Resources, Conservation & Recycling 203 (2024) 107461

Available online 7 February 2024
0921-3449/© 2024 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

The contribution of waste and bottom ash treatment to the circular 
economy of metal packaging: A case study from Austria 

Jakob Lederer a,1,*, Dieter Schuch b,c,1 

a Christian Doppler Laboratory for a recycling-based Circular Economy, Institute of Chemical, Environmental and Bioscience Engineering, TU Wien, Getreidemarkt 9, 
1060, Wien, Austria 
b Institute for Water Quality and Resource Management, TU Wien, Karlsplatz 13/226, 1040, Vienna, Austria 
c Altstoff Recycling Austria AG, Mariahilfer-Straße 123, 1060, Vienna, Austria   

A R T I C L E  I N F O   

Both authors equally contributed to this article. 
The order of authors is alphabetically.  

Keywords: 
Recycling rate 
Metal packaging 
Aluminum 
Ferrous metals 
Material flow analysis 
Reverse modelling 

A B S T R A C T   

The EU defined recycling rate targets for aluminum and ferrous metal packaging wastes. According to the Eu
ropean Commission, aluminum and ferrous metal packaging recovered through waste sorting and bottom ash 
treatment can also be considered for target achievement, in addition to separate collection. Lack of data causes 
that many countries don’t report these recovered amounts. This study determined the aluminum and ferrous 
metal packaging recovered by waste sorting and bottom ash treatment and the contribution of these amounts to 
the recycling rate in Austria by material flow analysis. Results show that waste sorting and incineration bottom 
ash treatment increases the recycling rate of aluminum packaging from 33 % to 58 % and of ferrous metal 
packaging from 65 % to 93 %. The recycling rate for the sum of metal packaging thus increases from 53 % to 80 
%. Data-improvement is required for future calculation of recycling rates of metal packaging.    

List of abbreviations 
Al Aluminum 
APC Air Pollution Control 
AUT Austria 
BMK Bundesministerium für Klimaschutz (Federal Ministry for 

Climate Protection) 
CE Circular Economy 
EC European Commission 
EEA European Environment Agency 
Eq Equation 
EU European Union 
F Flow 
FBC Fluidized Bed Combustor 
Fe Ferrous metal 
FLA Flanders 
GI Grate Incinerator 
IBA Incineration Bottom Ash 
MA Magistratsabteilung (Municipal Department) 
MFA Material Flow Analysis 
MSW Municipal Solid Waste 

MSWI Municipal Solid Waste Incineration 
P Process 
PW Packaging Waste 
RDF Refuse Derived Fuel 
RR Recycling Rate 
TC Transfer Coefficient 
VIE Vienna 
wt weight 

1. Introduction 

In a world of multiple crisis, strategies that enhance the resilience 
and sustainable development of societies gain increasing relevance. One 
of these strategies is the circular economy (CE) that aims to reduce 
resource consumption, provide secondary raw materials by waste 
recycling, encourage the economy and protect the environment (Gaus
tad et al., 2018; Gavrilescu et al., 2023). In the EU, an important mea
sure within the CE are recycling rate (RR) targets for municipal solid 
waste (MSW) streams like metal packaging waste (PW), were in the 
years 2025 and 2030, 50 % and 60 % of Al, and 70 % and 80 % of Fe, 
should be recycled (EU, 2018). Although emission factors for primary 
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production of aluminum has been reduced in the last years (European 
Aluminium, 2018), benefits of greenhouse gas by using recycled metals 
as secondary resources will continue (Turner et al., 2015). According to 
the European Environment Agency EEA (2022), nine EU member 
countries likely achieve the 2025 RR targets for MSW and PW. Among 
these countries is also Austria, which in 2019 failed to achieve the tar
gets only for plastic PW (EEA, 2022). However, in 2020 the RRs of metal 
PW in Austria dropped to 66.1 wt-% from 84.7 wt-% in 2019 (BMK, 
2023). A deeper look into Eurostat statistics indicate that the partial 
non-reporting of metal packaging recovered from incineration bottom 
ash (IBA) of MSW incineration (MSWI) is the main reason for this drop. 
While amounts recovered from IBA were reported for Fe, they were not 
displayed for Al packaging (Eurostat, 2023), even though Al is recovered 
from IBA in Austria (Warrings and Fellner, 2019). A probable reason for 
this is that the data required to calculate these amounts is not completely 
available. The rules to calculate recovered Al and Fe packaging from IBA 
foresee that the calculation distinguishes between Al and Fe packaging 
(Van Caneghem et al., 2019). To apply the calculation rules, first, the 
amounts of metals recovered from IBA, second, the concentration of Fe 
and Al in these metals, and third, the shares of packaging and 
non-packaging metal for Fe and Al, taken from waste analysis of the 
input into MSWI, are required. In Austria, the first variable can be taken 
from the federal waste management plan (BMK, 2023). The second 
variable, however, is not available at all. The third variable is only 
available for mixed MSW in Vienna, but not for the other provinces 
where Al and Fe PW was summarized as metal PW (Beigl, 2020; BMK, 
2023; Gritsch and Lederer, 2023). Furthermore, waste sorting analysis 
for mixed commercial MSW, bulky MSW, and construction waste, which 
are the other main sources of metal PW, distinguished between Al and Fe 
packaging metals, but not considered Al and Fe non-packaging metals. 
As a consequence, a direct determination of Fe and Al PW recovered 
from IBA according to the calculation rules of the EC (2019) was not 
possible in Austria. Besides, since decades, substantial amounts of Al and 
Fe PW are recovered in Austria from mixed MSW sorting plants (Neu
bauer and Öhlinger, 2007; Warrings and Fellner, 2018). These amounts 
were also not reported to Eurostat, probably because this recovery route 
is not explicitly mentioned in the RR calculation rules of the EC (2019). 
However, they are recycled and their contribution to the RRs can be 
calculated in analogy to these amounts recovered from IBA. This is 
important also for other countries in the EU that apply mixed MSW 
sorting like Cyprus, Greece, the Netherlands, or Spain (Bourtsalas and 
Themelis, 2022; Cimpan et al., 2015; Lederer et al., 2022; Thoden van 
Velzen et al., 2020). To overcome these data gaps for Austria and 
providing an example also for other countries, this article asks the 
following research questions:  

1) Which amounts of Al and Fe PW are present in Austrian MSW 
streams?  

2) Which amounts of Al and Fe PWs are recovered by mixed and bulky 
MSW sorting and IBA treatment in Austria?  

3) How do these amounts contribute to the RRs of Al and Fe PWs in 
Austria in the sense of the calculation rules of the EC (2019)? 

To answer such questions, many studies used material flow analysis 
(MFA). Most of the recent MFA studies on PW were on plastic (eg. 
Amadei et al., 2023; Schuch et al., 2023). Of the few studies on metal 
PW, Warrings and Fellner (2018) modelled Al in Austria in 2013, but not 
Fe. Van Caneghem et al. (2019) and Tallentire and Steubing (2020) 
modelled metal packaging flows in Flanders (FLA) and the EU, not 
explicitly distinguishing between Al and Fe. The latter was carried out 
by Thoden van Velzen et al. (2020) for the Netherlands. As a conse
quence, there are only few studies that modelled the material flows of Al 
and Fe PW to calculate the RRs of these materials. Furthermore, in the 
past, MFA was also used to model the unknown quantities and con
centrations of materials in input waste streams of waste treatment plants 
by measuring or collecting data on the output flows from these plants 

(Morf et al., 2000; Riber and Christensen, 2007). The present study will 
apply this indirect determination of material concentrations by reverse 
MFA modelling at country level. 

2. Method and materials 

2.1. Material flow analysis (MFA) 

2.1.1. System description and general information 
MFA and the software STAN 2.6 were used for the calculation, dis

tinguishing between goods like mixed MSW and substances like Al and 
Fe (Brunner and Rechberger, 2016; Cencic and Rechberger, 2008). 
Minor alloy elements where not considered, even though they may affect 
the recycling quality and potential applications (Cooper et al., 2020; 
Dworak et al., 2022; Løvik and Müller, 2014). Al and Fe as part of 
multi-material packaging like beverage cartons was also not considered, 
due to their negligible amounts and thus non-inclusion in metal pack
aging waste statistics (Warrings and Fellner, 2018). The system under 
investigation considers thus all relevant Al and Fe PW containing flows 
generated in Austria in the year 2020 according to BMK (2023), i.e. 
mixed household MSW, mixed commercial MSW, the combination of 
both (mixed MSW), bulky MSW, construction waste, and separately 
collected PW. Other sources of metal packaging of not specified origin 
are modelled as an additional MSW flow (other MSW, e.g. paint cans). 
The MFA model is shown in Fig. 1, a list of all abbreviations of the 
material flows is given in table S1 (supplementary file). 

In the MFA model, processes are abbreviated as P and flows as F. Like 
in Lederer et al. (2020), processes are numbered consecutively starting 
with P0. The numbering of flows indicates the processes of origin and 
destination. If more than one flows have the same process of origin and 
destination, they are numbered (e.g. F_1-3.2 is the second flow from 
process P1 to process P3). 

The colors of material flows in Fig. 1 indicate these for which: the 
mass of goods and the concentration of substances was given (green); 
the mass of goods was known (red); the concentration or the mass of 
substances was available (blue); or no information was found (black). 
For processes in grey color, input or output substance flows for Al and Fe 
packaging were calculated by mass balancing (Eq. (1)). Processes in 
yellow indicate these for which transfer coefficients (TCs) (Eq. (2)) were 
used in addition to mass balances for the calculation. Processes in white 
color are outside the system boundary and not considered for 
calculation. 

Since the data availability is higher for the province of Vienna than 
for the eight other provinces, Vienna is calculated separately. Flows and 
processes with a suffix VIE denominate these in Vienna. AUT indicates 
all nine provinces. AUT–VIE indicate all flows and processes in prov
inces outside of Vienna. 

2.1.2. Material flows of Al and Fe PW containing goods 
First, the material flows of goods were calculated, mainly by mass 

balance as in Eq. (1) 

∑k,in=n,in

k,in=1

m˙
k,in

=
∑l,out=m,out

l,out=1

m˙
l,out

(1)  

where 
∑k,in=n,in

k,in=1 m˙
k,in is the sum of input-material flows and 

∑l,out=m,out
l,out=1 m˙

l,out is the sum of output-material flows. The data on the Al 
and Fe packaging containing wastes generated and treated in MSW 
sorting plants, as well as Al and Fe packaging containing outputs from 
these plants come from the Austrian federal waste management plan 
(BMK, 2023). For Vienna, more detailed data on these flows from the 
municipal waste management company MA 48 as cited in Gritsch and 
Lederer (2023) were used. Amounts of wastes treated by MSWI and the 
amounts of air pollution control (APC) residues and IBA generated from 
MSWI came from Austria’s Environment Agency (Kellner et al., 2022). 
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Details on the data sources of the material flows of goods are shown in 
the supplementary file (Table S1). 

Process P7, which is the sorting of PW contains metal packaging, was 
the only process for which material flows were calculated by the transfer 
function as in Eq. (2) 

TCl,out =
ṁ˙

l,out
∑k,in=n,in

k,in=1 ṁ˙
k,in

(2)  

where TCl,out is the TC for an output material flow l,out, while ṁl,out,j is 
the mass of the output-substance flow l, out. 

∑k,in=n,in
k,in=1 m˙

k,in is the mass 
sum of input-material flows. While the TC in Eq. (2) shows the relation 
between one output flow and the sum of all input flows, TCs can also be 
related to one single input flow. This is shown in Eq. (3). 

TCl,out =
ṁ˙

l,out

ṁ˙
k,in

(3) 

TCs are generally given in toutput / tinput. For a better illustration, the 
input and output flows to calculate the TCs are indicated as TCinput- 

flow→output-flow. At the level of goods, only one TC was used for process 
P7. The TCF_2-7→F_7-21 is 0.400 [toutput / tinput] towards recycling for PW 
sorting plants sorting packaging of plastics and metals (Neubauer et al., 
2019). 

For two material flows of goods, the relations function in STAN as 
shown in Eq. (4) was used. Relations can be defined for flows or flow 
parameters. In this case, the material flows of Al oxidation losses by 
incineration (flows F_14-17 and F_14-20) were calculated at the sub
stance level (Section 2.1.3). Then, it was defined that the mass of goods 
mi of the material flow i equals 1.89 times the mass mj,i of substance j (Al) 
in the same flow i. 1.89 is the conversion factor between Al and Al2O3 in 
[t/t]. 

ṁi = 1.89 × ṁ(j,i) (4)  

2.1.3. Substance flows of Al and Fe PW 
To calculate the substance flows of Al and Fe metal packaging, 

mainly Eq. (5) was used: 

ṁji = ṁi × cji (5)  

ṁi is the material flow of a good i and cji is the concentration of substance 
j in good i. ṁji is the material flow of a substance j in a good i. Substance 
flows of Al and Fe PW generated came from BMK (2023), while these 
recycled from separate collection and sorting of PW waste were taken 
from Eurostat (2023). Fe PW recovered from IBA treatment in Austria 
(flow F_14-21) also came from Eurostat (2023). Since this amount of 8, 
505 [t/yr] was reported, it was assumed that it consistet of 100 wt-% of 
Fe PW. Gritsch and Lederer (2023) provided concentrations of Al and Fe 
packaging in household MSW for Vienna, and Merstallinger and Fritz 
(2022) these in bulky MSW, commercial MSW, and construction waste 
for all nine Austrian provinces. The data in Gritsch and Lederer (2023) 
and Merstallinger and Fritz (2022) origins from waste sampling cam
paigns that also show the uncertainty levels of the concentration of Al 
and Fe packaging in waste flows, based on a confidence interval of 95 % 
(Beigl, 2020). These uncertainties were considered in the calculation 
(indicated as ±). Since both data sets are on a gross-basis, meaning that 
moisture and dirt are contained in the concentrations cji,gross, the net 
concentrations cji,net without moisture and dirt for Al and Fe packaging 
had to be calculated. This was done after Beigl (2020) by applying a 
net-factor NFji of 0.883 [t/t] (Eq. (6) and supplementary file Table S2). 

cji,net = cji,gross × NFji (6) 

In addition to Eq. (5), the transfer function (Eqs. (2) and (3)) using 
TCs was used. The TCF_2-7→F_7-21 for Al and Fe PW separately collected 
and sorted for recycling in PW sorting plants (process P7) are 0.90 ±
0.02 for Al and 0.97 ± 0.02 for Fe (supplementary file, Table S3). The 
TCs come from PW sorting plants in Austria, Belgium and the UK 
(Cimpan et al., 2015; Gritsch and Lederer, 2023; Kleinhans et al., 2021) 
and the data and calculation is shown in Table S3 in the supplementary 
file. The TCF_3-8→F_8-21 of mixed MSW sorting in Vienna (process P8) of 

Fig. 1. Material flow analysis model for metal PW of Al and Fe in Austria for the year 2020.  
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0.00 ± 0.00 for Al and 0.26 ± 0.00 for Fe was taken from Gritsch and 
Lederer (2023). For the TCF_4-9→F_9-21, TCF_5-9→F_9-21, and TCF_6-9→F_9-21 
in mixed and bulky MSW sorting in the other eight Austrian provinces 
(process P9), TCs of 0.635 ± 0.115 for Fe and 0.295 ± 0.155 for Al were 
used (Skutan and Brunner, 2006). 

For by IBA treatment in Vienna, the TCF_10-12→T_12-14 towards recy
cling is 0.900 ± 0.000 for Fe and 0.530 ± 0.000 for Al, respectively 
(Gritsch and Lederer, 2023). In the other eight provinces, the 
TCF_11-13→F_13-14 of 0.34±0.15 for Al towards recycling was used. These 
TCs are the mean values ± standard deviations from eight IBA treatment 
plants in the EU (Allegrini et al., 2014; Biganzoli and Grosso, 2013; 
Gritsch and Lederer, 2023; Holm and Simon, 2017; Huber, 2020). Fe 
from IBA treatment was not necessary to be calculated by TCs since data 
on the total amount recovered in Austria (flow F_14-21) was available 
from Eurostat (2023). The data and calculation is shown in the supple
mentary file Table S4. MSWI oxidation losses for Al were assumed at 
5–15 wt-% of the aluminum input into MSWI and IBA treatment (Hu 
et al., 2011), realized in the calculation in a subsequent modelled pro
cess P14. The based on this range determined TCF_12-14→F_14-17 and 
TCF_12-14→F_14-20 is 0.10 ± 0.05 towards landfilling. 

Finally, the relation function was used to calculate the substance 
flows of material flow F_1-5.1 household MSW AUT–VIE to collection and 
F_1-5.3 other MSW flows. In the relations function in Eq. (7) 

cjx = cjy (7) 

cjx is the concentration of a substance j in the good x and cj is the 
concentration of a substance j in the good y. For both flows, the con
centrations were assumed to be equal (cj,F_1-5.1 = cj,F_1-5.3). The same was 
assumed also for other flows of mixed MSW (cj,F_5-9 = cj,F_5-10 = cj,F_5-11) 
and sorted MSW (cj,F_9-10 = cj,F_9-11 = cj,F_9-18). 

According to the definition of the calculation point for recycling (Van 
Caneghem et al., 2019) further losses during the recycling process in 
metal smelters or furnace are not considered. 

2.2. Contribution of metal packaging from MSW and IBA to the RR 

For the RR including bulky and mixed MSW sorting and IBA treat
ment Eq. (8) was used 

RRj =
( (

ṁj,sep coll + ṁj,rec MSW&IBA
)/

ṁj,gen
)
× 100[%] =( (

ṁj,F 7− 21 + ṁj,F 8− 21 + ṁj,F 9− 21 + ṁj,F 14− 21
)/

ṁj,F 0− 21
)
× 100[%]

(8)  

where RRj is the RR for substance j, ṁj,sep coll is the mass of the material 
flow of substance j separately collected and sent to recycling, 
ṁj,rec MSW&IBA is the mass of the material flows of substance j recovered 
from mixed MSW and IBA and sent to recycling, and ṁj,gen is the mass of 
the material flow of substance j generated. The second part of Eq. (7) 
only shows the material flows used in the particular case of this study. 
Since sorting losses in bulky and mixed MSW sorting, PW sorting, and 
IBA treatment, were considered, and also moisture and dirt contents as 
well as aluminum oxidation were subtracted, the calculation rules by EC 
(2019) should be fulfilled, as the losses are higher than the 14 wt.% 
suggested by EEA (2022). 

3. Results and discussion 

3.1. Material flows of goods, aluminum and ferrous metal packaging in 
Austria 

3.1.1. Material flows of goods 
Fig. 2 shows the material flows of goods containing Al and Fe PW. 

With respect to the destination of the waste flows considered, con
struction waste (flow F_1-18) could not have been clearly traced to its 
destination. Thus, this waste flow and the therein contained Al and Fe 
PW were not considered. In reality, however, the portion of construction 
waste which contains Al and Fe packaging, is likely to be treated in 
mixed and bulky MSW sorting plants or directly incinerated (BMK, 
2023). In this case, the therein contained Al and Fe PW was partially 
recovered for recycling. For bulky MSW, the destination of 120,000 
[t/yr] was unclear (flow F_6-18). Former studies assumed that sorting 

Fig. 2. Material flows of goods containing metal PW of Al and Fe in Austria for the year 2020. A comma (,) marks a thousand-separator.  
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residues from MSW sorting were either landfilled, or incinerated as RDF 
in cement kilns (Warrings and Fellner, 2018). The therein contained Al 
and Fe PW would then be lost for recycling. In fact, these residues are 
mainly incinerated in MSWI (flows F_8-10, F_9-10, F_9-11), allowing a 
recovery of the therein contained Al and Fe PW by IBA treatment 
(Kellner et al., 2022). Furthermore, residues from PW or mixed and 
bulky MSW sorting (flows F_7-15 and F_9-18) which are used to prepare 
RDF for the cement industry, undergo further treatment in RDF pro
duction plants and it is likely that Al and Fe PW is partially recovered in 
these plants and recycled. 

3.1.2. Material flows of Al PW 
Fig. 3 shows the material flows of Al PW. The bulk of Al PW is 

concentrated in three material flows, namely source-segregated LPW 
(flow F_1-2, ~8,840 [t/yr]), household MSW VIE (flow F_1-3.1, ~3,720 
[t/yr]), and household MSW AUT–VIE (flow F_1-5.1, ~8,370 [t/yr]). 
These are altogether about ~20,930 [t/yr] or 87 % of all Al PW 
generated in Austria. Furthermore, the total amount of Al PW generated 
in Austria is almost equally divided among the three main treatment 
routes, which are sorting of separately collected PW (~8,840 [t/yr]), 
sorting of mixed and bulky MSW (~7,220 [t/yr]), and incineration 
without pre-treatment (~7,190 [t/yr]). 

Mixed and bulky MSW sorting is a MSW treatment route that Austria 
has in common with countries like Cyprus, Greece, the Netherlands, and 
Spain, and like in these countries, considerable amounts of Al metal PW 
is recovered by this treatment technology (Bourtsalas and Themelis, 
2022; Thoden van Velzen et al., 2020). A crucial question is the sorting 
efficiency, or, as termed in MFA, the TC of Al metal recovery. In this 
article, a TC of 0.295 ± 155 to recycling was used, based on the sophistic 
and rich in detail study of Skutan and Brunner (2006). The range of 
comparable figures in literature is, however, huge, and lies in between 
0.12 in Madrid (Istrate et al., 2021), 0.29 in Barcelona (Cimpan et al., 
2015), 0.33–0.95 in eight plants in Castilla y León (Montejo et al., 2013), 
and 0.78–0.83 in six plants in Cyprus, Greece, and Spain (Bourtsalas and 

Themelis, 2022). Even though most of these figures did likely not 
include moisture and dirt contents (which the study of Skutan and 
Brunner did), they indicate that higher TCs than the ones assumed in this 
study, are realistic in modern MSW sorting plants with better technology 
than the ones investigated by Skutan and Brunner (2006) 20 years ago. 
This, however, can only be judged when having better explanations for 
the large differences reported, but these explanations can hardly be 
found in literature. For this reason, the TCs for Fe and particularly Al PW 
in mixed and bulky MSW sorting should be further investigated, and 
traced back to different MSW inputs, plant designs and operation prac
tices (Cimpan et al., 2016). 

While mixed and bulky MSW sorting is present in Austria and other 
countries, a big difference to Cyprus and Greece for instance is that in 
Austria, most of the sorting residues from these plants are incinerated 
and not landfilled. The first allows a further recovery of metals from IBA. 
Furthermore, and in contrast to Spain and the Netherlands, the incin
eration of this fraction takes mainly place in fluidized bed combustion 
(FBC) rather than in grate incineration (GI) MSWI plants (Fellner et al., 
2015; Leckner and Lind, 2020). This has considerable consequences 
with respect to the recovery of Al PW by IBA treatment. Al metals in the 
IBA from FBC are present in larger particle size fractions if compared to 
IBA from GI, and also less coated with minerals. The reasons for this are 
twofold: first a lower temperature of 630 ◦C in the fluidized bed if 
compared to over 1,000 ◦C on the grate; and second a dry IBA discharge 
in the FBC compared to a wet discharge in GI. As a consequence, Al 
metals in FBC IBA have a higher quality and can easier be recovered if 
compared to these from GI IBA (Blasenbauer et al., 2023). This is also 
shown by Mühl et al. (2023) who analysed mineral residues from IBA 
treatment, finding much less residual metal particles in IBAs from FBCs 
if compared to these from GIs. Since GIs operate under higher temper
atures (Blasenbauer et al., 2023; Leckner and Lind, 2020), the oxidation 
rate of Al metals is likely higher (Hu et al., 2011). However, for FBC, 
hitherto no Al metal oxidation study exists. Since the same counts for Al 
recovery from FBC IBA treatment, future research on the behavior of Al 

Fig. 3. Material flows of metal PW of Al in Austria for the year 2020. A comma (,) marks a thousand-separator.  
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packaging and other metals in MSW incineration and IBA treatment 
should also consider FBC. Finally, the IBA treatment plant whose 
improvement was studied in the experiment by Mühl et al. (2023), 
implemented the experimental design in industrial scale in the year 
2021. Thus, higher amounts of metals are likely being recovered from 
the year 2022, and these amounts should be considered in reporting of 
Al PW recycled. 

3.1.3. Material flows of Fe metal PW 
Fig. 4 shows the material flows of Fe PW. Most Fe PW is in PW to 

separate collection (flow F_1-2, ~27,260 [t/yr]), followed by household 
MSW AUT–VIE (flow F_1-5.1, ~7,130 [t/yr]) and household MSW VIE 
(flow F_1-3.1, ~4,190 [t/yr]). Since these flows altogether make 
~38,580 [t/yr] or ~94 % of all Fe PW generated in Austria, the other 
material flows are of minor relevance. Furthermore, these figures 
already indicate that separate collection is of higher relevance for Al 
than for Fe PW, since Fe can easier be recovered from MSW and IBA 
(Bourtsalas and Themelis, 2022; Šyc et al., 2020). In detail, and if 
compared to literature, for mixed and bulky MSW sorting plants in 
Austria, the TC used for Austria without Vienna was 0.635 ± 0.115, 
which is higher than in Madrid (Istrate et al., 2021), in the same range as 
in Castillia y León (Montejo et al., 2013) and Barcelona (Cimpan et al., 
2015), but lower than these reported by Bourtsalas and Themelis (2022). 
Again, the reasons for these differences, even though they are smaller 
than for Al metals, are unclear, may have to do with plant operation and 
outline, and should be investigated. A good example for this is the mixed 
MSW sorting plant in Vienna that only recovers 26 wt-% of the input. 
The main reason is that the mixed MSW is classified into three 
particle-size fractions (0–125 mm, 125–250 mm, ≥250 mm), of which 
only one fraction (125–250 mm) undergoes Fe separation. If the other 
particle-size fractions would also undergo Fe separation, a higher TC 
towards recycling would be realize at this stage. To proof this assump
tion, however, further analysis as well as experiments have to be carried 
out. 

3.2. Concentrations of Al and Fe packaging waste in mixed MSW from 
households 

A major challenge for calculating the amounts and RR of Al and Fe 
PW in Austria is the non-existence of the concentrations of these metals 
in the mixed MSW from households in eight of the nine Austrian prov
inces. In this study, these concentrations, all on a net-basis, were 
determined as 0.0089 ± 0.0004 [t/t] for Al PW and 0.0076 ± 0.0007 [t/ 
t] for Fe PW for these eight provinces (see Fig. 5). Since the concen
trations in Vienna were 0.0071 ± 0.0007 [t/t] for Al PW and 0.0080 ±
0.0008 [t/t] for Fe PW, the weighted average for Austria is 0.0083 ±
0.0007 [t/t] for Al PW and 0.0077 ± 0.0005 [t/t] for Fe PW. For both 
metals combined, the modelled weighted concentration is 0.0160 ±
0.0012 [t/t] in Austria. In comparison, the weighted concentration in 
Austria as determined by the household mixed MSW sorting analysis 
from all nine Austrian provinces as compiled by Beigl (2020) was 0.0150 
[t/t], with a range from 0.0130 to 0.0190 [t/t]. This means that the 
modelled value of this study is slightly higher than in Beigl (2020), but 
well in the range of the minimum and maximum values. Fig. 5 shows the 
calculated concentrations in comparison to these measured by sampling, 
taken from Beigl (2020). 

3.3. Modelled recycling rates of metal packaging in Austria 

As shown in Fig. 6, Austria achieves the RR targets of the year 2025 
for both Fe and Al PW. In case of Al PW, slight further improvements are 
needed to reach the recycling target for 2030. 

The modelling results also show that IBA treatment contributes more 
to the RR than mixed MSW sorting, which is clear since more bulky and 
mixed MSW and thus also therein contained metal PWs are incinerated 
in MSWI plants than treated in MSW sorting plants. For Al packaging, 
the RR increased from 33 % to 58 % by including Al packaging from 
bulky and mixed MSW sorting and IBA treatment. The RR of Fe pack
aging increased from 65 % to 93 %. By maintaining this state, the RR 

Fig. 4. Material flows of metal PW of Fe in Austria for the year 2020. A comma (,) marks a thousand-separator.  
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target for Al packaging can be met for the year 2025, but not for the year 
2030. For Fe packaging, the RR target for both, 2025 and 2030 can be 
met with current performance of the MSW management system in 
Austria. The modelled RR in this study for both metal PWs combined is 
then 80 %, which is 14 % higher than the 66 % reported by BMK (2023). 

In comparison to other studies, the values for Al PW are higher in this 
study than in Warrings and Fellner (2018), mainly as these authors 
consider residues from bulky and mixed MSW sorting to be incinerated 

in cement kilns, and not in MSW incineration plants. As shown by Van 
Caneghem et al. (2019), RR values for metal packaging in this study are 
lower than these reported in Flanders in the year 2015. However, Van 
Caneghem et al. (2019) tried to crosscheck these reported data by 
sampling of metals from IBA treatment plants. They did not find as many 
packaging metals as reported and it is not clear whether the missing 
amounts were either not identifiable as packaging metals, or if they were 
simply not there. In comparison to the Netherlands, the results of this 

Fig. 5. Modelled concentrations of packaging metals in [t/t] in mixed MSW from households in this study in comparison to the values from Austrian waste sampling 
campaigns as compiled by Beigl (2020). 

Fig. 6. Recycling rate (RR) for metals recycled total (RRtotal), from mixed and bulky MSW sorting (RRMSW-sorting), from IBA treatment (RRIBA-treat) and from separate 
collection (RRseparate-coll), as well as generated mass (mgen) and recycled mass (mrec) of metal packaging in Austria (AUT) for the year 2020 based on the MFA in this 
study in comparison to the study of Warrings and Fellner (2018) for the year 2013, and data from the Belgian region of Flanders (FLA) in the year 2015, based on Van 
Caneghem et al. (2019). 

J. Lederer and D. Schuch                                                                                                                                                                                                                     



Resources, Conservation & Recycling 203 (2024) 107461

8

study show lower RRs for Al (58 % vs. 70-77 %) and Fe PW (93 % vs. 
94-97 %). The difference can be explained by different assumptions on 
recovery rates of metals from IBA (Thoden van Velzen et al., 2020). 

3.4. Options to increase metal packaging recycling in Austria 

To achieve higher RRs for Al packaging, some further improvements 
in separate collection and sorting technologies are required. While a 
harmonization of separate collection and a deposit-refund system, both 
implemented in 2025, target the first aspect (BMK, 2023), the second 
aspect has partly already been set in place. For instance, the moderni
zation of one large IBA treatment plant as tested at pilot scale in Mühl 
et al. (2023) was implemented in the end of the year 2021. HTP (2020) 
also showed the potential of upgrading smaller and older waste sorting 
plants by additional Al removal in the fine and mid-range material 
stream, leading to an increase of the recovery of Al metals from 53 % to 
82 %. Since also bulky and mixed MSW sorting plants likely operate with 
higher recovery efficiencies than as assumed in this study, PW sorting 
residues undergo metal recovery before being used as RDF, and con
struction wastes likely also be treated in MSW sorting plants with Al and 
Fe removal, it is very possible that also here the amounts sent to recy
cling were higher in reality than the modelling results of this study 
suggest. Thus, it is not only about improvements of technologies, but 
also about improving the data base to achieve higher RR for packaging 
metals in Austria and other countries. 

This means that next to improved technology, more data is needed, 
particularly on the distribution of metals in mixed MSW and other waste 
streams, distinguishing between Al and Fe, and packaging and non- 
packaging; quantities and composition of Fe and Al recovered from 
mixed and bulky MSW sorting and IBA treatment; and disposal routes for 
construction waste. Based on this data, both, RRs for reporting, as well 
as TCs for material flow modelling, can be calculated. 

3.5. The circular economy of metal packaging beyond recycling rates 

The CE is currently one of the most important strategies for resource 
conservation and sustainable development, and despite the claim for 
additional indicators, the RRs are an important metric to measure CE 
policies and implementation (Fellner and Lederer, 2020). However, RRs 
also have limitations to represent a circular economy in terms of quality 
restrictions or restrictions on use in certain applications. This is of 
particular relevance for metals recovered from IBA which contain more 
extraneous materials than their counterparts from separate collection, 
limiting their use to rebar or cast aluminum, but not high-quality 
products like packaging (Dworak and Fellner, 2021; Haupt et al., 
2017; Løvik and Müller, 2014). As long as there is enough demand for 
such low-quality scrap, this might not be a big problem. However, this 
might change in the future, as shown by Buchner et al. (2017) for the 
case of aluminum: when the future car fleet consists of electric vehicles 
only, the demand for cast aluminum will be too low to absorb 
low-quality aluminum scrap. Considering these aspects might be the 
difference between a recycling rate based and a product based circular 
economy. 

4. Conclusions 

To assess the progress towards achieving the RR, a good knowledge 
base is required. This knowledge base, however, consists not only of 
data, but also of scientific methods how to establish these data. The EC 
calculation rules for RRs determination is one such method that brings 
clarification to reporting countries (Van Caneghem et al., 2019). These 
rules again require data established by science-guided methods, in 
particular waste sampling and the determination of the contents of 
materials such as Al and Fe PW in waste streams. If, as in the present 
case, these data are partly not direct available, other scientific methods 
can help to gain these data, and material flow analysis is one of them. 

However, the present case also highlighted some additional data gaps, 
particularly with respect to the transfer coefficients of mixed and bulky 
MSW sorting and IBA treatment plants. In order to improve the assess
ment of the achievement of the RR targets in general and the contri
bution to these by state-of-the-art waste treatment in particular, data 
gaps of both, waste composition and waste treatment, should be closed. 
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