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Abstract

Recycling of aluminum is beneficial due to reduced energy
inputs, greenhouse gas emissions and raw material costs.
Beverage cans are currently the second largest source of old
scrap, and could become even larger with improved collection.
However, impurities such as iron, titanium or lead may impede
end-of-life recycling at higher levels, especially in closed-loop
systems where they can accumulate over time. A generic
material flow model for impurity accumulation in a simple
recycling system is presented here. Sensitivity analysis was used
to investigate the effect of key parameters on dynamics of
accumulation and concentration at steady state. It was found that
it takes longer to reach steady state at high collection rates, and
that the steady state concentration is disproportionally higher.
Increasing the U.S. beverage can collection rate from today’s
54% to the goal of 75% may cause more than a doubling of
impurity concentrations unless better scrap treatment and
remelting are developed in parallel or the scrap is used in other
applications.

Introduction

Primary production of aluminum is energy intensive and causes
large emissions of greenhouse gases (GHG). Ingot production
from secondary sources can cut the energy input by more than
90% [1], and process related GHG emissions are essentially
eliminated. Considering the limited potential for energy and
emission improvements in the primary production chain [2], it is
clear that increased recycling is the most important measure for
a more sustainable aluminum industry. Beverage cans represent
one of the largest end uses, and due to the short lifetime it is the
second largest source of end-of-life aluminum scrap globally
[3]. However, the recycling rate is low in many countries,
especially for those without a deposit scheme for collection. The
collection rate is above 80% in several European countries [4],
but only about 50% in the U.S. [5], the largest consumer of this
product. Hence, there is a large potential for increased recycled
content if better systems for scrap collection are developed.

Like any type of end-of-life scrap, used beverage cans (UBC)
come with impurities such as other metals or glass from
commingled collection systems, dirt, or titanium dioxide
particles from the lacquer used for decoration [6, 7]. Due to the
repeated recycling of the material, these impurities may
accumulate over time in the system if not properly controlled in
the scrap beneficiation processes. The concentration of
impurities in remelted material is adjusted by diluting with
primary aluminum or higher quality scrap. With a higher
recycled content, the possibility for dilution is smaller, and
impurities that are unproblematic today may become constraints
to recycling in the future.

Previous material flow models of aluminum recycling that
include quality differences have mainly focused on complex
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systems, such as automotive aluminum, with long lifetimes, a
large number of alloys and several scrap streams [8-13]. In all of
these works, optimization models were used to determine
maximum scrap utilization, given the demand for various alloys,
supply of scrap of different types, and the composition of these.
The results are calculated numerically year by year. This is a
powerful way to assess recyclability in complex systems, but
because of the numerical methods the models depend on
quantified parameters and have a limited capacity to explain the
underlying drivers for accumulation. None of these studies
include real measurements of scrap compositions, and most
ignore external contaminants (e.g. free iron particles) entirely.
Only one study considered the accumulation of impurities or
alloying elements over time due to repeated recycling of the
same material [9]. It was assumed there that the concentration of
each alloying element in remelted material increases by a certain
fraction, the “accumulation ratio”, for each loop. This approach
overestimates the accumulation effect, since it assumes that the
flow of impurities into the system is proportional to the
concentration of impurities already there.

An analytical model of accumulation can lead to better
understanding of the mechanisms causing it and inform about
possible future developments without knowing the real level of
scrap contaminations. This is more easily done with a simple
system such as beverage can recycling where there is only one
type of scrap and the lifetime is short. We therefore developed
an analytical, dynamic substance flow model for a generic
impurity in a simple UBC recycling system, and performed a
sensitivity analysis to investigate the effect of collection and
contamination rates on steady state impurity concentration and
the time it takes to reach it.

Methods

System definition

The system of interest for this work is defined as shown in
Figure 1. It is a simplified representation of a closed system of
aluminum beverage can production, use and recycling. No
statistics exist that specify the destination of scrap, but it has
been claimed that 95% of collected UBC scrap in the U.S. is
used for production of new cans [14]. This is largely consistent
with the Aluminum Association’s estimate of recycled content
in beverage cans [15], after adjusting for production scrap.

The beverage cans are manufactured from two parts, the lid and
the body, which have different material compositions. The body
is made from an alloy (AA3104) with around 1% manganese
and 1% magnesium, while the lid is made from one or two
alloys from the 5xxx-series with higher magnesium content [16].
During use and collection, the cans may pick up impurities such
as steel, glass and dirt. These impurities and compounds from
the lacquer may contaminate the aluminum metal upon
remelting (Xp;). Some of the material is lost due to incomplete



collection of UBCs, or because of remelting losses (X3p). The
recycled material is used in the production of new bodies (X3;)
[17] after a delay equal to the average time spent from
production of the can material until it arrives at the remelting
facility as used scrap. Primary aluminum and alloying elements
are added for lid production (Xp;) and for adjusting the
composition and mass of the body (Xy,). It is assumed that the
impurity may also be an alloying element in the lid, and that it is
not closely controlled in the production of the body material, i.e.
it is allowed to accumulate.

Impurities

Production
Lid Alloy
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Collection
Remelting v

. Production
. Body Alloy
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Delay: ~60 days .

Figure 1. System definition for aluminum beverage can
production and recycling, with impurity accumulation. Xj; are
material flows. The can consists of two parts, the body and the
lid, where only the body material is produced from end-of-life
scrap.

Mathematical model description and parameter estimation

The goal of the model is to investigate how the collection rate
and contamination rate affect the accumulation of an impurity in
the body material when the overall mass flows are constant, i.e.
to find the concentration in X>; after n recycling loops and in
steady state. For simplicity, the impurity inflow, X, is defined
as impurities ending up in the recycled material X,3; i.e.
contaminations that appear in UBCs which are removed before
or during remelting are not considered. Model parameters are
summarized and defined in Table 1. The concentration of the
impurity in flow Xj; is expressed as cj.

The lid’s average share of the total can weight is reported from
18 to 22% [18-20]; 20% was used as a representative value. The
end-of-life (EOL) recycling rate, as defined here, depends on the
collection rate, the yield during scrap pre-processing
(shredding), and the yield during remelting. These are
respectively estimated as 54.2% (USA 2011) [5], 99% [19] and
95% [19], giving an overall EOL recycling rate (RR) of 51%.
Note that the collection rate is here defined as the amount of
cans entering recycling divided by the amount of cans sold (i.e.
it takes into account import unfilled of cans), as suggested by the
Container Recycling Institute.

It was recently estimated that typical titanium content from
lacquer in UBCs is 0.4% of the can weight [6]. As a
conservative estimate it was assumed that one quarter of this
ends up as an impurity in the remelted aluminum.
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Table 1. Model parameters and definitions.

Symbol Description Definition Value
Wiid Mass share of X 0.20
the lid w, = —LB  1[18-20]
X13 + X23
RR End-of-life X - X 51%
recycling rate RR=—"2—% | (USA 2011)
X, +X, [5,19]
h Rate of impurity X assumed
contamination h=——" =0.1%
X 2 X 01 (6]
Clid Conc. in lid c. c assumed
material lid 13 =0
COpoqy Initial conc. in c0 =" assumed
body material body 2 =0

Assuming that the inflow of impurities is small compared to the
aluminum flows (X;; << X3;), the concentration in the body
material after n loops can be expressed as a function of the
concentration after n — 1 loops:

n n—1
¢, =0+ RR-c], (1
where
RR
0= (W, + 1) @
1- Wia
This gives:
n=l
¢; =0+ RR-c0,,, (3.a)
=2 2
¢ =0-(1+ RR)+ RR"-<0,,,, (3.b)
etc. After n loops, the concentration can be expressed as:
n .
¢y = RR" -0, +60) RR"
i=1
1 RR @
= RR" -cO,mdy +01_W
The steady state concentration is found by letting n — oo:
1
Ss
c:=0—— (%)
® T1-RR

Note that the results are only valid as long as the amount of
recycled material is less than or equal to amount required for
body production, i.e. in this case RR < 0.80. For higher recycling
rates, the material will either have to be used in lid production or
in other applications.




A sensitivity analysis was performed on the concentration over
time by quantifying the system for different recycling rates and
assuming a constant value for the contamination rate, 2 = 0.1%.
The steady state concentration was calculated as a function of
recycling rate, and a sensitivity analysis with respect to
contamination rate was carried out.

Results

Steady state concentration of impurities

The steady state concentration in the body material as a function
of end-of-life recycling rate is shown in Figure 2 for different
values of the contamination rate. As the recycling rate grows
toward 100%, the concentrations are approaching infinity, as can
be seen in (5), where the denominator goes to zero. However, as
long as only the body material absorbs scrap, it is not possible to
go beyond 80%. For a given recycling rate, the steady state
concentration is directly proportional to the contamination rate,
h. The curve shape is thus independent of this parameter.
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Figure 2. Steady-state concentration of an accumulating

impurity in the can body, as a function of end-of-life recycling

rate, shown for different values of the contamination rate, /.
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Dynamics of impurity accumulation

The concentration in the body material as it develops over time
is shown in Figure 3 for different values of the recycling rate.
For recycling rates less than ~55%, the concentration will
stabilize relatively fast: After 5 loops through use and recycling,
the material has already reached its steady state composition, as
can be seen by the plateau. At higher recycling rates the
accumulation takes longer, and the steady state level increases
disproportionally. It takes about 15 loops before steady state is
reached with a 75% recycling rate.
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Figure 3. Concentration of an accumulating impurity in the can
body material as a function of the number of recycling loops,
shown for different values of the end-of-life recycling rate, RR.
Accumulation lasts longer for high recycling rates, and reaches
progressively higher steady-state levels.

Discussion and conclusions
Model limitations

The model presented here is a highly simplified representation
of real recycling systems, and was used to demonstrate some
fundamental properties of impurity accumulation. It is therefore
useful to ask whether the same conclusions would hold in reality.

Production scrap was not included in the model. The effect of
this simplification depends on whether the impurity enters the
system in the production chain or in the use/end-of-life
management stage. For example, an impurity contained in the
lacquer may already be present in some of the manufacturing
scrap, although most of the production scrap is generated before
this stage. Similarly, iron contamination may originate from
equipment used for remelting and scrap handling. In such cases,
the accumulation will be intensified by the generation and
recycling of new scrap. If on the other hand the impurity only
enters the system in the use phase or during collection, the
recycling of new scrap does not significantly influence the
steady state concentration, as long as the collection and
recycling of it is close to 100% and done in a closed-loop
fashion (recycling into the same alloy).

It was assumed here that collected cans are recycled into new
cans in the same region. In reality, UBC scrap is also used in
other products, and may be exported to other regions, thereby
redirecting the impurities associated with it as well. Industry
associations and other institutions that publish recycling rates do
not distinguish between different uses of the scrap, and this
information is generally not available in statistics. It is therefore
possible that the recycling rate of UBCs, as it is normally
defined, increases without any effect on impurity levels in cans.
Hence, the conclusions from this work apply to closed-loop
systems. While this may be a good approximation for beverage
can recycling in the U.S. today, most aluminum alloys are
recycled in an open-loop fashion, with cast alloys for automotive
applications being the main scrap absorbers [21, 22]. However,



increased scrap supply from products with long lifetimes may
necessitate a higher degree of closed-loop recycling in the future
[23].

In the quantification of the system all parameters were set as
constant over time. The validity of this assumption may be
assessed by looking at Figure 3. It can be seen that accumulation,
at current U.S. recycling rates, happens over a relatively short
period of time. The Aluminum Association claims that each
recycling loop may take as little as 60 days [24]. Even assuming
an average of twice this time, the steady state concentration is
reached within less than two years, while the consumption of
aluminum beverage cans in the U.S. has been stable over a
period of 10 years [25]. In regions with rapidly growing
consumption, additional primary material is needed to account
for the growth that occurs between one recycling loop and the
next, leading to a somewhat lower impurity concentration until
consumption stabilizes. This is also the reason why the results
here cannot be directly extrapolated to other markets such as
building or transport, where lifetimes are much longer and
consumption growth higher.

The example calculations included only a rough estimate of the
contamination rate, 4, for one element (titanium). The inflow of
impurities, Xy, is not directly observed in reality, but may be
estimated by mass balance. This would require knowledge of the
average composition of can lid and body materials that are used
in the given region, and measurements of the composition of
remelted material. Individual producers routinely check the
composition of their material, but such information is not
publicly available. At the moment it is therefore difficult to draw
conclusions about specific impurity elements and their current
and future levels. Because scrap compositions are determined by
the practices of all producers in the system, a higher level of
knowledge requires a coordinated effort by the whole industry.

Conclusions

Despite the aforementioned limitations, the model can provide
some fundamental insights into the accumulation of impurities
in a closed-loop recycling system. Most importantly, the steady
state concentration will increase more rapidly than the recycling
rate. As an example, consider the goal of the Aluminum
Association of reaching 75% recycling for UBCs [26]. This
corresponds to a 71% end-of-life recycling rate, RR, as it is
defined here. From today’s level of 51%, the resulting change in
steady state impurity concentration can be calculated with
Equation 5, or observed in Figure 2. Such increase in recycling
rate will lead to a steady state impurity concentration which is
2.35 times today’s level. A single producer may be able to
produce with this level of recycled content today, but if the
whole industry did so, the quality of scrap would be affected by
accumulation. This implies that better control of impurities in
scrap handling, preprocessing and remelting must be developed
in parallel with increased collection, unless significantly higher
concentrations can be tolerated.

The results also indicated a time frame for reaching steady state
concentrations in impurity accumulating recycling systems. At
current U.S. recycling rates, this occurs within approximately 5
recycling loops. Considering the relatively slow rate of change
of parameters in the system, it is likely that impurity levels are
presently in steady state, i.e. not accumulating over time. Rapid
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changes in collection rate, contamination, or the introduction of
new alloying elements in the lid may be followed by a transition
period to a new steady state concentration. The time needed
depends on the collection rate, but will in general be less than 15
recycling loops, or assuming that each loop takes 120 days, less
than 6 years.
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