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Abstract

This paper explores the technical, economic, and environmental viability of producing
secondary wrought aluminium alloys from post-consumer scrap. The technical review
relates to the industrial-level use of laser-induced breakdown spectroscopy (LIBS) in auto-
mated scrap sorting under realistic operating conditions. First, process scrap was used to
determine the accuracy of LIBS in sorting and separating wrought aluminium alloys, and
then the method was applied to post-consumer scrap streams. The melted products were
then analyzed, and their chemical compositions were confirmed using optical emission
spectroscopy (OES) to meet the established alloy specifications. The economic analysis
compares traditional recycling routes of cast alloys with a second route in which recyclers
provide already sorted secondary wrought alloys, with a focus on cost and market feasibil-
ity. Simultaneously, an environmental analysis using life cycle analysis (LCA) measures the
effects of sorting and manufacturing procedures. The results show that LIBS can effectively
sort secondary wrought aluminium under controlled input conditions. The process reaches
a break-even point in about five years when a 50% price premium for secondary wrought
alloys over mixed scrap is assumed. The method is environmentally beneficial, with the
global warming potential per kilogram of aluminium reduced by over 95% compared to
the global average. The findings highlight the significant potential of combining advanced
sorting technologies, new business models, and sustainability-oriented practices to support
the implementation of circular material flows in aluminium recycling.

Keywords: secondary aluminium; LIBS sorting; XRT; wrought alloys; LCA; techno-economic
analysis

1. Introduction

Aluminium constitutes a pivotal material in advancing low-carbon transportation
systems and sustainable construction practices; however, conventional recycling pathways
frequently result in the downcycling of post-consumer scrap into mixed cast alloys, thereby
constraining its capacity to substitute primary wrought products [1,2]. In response, alloy-
selective recycling has emerged as a critical research domain, wherein sensor-based sorting
technologies are increasingly employed to preserve alloy integrity and promote circular
material flows [3,4]. Among these approaches, LIBS and X-ray transmission (XRT) have
demonstrated significant applicability in post-shredder scrap processing. Specifically,
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XRT facilitates high-throughput segregation of heavy-metal-bearing and cast-dominant
fractions, while LIBS provides the requisite elemental resolution for precise alloy-family
classification [1,3,5].

Recent technological advancements have enabled the implementation of integrated
multi-sensor systems that combine XRT-based pre-concentration with LIBS-driven refine-
ment, thereby enabling the generation of high-purity secondary aluminium streams [1,6].
Concurrently, investigations employing LCA and techno-economic analysis have demon-
strated that the environmental and economic performance of such systems is strongly
contingent upon parameters including material yield, product purity, processing through-
put, and the attainable price premium associated with upgraded material fractions [4,7].
Despite these developments, there is a gap in the existing literature, particularly with
respect to comprehensive studies that concurrently integrate technical LIBS performance,
foreground LCA modelling, and economic evaluation for industrial-scale production of
secondary 6xxx-series aluminium alloys.

Within this framework, the present study systematically evaluates the techno-
economic and environmental feasibility of producing secondary wrought aluminium alloys
from post-consumer scrap within a Norwegian context. The analysis is grounded in full-
scale industrial trials conducted at Metallco Aluminium AS, a Norwegian aluminium
recycling facility, in collaboration with Benteler Automotive, a European automotive com-
ponents manufacturer, and the Norwegian University of Science and Technology (NTNU).

The primary objectives of this study are threefold:

e To assess the technical viability of an integrated XRT-LIBS processing route for the
production of a 6xxx-oriented wrought fraction under industrial operating conditions.

e To quantify the associated climate impacts of the multi-stage sorting process using
process-based LCA.

e  To determine whether large-scale implementation can achieve capital cost recovery
within a five-year horizon under realistic operational capacity and pricing assumptions.

2. Materials and Methods
2.1. Case System and Process Chain

The case system is a post-consumer scrap processing route that begins with end-of-life
vehicles and mixed metal scrap collected at a scrapyard. The initial processing steps at
the Norwegian recycling plant include shredding, followed by magnetic separation and
eddy current separation. In the foreground model, 1 t of mixed scrap is processed at the
shredding stage, yielding approximately 0.06 t of non-magnetic metals (aluminium-rich
zorba), 0.84 t of magnetic metals, and 0.10 t of residual waste. The aluminium-rich zorba
fraction is further upgraded through a sequential processing chain comprising two XRT
stages followed by an LIBS stage. For the alloy-selective sorting pathway, the model adopts
1t of zorba as the reference flow.

*  XRT 1: The first XRT stage partitions the zorba stream into approximately 85% clean
aluminium, 10% heavy metal fractions, and 5% residual waste.

*  XRT 2: The second XRT stage separates the clean aluminium fraction into 27% wrought
aluminium and 73% cast aluminium.

¢ LIBS: The LIBS stage further refines the wrought fraction, yielding 33% 6xxx-series
aluminium and 67% other wrought aluminium grades.

These parameter values are derived from industrial assumptions established during
process planning and pilot-scale trials at the participating recycling facility and automotive
manufacturer. They are summarized in Table 1 and are applied consistently across both the
LCA and techno-economic modelling frameworks.
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Table 1. Mass balance from mixed scrap to zorba, clean aluminium, wrought, and 6xxx fractions.

Stage Reference Input (Per Cycle) Main Aluminium Stream Mass (kg)  Share (%)
Aluminium-rich zorba 60 6
Mixed ELV and other scrap 1000 Ferrous scrap (magnetic metals) 840 84
Residual waste 100 10
Clean aluminium 850 85
XRT 1—zorba cleaning 1000 (zorba basis) Heavies 100 10
Waste 50 5
Wrought aluminium fraction 229.5 27
XRT 2—wrought vs. cast 850 (clean Al) Cast aluminium fraction 620.5 73
6xxx wrought aluminium fraction 75.735 33
LIBS—6xx0xvs. other wrought  229.5 (wrought Al) Other wrought aluminium fraction 153.765 67

2.2. LIBS Sorting Trials and Melt Validation

The technical assessment is based on the integration of three complementary streams.
First, a predefined LIBS sorting protocol was implemented to facilitate large-scale classifica-
tion of 6xxx-series alloys and related wrought aluminium categories within process scrap
obtained from an automotive parts manufacturer [1,3]. The sorting framework employed a
structured program matrix consisting of multiple classification bins, including low-Si, 5xxx,
7xxx, 6xxx, and other aluminium and metal categories, which were specifically tailored to
the observed composition of the scrap stream.

Second, a melt validation experiment was conducted at a Norwegian recycling facility
using LIBS-sorted material. Owing to the minimum furnace capacity of 1t, the validation
batch comprised 800 kg of sorted 6xxx-series material and 200 kg of 5xxx-series material.
Following remelting, the chemical composition of the resulting alloy was analysed using
optical emission spectroscopy (OES).

Third, a dedicated LIBS validation campaign was performed on process scrap samples
supplied by the automotive parts manufacturer, with particular emphasis on anodized and
painted extruded profiles. The experimental design consisted of four batches, each contain-
ing ten samples: 6060 anodized, 6063 anodized, 6082 anodized, and 6060 painted profiles.
Each sample was analysed using LIBS and assigned to the corresponding classification bin
defined in the sorting program. The classification outcomes were subsequently validated
against the known alloy designations to assess sorting accuracy (shown in Table 2).

Table 2. Test matrix for anodized and painted process-scrap samples from the automotive parts

manufacturer.
Batch No. No. of Samples Marking Sample Description Alloy
1 10 11 Anodized 6060.12
2 10 12 Anodized 6063.85
3 10 13 Anodized 6082.5
4 10 14 Painted 6060.12

2.3. Life Cycle Assessment (LCA)

The environmental assessment is conducted using an attributional LCA framework,
implemented in SimaPro and based on ecoinvent unit processes within the allocation cut-off
system model [8]. The foreground system is represented as a sequence of interconnected
unit processes, encompassing scrapyard operations, as well as XRT and LIBS sorting stages.
All process flows are defined through mass-balanced inputs and outputs. In this modelling
approach, scrap materials and electricity are treated as inputs from the technosphere, while
the sorted material fractions are considered outputs to the technosphere.
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The energy consumption of sorting equipment is derived from supplier specifications
and prior industrial studies on LIBS-based sorting systems [1,3]. The XRT unit is reported
to operate at approximately 6 kW with a processing capacity of 3 t/h of aluminium scrap,
corresponding to an energy demand of approximately 2kWh/t [6]. Additionally, the com-
pressed air requirement, estimated at 3 Nm?/min at 5bar, is converted into equivalent
electrical energy consumption based on standard compressor efficiency assumptions [9].

Similarly, the LIBS unit is characterised by a power consumption of approximately
9kW at a throughput of 1.5t/h, resulting in an energy demand of approximately 6 kWh/t
for the sorting operation, in addition to a comparable compressed air requirement [6].
The electricity supply is modelled using a Norwegian medium-voltage grid mix, pre-
dominantly based on hydropower, in accordance with national statistics indicating that
hydropower and wind collectively account for more than 90% of annual electricity gener-
ation [10,11]. Climate impacts are quantified using a midpoint global warming potential
(GWP) indicator over a 100-year time horizon.

2.4. Economic Assessment

The economic assessment evaluates a hypothetical investment scenario at a Norwegian
recycling facility, with a total investment of 100 MNOK [12], comprising 75 MNOK in capital
expenditure (CAPEX) and 25 MNOK in additional operating expenditure (OPEX) over the
evaluation period. In the baseline scenario, the facility produces mixed aluminium scrap,
which is marketed following shredding, magnetic separation, and eddy-current separation.
In contrast, the improved scenario incorporates XRT and LIBS technologies to enable the
production of a 6xxx-oriented wrought aluminium fraction (shown in Table 3).

The operational framework assumes a two-shift system, providing 15 h of production
per day. Accounting for planned maintenance, holidays, and unplanned downtime, the ef-
fective operating duration is estimated at approximately 225 days per year, corresponding
to 3375 h annually. Assuming that the XRT unit represents the process bottleneck with a
throughput of 3 t/h of zorba, the annual processing capacity is estimated at approximately
10,100t/year. Based on the mass—balance relationships for clean aluminium, wrought
fractions, and 6xxx-series output, the corresponding annual production of 6xxx aluminium
is estimated to be approximately 767 t/year.

Table 3. Key economic assumptions and required 6xxx price premium for five-year payback.

Parameter Symbol Assumption/Result
Total investment CAPEX + OPEX 100 MNOK (75 MNOK CAPEX, 25 MNOK OPEX)
Payback period target TPBT_{PB}TPB 5 years

Required average annual margin MregM_{req}Mreq 20 MNOK/year
Effective operating days per year DeffD_{eff}Deff 225 days/year
Operating hours per day hdayh_{day}hday 15 h/day

Annual operating hours HyearH_{year}Hyear 3375 h/year

XRT bottleneck capacity (zorba) QXRTQ_{XRT}QXRT 3t/h

Annual zorba throughput QzorbaQ_{zorba}Qzorba 10,100 t/year

Clean Al yield from zorba (XRT 1) 85%

Wrought fraction of clean Al (XRT 2) 27%

6xxx fraction of wrought (LIBS) 33%

Annual 6xxx output Q6xxxQ_{6xxx}Q6XXX 767 t/year

Required price premium over mixed scrap AP ~26,000 NOK/t 6xxx
Example: if mixed scrap = 22,000 NOK/t PoxxxP_{6xxx}P6xxx ~48,000 NOK /t 6xxx

A simple payback period criterion is adopted for the financial evaluation. To recover
the total investment of 100 MNOK within a five-year period, the system must generate
an average annual margin of approximately 20 MNOK. In this study, the required price

https://doi.org/10.3390/engproc2026151023


https://doi.org/10.3390/engproc2026151023

Eng. Proc. 2026, 151, 23

50f9

premium is interpreted as an effective premium over the mixed zorba scrap price, derived
by relating the additional annual margin needed for a five-year payback to the annual
output of composition-controlled wrought aluminium. This premium is subsequently
added to the benchmark price of mixed aluminium scrap, in alighment with prevailing
pricing structures for secondary aluminium alloys in European markets [7,13].

3. Results and Discussion
3.1. Technical Capability of LIBS Sorting

The LIBS trials conducted on process scrap obtained from the automotive parts manu-
facturer demonstrate that LIBS is capable of classifying 6xxx-oriented scrap with a practi-
cally relevant level of accuracy under industrial operating conditions. Among the evaluated
batches, the anodized 6082 samples achieved 10 out of 10 correct classifications into the
intended 6xxx program box, corresponding to an accuracy of 100%. The anodized 6060
and 6063 batches yielded 8 out of 10 and 6 out of 10 correct classifications, corresponding
to accuracies of 80% and 60%, respectively. Similarly, the painted 6060 batch produced
6 out of 10 correct classifications, equivalent to an accuracy of 60%. This reduction in
performance suggests that surface coatings adversely influence LIBS-based classification,
which is consistent with previous studies on coated aluminium scrap [3,5,14].

A comparison between LIBS measurements and optical emission spectroscopy (OES)
results, as shown in Figure 1, revealed several systematic measurement deviations. Silicon
was estimated by LIBS within relatively narrow deviations, which is particularly signifi-
cant given that Si constitutes a key discriminating element between 5xxx and 6xxx series
alloys [3]. In contrast, magnesium was generally overestimated by LIBS, except in the
painted samples, whereas iron tended to be underestimated. Titanium exhibited a pro-
nounced overestimation in painted samples, a trend that is consistent with the influence of
coatings on plasma formation and spectral response reported in the literature [5,14]. These
observations confirm that surface condition and coating characteristics must be explicitly
considered in calibration procedures and, where necessary, in pre-treatment strategies.

6060 ANODISED 6063 ANODISED

=+—0FE5 —@=LBS —4—0E5 —B-LIBS

n I

014 | 0.0114 0.0065 0.00:

0.012 0 0.002

6082 ANODISED 6060 PAINTED

—4—(0F5 —@=—LIBS e (JES == ||ES

e OES | 0.0005 0,004 ——0ES 00006 0001 | 0.1918 0.3

012 0.0022 00003

—8—LIB5 0.018 0.005 —8—LES 0013 0 | 011 0248 0005 0445 | 029 0 0.06

Figure 1. LIBS versus OES comparison for selected elements in anodized and painted samples.
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The 1 t remelting validation batch processed at the Norwegian recycling facility, com-
prising 800 kg of LIBS-sorted 6xxx scrap and 200 kg of 5xxx scrap, produced a chemical
composition of approximately 0.75wt.% Si, 0.31 wt.% Fe, 0.076 wt.% Cu, 0.271 wt.% Mn,
1.53wt.% Mg, 0.050 wt.% Cr, 0.004 wt.% Ni, 0.072 wt.% Zn, and 0.014 wt.% Ti, along with
trace concentrations of other elements. These results indicate that the produced alloy com-
position falls within the acceptable compositional range for 6xxx-series wrought aluminium
alloys [3]. Key alloying elements, particularly Si and Mg, were retained within ranges
compatible with several 6xxx-series grades, while impurity concentrations such as Fe, Cu,
and Zn remained within acceptable limits [2,3]. Collectively, these findings indicate that
LIBS sorting possesses sufficient technical robustness to generate a remeltable 6xxx-oriented
feedstock under realistic industrial constraints.

3.2. Environmental Performance

Figure 2 presents the contribution analysis of global warming potential for 1 kg of
secondary 6xxx ingot produced via the modelled sorting and remelting route. The sorting
chain demonstrates a comparatively low climate impact. For the modelled foreground
system, the combined electricity consumption associated with the two XRT stages and the
LIBS stage, including compressed-air requirements, results in climate impacts in the range
of approximately 0.035-0.05 kg CO;-eq per kilogram of sorted 6xxx product. This finding is
consistent with recent studies on advanced aluminium sorting technologies, which indicate
that the sorting stage contributes only a minor fraction of total environmental impacts
when compared to downstream processes such as remelting and primary aluminium
production [4,8].

1kg
6XXX Secondary
Wrought Alloy Ingot

-18.2 kg CO2 eq

1.18 kg 0.222 tkm 169 M) 0.681 M) 0.129kg
Al 6XXXX Scrap Transport, freight, lorry, Propane, burned in Electricity, high voltage Oxygen, liquid {RER)|
16-32 metric ton, building machine {NO}| market for market for oxygen,
diesel, EURO 6 {RER)| {GLO}| propane, burned electricity, high voltage liquid | Cut-off, S

-1kg
Aluminium, wrought
alloy {GLO)| aluminium
ingot, primary, to

00575kgCO2eq | | 0.0413 kg CO2 eq 0.156 kg CO2 eq L 0.00357 kg CO2 eq 0.0608 kg CO2 eq -18.5 kg CO2 eq

1.18 kg
Aluminium Twitch

0,0572 kg CO2 eq

0.083 kg
Non Magnetic Metals
(Aluminium Zorba)

00572 kg CO2 eq

0.0969 kg
Used glidler, passenger
car {GLO}| treatment of |
used glider, passenger

0,0571 kg CO2 eq

Figure 2. Contribution analysis of global warming potential for 1 kg secondary 6xxx ingot.

The predominance of hydropower in the Norwegian electricity mix further re-
duces the overall climate burden associated with sorting operations. The specific emis-
sion factor for Norwegian grid electricity is typically reported within the range of
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15-25 g COz-eq/kWh [11,13]. Consequently, even when energy consumption reaches sev-
eral tens of kWh per tonne of processed scrap, the resulting climate impacts per tonne
remain relatively modest. For the modelled case, the combined climate impact of sorting
and remelting is approximately 1.18 kg CO,-eq per kilogram of secondary 6xxx ingot, while
the avoided burden from displacing primary wrought alloy production amounts to about
—18.2 kg CO;-eq per kilogram.

3.3. Economic Implications

The economic viability of the proposed system is highly sensitive to plant utilization
rates and the attainable price premium for 6xxx-series aluminium. Under the assumed op-
erating conditions of 225 days per year and 15h per day, in conjunction with the previously
defined mass-balance relationships, the annual production of 6xxx material is estimated at
approximately 767 t/year. To achieve recovery of a total investment of 100 MNOK within a
five-year period, the system must generate an additional annual margin of approximately
20 MNOK relative to the baseline mixed-scrap processing route. This requirement corre-
sponds to an effective price premium of around 50% above the mixed zorba scrap price for
composition-controlled wrought aluminium under base-case conditions.

In practice, the realization of such a premium is contingent upon prevailing market
conditions. When mixed aluminium scrap is priced significantly below primary aluminium
or secondary billet, the required premium may only be attainable if end-users are willing to
pay for composition-controlled wrought feedstock. Such feedstock can enable downstream
manufacturers to reduce reliance on primary alloying additions and to lower their overall
carbon footprint [9,12,14]. Conversely, under conditions of reduced market demand or
lower plant utilization, the investment payback period may increase substantially.

These findings are consistent with recent market analyses, which highlight both the
opportunities and risks faced by secondary aluminium producers as demand for low-
carbon materials continues to evolve [9,14]. The results underscore that the economic
feasibility of advanced sorting technologies is dependent not only on technical performance
but also on the establishment of robust business models and stable off-take agreements
capable of supporting a sustained price premium for sorted wrought aluminium products.

4. Conclusions

This study has examined the techno-economic and environmental feasibility of pro-
ducing secondary wrought aluminium alloys from post-consumer scrap through an inte-
grated processing chain comprising shredding, XRT, and LIBS within a Norwegian context.
The principal findings are summarized as follows:

*  LIBS-based sorting demonstrated high classification accuracy for clean anodized 6xxx-
series process scrap, achieving up to 100% accuracy for 6082 alloys, and moderate
accuracy for anodized and painted 6060/6063 samples. These results confirm the
technical feasibility of LIBS sorting while highlighting the significant influence of
surface coatings on classification performance.

¢ Altvalidation melt, consisting of 800 kg of LIBS-sorted 6xxx material and 200 kg of
5xxx material, produced a chemical composition within a realistic 6xxx alloy range.
This outcome indicates that the sorted material stream can serve as a viable wrought-
oriented feedstock for remelting applications.

¢  The environmental impact of the sorting chain is relatively low, with climate im-
pacts of approximately 0.05 kg CO»-eq per kilogram of sorted 6xxx product under a
hydropower-dominated Norwegian electricity mix. This contribution is minor com-
pared with the impacts associated with remelting and primary aluminium production.

https://doi.org/10.3390/engproc2026151023
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¢ The economic assessment suggests that achieving payback of a 100 MNOK investment
within a five-year period requires both high utilization of the sorting infrastructure
and the realization of a substantial price premium for composition-controlled 6xxx
material relative to mixed scrap. This finding underscores the necessity of aligning
technical advancements with an appropriate and sustainable business model.

Advanced multi-sensor sorting technologies exhibit considerable potential to support
circular aluminium supply chains. However, the realization of this potential is contingent
upon the effective integration of industrial process performance, environmental advantages,
and favourable market conditions.
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