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Abstract

Purpose The environmental impact of aluminum cans and aluminum food packaging has been extensively studied in the last
years; most of the researchers focused their attention on the whole lifecycle: from the aluminum extraction to the end-of-life
management, while there are no dedicated studies devoted to the detailed analysis of the rolling phase. The aim of this paper
is to present an LCA analysis focused on the fabrication of the thin plates to be used for can and tray production; the work
has been carried out by studying the “Laminazione Sottile” plant with a cradle-to-gate approach, considering as functional
unit thin plates of two different alloys.

Materials and methods Inventory data were collected from the “Laminazione Sottile S.p.A.” plant, and off-plant emissions
from external goods and fuels were accounted for based on existent LCA databases. Gabi has been used as software to model
the process and calculate the impacts, while the CML method has been used. Most of the data have been directly measured
in the plant during 1 year of work.

Results and discussion The results showed that the most impactful phase is the extraction of aluminum or the use of primary
aluminum. Focusing the attention on the manufacturing process, the foundry is the most impacting stage, and the high energy
required to melt the aluminum leads to most of the emissions. Moreover, this contribution is probably underestimated in this
work because the impacts related to the manufacturing of the facilities used (furnaces and so on) are not considered. Another
interesting finding is that both the supply chain and the general consumption have a non-negligible impact, highlighting the
necessity to optimize these two aspects by implementing new policies for purchasing and work organization.

Conclusions The study highlighted that the production of primary aluminum is the most impacting step, followed by the
foundry and the hot rolling. Production of thin aluminum plates by rolling requires a lot of energy, so the carbon footprint
of these processes is quite high. The chemicals used in the rolling steps play also a role in the general impact of the whole
process. The company continuously promotes improvements of the process to reduce the footprint and puts a lot of money
and effort to introduce new sensors and technologies to monitor the consumptions and improve the processes.
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1 Introduction

The earth’s population and the demand for consumption
goods are continuously increasing, this enormous growth
forces substantial challenges to the current consumption and
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production forms (Charles et al. 2010). In trying to achieve a
sustainable growth, the correct management of the resources
is a fundamental point, since continued exploitation of
resources will lead to their depletion and consequent reduced
availability (Klinglmair et al. 2014; Luthin et al. 2021).
Globally, the industrial sector accounts for about 30% of the
CO2 emissions and one-third of the world’s energy demand,
with the leading industries being: metals, cement, chemicals,
and petroleum processes (Woodward et al. 2014). The main
industrial CO2 emissions are mostly energy-related, result-
ing either directly from burning fossil fuels or indirectly
from purchasing electricity and steam. However, there are
also process-related emissions which cannot be disregarded
(Chisalita et al. 2019).
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Aluminum is the most important non-ferrous working
metal in today’s industry (National minerals information
center (2020)); its use is continuously increasing in vari-
ous application fields (e.g., transports, packaging, struc-
tures) and significantly contributes to GHG emissions
using more than 3.5% of the global electricity (Cullen
and Allwood 2013). It is immediate to understand that
the reduction of the environmental impact of aluminum-
made product is one of the keys to reducing the global
environmental footprint, and some companies are putting
a lot of effort to tackle this goal. The European Aluminium
Association, founded in 1981 and based in Brussels, is
a member-based industry association that continuously
works to foster the sustainability of the aluminum industry
and who carry out and release several LCA analysis and
sustainability reports focused on aluminum production,
manufacturing, use, and disposal (Profile and report for
the European Aluminium industry published in 2018 and
available on the website of European Aluminium:https:,,
european-aluminium.eu,. 2018). Among their various
studies is of particular interest for this piece of work the
“Environmental profile report for the aluminum refin-
ing industry—Life Cycle Inventory data (2017-2019) for
the production of cast alloys ingot from scrap and waste”
(Environmental profile report for the aluminium refining
industry life cycle inventory data (2017-2019) for the pro-
duction of cast alloys ingot from scrap and waste 2021)
where it is possible to find out a lot of data and a detailed
impact analysis for the production of aluminum ingots
from scraps and waste, the data used in the cited report
are representative for the European production and can be
used as starting point to model the various applications
and products. The same association publishes a report on
aluminum beverage cans, but a close focus on the rolling
stage is still missing (Environmental profile report life-
cycle inventory data for aluminium production and trans-
formation processes in Europe February 2018). Moreover,
the Product Category Rules for aluminum and its alloys,
as published recently on Environdec (Niero et al. 2016),
can be also used to assess the environmental impact of
various aluminum products, but still, a focus on the rolling
stage is missing.

For instance, the aluminum beverage can industry,
together with beverage companies, has put a lot of effort into
measuring the eco-efficiency of their products (Sevigné-Itoiz
et al. 2014) by assessing their environmental performance. A
very interesting outcome was the identification of the energy
consumption during primary aluminum manufacturing as
the main hotspot in terms of environmental impact. Con-
sequently, the use of secondary aluminum has been keenly
supported to reduce both the emissions of greenhouse gases
(GHG) and the reliance on primary aluminum (Stichling
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and Nguyen-Ngoc 2009); moreover, the recycling of used
aluminum products was identified as a key factor in reduc-
ing the environmental impact of aluminum industry (Speck
et al. 2015).

Life cycle assessment (LCA) is frequently used as
a tool to measure the environmental impact of a prod-
uct and to support the decisional process in the manu-
facturing industry (Environmental management-life
cycle assessment-principles and framework 2006). The
LCA methodology, defined by international standards
(International Organization for Standardization 2006;
Verghese et al. 2010), provides a systematic approach
for informed decision-making in improving the sustain-
ability of product/package systems on a strong scien-
tific fundament. The LCA methodology is largely used
in the packaging sector in the design and development
of sustainable packaging (Speck et al. 2015). Recent
scientific publications target value choices of the LCA
product system modeling approaches as implemented
in product system modeling software and how these
choices may influence the results of an LCA study
(Washington 2010).

Several studies devoted their attention (Scipioni et al.
2013; Raugei et al. 2014) to studying the whole life cycle of
the product, from the cradle to the graveyard, providing on
the one hand a complete view of the environmental impact
but, on the other hand, using database data for some phases
of the process. For instance, the rolling phase, when the
aluminum ingot is rolled to obtain the coil to be used for the
final product manufacturing, is not analyzed in detail (Tan
and Khoo 2005; Hauschild et al. 2018) and is simplified: the
different rolling steps are packed all together, the transporta-
tion is not carefully considered, databases data are used for
the LCI, and so on.

The rolling phase is, together with the production of
primary aluminum (Nee et al. n.d.; Humbert et al. 2009),
the most energy-demanding stage in the production of
aluminum packaging, due to the environmental impact, is
closely related to the energy consumption; it can be argued
that aiming to reduce the impact of aluminum packages, the
rolling phase must be carefully analyzed to find some spe-
cific points to be improved. The aim of this work is to per-
form an LCA analysis of the aluminum sheets to be used for
the fabrication of aluminum packages (whatever cans, food
trays, or other products); focusing the attention on the roll-
ing process, the analysis will not consider the further stages
which have been investigated in the literature. The purpose
of this study is dual: (i) to provide a detailed analysis of the
impact of the rolling process and to propose some direction
of improvement, (ii) to provide more reliable data for people
performing LCA analysis of the product made starting from
aluminum rolled sheets.
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Mg Cr Zn Ti Others (each) Others (total) Al

Table 1 Chemical composition % Si Fe Cu  Mn
of AA 3005
Min 1.00
Max 0.60 0.70 030 1.50

0.10

0.60 0.10 0.25 0.20 0.05 0.15 Balance

2 Materials and methods
2.1 Goal and scope definition

The present study is intended to evaluate the environmental
impact of the rolling process of aluminum sheets and plates
to be used for the fabrication of packaging products (food
trays, cans, wine caps, and so on); in particular, two different
alloys will be considered: AA 3005 and AA 5052, whose
chemical compositions are given, respectively, in Tables 1
and 2; the analysis has been carried out in collaboration with
a manufacturing firm, Laminazione Sottile S.p.A., that start-
ing from a mix of primary and secondary aluminum pro-
duces thin coils and foils of aluminum to be sold to other
companies who produce the final product.

The term secondary aluminum, as generally defined in
Environmental profile report for the aluminium refining
industry life cycle inventory data ((2017)—(2019)) for the
production of cast alloys ingot from scrap and waste (2021),
includes scraps (pre- and post-consumer), and drosses com-
ing from both other aluminum industries (i.e., external
drosses) and internal processes (i.e., internal drosses).

In this work, the term secondary aluminum includes only
pre-consumer (i.e., new) aluminum scrap which comes into
the plant mainly directly from other industries; it is therefore
of known quality and alloy and is uncoated. To properly
model the secondary aluminum, the following strategy has
been used: it was considered the transport from the supplier
to the plant, it was considered the impact connected to the
preparation and melting of the scraps, and then the second-
ary aluminum is subject to the same processes as the pri-
mary aluminum. The inputs and outputs associated with unit
processes for extraction and processing of raw materials or
final disposal of products are shared by more than one prod-
uct system, so the attribution of the burdens linked to the
material extraction should be discussed. Typically, in cradle-
to-gate carbon footprint communications, post-consumer
scrap is assigned burden-free, while the modeling of pre-
consumer scrap is subject to interpretation. ISO 14044 and
ISO 14067 do not explicitly require applying one specific

approach, ISO 21930 and EN 15804 both contain specific
requirements regarding how to process scrap shall be mod-
eled. All these requirements are presented in the context of
a full life cycle carbon footprint, and their applicability in
the context of the cradle-to-gate approach, which is the case
of this work, is subject to interpretation. In this work, we
decided to consider the secondary aluminum burden-free on
the assumption that the material is a waste which the holder
intends to dispose of.

The intended application of the results is various: (i)
to identify the hot spot in the manufacturing path of the
aluminum sheets, (ii) to evaluate improvement potentials
from changes in product design and manufacturing, (iii)
to document the environmental performances of the prod-
ucts; to provide more reliable data for people studying the
sustainability of aluminum parts. The decision context of
this study, as clarified by Nee et al. n.d., is on a micro-
level scale: the results obtained can be used to support
decisions but the small scale of the studied product system
implies that regardless of the decision made, it will not
cause structural changes in the systems that the studied
product system interacts with.

The chosen functional unit is, for both the alloys under
investigation, 1 kg of cut plates, and the approach chosen
is from cradle to gate. The analysis includes the following
phases: raw material extraction, transport to the Laminazione
Sottile plant, manufacturing process from fusion to the final
cut through all the required rolling and heat treatment steps,
and final packaging before the expedition to the customers.
The software chosen to conduct the analysis was Gabi.

As usual in LCA analysis, some assumptions and limita-
tions have been made. The fabrication, maintenance, and
dismission of buildings, machines, equipment, and infra-
structures have been completely neglected under the hypoth-
esis that their impact, diluted on the years of service and on
the thousands of tons of aluminum coil produced each year,
with respect to the considered functional unit is negligible.

The life cycle impact assessment is performed by using
the CML 2001 methodology (Humbert et al. 2009), and the
following indicators have been chosen: depletion of abiotic

Table 2 Chemical composition ¢ Si Fe Cu Mn Mg Cr Zn Others (total) Al
of AA 5052
Min 220 015
Max 025 040 0.0 010 280 035 010 0.5 Balance
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resources-elements (ADPe) (kg Sb eq.); depletion of abi-
otic resources-fossil fuels (ADPf) (MJ); acidification for
land and water (kg SO2 eq.); ozone depletion (kg R-11 eq.);
global warming potential (kg CO2 eq.); eutrophication (kg
PO43- eq.); photochemical ozone creation (kg ethene eq.).

A scheme of the modeled system, with all the processes
studied and the considered fluxes (resources, materials,
emissions, waste) is given in Fig. 1.

2.2 Life cycle inventory analysis

Primary data and information are obtained by Laminazione
Sottile and its suppliers, and most of the data have been
obtained through direct measurements in the plant while
operating. Secondary data are obtained from the scientific
literature and the GABI database. Energy use, resource
consumption, and pollutant emissions are quantified for
each packaging system’s life cycle. Cutoff rules and Cut-
off criteria are used to decide whether processes shall be
included in the product system and data gathered (Toniolo
et al. 2013); for both the alloys under investigation, mass,
primary energy, and environmental significance are used
to make the decision. A cutoff level of 1% is applied (the
process is neglected if it reaches less than 1% of the total
known mass, primary energy, and impact, respectively),
focusing on uncertain processes during the use phase. All
processes where data are available are taken into account,
even if their contribution is less than 1%. Therefore, the
cutoff rule is used to avoid gathering unknown data, but not
to neglect known data.

An aspect which deserves to be explained in more words
is how the alloying elements are considered; usually, this is
not clarified in these types of studies, and in fact, there are
so far no existing guidelines published on how the alloy-
ing elements should be accounted for and modeled. In this

study, the following guidelines have been followed: (i) all
the alloying elements are considered, even the ones present
in very small percentages; (ii) impurities and “others” have
been not considered at all because are not even traced during
the aluminum fabrication and processing; (iii) the alloying
elements already included in the secondary aluminum used
have been not considered; (iv) to evaluate the impacts related
to the alloying elements, the transport phase has been mod-
eled, and the data regarding the production of the materials
have been taken from the Gabi database.

The primary data have been measured through a year of
working for the company; in particular, from January 2021
to January 2022, when literature or database data must have
been used, the authors referred to the latest available data.
The geographic provenance of the data was Italy or Europe;
for the materials coming from other countries, it was cho-
sen to be the data representative of those countries. The
primary data are of high quality because they were directly
measured in the plant for 1 year; also, the representative-
ness is very high due to the accurate measurement and
tracking campaign.

As for all the plants, there are some resources and
processes that cannot be directly imputed to one product
because are common services used by the whole plant, usu-
ally defined as general plant consumptions. The problem
to decide how to allocate these consumptions on the differ-
ent products produced is faced by all the people working
in this field (Liu 2013); in this study, it has been decided
to divide those consumptions for the total mass of prod-
ucts produced and then to multiply for the produced mass
of the specific product under investigation. The following
general consumptions have been considered and charged
on the studied products: electricity and natural gas used for
general services (e.g., energy consumed by the offices, in
the warehouses), water withdrawals and discharges, use of
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Fig.1 Scheme of the modeled production system
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technical gases such as oxygen and nitrogen, chemicals used
for water treatment, packaging materials, waste management
and treatment.

To collect the data, a form has been prepared for each
processing step; these forms will include the following:
resources, energy fluxes, material input, material output,
emissions to air, energy consumptions. The electricity and
natural gas consumption is continuously measured by dedi-
cated sensors and is recorded and stored.

The transport has been modeled by measuring, on Google
Maps, the distance between Laminazione Sottile and its sup-
pliers for each different material. In modeling the transports,
various trucks have been used to account for the variety of
different transportation systems adopted by the different
suppliers. For overseas suppliers, an average ship, whose
impacts are available within the Gabi database, has been
considered. In modeling the energy used, the Italian grid
data have been used for electricity while the Gabi database
data have been used for methane. Most of the emissions have
been directly measured by dedicated sensors, while some
data regarding the wastes have been taken from the annual
waste management statement of the company.

Tables 3 and 4 report the data related to the fusion pro-
cess, where the ingots to be rolled are produced. The com-
pany uses a mix of primary and secondary aluminum with
various alloying elements, refinement, and purifying ele-
ments to achieve the desired chemical composition for both
the alloys under investigation in this paper. For each input,
the substance has been also considered the distance between
the Laminazione Sottile plant and the supplier.

The data regarding milling, heat treatment, and hot rolling
are merged into a single table for each of the functional units
under investigation (Tables 5 and 6). The impacts related
to the manufacturing of the equipment used (i.e., milling
machine, furnaces, rolling mill) are neglected as declared
in the previous section, such a decision on the basis of the
long service life of the facilities. In addition to the aluminum
plate and the energy vectors, the process involves the use of
lubricating oils. For both semi-finished products, the simpli-
fying hypothesis was made by merging the quantities of the
different types of lubricating oils used through the lubricat-
ing oil dataset item. In particular, all lubricating oils used
come from the same supplier.

The cold rolling step involves a hot-rolled coil, energy
vectors, and some additives and lubricants (Tables 7 and 8).
Also in this case, the simplifying hypothesis was made by
merging the quantities of the different types of lubricating
oils used through the dataset item lubricating oil. Moreo-
ver, bleaching earth (bentonite) and filtration aid (diatomite)
have been also used to model the additives used. The addi-
tives are labeled, in this paper, as “type x” because their
formulation is protected know-how of the company.

Table 3 Fusion process data for the AA 3005 alloy

Fusion process

Measurement unit Quantity Distance (km)

Material input

Al (waste and kg 4952 499

secondary)

Al (primary) kg 3356 2000

Argon kg 12.59 763

Chlorine kg 0.05 750

Magnesium kg 67.64 1300

Copper kg 16.91 1300

Manganese kg 60.20 1300

Refinement element kg 8.41 1300

Purifying element kg 5.08 781
Energy input

Natural gas Cubic meters 800.79

Electricity kWh 325.90
Material output

Aluminum plaque kg 7829.46

Scrap kg 478.54
Emissions to air

CcO2 kg 1649.62

NOx kg 13.23

(60) kg 0.86

Sox kg 0.11

Fine particles kg 0.11

NH3 kg 0.0001

HCI kg 0.04

HF kg 0.0009

The final heat treatment stage requires only the cold-
rolled coil and the energy vectors; again, the impacts
related to the manufacturing of the furnaces used are not
considered (Tables 9 and 10).

After the heat treatment a surface treatment is per-
formed on the coils to obtain the desired surface finish-
ing and appearance, recalling that these coils can be used
also for food packaging production this stage is extremely
important (Tables 11 and 12). In addition to the heat-
treated laminate and energy carriers, the process involves
the use of type A additive ( made of 80% water (desali-
nation; deionized) and 20% hydrogen fluoride), type B
additive (made of 60% phosphoric acid, 22% water (desali-
nated; deionized), 18% chromic acid), and type C additive
(made of 80% water (desalinated; deionized), 5% butyl
diglycol, 5% ethylenediaminetetraacetic acid (EDTA), 5%
potassium hydroxide (potash), 5% C12-14 AE7). The addi-
tive of types A, B, C, and D are flows created ad hoc but
do not have the information relating to the energy con-
sumption necessary for their production.
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Table 4 Fusion process data for the AA 5052 alloy

Fusion process

Measurement unit Quantity Distance (km)

Material input

Al (waste and kg 3744 499
secondary)

Al (primary) kg 4815 2000
Argon kg 13.71 763
Chlorine kg 0.06 750
Magnesium kg 539.24 1300
Silicon kg 5.47 1300
Chromium kg 19.79 1300
Titanium kg 3.84 1300
Refinement element kg 9.15 1300
Purifying element kg 5.53 781

Energy input

Natural gas Cubic meters 871.73
Electricity kWh 354.77
Material output
Aluminum plaque kg 8523.05
Scrap kg 35.95
Emissions to air
CcO2 kg 1795.76
NOx kg 14.40
Cco kg 0.93
Sox kg 0.13
Fine particles kg 0.12
NH3 kg 0.0001
HCI kg 0.04
HF kg 0.0009

The transversal cutting requires a plasticizer, (plasticizer
[organic intermediate products]) and the energy vectors
(Tables 13 and 14).

The packaging step requires paper, cardboard, wood, and
plastic, modeled accordingly by using the database of Gabi
(Tables 15 and 16). The quantities are taken from the envi-
ronmental declaration of the company.

The general consumption is considered to be all the con-
sumptions that cannot be directly referred to the chosen
product but that are fundamental for the working of the plant
(Tables 17 and 18). Not having the possibility of attributing
the real quantities of these consumptions for each phase of
the process, the assumption of equal distribution for the
entire production line was made. Therefore, the annual
consumption was divided over the entire laminate produc-
tion of the plant, equal to 112,625 tons, weighed on the
output quantity of the last phase of the production process,
namely the transversal cutting one. This processing unit,
the above described one representative of the general con-
sumptions, includes the management of the waste generated
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Table 5 Milling, heat treatment, and hot rolling data for the AA 3005 alloy

Milling, heat treatment, and hot rolling

Measurement unit  Quantity Distance (km)

Material input

Aluminum plaque kg 7829.46 0

Lubricant kg 2,12 325

Additives “type A” kg 0.23 325

Additives “type B” kg 1.19 325
Energy input

Natural gas Cubic meters 289.01

Electricity kWh 976.33
Material output

Hot-rolled coil kg 7318.98

Scrap kg 510.48
Emissions to air

CcOo2 kg 595.38

NOx kg 6.13

Oil mist kg 0.08

(including also the packaging materials disposed of), the
water consumption of the plant (water, in the ground), and
the consequent discharge of wastewater (treated wastewa-
ter), the consumption of auxiliary substances such as diesel
oil, nitrogen, oxygen, and chemicals for water treatment,
and the consumption of electricity and natural gas for gen-
eral services. The “Water treatment chemicals” input was
modeled by entering all the consumption of chemicals for
water treatment. In the database available in GaBi, there
are no flows associated with the different chemicals used.

Table 6 Milling, heat treatment, and hot rolling data for the AA 5052 alloy

Milling, heat treatment, and hot rolling

Measurement unit Quantity Distance (km)

Material input

Aluminum plaque kg 8523.05 O

Lubricant kg 2.29 325

Additives “type A” kg 0.25 325

Additives “type B” kg 1.28 325
Energy input

Natural gas Cubic meters 311.85

Electricity kWh 1053.49
Material output

Hot-rolled coil kg 7897.46

Scrap kg 625.59
Emissions to air

cO2 kg 642.44

NOx kg 6.61

Oil mist kg 0.08




The International Journal of Life Cycle Assessment

Table 7 Cold rolling data for the AA 3005 alloy

Cold rolling

Measurement unit Quantity Distance (km)

Material input

Hot-rolled coil kg 731898 0
Lubricant kg 9.22 325
Additives “type A” kg 0.36 325
Additives “type B” kg 0.72 325
Additives “type C” kg 0.19 325
Additives “type D” kg 1.26 580+1615*
Additives “type E” kg 2.75 305+1030*
Energy input
Natural gas Cubic meters 5.02
Electricity kWh 871.15
Material output
Cold-rolled coil kg 6265.05
Scrap kg 1053.93
Emissions to air
CO2 kg 10.33
VOC kg 1.39

“Sea transport

For this reason, the modeling of the individual substances
was carried out on the basis of the technical and safety data
sheets by building ad hoc flows. The percentage of chemical
compositions relating to the constituents of the substances
used for water treatment will be reported.

Table 8 Cold rolling data for the AA 5052 alloy

Cold rolling

Measurement unit Quantity Distance (km)

Material input

Hot-rolled coil kg 7897.46 0
Lubricant kg 9.68 325
Additives “type A” kg 0.38 325
Additives “type B” kg 0.76 325
Additives “type C” kg 020 325
Additives “type D” kg 1.32 580+1615*
Additives “type E” kg 2.88 305+1030*
Energy input
Natural gas Cubic meters 5.27
Electricity kWh 914.75
Material output
Cold-rolled coil kg 6578.58
Scrap kg 1318.88
Emissions to air
CO2 kg 10.85
VOC kg 1.45

.
Sea transport

The processing route has been modeled by using the
software Gabi by inserting all the abovementioned units
with their materials, resources, emissions, and fluxes. The
scheme of the system, as shown by the Gabi interface, is
reported in Fig. 2.

Aiming to describe the process in the most detailed man-
ner possible, the substances used for the treatment of pro-
cess water were also taken into account, and the consump-
tion of these substances has been monitored and recorded.
The treatment of water is centralized for the whole plant, so
it is difficult to attribute the precise quantity of each sub-
stance used to the functional units chosen; on this prem-
ise, it was decided to divide the total amount of substances
used among the different products on the basis of the annual
production of each product (i.e., total amount of a given
substance divided for the total production of the firm, then
this quantity multiplied for the production of the 3005 and
5052 sheets, then this final quantity divided respect to the
functional unit). For each substance, it was also considered
the distance from the seller, to further evidence the relevance
of logistic fluxes. The results are shown in Table 19; for
confidentiality reasons, some substances are just referred
to as “substance x” while have been modeled by using their
constituents as declared by the company and referring to the
Gabi database.

The water discharges were modeled using the mean values
of the analyzes carried out during 2020; the values reported
by the management control in mg/l were then normalized
with respect to the quantities in liters of wastewater. The
quantities used in this LCA analysis are given in Table 20.

As far as waste management is concerned, this was
modeled using the MUD (Modello Unico Dichiarazione
Ambientale — comprehensive environmental declaration)
for the year 2020 as a data source. In accordance with the
approach adopted, the treatment process was modeled only
for waste destined for disposal. The process of transport-
ing the disposed waste has not been modeled given the

Table 9 Heat treatment data for the AA 3005 alloy

Heat treatment

Measurement unit  Quantity  Distance (km)

Material input

Cold-rolled coil kg 6265.05 O
Energy input

Natural gas Cubic meters 130.26

Electricity kWh 254.30
Material output

Heat-treated coil kg 6265.05

Scrap kg 0
Emissions to air

CcO2 kg 268.32
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Table 10 Heat treatment data for the AA 5052 alloy

Table 12 Surface treatment data for the AA 5052 alloy

Heat treatment

Surface treatment

Measurement unit  Quantity  Distance (km) Measurement unit Quantity Distance (km)
Material input Material input
Cold-rolled coil kg 6578.58 0 Heat-treated coil kg 6578.58 0
Energy input Additives “type A” kg 8.47 748
Natural gas Cubic meters 136.78 Additives “type B” kg 20.44 748
Electricity kWh 267.03 Additives “type C” kg 23.50 748
Material output Energy input
Heat-treated coil kg 6578.58 Natural gas Cubic meters 10.29
Scrap kg 0 Electricity kWh 216.18
Emissions to air Material output
CcO2 kg 281.76 Surface-treated coil kg 6467.41
Scrap kg 111.18
Emissions to air
unavailability of data for the year 2020. The full list of dis- co2 kg 127.37
posed wastes is given in Table 21. S04 kg 0.0101
HF kg 0.0012

3 Results and discussion
3.1 Life cycle impact analysis

This section is devoted to the third phase of the LCA
study, the life cycle impact assessment (LCIA) where the
life cycle inventory’s information on elementary flows is
translated into the chosen environmental impact catego-
ries. In accordance with the ISO 14040 and ISO 14044
Standards, in this study, the evaluation phase is limited to
the mandatory elements, i.e., the definition of impact cate-
gories, classification, and characterization. As anticipated,

Table 11 Surface treatment data for the AA 3005 alloy

Surface treatment

Measurement unit Quantity Distance (km)

Material input

Heat-treated coil kg 6265.05 0

Additives “type A” kg 7.99 748

Additives “type B” kg 19.29 748

Additives “type C” kg 22.18 748
Energy input

Natural gas Cubic meters 9.71

Electricity kWh 203.99
Material output

Surface-treated coil kg 6102.78

Scrap kg 162.29
Emissions to air

CcO2 kg 120.19

SO4 kg 0.0095

HF kg 0.001

reference is made to the CML 2001 evaluation method
present within GaBi. It should be noted that, as required
by the reference standards for conducting LCA studies, the
results of the impact assessment are relative expressions
and do not include considerations on exceeding thresholds,
safety margins, or risks.

In order to allow a complete view of the main sources
of impact, the results are proposed divided:

Raw material (labeled as RM)
— Transportation (labeled as T)
Manufacturing process (labeled as MP)

The results of the environmental impact assessment for both
the analyzed alloys are below reported in Tables 22 and 23.

Table 13 Transversal cutting data for the AA 3005 alloy

Transversal cutting

Measurement unit Quantity Distance (km)

Material input
Surface-treated coil kg 6102.78 0
Plasticizer kg 0.20 325
Energy input

Natural gas Cubic meters 0

Electricity kWh 138.37
Material output

Plates (final kg 5536.44

product)

Scrap kg 566.34
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Table 14 Transversal cutting data for the AA 5052 alloy

Table 16 Packaging data for the AA 5052 alloy

Transversal cutting

Measurement unit Quantity Distance (km)

Material input
Surface-treated coil kg 646741 O
Plasticizer kg 0.19 325
Energy input

Natural gas Cubic meters 0

Electricity kWh 132.33
Material output

Plates kg 5294.87

(final product)

Scrap kg 1172.54

As expected, the raw materials and the manufacturing
process are responsible for the most of the environmental
impact, while the transport has a minor impact (even if rel-
evant and not negligible). The first consideration that comes
out is that in aiming to reduce the environmental footprint,
three actions must be taken: (i) promote the use of secondary
aluminum, (ii) improve the manufacturing process, (iii) try to
shorten the logistic lines. The manufacturing route has a great
importance, so a lot of effort must be put to improve this step.

3.2 Life cycle interpretation

In Figs. 3 and 4, the results of the impact analysis are
reported for both the alloys under investigation. For each
impact category, two plots are reported: (i) on the left is a
pie chart depicting the contribution of three different steps
of the manufacturing path on the given indicator, namely raw
material which accounts for the extraction and production of
primary aluminum, a manufacturing process which consid-
ers the studied processing route leading from the aluminum
to the functional unit considered, and logistic which includes

Table 15 Packaging data for the AA 3005 alloy

Packaging
Measurement Quantity Distance (km)
unit
Material input
Plates kg 5536.44 0
Wrapping paper and kg 3.10 0
cardboard
Plastic kg 1.17 0
Wood kg 185.60 0
Material output
Packaged plates kg 5726.31

Packaging
Measurement Quantity Distance (km)
unit
Material input
Plates kg 5294.87 0
Wrapping paper and kg 2.94 0
cardboard
Plastic kg 1.12 0
Wood kg 177.59 0
Material output
Packaged plates kg 5476.52

all the aspects related to the transport of materials from the
respective producers to the Laminazione Sottile plant; (ii)
on the right, a stack diagram is reported where is highlighted
the contribution, to the considered impact category, of the
different steps of the manufacturing route.

The first observation is that while the contribution of base
material (i.e., primary aluminum extraction and fabrication)
is still predominant, the contribution of the manufacturing
process and supply chain cannot be neglected. The manufac-
turing process is the most influential for the ADPe indicator
and has a strong influence also on EP, and the logistic chain
affects more POCP and EP.

Looking more inside the processing route melting and
hot rolling are the most impacting processes, probably due
to the high energy required to heat up the aluminum slabs. It
is worth noting that probably the impact of these two steps
is underestimated in this study because the impact of the
fabrication of the equipment used has been not considered,
and the manufacturing of equipment usually employed in
high-temperature metal working has a high impact on the
environment. It is also important to appreciate that the gen-
eral consumption is not negligible and plays an important
role in the environmental footprint of the process.

Table 17 General consumption data for the AA 3005 alloy

Measurement unit Quantity

Input

Nitrogen kg 424.90

Oxygen kg 117.11

Chemicals for water treatment P 1

Water consumption Cubic meters 41.70

Natural gas Cubic meters 6.58

Electricity kWh 952.94

Gasoline L 25.81
Output

Water discharges kg 20.85

Waste p 1
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Table 18 General consumption data for the AA 5052 alloy

Table 19 Substances used for process water treatment

Measurement unit Quantity

Input

Nitrogen kg 406.38

Oxygen kg 112.00

Chemicals for water treatment P 1

Water consumption Cubic meters 39.88

Natural gas Cubic meters 6.29

Electricity kWh 911.36

Gasoline L 24.69
Output

Water discharges kg 19.94

Waste P 1

Lastly, it can be noted that the AA 5052 plates have a
bigger environmental impact with respect to the AA 3005;
this can be attributed to the higher percentage of primary
aluminum used. This result is also useful in supporting the
decision of the designer when the material to be used for a
new product must be chosen; both the alloys are used for
food packaging, so, when possible, the one with the lesser
environmental impact should be used. The higher environ-
mental impact of AA 5052 can also be attributed to the high
magnesium content (>2%wt); this particular alloying ele-
ment involves higher impacts for two main reasons: (i) high
impacts related to the extraction and refinement of this ele-
ment; (ii) the presence of Mg in aluminum, together with the
advantages provided, involves some processing issues who
make the rolling stage more complex and less environmen-
tally friendly (Herrmann and Moltesen 2015).

In performing an LCA analysis, a key factor is the choice
of the software to be used for modeling and impact calcula-
tions; according to Speck et al. (2016), there are two leading

Substance Distance (km) Quantity for — Quantity for
AA 3005 AA 5052 (kg)
(kg)
Substance 1 193 1.04 0.99
Substance 2 191 1.31 1.25
Substance 3 191 0.04 0.04
Substance 4 191 0.38 0.36
Substance 5 191 0.49 0.47
Resin clean 191 2.90E-03 2.80E-03
Sodium chloride 695 5.80 5.55
Activated carbon 771 1.05 1.01
Calcium hydroxide 10 4.98 4.76
Sodium bisulfite 22 2.97 2.84
Anionic 335 0.08 0.08
polycrylamide

software used for LCA studies: SimaPro (Pre-sustainability
2012) and GaBi (PE-international 2012), both of which are
commonly employed worldwide. The same authors (Speck
et al. 2016) compared these two software and found that the
differences observed when modeling the same system with dif-
ferent software can be mainly attributed to different errors in
different databases. Other authors focused their attention on this
issue: (Speck et al. 2015) reported that even when inputs are
matched as closely as possible, implementations of a supposedly
common methodology in different LCA software systems can
provide differing results. Conversely to what has been observed
in the previous paper, Speck et al. assessed that the most com-
mon cause of differences between implementations of impact
assessment methods in SimaPro and GaBi is that one software
includes characterization factors for substances that the other
software excludes. The same authors in a different paper (Envi-
ronmental profile report from the aluminium industry) further
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Table 20 Water discharges

Substance Quantity for AA 3005 (kg) Quantity for
AA 5052 (kg)
Solids (suspended) (ecoinvent long-term to fresh water) 0.3878 0.3709
BOD5/biological oxygen demand (BOD) (analytical measures of fresh water) 0.7193 0.6880
COD/COD, chemical oxygen demand (ecoinvent long-term to fresh water) 1.6680 1.5952
Aluminum (ecoinvent long-term to fresh water) 0.0054 0.0052
Barium (ecoinvent long-term to fresh water) 0.0010 0.0010
Chromium, ion (ecoinvent long-term to fresh water) 0.0040 0.0038
Boron (ecoinvent long-term to fresh water) 0.0044 0.0042
Iron (ecoinvent long-term to fresh water) 0.0342 0.0327
Manganese (ecoinvent long-term to fresh water) 0.0098 0.0094
Lead (ecoinvent long-term to fresh water) 0.0005 0.0005
Copper (ecoinvent long-term to fresh water) 0.0010 0.0010
Zinc, ion (ecoinvent long-term to fresh water) 0.0021 0.0020
Sulfate (ecoinvent long-term to fresh water) 1.5638 1.4955
Chloride (inorganic emissions to fresh water) 1.0717 1.0249
Fluoride (ecoinvent long-term to fresh water) 0.0709 0.0678
Phosphorus (ecoinvent long-term to fresh water) 0.0250 0.0239
Nitrogen (ecoinvent long-term to fresh water) 0.0834 0.0798
Hydrocarbons, unspecified (ecoinvent long-term to fresh water) 0.0730 0.0698
Surfactants, unspecified (hydrocarbons to fresh water) 0.0359 0.0343

evidenced that the choice of software program used for environ-
mental analysis can affect the results attributing this occurrence
to the natural inclination of the user to employ data sets that are
“convenient” when using specific software packages. The pre-
sent work has been performed by using Gabi; following the find-
ings of the above-discussed papers and aiming to obtain results
as more reliably as possible, the following strategies have been
adopted: the use of database data has been limited as much as
possible to reduce the influence of the software used; the dataset
chosen was the most representative ones for the modeled pro-
cesses. A line of future work can be to perform the same analysis
with different software and compare the obtained results.

Table 21 Wastes sent to disposal

It is also interesting to compare the results of this work
with the ones presented in the Environmental Profile Report
from the aluminum industry [31] which includes a detailed
section on rolling and foil production. Before comparing
the results, some clarifications must be made. First of all,
the Environmental Report defines a functional unit as 1 ton
of aluminum foil, while in this work, we are considering as
a functional unit 1 kg of cut plates (whose thickness is less
than 1 mm, so can be intended as plates cut from foil); this
implies that in our work, one more processing step is con-
sidered. The transport phase and the general consumption
(that in this study are modeled in detail) are not considered

Waste typology Quantity for  Quantity for
AA 3005 AA 5052 (kg)
(kg

CH: disposal, sludge from steel rolling, 20% water, to residual material landfill (residual material landfill facility) 34.19 32.70

CH: disposal, textiles, soiled, 25% water, to municipal incineration (municipal incineration) 11.59 11.08

Packaging waste (plastic) (consumer waste) 0.85 0.81

CH: disposal, building, brick, to final disposal (building demolition) 1.68 1.61

sludge (wastewater processing) (waste for disposal) 2.22 2.13

CH: disposal, dust, unalloyed EAF steel, 15.4% water, to residual material landfill (residual material landfill facility) — 0.49 0.47

CH: disposal, solvents mixture, 16.5% water, to hazardous waste incineration (hazardous waste incineration) 10.74 10.27

CH: disposal, used mineral oil, 10% water, to hazardous waste incineration (hazardous waste incineration) 0.03 0.03
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Table 22 Calculated impacts for 1 kg of AA 3005 plates

Impact for 1 kg of ADPe ADPf AP GWP oDpP POCP EP

AA3005plates (ko Sbeq./kg) (Ml/kg) (kg SO2eq/kg) (kg CO2eq./kg) (kgR-11eq/kg) (kg ethene eq/kg) (kg
phosphate
eq.’kg)

RM 2.289E-06 42835  0.0137 4.056 6.006E-11 0.0008 0.0009

MP 4.649E-06 15212 0.0025 0.894 6.191E-11 0.0002 0.0006

T 2.918E-08 4483 0.0017 0315 5.747E-17 0.0007 0.0004

Total 6.967E-06 62.530  0.0179 5.265 1.22E-10 0.0017 0.0019

in the Environmental Report; moreover, in our work, also
the alloying elements are considered, while in the report, a
generic aluminum ingot is considered. The report has been
realized by using Gabi as software, the same used in this
work. Summarizing it can be said that our work is more
detailed, with more impact and processes considered and
modeled. Comparing the impacts calculated, it can be noted
that we obtained values slightly higher than the ones shown
in the report; this outcome can be explained by consider-
ing that in our work, more processes have been considered,
so our result is more precise. In particular, in the report,
a GWP (kg CO2 eq./kg) 1.30E 403 has been calculated
for 1 ton of foil while we have calculated 5.26 for 1 kg of
cut plates of AA 3005 and 7.5 for 1 kg of cut plates of AA
5052; it is easy to appreciate that all the values are of the
same order of magnitude (considering the conversion rate
between tons and kg), but in our study, a slightly higher
value has been calculated due to the more detailed mod-
eling (with respect to the report, we also consider the trans-
port, the general consumption, the alloying elements, the
final cut stage). It can be said that the data reported in the
report are a good starting point to calculate the real impacts,
but then more processes should be added to calculate the
effective impacts of a given plant. It must be also said that
the report covers a number of different plants, and some
impacts (for instance, the ones related to the transport or to
the general consumptions) are too dependent on the specific
plant to be included in such a study.

Table 23 Calculated impacts for 1 kg of AA 5052 plates

3.3 Sensitivity analysis

In the previous sections, it has been shown that the pro-
duction of primary aluminum is responsible for most of the
impacts; on this premise, it has been decided to perform a
sensitivity analysis varying the percentage of primary alu-
minum used. Looking at Tables 3 and 4, it is possible to
recall that 3356 kg of primary aluminum is used for AA
3005, and 4815 kg of primary aluminum is used for AA
5056; in this analysis, it was set a quantity of primary alu-
minum reduced by 50; the quantity of secondary aluminum
was varied accordingly to keep constant the amount of pro-
cessed material. The percentage of decrease used has been
assessed according to the possibility of finding and buying
only a specific quantity of secondary aluminum in tablets;
moreover, the maximum usable quantity of secondary alu-
minum is limited due to the presence of impurities and other
not desired alloying elements that do not allow to reach the
fixed values of chemical compositions to the furnaces. The
variations of the calculated impacts for the two alloys under
investigation are given in Figs. 5 and 6. As can be seen from
the results obtained, the reduction of virgin material pro-
foundly changes the profile of the environmental impacts
of the product, with variations between — 16 and —39% for
alloy sheets 3005 and between — 19 and —40% for 5052
alloy plates. For the former, the major differences are found
in the categories acidification potential (AP) and climate
change (GWP). For 5052 alloy plates, the highest percentage

Impact for 1 kg of ADPe ADPf AP GWP OoDP POCP EP

AA 5052 plates (kg Sbeq./kg)  (MI/kg) (kg SO2eq./kg) (kgCO2eq/kg) (kgR-11eq/kg) (kg ethene eq./kg) (kg
phosphate
eq.’kg)

RM 3,432E-06 64.225 0.021 6.076 9.005E-11 0.0012 0.0014

MP 2.146E-06 16.765 0.007 0.992 6.86E-11 0.0003 0.0016

T 3.995E-08 6.137 0.002 0.436 7.867E-17 0.0011 0.0006

Total 5.618E-06 87.126 0.030 7.504 1.586E-10 0.0026 0.0036
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Fig.3 Impact analysis for AA ADPe [Kg b eq./Ke]
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Fig.4 Impact analysis for AA
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Fig.5 Reduction of the impacts 0%
when reducing the use of pri- AD sb
mary aluminum of the 50% for 5% &
AA 3035

-10%
-15%
-20% -16%
-25%
-30%

-35%

-34%

-40%

-45%

Fig. 6 Reduction of the impacts 0%
when reducing the use of pri-

mary aluminum of the 50% for 5%
AA 5056

kg
Sb éake] [

-10%
-15%
-20%
-25%

-30%

-31%
-35%

-40%

-45%

decreases occur in the impact categories depletion of abiotic
resources-fossil fuels (ADPf) and climate change (GWP).
Similarly, it can be argued that a reduction of the envi-
ronmental impact of primary aluminum fabrication would
reduce the impact of the product system considered in this
work, so the companies should pursue these two strategies:
on one hand to reduce the use of primary aluminum and
on the other hand to select suppliers who produce primary
aluminum in an environmentally conscious manner.
Another important point to reduce the environmental
impact is the material use efficiency, so one can argue
that a reduction of the can thickness, leading to the use of
lesser material for the same product, could further reduce
the environmental impact. This question is more complex
because conflicting issues are coupled: (i) when reducing
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the thickness of the sheet, lesser material is used for the
same product so the impacts related to the raw material
are reduced; (ii) the reduction of the thickness requires
a further rolling stage, increasing the impacts related to
the processing; (iii) in this study, the fabrication of the
final product and the use phase is not considered; to better
evaluate the influence of thickness, these stages must be
included and carefully considered.

4 Conclusions

In this work, a detailed LCA analysis, with a cradle-to-gate
approach, has been performed on two functional units:
rolled plates of AA 3005 and AA 5052. The emphasis
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was put on the rolling process, to highlight the contribu-
tion of this stage. Usually, these plates are further worked
to obtain aluminum cans or various typologies of food
packaging. The results discussed are meant to be used by
researchers and practitioners to re-think and improve the
processes from an environmental impact reduction per-
spective. Summarizing the work done the following con-
siderations can be enucleated:

— The production of primary aluminum is the most
impacting step of the whole process, so effective poli-
cies of re-use of secondary aluminum, scraps, and
wastes must be enforced

— Shared policies among companies should be enforced
to better manage the life cycle of aluminum, and the
management of wastes and drosses should be also the
object of discussion among the companies

— The supply chain has a relevant influence on the envi-
ronmental performances of the process, so it is impor-
tant to try to reduce the distance traveled by materials
and consumables from the producers to the rolling plant

— An effective policy to reduce the impacts can be the
selection of primary aluminum suppliers with a low
environmental impact, so in the future operations, when
selecting suppliers, both the distance traveled from the
supplier to the plant and the environmental impact of
the supplier must be considered

— Hot rolling and melting are the most impacting steps of
the manufacturing route; the impact of the manufactur-
ing route is comparable, even if lower, to the one of the
primary aluminum production; the rolling process must
be carefully reconsidered, and the melting needs to be
also optimized to reduce their environmental footprint

— The reduction of the use of primary aluminum involves
a noticeable reduction of all the impacts for both the
alloys, so the manufacturers should try to reduce the
use of primary aluminum and try to purchase primary
aluminum from suppliers who produce in an environ-
mentally conscious manner

— This study is an initial assessment point whose results
have been used by the company to improve its environ-
mental performances.
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