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Abstract. In this study, the life cycle assessment model for the secondary extruded aluminum represents a
cradle-to-gate process that starts with recycling aluminum scrap and ends in the ultimate product of
extruded aluminum transferred to final product manufacturer. In the following, data are mainly collected
from the literature, and ecoinvent3’s database. The quantitative analysis of the use of the energy and
pollutants for production of the secondary extruded aluminum are estimated with eco-indicator-99
methodology and SimaPro8.0.4 package. The impact of the secondary extruded aluminum production on
the environment is studied by evaluating three damage impacts: human health, ecosystem quality and
resources. Results indicate that the resources make the highest contribution by 0.58pt (4284.35 MJ) and
human health by 0.16pt (0.00136 DALY) is located in the next rank. The endpoint ecosystem quality
(44.64 PDF * m?yr) is insignificant in this process. Also, the total required energy for manufacturing of
600 kg aluminum profile in the model was 8842 MJ. Based on the results, the impact of the secondary
aluminum extrusion process on the ozone layer depletion is shown to be insignificant. Also, despite using
aluminum scraps, the model incurs significant environmental load. The study is implemented in the
industrial city of Arak.
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Introduction

Since it has been predicted that the aluminum industry is going to be shifted to
developing countries (Menzie, 2010; Sevigné-ltoiz et al., 2014), this study is
implemented in Iran which is a developing country. Primary aluminum production is
one of the most energy-intensive processes in the metals (Ferreira et al., 2014).
Meanwhile, compared with other materials, metals have the greatest potential for
methodical recycling (Paraskevas et al., 2015). The results of numerous studies have
suggested that the emissions and the use of the energy in aluminum production were
reduced in the secondary aluminum compared to the primary aluminum (Atherton,
2007; Blomberg and Soderholm, 2009; Ferreira et al., 2014; Green, 2007; Hatayama et
al., 2009; Shkolnikov et al., 2011). The environmental credits are a result of reduction in
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raw materials, energy and emissions related to the materials recycling process (Ferreira
et al.,, 2014; Lacarricre et al., 2015). For example, aluminum scrap may be recycled
straightly by hot extrusion that needed nearly 10% of energy demand for recycling by
re-melt process (Ingarao et al., 2011). Extruded aluminum is widespread used for
building sectors.

The secondary aluminum scrap can be categorized as old scrap that is generated
following the end-of-life of products, or new scrap that will be created through the
casting, semi-finished (such as extruded aluminum profile) and manufacturing
production. Hence, new and old scrap (wastes) are converted into the secondary
aluminum (Green, 2007). In this case, primary and secondary aluminum may exchange
each other into each of extruded aluminum production. Really, it is impossible to
determine whether a product is made from bauxite as raw material or from secondary
aluminum as recycled material (Frees, 2008). Recycling aluminum from scrap
consumes approximately twenty times less energy than the primary aluminum
production (Liu and Miiller, 2012). The increment in new scrap generation could be
related to the increase of semi-finished and final products, as losses throughout their
incurred production are classified as new scrap and represented into the production path.
The growth in old scrap generation is related to improvements in waste management as
a consequence of the presentation of the Packaging waste directive and the end-of-life
vehicle directive (Sevigné-ltoiz et al., 2014).

LCA is a principled method that titles the environmental impacts throughout a
product’s life cycle from raw material acquisition through production, use, end of life
treatment, recycling and final disposal (Bertram et al., 2009). A complete LCA study
includes four stages: goal and scope definition; life cycle inventory; environmental
impact assessment and, finally, interpretation (Chang et al., 2014). The reported LCA
in international standard 1ISO 14040-2006 (ISO, 2006a) and ISO 14044-2006 (1SO,
2006b) may be applied to the environmental aspects. Various studies on aluminum
LCA have been done (Detzel and Monckert, 2009; Ding et al., 2012; Gao et al., 2009;
Gatti et al, 2008). Among the aluminum LCA, usual, primary aluminum analysis is
used for analyzing the environmental negative effects of products (Liu and Miiller,
2012), although some LCA’ studies have been done on aluminum alloys, semi-
fabricated or finished aluminum products (Detzel and Monckert, 2009; Hong et al.,
2012; Paraskevas et al., 2015; Sevigné-Itoiz et al., 2014). For example, based on LCA
model, with the actual situation of aluminum industry in China in 2008, an analysis of
the use of energy and pollutants related to aluminum alloy extrusion were carried out
(Ding et al., 2012). In what follows, the LCA model is implemented on extruded
aluminum. On the other hand, most LCA’ studies in aluminum industries don't
complete and limit only on a particular process (Liu and Miiller, 2012; Norgate and
Haque, 2010; Olivieri et al., 2006; Tan and Khoo, 2005). It may be run via grave to
gate or gate to gate approach. In addition, it can be semi- finished products. SimaPro
software package to be extensively used by scholars to perform LCAs studies
(Ferreira et al., 2014). In present study, the LCA model is a cradle-to-gate procedure.
The system boundaries determines the unit processes to be contained in the system
(Ferreira et al., 2014). In this study, the system boundary of secondary extruded
aluminum as a unit process starts with recycling aluminum scrap and ends in the
ultimate product of extruded aluminum transferred to final product manufacturer.
Once produced, aluminum ingots can undergo numerous fabrication processes,
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normally rolling, extrusion, and casting, to be transformed into different semi-finished
products, for example sheet, foil, and profile (Liu and Miiller, 2012).

Carbon dioxide emissions increased in the world, more than 2.7 percent over 2011.
Meanwhile, the industry plays an important role in a way that almost 40 percent of total
energy consumption related to the industrial activities (Ingarao et al., 2011). In extruded
aluminum the emission factor, CO2-eg/kg, is about 0.34 kg (Choate and Green, 2003).
Also, the published energy quantities of U.S. aluminum rollers and extruders, indicate a
broad limit from 2.8 MJ kg ™ to 43.2 MJ kg ™ (Liu and Miiller, 2012). Moreover, it is
possible to extrude products without the necessity of additional heat treatments and
without dissipation of material. The minimum theoretical energy to extrude a product,
in this case, is made of only two components: the energy required preheating the billet
to extrusion temperature and the energy required to alter forming the material via a
change forming.

Based on the outcomes of a study, the minimum energy intensity is equal to 0.44
kWh/kg of the secondary aluminum, when results are assumed to be 50% for heating
and 75% for the hydraulic and electric system (Green, 2007). Considering the fact that
no case studies related to the LCA of extruded aluminum have already been done in the
Islamic Republic of Iran; a life cycle assessment model is developed using
SimaPro8.0.4 tool to calculate emissions from the production of the secondary extruded
aluminum in this country in 2015.

Material and methods
Case study

A case study on aluminum industries in Arak, the industrial area center of the Islamic
Republic of Iran, is presented. The unit process includes materials, energy, and
environmental releases associated with the secondary aluminum extruding operations.
The study is really a cradle-to-gate LCA, thus it ends in the manufactory gate, with the
final product of extruded aluminum accessible to transport. The initial material for the
secondary extruded aluminum is billet and the result of the process is finished extruded
profiles transferred to final product manufacturer. Life cycle inventory (LCI) results are
introduced in various impact categories according to characterization factors. The life
cycle impact assessment (LCIA) of the secondary extruded aluminum on the
environment is studied by evaluating three damage impacts and eleven impact
categories. The eco-indicator 99 impact assessment methodology is applied in
SimaPro8.0.4 education package.

Secondary extruded aluminum

Extrusion is the procedure of forcing a metal ingot or billet via a steel die to create a
stretched shape of consistent cross section. Extruded products include bars, rods, and
defined products called shapes or profiles. Extrusion is significant because aluminum
can be readily extruded; this process is difficult for other metals. Extrusion products are
more and more used as structural and body components. The secondary aluminum metal
is commonly cast into large ingots. The starting material for the secondary extrude
aluminum is billet, i.e. a several meters rod in a size 20-50 cm. These billets are mainly
produced by direct current casting technology. The ends of the billets are usually sawed
at the cast plant for re-melting. The billet may be cut into smaller rod pieces before the
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extrusion process. Before extrusion, the billet is preheated usually to 450 and 500 °C.
The billet is then sheared, or cut into length, and deposited right into a hydraulic press.
The straightened lengths are cut into finish length multiples and put into an aging
furnace to accomplish an ideal operation of tempering. Lengths are then drilled and
shaped and placed into a covering process. There are over 40 extrusion plants in Arak.
Finally, fabricated extruded profiles transferred to final product plants. The extrusion
from cast billet around fabricated profile generates about 320 kg of scrap of 600 kg of
extrusion. These scraps are recycled into new ingot through re-melting that is completed
either on-plant in integrated cast houses or externally.

Results
The goal and scope

In this study, the LCA model for secondary extruded aluminum represents a cradle-
to-gate procedure, beginning at recycling aluminum scrap and ending in the finished
product of extrude aluminum that transferred to product plants. The presented model for
600 kg of the secondary extruded aluminum is implemented in Arak.

Life cycle Inventory

Table 1 shows the main material related to environmental impacts of the secondary
extruded aluminum. In Table 1, the inventories are reported for the secondary extruded
aluminum production. The key data were utilized in the SimaPro8.0.4 model. Table 1
demonstrates that the air emissions from the production of 600 kilogram of the
secondary extruded aluminum were CO, (1754000 g), SO, (8990 g) and N,O (2690 g).
The emissions to water were Chloride (43860 g), lithium (1220 g), bromide (200 g) and
suspended solids (53330 g).Also, this data indicates that the usage of energy resources
would be to a considerable extent comprised of electricity (4580 MJ) and natural gas
(3440 M)).

Table 1. Inputs and outputs for the secondary extrude aluminum production

Inputs Unit | Total Outputs Unit | Total
Raw materials Air emissions
Aluminum scraps kg 595 Particulates, < 2.5 um kg 0.09
Natural gas M3 286 Particulates, > 10 um kg 0.08
Electricity MJ 4580 BTEX' kg 0.07
Water VK 1.14 Hydrogen chloride kg 0.007
Outputs Water emissions
Air emissions BODs® kg 0.63
Carbon dioxide, fossi' kg 1754 cop’ kg | 0.84
Sulfur dioxide kg 8.99 Suspended solids kg 53.33
Nitrogen oxides kg 2.69 Chloride kg 43.86
NMVOC? kg 0.58 Magnesium kg 1.35
VVOC, volatile organic compounds kg 0.20 Lithium kg 1.22
Particulates, >2.5 um, and < 10um kg 0.09 Bromide kg 0.2

! Benzene, toluene, ethyl-benzene, and xylene, unspecified ratio, > Non-methane volatile organic
compounds, unspecified origin, * Biological Oxygen Demand, * Chemical Oxygen Demand.
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Figure 1 presents a cut from map for 600 kg of the secondary extruded aluminum
(LCA-SimaPro model). Also, Figure 2 shows modeled inventories for 600 kilogram of
the secondary extruded aluminum.

600 kg
Aluminum, secondary,
extruded/kg/RNA

100%

595 kg 286 m3 (T[T T4.58E3 M
Aluminum, secondary, ingot, Natural gas, combusted in market for electricity, low
at plant/kg/RNA industrial boiler/m3/US voltage IR

23.1%

32.9% 59.8%

Figure 1. Cut of the map for 600 kg of the secondary extruded aluminum (LCA-SimaPro).

Aluminum scraps 595 kg
1.86 m® water

Raw Ancillary
material materials
16 Kg Alloys
Natural gas 286 m” \ , 2 Kg Cardboards
Electricity 4580 MJ l

Secondary Extrude Aluminum

#= 1754 Kg CO,

) 1.1Kg CO

Products Alr 1899 kgSO,
emissiom

2.69 Kg Nox

0.26 Kg PMx

600 Kg Aluminum extrude

39 Kg Residues

Figure 2. Inputs and outputs for 600 kg secondary extruded aluminum.

LCIA stage

In the life cycle impact assessment stage, total inventories, were aggregated into
three endpoint categories and eleven impact indicators, according to the eco-indicator
99 method. Endpoint categories are: human health, ecosystem quality and resources.
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Also, midpoint indicators are: carcinogens in DALY (Disability-Adjusted Life Year),
respirable organics (DALY), respirable inorganics (DALY), climate change (DALY),
radiation (DALY), ozone layer (DALY), eco-toxicity (PDF * m?yr) (Potentially
Disappeared Fraction of species x square meter x Year), acidification /eutrophication
(PDF * mPyr), land use (PDF * m?yr), minerals (MJ surplus), fossil fuels (MJ
surplus)(PRe Consultants, 2013).

Figure 3 present normalized results for environmental impacts of the secondary
extruded aluminum, based on damage categories. In Figure 3, it is clear that resources
exhibit the greatest contribution, by 0.58 pt (4284.35 MJ surplus) and human health by
0.16 t (0.00136 DALY) is located in next rank. The endpoint ecosystem quality (44.64
PDF * m?yr) is insignificant for this process.

Hnman‘Health Ecosyste;m: Quality Reso;xrces

Analyzing 600 kg "Aluminum, secondary, extruded/RNA'";

Method: Eco-indicator 99 (H) V2.09 / Europe EI 99 H/A / Normalization

Figure 3. Normalized results for environmental impacts for the production of 600 kg
secondary extruded aluminum, based on endpoint categories.

Figure 4 presents normalized results for environmental impacts of the secondary
extruded aluminum. Figure 4, which is based on midpoint indicators, indicates that
fossil fuels (4284.35 MJ surplus), respirable inorganic (0.00083 DALY), climate change
(0.0004 DALY) and carcinogen (0.00014 DALY) are the most effective indicators.

Figure 5 presents environmental impacts of producing 600 kg of the secondary
extruded aluminum, based on single scores (pt). As it can be seen, natural gas (raw
material) with 92 pt (286 m®) is the greatest contributor to environmental impact of 600
kg of the secondary extruded aluminum. The other raw materials (crude oil 92 pt — 132
kg — 822 MJ), emissions from air (SO, ((0.000491 DALY), CO, (0.000368 DALY),
NO; (0.000239 DALY) and particles (0.00005 DALY)), and finally, emissions from
water (arsenic 0.000056 DALY contribute to a lesser extent.

Figure 6 illustrates environmental impacts of producing 600 kg of the secondary
extruded aluminum, based on human health. Figure 6 shows that the emissions arising
from secondary extruded aluminum which show the highest contribution to human
health are SO,, CO,and NO; in DALY, respectively.
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Figure 4. Normalized results for environmental impacts for the production of 600 kg
secondary extruded aluminum, based on midpoint indicators.

Raw/Gas, natural/m3 I

100

Aiv/Sulfur dioxide |- Air/Carbon @ioxide, fossil |- i

""" l_R”"" s et Ajp/Nitrogen oxides |-l
SET B 00 B ; | Water/Arsenic |-
Ql Air/Particulates,

Total

Analyzing 600 kg 'Aluminum, secondary, extruded/RNA";
Method: Eco-indicator 99 (H) V2.09 / Europe EI 99 H/A / Single score

Figure 5. Environmental impacts for the production of 600 kg secondary extrude aluminum,
based on single scores.

Aiv/Snlfur dioxide l

DALY
¥

' Human Health

Analyzing 600 kg 'Aluminum, secondary, extruded/RNA';
Method: Eco-indicator 99 (H) V2.09 / Europe EI 99 H/A / Damage assessment

Figure 6. Environmental impacts for the production of 600 kg the secondary extrude aluminum,
based on endpoint human health.
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Environmental impacts of the production of 600 kg of the secondary extrude
aluminum, based on resp.inorganic are presented in Figure 7. As can be seen, the total
resp.inorganic is 0.00083 DALY. Also SO, and NO,; make up the greatest
contributions, with 0.000491 and 0.000239 DALY for 600 kg of the secondary
extruded aluminum, respectively.

Figure 8 presents environmental impacts of the production of 600 kg secondary
extruded aluminum, based on carcinogen. Figure 8 demonstrates, the total carcinogen
produced from the secondary extruded aluminum is 0.000138 DALY. Pollutants to
water (arsenic 0.00007 DALY, cadmium 0.00004, metallic iron 6.97E-06 in DALY)
and pollutants to air (cadmium 0.000012, arsenic 0.000005 in DALY are the causes of
carcinogen due to the secondary extruded aluminum process.

A inSu(ﬁlf dioxide

edll -| Air/Nitrogen oxides

DALY
~
k3
IS

1204} ir/Particulates, < 2.5 um |

fe-d4§ S — " - —_—————————————
gef 7 i T e | Air/Particulates, > 2.5 um, and < 10um [
e-

Remaining substances

Resp. Inbrganics

Analyzing 600 kg 'Aluminum, secondary, extruded/RNA";
Method: Eco-indicator 99 (H) V2.09 / Europe EI 99 H/A / Characterization

Figure 7. Environmental impacts for the production of 600 kg the secondary extrude
aluminum, based on midpoint respirable inorganic.
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4e51”
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e-! : ) '
/ T Water Metallic ions, nnspecified | ;

Remaining substances I

Air/Arsenic

Carcinogens

Analyzing 600 kg 'Aluminum, secondary, extruded/RNA';
Metiod: Eco-indicator 99 (H) V2.09 / Europe EI 99 H/A / Characterization

Figure 8. Environmental impacts for the production of 600 kg the secondary extrude
aluminum, based on carcinogen midpoint.
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Discussion

Life cycle assessment was utilized to evaluate the secondary extruded aluminum
process. In this study, data were mainly collected from literature, and the eco-invent3
database. The present LCA was implemented in the industrial city of Arak in 2015.
The model for the secondary extruded aluminum represents a cradle-to-gate
procedure, beginning at recycling aluminum scrap and ending in the final product of
aluminum extrusion.

The basic objective of the impact assessment stage would be to transform the long
list of life cycle inventory output straight into a limited number of indicators. These
indicators will show the impact of each operation on the environment. One evaluation
was based on endpoint indicators and midpoint indicators. Endpoint indicators tend to
be more uncertain and midpoint indicators are apt to have a shorter perspective. In this
study, 11 impact categories were applied with average weighting and normalization
based on European standards. To accomplish this, the eco-indicator99 method is used.
This method converts the long inventory of outputs in set of indicators which receive
the severity to each impact category based on some weighting.

As was seen previously, the usage of aluminum scrap incurs an environmental credit.
In spite of this, it is evident that the energy consumption is the highest contributor to
negative environmental impacts of production of 600 kilogram of the secondary
extruded aluminum. The resources endpoint to the secondary extruded aluminum model
accounts for nearly 67% and is the environmental problem area for this product system.
Hence, one of the most results read from present research is that natural gas
consumption is most responsible for the environmental impacts in this process.

The human health (HH) indicator estimates the negative consequences of a defined
process on humans. The total HH from the secondary extruded aluminum production
was 0.000138 in DALY. In this case, respirable inorganic, climate change and
carcinogen had the greatest share in this category. As was shown, for respirable
inorganic, the sulfur dioxide and nitrogen oxides (both emissions to air) resulted from
the secondary extrude aluminum model had the highest negative impact on humans. In
case of climate change, carbon dioxide with 0.00368 DALY was a large contributor
and, in fact, the main contributor to the negative environmental consequences of the
secondary extruded aluminum process.

The carcinogens are calculated in DALY. It can be seen that the arsenic and
cadmium with 0.00122 DALY (emissions to water) had the highest impact in this
midpoint indicator.

The quality ecosystem aims to outline the negative impact of a certain process on the
ecosystem. Based on outcomes of proposed research, quality ecosystem category was
insignificant in the secondary extruded aluminum process; it was less than 3.28 % for
all system.

Based on results, it could be concluded that the main contributors to the negative
environmental impacts of the secondary extruded aluminum were commonly energy
supply. We think that the perfect solution would be using new heating technologies to
reduce energy requirements through more rapid heating in treatment temperature and
using the heat of the casting or finishing forming operation method. The recent method
requires less energy. Therefore, the implementation of this method reduces energy
requirements in extruding aluminum.

Performing such an analysis based on the assumptions made for the study would
have proven useful and provides a base for further works. However, research into this
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issue must also be the subject of future works and further contributions to the growing
field of LCA in Iran.

Future work

[1]
(2]
(3]

[4]
5]

(6]

[7]
(8]

[9]

Comparing the potential environmental consequences of different options of the
extruded aluminum production with regarding type or origin of raw material and
energy resources will be interesting.

In our opinion, carrying out a cradle-to-gate LCA study in aluminum production
process can be interesting and important in industrial city of Arak. A more detailed
LCA method would allow aluminum industries to assess environmental burdens of
their activities more practical in order to reduce them.

In addition, extending MCDM methods such AHP, TOPSIS and ELECTRE based on
LCA results in aluminum industry can be interesting. This integrated methodology
can be used to make the best decision in different methods of primary and secondary
aluminum production.
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