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Abstract: An increasing demand for wrought aluminum, such as in the automobile field, requires the
recycling of scraped aluminum into low-impurity-content wrought aluminum in an environmentally
friendly manner. In this paper, the feasibility of the fractional crystallization method coupled with
electromagnetic stirring (EMS) technology to obtain wrought aluminum high-quality alloys from high-
impurity-content aluminum was reviewed. Also, a Cradle-to-Gate life cycle assessment (LCA) was
conducted to assess the greenhouse gas (GHQG) effect of this technology. Results indicate that, through
this technology, the Al-rich phase was successfully separated from the impurity-rich phase. In LCA,
an upscaling method was employed to assess GHG emissions. The results show that GHG emissions
reduced as production scale increased. Also, GHG emissions between the lab and the pilot scales at
the same production scale were compared; those extrapolated from the lab scale were notably higher.
In addition, GHG emissions in an improved scenario were analyzed. At a 1,000 kg production scale,
GHG emissions were 0.36 kg CO> eq/kg, much lower than the GHG emissions of primary aluminum
(9.93 kg CO: eq/kg). The analysis showed that the fractional crystallization method with EMS
technology is a promising technology for upgrading recycling from high-impurity cast alloys into low-
impurity-content wrought aluminum alloys with very low GHG emissions.
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1. Introduction

Aluminum is an abundant resource, and its versatility makes it extremely attractive for lightweight
solutions in various industries [1]. Aluminum can be divided into two major categories regarding the
concentration of alloy elements: high-purity wrought alloys have a non-aluminum content up to 10
wt%, and cast alloys, which have much higher tolerance limits, have a non-aluminum content up to 20
wt%) [2]. Cast alloys have limited applications and are mainly used in transportation, especially in the
automotive sector [3]. However, the introduction of electric vehicles will result in a decrease in cast
alloy demand, generating 6.1 Mt of cast alloy scrap by 2030, which cannot be recycled due to the high
concentration of alloying elements [4]. Cars manufactured today have approximately 8% aluminum
by weight, which is forecasted to reach 16% by the year 2028 [5]. Due to an increased use of wrought
aluminum in cars, an increasing volume of wrought aluminum scrap is expected [6].

The GHG emissions of primary aluminum are 9.93 kg CO: eq/kg, being higher than other
materials such as steel (1.83 kg CO: eq/kg) [7]. Aluminum recycling saves up to 95% of the energy
needed to produce primary aluminum and can save GHG emissions up to 95% [6]. This is because
most of the energy required to produce primary aluminum is embodied in aluminum itself and
aluminum scrap. Therefore, the energy required to melt aluminum scrap is only a fraction of primary
aluminum [6]; also, aluminum recycling is financially attractive as its market already exists [8].

Currently, aluminum recycling is mainly processed into cast alloys, as aluminum scrap is used
where it is most efficient; currently, that corresponds to cast aluminum and not wrought aluminum [9].
Recycling into wrought aluminum remains challenging [10]. The main difficulty in producing wrought
aluminum from scrap is to retain the proper chemical composition of the melt [11]. Since cast alloys
have higher compositional tolerance for impurities, cast aluminum cannot be recycled into anything
but cast aluminum [11]. Due to the high demand for cast aluminum, down-cycling aluminum scrap to
recycle-friendly cast aluminum is a common strategy nowadays, but the future demand for cast
aluminum may be different [2] due to the emergence of electric vehicles. Cullen and Allwood (2013) [12]
estimated that globally, every year, 6.1 Mt of wrought aluminum scrap is downgraded into cast alloys.
However, wrought alloys represent two-thirds and cast alloys represent one-third of the global
aluminum demand [12]. Modaresi and Miiller (2012) [9] forecasted that a continuation of the above-
mentioned strategy would result in non-recyclable casting scrap surplus in 2018, with an uncertainty
margin of about 5 years. Therefore, the argument arises that the amount of recycled wrought aluminum
from consumer scrap should increase and be qualified for future sustainable solutions [13]. This would
be an important future trend in developing new types of wrought aluminum to meet customer
requirements with scrap-friendly compositions [14,15]. Therefore, with the increasing demand for
wrought aluminum and its expected scrap, it is necessary to construct a sustainable system to support
wrought aluminum demand by recycling it with lower GHG emissions.

The recycling technology we review in this paper is the fractional crystallization method, which
is assisted by electromagnetic stirring (EMS). The fractional crystallization utilizes the phenomenon
by which a molten alloy is cooled down from a liquid state to a solid state, leading to the higher-purity
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metal solidifying first [16]. This method provides alloys for high-purity applications [17]. EMS
accelerates the metal separation process during the fractional crystallization. EMS technology was
initially introduced into the aluminum industry in the 1960s and has grown significantly since the late
1990s [18]. By using a high-intensity force field, even micrometer-sized inclusion particles can, in
principle, be separated [19]. The driving force for particle motion and the direction of motion depend
on the electrical conductivity difference between the metal and the inclusion particles [19]. Because
the electromagnetic force induced in the molten metal is different among the inclusion particles due to
their conductivity, they are forced to move along a direction opposite to the electromagnetic force and
therefore can be separated from the melt [20]. This technology can be used for aluminum alloy refining.
For example, in Al-Si melt under electromagnetic stirring, the primary Si phases are separated and
accumulated at the periphery of the ingot during the solidification of the AI-Si melt. Eventually, a layer
structure is formed with a Si-rich outer layer and an Al-rich inner layer [21]. After the aluminum ingot
is separated into Al-rich and Si-rich phases, the two phases are separated by the mechanical press.

Several works have discussed upscaling techniques for different applications [22-25]. However,
to our knowledge, no previous paper has analyzed predicted GHG emissions of the upscaling technique
to confirm its validity with real data. In addition, in works related to EMS technology, Lee et al (2010) [26]
and Murakami and Omura (2021) [27] conducted an impurity concentration analysis but did not
include GHG analysis. Additionally, no LCA has been conducted for reclaimed wrought aluminum
with the fractional crystallization method with EMS technology or any analysis applying the
scaling technique.

Based on the above, we set the objective of this study to 1) demonstrate that the fractional
crystallization method coupled with EMS can adequately separate the Al-rich phase and the Si-rich
phase, 2) estimate GHG emissions of this technology based on a cradle-to-gate approach by upscaling
the lab and pilot scales to the mass production scale, and 3) compare GHG emissions predicted by the
lab and pilot scales and review if such predictions match GHG emissions at the mass production scale.
If an analysis is conducted with the inventory data from the lab production scale, the power
consumption of the equipment at the production scale is largely overestimated [25]. Therefore, its LCA
at the lab scale provides misleading results. The novelty of this study is the use of real data from the
lab and the pilot production scales to assess GHG emissions by the upscaling technique and to analyze
whether upscaled data match predicted GHG emissions by the lab and pilot scales.

2. Methods
2.1. System boundary and functional unit

System boundary of the fractional crystallization method is shown in Figure 1.

Clean Technologies and Recycling Volume 5, Issue 2, 112-126.



115

Aluminum alloy
with rich Si content

< =

Fractional crystallization method

Aluminum alloy dissolution ‘

<1

\ Electricmagnetic stirring ‘

¢

Squeezing ‘

<1

‘ Mechanical separation ‘

< -

| Al rich and Si1 rich aluminum alloys |

Figure 1. System boundary of the fractional crystallization process (in grey).

Applying EMS Squeezing process
Stainless steel container

\ Aluminum alloy sample @ Perforated
— erforate

/ metal plate
Inverter [t/

/ (¢ 1mm hole)
| > |
- B | [ Byt

- 771 | | /7 ===l
Timer s 7

Three-phase coil

Figure 2. EMS and squeezing processes.

There are four stages to the fractional crystallization method: aluminum alloy dissolution, EMS,
squeezing, and mechanical separation. Two aluminum alloys, AC4C and ADC12, were used in this
study. Aluminum alloys were molten in a melting furnace for 6.0 and 2.5 h in the lab and the pilot
scales at 650 °C. Molten aluminum was poured into the EMS machine and stirred. After the EMS
process, solid Al-rich aluminum and molten Si-rich aluminum appeared due to the fractional
crystallization effect. The molten Si-rich alloy was pressed by a perforated metal plate with a 1-mm
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diameter hole using a mechanical press. The liquid state of the alloy was squeezed through the
perforated metal plate. The alloy portion, which was not passed through by the perforated metal plate,
was the Al-rich aluminum alloy. After cooling down, the alloy was separated by the mechanical press
machine at the point of the perforated metal plate. The EMS and squeezing processes are shown in
Figure 2.

The functional unit is 1 kg of reclaimed Al-rich aluminum with an impurity concentration
equivalent to wrought aluminum (<10%). The final output is composed of Al-rich aluminum for
wrought aluminum applications and Si-rich aluminum for cast aluminum applications. Compositional
analysis of the separated alloys is performed using energy-dispersive X-ray spectroscopy (EDX).

2.2. GHG emission analysis

GHG emissions analysis is done in three steps. The first step is to analyze GHG emissions at the
lab scale; lab production scale is 0.6 kg. The second step is to analyze GHG emissions at the 6.79 kg
scale, which is the pilot production scale. The scaling method, which will be explained later, will be
applied to assess GHG emissions at the production scale up to 10,000 kg. The third step is to compare
GHG emissions predicted from the lab and pilot scales and to analyze and discuss any discrepancies.
Inventory data of the lab and pilot production scales are shown in Table 1; GHG emissions were
assessed based on such data.

Table 1. Inventory data of the lab and pilot production scales.
(a) Lab scale

Process Material Unit Volume
Stage 1 Input Aluminum alloy kg 1.200
Aluminum dissolution Energy Electricity kWh 16.270
Waste Aluminum residue kg 0.200
Product Aluminum alloy kg 1.000
Stage 2 Input Aluminum alloy kg 1.000
EMS Energy Electricity kWh 0.140
Waste Aluminum residue kg 0.000
Product Aluminum alloy kg 1.000
Stage 3 Input Aluminum alloy kg 1.000
Squeezing Energy Electricity kWh 0.000
Waste Aluminum residue kg 0.000
Product Aluminum alloy kg 1.000
Stage 4 Input Aluminum alloy kg 1.000
Mechanical separation Energy Electricity kWh 0.001
Waste Aluminum residue kg 0.050
Product Si-rich aluminum kg 0.350
Al-rich aluminum kg 0.600
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(b) Pilot scale

Process Material Unit Volume
Stage 1 Input Aluminum alloy kg 30.000
Aluminum dissolution Energy Electricity kWh 33.100
Waste Aluminum residue kg 1.000
Product Aluminum alloy kg 29.000
Stage 2 Input Aluminum alloy kg 10.000
EMS Energy Electricity kWh 2.200
Waste Aluminum residue kg 0.200
Product Aluminum alloy kg 9.800
Stage 3 Input Aluminum alloy kg 9.800
Squeezing Energy Electricity kWh 0.000
Waste Aluminum residue kg 0.000
Product Aluminum alloy kg 9.800
Stage 4 Input Aluminum alloy kg 9.800
Mechanical separation Energy Electricity kWh 0.004
Waste Aluminum residue kg 0.100
Product Si-rich aluminum kg 2.910
Al-rich aluminum kg 6.790

2.3. Upscaling analysis

In this study, the scaling effect with changes in the production scales is introduced. Information
about processing temperatures and time duration is often presented in patents and previous studies.
However, information about the power consumption of each process is rarely included. Previous
studies have shown that if an analysis is conducted with the inventory data from the lab scale, the
power consumption of the equipment at the production scale is largely overestimated [28]. Data from
the small production scale were used in the fractional crystallization method. In order to assess GHG
emissions at the mass production scale, it is necessary to upscale the production scale by applying the
scaling effect.

To estimate the scaling effect, we used the scale factors, which were obtained from the size and
nominal power specifications of machines with different scales [21] as follows:

P=r (%) M
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where P represents power, S is the scale of the process, f'is the scale factor, subscript 0 represents the
values of the lab scale, and subscript x represents the values of the target scale. The scaling factors of
the melting furnace, EMS, squeezing, and mechanical press are 0.838, 0.966, 0.718, and 0.718,
respectively. They are shown in Figure 3. Squeezing and mechanical presses use hydraulic press
technology. Therefore, the same scale factor is assigned.
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Figure 3. Scaling factors of the equipment used.

In this study, in order to assess the environmental burden more precisely, GHG emissions by the
equipment and the facility were taken into consideration. IDEA v2.1.3 database [7] was used to assign
GHG emissions in each category of the inventory data, as such experimental data originated in Japan,
and the IDEA database was considered suitable. The GHG coefficients in the IDEA database are
defined as the cost, JPY for the equipment and area, and mo for facilities. The calculation of the volume
of the equipment includes its initial cost and its depreciation period of 7 years. The calculation of the
volume of the facility includes the area of the equipment.

3. Results and discussion
3.1. Effectiveness of the fractional crystallization method with EMS technology

The material content analysis for the fractional crystallization method was conducted with AC4C
and ADC12 aluminum alloys. The original impurity content for the Al-rich and impurity-rich phases
is shown in Figure 4. After separation by the fractional crystallization method, the Al-rich phase of
ACA4C was 98.5% and the impurity-rich phase was 1.3%. As for the ADC12, the Al-rich phase was
97.6% and the impurity-rich phase was 2.4%. This analysis showed that the fractional crystallization
method with EMS technology effectively separates the Al-rich phase aluminum to meet the wrought
aluminum requirement of 10% or less impurity content.

3.2. GHG emissions on the lab scale
GHG emissions of the fractional crystallization method with EMS technology on the lab scale are
shown in Figure 5, divided by stage and materials. GHG emissions were reduced from 30.59 kg CO»

eq’kg at a 0.6 kg lab production scale to 6.57 kg CO; eq/kg at a 10,000 kg production scale. The GHG
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emissions over a 0.6 kg production scale were extrapolated based on the scaling method. A reduction
in GHG emissions occurred, primarily due to a reduction in electricity and an improvement in
efficiency, in accordance with increasing production scales. Stage 1 occupied a majority of GHG
emissions at all scales because of the processing time of the aluminum melting furnace: 6 hours to melt
and mix aluminum ingot. On the other hand, GHG emissions by EMS and mechanical separation were
small due to the short processing time. As for the GHG emissions by materials, electricity was the
major contributor, as the GHG emissions from the melting furnace were much larger than those of
any materials.
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~ 1.4 01 17 | 4
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Figure 4. Impurity content analysis of AC4C and ADC12 by the fractional crystallization
method with EMS technology.
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Figure 5. GHG emissions of the fractional crystallization process at the lab scale.
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3.3. GHG emissions on the pilot scale

GHG emissions on the pilot scale are shown in Figure 6, divided by stage and materials. The pilot
production scale was 6.79 kg. The values of GHG emissions over a 6.79 kg production scale were
extrapolated based on the scaling method. GHG emissions at a 6.79 kg production scale were 2.53 kg
CO2 eq/kg and were reduced to 0.81 kg CO» eq/kg at a 10,000 kg production scale by the scaling effect.
GHG emissions of Stage 1 were large because the aluminum melting furnace consumed a lot of
electricity, with a processing time of 2.5 hours. As for the GHG emissions by the materials, the furnace
made up 90% of the entire GHG emissions, explained by the fact that the processing time of the
aluminum melting furnace was 2.5 hours, compared to those of EMS and mechanical separation, which
were 0.17 and 0.02 hours, respectively.

ed aluminum

GHG [kg-CO2 eq/kg]

10 production Xe (k] 1,000 10,000 6.79 10 100 1,000 10,000

Production scale [kg] = Aluminum input

(a) GHG emissions by stage (b) GHG emissions by materials
Figure 6. GHG emissions of the fractional crystallization process on the pilot scale.

3.4. Comparison of GHG emissions between the lab and pilot production scales

The conditions of the lab and the pilot scales are shown in Table 2. The production scale of the
lab was 0.6 kg, and that of the pilot was 6.79 kg. The target production scale for GHG emissions
analysis was 6.79 kg. The power consumption of each equipment, Py, and its processing time are also
listed in Table 2. GHG emissions at a 6.79 kg production scale are shown in Figure 7. GHG emissions
at a 6.79 kg production scale on the lab scale were then extrapolated. The value of the pilot scale was
the real value measured at a 6.79 kg pilot production scale.

The GHG emissions on the lab and pilot scales were 20.79 and 2.53 kg CO; eq/kg, respectively.
These values differ significantly. GHG emissions predicted based on the lab scale should be much
smaller, to be close to the value of the pilot scale. GHG emissions are the function of power
consumption, P, its processing time, and the scaling factor. Power consumption was upscaled from a
0.6 kg to a 6.79 kg production scale in the lab scale, while raw data was used for the pilot scale. Thus,
P was not upscaled on the pilot scale. Although there were some differences in parameters such as
processing time and power requirement of equipment, Py, the scaling effect, which was the function

of the production scale ratio, (‘;—j), had a larger influence on GHG emissions. As a result, GHG

emissions on the lab scale became much larger than those of the pilot scale. In addition, from Section
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3.2 and 3.3, GHG emissions at a 10,000 kg production scale predicted from the lab scale and the pilot
scale were 6.57 kg CO» eq/kg and 0.81 kg CO: eq/kg, respectively. This comparison analysis confirms
our hypothesis that predicting GHG emissions at a large production scale based on a small lab
production scale will lead us to an overestimated conclusion [25].

Table 2. Conditions of the lab and pilot production scales.

mEquipment: Squeeze

& Aluminum residue: EMS
mEnergy: EMS

m Facility: EMS

m Equipment: EMS

= Aluminum residue: Furnace
mEnergy: Funace

m Facility: Furnace

Pilot Lab Pilot ® Equipment: Furnace
Production scale [6.79 kg] w Aluminum input

Lab Pilot

Production scale (kg) 0.60 6.79

Target output (kg) 6.79 6.79

Power consumption Py (kW)

Melting furnace 5.0 25.7

EMS 2.0 1.1

Squeezing 6.0 6.0

Mechanical separation 6.0 6.0

Processing time (hour)

Melting furnace 6.0 2.5

EMS 0.1 0.17

Squeezing 1.0 1.0

Mechanical separation 0.002 0.002
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(a) GHG emissions by stage (b) GHG emissions by materials
Figure 7. GHG emissions at a 6.79 kg production scale divided by stage and materials.

3.5. Considerations under an improved scenario

Since the duration of aluminum dissolution seems too long, we consulted the research engineer of
UACIJ Corporation, who designed and assembled the pilot scale plant. We learned that 2.5 hours in the
pilot scale included the time to melt the aluminum alloy. In a normal production process, aluminum
alloy is molten initially. However, once it is molten, additional aluminum alloy is poured into the
furnace and molten quickly. The actual time for this melting process is 0.5 hours. Therefore, we
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employed 0.5 hours for the aluminum melting process and did the analysis. The 1,000 kg production
scale was chosen for the comparison since 1,000 kg is considered a reasonable mass production scale.
The conditions of this improved scenario are shown in Table 3. The analysis was conducted based on
a 6.79 kg pilot scale. The changed conditions are highlighted in gray. GHG emissions of the improved
scenario are shown in Figure 8.

Table 3. Conditions of the improved scenario.

Pilot Improved scenario
Power consumption Py (kW)
Melting furnace 25.7 25.7
EMS 1.1 1.1
Squeezing 6.0 6.0
Mechanical separation 6.0 6.0
Processing time (hour)
Melting furnace 2.5 0.5
EMS 0.1 0.1
Squeezing 1.0 1.0
Mechanical separation 0.002 0.002
L5 L5 m Reclaimed aluminum
® Reclaimed cast aluminum
m Aluimninum residue: Separation
m Energy: Separation
_ Stage 4 Facility: Separation
_c‘/ 1.0 § : ) 1.0 ® Equipment: separation
5 = Stage 3 _; Alurminum residue: Squeeze
8 m Stage 2 é Energy: Squeeze
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2" olage = m Equipment: Squeeze
9 05 _.:_‘j B  Aluminum residue: EMS
£ 0 3 0.5 mEnergy: EMS
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0.0 0.0 m Facility: Fumnace
Pilot Improved Pilot Improved m Equipment: Furnace
Production scale [1,000 kg] Production scale [1.000 ke] m Aluminum input
(a) GHG emissions by stage (b) GHG emissions by materials

Figure 8. GHG emissions with improved conditions at a 1,000 kg production scale.

The GHG emissions at a 1,000 kg production scale were 1.20 kg CO; eq/kg with the original pilot
condition and 0.36 kg CO» eq/kg with the improved scenario. The GHG emissions were substantially
lower in the improved scenario than for the primary aluminum (9.93 kg CO» eq/kg) [7]. If high-impurity
cast alloys are recycled, and GHG credit is given, GHG emissions under the improved scenario will
be -0.14 kg CO» eq/kg. Thus, further improvement is expected. The fractional crystallization method
successfully reclaimed wrought aluminum quality alloys in a very environmentally friendly manner.
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4. Conclusions

In this paper, we reviewed the effectiveness of the fractional crystallization technology coupled
with EMS technology for aluminum recycling applications and evaluated GHG emissions associated
with this technology. The result indicated that this technology yielded 98.5% of Al-rich phase
aluminum alloy from AC4C and 97.6% of Al-rich phase aluminum from ADCI12. Therefore, this
technology was proven to be effective in reclaiming high Al-rich phases that could be used in wrought
aluminum applications.

An LCA was conducted using a 0.6 kg lab production scale and a 6.79 kg pilot production scale.
The scaling method was applied. The results showed that GHG emissions were 6.57 kg CO> eq/kg at
the lab scale and 0.81 kg CO» eq/kg at 10,000 kg production scale on the pilot scale.

Next, GHG emissions at a 6.79 kg production scale were extrapolated from the lab scale, and the
6.79 kg pilot production scale was compared. This comparison analysis confirmed our hypothesis that
predicting GHG emissions at a large production scale based on a small lab production scale will lead
to an overestimated conclusion.

GHG emission analysis with an improved scenario showed that GHG emissions were 0.36 kg
COz eq/kg, achieving a 70% reduction. Since GHG emissions of primary aluminum are 9.93 kg CO»
eq’kg and those of a 5000 series aluminum plate are 11.2 kg CO» eq/kg [7], this technology proved to
be very environmentally friendly and to contribute to enhancing the circular economy. In addition,
further reduction in GHG emissions is expected if high-impurity cast alloys are recycled and reused.

The analysis showed that the fractional crystallization method with EMS technology is a
promising approach for upgrading recycling from cast alloys with high-impurity-content into low-
impurity-content wrought aluminum alloys with very low GHG emissions. However, the analysis is
limited to aluminum alloys with low impurity concentration. In order to use alloys for applications
such as automotive body parts, additional treatments such as rinsing and heat treatments are necessary.
Future analysis should include subsequent treatments to enhance the quality of aluminum alloys to
meet industrial-grade wrought aluminum standards. In addition, continued feasibility studies and
LCAs should be considered at the production-plant scale.
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