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A B S T R A C T   

The aluminum extrusion industry is growing rapidly; however, there has been little work on quantifying or 
reducing extrusion’s environmental impacts. This article first derives cradle-to-gate cumulative energy demand, 
greenhouse gas emission, and cost models for direct aluminum extrusion using data collected from extrusion 
companies, life cycle inventory measurements (e.g., electricity demand) from our own case studies, and physics- 
based extrapolations. These models show there is significant scope for increasing both the process energy and 
material efficiency; however, only increasing the material efficiency will lead to significant environmental 
benefits and cost savings. Subsequently, an alloy-shape-application material flow analysis of the 2018 North 
American extrusion industry is conducted to highlight opportunities for improved material utilization 
throughout the supply chain. Material flow data were collated from existing academic and gray literature in 
addition to semi-structured interviews with North American extrusion experts. The material flow analysis reveals 
that around 40% of all aluminum cast into extrusion billets is scrapped before completion in a fabricated product, 
which increases the cost of the fabricated profile by approximately 16% and the greenhouse gas emissions and 
cumulative energy demand by approximately 40%. Most of this scrap is created by removing structural and 
surface finish extrusion defects that are inherent to the current process. Process adaptations that might reduce the 
material scrapped due to these defects are identified and discussed. Even a 10% reduction in extrusion process 
forming scrap could save the North American (U.S. and Canada) extrusion industry 270–311 million USD per 
year and prevent the release of 0.5–2.3 Mt.CO2eq annually.   

1. Introduction 

Production of just five key materials (aluminum, steel, cement, 
paper, and plastic) accounts for over half of all the greenhouse gas 
(GHG) emissions released by industry worldwide each year (Sutherland 
et al., 2020). Primary aluminum making is by far the most emissions 
intensive of these materials per unit of production (Argonne National 
Laboratory, 2020). Further GHG emissions are released downstream of 
aluminum production in manufacturing processes that shape, heat treat, 
join, and finish aluminum components (Seow et al., 2013). Additional 
environmental concerns include the loss of land to bauxite mining op
erations and accidental toxic releases such as of red mud produced in the 
Bayer process for refining aluminum ore (Metson, 2011; BBC, 2010). 

Emissions released from aluminum supply chains must be reduced to 
help prevent the worst consequences of climate change (Allwood et al., 
2012; Cann et al., 2020). There are, however, limited opportunities to 
improve the aluminum production process where the energy efficiency 
is approaching the thermodynamic limit (Allwood et al., 2010; 

Gutowski et al., 2013) and where the GHG emissions intensity has 
increased in recent years due to the rapid global shift to Chinese pro
duction, where 90% of the aluminum-making electricity is generated 
using emissions-intensive coal (International Aluminum Institute, 2021; 
Cooper et al., 2017). Reducing aluminum material and energy re
quirements in downstream manufacturing is therefore a priority. 

This article focuses on the aluminum extrusion supply chain because 
of its significance to the overall industry. Cullen and Allwood’s (2013) 
material flow analysis (MFA) shows that around a fifth of all the 
aluminum produced worldwide in 2007 was extruded. More recently, 
Bertram et al’s (2017) dynamic MFA shows that global demand for 
extrusion ingot has grown rapidly since 2000 and, by 2014, far exceeded 
demand for casting ingots and was comparable to rolled ingot demand. 
In 2017, 28 Mt of extruded aluminum profiles were produced globally 
(Rodriguez León and Stark, 2018). These profiles were used across 
construction (e.g., commercial façade and window frames), transport (e. 
g., bumper components), equipment (e.g., ladders and scaffolding), 
consumer durables (e.g., air conditioner tubing), and electronics (e.g., 
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extruded plates milled to make laptop enclosures) (Misiolek and Kelly, 
2005; Sherman, 2009). Aluminum extrusion is increasingly popular 
because it permits the use of part-consolidated lightweight profiles with 
optimized cross-sections, integrated connections, and a high quality 
surface finish that can be further enhanced with anodizing or powder 
coating (Misiolek and Kelly, 2005). Aluminum’s high thermal conduc
tivity combined with the ability to extrude high surface area profiles 
makes it an attractive choice for heat sinks and as structural material 
enclosing electronics. 

In a typical direct extrusion plant, long (≈7 m), homogenized, direct 
chill (DC) cast aluminum alloy logs (Ø6–12′′; Ø152–305 mm) are cut to 
shorter billet lengths (0.66–1.83 m) (AEC, 2021) which are then pre
heated (400–550 ◦C) before being placed in a heated extrusion chamber 
and pushed through a die using a dummy block and stem attached to a 
hydraulic ram (Fig. 1). Profiles made from heat treatable alloys may be 
cooled using a water spray quench curtain as they leave the die. The 
extruded profiles may subsequently be artificially aged (heat treated) 
and/or anodized and painted. 

1.1. Previous work on the environmental impacts and costs of extrusion 

Several efforts have been made in recent years to improve the effi
ciency and reduce the costs of aluminum extrusion. Recent de
velopments include more efficient burners in billet preheating furnaces 
(U.S. DOE, 2003; Wünning, 2007) and start-stop hydraulic pump sys
tems for reducing press electricity requirements (SMS Group, 2020). 
However, the overall relevance of these developments is not clear 
without a holistic analysis of the environmental impacts and costs in 
aluminum extrusion, which can also be used to prioritize future research 
and development. 

Despite the significance of the extrusion industry, there has been 
little work on quantifying extruded profile environmental impacts or 
mapping material flows. For example, Haraldsson and Johansson 
(2018), in a review of measures for improved energy efficiency in 
aluminum processing, found no academic articles on improving extru
sion’s energy efficiency across the ten years’ worth of publications they 
examined (2007–2016). Elsewhere, Ingarao et al. (2014) compare the 
primary energy required to extrude versus machine a given part, and 
Furu et al. (2017) perform an optimization to find the minimum cost and 
environmental impacts of aluminum alloys used in the extrusion process 
by changing only material properties (e.g., yield stress). The most 
extensive analyses are in the non-peer reviewed literature. The Euro
pean Aluminum Association (EAA) (European Aluminum Association, 
2018) published an environmental profile report based on a survey of 
29% of European extruders, and the Aluminum Extruders Council (AEC) 
(Mulholland, 2016) performed an Environmental Product Declaration 
(EPD) (ISO, 2016a, 2016b) based on data provided by approximately 
33% of North American extruders. The EAA’s report presents a limited 
gate-to-gate Life Cycle Assessment (LCA) from cast billet to extruded 
profile, excluding the impacts associated with the tooling, lubricant, and 
capital equipment as well as energy-intensive aluminum production, 

casting, and potential post-extrusion processes (e.g., heat-treatment). 
The AEC’s EPD is a cradle-to-gate LCA; it includes the environmental 
impacts of some tooling (extrusion dies) and finishing processes (e.g., 
anodizing), and reports the average billet recycled content of survey 
respondents (54%). The EPD excludes the environmental impact of the 
lubricant, the capital equipment, or post-extrusion heat-treatment. Both 
the EAA and AEC studies aggregate energy and material flows (e.g., 
different scrap flows) and report point values rather than providing 
predictive models. 

Alongside LCA, supply chain MFA is a foundational tool in industrial 
ecology used to identify scalable opportunities for material efficiency (e. 
g., increased recycled contents and reduced process yield losses). Other 
than high-level aluminum industry MFAs (Bertram et al., 2017; Cullen 
and Allwood, 2013) and a study on the use of aluminum extrusions in 
French commercial buildings (Billy, 2012), there are to the authors’ 
knowledge no detailed MFAs of the extrusion industry. This forms a 
significant literature gap given that the AEC EPD found material inputs 
to be the most significant driver of environmental impacts. 

Manufacturing economic analyses are necessary to understand the 
viability of any proposed process changes that decrease environmental 
impacts. There have been few attempts at modeling extrusion costs. Low 
(2009) conducted a case study on the equipment, overhead, material, 
labor, tooling and maintenance costs for extruding a heatsink profile, 
finding that production costs were dominated by material costs (66.6%) 
with equipment depreciation (13.7%), tooling costs (9.9%) and energy 
costs (5.6%) also significant. Elsewhere, Nieto (2010) developed a 
feature based cost model for aluminum extrusion to help extrusion die 
designers predict extrusion profile production costs; however, not all 
scrap sources are included and energy costs are subsumed in overhead, 
preventing an energy efficiency cost analysis. 

1.2. Scope of work 

This work focuses on answering two questions:  

• What are the greatest opportunities to reduce the extrusion process’ 
environmental impacts for minimum cost?  

• Where are the supply chain opportunities to increase material 
efficiency? 

The first question is answered in Section 2 by creating parametric 
cradle-to-gate environmental impact and extrusion cost models 
informed by both industry data and case studies conducted for the 
purpose of this work. The presented models can be used to make pre
dictions based on as little information as the billet properties and profile 
geometry. The second question is answered in Section 3 by conducting 
an alloy-shape-application MFA of the North American extrusion in
dustry. Section 4 then includes a discussion of the opportunities iden
tified in this work and the scale of these opportunities in relation to 
current industry trends. 

Fig. 1. Schematic of consecutive direct extrusion (a) before and (b) after extrusion of a new billet.  
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2. Environmental impact and cost models for aluminum 
extrusion 

This section focuses on measuring the electrical power draw of the 
extrusion process and then evaluating the overall environmental im
pacts and costs by considering the other inputs and outputs. Subse
quently, parametric models are constructed (with uncertainty) that 
allow the impacts and costs of making any (applicable) part to be 
predicted. 

The environmental impacts are modeled in Umberto (ifu hamburg, 
2020) with case study data supplemented by lifecycle inventories based 
on ecoinvent 3.1 database values (Wernet et al., 2016). The impacts 
considered are cumulative energy demand (CED), also known as pri
mary or embodied energy, and the cumulative carbon dioxide equiva
lents emitted, which is a measure of global warming potential (GWP) 
with a 100-year time horizon. These two environmental indicators have 
been chosen due to the urgency required to address climate change and 
because CED is a good proxy for a range of other environmental impacts 
(Ashby, 2020; Penny et al., 2013). Fig. 2 shows the boundaries of the 
‘cradle-to-gate’ LCAs and cost models. The functional unit is 1 kg of 
finished extruded profile ready for original equipment manufacturer 
(OEM) fabrication and assembly. The impacts and costs of tooling and 
equipment are amortized over the total mass of profiles produced before 
replacement. In order to reduce confusion, ‘MJ’ refers to the CED, while 
‘kWh’ and ‘therms’ refer to delivered (metered) electricity and the en
ergy released from burning natural gas respectively. The indirect costs 
and impacts from facilities, facility-wide energy requirements (e.g., 
lighting), administration, and design etc. are not included. 

2.1. Case study methodology 

Case studies were conducted on a 12 MN Danieli Breda hot direct 
extrusion press situated at the Lightweight Innovations for Tomorrow 
(LIFT) Manufacturing USA Institute in Detroit, Michigan. Table 1 pre
sents descriptions of the case study profiles and extrusion parameters, 
and Table S1 describes the equipment. 

Electrical power measurements were taken using Fluke 434 (series 
II) 3-phase power analyzers with a sampling period of 0.25 s. Two ma
terial flows were tracked during the case studies: the aluminum billets 
and the boron nitride lubricant applied to the dummy block face to 
prevent sticking. In the case studies, aluminum billets (rather than logs) 
were provided by the metal supplier. A billet cutting process yield loss of 
4% was used to account for the process scrap created as a result of the 
log length typically not being an exact multiple of the billet length 
(Sheppard, 1999). The other case study scrap sources were the billet butt 
and front-end defect (transverse weld and stop mark, Fig. 1). The billet 
butt corresponds to the last 5–15% of an extruded billet, which is typi
cally not extruded through the extrusion die and is instead removed 
from the container between press strokes by a descending hydraulic 

shear and scrapped (Fig. 1). Billet impurities (e.g., oxides, spinels, and 
intermetallics) are initially dispersed in the billet surface skin but are 
concentrated in the billet butt during the ram stroke due to the metal 
flow towards the rear of the billet (Oberhausen et al., 2021). Inclusion of 
these impurities in the final profile would reduce its esthetic, mechanical 
and electrical properties (Saha, 2000). Around 7–20% of an extruded 
profile contains the transverse weld (Mahmoodkhani et al., 2014; MI 
Metals, 2019), which is an elongated solid-state weld that forms be
tween consecutively extruded billets and has a lower strength than 
surrounding material (Den Bakker et al., 2016). In the case studies, the 
transverse weld lengths were determined by sectioning, polishing and 
macro-etching the extruded profiles to reveal the weld line (Section 
S1.2). Some applications do not require removal of the transverse weld 
(e.g., concrete screeds (Mag Specialties, 2019)); however, removal is 
typically mandated by automotive OEMs (Ford Motor Company, 2013). 
The stop mark is an easy-to-identify blemish on the surface of the profile 
from where the profile has been pressed against the die exit between ram 
strokes. 

2.2. Intrinsic environmental impacts and costs 

Intrinsic environmental impacts and costs (per unit input) were 
determined from the literature and are presented in Table 2. U.S. elec
tricity impacts were derived using the US Environmental Protection 
Agency (2020) inventory of GHG emissions and sinks, as well as 
Argonne National Lab’s (2020) Greenhouse gasses, Regulated Emis
sions, and Energy use in Transportation (GREET) model. The GWP of 
natural gas (combustion) was determined using the GREET model, and 
the CED was modeled as Heat Production, Natural Gas, at Industrial 
Furnace from the ecoinvent 3.1 database. Electricity and natural gas 
costs were modeled as the average of industrial rates for the Midwest 
region sampled monthly between 2011 and 2020 (U.S. Bureau of Labor 
Statistics, 2021a; 2021b). Boron nitride was modeled as a Generic 
Lubricating Oil, also from the ecoinvent 3.1 database, and costs were 
determined from commercially available sprays (Zyp Coatings, 2021). 

The intrinsic impacts of the aluminum alloy billets were determined 
using the ‘recycled content’ method, reflecting a “strong” sustainability 
perspective where scrap recycling is not assumed to displace primary 
production like in the ‘avoided burden’/‘end-of-life’ approach (Frisch
knecht, 2010). For each alloy, the impacts of producing primary 
aluminum and the alloying elements were determined using the ecoin
vent database, which includes the impacts from casting. The billet cost is 
determined by the cost of primary metal, secondary metal, the Midwest 
premium (covering the cost of importing and transporting the aluminum 
into the US (SandP Global Platts, 2019)), and the billet premium 
(covering the cost of casting aluminum into billets from the ingot form 
(MI Metals, 2019)). The CES EduPack 2020 database (Granta Design 
Limited, 2020) was used to estimate the cost of each of the primary al
loys. The price of secondary (post-industry) aluminum extrusion scrap 

Fig. 2. System boundaries for environmental impact and cost models.  
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was modeled as 87% of primary material (Schlesinger, 2014). The 
Midwest premium was determined as the average of monthly values in 
2020 (SandP, 2019). The billet premium was determined from a range 
provided by MI Metals (2019). 

The embodied environmental impacts of the machinery and the 
tooling were calculated using the mass of the extrusion equipment (press 
and billet heating furnace) and tooling (container, dummy block, and 
die-set) as well as the intrinsic impact values for Steel Primary Production 
and Chromium Steel Milling, average obtained from the ecoinvent 3.1 

database. 
The labor cost is the median wage reported for U.S. Extruding and 

Drawing Machine Setters, Operators, and Tenders, Metal and Plastic (U.S. 
Bureau of Labor Statistics, 2020a) increased by 45% to account for 
benefits (U.S. Bureau of Labor Statistics, 2020b). 

2.3. Case study results 

Electricity was used to preheat the billets and dies in an electric 
preheat furnace and to power the extrusion press hydraulics, container 
cartridge heaters, billet butt shear, and auxiliary equipment. The elec
tricity to heat two 40 kg billets to 530 ◦C over 5.5 h was 48 kWh. Prior to 
extruding the billets, the press container was heated over 12 h from 
room temperature to 450 ◦C, which required 216 kWh of electrical en
ergy. This press preheating energy requirement dwarfs the energy 
needed to extrude a single billet but in industry this press preheating is 
only needed after replacement of the press container, a process which 
requires the press to be cooled but typically only occurs after every ≈15 
kt of extruded profile (about six months of production (Superior 
Aluminum, 2019)). Therefore, the environmental impacts and costs of 
press preheating are negligible when normalized to the functional unit 
of 1 kg of un-fabricated profile. In industry, billet preheating typically 
uses continuous natural gas fired furnaces rather than electric ovens; 
however, the direct energy requirements in the case studies are within 
the expected range from industry (Figure S2). The billet preheating 
energy efficiency (ηpreheat) is defined as the minimum energy needed to 
heat the billet (mcΔT) divided by the actual, measured, energy delivered 
to heat the billet, be it electrical energy or thermal energy from com
bustion of natural gas. In the case studies, ηpreheat was found to be 21%. 

Electrical energy is required after press preheating to maintain the 
container temperature during idling, to operate the hydraulic ram to 
extrude the billet, and to operate the hydraulic shear to remove the billet 
butt. Fig. 3 shows the electrical power consumed by the press during the 
case studies. The active power correlates with the measured ram force; 
both are at their maximum at the start of the ram stroke and decrease as 
the ram extrudes the billet and the area between billet and container 
decreases, reducing frictional resistance. The mean power factor during 
the case study extrusion process is 0.82. The power factor peaks at 0.96 
at the beginning of each ram stroke but drops to 0.39 during idling. Press 
idling consumes 9–27 kW as the cartridge heaters turn on intermittently. 
For the case of the solid rectangular bar, over a complete press cycle 
(600 s, from the start of one ram stroke to the next), 10.15 kWh of 
electricity was consumed of which 3 kWh was attributable to baseload 
energy requirements including during idle, 6.79 kWh was the increased 
energy required to extrude the billet, and 0.36 kWh was attributable to 
operating the shear. 

The extrusion press energy efficiency (ηpress) is defined as the mini
mum mechanical energy needed to extrude the billet (the area under the 
ram force-displacement curve on the right hand side of Fig. 3) divided by 
the actual electrical energy delivered to extrude a billet (the area under 
the power-time curve on the right hand side of Fig. 3). In the case 
studies, ηpress was 6.3% and 8.2% for the solid and hollow profiles 
respectively. 

The total impacts and costs of the case studies are presented in Fig. 4. 
It is shown that the aluminum material represents the vast majority of 
the environmental impacts and costs; e.g., 95.2% of the GWP, 90.7% of 
the CED and 91.8% of the costs in the solid rectangular profile case 
study. The material utilization from aluminum log to finished profile 
was 82% for the solid profile and 81% for the hollow profile. The front- 
end scrap was the largest source of scrap, closely followed by the billet 
butt. These process yield losses increase the material impacts and costs, 
and also the direct energy requirements because extra material must be 
heated, extruded, and sheared. The relative increase in material costs 
that results from the yield loss is not as significant as the increase for 
material CED and GWP because of the significant monetary value of 

Table 1 
Descriptions of the solid and hollow case study profiles.    

Casestudy profile 
1 

Casestudy profile 
2  

Profile description1 Solid rectangular 
bar 

Hollow T-slot 80/ 
20 profile 

Profile Alloy AA6061 AA6063 
Alloy yield strength (Yf) 
@ 530 ◦C (MPa) 

15 11 

Linear density (kg/m) 1.00 1.38 
Billet Recycled Content 
(%) 

54 54 

Billet Cost ($/kg) 2.52 2.49 
Lubricant Type Boron Nitride Boron Nitride 

Mass (grams/billet) 10 10 
Tooling Material H-13 tool steel H-13 tool steel 

Die Type Solid Hollow 
Die Plate Mass (kg) Blank: 37.8 Blank: 37.8 

Removed: 3.1 Removed: 6.6 
Final: 34.7 Final: 31.2 

Die Bolster Mass (kg) Blank: 160.9 Blank: 160.9 
Removed: 11.5 Removed: 11.5 

Final: 149.4 Final: 149.4 
Die Lifespan2 (kg) 106,000 20,000 
Die Cost3 ($) 660 1600 
Dummy Block Mass (kg) 26 26 
Dummy Block Cost ($) 1000 1000 
Dummy Block Lifespan4 

(kg) 
680,000 680,000 

Container Mass (kg) 129 129 
Container Cost5 ($) 30,000 30,000 
Container Lifespan6 (kg) 15 million 15 million 

Equipment Equipment Mass (kg) 675,000 675,000 
Equipment Cost7 

($Million) 
10 10 

Equipment Lifespan8 (Mt) 9 9  
Billet Preheat 
Temperature (◦C) 

530 530 

Extrusion Container Temperature 
(◦C) 

450 450 

Die Temperature (◦C) 530 530 
Ram Speed9 (mm/s) 5.6 3.1 
Billet Geometry (mm) Length: 800 Length: 800 

Diameter: 152 Diameter: 152 
Extrusion Ratio (ER) 50 30 
Front-end defect length 
removed (mm) 

3500 2800 

Billet butt length removed 
(mm) 

50.8 (6% of billet 
mass) 

50.8 (6% of billet 
mass) 

Process Labor Requirement 
(persons) 

4 4 

Notes: 1. No heat treatment or surface finishing processes were conducted in 
these case studies. 2. Die life spans range from 20 to 106 t of extruded billet. Dies 
for extruding simple profiles have longer lifespans. (Thumb Tool and Engi
neering, 2018). 3. Die costs based on average for solid and short hollow profiles 
(MI Metals, 2019). Short refers to the depth of the die, a light profile will have a 
shallow depth as less support is necessary in the die stack. 4. Dummy block 
lifespan represents 6500 billet pushes (Superior Aluminum, 2019). 5. Container 
costs for medium sized press, Ø152 to 178 mm (Superior Aluminum, 2020). 6. 
Container lifespan represents 6 months of production (MI Metals, 2019). 7. 
Equipment costs encompass a new extrusion press with ancillary equipment (MI 
Metals, 2019). 8. Equipment lifespan represents 10 years of production (MI 
Metals, 2019). 9. The ram speed when extruding complex hollow profiles is 
lower to reduce the required press force and die wear. 
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extrusion scrap. 
Fig. 4 shows that direct energy and labor requirements also have a 

significant impact. The labor costs are comparable to the direct energy 
costs and are higher in the hollow profile case study because of the lower 
ram and extrudate speed (Table 1). The boron nitride lubricant, press 
equipment, container, and dummy block tool have a negligible impact 
(<<1%) on the environment impacts and costs. The relatively short 
lifespan of the extrusion die (Table 1), however, means that it accounts 
for approximately 1% of the total cost. 

2.4. Global parametric models of extrusion process impacts and costs 

2.4.1. Deriving global models 
Eqs. (1) and (2) present simple representations of the environmental 

impact (I) and cost (C) per kg of un-fabricated profile based on the main 
contributing factors determined using the case studies. 

Iper kg profile =
[
Ilog + Itooling + Idirect energy

]

per kg profile (1)  

Cper kg profile =
[(

Clog − Cscrap
)

+ Ctooling + Cdirect energy + Clabor
]

per kg profile

(2) 

The impacts and costs of the aluminum metal (Ilog and Clog-Cscrap), 
tooling dies (Itooling and Ctooling), direct energy requirements (Idirect energy 
and Cdirect energy), and labor (Clabor) are expressed in Eqs. (3 - 9), where α is 
the overall material yield (0–1) from the DC-cast log to the final profile, 
R is the recycled content of the log (0–1), Mproduced is the mass of total 
finished profile produced (in kg), Ldie is the lifespan of the extrusion die 
(in kg of profile produced), Mdie is the mass of the cast die (in kg), Mre

moved is the mass of the cast die that is machined away (in kg) to produce 
the final die shape, Cdie is the upfront cost of the extrusion die (in USD), 
and GX and EX are the direct natural gas and electricity requirements 
needed to perform operation X. 

Ilog, per kg prof ile =
R × isecondary−al + (1 − R) × iprimary−al

α (3)   

Table 2 
Intrinsic environmental impacts and costs.  

Input Density CED GWP Cost  
mean uncertainty mean uncertainty1 mean uncertainty1 mean uncertainty1 

Energy (Ienergy, Cenergy)         
Electricity (ielec, celec) – MJ/kWh kgCO2e/kWh $/kWh 

Medium voltage electricity   10.30 0.26 0.41 0.01 0.13 0.077          

Gas (igas, cgas) – MJ/Therm kgCO2e/Therm $/Therm 
Natural gas   117.90 2.95 5.96 0.15 0.84 0.066          

Billet Material (Ibillet, Cbillet) kg/m3 MJ/kg kgCO2e/kg $/kg 
Primary aluminum (iprimary, cprimary)         

High purity aluminum 2696 – 173.07 4.33 14.80 0.37 2.27 0.13 
6061 2713 – 174.88 4.37 14.89 0.37 2.52 0.14 
6063 2696 – 174.31 4.36 14.88 0.37 2.49 0.13 
6082 2700 – 174.03 4.35 14.82 0.37 2.49 0.13 
7075 2796 – 170.50 4.26 14.47 0.36 5.05 0.28 

Secondary aluminum (isecondary, csecondary, cscrap)         
6XXX extrusion2 – – 8.74 0.22 0.74 0.02 2.19 0.12 
7XXX extrusion2 – – 8.53 0.21 0.72 0.02 4.39 0.24 

Billet premium (cbillet-premium) – – – – – – 0.29 0.01 
Midwest premium (cmidwest-premium) – – – – – – 0.33 0.06          

Tooling (Itooling) kg/m3 MJ/kg kgCO2e/kg – 
Die Material (idie)         

Tool Steel 7800 – 30.44 0.76 3.25 0.08            

Die machining (iremoved) kg/m3 MJ/kgremoved kgCO2e/kgremoved – 
Tool Steel 7800 – 111.44 2.79 7.15 0.18            

Lubricant (ilubricant, clubricant) – MJ/kg kgCO2e/kg $/kg 
Boron Nitride   83.05 2.08 1.13 0.03 50 1.25          

Labor (Clabor) – – – $/hr 
Operator       26.13 6.90 

Notes: 1. All uncertainties are modeled as normal distributions and the numerical value refers to one standard deviation calculated from the sample data reported in the 
data sources. For example, the primary alloy cost uncertainties were calculated from the range of values reported by the CES Edupack 2020 database. The CED and 
GWP intrinsic impact uncertainties were derived from ecoinvent’s reported 2SD uncertainty values. 2. In these rows, the CED and GWP refer to the environmental 
impacts of recycled extrusion scrap. The cost, however, refers to the price of the extrusion scrap before recycling. The GWP and CED are assumed to be 5% of their 
primary values (Blomberg and Söderholm, 2009). 

(
Clog − Cscrap

)

per kg prof ile =

(
1
α

)
(
R

(
csecondary−al + cmidwest−prem. + cbillet−prem.

)
+ (1 − R)

(
cprimary−al + cmidwest−prem. + cbillet−prem.

))
−

(
1 − α

α

)

cscrap (4)   
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Itooling, per kg prof ile =

⌈
Mproduced

Ldie

⌉

(Mdie × idie + Mremoved × iremoved)

Mproduced
(5)  

Ctooling, per kg prof ile =

⌈
Mproduced

Ldie

⌉

× Cdie

Mproduced
(6)       

Clabor,perkgprof ile =
0.96Pw
60αλV

, wherewhasunitsof $ / hr, λof kg / m, andVof m / min.

(9) 

Eqs. (7 and 8) model the direct energy requirements of a typical 
extrusion facility where natural gas is used to preheat the billets and in 
any post extrusion heat treatment. The labor costs (Eq. (9)) are esti
mated using the number of line and supporting workers (P), the hourly 
wage (w), and the time to extrude 1 kg profile calculated using the linear 
density (λ), forming yield, and the expected speed of the extrudate (V) 
for a given profile. 

Practitioners can substitute their own values into the equations 
where available. Otherwise, the intrinsic impacts and costs shown in 
Eqs. (1 - 9) (indicated by lowercase letters) are presented in Table 2, and 

Fig. 3. Active power, cumulative energy and ram force during extrusion of case study profiles.  

Idirect energy, per kg prof ile = igas
(
Gpreheat + Gheat treat + Gfinishing

)
+ ielectricity

(
E press + Eheat treat + Efinishing

)
(7)   

Cdirect energy, per kg prof ile = cgas
(
Gpreheat + Gheat treat + Gfinishing

)
+ celectricity

(
E press + Eheat treat + Efinishing

)
(8)   
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representative values for the other life cycle inventory variables (indi
cated by uppercase letters) are presented in Table 3. Representative 
inventory values are compiled from industry publications (e.g., Euro
pean Aluminum Association, 2018), expert interviews (e.g., Superior 
Aluminum, 2019), and the case study data with physics-based extrap
olations. A leading European extruder of automotive profiles provided 
aggregated direct energy (electricity and gas) data for one year of pro
duction (8.7 kt of profiles). The data (provided on the condition of an
onymity) is analyzed in S2 and the mean values included in Table 3. 

2.4.2. Sensitivity of impacts and costs to key extrusion parameters 
The global models were used to determine the effect of key extrusion 

parameters on environmental impacts and costs: (1) Extrusion press and 
billet preheating energy efficiency (ηpress and ηpreheat), (2) Forming yield 
(α), (3) Billet recycled content (R), and (4) Process throughput measured 
as the extrudate speed (V). Fig. 5 presents the results for extruding a heat 
treated multi-hollow AA6082 battery tray rail (a typical automotive 
part) from Ø9” (Ø228.6 mm) billets (see Table S4 for complete details). 
For clarity, Fig. 5 is constructed just using the nominal inventory and 
intrinsic impact values reported in Tables 2 and 3. Figure S4 presents the 

uncertainty in the results as determined from 100,000 Monte Carlo 
simulations. Across the parameter space, the uncertainty (one standard 
deviation) of the GWP and CED is 10.9% and 10.4%, respectively, and 
the uncertainty of the costs around 11.4%. These error bars mainly 
reflect the uncertainty in the intrinsic billet impacts (Table 2) and the 
billet and wage costs. 

At the current industry standard, for each 1 kg of battery tray profile, 
0.021 therms of natural gas is used to preheat 1.31 kg of billet which is 
then extruded using 0.46 kWh of electricity. This conforms to the range 
of aggregated direct energy values provided by the European automo
tive extruder (Figure S2). Fig. 5a shows that increasing the extrusion 
press and billet preheating energy efficiency can significantly lower the 
environmental impacts but cost savings are more modest: ≈6% reduc
tion in CED and <2% reduction in costs for 100% energy efficiency. 
However, Fig. 5b shows that the greatest reductions in environmental 
impacts are from increasing the process forming yield and the billet 
recycled content. A 10% increase in the forming yield from 76.3% to 
83.9% results in GWP, CED and costs being reduced by 9.03%, 8.97% 
and 3.17% respectively. A 10% increase in recycled content reduces the 
environmental impacts by ≈10% but the costs by only ≈0.7%. Fig. 5c 

Fig. 4. The (a) Global warming potential (GWP), (b) Cumulative energy demand (CED) and, (c) Costs of the two case study profiles.  
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shows the great increase in cost when using extrusion speeds similar to 
those used for AA7075 due to a low throughput. 

3. Material flow analysis of the North American extrusion 
industry 

The analysis presented in Section 2.4 shows that increasing material 
efficiency (process yields and billet recycled contents) will have the 
greatest effect on reducing the environmental impacts and costs of the 
aluminum extrusion industry; however, no detailed MFAs exist showing 
the markets (e.g., alloys, section shapes, and applications) in which 
material efficiency efforts should focus. In this section, an MFA of the 
North American (U.S. and Canada) aluminum extrusion industry in 2018 
is derived; North America in 2018 is the region and most recent year for 
which extensive data is available. 

3.1. Constructing a map of aluminum extrusion flows 

A wireframe map representation of the MFA (Figure S5) was pro
duced based on existing industry analyses (e.g., Mulholland, 2016) and 
refined based on industry interviews. The wireframe map defines the 
key processes along the supply chain and the existence or absence of 
material flows between the different processes; e.g., the existence of a 
flow of imported ingots into North American secondary billet produc
tion. At each step along the supply chain, data (x̂) were collected on the 
material origin, mass of material processed, process yield, alloy, and 
destination/application. Over 100 MFA data records (Table S17) were 
collected from industry associations (e.g., International Aluminum Insti
tute (2021)), national and international statistical agencies (e.g., UN 
Comtrade data (2018)), publicly available industry databases (e.g., 
Norsk Hydro (2020a, 2020b)), academic and gray literature, and 100 
semi-structured interviews with industry experts from each part of the 
supply chain: billet production, extrusion, recycling, fabrication, and 
end-use. Table S15 summarizes the main data sources. 

3.2. MFA data reconciliation (S4) 

As is common in MFA, data records on many of the MFA parameters 
are either missing or inconsistent; i.e., different data sources record 

Table 3 
Extrusion characteristics for predictive models (S2). Uncertainties correspond to 
1 standard deviation and are modeled as normal distributions calculated from 
the respective data sources.   

Nominal value Uncertainty 

Recycled content, R % 54 10% of 
nominal 

value 
Process yield, α % 76.3 10% of 

nominal 
value 

Extrusion press energy 
efficiency, ηpress %  

7.25 10% of 
nominal 

value 
Billet preheat energy 

efficiency, ηpreheat %  
21 10% of 

nominal 
value 

Die cost1, Cdie $  10338.5 × CCD + 234.2 × Ptot × S  10% of 
nominal 

value 
Die Lifespan2 (average), 

Ldie kgprofile  

63,000 6000 

Hollow die 20,000 6000 
Solid Die 106,000 6000 
Mass die3, Mdie kg  (3.81 × 10(−8)) × ρtool steel × π ×

(2Dcontainer)
2  

10% of 
nominal 

value 
Mass removed (solid)4, 

Mremoved kg  
0.15Mdie  10% of 

nominal 
value 

Mass removed (hollow)4, 
Mremoved kg  

0.3Mdie  10% of 
nominal 

value 
Number of workers5, P 4 0.5 
Speed of the extrudate, V 

m/min. 
(AA6061)6 

(AA6063)6 

(AA6082)7 

(AA7075)6  

27 
45 

14.5 
1.6 

10% of 
nominal 

value 

Preheat gas8, Gpreheat 

therms/kgbillet  

(
0.96

α

)

×

(
900 × (Tbillet − Tambient)

ηpreheat

)

×

(
1

29.3 × 3600000

)

or 
European collaborator average: 
0.014  

10% of 
nominal 

value 

Heat treat gas, Gheat treat 
therms/kgprofile  

European collaborator average: 
0.001 

10% of 
nominal 

value 
Finishing gas, Gfinishing 

therms/kgprofile  

European collaborator average: 
0.022 

10% of 
nominal 

value 
Heat treat electricity, 

Eheat treat kWh/kgprofile  

European collaborator average: 
0.045 

10% of 
nominal 

value 
Finishing electricity, 

Efinishing kWh/kgprofile  

European collaborator average: 
0.960 

10% of 
nominal 

value 
Press electrical energy, 

Epress kWh/kgprofile  

0.96
3600000 × α ×

emech

ηpress 

or 
European collaborator average: 
0.56  

10% of 
nominal 

value 

Minimum mechanical 
energy to extrude the 
billet9, Emech MJ  

Lbillet
πDbillet

2

4
KxYf

(

ln(ER) +

Lbillet

Dbillet

)

× 10−9  

10% of 
nominal 

value 

Minimum mechanical 
energy to extrude the 
billet per kg of billet, 
emech MJ/kg  

1
ρKxYf

(

ln(ER) +
Lbillet

Dbillet

)
10% of 
nominal 

value 

Shape Factor1,10, Kx  
0.98 + 0.02

(
Ptot

Ceq

)2.25  10% of 
nominal 

value 

Notes: 1. Die cost model from Nieto (2010) based on an empirical multivariate 
regression analysis performed on quotes obtained from toolmakers and covering 
a wide range of die designs. The circumscribing circle diameter (CCD, measured 
in mm) describes the minimum circle diameter that fully encompasses the 
profile, the total perimeter (Ptot , measured in mm) is the total perimeter of the 
profile cross section (sum of internal and external perimeters) and the shape 
factor (S) describes the type of die, S = 1 for solid profiles, S = 2 for semi-hollow 
profiles with at least one partially enclosed void, S = 2 for class 1 hollows (with a 
void of 25.4 mm or greater) and class 2 hollows (any hollow profile other than 
class 1 that does not exceed CCD = 127 mm), and S = 1 + Nvoids, where Nvoids is 
the number of voids, for class 3 hollows (all hollow profiles that are not class 1 or 
class 2). 2. Based on discussions with TTE (2018). Extrusion dies are typically 
made from H13 tool steel. 3. Based on discussions with TTE (2018): Die diameter 
is twice container diameter and a 6′′ die thickness is typical. Dcontainer is the 
diameter of the extrusion press container in mm. 4. Based on discussions with 
TTE (2018). 5. Based on discussions with Kaiser Aluminum (2020). 6. Data from 
Misiolek and Kelly (2005). 7. Data from Tomczyk (2019). 8. Specific heat ca
pacity of aluminum = 900 J/Kg ◦C; Conversion from J to therms =

1
29.3 × 3, 600, 000

; default Tbillet = 450 ◦C and Tambient = 20 ◦C. 9. The me

chanical energy (emech) is calculated using a lower bound slab analysis to esti
mate the necessary extrusion force at the beginning and end of the press stroke 
and integrating over the ram stroke distance (see Section S3.1). Billet di
mensions are measured in mm. Yf is the aluminum yield stress at the extrusion 
temperature measured in MPa (see Table S5 for example data). 10. Ceq (in mm) is 
the equivalent circumference, or the circumference of a circle with an area equal 
to the profile cross-section. 11. In Eqs. (1- 9) and Table 3, the “0.96′′ coefficient 
accounts for the log-to-billet cutting yield loss of 4%. 
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different (contradictory) values for the same MFA parameter or data 
records on neighboring MFA parameters suggest a violation of the 
conservation of mass. For example, no reports were found quantifying 
the annual production volume of primary and secondary billet by alloy 
in North America in 2018. Elsewhere in the data collection process, the 
reported annual production of extrusions from Bertram et al. (2017) in 
conjunction with the reported fabrication process yield from Cullen and 
Allwood (2013) suggest that 2.65 Mt of fabricated extrusions were 
produced in 2018, which is inconsistent with the 2.28 Mt of fabricated 
extrusions reported by Sattlethight (2019). A set of internally consistent, 
mass-balanced MFA parameters (xi) is generated using an adaptation of 
Zhu et al’s (2019) nonlinear least squares data reconciliation method, 
which itself is developed from earlier work by Kopec et al. (2016). Zhu 
et al.’s method is used because it is easily updatable, can handle a 
plethora of data types (e.g., process yield ratios), and presents a 
consistent method for assigning a confidence score (φi,j: 0–1) to each 

collected data record. In the reconciliation, the objective function pre
sented in Eq. (10) is minimized subject to conservation of mass con
straints. ri,j are the normalized residuals between the collected data (x̂ij) 
and reconciled data (xi). Ji is the total number of empirical data records 
collected for each MFA parameter, i. For each data record, the confi
dence score (φi,j) was determined based on the alignment of the data 
record with the desired coverage (1–4; 1 = single case study; 4 = data 
from >50% of industry), frequency (1–4; 1 = single data point; 4 = at 
least monthly data collection), and spatial boundary of the source (1–4; 
1 = data scaled from Global data and/or a different industry; 4 = data 
from only North American extrusion industry) (see Table S14); e.g., the 
AEC’s annual end-use survey has a confidence score of 0.917 (coverage 
score of 4/4, frequency score of 3/4, spatial boundary score of 4/4, for a 
total score of 11/12 = 0.917). Table S17 presents a complete list of the 
collected data records (x̂i) and the corresponding confidence scores (φi,j) 

Fig. 5. Sensitivity analysis on the costs, GWP, and CED of an automotive AA6082 battery tray profile (Table S4). The star in each plot represents the current in
dustry standard. 
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used in this MFA data reconciliation. 

Minimize :
∑I

i=1

∑Ji
j=1ϕi,j ×

(
ri,j

)2

Ji
whereri,j =

Ji
(
xi − x̂ij

)

∑j
j=1 x̂ij

(10) 

In order to increase the likelihood of convergence to a near global 
optimum solution, the initial set of values used in the nonlinear opti
mization is equal to the weighted mean (by confidence score) of all data 
records for each MFA parameter. If no recorded data is available, initial 
values are calculated using simple mass balance. The optimization was 
implemented with Matlab’s fmincon algorithm using the “interior- 
point” method. It took 201 iterations for the objective function to 
converge (Figure S7): 20 min on an AMD Ryzen 5 2600 CPU, 3.40 GHz 
with 16 GB of 3200 MHz RAM. The optimization achieved mass balance 
after an initial maximum constraint violation of 0.51 Mt (corresponding 
to a discrepancy between reported billet consumption, extrusion pro
duction and yield rate) and reduced the objective function by 42% from 
a maximum of 0.024 during mass balancing to 0.014 at convergence 
(Figure S7). The code and data used for this MFA reconciliation is 
available for download (see S6.3). 

3.3. MFA results 

The estimated 2018 North American aluminum extrusion material 
flow is shown in Fig. 6 as a Sankey diagram, where the width of each line 
is proportional to the mass flow. The light gray lines represent scrap 
flows and the black lines represent system losses (e.g., dross generation). 

In 2018, North America consumed approximately 2.6 Mt of fabri
cated aluminum profiles embedded within end-use products. The do
mestic North American industry consisted of around 500 extrusion 
presses operated by approximately 130 extrusion companies (Consul
ting Collaborative, 2017) that produced a total of 2.9 Mt of un-fabricated 
profile (0.2 Mt for export) from 3.8 Mt of billet (76% mean process yield, 
excluding log-to-billet cutting) with over half (52%) of production from 
just five large companies: Hydro, Kaiser, Bonnell, UMEX and Extrudex 
(Consulting Collaborative, 2017). A further 20% of the aluminum was 
scrapped during fabrication into finished products. At all points along 
the supply chain, North America was a net importer of ingots, billets, 
intermediate (un-fabricated) profiles, and indirect (finished) goods. 

Fig. 6 shows that despite the dominance of secondary billet pro
duction in North America, relatively little end-of-life (post-consumer) 
scrap is used. Instead, secondary billet feedstock is largely 

Fig. 6. Top: Sankey diagram representation of the material flow of aluminum extrusions in North America (N.A.: U.S. and Canada) in 2018 (Note: Aluminum alloying 
is done during billet production and it is only placed after extrusion here to clearly show the flow of fabricated profiles). Bottom: The flow of aluminum for a typical 
extrusion from DC cast log to unfabricated aluminum profile showing the range of scrap generated at each stage of the extrusion process as a red hashed area. 
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manufacturing scrap and primary ingot. Extrusion process scrap is 
largely closed loop recycled into extrusion billet; however, secondary 
billet production creates more internal runaround scrap as well as ≈3% 
losses to dross generation. The North American extrusion industry pro
duces many thousands of different profile shapes; however, these shapes 
can be categorized under three broad banners: (1) solid profile (and 
largely commodity) rod and bar, (2) simple tubes, and (3) complex 
shapes that account for 82% of the market. Fig. 6 shows that 6xxx series 
alloys dominate production and that the transport sector end use de
mand is comparable to the construction industry. Figure S8 shows the 
flow of different alloys into different construction and transport sub
categories. Commercial façade is the single greatest destination for ex
trusions across construction and transport, and the destination of 
transport extrusions is evenly split between cars and light trucks, semis 
and trailers, and ‘other’ (e.g., truck, bus, RV, rail). More extrusions are 
used in electric vehicles than any other type of vehicle (Dinsmore, 
2018). Applications include simple cylindrical rods used as machining 
stock (Norsk Hydro, 2020b), to roof bows (e.g., Tesla Model S (Design 
News Staff, 2014)), battery housings (e.g., in the Ford Mustang Mach-E 
EV (Page, 2020)), and trim and crash management systems (Ducker 
Worldwide, 2017). 

Fig. 6 (bottom) shows the contribution of various process yield losses 
to the estimated 0.9 Mt of extrusion process scrap. These additional yield 
losses (beyond billet log cutting, billet butt, and front-end defect scrap) 
are often absent depending on the context (alloy, desired surface finish 
etc.). A quench box is used when the extruded profile is made from a 
heat treatable aluminum alloy (e.g., AA6082) that requires rapid water 
spray cooling in order to create a supersaturated solid solution (SSSS) in 
preparation for precipitation hardening. There is often a gap of 
approximately 1.2 m between the exit of the die and the start of the 
quench curtain due to imperfect integration of the press and quench box 
machine designs (Fig. 6c). This gap results in the last section of extruded 
billet experiencing natural air cooling as it is left stationary between the 
die and quench curtain while the ram is retracted, the billet butt 
sheared, and a new billet loaded into the container. Natural cooling 
prevents the creation of a suitable SSSS that can be subsequently age 
hardened; therefore, this section of material between the die and the 
quench curtain is scrapped. After extrusion, lengths of profile equal to 
the run-out table length are typically straightened using a stretcher 
machine that grips the ends of the profile and imposes a 1–3% tensile 
elongation. The material squeezed by the grippers is often deformed and 
scrapped. After a production run is finished, the extrusion die is allowed 
to cool and is cleaned before future use. Billet material entrapped within 
the die at the end of a production run is scrapped. When sectioning the 
stretched profile into desired lengths there are often leftover lengths of 
material that are discarded as scrap. Finally, scrap may also be created as 
a result of the finishing process (e.g., anodizing) when profiles are 
loaded on racks for finishing but where material in contact with the 
racks receives a poor finish and is subsequently trimmed. 

A formal uncertainty analysis on the results presented in Fig. 6 (top) 
is not possible because extrusion production statistics are not published 
with error bands. This is a common problem in MFA (Cullen et al., 
2012). The uncertainty is mitigated in this study, as much as is possible, 
through the use of trustworthy data sources wherever possible, confi
dence scores to weight the data records, and a mass-balancing data 
reconciliation of the collected MFA data records. The final reconciliation 
result is presented to the nearest 100,000 tons, or 1 significant figure in 
the case of values below 100,000 tons. Figure S10 shows the average 
residual for the MFA flow variables, and indicates the level of discrep
ancy between the final MFA result and the initial data records. The 
largest residual is close to 10% and originates from the difference be
tween the reconciled value for the total production of extruded profiles 
fabricated in North America (2.7 Mt) compared to a value of 3 Mt from 
Sattlethight (2019). Despite the uncertainty in the final results, the 
global MFA presents an estimate of the North American extrusion in
dustry that can be used to inform decision making in industry and 

academia. 

4. Discussion 

This work presents a comprehensive environmental analysis of 
aluminum extrusion including electrical energy measurements, aggre
gated industry data, predictive models, and material flow analyses, with 
the opportunities to reduce impacts compared to the likely effect on 
costs. Uncertainties in the numerical results are significant (Section 2.4, 
S3.3) but these have not prevented the influential parameters from being 
identified. The global models show that there is significant scope for 
increasing the extrusion press and preheat energy efficiency; however, 
increasing the material efficiency (process yield and billet recycled 
content) of the extrusion process represents the greatest opportunity to 
reduce both the environmental impacts and the costs (Fig. 5). 

4.1. Reducing billet preheating and extrusion press energy requirements 

The extrusion process is energy-intensive: the primary energy of 
billet preheating and extrusion is greater than for aluminum remelting 
in recycling (Figs. 4 and 5 versus Table 2). This article has found sig
nificant scope for improving the energy efficiency of the extrusion 
process. The case study data are used to quantify an energy efficiency 
metric for billet preheating (ηpreheat) and for the press (ηpress) at 21% and 
≈7.25% respectively. In targeting billet preheat efficiency improve
ments, a U.S. Department of Energy study (2003) found that replacing 
the burners in furnaces with new, more efficient burners could decrease 
natural gas consumption by 30–40% with a payback period of less than 1 
year. These higher efficiency burners include self-regenerative burners 
that recycle the hot exhaust air as pre-heated combustion air; Wünning 
(2007) found that self-regenerative burners can generate energy savings 
of more than 20%. 

One reason for the low extrusion press efficiency is that the full 
power capacity of the press is sized for generating the maximum forming 
force; however, these peak forces are only required for a small fraction of 
the cycle time at the beginning of the press stroke (see Fig. 3) leading to 
low average and minimum power factors and high line currents, which 
increase line and transformer energy losses (Cooper et al., 2017). 
Furthermore, in conventional hydraulic presses all the main pumps are 
operating continuously even during idling (SMS Group, 2020). In a 
recent study (Schreiber et al., 2016), Danieli Breda (an extrusion press 
manufacturer) measured 5–20% extrusion press energy savings when 
switching from classic servo-piloted variable displacement pumps 
equipped with fixed-speed motors to variable displacement pumps and 
variable speed motors controlled by a variable frequency drive. As 
described by Cooper et al. (2017), these devices save energy by slowing 
(or stopping) a motor to match light loads and as energy use is pro
portional to the cube of the flow rate in the hydraulic system, small 
reductions in flow can yield disproportionately large energy savings 
(Nadel et al., 2002). Elsewhere, a recent aluminum extrusion plant 
retrofit in the Netherlands with a start-stop system led to a 10% 
reduction in the electrical energy consumption of the main press drives 
(SMS Group, 2020). Within North America, Superior Aluminum (2019) 
saw a 2-year payback period in energy savings following a pump and 
motor replacement in several of their presses. A greater number of new 
presses now have hybrid drives where hydraulics are used to generate 
the forming force but all other press movements are delivered through 
servo drives (Anacker, 2020; Macedonio, 2021). Another option for 
reducing the press’ direct energy requirements is to reduce the me
chanical energy needed to extrude the profile (emech, Table 3) by opti
mizing the billet geometry. Increasing the billet (and container) 
diameter while maintaining the billet volume will reduce the mechan
ical energy requirement but can increase the maximum ram force 
requirement and is constrained by the force limit of the press (see S7 for 
analysis and experimental evidence). 
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4.2. Opportunities for material efficiency 

The reconciled MFA (Section 3) suggests that the average recycled 
content of profiles produced in North America is around 50% and that 
40% of all aluminum cast into extrusion billets is scrapped before being 
used in a fabricated product. Increasing the billet recycled content 
would result in a significant decrease in environmental impacts (see 
Fig. 5). Manufacturing scrap produced in the extrusion industry is 
already (typically) closed-loop recycled back into extrusion billets but 
there are opportunities to increase recovery of end-of-life extrusion 
scrap, particularly from vehicles which contain increasing quantities of 
aluminum extrusions but which are currently shredded at end-of-life 
with contaminated mixed alloy aluminum scrap exported or down
graded as zorba/twitch (Zhu et al., 2021). Recovery of automotive ex
trusions will require greater disassembly or automated separation of 
scrapped vehicle materials. Currently, these activities are prohibitively 
expensive but might be aided in the future by a greater focus in vehicle 
design for recycling and emerging cheap and high throughput alloy 
separation recycling technologies (Zhu et al., 2021). Another barrier to 
increasing billet recycled contents is that extruders often exclusively use 
primary billet for safety-critical and esthetic parts; e.g., wing spars in the 
aerospace industry (Boeing, 2020). Greater research into guaranteeing 
profile properties from secondary billet could prove fruitful here. Else
where, the embodied impacts for non-critical parts could be further 
reduced if conventional cast billets were substituted with chip billets of 
compacted machining swarf manufacturing scrap. Numerous re
searchers have studied this solid-state recycling technology for a decade 
and have shown that the scrap fragments weld together in the solid-state 
as they pass through the extrusion die, creating profiles with mechanical 
properties similar to those produced from conventional billets (Cooper 
et al., 2018; Tekkaya et al., 2009; Cooper, 2013). 

Fig. 6 shows that the main sources of manufacturing scrap are 
extrusion process scrap (dominated by the billet log cutting scrap, the 
sheared billet butt scrap, and the transverse weld scrap), and fabrication 
scrap. There’s the potential to employ billet selection and cutting opti
mization algorithms that help to minimize billet log cutting scrap (Masri 
and Warburton, 1998), particularly at smaller extruders where this 
technology is typically still not used today. Elsewhere, researchers have 
found modest reductions in the transverse weld length (up to ~15%) can 
be achieved by optimization of the ram velocity, ram-billet lubrication, 
and port-hole die geometry (Hatzenbichler and Buchmayr, 2010; Zhang 
et al., 2017). Recently, Oberhausen et al. (2021) showed preliminary 
evidence that novel dummy block and billet geometries could be used to 
control the flow of the billet-on-billet interface through the extrusion die 
and result in >50% reductions in transverse weld lengths, at least for 
simple profiles such as the rod and bar market revealed in Fig. 6. For 
non-aesthetic profiles, there may also be the opportunity to utilize the 
profile between the stop mark and the “nose” of the transverse weld 
(0.15 m and 1 m in the solid and hollow profile case studies respectively) 
if this section is not already being used to grip the profile for stretching. 
Elsewhere, quench curtain scrap could be minimized by careful inte
gration of equipment to minimize the die to quench curtain gap. New 
grippers and racks could also be designed to minimize stretcher and 
finishing scrap. Finally, profile fabrication yields might be increased 
through greater supply chain coordination between extruders and 
manufacturers so that correct lengths are produced directly at the 
extrusion plant. The development of smart connected manufacturing 
systems as part of industry 4.0 might enable this efficiency. 

4.3. Scale of the opportunity and industry trends 

The global parametric models (Section 2.4) are used to estimate the 
potential environmental and economic benefits of increasing the 
extrusion industry’s material efficiency. For a typical North American 
extruder, producing 20 kt of final profile per year, a 10% increase in the 
material efficiency of the extrusion forming process (increasing from an 

average of 76.3% to 83.9%) would result in annual savings of 18 kt.CO2. 

eq and $2.2 million. These emissions savings originate from avoiding the 
production and processing of billet material with a recycled content of 
54%. Calculating the benefits of achieving higher process yields at a 
larger scale (e.g., nationally) is more complicated. On the one hand, an 
attributional approach can continue to be used to calculate the savings 
associated with avoiding production and processing of billet material 
with a recycled content of 54%. On the other hand, a consequential 
approach considers that a consequence of achieving higher process 
yields at a larger scale may be that the billet recycled content decreases 
as there will be less process scrap available for recycling (see Fig. 6). At 
this larger scale, the consequential approach implies that the effect of 
higher process yields is to reduce the quantity of material that must be 
processed through the extrusion process and to shrink the return loop of 
scrap metal to billet production; therefore, the liquid metal production 
displaced due to higher process yields has a recycled content of around 
96%, with 4% primary production accounting for metal losses during 
scrap remelting (Boin and Bertram, 2005). Subsequently, for North 
America (annual production: 2.6 Mt), it is estimated that a 10% increase 
in the material efficiency of the extrusion forming process would 
translate to annual savings of between $270 million and 0.5 Mt.CO2.eq 
(consequential approach) and $311 million and 2.3 Mt.CO2.eq (attribu
tional approach). Finally, the global industry (annual production: 28 Mt) 
would save between $2.9 billion and 5.4 Mt.CO2.eq (consequential 
approach) and $3.35 billion and 25.2 Mt.CO2.eq (attributional 
approach). Despite the decrease in scrap availability due to higher 
process yields, the attributional savings could be achieved if the billet 
material recycled content were maintained through increased recycling 
of post-consumer scrap. 

Current industry trends will only exacerbate the need to improve the 
extrusion industry’s material efficiency. The MFA (Fig. 6) shows that the 
extrusion of complex shape 6xxx profiles for the transport sector already 
accounts for 26% of extrusion demand. This market share is set to grow 
and is a sector where removal of the transverse weld scrap is typically 
mandated by the OEM. The industry interviews conducted for this study 
revealed a trend towards more complex cross-sections, thinner walls, 
and higher strength (7xxx series) profiles for light weighting in the 
automotive market. However, deployment of these profiles, which 
would reduce transport use phase emissions, is hindered by the reduced 
throughput from extruding thinner and harder material profiles and the 
increased reject rate from excessive distortion when quenching complex 
multi-cavity profiles. Fig. 5c shows the large cost increase that accom
panies the slower 7xxx alloy throughput. Increasing process yields could 
counter the effect of reduced extrusion speeds on the throughput and the 
inflated material costs of rejected parts by reducing the process time that 
is effectively dedicated to producing scrap. 

5. Conclusion 

In this work, extrusion cost and environmental impact models have 
been derived and a sensitivity analysis performed to identify the key 
inputs. The opportunities that have been identified include: (1) Reduc
tion of the billet preheating energy requirements through the imple
mentation of high efficiency burners, (2) Reduction of extrusion press 
energy requirements through variable frequency drive hydraulic pumps, 
(3) Increased billet (post-consumer scrap) recycled content in non- 
critical applications, and (4) Improved material efficiency through 
increased forming and fabrication yield rates. An MFA of the 2018 North 
American (U.S. and Canada) extrusion industry is used to evaluate the 
scope for material efficiency and subsequently the opportunities and 
barriers to increased process yields are discussed. 
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