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APPENDIX 1: IMPACT ASSESSMENT

Our analysis was based on life cycle assessment methodology, and we 
used key model assumptions from existing LCA reports, but it is not 
a full ISO 14040 LCA. Results are intended to show where the relative 
impacts are occurring across each packaging production system and 
should only be interpreted using the assumptions built into our model. 

For a recent ISO 14040 LCA which compares impacts across different 
packaging materials and sizes, see the Ball Corporation Life Cycle 
Analysis completed in 2020 by Sphera, available here: https://www.
ball.com/realcircularity.

Aim
The aim of this assessment is to quantify and compare the 
environmental impacts associated with the production, manufacturing, 
distribution, and end-of-life treatments of aluminum beverage cans, 
glass containers, and PET bottles. In order to do so, a cradle-to-cradle 
approach was followed, based on the most accurate publicly available 
information found for the beverage market in the United States. 
Consequently, the geographical scope of this study is limited to the 
U.S. alone. As for the technological coverage of this assessment, the 
modeled processes behind each life cycle stage are based on average 
worldwide industrial operations, as described in Ecoinvent v3.5, which 
range from data gathered between 2012-2018. 

Functional Unit & Key Assumptions
The function examined in this simplified LCA is that of serving a specific 
amount of beverage in the U.S. market. Therefore, a baseline functional 
unit and its corresponding reference flows were defined based on the 
following functional unit: “the provision of 1000 liters of beverage in 
different packaging options,” namely:
 
	• 12-oz [354.8 ml] standard aluminum can
	• 27% virgin aluminum 
	• 73% secondary aluminum 
	• 12-oz [354.8 ml] standard glass container 
	• 72.5% virgin glass
	• 27.5% glass cullet 
	• 12-oz [354.8 ml] standard PET bottle
	• 94% virgin PET
	• 6% recycled PET 

However, in order to assess the changeability and reliability of the 
overall environmental performance, a sensitivity analysis was carried 
out, modeling scenarios for: i) alternative sizes for all packaging 
types, ii) different material densities per container, and iii) improved 
hypothetical recycled content ratios. Additionally, and for the purpose 
of gauging the susceptibility that the electricity inflow has on the overall 
environmental performance of the aluminum industry, an alternative 
scenario was modeled as if the electricity inputs for the production 
and manufacturing of aluminum cans came from the U.S. market grid. 

Alternative Sizes: 
	• 1000 liters of beverage served in 11.2-oz [330 ml] containers. 
	• 1000 liters of beverage served in 25.4-oz [750 ml] containers. 

Alternative Densities: 
	• Please refer to Tables A2-A4 for detailed information on container 

specifications 

Hypothetical Virgin-to-Recycled Content Ratios: 
	• ALU: 50:50 and 20:80
	• GLASS: 45:55 and 18:82
	• PET: 80:20 and 60:40

Geographic Assumption in the Impact Assessment Model: 
Without access to industry-specific data on trade (import and 
exports), and with the aim of making a fair comparison between all 
three packaging materials, the model assumes that all materials were 
extracted, processed, and manufactured in U.S. territory - except for 
bauxite mining in the aluminum system. Bauxite for alumina production 
is the only material flow in the model considered to be sourced from 
Jamaica (70%) and Brazil (30%), as well as a fraction of the alumina 
required, modeled as coming from Oceania (40%) with bauxite sourced 
from Australia. Importantly, the impact assessment model excludes 
caps, labels, and inks, and therefore only the container bodies were 
considered. The U.S. energy grid was used for the baseline PET and 
glass assessment, with a tailored hydroelectric energy grid mix for 
aluminum (Table A7) using industry data for North America aluminum 
production.

Table A1: Main Upstream and Downstream Assumptions per 
Packaging Type

ALUMINIUM CANS
Upstream Assumptions Downstream Assumptions

Bauxite Extraction
	· 70% Jamaica Grid
	· 30% Brazil Grid

Alumina Production
	· 60% U.S. production
	· 40% Oceania production

Electrolysis
	· Prebake: 95%
	· Soderberg: 5%

	· Post-consumer Recycling: 49.8% 
	· Landfill: 36.1% 
	· Municipal Incineration: 14.1% 

https://www.ball.com/realcircularity
https://www.ball.com/realcircularity
https://www.ball.com/realcircularity.
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PET BOTTLES
Upstream Assumptions Downstream Assumptions

	· Energy inputs to account for 
the Solid State Polymerization 
process required for food-grade 
PET recycling were assumed to 
be 0.03 kWh/kg104

	· Losses in Injection Molding: 
0.006 kg/kg output

	· Losses in Stretch Blow Molding: 
0.022 kg/kg output

	· Post-consumer Recycling: 29.0%
	· Landfill: 58.75%
	· Municipal Incineration: 12.25%

GLASS BOTTLES
Upstream Assumptions Downstream Assumptions

Energy inputs for packaging glass 
production with 27.5% cullet 
were modeled based on a linear 
interpolation of available Ecoinvent 
data:
	· Electricity: 0.25 kWh/kg
	· Natural Gas: 0.09 m3/kg

	· Post-consumer Cullet Recovery 
42%:

	· Landfill: 44%
	· Incineration: 14%

PACKAGING TYPE SPECIFICATIONS SOURCE
12-oz (354.8 ml) aluminum can (1) BASELINE:

Estimated Weight: 0.01334 kg

(2) UPPER BOUND: 
Estimated Weight: 0.01370 kg

(3) LOWER BOUND: 
Estimated Weight: 0.01288 kg

1.	 Average between bounds and peer-reviewed report: PE Americas (2010) Life 
Cycle Impact Assessment of Aluminum Beverage Cans. 

2.	 +2.73% difference calculated based on CMI historical data on can weights. 
3.	 -3.43% difference calculated based on CMI historical data on can weights.

11.2-oz (330 ml) aluminum can (1) UPPER BOUND:
Estimated Weight: 0.01292 kg

(2) LOWER BOUND:
Estimated Weight: 0.01214 kg

Baseline for upper/lower bounds of 330ml can: https://www.ball.com/eu/
solutions/markets-capabilities/capabilities/beverage-cans/standard-range
1.	 +2.73% difference calculated based on CMI historical data on can weights. 
2.	 -3.43% difference calculated based on CMI historical data on can weights. 

25.4-oz (750 ml) aluminum can (1) UPPER BOUND:
Estimated Weight: 0.01794 kg

(2) LOWER BOUND:
Estimated Weight: 0.01686 kg

Baseline for upper/lower bounds of 330ml can: https://www.webpackaging.
com/en/portals/ballcorporation/assets/11059483/750ml-king-can/
1.	 +2.73% difference calculated based on CMI historical data on can weights.
2.	 -3.43% difference calculated based on CMI historical data on can weights. 

Aluminum Can Specifications
Baseline Rationale: The baseline weight of the 12-oz aluminum can was 
determined by the detailed Aluminum Association LCA study published 
in 2010 and updated in 2014. Additionally, the weight published in 
this report also represents the average between the upper and lower 
bounds of the aluminum can weight for the last 20 years. As for the 
remaining packaging sizes (11.2oz and 25.4oz), the reference baseline 
was established according to current aluminum can specifications 
for each size. 

Table A2: Aluminum Can Specifications 

Density Bound Set-Up: The upper and lower bounds for the can 
densities were calculated consistently throughout all packaging sizes. 
The percentage difference between the bounds was determined by 
the highest and lowest weight fluctuations of aluminum cans in the 
last 20 years (1999 - 2019) based on information provided by the Can 
Manufacturers Institute. The highest bound therefore corresponds to 
the weighted average of 33.1 cans/lb (1999) and the lowest bound 
corresponds to the weighted average of 35.21 cans/lb (2016).

104 Cruz, S.A., & Zanin, M. (2005).

https://www.ball.com/eu/solutions/markets-capabilities/capabilities/beverage-cans/standard-range
https://www.ball.com/eu/solutions/markets-capabilities/capabilities/beverage-cans/standard-range
https://www.webpackaging.com/en/portals/ballcorporation/assets/11059483/750ml-king-can/
https://www.webpackaging.com/en/portals/ballcorporation/assets/11059483/750ml-king-can/
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Glass Container Specifications
Baseline Rationale: The baseline weight of glass containers was 
determined by calculating the average weight of seven different bottle 
densities found both in the market as well as in LCA literature. 

Table A3: Glass Bottle Specifications

Table A4: PET Bottle Specifications 

Density Bound Set-Up: The calculation of the upper and lower 
bounds for the glass containers was determined by publicly available 
information on glass packaging products in the market.

PACKAGING TYPE SPECIFICATIONS SOURCE
12-oz (354.8 ml) glass container (1) BASELINE: 

Estimated Weight: 0.20034 kg

(2) UPPER BOUND:
Estimated Weight: 0.24806 kg

(3) LOWER BOUND:
Estimated Weight: 0.16655 kg

1.	 Average calculation based on 7 different sizes.
2.	 Upper and lower bounds based on market information: https://

www.anchorglass.com/wp-content/uploads/2019/01/20007_AGC_
BevBroch_2019_WEB-min.pdf

11.2-oz (330 ml) glass container (1) UPPER BOUND:
Estimated Weight: 0.305 kg

(2) LOWER BOUND:
Estimated Weight: 0.216 kg

1.	 Based on market information: https://www.juvasa.com/en/61/glass-bottle-
for-beer/699/beer-stubby-330-ml-crown-26

2.	 Based on market information: https://www.juvasa.com/en/61/glass-bottle-
for-beer/700/beer-long-neck-330-ml-crown-26

25.4-oz (750 ml) glass container (1) UPPER BOUND:
Estimated Weight: 0.597 kg

(2) LOWER BOUND:
Estimated Weight: 0.43 kg

1.	 Amienyo, D., Gujba, H., Stichnothe, H. and Azapagic, A. (2013). Life cycle 
environmental impacts of carbonated drinks. International Journal of Life 
Cycle Assessment. 18; 77-92.

2.	 Based on market information: https://www.anchorglass.com/wp-content/
uploads/2019/01/20007_AGC_BevBroch_2019_WEB-min.pdf

PACKAGING TYPE SPECIFICATIONS SOURCE
12-oz (354.8 m) PET bottle (1) BASELINE: 

Estimated PET Weight: 0.019 kg

(2) UPPER BOUND:
Estimated Weight: 0.0281 kg

(3) LOWER BOUND:
Estimated Weight: 0.01814 kg

1.	 Sphera (2020). Beverage Packaging in the United States. A comparative life 
cycle assessment. On behalf of Ball Corporation.

2.	 Based on market information: https://www.usplastic.com/catalog/item.
aspx?itemid=120481&catid=678

3.	 Based on market information: https://www.usplastic.com/catalog/item.aspx?
itemid=132337&clickid=related-slider

11.2-oz (330 ml) PET bottle (1) UPPER BOUND:
Estimated Weight: 0.021 kg

(2) LOWER BOUND:
Estimated Weight: 0.016 kg

1.	 Based on market information: https://www.world-of-bottles.co.uk/PET-
packaging/330ml-PET-bottle.html

2.	 Based on market information: https://www.patrico.co.uk/330ml-round-pet-
standard-sports-water-bottle-28mm-neck

25.4-oz (750 ml) PET bottle (1) UPPER BOUND:
Estimated Weight: 0.0540 kg

(2) LOWER BOUND:
Estimated Weight: 0.030 kg

1.	 Based on market information: https://www.amcor.com/product-listing/750ml-
pet-stock-wine-bottle

2.	 Based on market information: https://www.world-of-bottles.co.uk/Glass-
bottles/750ml-PET-wide-neck-bottle-Milk-and-Juice-blue.html

PET Bottle Specifications
Baseline Rationale: The baseline weight of PET bottles was determined 
using the US Regional LCA assumptions (2020 LCA completed by 
Sphera on behalf of Ball Corporation).

Density Bound Set-Up: The calculation of the upper and lower bounds 
for PET bottles was determined by publicly available information on 
PET bottles in the market. 

https://www.anchorglass.com/wp-content/uploads/2019/01/20007_AGC_BevBroch_2019_WEB-min.pdf
https://www.anchorglass.com/wp-content/uploads/2019/01/20007_AGC_BevBroch_2019_WEB-min.pdf
https://www.anchorglass.com/wp-content/uploads/2019/01/20007_AGC_BevBroch_2019_WEB-min.pdf
https://www.juvasa.com/en/61/glass-bottle-for-beer/699/beer-stubby-330-ml-crown-26
https://www.juvasa.com/en/61/glass-bottle-for-beer/699/beer-stubby-330-ml-crown-26
https://www.juvasa.com/en/61/glass-bottle-for-beer/700/beer-long-neck-330-ml-crown-26
https://www.juvasa.com/en/61/glass-bottle-for-beer/700/beer-long-neck-330-ml-crown-26
https://www.anchorglass.com/wp-content/uploads/2019/01/20007_AGC_BevBroch_2019_WEB-min.pdf
https://www.anchorglass.com/wp-content/uploads/2019/01/20007_AGC_BevBroch_2019_WEB-min.pdf
https://www.usplastic.com/catalog/item.aspx?itemid=120481&catid=678
https://www.usplastic.com/catalog/item.aspx?itemid=120481&catid=678
https://www.usplastic.com/catalog/item.aspx?itemid=132337&clickid=related-slider
https://www.usplastic.com/catalog/item.aspx?itemid=132337&clickid=related-slider
https://www.world-of-bottles.co.uk/PET-packaging/330ml-PET-bottle.html
https://www.world-of-bottles.co.uk/PET-packaging/330ml-PET-bottle.html
https://www.patrico.co.uk/330ml-round-pet-standard-sports-water-bottle-28mm-neck
https://www.patrico.co.uk/330ml-round-pet-standard-sports-water-bottle-28mm-neck
https://www.amcor.com/product-listing/750ml-pet-stock-wine-bottle
https://www.amcor.com/product-listing/750ml-pet-stock-wine-bottle
https://www.world-of-bottles.co.uk/Glass-bottles/750ml-PET-wide-neck-bottle-Milk-and-Juice-blue.html
https://www.world-of-bottles.co.uk/Glass-bottles/750ml-PET-wide-neck-bottle-Milk-and-Juice-blue.html
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Table A5: Distribution Assumptions

Table A6: Technical Specifications of Transport Modes

DISTRIBUTION STAGE COMMODITY OR 
INDUSTRY

PACKAGING TYPES COMMODITY OR 
NAICS CODE

AVERAGE MILES PER 
SHIPMENT

Raw Materials-to-Facility Bauxite Import105 Aluminum can - 2,593 miles

Raw Materials-to-Facility Metallic ores and 
concentrates

Aluminum can 14 576 miles

Facility-to-Storage Fabricated metal product 
manufacturing

Aluminum can 332 609 miles

Raw Materials-to-Facility Natural Sands Glass container 11 154 miles

Facility-to-Storage Nonmetallic mineral product 
manufacturing

Glass container 327 257 miles

Raw Materials-to-Facility Plastics and rubber PET bottle 24 469 miles

Facility-to-Storage Plastics and rubber 
manufactured products

PET bottle 326 721 miles

Storage-to-Retailer Beer, wine, and distilled 
beverage wholesalers

All beverage containers 4248 69 miles

Consumer-to-Reclaimer Wastes and scrap All beverage containers 41 166 miles

Treatment-to-Facility Estimation106 All beverage containers - 500 miles

MODE OF TRANSPORT TECHNICAL SPECIFICATIONS
Transport, Freight, Lorry 
16-32 metric ton, EURO6

Performance: 0.037 kg diesel/tkm
Gross Vehicle Weight: 15.79 tons

Distribution: To pinpoint the transportation distances for each life 
cycle stage of the packaging materials, the Commodity Flow Survey 
of the U.S. Department of Transportation for the year 2017 was used, 
which publishes the average miles per shipment of key commodities 
per economic sector. These distances were subsequently multiplied by 
the reference flows (mass) for each distribution stage. The possibility 
that a given volume of commodities or products could be transported 

through freight trains was explored. Although the vast majority of freight 
transportation in the U.S. is done through land transport - particularly 
with the use of lorries - we assigned a 20% allocation for freight 
transport exceeding 500 miles, following the approach proposed by 
Kuczenski & Geyer (2013). Please refer to Tables A5 and A6 concerning 
the distribution assumptions and transport specifications.

105 Because bauxite ore is almost entirely imported to the United States, the impact assessment model assumes the import as coming from Jamaica and Brazil, which 
are the leading exporters of bauxite to the U.S. An average distance (in nautical miles) was calculated and further converted from the following routes: Kingston, 
Jamaica to New-Orleans, USA; as well as from Itaqui, Brazil-to-New Orleans, USA. 106 The transportation distance from the treatment facilities where the packaging 
materials are recovered and subsequently distributed back for re-manufacturing has been estimated to be 500 miles (equal distance for all packaging types).

Ecoinvent Database & Unit Process Adjustment: The life cycle 
inventory Ecoinvent v3.5 was used to track down all relevant processes 
for each packaging material. This database was employed since it 
provides properly documented process data for thousands of products 
and industrial operations worldwide. Nevertheless, it was immediately 
detected that not all relevant processes for aluminum, glass, and PET 
containers were built for the U.S. context. While Ecoinvent is a reputable 
source for environmental impact assessment, much of the data is either 
global or regionalized, and not yet tailored for each specific country. In 

order to address this issue, an adjustment of electricity and heat inputs 
was conducted for all applicable unit processes in this assessment. 
A number of relevant processes were analyzed and adjusted to the 
U.S. context. For the electricity inputs, it was necessary to identify the 
electrical power mix for the aluminum industry in North America, and 
for the remaining industries of glass and plastic, an average market 
group of the U.S. medium voltage mix was employed. Tables A7 and 
A8 display the share of electricity used for the aluminum industry, as 
well as the process-heat inputs per sector. 
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Table A7: Market for Electricity, Medium Voltage, Aluminum 
Industry in North America
Source: Ecoinvent v3.5

Table A8: Industrial Process-Heat per Industrial Sector
Source: Office of Energy Efficiency & Renewable Energy, U.S 
Department of Energy
Manufacturing Energy and Carbon Footprints, 2014

ELECTRICITY SOURCE SHARE
Hydro 74%

Coal 24%

Natural Gas ≅1%

Nuclear ≅1%

INDUSTRY SOURCE OF 
PROCESS-HEAT

SHARE

Alumina & Aluminum
Natural Gas 96%

Other Fuel Oils 4%

Glass

Natural Gas 93%

Other Fuel Oils 6%

Coal 1%

Plastics

Natural Gas 88%

Other Fuel Oils 8%

Coal 4%

System Delineation: The LCA procedure of the study was initiated 
with the examination and delineation of the aluminum cans, glass 
containers, and PET bottles (refer to system maps in Figures A1-
A3). Detailed LCA studies, scientific publications, and industry-based 
assessments served as key inputs to understand the industrial 
processes connected to each life cycle stage of the packaging 
products evaluated. In addition, a cut-off method was followed where 
virgin material production burdens are assigned to first use of the 
packaging materials. As for the recycled materials, the system begins 
with the recovery of the post-consumer material, and ends before 
it is re-manufactured again for a potential second loop. We’ve also 
included expanded system results using the avoided burden approach, 
to compare results between the different calculation methodologies. 
For the recycled content approach, allocation of processes and impacts 
was not required since the product systems analyzed were cut-off 
before being used in other product systems. Hence, the unit processes 
were modeled to be mono-functional to the production, manufacturing, 
and final treatment of the different packaging types, with no outputs 
that served as inputs for other products or services in the market. We 
explored the benefits to other product systems in our dynamic long-
term MFA model, in order to understand how the different packaging 
materials could interact in a hypothetical open-loop system over a 
longer period of time. Refer to Chapter 4 and Appendix 3 for more 
details of the expanded analysis.



APPENDIX 1: RECYCLING UNPACKED

7

Figure A1: Aluminum Can System Map
Use phase excluded from the scope of this assessment.
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Figure A2: Glass Container System Map
Use phase excluded from the scope of this assessment.

In the glass system map (Figure A2), the Recycled Content Approach 
cuts off the system boundary at the glass scrap level, which excludes 
the impacts of glass sorting from the assessment. The secondary 
material used in the system is based on the estimated average recycled 
content of glass produced in the United States (27.5%).

The Avoided Burden Approach includes the impacts of glass sorting, 
and the secondary material used in the system is based on the end-
of-life treatment and recycling rates reported by the industry (42%).

In the aluminum can system map (Figure A1), the Recycled Content 
Approach includes a system boundary to show that the cut-off is at 
the aluminum scrap level. In this approach, impacts associated with 
sorting, cleaning, pressing, and remelting UBCs are excluded from the 
system boundary. The secondary material in the system is based on 
the reported recycled content by the aluminum industry in the United 
States (73%).

In the Avoided Burden Approach, the secondary material in the system is 
based on the end-of-life recycling rate reported by the industry (49.8%), 
including the impacts associated with sorting, cleaning, pressing, and 
remelting UBCs back into new aluminum products.
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Figure A3: PET Bottle System Map
Use phase excluded from the scope of this assessment.

PET Production,
Bottle Grade
-Crude Oil and

Natural Gas
Extraction

-Oil Refinery and
Gas Separation

-Monomer Production
(Purified terephthalic

acid and ethylene
glycol)

Injection
Molding

Stretch Blow
Molding

Sorting,
PET

rPET Processing,
Bottle Grade

rPET Processing,
Generic Market

Municipal
Incineration

Sanitary
Landfill

RAW MATERIAL EXTRACTION
& PRE-MANUFACTURING MANUFACTURING END-OF-LIFE TREATMENT

& RECYCLING*

Re-circulation of secondary material

*Included in the Avoided Burden Approach

Avoided Burden Approach
Recycled Content Approach

In the PET system map (Figure A3), the Recycled Content Approach 
cuts off the system boundary at the PET scrap level, which excludes 
the impacts of sorting and processing rPET from the assessment. 
The secondary material used in the system is based on the reported 
recycled content of PET produced in the United States (6%).

The Avoided Burden Approach includes the impacts of PET sorting 
and processing, and the secondary material used in the system is 
based on the end-of-life treatment and recycling rates reported by the 
industry (29%).

Impact Assessment Method: The evaluation uses the ReCipe Midpoint 
(H) w/o LT impact method, taking into consideration that this method i) 
covers a wide-range of midpoint impact categories, and ii) it is a follow-
up method of Eco-indicator 99 and the CML 2002, where most impact 
categories are frequently peer reviewed and employed at high-level 
decision-making bodies, such as the European Commission and the 
International Reference Life Cycle Data System (ILCD). Complementing 
this method, we also included the Cumulative Energy Demand (CED) 
impact category from the CML 2002 method to gauge the renewable 
and non-renewable energy intensity of the different packaging 
materials. 
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Interpretation: Unveiling Hotspots
Impact Overview of the Aluminum Can System
Considering that the aim of this assessment is to determine the 
environmental performance of the different packaging types, it is 
essential to identify and pinpoint where the main impact contributions 
are located within the life cycle phases of each packaging product. As 
outlined in Table A9, the most significant points for impact mitigation 

Table A9-1: Aluminum Cans: Environmental Impacts per Life Cycle Stage (Recycled Content Approach)
Provision of 1000L of beverage in 12-oz cans, 73% recycled content

Table A9-2: Aluminum Cans: Environmental Impacts per Life Cycle Stage  (Avoided Burden Approach)
Provision of 1000L of beverage in 12-oz cans, 49.8% recycling rate

LIFE CYCLE STAGE GWP % CONTRIBUTION CED % CONTRIBUTION WDP % CONTRIBUTION
Raw Material Extraction 0.2% 0.3% <0.1%

Production 58.6% 43.9% 94%

Manufacturing 34.3% 48.5% 2%

End-of-life 0.2% 0.4% 0.1%

Treatment & Recycling N/A (Cut-off) N/A (Cut-off) N/A (Cut-off)

Distribution 6.7% 6.9% 4.1%

TOTAL 185 kg CO2-eq 2,906 MJ-eq 69 gallons

LIFE CYCLE STAGE GWP % CONTRIBUTION CED % CONTRIBUTION WDP % CONTRIBUTION
Raw Material Extraction 0.2% 0.3% <0.1%

Production 64.9% 51.5% 93.3%

Manufacturing 20.4% 30.6% 1%

End-of-life 0.1% 0.2% 0%

Treatment & Recycling 7.4% 9.6% 1.7%

Distribution 7.0% 7.7% 3.9%

TOTAL 311 kg CO2-eq 4,607 MJ-eq 129 gallons

- commonly known as “hotspots” - in the aluminum can system are 
spotted in the production of primary aluminum and manufacturing 
stages. We’ve included results for both the recycled content approach 
(Table A9-1) and the avoided burden approach (Table A9-2), but 
our result interpretation focuses primarily on the recycled content 
approach. For all tables, GWP = Global Warming Potential; CED = 
Cumulative Energy Demand; and WDP = Water Depletion Potential.

As shown in Table A9-1, significant emissions are linked to the 
production of primary aluminum, representing 59% of the total GHG 
emissions attributable to the aluminum can life cycle. The reduction of 
pure alumina to aluminum performed by smelters - via the Hall-Heroult 
process - requires high levels of electrical current in order to reduce 
the electrolytic cells of alumina. Hence, the cumulative energy demand 
required in this process represents one the largest shares among all 
other industrial processes in the aluminum can life cycle (34%), even 
when considering that over two-thirds of the can itself is manufactured 
using secondary material (73% in the model).

As noted by the Aluminum Association in their extensive life cycle 
study in 2010, most facilities in the United States use prebake anodes, 
which are generally manufactured from a mixture of petroleum coke, 

returned anode material and coal tar pitch. Only a few facilities in the 
United States use Soderberg anodes (≅5%), which overall tend to 
display higher electricity consumption and GHG emissions compared 
to prebake techniques. 

For the can-making process, several forming, ironing, pressing, trimming, 
and coating processes take place in the manufacturing plants in order 
to shape the final can profile to meet the desired product specifications. 
The electricity and heat needed throughout these processes, coupled 
with the production of lubricant oil, coatings, inks, and solvents drive 
the environmental impacts in this life cycle stage.
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Table A10: Global Warming Potential (GWP): Main Contributors in the Aluminum Can Model (Recycled Content Approach)
Provision of 1000L of beverage in 12-oz aluminum cans

Table A11: Global Warming Potential (GWP): Main Contributors in the Aluminum Can Model (Avoided Burden Approach)
Provision of 1000L of beverage in 12-oz aluminum cans

Table A12: Cumulative Energy Demand (CED): Main Contributors in the Aluminum Can Model (Recycled Content Approach)
Provision of 1000L of beverage in 12-oz aluminum cans

Table A13: Cumulative Energy Demand (CED): Main Contributors in the Aluminum Can Model (Avoided Burden Approach)
Provision of 1000L of beverage in 12-oz aluminum cans

PROCESS MASS FLOW GWP % CONTRIBUTION
Electrolysis, prebake 9.9 kg 90.4 kg CO2-eq 49%

Can Manufacturing 43.7 kg 48.9 kg CO2-eq 26%

Distribution [All Stages] 392,386 lbs*mi 12.4 kg CO2-eq 7%

Alumina Production, OCEANIA 7.8 kg 8.3 kg CO2-eq 5%

Electrolysis, Soderberg 0.5 kg 5.7 kg CO2-eq 3%

Other Processes N/S 19.5 kg CO2-eq <3% each

PROCESS MASS FLOW GWP % CONTRIBUTION
Electrolysis, prebake 18.3 kg 168 kg CO2-eq 54%

Can Manufacturing 43.7 kg 48.9 kg CO2-eq 16%

Distribution [All Stages] 718,639 lbs*mi 21.8 kg CO2-eq 7%

Alumina Production, OCEANIA 14.5 kg 15.4 kg CO2-eq 5%

Electrolysis, Soderberg 1.0 kg 10.6 kg CO2-eq 3%

Other Processes N/S 46.3 kg CO2-eq <3% each

PROCESS MASS FLOW CED % CONTRIBUTION
Can Manufacturing 43.7 kg 1,101 MJ-eq 38%

Electrolysis, prebake 9.9 kg 975 MJ-eq 34%

Distribution [All Stages] 392,386 lbs*mi 201 MJ-eq 7%

Sheet Rolling 40.5 kg 309 MJ-eq 11%

Alumina Production, OCEANIA 7.8 kg 105.3 MJ-eq 4%

Other Processes N/S 625 MJ-eq <3% each

PROCESS MASS FLOW CED % CONTRIBUTION
Electrolysis, prebake 18.3 kg 1,812 MJ-eq 39%

Can Manufacturing 43.7 kg 1,101 MJ-eq 24%

Distribution [All Stages] 718,639 lbs*mi 356 MJ-eq 8%

Sheet Rolling 40.5 kg 309 MJ-eq 6%

Alumina Production, OCEANIA 14.5 kg 195.8 MJ-eq 4%

Other Processes N/S 209.6 MJ-eq <4% each
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An interesting finding can be observed when examining the water 
footprint of aluminum cans. A significant amount of water consumption 
is linked to the production stage of aluminum cans, correlating closely 
with the energy demand in the system. A sensitivity check was 
conducted in order to verify the reliability and consistency of the life 
cycle inventory data, and an alternative scenario was built modeling 
the can production and manufacturing stages with a U.S. market grid 
electricity profile (refer to Table A30 in “Sensitivity Analysis”). The 

sensitivity analysis enabled us to confirm the high water depletion 
potential attributable to hydroelectricity production, an outcome that 
has been further examined by Buxmann et.al (2016) in their study on 
water scarcity footprint in primary aluminum production as stated that 
“[...] evaporation of water from reservoir of hydropower plants has an 
extremely high contribution to the indirect water scarcity footprint 
potential (WSFP) of primary aluminum (79% of GLO value and 92% of 
the RoW value).”107

107 Buxmann, K., Kochler, A., & Thylmann, D. (2016). 108 Among the many challenges outlined in scientific literature, one of the main difficulties relies on the lack of 
specific, detailed, and technical data to better quantify and cover the inputs and outputs in the PET system. LCA practitioners have pointed out the general lack of data 
per life cycle step regarding PET, which hampers the robustness and reliability of many life cycle assessments. See Gomes et al. (2019).

Table A14: Water Depletion Potential (WDP): Main Contributors in the Aluminum Can Model (Recycled Content Approach)
Provision of 1000L of beverage in 12-oz aluminum cans 

Table A15: Water Depletion Potential (WDP): Main Contributors in the Aluminum Can Model (Avoided Burden Approach)
Provision of 1000L of beverage in 12-oz aluminum cans

Table A16-1: PET Bottles: Environmental Impact Contribution per Life Cycle Stage (Recycled Content Approach)
Provision of 1000L beverage in 12-oz bottles, 6% recycled content

PROCESS MASS FLOW WDP % CONTRIBUTION
Electrolysis, prebake 9.9 kg 55.5 gallons 80%

Alumina Production, OCEANIA 7.8 kg 4.2 gallons 6%

Distribution [All Stages] 392,386 lbs*mi 2.8 gallons 4%

Other Processes N/S 6.6 gallons <4% each

PROCESS MASS FLOW CED % CONTRIBUTION
Electrolysis, prebake 18.3 kg 103.2 gallons 80%

Alumina Production, OCEANIA 14.5 kg 7.7 gallons 6%

Electrolysis, Soderberg 1.0 kg 7.2 gallons 6%

Distribution [All Stages] 718,639 lbs*mi 5.0 gallons 4%

Other Processes N/S 6.1 gallons <4% each

LIFE CYCLE STAGE GWP % CONTRIBUTION CED % CONTRIBUTION WDP % CONTRIBUTION
Raw Material Extraction & Resin Production 52% 60% 22%

Manufacturing 38% 36% 49%

End-of-Life 5% 0.2% 0.1%

Treatment & Recycling N/A (Cut-off) N/A (Cut-off) N/A (Cut-off)

Distribution 5% 5% 29%

TOTAL 321  kg CO2-eq 7,075 MJ-eq 11 gallons

Impact Overview of the PET Bottle System
As seen in Table A16, most negative environmental discharges in the 
life cycle of PET bottles are located in the raw material extraction and 
resin production phase, together with the manufacturing stage. The 
cradle-to-virgin bottle grade resin data of conventional PET production, 
which constitutes 52% of the total GHG emissions in the system and 
60% of total energy demand, is based on Ecoinvent v3.5, which clusters 

several industrial processes in this stage. From crude oil and natural 
gas extraction, to the polymerization of the plastic monomer, the data 
aggregation of this unit process certainly limits the interpretation of 
the simulated data, a challenge that has already been addressed in the 
LCA literature on PET.108
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109 Franklin Associates. (2018b).; Nessi et al. (2018).

Table A17: Global Warming Potential: Main Contributors in the PET Bottle Model (Recycled Content Approach)
Provision of 1000L of beverage in 12-oz PET bottles

Table A16-2: PET Bottles: Environmental Impact Contribution per Life Cycle Stage (Avoided Burden Approach)
Provision of 1000L beverage in 12-oz bottles, 29% recycling rate

PROCESS MASS FLOW GWP % CONTRIBUTION
PET Production, Bottle Grade 51.8 kg 165.6 kg CO2-eq 52%

Stretch Blow Molding 54.7 kg 95.8 kg CO2-eq 30%

Injection Molding 53.5 kg 25.1 kg CO2-eq 8%

Municipal Incineration 6.6 kg 13.5 kg CO2-eq 4%

Other Processes N/S 20.8 kg CO2-eq <4% each

LIFE CYCLE STAGE GWP % CONTRIBUTION CED % CONTRIBUTION WDP % CONTRIBUTION
Raw Material Extraction & Resin Production 40% 49% 16%

Manufacturing 38% 38% 47%

End-of-Life 5% 0.2% 0.1%

Treatment & Recycling 12% 9% 8%

Distribution 5% 4% 30%

TOTAL 316  kg CO2-eq 6,600 MJ-eq 12 gallons

However, comprehensive and comparative LCA studies conducted 
in the United States and Europe have signaled the importance that 
PET resin production has on the overall life cycle of this packaging 
option.109 Impacts are derived from the extraction and processing of 
oil and natural gas, as well as other chemical organic compounds such 
as purified terephthalic acid and ethylene glycol. 

As for the manufacturing of PET bottles, the production of plastic 
preforms by means of an injection molding process and its subsequent 
heating and stretching with high-pressure air blows (stretch blow 
molding) are commonly used to produce large volumes of PET bottles 
with high precision. The electricity requirements of these molding 
processes, particularly stretch blow molding, explains the relatively 
high environmental impacts associated with this life cycle stage.

Table A18: Global Warming Potential: Main Contributors in the PET Bottle Model (Avoided Burden Approach)
Provision of 1000L of beverage in 12-oz PET bottles

Table A19: Cumulative Energy Demand (CED): Main Contributors in the PET Bottle Model (Recycled Content Approach)
Provision of 1000L of beverage in 12-oz PET bottles

PROCESS MASS FLOW GWP % CONTRIBUTION
PET Production, Bottle Grade 39.2 kg 125.4 kg CO2-eq 40%

Stretch Blow Molding 54.7 kg 95.8 kg CO2-eq 30%

Injection Molding 53.5 kg 25.1 kg CO2-eq 8%

Recycling, PET Generic 15.5 kg 12 kg CO2-eq 4%

Other Processes N/S 57.4 kg CO2-eq <5% each

PROCESS MASS FLOW CED % CONTRIBUTION
PET Production, Bottle Grade 51.8 kg 4,277 MJ-eq 60%

Stretch Blow Molding 54.7 kg 1,710 MJ-eq 24%

Injection Molding 53.5 kg 807 MJ-eq 11%

Other Processes N/S 281 MJ-eq <5% each
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Table A20: Cumulative Energy Demand (CED): Main Contributors in the PET Bottle Model (Avoided Burden Approach)
Provision of 1000L of beverage in 12-oz PET bottles

Table A21: Water Depletion Potential (WDP): Main Contributors in the PET Bottle Model (Recycled Content Approach) 
Provision of 1000L of beverage in 12-oz PET bottles

Table A22: Water Depletion Potential (WDP): Main Contributors in the PET Bottle Model (Avoided Burden Approach) 
Provision of 1000L of beverage in 12-oz PET bottles

PROCESS MASS FLOW CED % CONTRIBUTION
PET Production, Bottle Grade 39.2 kg 3,240 MJ-eq 49%

Stretch Blow Molding 54.7 kg 1,710 MJ-eq 26%

Injection Molding 53.5 kg 804 MJ-eq 12%

Other Processes N/S 844 MJ-eq <5% each

PROCESS MASS FLOW WDP % CONTRIBUTION
Stretch Blow Molding 54.7 kg 4.6 gallons 42%

Distribution [All Stages] 120,140 lbs*mi 3.1 gallons 28%

PET Production, Bottle Grade 51.8 kg 2.5 gallons 22%

Injection Molding 53.5 kg 1.0 gallon 7%

Other Processes N/S <0.1 gallons <5% each

PROCESS MASS FLOW WDP % CONTRIBUTION
Stretch Blow Molding 54.7 kg 4.6 gallons 40%

Distribution [All Stages] 130,563 lbs*mi 3.4 gallons 29%

PET Production, Bottle Grade 39.2 kg 1.9 gallons 16%

Injection Molding 53.5 kg 1.0 gallon 7%

Other Processes N/S <0.1 gallons <5% each

When it comes to examining the water depletion potential of PET 
bottles we notice that overall this packaging option displays a low life 
cycle water impact compared to the other packaging materials. Despite 
the fact that some water is required in downstream activities such 
as post-consumer bale cleaning, the bulk of PET’s water footprint is 

actually linked to its upstream activities, particularly to the generation 
of electricity to power production and manufacturing processes (98% 
of the water consumption in stretch blow molding, for example, is 
connected to electricity production).
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Table A23-1: Glass Bottles: Environmental Impact Contribution per Life Cycle Stage (Recycled Content Approach)
Provision of 1000L beverage in 12-oz bottles, 27.5% recycled content

Table A23-2: Glass Bottles: Environmental Impact Contribution per Life Cycle Stage (Avoided Burden Approach)
Provision of 1000L beverage in 12-oz bottles, 42% recycling rate

The high intensity of natural gas and fuel oil used in glass furnaces, 
which run constantly for approximately 15-18 years,111 account for 
82% of the total GHG emissions in the system, and 80% of the total 
cumulative energy demand. Consequently, as has been echoed by the 
scientific community, “the main environmental impacts in glass making 
are the high-energy use in batch melting and the resultant gaseous 
emissions from fuel combustion and the heat reaction of components 
of the batch mix.”112 The manufacturing of glass bottles aggregates 
several industrial processes occurring in the glassmaking facilities, 
such as the batch preparation, the melting process in furnaces, and 
the later conditioning and forming of the glass containers to meet the 
final production requirements. 

A second area of environmental impact concern, although relatively 
lower than that observed in the manufacturing phase, connects to the 
logistics or distribution stage. While the U.S. Commodity Flow Survey 
notes that glass-related materials and manufactured containers display 
shorter shipment distances (on average) when compared to aluminum 
and PET, the total mass of materials shipped per mile, required to serve 
1000L of beverage, is significantly higher when compared to the other 
packaging options.

LIFE CYCLE STAGE GWP % CONTRIBUTION CED % CONTRIBUTION WDP % CONTRIBUTION
Raw Material Extraction & Resin Production 2.9% 4.8% 3.4%

Manufacturing 82.5% 80.3% 22.2%

End-of-Life 1% 1.6% 3.5%

Post-Consumer Treatment N/A (Cut-off) N/A (Cut-off) N/A (Cut-off)

Distribution 14% 13.3% 71%

TOTAL 650  kg CO2-eq 10,963 MJ-eq 29 gallons

LIFE CYCLE STAGE GWP % CONTRIBUTION CED % CONTRIBUTION WDP % CONTRIBUTION
Raw Material Extraction & Resin Production 2.4% 4.1% 2.5%

Manufacturing 80.1% 78.2% 19.5%

End-of-Life 0.6% 1% 1.9%

Post-Consumer Treatment 0.4% 0.1% 0.1%

Distribution 16.5% 16.6% 76.0%

TOTAL 637  kg CO2-eq 10,361 MJ-eq 31 gallons

110 Glass bottle conditioning refers to the process of reheating and slowly cooling bottles once they are blown to strengthen the glass and reduce breakage. 111 AGC 
Glass Europe. (2020). 112 Letcher, T., & Vallero, D. (2011).

Table A24: Global Warming Potential: Main Contributors in the Glass Bottle Model (Recycled Content Approach)
Provision of 1000L of beverage in 12-oz Glass Bottles

PROCESS MASS FLOW GWP % CONTRIBUTION
Bottle Container Manufacturing 
[27.5% cullet]

564.5 kg 35 kg CO2-eq 82%

Distribution [All Stages] 753,763 lbs*mi 88.65 kg CO2-eq 14%

Other Processes N/S 25.2 kg CO2-eq <5% each

Impact Overview of the Glass Bottle System
When examining the hotspots attributable to the life cycle of glass 
bottles (Table A23), an overwhelming concentration of environmental 

impacts are found in the manufacturing and conditioning110 phase 
of bottles.
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Table A26: Cumulative Energy Demand (CED): Main Contributors in the Glass Bottle Model (Recycled Content Approach)
Provision of 1000L of beverage in 12-oz Glass Bottles

Table A25: Global Warming Potential: Main Contributors in the Glass Bottle Model (Avoided Burden Approach)
Provision of 1000L of beverage in 12-oz Glass Bottles

Table A27: Cumulative Energy Demand (CED): Main Contributors in the Glass Bottle Model  (Avoided Burden Approach)
Provision of 1000L of beverage in 12-oz Glass Bottles

Table A28: Water Depletion Potential (WDP): Main Contributors in the Glass Bottle Model (Recycled Content Approach)
Provision of 1000L of beverage in 12-oz Glass Bottles

Table A29: Water Depletion Potential (WDP): Main Contributors in the Glass Bottle Model (Avoided-Burden)
Provision of 1000L of beverage in 12-oz Glass Bottles

PROCESS MASS FLOW GWP % CONTRIBUTION
Bottle Container Manufacturing [42% 
cullet]

564.5 kg 511 kg CO2-eq 80%

Distribution [All Stages] 887,407 lbs*mi 104.4 kg CO2-eq 16%

Other Processes N/S 21.6 kg CO2-eq <5% each

PROCESS MASS FLOW CEP % CONTRIBUTION
Bottle Container Manufacturing 
[27.5% cullet]

564.5 kg 8,801 MJ-eq 80%

Distribution [All Stages] 753,763 lbs*mi 1,462 MJ-eq 13%

Other Processes N/S 699 MJ-eq <5% each

PROCESS MASS FLOW CED % CONTRIBUTION
Bottle Container Manufacturing [42% 
cullet]

564.5 kg 8,098MJ-eq 78%

Distribution [All Stages] 887,407 lbs*mi 1,721 MJ-eq 16%

Other Processes N/S 542 MJ-eq <5% each

PROCESS MASS FLOW WDP % CONTRIBUTION
Distribution [All Stages] 753,763 lbs*mi 20.2 gallons 71%

Bottle Container Manufacturing 
[27.5% cullet]

564.5 kg 6.3 gallons 22%

Other Processes N/S 2 gallons <5% each

PROCESS MASS FLOW WDP % CONTRIBUTION
Distribution [All Stages] 887,407 lbs*mi 23.8 gallons 76%

Bottle Container Manufacturing [42% 
cullet]

564.5 kg 6.1 gallons 19%

Other Processes N/S 1.4 gallons <5% each

As for the water footprint in the glass bottle system, the largest share 
was observed to be in the distribution stage, largely explained by 
the significant mass of materials and containers transported within 
the country and associated life cycle impacts of distribution. All the 
distribution stages for glass bottles were modeled as being done by 

land with the use of trucks, and therefore the main water-intensive 
processes linked to this life cycle stage are: road construction (45%), 
the production of low-sulfur diesel (22%), as well as the manufacturing 
and maintenance of the trucks themselves (20% and 12% respectively). 



APPENDIX 1: RECYCLING UNPACKED

17

Table A30: Electricity Inflow Sensitivity Analysis in the Aluminum Can Model (12-oz Baseline)

Table A31: Recycled Content Sensitivity per Packaging Type (12-oz Baseline)

IMPACT CATEGORY INDUSTRY-SPECIFIC 
ELECTRICITY FLOW

U.S. MARKET GRID PERCENT CHANGE

GWP [kg CO2-eq] 185 320 +42%

CED [MJ-eq] 2,906 5,200 +44%

WDP [gallons] 69 25 -64%

RECYCLED CONTENT SENSITIVITY
Baseline - 12oz GWP CED QDP

ALU Primary Secondary kg CO2-eq MJ-eq gallons GWP change CED change WDP change

50% 50% 283.8 4,094 124.1 53% 41% 80%

27% 73% 185.1 2,906 69.1 BASELINE

20% 80% 155.1 2,544 51.8 -16% -12% -25%

Baseline - 12oz

PET Virgin rPET GWP change CED change WDP change

94% 6% 320.6 7,098 11.2 BASELINE

80% 20% 307.1 6,622 10.9 -4% -7% -3%

60% 40% 286 5,942 10.6 -11% -16% -5%

Baseline - 12oz

GLASS Virgin Cullet GWP change CED change WDP change

72.50% 27.50% 649.2 10,963 28.5 BASELINE

45% 55% 612.5 9,854 26.7 -6% -10% -6.5%

18% 82% 588.3 9,234 24.6 -9% -16% -14%

Sensitivity Analyses
Several sensitivity analyses were performed to check for limitations in 
the robustness of the life cycle impact assessment. The main objective 
of conducting sensitivity checks was to better understand how certain 
underlying assumptions influenced the final environmental impact 
results, enabling us to draw more adequate and sound conclusions. 

A first sensitivity check was carried out in the electricity flow of the 
aluminum can model, i) driven by the surprising increase in water 
depletion potential linked to hydroelectric power, and ii) to account for 
an equitable comparison between all three packaging options using 
U.S. market electricity from the grid. The results obtained are as follows: 

As seen in Table A30, not only do the environmental impacts of 
aluminum cans across these three impact categories vary significantly, 
but a burden shift can be observed among these categories as well. 
The inflow of U.S. grid electricity drives an increase in GHG-related 
emissions and energy demand by around 40%, meanwhile the water 
consumption (primarily linked to hydropower) decreases by 64%, 
displaying, as a result, similar levels of water depletion when compared 
to the other packaging materials. 

Together with the inflow of electricity, another sensible parameter in the 
calculation of environmental impacts is recycled content. Frequently, 

the production of secondary material entails fewer impacts than the 
production and manufacturing of virgin materials, since secondary 
materials usually embody less energy and circular systems optimize 
the use of raw materials in consecutive product uses. In order to assess 
and describe the variability of LCA data based on the incremental 
use of secondary material in packaging containers, different recycled 
content ratios were modeled for each packaging type, revealing their 
environmental improvement potential if the packaging materials 
expanded their recycled content.
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The first observation derived from this sensitivity analysis is that 
aluminum cans show the highest impact variance per recycled 
content modification. This is largely due to the fact that the embodied 
environmental impacts from the production of primary aluminum 
compared to secondary aluminum are substantial. When compared 
to primary aluminum production in our model, producing secondary 
aluminum exhibits a 93% reduction in the overall GWP, as well as a 
respective 92% and 86% reduction in renewable and fossil-based energy 
demand.

A very different story can be seen for glass and PET bottles. The 
increased use of glass cullets in the manufacturing of containers 
displays relatively low environmental benefits, since the high-energy 
demand linked to the manufacturing phase – the most burdensome 
life cycle stage in glassmaking – decreases marginally when using 
recycled glass cullet compared to virgin glass. For every 1% of cullet 
added to primary glass, only a 0.4% reduction in energy requirements 
is reached.113

For PET bottles, a consistent reduction of environmental impacts is 
seen in terms of GHG emissions and energy demand, however small 
reductions were attributed to water consumption with increased 

recycled content. This is mainly due to the high water requirements 
attributed to the recycling activities of this material, as discussed in 
the previous section. 

Perhaps one of the most noteworthy variables to consider when 
assessing the environmental performance of beverage packaging 
options is the density or thickness of the container per given volume. 
In the case of aluminum cans, the density factor is - to a large extent 
- negligible due to the high level of standardization in the packaging 
design. According to the Can Manufacturers Institute’s records of can 
weights per volume, in the past 20 years the weight of cans has varied 
only 3%. On the other hand, 12-oz PET bottles and glass containers 
in the market display a high density variability between the lower and 
upper bounds: 55% and 49% respectively. This is partly explained by 
different packaging designs and requirements. The conditioning and 
safety requirements to package regular water are very different from 
that of carbonated drinks, since the latter hold carbon dioxide content 
from carbonation which exerts pressure in the container, requiring 
thicker PET walls to hold the beverage safely. The integration of 
different packaging densities enabled the creation of upper and lower 
bounds, which serve as a range of attributable environmental impacts 
per packaging type as can be observed in Table A32.

113 This energy reduction rate was used in the LCA model, based on the life cycle inventory data in RTI International (2003). The assessment performed by RTI uses 
industry-specific sources.

Table A32: Environmental Impact Variation with Density Bounds
Provision of 1000L with 12oz Beverage Containers

Packaging type Impact category Baseline scenario
[0.0133 kg/can]

Lower bound scenario
[0.0129 kg/can]

Upper bound scenario
[0.0137 kg/can]

ALU

GWP [kg CO2-eq] 185.1 182.2 190.7

CED [MJ-eq] 2,906 2,875 2,987

WDP [gallons] 69.1 67 71.2

Baseline scenario
[0.019 kg/bottle]

Lower bound scenario
[0.018 kg/bottle]

Upper bound scenario
[0.028 kg/bottle]

PET

GWP [kg CO2-eq] 320.6 306.7 475.1

CED [MJ-eq] 7,098 6,787 10,515

WDP [gallons] 11.1 10.7 16.7

Baseline scenario
[0.200 kg/bottle]

Lower bound scenario
[0.193 kg/bottle]

Upper bound scenario
[0.248 kg/bottle]

GLASS

GWP [kg CO2-eq] 649.2 539.7 803.8

CED [MJ-eq] 10,963 9,114 13,574

WDP [gallons] 28.5 23.7 35.3
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Since material flows and collection rates vary so much from state to 
state, we decided to model our baseline material flow assessment to 
show how aluminum cans, PET bottles, and glass bottles are processed 
in the U.S. single-stream recycling system. We supplemented this 
information with the estimated split of containers collected via bottle 
bill states to account for the cleaner material streams and higher 
material recovery rates in deposit collection systems.114 By using this as 
the baseline, we can then show how shifting to more efficient collection 
and sorting systems can increase recycled output for each material 
type, linked to associated environmental savings.

All of our model assumptions are outlined below, using 2017 production 
and recycling data. While 2017 represents a lower-than-normal 
consumer recycling rate for aluminum cans at 45.1%,115 this was the 
most recent year where both glass and PET data are also publicly 
reported by industry groups and the EPA.

Aluminum Cans
The consumer recycling rate for UBCs in 2017 was reported at 45.1%, 
which represents the amount of shredded UBCs available for remelting 
compared to the market mass of domestic cans available for recycling 
(1,200 / 2,658 million pounds).116 Of this material, 95.6% is melted into 
ingots for continued UBC production. The shredding process has a 
98.72% efficiency rate.117 We assume 40.2% of UBCs come from deposit 
systems,118 which do not have sorting efficiency losses. We assume the 
remaining UBC bales come from material recovery facilities, with an 
average loss of 7.12% in the sorting process to the residue stream.119 
An estimated 75.2% of UBCs are correctly sorted at the MRF into UBC 
bales.120 While contamination is not factored into the mass balance 
calculation, UBC bale purity is estimated at 91.39%.121 We assume 
that 25% of the remaining missorted UBCs (17.68%) are eventually 
recovered via eddy current separators at a 95% efficiency.122

Given these assumptions, the collection rate of aluminum cans for 2017 
is calculated at 52% (including both deposit and separate collection). 
When factoring in the sorting and processing losses, 83% of the UBC 
material collected can be turned back into UBCs in the current system.

We calculate that 1.8% of aluminum cans are lost to the environment123 
and the remaining UBCs are disposed of. Of the disposed UBCs, 20% 
are incinerated and 80% are landfilled.124 We assume 58% of U.S. waste-
to-energy plants have capacity to remove aluminum from fly ash at an 
80% efficiency rate,125 which is primarily recycled for other non-UBC 
aluminum applications.126 We assume aluminum cans are made of 

27% primary aluminum, 43% secondary aluminum from UBCs, 7% 
secondary aluminum from non-UBC post-consumer scrap, and 23% 
post-industrial scrap, including class scrap from the beverage can 
manufacturing process.127

Glass Bottles
The recycling rate for glass containers in 2017 was reported at 39%, 
which represents the amount of glass available after MRF sorting 
and deposit collection.128 We calculated the glass bottle market mass 
(14,645 million pounds) using the reported amount of glass containers 
reported to the EPA in 2017 (17,860 million pounds) and subtracting 
18% for glass food containers.129 This market mass for glass bottles 
is lower than the market mass calculated by the Container Recycling 
Institute in their 2017 Beverage Market Data Analysis. We decided to 
use the recycling rates reported by industry groups for consistency in 
our analysis, but readers should note that the actual recycling rate for 
glass bottles is likely lower than the rate reported to the EPA.

We assume 47.7% of collected glass comes from deposit collection 
systems,130 which do not have sorting efficiency losses. We assume the 
remaining glass comes from MRFs, with an average sorting efficiency 
of 95%.131 While contamination is not factored into the mass balance 
calculation, sorted mixed glass stream purity is estimated at 70%.132 Of 
the collected glass, an estimated 40% is used for high-quality recycling, 
20% is categorized as glass fines used in low-end applications, and 40% 
is landfilled.133 Of the glass cullet recovered for recycling, an estimated 
10% is lost in the remelting process.134

Given these assumptions, the collection rate of glass for 2017 is 
calculated at 41% (including both deposit and separate collection). 
When factoring in the sorting and processing losses, 59% of this 
collected glass can be processed into glass cullet for bottle production.

We calculate that 5.3% of glass bottles are lost to the environment135 

and the remaining glass bottles are disposed of. Of the disposed 
bottles, 20% are incinerated and 80% are landfilled.136 We assume 
glass bottles are made from 72.5% virgin glass and 27.5% recycled 
glass cullet.137

On average, 40% of glass from single stream collection ends up in 
landfills and another 20% constitutes small broken glass (“glass fines”), 
used for low-end applications. Only 40% remains to be recycled into 
containers and fiberglass.138

114 Tons redeemed as a proportion of all beverage recycling tons using data derived from “2017 Beverage Market Data Analysis,” The Container Recycling Institute, 
2020. Aluminum cans: 40.2%, PET bottles: 55.5%, Glass bottles: 47.7%.115 The Aluminum Association. (2019). 116 Data provided by the Aluminum Association 
(2017).  117 Shredding and melting efficiencies from PE Americas (2010). 118 The Container Recycling Institute. (2020). 119 Simmons, S. (2020). 120 Damgacioglu et al. 
(2018).    121 Ibid. 122Metabolic estimate, based on conversations with industry experts. 123 Calculated using data from CRI (2015), Keep America Beautiful (2009), & 
Oceana (2020). 124 EPA. (2019). 125 Buwalda, T. (2019). 126 Based on our conversations with aluminum can manufacturers and our literature scan, aluminum recovered 
from incineration is less likely to be used as recycled content for aluminum cans and is more likely to be used in other cast alloy aluminum applications. Gökelma 
et al. (2019).; Allegrini et al. (2015). 127 The Aluminum Association. (2019). 128 EPA. (2019). 129 Percentage of glass used in food containers was calculated from the 
2017 Glass Packaging Institute shipping report. 130 The Container Recycling Institute. (2020). 131 Damgacioglu et al. (2018). 132 Ibid. 133 Gitlitz, J. (2013).; Majdinasab, 
A., & Yuan, Q. (2019).; Damgacioglu et al. (2018). 134 Franklin Associates. (2018b). 135 Calculated using data from CRI (2015), Keep America Beautiful (2009), & 
Oceana (2020) 136 EPA. (2019). 137 Average glass recycled content based on LCA estimates from Franklin (2018, 25%), RTI (2003, 27.5%), and Franklin (2009, 30%). 138 

Damgacioglu et al. (2018).
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PET Bottles
The recycling rate for PET in 2017 was reported at 29.2%, which 
represents the amount of PET available in bales after sorting compared 
to the total market mass (1,726 / 5,913 million pounds).139 We assume 
55.5% of this material comes from deposit collection systems,140 which 
do not have sorting efficiency losses.141 We assume the remaining 
PET bales come from MRFs, with an average sorting efficiency of 85% 
and 15% sorting losses. While contamination is not factored into the 
mass balance calculation, PET bale purity is estimated at 88.88%.142 
PET bales are processed into clean rPET flakes at 67% efficiency, with 
33% of the PET material disposed of during processing.143 21% of clean 
rPET flakes are used for food grade purposes, and the remaining rPET 
clean flakes are used in non-food grade applications.

Given these assumptions, the collection rate of PET for 2017 is 
calculated at 32% (including both deposit and separate collection). 
When factoring in the sorting and processing losses, 62% of collected 
PET is processed into clean flakes, and 13% of collected PET is used 
for food grade applications.

We calculate that 1.8% of PET bottles are lost to the environment144 
and the remaining PET bottles are disposed of. Of the disposed PET 
bottles, 20% are incinerated and 80% are landfilled.145 We assume PET 
is made of 94% virgin plastic and 6% recycled plastic.146

Marine and Road Litter Calculations
Oceana estimates that the United States was responsible for 12,200 
tons of PET bottle marine debris in 2017, which is equivalent to 24.4 
million pounds of material entering the ocean each year.147 This is 
equivalent to 0.4% of the 5,913 million pounds of PET put on the market 
in the U.S. in 2017. We calculated the glass and aluminum marine 
debris mass using the PET marine debris mass as a baseline reference. 
Since most litter characterization studies are based on the number of 
pieces collected rather than the mass of litter collected, we estimated 
the mass of UBC and glass marine debris by multiplying the litter 
count with a standard size and weight for each container type.148 We 
based the litter count for each packaging type on data provided by the 

Container Recycling Institute in their 2015 study on beverage container 
litter on the Great Lakes coastline.149 We then scaled the calculated 
mass for aluminum and glass in proportion to the Oceana PET marine 
debris estimate to calculate the marine debris mass, and we calculated 
the corresponding percentage using the total market mass for each 
packaging type as the denominator. Marine litter results are reflected 
in the mass- and percentage-based MFAs. We recognize that the mass 
of glass litter is likely overestimated compared to the other packaging 
types, as our calculation does not account for broken glass separate 
from whole glass bottles, so the glass litter mass should be viewed 
as a high-end estimate.

We based the litter calculations off a 2009 road litter study from Keep 
America Beautiful, the most recent and comprehensive study for litter 
in the United States, which estimates the total number of pieces of road 
litter at 51.2 billion items by count.150 We increased the percentage of 
items allocated to beverage containers to 9% based on the 2015 litter 
study by CRI, and split this amount by packaging type using the count 
estimates from the same study. We then scaled up from number of 
items to mass using the same unit mass assumptions from the marine 
litter calculation. The marine and road litter calculations should be 
viewed as an order-of-magnitude estimate based on best available data, 
and further research needs to be done to better track the amount of 
beverage container material being lost to the environment in the United 
States. We recommend developing standards for consistently and 
reliably measuring the amount of marine and terrestrial litter entering 
the environment each year.

While our analysis indicates a similar percentage of PET, glass, and 
aluminum cans disposed of in the environment, the actual impact on 
marine and terrestrial ecosystems should be evaluated beyond a mass 
calculation. PET and other plastics have shown to have serious negative 
impacts on marine life, breaking down into microplastics and being 
consumed by all levels of the food chain. These microplastics never 
fully break down or biodegrade, which cause cascading negative effects 
on our oceans and ecosystems. This further highlights the importance 
of creating strong circular systems and creating our products to be 
environmentally regenerative by design.

139 NAPCOR & APR. (2018). 140 The Container Recycling Institute. (2020). 141 Damgacioglu et al. (2018). 142 Ibid. 143 NAPCOR & APR. (2018). 144 Calculated using data from 
CRI (2015), Keep America Beautiful (2009), & Oceana (2020) 145 EPA. (2019). 146 NAPCOR & APR. (2018). 147 Oceana. (2020). 148 Aluminum can: 12oz, 0.0294lbs. PET 
bottle: 590ml, 0.044lbs. Glass bottle: 12oz, 0.437lbs. 149 The Container Recycling Institute. (2015). Table 1. 150 Keep America Beautiful. (2009).
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151 The Aluminum Association. (2019). 152 PE Americas. (2010a). 153 The Container Recycling Institute. (2015). 

To understand the systemic effects of certain interventions, the material 
flows are modelled over time. Three scenarios describe interventions 
in the realm of behavior, technology, and policy.

The goal of this modeling exercise is to understand the effects that 
certain interventions would have on the material system. It does not 
aim to predict the future or to describe a realistic future trajectory, but is 
rather meant to explore the limits and impacts of circular interventions 
for each material type. To achieve this, the three scenarios are modelled 
separately, so that the effects attributable to the interventions can be 
distilled. With this systems perspective, informed decisions can be 
made regarding the desired outcome of (a combination of) certain 
interventions.

The material systems of beverage containers are modeled as a 
dynamic system using Vensim software. To allow for fair comparison, 
several life cycle stages are identified, which are shared by aluminum 
beverage cans, glass bottles, and PET bottles. Modelled life cycle 
stages include the production phase, the end-of-use collection phase, 
the reprocessing phase, and the disposal phase. Key leverage points 
in these systems are, amongst others: collection rates, deposit rates, 
processing efficiencies and losses, and waste management practices.

Our method for allocating the impact of recycled materials includes 
the impacts of recycled content towards the product system, and if 
increases in recycling efficiency are achieved, the additional available 
recycled content is assumed to displace primary material at a 1:1 ratio. 
However, the materials under analysis never achieve a 100% recycled 
content level due to practical material limits explored in Chapter 1. 
We included a recycled content ceiling for each material type based 
on design requirements. If more material is recovered than can be 
absorbed by the material system of focus, the additional environmental 
benefits that could be achieved if these materials would displace 
primary material in other product systems are not counted towards 
the closed-loop product system, but are instead counted towards the 
open-loop product system. These additional environmental benefits 
are shown separately to indicate the benefits of increasing recycling 
rates to the highest possible levels.

Behavior Scenario
Effective curbside collection is strongly dependent on changes in 
behavior, therefore this scenario explores the effects of increased 
rates of collection for the different material systems.

Technology Scenario
Reducing the amount of materials lost in the processing stages is 
strongly dependent on the efficiency of the technology used in the 
processing steps in the recovery supply chain.

Policy Scenario
This scenario is based on case studies of states that have implemented 
bottle bills. These cases show the potential for strong increases in 
deposit rates.

Key Assumptions
Constant market mass for each material system
The number of beverage containers put-on-market are kept at a 
constant level over time for the dynamic modeling exercise, which 
allows the results to focus on the effects of interventions rather than the 
current market trends. This assumption is supported by the historical 
data for aluminum,151 which shows that the market mass of aluminum 
cans has fluctuated between 3000 and 2700 million pounds (MMlbs) 
over the course of 20 years, suggesting only a slight downwards 
trend.152 Similarly, the market mass of glass has fluctuated between 
11,000 and 9,000 MMlbs over the course of 20 years, showing only 
a slight downward trend. On the other hand, PET bottles do show a 
relative increase in market share compared to aluminum and glass,153 
but to maintain a fair comparison with the other containers, a constant 
market mass is assumed.

APPENDIX 3: DYNAMIC MODEL
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Recovered materials displace primary material
This model explores improvements in the collection, processing, or end-
of-life phases of materials, which all increase the amount of recovered 
material available. Increased recovery practices result in increased 
energy and logistics use for recovery, but also reduce the amount 
of primary materials needed for container production. To give each 
packaging type a fair comparison, this model assumes that 100% of 
the extra secondary material produced by the interventions displaces 
primary raw materials. And if the extra secondary material production 
exceeds the system's demand for secondary material, 100% of the 
excess secondary material would displace primary raw materials in 
the expanded material system as open-loop recycling. A distinction 
is made between materials fit for high-quality recycling and materials 
which can only be incorporated into material systems with lower quality 
and purity standards. 

We recognize a 100% displacement rate for these materials is 
unlikely, as discussed extensively in the report. Some studies have 
shown that increased secondary material supply does not always 
displace its primary counterpart, as described by Zink (2017)154 and 
Palazzo (2019).155 For material systems with currently low amounts 
of secondary materials, like that of PET bottles, it seems unlikely that 
the systems in place could cope with processing a rapid increase in 
secondary materials. Additional research is required to assert what 
proportion of excess secondary materials would displace primary 
material, for each material system. Transparent industry performance 
metrics would be valuable in developing standardized displacement 
rates for each material type.

An upper bound for the secondary material fraction
For all material systems in this study, several physical and chemical 
limitations exist which indicate that some fraction of primary raw 
materials is always required to maintain product quality, unless the 
product is redesigned to eliminate the need for primary resources. The 
model implements this by introducing a “recovery ceiling” specific for 
each material system.

	• Aluminum upper bound: 90%
	• Glass upper bound: 90%
	• PET upper bound: 43% for co-collected PET and 72% for mono-

collected PET

Increased collection rates increase processing efficiency
The effectiveness of recovery practices is dependent on the quality 
of the material flows. For example, with high deposit rates for glass, 
the recovery becomes more effective because fewer impurities are 
introduced into the system. The scenarios that describe increased 
collection or deposit rates reflect these dynamics.

Transition period of 10 years
This model does not explicitly account for existing capacity of 
secondary supply chains (e.g. waste management, sorting, and 
facility infrastructure), and whether these can deal with the proposed 
transitions. To account for this, the models assume a 10-year transition 
period for all nodes in the material system. It is up to practitioners and 
industry experts to judge whether this transition period is realistic for 
specific locations and situations, or whether results could be achieved 
either earlier or later, and which processes would be the bottlenecks 
in a transition scenario.

Material flows and environmental impact
To gauge the environmental impacts over time, the material flows of the 
dynamic model are coupled with environmental impacts from Ecoinvent 
3.5 using a life cycle methodology. Slight differences are to be expected 
between the static impact assessment and the dynamic assessment 
because the grouping of processing steps is slightly different. When the 
material system models secondary materials that exceed the demand 
of secondary materials in the system, open-loop recycling is assumed, 
and the environmental benefits of this extra available material are 
counted by assuming the difference between the environmental impact 
of primary material production versus secondary material production. 
Because the environmental benefits of using secondary material are 
already counted in the material system, it is not allowed to “double” 
count the benefits of the extra available secondary materials open-loop 
recycling within the system boundary. These benefits can be referred 
to as “the amount of potential impact reduction that could be enabled 
in other product systems.” These cannot be referred to as “avoided 
burdens” or be used to assert that the material system is “net zero” 
or similar claims.

154 Zink et al. (2017). 155 Palazzo et al. (2019).
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Results from the dynamic model scenarios
Aluminum Cans
The different interventions explored in the scenarios show very different 
effects on the aluminum material system. 

Sorting Scenario
Increasing the sorting efficiency suggests few small-scale changes 
in the fate of materials. More aluminum recovered from incineration 
becomes available at the expense of landfilled aluminum, but it is 
unlikely that this material would displace primary aluminum. There is 
also a slight increase in recovered high-quality aluminum because of 
fewer sorting losses.

Collection Scenario
An increase in collection suggests significant changes in the aluminum 
material system. The amount of recovered aluminum from incineration 
and the amount of landfilled aluminum are reduced strongly, to the 

benefit of a strong increase in the amount of high-quality recovered 
aluminum. When the overall collection grows to 71% (18% from 
deposits, plus separate collection grows from 30% to 53%), enough 
beverage cans are being recovered to satisfy the need for secondary 
demand of aluminum without getting it from other sources.

Bottle Bill Scenario
This scenario suggests the largest changes in the aluminum material 
system, reducing the amount of aluminum recovered from incineration 
and the amount of landfilled aluminum due to a strong increase in 
high-quality collection with minimal sorting losses. When the overall 
collection rate amounts to 73% (30% from separate collection, and 
the deposit rate grows from 18% to 43%) enough beverage cans are 
being recovered to satisfy the need for secondary demand of aluminum 
without getting it from other sources.

Table A33: Interventions which show when the closed-loop limit is reached for the aluminum material system.

REFERENCE SORTING COLLECTION BOTTLE BILL
Sorting efficiency 75% Not reached

Collection rate 30% 53%

Deposit rate 18% 43%

Figure A4: The bottle bill scenario suggests an increase of 44% more material recovery within 30 years, compared to 29% for the collection scenario, and 11% for the 
sorting scenario.
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Glass Bottles
The model predicts that increases in sorting and collection do not 
achieve the saturation point for a closed-loop system. Only with the 
increase in deposits, under a national bottle bill scenario, does the glass 
material system sustain its own supply of secondary raw materials.

Sorting Scenario
The sorting processes for glass are already very efficient, so 
improvements here do not significantly contribute to impact reduction.

Collection Scenario
Increasing the collection rate significantly reduces the amount of 
landfilled glass, but since a large amount of processed glass ends up
used in lower quality applications, a relatively small effect is expected in

the displacement of primary glass, and the impact reductions are small. 
The increased collection does not supply enough glass to sustain the 
required amounts of cullet, so the glass material system stays reliant 
on external inputs of secondary materials (cullet).

Bottle Bill Scenario
Only the bottle bill scenario shows a potential for achieving a closed-
loop system, but only at a very high deposit rate (79%) is this achieved. 
In our model, when deposit rates reach 79%, the remaining separate 
collection rate is 12%, resulting in a total of 91% of glass being collected 
through both systems. Increased deposits are linked to decreases in 
available lower quality glass (open-loop recycling) and decreases in 
landfilled and incinerated glass.

REFERENCE SORTING COLLECTION BOTTLE BILL
Sorting efficiency 95% Not reached

Collection rate 22% Not reached

Deposit rate 19% 79%

Table A34: Interventions which show when the closed-loop limit is reached for the glass bottle material system

Figure A5: The bottle bill scenario suggests an increase of 73% more material recovery within 30 years, compared to 49% for the collection scenario, and less than 1% 
for the sorting scenario.
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Figure A6: The bottle bill scenario suggests an increase of 113% more material recovery within 30 years, compared to 63% for the collection scenario, and 2% for the 
sorting scenario.

REFERENCE SORTING COLLECTION BOTTLE BILL
Sorting efficiency 85% Not reached

Collection rate 14% Not reached

Deposit rate 17% 83%

Table A35: Interventions which show when the closed-loop limit is reached for the PET bottle material system

PET Bottles
Only high deposit rates allow for the PET material system to sustain 
its own supply of secondary material. Deposit systems also provide 
cleaner material PET material streams, which allows for a higher 
recycled content limit in a closed-loop system. 

Sorting Scenario
Sorting efficiencies are already quite high, so improvements in sorting 
do not result in significant changes to the material system.

Collection Scenario
Increased collection largely diverts some of the landfilled PET towards 
lower quality (open-loop) recycling, most of which cannot be used in 
the PET bottle system because of its food grade quality requirements.

Bottle Bill Scenario
This scenario shows the biggest potential for displacing primary 
material, and it shows the largest potential for reducing landfill and 
incineration. Increased deposit practices actually reduce the amount 
of low-quality PET available in the expanded system, but increase the 
amount of higher quality available in the PET material system, after 
saturating the secondary material requirements for producing PET 
bottles.
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Environmental Savings
Increasing collection, processing, and recycling does slightly increase 
environmental costs because of transportation and reprocessing. 
However, if the increased recycling displaces primary material, the 
environmental benefits often strongly outweigh the costs.

Method
To estimate the potential environmental savings that the different 
packaging options have over time, given the different interventions 
proposed in the dynamic MFA model (improved collection, sorting, 
or bottle bill), we scaled up the reference flows for each relevant unit 
process to the market mass in the United States: million pounds. 

We linked material flows from the dynamic MFA model to Ecoinvent unit 
processes, to get a picture of the attributable environmental impacts 
of each life cycle stage. For example, in the aluminum system, the 
dynamic MFA flow “primary aluminum,” which quantifies the amount 
of primary aluminum produced in a given scenario between the years 
2020-2040, is linked to all relevant unit processes involved in the 
production of primary aluminum. This includes bauxite extraction, 
alumina production, electrolysis, and casting. As the amount of primary 
production changes over time, so does the mass for each of these unit 
processes. The same approach is followed for downstream processes 
(e.g. landfill, recycling, incineration, etc.). The logistics assumptions 
(average distance per transportation stage for each packaging product, 
modality) are similar to those used in the static assessment.

Main Assumptions
The dynamic MFA model also models the destination of materials after 
the use phase. Once processing losses are accounted for, the increases 
of recovered high-quality material are allocated to replace primary 
materials at a 1:1 ratio. While this is not a realistic displacement rate 
for all material types due to economic factors and potential circular 
economy rebound effect considerations, we used a 1:1 displacement 
ratio to model the maximum potential benefit of improving the system 
for each material type. The impacts of the secondary production 
(collection, sorting, cleaning, pressing, recycling, remelting, etc.) are 
often lower compared to primary resource production. This introduces 
environmental benefits which are attributed to the material production 
system. 

However, if more material is recovered than can be absorbed by the 
closed-loop system, these environmental benefits cannot anymore be 
attributed to the material system of focus. This “superfluous” recovered 
material is counted separately, in order to gauge the potential impact 
reduction this could have in other material systems. This material flow, 
which is available as secondary material in an open-loop recycling 
system, is referred to as “open-loop secondary material.”
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Findings: Aluminum 
Aluminum Collection Scenario
Displacing primary aluminum with secondary aluminum from beverage 
cans suggests strong improvements in environmental performance, 
as energy requirements for producing secondary aluminum are 93% 
less than producing primary aluminum.156 Our results reinforce this, 
as the environmental impact over time strongly declines in the period 
where primary aluminum is displaced by secondary aluminum, until 
the recycled content ceiling is reached. Improving reverse logistics 
through expanding curbside collection or deposit systems can allow the 
aluminum beverage can material system to sustain its own secondary 
material requirements. This becomes possible when curbside collection 
rate increases from 30% to 53%, augmented by an additional 18% from 
deposit systems.

Once enough aluminum is recovered to sustain its own secondary 
material requirements, extra aluminum from the beverage industry 
becomes available to others in the aluminum material system, yielding 
potential environmental savings from the displacement of primary 
materials in other sectors. 

Since most of the water depletion potential in the aluminum system is 
associated with hydroelectric energy generation for primary production 
(electrolysis), the displacement of primary aluminum in other markets 
has a significant potential to decrease water depletion. 

Aluminum Sorting Scenario
Interventions that improve sorting appear to yield a relatively low 
environmental saving potential compared to improved collection. 
This is because sorting efficiencies are already relatively high, so 
improvements in this area are limited.

Increased sorting efficiencies without also improving other recovery 
practices results in displacing a moderate amount of primary material, 
and the increased amount of processing losses that end up in 
incineration become available in the aluminum material system as 
lower purity aluminum, which has the potential to displace primary 
aluminum in other systems where alloy purity is not as crucial.

Aluminum Bottle Bill Scenario
Out of all three scenarios, the introduction of bottle bill legislation in 
the country yields the highest potential for environmental savings. 
Large amounts of high-quality material are recovered, which allows 
the beverage can material system to satisfy its secondary material 
requirements. This is achieved when the deposit rate grows from 18% 
to 43%, augmented by an additional 30% from separate collection 
systems.

When deposit rates grow larger, increased amounts of additional high-
quality material become available to other markets, also allowing for 
the potential to displace primary aluminum in other material systems. 

156 Ecoinvent 3.5 Database
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Findings: Glass
Increased collection means more glass can be processed, however 
only the highest quality can be recovered back to glass containers. In 
our model, the manufacturing of glass bottles using 100% glass cullet 
requires slightly less (≅18%)157 energy compared to processing virgin 
glass. This means that the added environmental benefit of recycling 
glass is comparatively lower than for aluminum and PET.

Glass Collection Scenario
Increasing collection diverts glass from the landfill into the existing 
recycling system. A significant proportion of this glass is reused for 
low-quality purposes, so the amount of displaced virgin glass and its 
corresponding environmental benefits are negligible.

Also, due to the rise in glass collected and sorted, higher end-of-life 
logistics are required. This drives minor increases in emissions and 
water impacts in the glass system.

Glass Sorting Scenario
Similar to the collection scenario, environmental savings appear to be 
negligible since sorting efficiencies for glass are already relatively high. 

Glass Bottle Bill Scenario
The deposit bill scenario suggests that almost all glass flows can be 
reused at a high quality, and downcycling, landfilling, and incineration 
can all be significantly reduced. Because some of the recovery steps 
can be skipped, the environmental impacts of processing glass in a 
bottle bill scenario are lower than in a high collection scenario. But 
because of the high energy requirement of remelting secondary glass, 
which is only slightly less than that of virgin glass, the environmental 
benefits are relatively modest. The best ways to significantly reduce the 
environmental impacts of glassmaking in the long term is either i) use 
renewable energy sources in the manufacturing of glass containers or 
ii) put in place local reuse systems which extend the lifespan of glass 
containers while simultaneously reducing the transportation impacts 
associated with this packaging material.
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Findings: PET
PET Collection Scenario
Increasing collection rates for PET (without processing improvements) 
shows that large amounts of low grade PET will become available, and 
only a small proportion of this recovered PET is of high enough quality 
to displace primary PET in the closed-loop system. The increased 
impacts of sorting and processing PET actually negate the benefits 
from displacing primary PET in the closed-loop system.

Increased collection does enable certain amounts of non-food-grade 
PET to become available in the open-loop system. This material is 
not usable in PET bottle production, but it could potentially reduce 
the environmental impacts in other product systems where it is used 
instead of primary materials (e.g. fleece production).

In the model, the environmental savings for PET recycling are largely 
abated due to the increased transportation from recycling treatment 
plants to re-manufacturing facilities in the end-of-life stage, together 
with the increased impacts from recycling activities.

PET Sorting Scenario 
Because PET sorting efficiencies are already quite high, the 
environmental impacts of reducing sorting losses are negligible for 
all three environmental impact categories. 

PET Bottle Bill Scenario
Deposit systems achieve the most significant increases in the amount 
of available food-grade PET. Once the deposit rate increases from 17% 
to 83%, the PET bottle material system produces as much high-quality 
recycled PET as it consumes, and the ceiling for recycling content is 
reached. 

The extra available recovered material that is superfluous to the PET 
bottle manufacturing system has the potential to reduce environmental 
impacts in other material systems.
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COLLECTION SCENARIO SORTIN SCENARIO BOTTLE BILL SCENARIO
PACK TYPE GWP WDP CED GWP WDP CED GWP WDP CED

ALU -33% -57% -25% -15% -23% -12% -35% -57% -27%

PET -2% +3% -1% -1% +1% -1% -26% -1% -26%

GLASS +2% +14% -1% 0% 0% 0% -1% +14% -9%

COLLECTION SCENARIO SORTIN SCENARIO BOTTLE BILL SCENARIO
PACK TYPE GWP WDP CED GWP WDP CED GWP WDP CED

ALU -29% -56% -20% -9% -18% -6% -60% -115% -41%

PET -12% -5% -15% -1% -1% -1% -1% +1% -1%

GLASS 0% 0% 0% 0% 0% 0% -10% -3% -9%

SUMMARY TABLE

Table A36: Open-loop impact reduction potential
[% change from 2020 baseline]

Table A37: Open-loop impact reduction potential
[% change from 2020 baseline]

* The bottle bill scenario has been outlined to highlight its improved potential in reducing negative environmental impacts compared to improved collection and 
sorting interventions in all three packaging systems. 
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