™ & 6 ¥ A

LIFE-CYCLE MODEL

GREET Life Cycle Analysis of Plastic Pathways
to Support a Circular Economy

Troy R. Hawkins, Thathiana Benavides, Ulises Gracida, Taemin Kim

Systems Assessment Center LAV NIST Plastics Data & Harmonization Workshop
Energy Systems and Infrastructure Analysis Division January 25, 2023
Argonne National Laboratory ’

@:@’\ U.S. DEPARTMENT OF _ Argonne National Laboratory is a
%@ 3 ENERGY U.S. Department of Energy laboratory
NSy managed by UChicago Argonne , LLC.

NATIONAL LABORATORY



Systems Assessment Center &

Analyzing the benefits and
challenges of technologies to
make the U.S. more sustainable,
secure, and resilient.

= Assess technologies and programs
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= Diverse group of ~65 engineers,
economists, analysts, modelers, and
planners.
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GREET Model Overview

Greenhouse Gases, Regulated Emissions, and Energy Use in Technologies

« Consistent tracking of the life cycle performance of energy and products
— Used to inform and guide DOE research and external policies

* Argonne has been developing GREET since 1995 with annual
updates and expansions.

 Expanded from transportation-focus to include a wide range
of technologies

— Fuels, Vehicles, Chemicals, Plastics, Agriculture, Metals,
Concrete, Buildings, Batteries, Electricity Infrastructure
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GREET Scope

Key LCA metrics

Greenhouse criteria AIr Energy Use Water Consumption
Gases Pollutants &y P
» Carbon dioxide * Sulfur Oxides By type: Withdrawals less local
* Methane « Particulate Matter « Petroleum releases
* Nitrous Oxide * Nitrogen Oxides « Natural gas
» Black carbon * Volatile Organic e Coal AWARE-US model
» Albedo Compounds « Biomass estimates regional and
* Carbon Monoxide « Nuclear seasonal water stress
Characterized by global * Hydro
warming potential (CO,-eq.) « Wind
based on IPCC AR5 Distinguished between « Solar
urban and non-urban
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~50,000 Registered Users

50,000
45,000

Users of GREET .Net only Oceania, 1.6%
40,000 Users of both GREET Excel and .Net Sub-Saharan Afica,

35,000 Users of GREET Excel only

North America, 63.7%

30,000 12%

25,000 \ Europe, 16.3%
20,000

" Central America &
15,000 Caribbean, 0.1%

10,000 58%

5,000
International
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GREET Informs Policy and Regulation

California Environmental Protection Agency

©= Air Resources Board

@MARAD

Maritime Administration

USDA
e

<

Environment and
Climate Change Canada

California-GREET is an adaptation of Argonne’s GREET model

Specified in Inflation Reduction Act related to the Clean Fuel Production
Credit and the Clean Hydrogen Credit

U.S. EPA uses GREET with other sources for Renewable Fuels Standard
pathway evaluations

Oregon Clean Fuels Program also uses an adaptation of Argonne’s GREET
model

National Highway Traffic Safety Administration for fuel economy
regulation

Federal Aviation Administration and International Civil Aviation
Organization using GREET to evaluate aviation fuel pathways

U.S. Maritime Administration - renewable marine fuel options for IMO
2020 sulfur limits

U.S. Dept. of Agriculture bioenergy LCA and carbon intensity of farming
practices

Canadian Clean Fuel Standard for Environment and Climate Change
Canada fuel pathways



Plastics in GREET

GOAL.:

Conduct analysis of advanced technologies to enable bioplastics and a
circular economy for plastics. Provide scientific research and build
consensus around technologies to address plastic waste and improve
sustainability.

» LCA of bioplastics, plastic re-/upcycling, and plastic-to-fuels.
+ Develop a circular economy sustainability analysis framework.
« Stakeholder engagement and consensus building.

Key issues:

+ Establish technologies to enable a sustainable future for plastics. )

* Understand the potential for chemical recycling vs. pyrolysis vs. waste- &
to-energy.

* Improve the environmental performance and economics of biofuels
with co-products.

* Build consensus around the sustainability implications of circular
economy strategies.
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Plastics

GREET contains plastics supply chains to help address environmental concerns related to the
production and use of plastics

. Manufacturin
Feedstock Conversion : :
& Processing

» Fossil-based « Chemical - Extrusion « Fossil-based « Landfill
* Chemical » Thermochemical « Compression * PET * Composting
I(Dethylene,  Biochemical molding . EDPE/LDP . V(\Jl%zngﬁztrg;
Panniha, stc. rBlowmolding -\ 506,66 recovery
. Bio-based » Calendaring . PC * Recycling
« Cellulosic * Injection . PP » Mechanical
+ Woody molding . PUR recycling
» Waste . PVC * Chemical
* Biochemical « Bio-based repyclmg_
precursors:  Bio-PE * Biochemical
adipic acid, _ recycling
acrylic acid, bio- * Bio-PET
ethylene, etc.) o . PLA é
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Circular Economy Sustainability Analysis Framework of Plastics

= Objectives
Quantify and compare energy and environmental metrics for conventional and circular plastic packaging pathways by

extending the life cycle analysis (LCA) framework to address circular/upcycling pathways

Specify a framework for analysis of plastic in circular economy, building on established LCA methods

= Analysis

The study compares the production of PET bottles through different technologies
A circular economy sustainability analysis framework was developed in GREET

The framework integrates LCA with Material Flow Analysis (MFA) to simultaneously estimate environmental and circularity

metrics

Four case studies were designed to evaluate the interactions between the conventional and circular PET production

pathways

[ Life Cycle Analysis]

Conventional pathways
» Virgin PET - PTA & EG route
» Virgin PET - DMT & EG route

Greenhouse Gases, Regulated
Emissions, and Energy Use in

Circular pathways
* Mechanical recycling
* Enzymatic hydrolysis

1) Current state

2) Max. mechanical recycling

3) Mechanical & Chemical

4) Mechanical, Chemical & Upcycling

National Laboratory i a

«'ﬁg U.S. DEPARTMENT OF _ Argonne
g @ ENERGY U.S. Department of Energy laboratory
managed by UChicago Argonne, LLC.

> Technologies (GREET) Model

PET: Polyethylene terephthalate
PTA: Purified terephthalic acid
DMT: Dimethyl terephthalate

[ Material Flow Analysis]

Estimation of material flow factors

» Recycling rates

* Yields of operations

* Recycled content

» Co-product shares

» Technology shares

Estimation of flows in the supply chain

EG: Ethylene glycol

Environmental metrics

*  GHG emissions

* Total energy consumption
e Water consumption
Circularity metrics

* Virgin material use

» Solid waste generation
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Circular Economy Sustainability Analysis for Plastics

New plastic recycling
Mster o etor pathways for PET (bottle)
production:

Tools LA

Life cycle inventories

Virgi -
irgin Fossil Fossil MEG

PET > and PTA
Technology pathways feedstock | | | duction | | Polymerization
" Fossil MEG | o po| izati |_
lymerization
Fossil 1,1 and DMT

feedstock

- Mechanically-recycled PET

p

- Chemically-recycled PET
(via enzymatic hydrolysis)

YI e | d S Recycled PET Mechanical Injection
ttle-to-bottle extrusion stretch

E > Rar U2 blow
B Bottle molding

to bottle

otpMRFA X t] " Net hydrol
bottles @
[13) Bottle to |
co-products i

Bottles from

virgin and
ecycled
redaurces

Waste
PET
bottles

Yields

Recycling losses [

Recycling rates s aravanel

Waste~]_ | Collection Reclaiming = Methanolysis
PET } | textile g olymerizatiol
\ textile R1f bottle
Net
recycled
Waste | fiber

Fiber to
co-products

PET [ A Ll
carpet

|Solid waste |<—| Recycling losses |

Upcycling
(Fiber-to-bottle)

Determine the
! Mass flows

Approaches Technology pathway Multicycle Systems analysi
. Environmental
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Circular Economy Sustainability Analysis for Plastics
Major findings of the study

Life cycle impacts and circularity metrics of the supply chain of PET Bottles by

+  Trade-offs between the environmental and circularity indicators of the
recycling technologies were identified

*  Recycling technologies with lower GHG emissions increase the reliance on
virgin materials and vice versa

* Reclaiming operations are the major drivers of GHG emissions in the
recycling pathways

»  Chemical recycling and upcycling do not reduce the life-cycle impacts of the
current supply chain but reduce virgin material use and solid waste generation

Sankey diagram of the U.S. supply chain of PET bottles when applying
simultaneous circular economy strategies

I Feedstock

| System boundary of
the analysis in GREET

Virgin
material

Post-use

material

1477

Mechanical
. Virgin

774, U.S. DEPARTMENT OF

. Argo
{Z/ENERGY ...

Resin Product et Recycling End-of-life 1
production MOEENE) | o UED management |
672 |
' !
Bottle Injection 2680 recycling |
PET| blow ottles Chemical
resin | 2280 | | molding 358 0 recycling 2 |
218 18 |(Hydrolysis) 56
739 N > 32 7396 |
-———————— —— == “tandfitt —
=~ 30
207 | Other recycling NN {
roducts 59 sea i -
02 P 238 ] Déwncycwung) iy 4
e Incineration
ost-use | 584 | Upcycling V' /4
fiber Methanolysis|
1398 1y 73
8220 5655
217 extrusion | Film 27635 =
on-Bottie|__/ ? 8
lgrade PET 7500 Yarn 710 Polyester
spinning fibers w0t
B 5 Inuse stock 1719 | 14

Landfill
Upcycling

I Recycling

== Product flows
= Downcycling

B Chemical Recycling
W Incineration

B Post-use feedstock

applying different circular economy strategies

o _ Current state
1

£
E 2 Mechanical maximized
g
52
s Mechanical & chemical
52
2

Mechanical, chemical & upcycling

Current state
Mechanical maximized

Mechanical & chemical

GHG emissions
(kg CO, e/kg bottle)

Mechanical, chemical & upcycling

Current state
Mechanical maximized

Mechanical & chemical

‘Water consumption
{L/kg battle)

Mechanical, chemical & upcycling
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Post-Use Plastic (PUP) conversion to products

* Updated version of post-use plastic conversion via Feedstock )
rolvsis logistics and Operations at GREET model for
py y . processing pyrolysis facility ULS diesel
* Industry data collected to characterize post-use ocp oip
pIaSt|C pathways ‘r:’_’_’l’_’_’ :’_’J‘:Z’_’_’:’_’_’ iy putnpu Lyttt é I
. . . ! | i
* Included production of intermediate product such as || | . ection A !
. . nl | |
pyrolysis oil and fuel such as ultra-low sulfur ' Transport : |
(ULS) diesel. | Transport | |
« Presented the data for two types of facilities: (1) "I [ sorting [Transport i |
i ¥ at MRF Pretreatment | Heat i !
pioneer, and (2) Nth-plant. X ; generation! |
H D ! | Fuel (Displacementor
Il i .
« New inventories | Conversion i & allocation)
+ PET reclaiming operations (PET bottle-to-PET B S : > Char — 1) Landfil
ﬂake), i Pyrolysis oil uLS i \—’ 2) Energy
. . . i - . - ! -orod
« Mechanical extrusion (PET flake-to-mechanically | Separation/ | Diesel | Vehicle | | co-product
. | Upgrading operation | | (Displacement or
recycled resin),  e—— Ll 777777777777777777777777 3 allocation)
« Enzymatic hydrolysis (PET flake to purified !
. . Naphtha Wax
terephthalic acid and ethylene glycol). (Displacement or (Displacement or
allocation) allocation)

* New lubricant pathways
» Plastic Upcycling to Lubricant Product: (Cappello,
V. et al. 2022)
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Life cycle analysis of plastic-to-plastic pathways via pyrolysis

A) HDPE
=3 35 -
¥ o] +32%
2 ¥oos | 2 -23% 4%
S& 54 1.03 1.28 2.7 1
22 15 ] 133 o 2 24 4
E® 10 = e s
oS o g 21 1+32%
x ¢ 037 L +2%
© o] 0.0 o 15 A T -4 % Conventional
w "0-3 - O 4, [~ [S ittty By -
= .10 T 1 {
- Conventional 100°% allocated recycled feedstock from E’ 0.8 1 ¢ ©
T 06 A -23 % < -32 %
£ Pioheer | 5% Nt-plant | 20% N-plant c‘)“ 0.3 -50 %
O oo =
2 o3 | -131%], °o¥
[0 conventional ethylene [] Conventional propylene [ Pyrolysis oil x & -112%
via steam cracking via steam cracking -0.6
[ Hydrotreatment [ Aveided naphtha W Avoided gases Base analysis Counterfactual U.S. Counterfactual EU
[] Impact changes frem [ Other [l Polymerization
steam cracking | [ Pioneer5% ¢ N*-plant5% (O A*-plant zu%|
W Netimpact

= Evaluate the impacts of producing polyolefins through cofeeding of PUP-derived pyrolysis oil with conventional feedstocks (
naphtha and natural gas liquids)

= Use the mass balance approach to estimated GHG Emission reductions of different scenario including 5% and 20%, Plant
capacity of the pyrolysis conversion facility (Pioneer vs Nth-plant), Counterfactual scenarios (U.S. vs. E.U), composition of
the baseline feedstock of crackers

= HDPE with 100% allocated recycled feedstock showed up to 23% reductions in GHG emissions compared to conventional
production of HDPE

= Inclusion of the avoided emissions from traditional end-of-life management in the United States reduced in up to 50% the
GHG emissions compared of the conventional production of HDPE
@ ERERGY T 13 Argonne &
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Cross-database comparisons for plastics LCA: goal and scope

» Different plastics LCA databases have significant cross-database discrepancies

+ To identify the sources and quantify the degree of the discrepancy, multiple LCA databases are investigated
for five popular resin products and three post-use phases.

* The outcomes can help governmental agencies implement environmental regulations and other policies to plastics
industry using the LCA approach

GREET usLCI | Ecoinvent | GaBi_____

Software GREET OpenLCA OpenLCA GaBi
Version 2021* 2021 Spring Quarter v.3.7.1 v.10
Publisher ANL NREL Ecoinvent Sphera
Access Free public access Free public access One-time purchase Subscription-based
PET O (dataset available) (@) (0] (0] ]
HDPE (0] @] (0] 0] Rec
esin
e 0 o o 0 B production
bio-PE (0] X (not available) X (0]
PLA (0] (0] (0] (0] |
Landfill 0 X 0 0 )
Incineration (0] X O (0] 2 Eﬁ:;-:se
Mech. Recycling (0] (0] O X

*Some of the significant updates in GREET 2022 are reflected in the current analysis
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Cross-database comparisons for plastics LCA: metrics investigated

+ Metadata comparisons and breakdown analysis are conducted to quantify the degree and identify the sources of
discrepancy.
Metadata characteristics comparisons Breakdown analysis

Energy/Material inputs |———  *GREET combined = 90% PTA + 10% DMT
Datasets (UUID) 35
v ® 2%
= ;:_ 3 @ 15% N 0 O
LCl references B etharol TPA 1A &2s ®-rr 3%
: ] ; TPA Production [~ ; % ° 0 -15%
Temporal representation 32 | Production Production Z 2 . o
5 = £
Geographical representation g 3 4 1 S8 %
System bounda & =y Acetic & 50 % l I I
Final product and functional unit . Acetic acid acid :=’,°'5 ; B = B
n N 7
monoxide | > Production r [ g.\A : : o N o o N N
. Q © & & o & & N & &
Paraxylene Paraxylene PET production ‘9& QI & !@@ & f‘% & a@\@ @-“p
. & &
Technology coverage and details Crude o Production ¢ & & ¢ &
(9
Crude oil — th hreol G — PET EG s PTA or DMT s Ethylene
NG —p PEr(:gY.I‘z?:n o Pmllecgg‘:o Paraxylene Undefined e Total ====Average
Degree of representation T
Number of plants (and/or producers Unit mass of PET
Foreground co-products and allocation methods resin (bottle-grade)
Granularity (or Transparenc v

» Life cycle impact assessment (LCIA) results are compared across the databases on the consistent impact
category and factors for valid comparisons.
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Accomplishments

Series of publications providing LCA results for
biobased plastics and plastic-to-energy pathways.

« Environmental benefits of bio-based PET and
recycled PET bottles

* Incorporating biodegradation of compostable
plastic into LCA of bioplastics

+ LCA of non-recycled plastics to fuels

» LCA comparison of biobased and conventional

chemicals

+ LCA of stover-derived lactic acid and ethyl
lactate

+ LCA of new bioplastic
* New feedstocks, alternative feedstocks

» Data collection from industry waste plastic
conversion process

— Expansion of GREET® to include biobased
plastics, conventional virgin and recycled plastics,
biochemical co-products from biorefineries, and
conventional chemicals.
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Life-Cycle Fossil Energy Consumption and Greenhouse Gas
Emissions of Bioderived Chemicals and Their Conventional
Exploring Comparative Energy and Environmental Counterparts .,

Vll’gln, Recycled and Bio-Derived PET Bottles Felix Adom,” Jennifer B. Dunn,*" Jeongwoo Han," and Norm Sather"

Pahola Thathiana Benavides,™ T
and Jennifer Markham®

Sustalnable

Chemistryz Engineering”
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Life cycle analysis of renewable natural gas and lactic acid production from g
waste feedstocks

Uisung Lee ™, Arpit Bhatt ", Troy Robert Hawkins*, Ling Tao®, Pahola Thathiana Benavides®,
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GREET 2022 Contributors
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Michael Wang Taemin Kim
Amgad Elgowainy Shishir Kumar
Uisung Lee Hoyoung Kwon
Kwang Hoon Baek Kyuha Lee
Adarsh Bafana Xinyu Liu
Thathiana Benavides Zifeng Lu
Andrew Burnham Farhad Masum
Hao Cai Clarence Ng
Vincenzo Cappello Longwen Ou
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GREET 2022 Updates

GREET 1 GREET 2

* Updated and expanded hydrogen production pathways * Updated infrastructure LCA for nuclear power, hydropower, wind
with GUI in GREET Excel version turbines, solar photovoltaics

* Updated CO, utilization simulations: carbon accounting, * Updated and expanded LCA of electrolyzers (solid oxide, alkaline,
detailed modeling of CO, capture, compression, and and proton exchange membrane)
transportation, direct air capture * Updated light-, medium-, and heavy-duty vehicle components

* Included offshore macroalgae production technologies * Updated and expanded the battery LCA module with new

* Updated and expanded marine fuel production materials and domestic lithium production
pathways, with a GREET marine module * Updated inventory data for aluminum production

* Updated and expansion of biodiesel and renewable * Updated LCA of critical materials (Ni, Cu, Ti, and rare earth elems)
diesel: used cooking oil is added. * Added the end-of-life credit approach of vehicle recycling (steel

* Updated post-use plastic pyrolysis conversion and aluminum)

* Updated f':\nd expa?nded waste to polylactic acid (PLA) Backg round Data
and plastic modeling

* Updated and expanded of ammonia production * Global warming potentials of AR6
pathways (conventional, blue, and green ammonia) * US electricity generation mix and crude oil mix

* Added post-use plastic to lubricant product pathways * Methane leakage of natural gas supply chain
(including synthetic lubricants poly-alpha olefins) *  Fuel use for natural gas recovery

* Added an air separation unit to O, and N, production * Expansion of plastic inventory

* Energy intensity of rail movement of passengers

* Aviation payload energy intensities and combustion emissions
* HD hybrid electric vehicle fuel economy

* Feedstock slate for U.S. steam crackers
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