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Housekeeping

* Attendees will be in listen-only mode
* Audio connection options:
— Computer audio

— Dial in through your phone (best
connection)

 Automated closed captions are
available

Use the Q&A panel to ask questions

Technical difficulties? Contact Erik Ringle
through the chat section, lower right of your
screen

Recording will be available at:
https://www.energy.gov/eere/bioenergy/beto
-webinars

NOTICE: This webinar, including all audio and images of participants and presentation materials, may be recorded,
saved, edited, distributed, used internally, posted on DOE’s website, or otherwise made publicly available. If you

continue to access this webinar and provide such audio or image content, you consent to such use by or on behalf
of DOE and the Government for Government purposes and acknowledge that you will not inspect or approve, or be

compensated for, such use.
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BOTTLE mission and goals

Mission
. Develop robust processes to recycle existing waste plastics
and create new circular polymers.

Goals JML_Q 5 ‘ ‘v:_\
s
. Develop scalable, cost-effective processes to recycle L U

plastics discarded in large quantities today. e

. Design new bio-based chemistries and processes for
manufacturing and recycling of circular plastics.

. Work with industry to catalyze a new circular paradigm for

plastics. o / {qook
*  Foster a diverse and inclusive consortium. * 3 %,

C

changing the way we recycle
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Why plastics?

* Plastic production and disposal in the U.S. today have known implications: 2% of total U.S. greenhouse gas (GHG)
emissions and 44 million metric tons (MMT) of landfilled or incinerated waste.

* Acircular economy could reduce waste and the impacts associated with virgin plastic production.
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S. R. Nicholson, et al., Joule, 2021, 5, 673-686; A. Milbrandt et al., Resourc. Conserv. Recycl., 2022, 183, 106363.



Why analysis-guided R&D?

* As we design a circular future, innovations should mitigate harms rather than causing more.

* Negative impacts can be “locked in” by early-stage R&D decisions. More opportunities exist to address impacts
the earlier they are considered.

HIGH INFLUENCE LOW INFLUENCE CONSTRUCTION
LOW EXPENDITURE HIGH EXPENDITURE

Tradeoff between influence over
design and the cost of making design
changes in construction projects.
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SCHEMATIC DESIGN CONSTRUCTION DOCUMENTS ADMINISTRATION

Wheeler Kearns Architects; Paulson, 1976



Analysis methods
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Types of analysis

Analysis Bfﬁlndividualtechnologies Full sector or economy m&
Focus

Material availability, scarcity, and rlsks Material flow analysis (MFA)

Process modeling ﬁ% 1 Energy and material requirements
Techno-economic analysis (TEA) Cost

Life cycle assessment (LCA)

Environmental justice (EJ)

Z } Greenhouse gas emissions, Localized effects on human  Many of these techniques are used in
@ water use, toxicity, and other and community health, combination with one another.
environmental impacts well-being, and lifestyle

* Key vocabulary will be bolded in the following slides.



Define goal and scope

* What are you evaluating (feedstocks, technologies, etc.)?
*  What are you comparing to?
* What is your system boundary and is it consistent?

Fossil fuel Conversion Manufacturing Waste
extraction to polymers into products Use collection Landfill

A—pl—g—H——0

Cradle-to-gate for conventional plastic
Cradle-to-grave for conventional plastic

11



Define goal and scope

What are you evaluating (feedstocks, technologies, etc.)?
What are you comparing to?
What is your system boundary and is it consistent?

Cradle-to-cradle for recycled plastic

v
(=8

Fossil fuel Conversion Manufacturing Waste
extraction to polymers into products Use collection Landfill
I L~J7
—_— > - — | g — ﬂ[l“
oonr] | o=
a S
If chemical If mechanical
recycling recycling Sorting at
Recycling MRF*

AY
O &8

Cradle-to-gate for recycled plastic

* MRF = materials recovery facility

12



Analysis methods

Collect data &

build process
model

o

Material and energy flows
(aka life cycle inventory or
foreground data)

13



Analysis methods

@ A ?‘:"
Collect data & Material and energy flows
build process K b (aka life cycle inventory or
{20}

model - foreground data)

REMOVE(OUT

TEA

Discounted cash flow analysis

* Use prices from proprietary databases to calculate
operational expenses (OPEX) and Aspen estimates or
company quotes to determine capital expenses (CAPEX).

 Calculate minimum selling price (MSP) in $/kg.

DCFROR

Year = = ) 1 2 3
Fixed Capital Investment 54,152,725 $30,995,920 §16,530,891
Land $140,000
Working Capital $6,457,379
Toan Payment 11,583,070 §11548,078  £11,545,07¢
Loan Interest Payment 4435827 $4,215377  $6,109,08¢ 46,199,084 $577L,164  $5,300,01
Loan Principal 56,199,084 $52,692,214 77,468,550 72,139,555 $66,362,640  $60,123,57;
Product Sales 56,138,560 §74,851,426  §74,851,420
By-Product Credit $4558,581  $6,078,108  $5,078,10¢
Total Annual Sales $60,667,150 80,020 $80,920,53
“Annual Manufacturing Cost
Feedstock 12,934,688 $17,246250  $17,245,25(
Other Variable Costs 33700857 $38,515265  £38,515,26¢
Fixed Operating Costs $5,277,349  $5,277,34%  $5,277,34
Total Product Cost $51912,894  $61,038,864 _ $61,038,86:
Annual Depreciation
General Plant Writedown 14% 24.49% 17.49%
Depreciation Charge $18,455190 31628243 §22,587,01
maining Valu $110652,354  $79,084,150  $56,476,23¢
Steam Plant Writedown 3.75% X 5.
Depraciation Charge 580,731 $1,040,842 $962,78¢
Remaining Value $13,878,750  $12,837,808  $11,875,01¢
Net Revenue ($16,410,748) ($18,540,681) (8,960,043
Losses Forward ($16,410,748)  ($34,960,429
Taxable Income ($16,410,748) ($34,960,429)  ($43,929,472
Income Tax $0 $0 8




Analysis methods

Collect data &

i o
(ieto) TN 3 €
o O :
= o 04 i B1 E o\

build process
model

&

Material and energy flows
P (aka life cycle inventory or

foreground data)

TEA LCA

Discounted cash flow analysis Impact assessment

* Use prices from proprietary databases to calculate

* Link life cycle inventory to background data (e.g.,

operational expenses (OPEX) and Aspen estimates or ecoinvent) in an LCA software (e.g., SimaPro, Brightway)
company quotes to determine capital expenses (CAPEX). « Use an assessment methodology (e.g., TRACI, ReCiPe) to

 Calculate minimum selling price (MSP) in $/kg.

DCFROR
Near ) =1 o 1 3 3
34,132,723 $30,395,420 516,530,891
$140,000
6,457,378
§11,588,070  §11,548,070  $11,548,07¢
$405,027  $4,215377  $6,155,084 $6,199,084 5,771,184 $5300,01
6,199,084 $52,692,214 77,488,550 72,139,555 $66,362,640 60,123,57;

§55,136,560  §74,851,406  $74,851,42
$4,558,581  $6,078,108  $6,078,10(
60,607,150 $80,928 £80,920,53

$12,934,688  $§17,246,250  $17,246,250
$33,700,857  $38,515,265  $38,515,26!
§5,277,349  $5,277,349 $5,277,34¢
$51,912,894  $61,038,864 __ $61,038,85

14% 24.45% 17.49%

18,455,190  $31,628243  $22,587,91

$110,692,384  $79,084,150  $56,476,23(
3.75% o

) .
$540,731 $1,040,942 $962,78¢
$13,676750  $12,837.808  $11,875,01¢
T16,410,748) (516,545, 661) (59,069,043
£16,410,748) (34,960,429

(516,410,748) (334,960,428 (543,929,472
$0 $0 $t

estimate environmental impacts.

[eepr— P S —

Project: I =] [ o] (e DX 2t vy 2 gt ety [ comments
T - =
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Qualitative BRIl Ch ]

AnalySiS methOdS analysis community and worker

safety impacts.
; ! 7
| @ I N
(D) (D) ; v |
(ia19) = |

P (aka life cycle inventory or

& foreground data)

|
o

|
T
P

Collect data &

Material and energy flows
build process
model

&

TEA LCA

Discounted cash flow analysis Impact assessment

* Use prices from proprietary databases to calculate * Link life cycle inventory to background data (e.g.,
operational expenses (OPEX) and Aspen estimates or ecoinvent) in an LCA software (e.g., SimaPro, Brightway)

company quotes to determine capital expenses (CAPEX). « Use an assessment methodology (e.g., TRACI, ReCiPe) to
* Calculate minimum selling price (MSP) in $/kg. estimate environmental impacts.

DCFROR e Vi Took Hap
e

jear = =i ) 1 E) 3 e
Fixed Capital Investment 54,132,723 330,995,420 316,530,891
Land 140,000
$ o Project; semwois <) [ [ [
11,583,070 §11548,078  £11,545,07¢
4435827 $4,215377  $6,109,08¢ $6,199,084  $5,771,164  $5300,01 e
56,199,084 $52,692,214 77,468,550 72,139,555 $66,362,640  $60,123,57;

§55,136,560  §74,851,406  $74,851,42
$4,558,581  $6,078,108  $6,078,10(
60,607,150 $80,928 £80,920,53

$12,934,688  $§17,246,250  $17,246,250
$33,700,857  $38,515,265  $38,515,26!
§5,277,349  $5,277,349 $5,277,34¢
$51,912,894  $61,038,864 __ $61,038,85

14% 24.45% 17.49%
18,455,190  $31,628243  $22,587,91
$110,692,384  $79,084,150  $56,476,23(
3.75% X [
540,731 $1,040,542 $962,75¢ 16
513,678,750 $12,637,608  $11,675,01¢
(316,410,748) (518,549,681) (58,969,043
416,410,748)  (§34,960,429
($16,410,748) ($34,960,429) (343,929,472
50 50 8t




Filling data gaps

Imagine our process uses or produces a new material, like a complex catalyst, solvent, or monomer mixture.

Process modeling

Problem: missing thermodynamic properties

Solutions: literature search, experimental
validation, proxy assumptions

TEA

Problem: unknown cost

Solutions: tools such as CatCost, model the new
material’s production, proxy assumptions

LCA

Problem: unknown environmental impacts

Solutions: model the new material’s production,

estimate based on precursors, proxy assumptions
17



Analysis interpretation

Interpret results: Iterate:
Comparison - how does the new process compare to conventional? * Adapt process and
Hotspots - which materials or energy are the biggest contributors to each metric? model to address

problem areas

 Communicate
opportunities for
improvement

Sensitivity - how big of an affect will changing key parameters have?
Uncertainty - how reliable are your results?

Multi criteria decision analysis (MCDA) - what is the overall “score” across multiple metrics
to enable decision-making in the face of tradeoffs?

“base” case =
baseline

772 Ogten &

Porasseker

naetac 259,

-
159,

s change o Lfe

Contnlaskion +p orahd 0L merc

Comparison Hotspots Sensitivity
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Caveats

*  We strive for consistency and transparency in all our analyses.
* But analysis is not static! We also update our methods and data periodically.

* The BOTTLE analysis approach is not everyone’s analysis approach. Take the time to understand the assumptions
behind any published work.

2021 2022 2023 2024

TEA cost basis 2016 $ 2022 $
LCA background data ecoinvent v3.9.1
LCA method SimaPro / TRACI Brightway / ReCiPe

19



A cautionary tale of two analyses

Two LCAs of plastic pyrolysis = one showed higher impacts of pyrolysis than fossil products, and the other showed
equivalent impacts of pyrolysis and fossil products. Why are they different?

20



A cautionary tale of two analyses

Two LCAs of plastic pyrolysis = one showed higher impacts of pyrolysis than fossil products, and the other showed
equivalent impacts of pyrolysis and fossil products. Why are they different?

Data source: Open-access literature and patents Company surveys

Feedstock: Post-consumer polyolefins Post-consumer and post-industrial polyolefins

Target product: Direct products from pyrolysis (naptha, benzene- Polyethylene from co-feeding 5-20% pyrolysis oil into
toluene-xylene, or ethylene) an existing fossil-based plant

Applied credits: | Co-products only Fossil naphtha production “avoided” by pyrolysis

Collectionand _  Plastics . Product Hydrocarbon Cofeeding ,
Sorting D Products Recycler’s
Pyroly5|s :

perspective

il
oi
. Y Monomers
' g e Rt
& i] — Naphtha |_—* P SCracker s
l‘g _,| Gases Steam perspective

ot ..é.é. o e Polymerization
Light Qlefins .
Mieid Plastic Wastis Catalytic Fast Pyrohais Liguid Products NapkiRe Conventional

000 RERI R R |
Techno-Economic Analysis and Gases |
@ 00w - plastic

Polymerization

Life Cycle Assessment

cracking

(Left) G. Yadav et al., Energy Environ Sci., 2023, 16, 3638-3653. (Right) U. R. Gracida-Alvarez et al., J. Clean. Prod., 2023, 425, 138867
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A cautionary tale of two analyses

Two LCAs of plastic pyrolysis = one showed higher impacts of pyrolysis than fossil products, and the other showed
equivalent impacts of pyrolysis and fossil products. Why are they different?

Data source: Open-access literature and patents Company surveys

Feedstock: Post-consumer polyolefins Post-consumer and post-industrial polyolefins

Target product: Direct products from pyrolysis (naptha, benzene- Polyethylene from co-feeding 5-20% pyrolysis oil into
toluene-xylene, or ethylene) an existing fossil-based plant

Applied credits: | Co-products only Fossil naphtha production “avoided” by pyrolysis

Collectionand _  Plastics . Product Hydrocarbon Cofeeding ,
Sorting D Products Recycler’s
Pyroly5|s :

perspective

il
oi
. Y Monomers
' g e Rt
& i] — Naphtha |_—* P SCracker s
l‘g _,| Gases Steam perspective

ot ..é.é. o e Polymerization
Light Qlefins .
Mieid Plastic Wastis Catalytic Fast Pyrohais Liguid Products NapkiRe Conventional

000 RERI R R |
Techno-Economic Analysis and Gases |
@ 00w - plastic

Polymerization

Life Cycle Assessment

cracking

Check assumptions before deciding if an analysis is applicable to your work.

(Left) G. Yadav et al., Energy Environ Sci., 2023, 16, 3638-3653. (Right) U. R. Gracida-Alvarez et al., J. Clean. Prod., 2023, 425, 138867

22



Analysis examples
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Overview of analysis studies research/analyi

Methanolysis Glycolysis

Hydrolysis

Poly-
esters

Mechanical recycling

Dissolution

/ Managing Avoiding future
existing plastic plastic waste
waste

Autoxidation

Pyrolysis

Gasification

Poly-
Hydrogenolysis . y

olefins Circular plastic
Mechanical recycling \ economy

Dissolution

. Polyhydroxyalkanoates

Circular
polymers

Polyacrylates

Other

Nylon ammonolysis '
polymers

Epoxy-amine acetolysis . . = stand-alone case study o = comparative analysis

= plastic family Ongoing & upcoming analysis

24
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Example 1. Comparing technologies

* Most relevant for: researchers trying to contextualize their work, decision-makers.

* How do mechanical and chemical recycling strategies for plastics compare across environmental, economic, and
technical parameters?

> L4t ‘ 0. @ 003 0004 U AIET (400 052 0'63. Q@ | coe L 005 e @ dissolution
HDPE : 13 . 3 0.79| : : enzymatic
13@ g @ @ 5 . 54@ @ § €008 ©0.04 | hydrolysis
........................ 004 ABES P glycolysis
7.5E-7 yCeolyst
1.0@ ® 74 e 1052 @ . 0.004 i ® 9.7E-8 10.15 074 0'46. . F012 @ {0.03 :
LDPE : : 1.8 | ! 0.81 ! : . mechanical
100 | e § ® | () i o . 52@ 0 73. § @008 ! ©0.04
,,,,,,,,,,,,,,,,,,,,,,,, 00 rees (@) methanolysis

® : : : : : : : H
' : 10.05 15.4E-7 : 0.38 a : : :
: : : 0.004 8 ! 0.86 : ! : .
- (@ O - @s @ e R one 0| e 0@ 0w @uin
1.0 . 45@ 0 74. : : standard
o @ : @ . : ) : ' :

777777777777777777777777777777777777777777777777777777777777777777777777 0.03 1.2E-6 : deviation
P, L 64E7 """""" 5'631"115 """" i
?)85 86 *0%3 @ .004@ ® "96e-7@ 7.9 g o i
-0 : e .
o 3 . 1.3E-6 3 l numerical
PET 0.4 § : ‘ value of
: : 3 metric
> 09: 00 | ‘®. e © ‘
o o565 O | i : '@0.08 20.04
E-factor Energy use GHG Land use Toxicity Water use Minimum Robustness A Robustness B
(kgwaste/kg) (MJ/kg) emissions (mza/kg) (CTUh/kg) (malkg) Se”ing price (kgother plastic (kgother material
(kgco,/kg) ($/kg) /kg) ’kg)

T. Uekert et al., ACS Sus. Chem. Eng., 2023, 11, 965.
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Example 1. Comparing technologies

Technical constraints

Analysis results can be synthesized to
identify optimal recycling options for
different priorities.

Which plastic is
your feedstock?

|

How contaminated is the feedstock'?

User priorities*

&?@

Are there pigments/dyes?

What is the top priority?

What is the top prlonty’?

o
\Al

h|gh-

technology
Enzymatic
hydrolysis

Potential products

Food-grade Food-grade

Bottle

Injection-molded

T. Uekert et al., ACS Sus. Chem. Eng., 2023, 11, 965.

TR

lower

Food-grade

L

high-

Most environmental | quality environmental | quality lower
suitable impacts resin impacts ' cost
current H

recycling

Injection-molded Injection-molded Injection-molded Injection-molded

<12%

m

What is the top priority?

lower

environmen

impacts

GIyCOIYSIS

Down

212%

X x = opportunity for
innovation as there
is currently no
closed-loop
pathway available

high-
tal

quality
resin

Food-grade

Injection-molded




Example 2: Optimizing a technology

* Most relevant for: researchers or companies targeting maximal improvement of their technology.
* What are the key driving factors of enzymatic recycling of poly(ethylene terephthalate) (PET) bottles?

OH ~_OH
0] O HO OH
S < > \< HO
HTO @]
n O

Basleline rTPA IPrice = $1.?3/kg 100% -

Solids Loading, ¢ ] B Waste

-8% 16% - i
% (20, 15, 10) 80% A m Capital
Depolymerization Extent, § c 1 BEnergy
9% 14% 1(0.99, 0.90, 0.80) 2 60% 1 O Chemicals
rTPA Recovery 2 1 @ Feedstock
5% 13% % (98, 90, 80) £ 40% A
Residence Time, © © 1
6% 9% 7h (10, 96, 240) 20% A
N Enzyme Load o
5% 6% Tma/geer (1, 5, 10) 0% -
MSP HG
-50% -25% 0 25% 50% em(i;ssions
% Change in MSP 27

A. Singh et al., Joule, 2021, 5, 2479-2503. T. Uekert et al., Green Chem., 2022, 24, 6531.



Example 2: Optimizing a technology

Return to the lab and process model to determine how to maximize yield,
minimize waste pre-treatment, and minimize sodium hydroxide use.

Process steps

Feedstock pre-treatment Re-

Enzymatic Product & co-product recovery
depolymerization | cjarification Crystallization polymerization

Water recycle
Activated e
carbon column

Flake preparation Further treatment

Postconsumer Extrusion

PET bottles

Drying
Q Shredding
DQ S
1

Cleaned Enzyme

Membrane Salt column

unit crystallizer

Hydrolysis
reactor

—_—Y_
hydroxidé” || To waste:_ o
| disposal

1
, = =3 sHd=-===" 1 Sodium | , Polymerize
- < - : TPA : sulfate : : VEG
Washing Micronized . L 1 |crystallizer! 1 rEG , +
PET powder ' ’ ) L ! i
To waste . 'To solids | acid ) T TPAL
disposal : \Eifp_oial, : : ' . Mix
1 .
Enzymes that are active Enzymes that Minimize waste Innovative process Recycle process  Selective membranes
Improved sorting on crystalline PET to promote >90%  and recycle back design to enable >90%  water to minimize  or other techniques
technologies to eliminate pre-treatment. = depolymerization through reactors rTPA recovery while  water use/emissions for low energy/steam
minimize PET losses Or use less energy- under high solids ~ when possible minimizing chemical and improve yield use and >65% EG
intensive treatments loadings to improve yield use for pH control of aqueous products recovery

Industry wide: utilize electricity from renewable sources and steam from non-fossil processes
Proposed interventions

(Left) T. Uekert et al., Green Chem., 2022, 24, 6531. (Right) N. Murphy, S. Dempsey & J. DesVeau, et al., submitted.

3.5

3.0

Revised process shows
marked improvement.

mVirgin PET
m Original rPET
M Revised rPET

Climate change Minimum selling

(kg CO2¢e/kg)

price ($/kg)
28



Example 2: Optimizing a technology

This iterative process also enables improvement to the EJ outcomes of enzymatic recycling:

Problem Action Effect
Toxic materials —» Ammonia is still toxic but can be recovered and
Sulfuric acid for terephthalic  Switchto = so used in lower quantities (0.02 kg/kg PET vs.
acid recovery ammonia | 0.6 kg sulfuric acid / kg PET).
Hazardous waste — > . . .
Recycle the | Yield increases, halving solid waste generation
Ethylene glycol to waste- reaction d reduci thvl lvcol emissi by 15%
e o P _o and reducing ethylene glycol emissions by 6.
solution
End-of-life —_— - . - !
@ Onlyif PET returmsiio Maximize = Maximize the amount of PET that could in ERGQ'Ster '"terleJSt L E"Tefqy.&
reCyC”ng process yield theory be recycled again. nvironmental Justice Training

Want to learn
how to do an EJ
analysis?

T. Uekert et al., ACS Sustain. Chem. Eng., 2024, 12, 8307; N. Murphy et al., submitted



Example 3: Circularity in analysis

* Most relevant for: researchers. Current polymer:
* Bio-based poly(a-methylene-d-valerolactone)
(PMVL) exhibits properties similar to poly(methyl O .
methacrylate) (PMMA), but with inherent chemical YLO/ = 0]
recyclability. yield = 53% (400 °C) %
MMA PMMA
PE
PP
= Replacement polymer: /—\
PS
Rubber
PU 0 0
*} Acrylics 7
Vinyl Ac;\je;lag:: é) _ %? -
= - (0]
ABS o
PC
Polyglycols DVL MVL PMVL
Alkyd cOEfa:g (bio-based) \/

Poly(Acetal)s
PBT

220 °C, 1 h, 99.5%

0 2 4 6 8 10 12

US Consumption, MMT/year 30

R. A. Gilsdorf, et al., Cell Rep. Phy. Sci., 2024, 5, 101938.



Example 3: Circularity in analysis

Exploring the effect of multiple lifetimes on TEA and LCA shows that a 50-60% recycling rate could enable PMVL to
economically and environmentally compete with PMMA.

Molecular
Extraction Monomer PolymeNermediates
O
Closed-loop O
chemical %‘ O '{QO&’ Og O
recycling N‘/
m -

. . 7
Use yields to estimate ; 25 20
# of product lifetimes. 2 £ 15 4
L =) 5 2 = -
Normalize impacts £ 4 ] SRR
et o : ; Lo
across lifetimes. § 3 QO —O-—- 50 5
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(Left) S. R. Nicholson et al., Ann. Rev. Chem. Biomolec. Eng., 2022, 13, 301. (Right) R. A. Gilsdorf et al., Cell Rep. Phy. Sci., 2024, 5, 101938.
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The impact of analysis

ERE) T

Inform

* Rigorous, consistent process * Compare results against

modeling, TEA, LCA, and EJ.

* Serve the research community
and industry.

* Work in open-access outlets with
fully transparent data.

New Plastics Benchmark Data

Technologies _

N Energy
needed

@@ Materials
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Current Plastics
Technologies [ | l

incumbent technologies.

Highlight research gaps and
opportunities for improvement.

Use to off-board and on-board
research directions.
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* Facilitate deployment of

technologies for a more circular,
sustainable plastics economy.

* Work with researchers to improve

processes before first
experimental reports appear.

mechanical  dissolution Technical
_ : performance

Environmental
impact

chca!
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Figures sourced from (left to right): S.R. Nicholson, N.A. Rorrer et al. Joule 2021; A. Singh et al. Joule 2021.; T. Uekert et al. ACS Sustain. Chem. Eng. 2023.
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Read the literature Try your own Collaborate with Incorporate Think holistically
(critically) preliminary experts learnings into
analysis experimental
process

Incorporate analysis into your own work



Analysis team
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Thank
you!

Contact: taylor.uekert@nrel.gov
https://www.bottle.org/

This work was authored by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-
AC36-08G028308. Funding provided by U.S. Department of Energy Advanced Materials Technologies Office and Bioenergy Technologies Office. The views expressed in the article do not
necessarily represent the views of the DOE or the U.S. Government. The U.S. Government retains and the publisher, by accepting the article for publication, acknowledges that the U.S.

Government retains a nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published form of this work, or allow others to do so, for U.S. Government purposes.
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