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Analysis-Guided R&D @ Characterization @ and Modeling e

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

B

Deconstruction Building Redesign :
Blocks Circular
Polymers
~' Plastics waste and biomass Conversion of building blocks into

converted to building blocks circular and biodegradable polymers




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.

* Recycling could reduce waste and the impacts associated with virgin plastic production.

PE

PP

PVC

PET

PS

Rubber

PU

Acrylics

Vinyl Acetates

Nylons

UPE

ABS

PC

Polyglycols

Epoxy

Alkyd Coatings

Poly(Acetal)s
PBT 1 1 1 L I 1 1 1 1 i . 1 P | - | IR

0 2 4 6 8 10 12 0 200 400 600 800 1000 O S 10 15 2C

US Consumption, MMT/year Scaled Supply Chain Energy, PJ/year Scaled GHG Emissions, MMT CO,e/year

S. R. Nicholson, et al., Joule, 2021, 5, 673-686; A. Milbrandt et al., Resourc. Conserv. Recycl., 2022, 183, 106363. Abbreviations: PE - polyethylene; PP - polypropylene; PVC - polyvinyl
chloride; PET - polyethylene terephthalate; PS - polystyrene; PU - polyurethane.



Why analysis-guided research?

* 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.

-,

TRADITIONAL

DESIGN ~
EFFORT

LEVEL OF INFLUENCE
CUMULATIVE PROJECT COST

-
-
-~
-

PREDESIGN DESIGN DEVELOPMENT CONSTRUCTION
SCHEMATIC DESIGN CONSTRUCTION DOCUMENTS ADMINISTRATION

Wheeler Kearns Architects; Paulson, 1976



Analysis methods




Types of analysis

Analysis 1111 Individual technologies Full sector or economy i, §

Focus _
Process modeling 4 Energy and material requirements

Techno-economic analysis (TEA) E:@ Cost

Life cycle assessment (LCA)

Material availability, scarcity, and risks £ Material flow analysis (MFA)

“(‘ﬁ Greenhouse gas emissions,
@ﬂ water use, toxicity, and other
environmental impacts

Many of these techniques are used in
combination with one another.



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?

* What is your functional unit and is it consistent?

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

! ~ 50— b —

v

Cradle-to-gate for conventional plastic



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?

* What is your functional unit and is it consistent?

Cradle-to-cradle for recycled plastic

Fossil fuel Conversion Manufacturing Waste
extraction to polymers into products Use collection Landfill
L-J X3
— > > ; — o "["]
o0y | T
If chemical If mechanical 1
recycling recycling Sorting at
Recycling MRF~*

ogoyo

G §h

Cradie-to-gate for recycied piastic

* MRF = materials recovery facility



Analysis methods

Collect data & T, T T 4% Material and energy flows
model I (. 4 foreground data)




Analysis methods

Collect data & B 5 a

build process
model

——

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

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.

DETROR Warkshast

-2 -1 [] 1 2 3
Tiscnd Chnital Eramart $4.132,727 §30,595,420 518,530,091
Lars £140,000
\Workong Capesl 85,457,379
Lean Paymest 11,338,078 SLLSSEOMS  §11438,07
Loan [nterest Payment $455,527 $4.315,77 96,159,084 $6,199,004  $577L164  $5309,01
Lann Princi 46155004 453 £53 314 477480 550 73,130,855 466363 A0 133,57

36,130,569 §74,051436  §74,05L,43

S4SS0,501  R07EIGE §E07010
560,897,150 0028, £80,929,53
512,932,688 517,296,25
533,700,857 $38,515,26

5,277,340 $5,377,34
SELZAN $A $51.038 86

28.49% 37404
$18,455,100 4IL628243 42258791
$E0,692,394  47N,064150  §56476,23
1.75% 544

T.aI%
;) e 1962,78
$13,070,750  §12,007,009  §11 975,01
T$5,959,043

(524,760,428

($16,420,740) [§34,860,439) (843,539,472
30 50 5

10



Analysis methods

Collect data &

g, 9 LY & Material and energy flows
build process il B et o | b (aka life cycle inventory or
model 5 = 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., Brightway)?2
company quotes to determine capital expenses (CAPEX). « Use an assessment methodology (e.g., ReCiPe)3 to

* Calculate minimum selling price (MSP) in $/kg. estimate environmental impacts.

864 341008 86

17409
$22,587,91
n un #56,476,23
Semarn Harit Writhdonn [
Depresabon Charge ; $362,78 11
Femaineg Value 813,070,750 $12,007,008  $31375,01
Reverns z (GBI} (45,969,043 -
Losses Forward [B16,410,748) (834,760,429 — b
Tauakla Incame (16410, 740) [534,560,429)  (F40535,472 i s
Sncme Tax 30 ] % e

[1] https://ecoinvent.org/; [2] B. Steubing, et al., Software Impacts, 2020, 3, 100012. [3] M. A. J. Huijbregts, et al., Int. J. LCA, 2017, 22, 138-147.



https://ecoinvent.org/

O[(lVIE-T(1"A °© Explore material losses

I Additional -
Ana lySIS methods market data analysis and impacts across
entire sector
m 1 MFA
Collect data & 2T, T T : & Material and energy flows
build process i - Bt et Al | b (aka life cycle inventory or

model 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. estimate environmental impacts.

DETROR Warkshast
frapr

[] 1 2 3 PSR — — O s

$5,457,379 Proput s ) T [T PR p— —

$455,507 $4.315,077  $6,159,004
$£.154 804 $53.653.314 477440550

12

[1] https://ecoinvent.org/; [2] B. Steubing, et al., Software Impacts, 2020, 3, 100012. [3] M. A. J. Huijbregts, et al., Int. J. LCA, 2017, 22, 138-147.



https://ecoinvent.org/

Filling data gaps

Problem: missing thermodynamic properties

Solutions: literature search, experimental
validation, proxy assumptions

Problem: unknown cost

Solutions: tools (e.g., CatCost),® model the new
material’s production, proxy assumptions

Problem: unknown environmental impacts

Solutions: model the new material’s production,
estimate based on precursors, proxy assumptions

Problem: missing production and/or end-of-life data

Solutions: “backfill” using differences between
known data points, proxy assumptions

13

[1] https://catcost.chemcatbio.org/



https://catcost.chemcatbio.org/

Analysis examples




. . . System boundary: cradle-to-gate
Com parin g reCyCl IN g (@) ptl ons @ (F):J?:éIyZT:(Ij ;T;Et:;ilogram of virgin

Research question: How do closed-loop mechanical and chemical recycling strategies for common plastics compare
across environmental, economic, and technical parameters?

Approach: TEA and LCA on a consistent basis

mechanical  dissolution Technical
{é} R0 performance
LoPE| 2
Closed-loop recycling Cost
i PP
L 6T Environmental
—:3 £ impact
s chemical

15
T. Uekert et al., ACS Sus. Chem. Eng., 2023, 11, 965.



Comparing recycling options

Quantification of tradeoffs between price / environmental impacts and technical constraints across recycling options.

HDPE

LDPE

PP

PET

T. Uekert et al., ACS Sus. Chem. Eng., 2023, 11, 965. Abbreviations: HDPE - high density polyethylene; LDPE -

09® @
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073 o 0.03
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yrd diameter
linked to
numerical
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low density polyethylene; PP - polypropylene; PET - polyethylene terephthalate



Comparing recycling strategies

Equal weighting Economic & technical Environment & resources
PET A worse <—— ~better B worse =—c ~better
Mechanical (o} o
Dissolution (o] (o]
Enzymatic O |virgin (2.42) o
Glycolysis o o
Methanolysis (o] (o]
0 1 2 3 4 0 1 2 3 4
HDPE D E F
Mechanical o]
virgin virgin (2.47
Dissolution (o] o]
0 1 2 3 4 0 1 2 3 4 0 1 2 3

» Economic ® Environmental impact = Resource consumption

Technical OOverall score with optimistic case improvements

Multi-criteria decision analysis
(MCDA) - allows for evaluation
across conflicting criteria.

Mechanical recycling and
glycolysis offer economic,
environmental, and technical
benefits relative to virgin
plastic.

Process improvements can
enable technologies with low
scores to improve to similar or
better than virgin plastic
manufacturing.

T. Uekert et al., ACS Sus. Chem. Eng., 2023, 11, 965. Abbreviations: PET - polyethylene terephthalate; HDPE - high density polyethylene

17



Comparing recycling strategies

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

Technical constraints

Which plastic is
your feedstock?

User priorities*

]
Y

Most
suitable
current
recycling
technology

-

\‘ Y

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

E Are there pigments/dyes? W
What is the top pnorlty'? What is the top prlorlty‘? What is the top priority?

How contaminated is the feedstock'?
<4% -30% m <12% 212%
\% 1 X x = opportunity for
: | innovation as there
; | is currently no
| | closed-loop

palhway available

high-

quality
resin

Y Y
Enzymatm
hydrolysis Glycolysis Methanolysis Mechanical



Comparing recycling strategies

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

Technical constraints

Which plastic is
your feedstock?

= v
' ! !

How contaminated is the feedstock'?

,l_h%

m ?m

X x = opportunity for
innovation as there

is currently no

Are there pigments/dyes? W closed-loop
palhway available
User priorities*
What is the top pnorlty'? What is the top prlorlty‘? What is the top priority?

]
Y

high-
Most
suitable
current
recycling
technology

Enzymatm
hydrolysis | Glycolysis Methanolysis I Mechanical

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

quality
resin




Comparing recycling strategies

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

Technical constraints

Which plastic is
your feedstock?

=
| ' |

How contaminated is the feedstock'?

m

m

E Are there pigments/dyes?

User priorities* ¥ ¥

What is the top priority?
! i !

Most
suitable
current
recycling
technology

-

\‘ Y

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

PP

<12% |212%

X x = opportunity for
nnovation as there
is currently no

closed-loop
palhway available

What is the top priority? What is the top priority?

high-

quality
resin

Y Y
Enzymatm
hydrolysis Glycolysis Methanolysis Mechanical



System boundary: cradle-to-grave /
O ptl m IZI ng acrOSS m u |t| ple pathways @ (;Landclfi_o}z;ri::i all PET produced in

a year in the U.S.

Research question: What combination of recycling options could reduce costs and environmental impacts while
increasing circularity for PET?

Approach: Python-based material flow model that dynamically tracks PET from production to end-of-life with multiple
end-of-life options

09
up-cycling (

closed-loop
recycling

. ’ down-cycling
‘e

energy
recovery

Cost, Circularity, Environmental Impacts

21

T. Ghosh and T. Uekert et al. Adv. Sustain. Syst. 2023, 8, 2300068



Optimizing across multiple pathways

4 1.00 4
* Monte Carlo analysis allows the model to a - 5
. . £ 095 3 -
screen thousands of combinations of end-of- = s =
. . . k=] =]
life pathways and determine a local optimum = S 0% o = 2
based on criteria. g - 085 B 1
&] ] o
* Optimal strategies require multiple end-of-life MEGI = S — b=
pathways in parallel, especially mechanical GHG Emissions GHG Emissions 1 - Circularity
recycling and glycolysis. HIEareg) BIT, 25 5
GHG-Cost-PCl EX,
__ ocHorcl (B
B,
2 PCl-Cost @3
(]
E
o GHG-Cost
N
.E GHG EX);
[=%
o
Cost
PCI GEAE

0% 20%  40% 60%  80%  100%
PET bottles sent to a given EoL pathway

5 :
(% per collection) 29

W Landiill [T Incineration [ Mechanical recycling [ Glycolysis [l Pyrolysis [l Upcycling

T. Ghosh and T. Uekert et al. Adv. Sustain. Syst. 2023, 8, 2300068. Abbreviations: PCI - plastic circularity index; EoL - end-of-life



Getting more plastic into the system

Research question: Which household interventions could most effectively increase collection rate of PET?
Approach: Agent-based model that simulates the trashing, recycling, and wish-cycling behavior of agents based on

certain attributes.

PET bottle

: Based on
Riseion disposal? siiebes
[ theory

From Baseq on
New behavior 4-Ye } Li?ﬂg?
meta-analysis
No
¥
Habitual

behavior

J. Walzberg et al., Energy Res. Soc. Sci., 2023, 100, 103116



Getting more plastic into the system Expand deposit-return schermes

* Various interventions could increase the U.S. average PET collection rate
from 25% by up to 13-41 percentage points, depending on the state.

* Implementation would require ~$8.5-13/household but overall could

reduce emissions from virgin plastic production by 0.5-0.7 MMT CO.,.
Improve education

Enable equitable recycling access

J. Walzberg et al., Energy Res. Soc. Sci., 2023, 100, 103116
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Getting more plastic into the system

* Various interventions could increase the U.S. average PET collection rate
from 25% by up to 13-41 percentage points, depending on the state.

* Implementation would require ~$8.5-13/household but overall could
reduce GHG emissions from virgin plastic production by 0.5-0.7 MMT CO,.

¢ Some interventions could also decrease contamination from a U.S.
average of 21% by up to 10-13 percentage points, depending on the state.

Implement cart-tagging

-]

W - w -2 -~ L]
Difference in contamination rate
in 2050 (percentage point)

M

J. Walzberg et al., Energy Res. Soc. Sci., 2023, 100, 103116

Expand deposit-return schemes

Improve education

Enable equitable recycling access
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Summary




The impact of analysis

Inform Y — _

* Rigorous, consistent process * Compare results against * Facilitate decision-making and
modeling, TEA, LCA, and MFA. incumbent technologies. deployment of technologies for the
+ Serve the research community + Highlight research gaps and plastics economy.
and industry. opportunities for improvement.
*  Work in open-access outlets with * Use to off-board and on-board
fully transparent data. research directions.

Chain Eue;g},

5\!09\\1

New Plastics Benchmark Data
Technologies =

Post-consumer
PET RAake

mechanical  dissolution Technical
: performance

A Nl ,:f Energy
needed

A Circular

PET Enzyme Cost

................... 7 Economy & @

@@ EICETS Botie I e Use g
Ve used £ PP
T\ OO0 :
J&D’__,- £ Environmental
- issi & impact
Current Plastics Emissions ]
Technologies created o

Oty Environmenta! o 27

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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