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Outline

 What is the circular economy?

e How do we implement it?

* Why do we care? What are the benefits?
 What are the challenges and research questions?
* How do we evaluate it?

NREL | 2



Outline

 What is the circular economy?
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WHAT - In it’s simplest and most ideal form

Linear Recycling Circular
Economy Economy Economy
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CE definitions

An industrial system that is restorative or regenerative by intention
and design, replacing the end-of-life (EOL) concept with restoration,
shifting to renewable energy, and eliminating toxic chemicals, which
impair reuse. It aims to eliminate waste through the superior design
of materials, products, systems, and related business models.
Kirchherr, Reike, and Hekkert (2017)

DRAFT ISO Standard: economic system that uses a systemic
approach to maintain a circular flow of resources, by regenerating,
retaining or adding to their value, while contributing to sustainable
development
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NREL definitions

NREL Strategy: Holistic approach to energy technologies that not only
examines the near-term benefits of producing energy through
renewable resources, but it also considers the sustainability of the
infrastructure required for energy production with an emphasis on
responsible and effective use of natural resources (e.g., materials,
land, water).

Analysis perspective: Enable a clean energy transition by ensuring
resource sustainability for a decarbonized and resilient U.S. energy
economy. Developing clean energy technologies to be reliable,
durable, and equitable in their impacts is critical.
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CE Background

e Goal of CE

— Keeping products, components and materials at their highest utility and
value, at all times

— Eliminating the concept of waste, with materials ultimately re-entering
the economy at end of use in a valuable form
e Builds on some different schools of thought
— Cradle to Cradle
— Biomimicry
— Performance Economy
— Natural Capitalism
— Industrial Ecology

NREL | 7



CE & UN
Sustainable

Development
Goals (SDGs)

CE could directly contribute
to SDGs 6, 7, 8, 12, 15 on
water, energy, economic
growth, responsible
consumption & production,
and life on land respectively

CE could also support
SDGs 1, 2, 11,14 (no
poverty, zero hunger,
sustainable cities &
communities, and life below
water)

Social pillar Environmental pillar

Economic pillar

Strong link/
direct
contribution of
CE to goals

Indirect
contribution of
CE practicesto
achieve target
(e.g. via other
SDGs)

Achieving
target will
contribute
towards
enhanced CE

— e o - ol el - - -

Weak or no
link

Cooperation
opportunities

|
I
for CE :

Image source: Schroeder, P., Anggraeni, K., & Weber, U. (2019). The Relevance of Circular Economy Practices to the
Sustainable Development Goals. Journal of Industrial Ecology, 23(1), 77-95. doi:https://doi.org/10.11119"}75’:.1&73?2



UN SDG #12

e UN Sustainable Development
Goal #12 — Ensure sustainable
consumption and production
patterns. Example of
contributions to SDG 12:

o 12.2 achieve sustainable
management and efficient use
of natural resources

o 12.3 halve per capita global
food waste

o 12.5: reduce waste generation
through prevention, reduction,
recycling and reuse

12z==. | ENSURE SUSTAINABLE CONSUMPTION
QO | AND PRODUCTION PATTERNS

THE GLOBAL “MATERIAL FOOTPRINT”

INCREASED BY 70%

Berween 2000 Mo 2017
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PLASTIC DRINKING BOTTLES SINGLE-USE PLASTIC BAGS
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EACH PERSON
GENERATED ABOUT
7.3 KILOGRAMS BUTONY
OF E-WASTE DULIAY
Lol 1.7 KILOGRAMS
& WAS RECYCLED
| &
(2019) £

=———DEVELOPING COUNTRIES ——
STILL HAVE VAST UNTAPPED POTENTIAL
FOR RENEWABLE ENERGY

NEW RENEWABLE ELECTRICITY CAPACITY

@

BBO WATTS PER CAPITA _ ax _ 219 WATTS PER CAPITA
DEVELOPED COUNTRIES DEVELOPING COUNTRIES

DESPITE PROGRESS,
FOSSIL FUEL SUBSIDIES CONTINUE
T0 THREATEN THE ACHIEVEMENT OF
THE PARIS AGREEMENT AND
2030 AGENDA

T
/ ¢ | S432BILLIONIN2013
 Sa

M " A DECLINE OF 21% FROM 2018

BY 2020,
s ATOTAL OF 700 POLICIES oz THE 10-YEAR FRAMEWORK OF PROGRAMMES
&g’, AND IMPLEMENTATION ACTIVITIES ON SUSTAINABLE CONSUMPTION AND PRODUCTION
WERE REPORTED [FROM 83 COUNTRIES AND THE EUROPEAN UNION)

THE SUSTAINABLE DEVELOPMENT GOALS REPORT 2021: UNSTATS.UN.ORG/SDGS/REPORT/2021/ EL | 9

Image from the Sustainable Development Goals Report 2022, ©2022
United Nations. Reprinted with the permission of the United Nations.



Background

*  Problem: In the next decades demand for raw materials is expected to increase (e.g., 3000% for
photovoltaics (PV) between 2015 and 2060 (Sovacool, 2020))

— 100 billion metric tonnes of materials consumed each year, 177 billion by 2050 (Circle Economy, 2021)
— Increases the risk posed by sudden supply restrictions (Schrijvers et al., 2020)

— Contributes to global GHG emissions due to their embodied energy (Circle Economy, 2021): cradle-to-gate
materials are responsible of 18% of global GHG emissions (Hertwich, 2019)

TECHNOSPHERE 3. Closing the loops: 2. wing the loops:
| g p lowi he |
*+ Recycle * Reuse

| « Recover Resources

* Repair
« Refurbish
* Remanufacture /

repurpose

* A solution? The circular economy (CE) : C“"‘?;"E”ts
spurs material efficiency e.g., through | 1 narrowing the loops: 4
. . + Refuse o -0

reusing/recycling products and | . Rethink ,» /c(
I ;
|
|
|

transforms waste to wealth by: © Reduce /

* Narrowing flows (use less): refuse, —

rethink, reduce

L : Manufacturing Distribution

* Slowing flows (use longer): reuse, '
repair, refurbish, remanufacture
/repurpose

* Cycling flows (use again): recycle,
recover




Covers a lot of territory

Preserve and enhance

natural capital by controlling - - - - - __________ __ _ ______________ B,
.. . | TECHNOSPHERE 3. Closing the loops: 2. Slowing the loops:
finite stocks and balancing + Recycle © Reuse
| « Recover Resources = Repair

+ Refurbish
« Remanufacture /
repurpose

renewable resource flows

Components

&
M k! [

—» gLl

1. Narrowing the loops:
* Refuse

|

|

|

| . Rethink
.. . | *+ Reduce
Optimize resource yields by |
circulating products, :
components and materialsin v
use at the highest utility at all

times

Manufacturing Distribution Use

Foster system effectiveness
by revealing and designing
out negative externalities NREL | 11



e How do we implement the CE?
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Circular
Economy

Circular
Economy

Strategies
(Rx)
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Linear
Economy

Smarter

product
use and
manufacture

Extend
lifespan

of
products
and its
parts

Useful
application
of
materials

Strategy

Description

RO - Refuse Making products redundant by abandoning its function or by offering the same function
with a radically different product

R1 - Rethink Make product use more intensive

R2 - Reduce Increase efficiency in product manufacture or use by consuming fewer natural
resources and materials

R3 - Re-use Re-use by another consumer of discarded product which is still in good condition and
fulfills its original function

R4 - Repair Repair and maintenance of defective product so it can be used for its original function

R5 - Refurbish

Restore an old product and bring it up to date

R6 - Remanufacture

Use parts of discarded products in a new product with the same function

R7 - Repurpose

Use discarded products or its parts in a new product with a different function

R8 - Recycle

Process materials to a commodity level with same or lower quality

R9 - Recover

Incineration of materials with energy recovery

Reproduced based on J. Potting, M. P. Hekkert, E. Worrell, A. Hanemaaijer, Circular economy: measuring innovation in the
product chain (PBL Publishers, 2017), vol. No. 2544.




MANUFACTURED Sairpden

OEM NEW
(MANUFACTURING) ¢ &

Value is

retained

through

increased
usage and
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REMANUFACTURING

REMANUFACTURING ¢
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COMPREHENSIVE REFURBISHMENT

~ Full Service Life VRPs
(Occur within Factory Operation)
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MANUFACTURED ,, EXPECTEDEOL

ARRANGING DIRECT
REUSE —f- ’l

ARRANGING DIRECT REUSE

EXPECTED EOL
MANUFACTURED oy

REPAIR 0—>|-———

IRP (2018). Re-defining Value — The e

Manufacturing Revolution. Remanufacturing,
Refurbishment, Repair and Direct Reuse in the
Circular Economy. Nabil Nasr, Jennifer Russell, MANUFACTURED - OSXPECTED EOL o

Stefan Bringezu, Stefanie Hellweg, Brian

Hilton, Cory Kreiss, and Nadia von Gries. A REFURBISHMENT ‘—’I' """"" ““I

Report of the International Resource Panel. REFURBISHMENT

United Nations Environment Programme, NREL | 14
Nairobi, Kenya.

Partial Service Life VRPs
(Occur within Non-Factory Operation)




THE RESOLVE FRAMEWORK

Examples
ReSOLVE | |
» Shift t_o renewable energy and materials @ P-REX NESPRESSO ‘o ..
Framewo rk * Reclaim, retain, and restore health of ecosystems .
« Return recovered biological resources to the biosphere ASLM $5;:"°“=
» Share assets (e.g. cars, rooms, appliances) \Iedrh New Car
» Reuse/secondhand . m =
* Prolong life through maintenance, Shtob
design for durability, upgradability, etc. outollb’ Bla BlaCar
* Increase performance/efficiency of product Al
« Remove waste in production and supply chain cisco
* Leverage big data, automation, remote sensing 6"{_}3 N
and steering Skt D) B T

« Remanufacture products or components m Q) reNAULT
. patagonia

* Recycle materials

« Digest anaerobic Qveoua EByypsy O

« Extract biochemicals from organic waste i

¢ Dematerialise directly, e.g., books, CDs, zalando e MHF[IH
DVDs, travel - cisco

« Dematerialise indirectly, e.g., online shopping, g@g Google isies
autonomous vehicles 3 @

EMF, Sun and McKinsey,
2015. Exhibit 10 from
“Growth within: A circular
economy vision for a
competitive Europe”, June
2015, McKinsey & Company,
www.mckinsey.com.
Copyright (c) 2022 McKinsey
& Company. All rights
reserved. Reprinted by
permission.

* Replace old with advanced non-renewable materials DESSO . w PHILIPS
« Apply new technologies (e.g. 3D printing) e

* Choose new product/service (e.g. multimodal transport) sky¥ran




We need to
apply out of the
box thinking

but remember
that the solution
might need an
out of the box
ecosystem to be
successful




* Why do we care? What are the benefits?
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~ Bioeconomy

* What s the goal?
e Circularity for

circularity?
* Iscircularity a goal? |
Sustainable
Or a tool? F conom

dung and Wesseler 2019



The Seven Pillars of the

Circular Economy

e Materials are cycled at continuous high

Materials in the economy
are cycled at continuous

Va I ue = high value.
* All energy is based on renewable A S
sources. DA ek e

e Biodiversity is supported and enhanced
through human activity.
* Human society and culture are

7 PILLARS

of the Circular
Economy '

preserved. i
* The health and wellbeing of humans B e
and other species are structurally
supported
e el .. . & Human society and Biodiversity is
® Human aCtIVItIES maximize generatlon culture are preserved. structurally supported

and enhanced.

of societal value
* Water resources are extracted and
Cycled Susta | na bly. Image used with permission from Metabolic

https://www.metabolic.nl/news/the-seven-pillars-of-the-circular-economy/



Why do we care?

* From Department of Energy perspective, CE provides
strategic opportunity to:
— Support robust and secure supply chains
— Enhance domestic manufacturing and industry
— Maximize product and material value
— Support the growth of the material recovery industry

— Lead in the development and commercialization of end-of-life
processing technologies

— Minimize life cycle impacts of U.S. manufacturing products.

NREL | 20



Why do/should society and communities care?

Sustainable development is defined globally as meeting the needs of
the present without compromising the well-being of future
generations (United Nations General Assembly 1987, 41). For the
United States, sustainable development means a commitment “to
create and maintain conditions under which humans and nature can
exist in productive harmony, that permit fulfilling the social,
economic and other requirements of present and future
generations” (NEPA 1969).

NREL | 21
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From Haegel, Nancy M.,
Harry Atwater Jr., Teresa
Barnes, Christian Breyer,
Anthony Burrell, Yet-
Ming Chiang, Stefaan De
Wolf, and Andreas W.
Bett. 2019. “Terawatt-
Scale Photovoltaics:
Transform Global
Energy.” Science
364(6443) 836—838.
https://doi.orq/10.1126,
science.aaw1845.
Reprinted with
permission from AAAS.

Renewable

Electricity Futures
(Presentation)
NREL (National
Renewable Energy
Laboratory)
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https://doi.org/10.1126/science.aaw1845
https://nrel-primo.hosted.exlibrisgroup.com/primo-explore/fulldisplay?docid=NREL_ALMA5148231450003216&context=L&vid=Pubs&lang=en_US&search_scope=PUBS&adaptor=Local%20Search%20Engine&isFrbr=true&tab=default_tab&query=any%2Ccontains%2Cwind%20energy%20futures%20study&offset=0
https://www.epa.gov/sites/production/files/2018-07/documents/smm_2015_tables_and_figures_07252018_fnl_508_0.pdf

How are we doing?

300

71 =

.................................................. Recycling

200

150 [rommemm e

(million tons)

100

50

1960 1970 1980 1990 2000 2010 2015

U.S. Recycling, Composting, Combustion with Energy Recovery and Landfilling of Materials in

Municipal Solid Waste (MSW) in million short tons, 1960-2015. US EPA. July 2018.
https://www.epa.gov/sites/production/files/2018-
07/documents/smm_2015 tables and figures 07252018 fnl 508 0.pdf

Of the 32 MMT of plastic waste present in U.S.
MSW in 2017, an estimated 74% was sent to
landfill, with the balance being either combusted
for energy recovery (16%) or recycled (8%) (U.S.

EPA 2019)

World Economic Forum:

The plastic recycling rate is falling in the
United States, but plastic waste generation
is soaring.

The recycling rate fell from 8.7% in 2018 to
5-6% in 2021, according to the
Environmental Protection Agency.

This is because of a sharp drop in plastic
waste exports, with China and Turkey
banning such imports.

The U.S. petrochemical and plastic industry
has called for improved recycling but faces
pressure to stop its own production of
plastic.

NREL | 23
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CE & Decarbonization

Doubling global circularity from its current figure of 8.6% (i.e., only closing the
circularity gap partially) could contribute up to 85% of the greenhouse gas (GHG)
emission reductions needed to limit global warming below 2°C (Circle Economy
2021) - however, the gap is growing (9.1% circular in 2018 to 8.6% in 2020)!

Examples of contribution of CE

to decarbonization:

* Extending a building’s lifetime
by 50 years could save 400 Mt
of CO,eq/year (Cai et al.,
2012)

* Energy sector (Cantzler et al.,
2020): Repurposed electric
vehicle batteries in houses |,
GHG emission by 58%

Direct

contribution:

GHG emissions +

-

Optimization
Regenerative flows

—-..

Product/service life
cycle emissions

Indirect

contribution:

ME/CE strategies
applied to
product/service

Rebound effects
Substitution effects



Economic pillar Social pillar Environmental pillar

Strong link/

CE connections to Kis

contribution of

UN SDGS CE to goals

Indirect
contribution of
CE practicesto
achieve target
(e.g. via other
SDGs)

Achieving
target will
contribute
towards
enhanced CE

Weak or no

Schroeder, P, Anggraeni, K., & Weber, U. _ being
(2019). The Relevance of Circular - Jt- - -
Economy Practices to the Sustainable c :

. ooperation
Development Goals. Journal of Industrial opportunities
Ecology, 23(1), 77-95. for CE
doi:https://doi.org/10.1111/jiec.12732




CE & Decarbonization — research needs

* There are possible trade-off between material efficiency (ME) and operational energy for instance:
* Use of timber structures | buildings’ material-related GHG emissions but T GHG emissions during operation due to
lower thermal performances
* Prolonging lifetimes of material stocks versus improving their energy efficiency (Haas et al., 2020):
= Forinstance, in the transportation sector fuel-efficiency increases by 1.8-3% per year
* Vehicle electrification | operation GHG emissions but T material-related GHG emissions

- Research is needed to
investigate trade-offs

BUT: Existing policy
instruments such as landfill
bans or dedicated parking
space for car sharing can
already be leveraged to
increase circularity and
contribute to
decarbonization!

Material-related GHG emissions

Decreasing

Neutral

Trade-o
strategi
vehicles
Hertwic

Operation-related
GHG emissions

ffs of ME

es in buildings and
(adapted from
hetal (2019))

Increasing

-Buildings: lifetime
extension, wood
structures, cement
recycling
-Vehicles: lifetime
extension

-Buildings: higher
indoor temperature

Neutral

-Buildings: steel
recycling
-Vehicles: more
intensive use (e.g.,
sharing), recycling

Increasin,

Decreasing

-Buildings: smaller,
more intensive use
-Vehicles: smaller
light-weighting

-Buildings: better
indoor temperature
management
-Vehicles: driving
style, improved
engine control

-Buildings: extra
insulation, stock
renewal, heat
storage design
-Vehicles:
electrification




Other impacts?

 What about the other environmental and social challenges of
our time?

— Biodiversity

— Equity

— Justice

— Water scarcity

NREL | 27



 What are the CE challenges and research questions?

NREL | 28



Guiding CE Research Questions

Circular

How circular are current clean energy technologies now?

How might clean energy technologies become more circular?

How might the costs of clean energy technology change as the supply chains for clean energy supply chains become
more circular?

How might policy and regulation drive a circular economy for energy materials?

Sustainable

What are the externalities associated with the current clean energy economy and how sustainable are current
decarbonization pathways?

How might those externalities change with circular economy transitions?

Where are these impacts distributed? How might the spatial distribution of impacts change as supply chains become
more circular?

Resilient - Robust to Supply Chain Disruptions

How can a circular economy mitigate potential supply chain disruptions in the clean energy economy?

Which types of circular economy pathways present the greatest opportunities for reducing our dependence on
international supply chains for clean energy technologies (e.g., for critical materials such as Dysprosium)?

How might circularity transitions influence the type and quantity of materials that are required for clean energy

technologies, including our dependence on non-domestic sources of these materials? |
NREL 29



e How do we evaluate it?
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How do we evaluate CE?

This depends on the research question

Critical Analysis Framework Criteria
Macro Scale: World, country
@ scope Meso Scale: Region, supply chain l
Micro Scale: Consumer, product, businesses

@ Temporal Resolution

Assessment Methods

( Life cycle assessment (LCA) ) ( Systemn dynamics (SD) )

Data Requirements

Environmentally extended r : .
‘ qut output analysis {EEFG@ (Drscrete event simulation (DES,J)

i Material flow analysis (MFA Agent-based modeling (ABM
@ Data Granularity & % ( T ysis (. j) ( g ing ( })
— ==
Misteriol Effictuncy Potentiols wasi | ( Emergy/exergy ) ( Operations research (OR) )

People

@ Sustainability Completeness (%

i Walzberg et al, Frontiers in Sustainability 1:620047 (2020). https://doi.org/10.3389/frsus.2020.620047



https://doi.org/10.3389/frsus.2020.620047

How do we evaluate CE?

MFA

5 EEIOA
é_g Emergy/exergy
@ ABM
a2
g e sD
wv
S =
S 2
Z T
E~
<
SR MFA
-
c Emergy/exergy o >
] kY] =
£ <k = 3
% - DES E 3 Emergy/exergy
L] ,
£< £ 3 OR
w5 - Hour or Less Year Static 9=
E o Dynamic i)
il ]
= Temporal Resolution =
=
% ABM
= sD :
= -
i~}
=
Low Medium High
Two pillars of All three pillars Data Requirement
sustainability or less of sustainability q

Sustainability Completeness

Walzberg et al, Frontiers in Sustainability 1:620047 (2020). https://doi.org/10.3389/frsus.2020.620047



https://doi.org/10.3389/frsus.2020.620047

Some of the approaches

being used at NREL

e Circular Economy Life cycle Assessment and Visualization
(CELAVI) framework

e Lithium-lon Battery Resource Assessment (LIBRA) Model
* Agent based modeling for the circular economy

PV in the Circular Economy (PVICE)

e Systems level approach for plastics recycling

e Plastics Parallel Pathways Platform (4P)

 BOTTLE Consortium analysis guided research

NREL | 33



CELAVI framework

The Circular Economy
Lifecycle Assessment and
Visualization (CELAVI)
framework is a dynamic
and flexible tool that
models the impacts of

clean energy supply chains

during the transition from
a linear to a circular
economy.

https://www.nrel.gov/analysis/cel
avi.html

Hanes et al. 2021.

Distribute components
and construct plant

\j‘“i“‘ (o

Operate
" plant

Manufacture 4 Decommission 9'9 (3)°3)
components (NEE @\~ =00 9= . plant
---------- e 3 Multiple plants
Redesign Reuse/ ;
& repower using MCMM
\\A
Refurbish/

remanufacture

/ S

j Recycle 9

Dispose Multiple components
of waste with MM (MCMM)
Extract )
and process .. Regional
materials - granularity

: Multiple materials
... Life cycle (MM)
impacts

Scenario .~
analysis

CELAVI users can explore circular and linear supply chains, as well as supply chains
with varying degrees and types of circularities, to understand current and future
technology demand, the state of technologies that enable circularity, and
implementation over time.


https://doi.org/10.3389/frsus.2021.671979

LIBRA — Lithium-lon
Battery Resource
Assessment Model

https://www.nrel.gov/transportation/libra.html
Weigl et al. 2022

Distribution of Recycled Batteries by Chemistry
1 — — = -
E /,. B— — B—
o /
=
©
m
= 05 \ //
=
8
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o
0
2020 2025 2030 2035 2040
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O NcA 0O NMc111 O NMC622
Quantity of Batteries Recycled O Nmcs11 O Lco O NmMC532
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NMC955
5 xEV Battery Sales (Including Replacements)
o 100k 00k
o ___._--"‘,.A"‘;;'I;;iﬂf_’-’ . % 150k
020 ns 20 0% 240 e
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---- Run 1 —Run 2 2020 2025 2030 2035 040
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O NMC442
NMC955

Yaars
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LIBRA is a system-dynamics model that evaluates the

economic viability of the battery manufacturing, reuse,
and recycling industries across the global supply chain
under differing dynamic conditions
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Agent-Based Modeling for the Circular Team .. Walzberg, R. Burton,

A. Cooperman, A. Carpenter, G. Heath, A. Eberle

Economy (CE ABM)

Walzberg et al 2021a; Walzberg et al 2021b;
Walzberg et al 2022.

Research question: What are the technical, economic, and market conditions maximizing value retention and minimizing raw
material inputs when applying CE strategies to energy-generating and energy-consuming technologies?

By providing technological and behavioral pathways for increased circularity, the project contributes to AMO’s Sustainable
Manufacturing technical area (e.g., helps in designing interventions to increase the recycling rate)

greuareonomy. | p— roduct, mater : » The model accounts for 6 types of stakeholders — manufacturers,
= N . JR—— CE sirategies - . . H
5“:"_"_‘_‘__'_“??'_“_5 _________ and miomaton fows. [___] CF s e service providers, asset owners, recyclers, regulators, and landfills —
::;:mn N and 4 R-x strategies — redesign, reuse, repair, recycle

Linear design/
\,( *ﬂesugn | design for recycling |
/
Llnear design/
\ asaels. o dpsugn for recycling
i Sset owner
gy ;
Y

- ~

Landfilling ~ . EOL assels & W(

‘ -_— "'———’& provider \ actre) /

Py Recycnn \
/ —_———
Upc clln -
|
\

4 _:i‘,// anmh‘an.icdjbdr.wu. \\/ ! Other
\\ //I B = ' b
\ Recyol /|
= m_,f’//’r\xd (thermal) bd:""?"".".:b P
Incentives! ~— b —

- Jf\
Incentives/ regulatlons ______ DOW"W"-‘“”Q
regulations - e

* The project links with NREL’s
Circular Economy for Energy
Materials critical objective and
goal 8: Sustainability through
Circularity

Lever

Technical (e.9. R&D)

Economic Lever (e.g.
incentives) * By modeling stakeholders’
decisions, the CE ABM enables

Market Lever (e.g. . :

nudges) exploring regulatory, economic, and
behavioral interventions targeting
\/ (mw) (mm) (mum “)_JZZf,T;ij,fQ Material efficiency the technical, economic, and
_______________ potentials market potentials of a technology




PV in the Circular Economy (PV_ICE)

Materials and Systems Flow Concept (Mass Flow)

An open-source tool

to quantify photovoltaics Yeay New.,,sa..s

(PV) dynamic mass and . Now Insials
energy flows in the Xy ermeiogy
circular economy, from a n technology
reliability and Glass
lifetime approach. Sl

Silver etc.

Pl: Silvana Ayala Pelaez (now Ovaitt)
(PV ICE n.d.)

(Ayala Pelaez et al. 2020)

(Ovaitt et al. 2022)

Degradation Exit Material

Glass

Installed N | Silicon
Capacity . Ag, Al, etc.

' Modules |loss:based.orexpected . % ”

lifetime + Earlylosses (Weibull Pdf)

Source: Ayala Pelaez et al. (2020)

Includes pathways for circularity at various stages

REUSE, REPAIR, RECYCLE, REMANUFACTURING



PV ICE’s Integrated NREL Circular Approach QpenEl

NEW INSTALLS MANUFACTURING INSTALLED CAPACITY AND END OF LIFE CIRCULAR
EXTENDED USEFUL LIFE MODES PATHWAYS
High RE Cost 4 \
2000
z
g n...
- - caaunnnannnnnnil wnvis P D ura M AT
5 Rel |a b| I |ty Durable Module Materials Consortium
e Group

g PR 3 35
FEEFF P o s ) £ Walzberg’s Agent-Based CELAVI Landfill

ReEDS *"1.;.“ ,'_' m Model Calculation Approach

MFI — Materials Flows through Industry, https://www.nrel.gov/manufacturing/mfi-modeling-tool.html
ReEDS — Regional Energy Deployment System, https://www.nrel.gov/analysis/reeds/
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System DynamiCS & Agent'BaSEd Team — Julien Walzberg, Tapajyoti

Ghosh, Taylor Uekert

Modeling of Plastic Recycling

Ghosh et al 2022

* Research question: what are the interventions most improving households recycling behaviors in a specific population?

* By providing technological and behavioral pathways for increased plastic recycling, the project contributes to AMO’s Sustainable
Manufacturing technical area (e.g., helps in developing technologies to increase recycling and reduce costs of recycled feedstock).

Historicall{Regression it

data model

e  The ABM simulates households’ waste

| @__vmum_, Disc +t?:%:: disposal behavior and fgrms an integral

part of a system dynamics model for plastic

Refurb/ | T = _— ard™ | Disc _.o .
, House- = = ~ ;en recycling.

- holds S .
P Attltudes \ Upcoming:

Og.\o *, Replacement of _'."Qc

. 1 simple waste lnfra _,...Qc_l * This study links with NREL's Circular

\ pBC ” 1 ! collection model . ..
' ~ Decislo"' == I with detailed Magm Economy for Energy Materials critical
e @ -” Agent Based objective and goal 8: Sustainability

S—— =" - model (Julien) . .
A o oo Eddy * ) i through Circularity.

g
control T @Reclalm

/
h Norms \

* Closing the linear flow of plastics ensure
reduction of plastic waste in the
environment as well as carbon mitigation
by displacement of virgin material
production.

ABM model for recycling behavior
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Team — T. Uekert, T. Ghosh,

Plastic parallel pathways platform - Waltberg. 5. Nicholon

Research question: How can we decide which plastic management strategies are "best" for a given
situation/application?

Approach: develop a Python-based framework for quantitatively comparing plastic end-of-life
strategies that generate different products and evaluating cost, technical performance and life cycle
environmental impacts.

time
C’ o0
Scenano 1: plastic up-cycling Scsnarro 3: plastic to electricity
compare life cycle 1| @ @ o JI '''''''' J] o e o I
compare life cycle 2| o e o o o .oio
R e e e e e e e e e e
[ ] [ ] ® [ ] [ ] [ ] [ ] [ ] [ ] [ ]

Key: up-cycling closed-loop down-cycling .
| )
|: to higher racychng to the —) to lower @ zlzz:::;i‘:"' Bﬂ |r:llalst|c-to- e product
value products same product e value products Y ue NREL | 40




BOTTLE Analysis approach bottle

changing the way we recycle™

* Analysis helps guides polymer and process R&D

Key Considerations

* TEA using Aspen Plus

» Energy/greenhouse gas (GHG) assessment via Materials Flows through
Industry (MFI)

» Socio-economic and environmental assessment with the environmentally
extended input-output framework

Develop material Equipment Sizing/Costing Minimum
Feed and energy and Raw Material Produc? Selling
Composition balance Accounting Price

g m
(1] o
-] =
Q o
= 3
c =
@ 2

GHG Emissions

Operating
Conditions

Process Model in Aspen Plus MICROSOFT EXCEL A —

kg Water Usage

©

Conversion
Yields

Product Yield

MFI Tool EP
. N . Life Cycle | & m.";m B GHG Emissions ;&$
BOTTLE — Bio-Optimized Technologies to ife Cycle Inventory ',";. e=0% "and Embodied
keep Thermoplastics out of Landfills and e Energy Social and

Environmental Justice

BEI!

- 1
- * US Economy- Other Valuaion and |
- wide Impacts Life Cycle Metrics

TEA and LCA inputs

the Environment
BEIOM — Bio-based circular carbon @

economy Environmentally-extended Input-
Output Model




PET enzymatic hydrolysis

Product uct Re

Feedstock

> et io I P
Pretreatment = == Clarification Crystallization

‘Water Recycle

* Determine key drivers for community to
enable enzymatic PET depolymerization

* Provide base model to compare enzyme-
based approaches for PET recycling to
chemo-catalytic and thermal methods

 Highlight areas for further impactful
development of biocatalysis-enabled plastics

p Cleaned Enzyme
PET Flakes

" Reverse
Causti Activated ODsmosis Salt
austic Ll Carbon Crystall
(NaQH) Membrane rystallizer

——_ Distillation
column

Caustic
(NaOH) —+ To waste

disposal

Ethylene
Glycal (EG)

Sodium Sulfate

A rTPA
Crystallizer

1 To solids Sulfuri o
re CyCI In g disposal :cli‘l:c alt (5S)
(H50,) Recycled Terephthalic

Acid (rTPA)

* TEA, MFI, EEIO (BEIOM)

* Process data from patent and peer-reviewed
literature

Supply chain analysis (MFI)

Economy-wide analysis (BEIOM)

A. Singh et al. (2021). Techno-economic, life-cycle, and
socioeconomic impact analysis of enzymatic recycling of poly Figure: (A) Simplified process flow diagram of the PET enzymatic depolymerization
(ethylene terephthalate). Joule. process

(B) A representation of the bottom-up supply chain model (MFI tool) scope and

top-down environmentally-extended input-output (BEIOM model) scope
42

EEIO = environmentally-extended, input-output, rTPA = recycled terephthalic acid



MFI Results: Comparison with fossil derived TPAQ®)

rPET Supply Chain System Boundary

/ Conventional PET Supply Chain System Boundary \
I . 5‘10
P m
\ pogp- 3
()

a5 d
(=}
o

[}
[=]
T
w

o
[=]
T

Supply Chain Energy, MJ/kgrpa
3
GHG Emissions, kg-CO.e/ kgpa

Fossil Feedstock Extraction Electricity and other Commodlty Polymers Reclaimed 40
utilities weg=>  PET Flake
" l
Transportation of
Supply Chain Inputs . 0

<

[
S

0
vIPA  (TPA vIPA  rTPA

- B = ﬁéﬁ'

Petrochemical
Fossn Feedstocks Monomers and Other Depolymerization

(Petroleum and Natural Refining Precursors ..
Gas) Process Fuel Fuel for Electricity
Renewable Electricity Fuel for Transportation

Enzymatic

- Fossil Chemical Feedstocks

* Supply Chain Impacts (MFI), compared to virgin TPA 43
— Supply-chain energy reduced by 69-83%, GHG emissions by 17-43% per kg of TPA

A. Singh et al. (2021). — Major drivers: mechanical pretreatment and EG recovery



BEIOM Results: Economy-wide Environmental Impacts

* Economy-wide Impacts (BEIOM),
of adding enzymatic recycling
PET plants

—TPA recycling process can reduce
environmental impacts by up to
95% while generating up to 45%
more socioeconomic benefits,
also relative to virgin TPA
production.

—Major domestic job growth
concentrated in the supply chain
of feedstock with these recycling
plants

A. Singh et al. (2021).

—
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Strategy Description

Circular

RO - Refuse Making products redundant by abandoning its function or by offering the same function
Economy with a radically different product

Smarter

product R1 - Rethink Make product use more intensive

use and

PENNEMTIEN po - Reduce Increase efficiency in product manufacture or use by consuming fewer natural
resources and materials
.-E‘ R3 - Re-use Re-use by another consumer of discarded product which is still in good condition and
© fulfills its original function
=
o
5 IE‘:tsTJTn R4 - Repair Repair and maintenance of defective product so it can be used for its original function
o0 of . o
< -
.g products R5 - Refurbish Restore an old product and bring it up to date
g a:adrtlgs R6 - Remanufacture | Use parts of discarded products in a new product with the same function
f=
R7 - Repurpose Use discarded products or its parts in a new product with a different function
U§ef”! R8 - Recycle Process materials to a commaodity level with same or lower quality
application
Linear matzfrials R9 - Recover Incineration of materials with energy recovery
Economy

*  Define the product function and performance criteria
*  Work through ways of applying each Re-X strategy
— How would it be applied?
— What are the limitations and challenges? NREL | 47



Additional exercise

guestions

 What kind of environmental emissions are occurring?
 Where are they occurring?

 When are they occurring?

 How can they be mitigated?

 Which are most important?

 What is the impact at end of life? What happens to those
materials?

NREL | 48



Approach

« BOTTLE™ Consortium approach: techno-economic analysis (TEA), life cycle
assessment (LCA)

— Carbon, energy, and economic targets
— Informing the research

« Technology performance

« Systems thinking

— Agent-based modeling to understand what factors affect decision-making
and interactions of different actors in the larger system

— Systems dynamics approach to highlight feedbacks among supply chain
components to evaluate the challenges/opportunities

49

BOTTLE: Bio-Optimized Technologies to keep Thermoplastics out of Landfills and the Environment



Metrics for BOTTLE projects :Ubottle

The mission of BOTTLE is to: changing the way we recycle™
* Develop robust processes to upcycle existing waste plastics
* Develop new plastics and processes that are recyclable-by-design

BOTTLE projects will aim to meet three key metrics:

Energy:
« 250% energy savings relative to virgin material : q
production —_
» Closed-loop recycling estimated to save 40%—-90%
o
o

energy’
Carbon: Oo
e
» 275% carbon utilization from waste plastics % —_
» Estimated based on recycling of commodity -
thermoplastics

Economics:
50

» 22x economic incentive over reclaimed materials

1. Rahimi and Garcia, Nature Reviews Chemistry, 2017



Multi-criteria decision analysis

* Multi-criteria decision analysis (MCDA) allows for the evaluation of conflicting criteria

PET A
Mechanical

Dissolution

Enzymatic

Glycolysis

Methanolysis

HDPE D
Mechanical

Dissolution

Equal weighting

Economic & technical

Environment & resources

+ Some recycling
technologies

Wworse -— —» hetter Worse -—— — hetter Cc WOrse -e— —» hetter
| o | already offer better
" ° I - o alternatives than
' ' virgin
lo lo o no
| | , + Many emerging
o lvirgin (2.42) o L 5 es) o} virgin (2.20) technologies
: | : perform worse
|| 0 “o l o under
| , environmental
|0 |]o o weighting = need
— . : — . : ' : streamlining
0 1 2 3 0 1 2 3 0 1 2 3 4 e D t
=) S £ £ oes not
! | necessarily mean
0 | o technologies with
virgin (2.40) l|virgin (2.47) | virgin (2.17) low scores are
I \
0 ol o ‘ ubadu
I T T T T T T I T T I' T I 1 T T 51
0 1 2 3 0 1 2 3 0 1 2 3 4

Uekert et al., 2022, in preparation



Other relevant tools

(Plastics Parallel Pathways Platform (4P) - 1D L A
+ Compare plastic end-of-life pathways that generate different products Cm
» Assess environmental and economic impacts over multiple lifetimes S I e e I
L Include circularity indicators B T S 8 I S S S S S A y
4 S A
Agent-based model (ABM) P
* Map plastic recycling, landfilling, and “wishcycling” behavior in households e > g@;
+ Determine social interventions that increase recycling rates B ‘"‘mmn.@/,‘
4
LiAISON

» Python-based, prospective LCA to preempt trade-offs and unintended
consequences and inform R&D prioritization of new technologies
* https://www.nature.com/articles/s41467-022-31146-1

\.
as . i =
Risk and impact assessment for technology adoption W -
» De-risk technology adoption by identifying routes from technology readiness to market gﬁ? S, e o "
and from market readiness to market share ;:} B

\ Social s )



https://gcc02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.nature.com%2Farticles%2Fs41467-022-31146-1&data=05%7C01%7CAlberta.Carpenter%40nrel.gov%7C18fd146a5fd94b7dc90b08da5849e225%7Ca0f29d7e28cd4f5484427885aee7c080%7C0%7C0%7C637919371601204784%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C3000%7C%7C%7C&sdata=xAOD2UOGxtI3zgr4qBBwlpvKTp4QZf3lJ6mmJwr6Ycg%3D&reserved=0

Sustainability Dimensions
Virgin Materials

Mass Based
Easy to Measure In progress

Needs

S 100
80 Mé‘s
Other TBD? ﬁg-Qj Waste Landfilled
(=
Ee)
F.

®
%
-
% j
]
=

EJ & Labor A t i i
abor Aspects Circularity

of UN SDGs

Embedded Carbon

. Installed Capacit
Emissions P Y

EROI ii
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BEIOM: Bio-based circular carbon economy Environmentally-extended Input-Output Model

PI: Patrick Lamers, NREL | Sponsors: DOE BETO, EPA ORD

Method & Datasets

Final
Commodities  Industrias  Demond

2
3 u
58

E Table o
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‘é Make Economic

5 | Table Accounts
r3
33 VA Impact
2 ;

Etagorias

EE g
S5 Physica E ] LClA
£ 4 Coeff. £8
zz o 3 Factors

+ EEI0: established method to assess
impacts of products or product
portfolios (e.g., by Amazon)

* Uses national-level datasets from
federal agencies (EPA, USDA, etc.)

* Traces structural changes in the US
economy

* Analyzes sector interactions

Includes feedback effects

* Does not apply system cut-offs
within US geographical boundaries

Defining new Jindustries/paradizm

D Existing sector (baseling)
D New sectors/technologies

i t i :
|
ooo I [*,;'OTI‘,'-.H,":‘J1 Consumptionl

Using process-level techno-economic and life cycle inventory data, we
can define any new technologies (or portfolios thereof) and assess
their net socioeconomic and environmental effects at industrial scale
in an economy-wide context.
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