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Background —

Problem statement

* 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)

e Contributes to global GHG emissions due to their embodied energy and freight transport (Circle Economy, 2021)

* A solution? The circular economy (CE) spurs material efficiency e.g., through reusing/recycling products

and transforms waste to wealth by:
* Narrowing flows (use less)
e Slowing flows (use longer)
* Regenerating flows (make cleaner)
* Cycling flows (use again)
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Background —

Agent-based modeling

* Techno-economic solutions are necessary but not sufficient to improve circularity (Friant et al., 2020)

* Transitioning to a CE implies changes in patterns of production and consumption

* Businesses and individuals need to change their behaviors
e A good method to model human behaviors is agent-based modeling

* Agent-based modeling (ABM):
* Bottom-up modeling where each agent follows its own behavioral rules
e Agent: individual entity which has its own characteristics, behaviors and can interact with each other and with

the environment
* Goal: Understand how a system’s macro level behavior emerges from the individual behaviors of the agents

* This study uses ABM to include behavioral factors when assessing the circularity transition

NREL | 3



Circular Economy
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CE ABM — Model overview, design

concepts & details

Circular Economy
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Design concepts:

* Model implementation:

e Python with Mesa and NetworkX libraries
(Git here)

* Agent types are python classes (1 agent=1
class instance with instance methods
(agents’ behavioral rules) and variables
(agents’ characteristics))

* The model python module activate agents
and collect outputs

* Modular design:

* Mesa enables easily adding new agent
types to the model as new python
modules

* Networkx facilitate the construction of
networks to define agents’ relationships
and include geographical elements

e Simulations:
* Time step =1 year
e Studied period = 2020-2050
* Scope: the United States
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CE ABM — Model overview, design (o)
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A Weibull function is used to generate the
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e The TPBis used to model the EOL management
decision (i.e., repair, reuse, recycle, landfill,
storage)
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CE wind ABM example:

* 1320 wind plant owners (one for each wind
plant project in the US) defined from the
USWTDB

e Texas wind plant projects generate most of the
EOL wind blades

2ol pathways (million metric tons)

*ELWl-t: end of life waste of agent i at ¢; RPCl-t: remaining wind power capacity of agent i at t; T: average lifetime; a Weibull shape factor
**Where at t, for each agent i and option j: BI = behavioral intention of performing the behavior; A = attitude toward the behavior; SN = subjective

norms; PBC = perceive behavioral control over the behavior; P = pressures; BA = barriers; wg;, W4, Wsn, Wapgc> Wirscs Wp, Wga = regression coefficients
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Summary of the case studies

Number of asset owners
Number of landfills

BOL options

Asset growth rate

Weibull function parameters
EOL options

Initial recycling rate

Initial reuse rate

Transportation model

Decision model

Initial recycling costs

Material mass fractions

1000 (proxy)

48 (proxy)

New/used module
2020-2030: 17%, then 4.5%
T =30,a = [2.5—5.4]

Repair, reuse, recycling, landfill,
storage

10%
1%

Shortest path on G = (V, E) with
n(V) =48 & n(E) = 107

Basic TPB
[25-30] $/module

{Aluminum: 8%, Glass: 76%,
Copper: 3%, Silicon: 4%, Silver
<1%}

1000 (proxy)

48 (proxy)

New/used HDD

16%
T=6a=[13-2.2]

Reuse, magnet reuse, recycling,
landfill, storage

70%

6%

Shortest path on G = (V, E) with
n(V) =48 & n(E) = 107

Basic TPB

[1-5] $/HDD

{Aluminum: 45%, Steel: 31%,
Plastics: 7%, Printed circuit
board: 1%, Magnets: 4%,
Ceramics: 8%, Copper: 1%}

1320

1294

Thermoset/thermoplastic blade
Depends on the state
T=20,a=22

Repair, recycling, landfill

1%

Openrouteservice API

Extended TPB
[300-2000] $/blade

{Steel: 5%, Plastic: 9%, Resin:
30%, Glass fiber: 56%}
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Lessons learned from the CE | S

Contents lists available at Scencelirect

Ecological Economics

perspective — Korhonen et al.
2018) limits to circularity

journal homepage: www. elsevier. com/locate/ecolecon

Circular Economy: The Concept and its Limitations @.—mv,*

Jouni Korhonen **, Antero Honkasalo ®, Jyri Seppala©

& KTH Royal bushiare of Teckmalegy, Depaivemt of Secimimble Poducton Deelopmesd §inckhrbe, Saeden
“mumo,lmmmm,mm
© Fiemgisk Frrirapaey st Wik, By

6 limits to circularity:

 Thermodynamic limits

ARTICLE INFOQ ABSTRACT

e System boundary limits o —

Recsiwed inrevised form 26 June 20017
Aocepaed2S Jure 2007
Hrvailabde cnlire 12 Juy 3T

* Limits posed by physical economic growth -

Circular ecomomy ((E ) i currently a popular concept promated by the B, by several national governments and
by many basinesses anound the waorlkd. However, the scent fic and research coneent of the (E concept is superfi
cial mnd unor ganizd. CF seems to be a colledion of vague and separate idess From several fields and semi

saentific mneepts Theohjedive afthisartid e s tocantribute tothescientific resear ¢h an CE First, we will define
the concept af (E fram the perspectiveal WIED sustainable development and sustainabil ity scence. Second , we
will cond ucita critical analysis of the conaept from the pespedive of eminommental sustanatility. The aalysis
identifies six challeng e, forexample these af thenmod ynamics and s ystem boundaries, that nesd to be resabved

Cnoul r CoanETy
Business sraegy far CE to be dhle to contribute to global nat susta nability. These six challengesaloo serveas ressarch themes and
M M Soenafic ressanch ahjedives for schalars interesied in making progress in sustinable devd apment through the usage of droula
L Path dependencles and Iock-ln Gl ne? sumanabdlny economy . CE i important for its power to atractboth the busines community and policy-making community
Thermadgnam ics o s tainability work, but it needs scientific research to secure that the adual environmentd impads of (€
Sysem boundariss wark toward @ trinahility.
S lmistions © 201 7 Elsevier IV All rights ressrved

* Intra-organizational versus inter-organizational strategies

By modeling stakeholders’ decisions, the CE ABM can help in

and management
Definition of physical flows

exploring some of these limits

1. Imtrosdu ction

Circular economy [ CE) &5 a concept curnen 8y promoted by the ELL by
several mational governments including China, |apan, UK, France,
Canada, The Metherdands Sweden and Finland as well as by seweral
bl nesses anond the word. The Eurcpean Commisson recently esti-
mated that cincular econemy-fype economic trans tions @n create G
bil lion e wnos anmal economic gains for the EU man wlachen ng sector
dome [COM, 2014, EMAF, 2013; see also CIRAIG, 2015 and COM,
2015) Finland's Independence Celebration Fund (FICF, SITRA) and
Mckinsey [2014) jointhly estimate 25 billion euros annal gains for the
national economy of Finland throwgh circular economy. The global
economy would benefit 1000 hillion US dollars anmeally (FICF and
Mckinsey, 2014; see ep EMAF, 2013 China, as the first country in the
waorld, adoped alaw for the circular economy in 2008 | CIRAIG, 2015).
Circular econemy is recommended as an approach toeconomic growth
that is in line with sustainable environmental and economic develop-
meenit (see EMAF et al, 2015 EMAF, 2013; EMAF, 2012, CIRANG, 2015;
COM, 201 5; COM, 2014).

The curment and traditional linear exiract-prodsce-use-dump mate-
rial and energy flow model of the modern economic gystem is unsiE-
tainable |Frosch and Gallopoulos, 1989). Circular economy provides

* Corresponding audior & KTH Royal inssioe of Technobgy, Deparnment of
Supsminahile Production Developme, Maneidlzran 3, 151 21 sl j, Sweden
E-mull afiress: jrundboanifios v (] Borhanen ).

b ol ang O 06 jearnde-oan b TOSE 041
0S-SI0SE 201 7 Elewiar BY. All Bghis resernad

the ecomemic arstem with an alternative flow midel, one that is cyclical
(see EMAF et al, 2015; EMAF, 2013; EMAF, 2012; CIRANG, 2015). The
idea of materials cycles has been ansund since the dawn of industri aliz a-
tism. The idea has also been practiced accompanied by the argument
that it reduces negative envinenmen tal impacts and stimul ates new
usine s opportunities already during the birth of t he i ndu st ali zaton
(Desraduers, 24, Desmechers, 2002 ). But the linear throughput flow
midel has domin ated the mrerall devel opment cawsing serious enmvimn-
menital harmm. Unlike traditonal recycling the practical policy and busi-
s anienit abed circular economy (hereafter CE) approach emphasizes
prodisct, component and material reuse, remanufacturing, refurbish-
menit, repair, cascading and upgrading as well as solar, wind, biomass
and waste-derived energy utilization throwghout the prodect valuse
chain and cradle-in-cradle life cycle ( EMAF, 2013; Rashid et al, 2013;
Miheldc et al, 2008, Braungart et al, 2007).

However, the concept of CE and its practice have almiest excl usively
been developed and led by practitioners. Le., policy-makers, businesses,
b siness consultan ts, business associat ions, b ness foundations etc.
(see ez EMAF, 20013, COM, 2014, CIRAIG, 2015). The scientific research
contentof CE remains largely unesplored. Ecological economics may be
thee st frui tful source from which the new practical, policy and buesi-
e anienita ted comcept of CE could find scientific and theoretical sup-
port and guidance Ecological economics has a long tradition in
reqycling and of her CE-type concepts on the macrmeconomic level al-
thowgh not presented under the CE term. Also on the mi croecomnomic
level, CE-type papers have been published in ecologial economics, eg
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Lessons learned from the CE e eerviations & puey
. . Materials (mechanical FRELP ASU Purity
perspective — Thermodynamic separation]
Insulated cable 100 100 100 NA
1 1 Silver metal 0 94 74 99
imits 5 5 5
Aluminum scrap 92 99.4 94 Scrap
Silicon metal 0 97 90 Metallurgical grade
. Glass cullet 85 98 99 98
Key takeaways:
. . . ofe a S 1 $ —1
« Improving material recovery and profitability of the PV (s — ",
recycling process: 8 mm Facycied " o,

{ m Reused

2
£ . z7
* Increases the recycling rate from 7.7% to 52% (a) rt L E of° g3
= g 0
. . . 11 3 --02 % =
» Recyclers cumulative net income in 2050 = $1.6 billion as 58, __Pooglesnat 20 33
T . . ] income L —0.4 2 3
compared to -5160 million in the baseline (a) L Recyclers net ~30 z3
H . e ege . § 24 “"income (US § kg™’ w0 - 06 — @
* High materials recovery and low initial recycling costs have 3 s
a synergistic effect on value generation (b) Y e 2030 2035 200 vois 2omg

Year

 However, there are several limits to PV recycling: b

 Silver represents < 1% of PV module mass but ~50% of PV module value -
recyclers must recover as much silver as possible, but manufacturers
produce modules with less and less silver content

0.95

09

* Recycling destroys most of the embedded energy and value of products on
the contrary to more circular options such as reuse

1,800
0851

Ho

Total material recovery fraction
M [1%]
o w
g8 8
(501 % 1§ SN) enjeA [eusjew paiarcosy

0.8 L

* In 2050, recycling could recover a maximum of S35 million/percentage
. . - . 0 5.5 11 16.5 22 275
point while reuse could recover about $152 million/percentage point nital recycling costs in 2020 (US § per module)

0 023 047 0.7 094 117
Initial recycling costs in 2020 (US $ kg™")
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Lessons learned from the CE [ s )
perspective — Modeling lock-in w>(}.< —

Wpbe

banaviora A~ (1, 0%), p=022>p=05
Kev ta keaanS' control (Harms & Linton (2016))
* Inthe PV case, reuse is limited by PV owners' willingness US$ KW US S kg
to purchase used PV modules (demand side) g sl e —— 50 |
LIJ . Storeq _______________ 2.5
* Improving attitude toward used product (e.g., with g .| . et y =
warranties) increases the reuse rate from 1.2% to 23% g3 ol vt e
i i i EE 4l nstallers’ ne! 75 [1°
» CE strategies compete =2 recycling is greatly reduced (7.7% f; ‘ — e U8 S K = Lo
to < 1%) § 2 T ::;t:anlwlzr?unse; kg™) 55 0.5
Q
* Inthe HDD case, reuse is limited by end-users’ lack of ; o |o
trust toward data-wiping due to privacy concerns = wwoommEmm O B
most HDD are shredded (supply side) T mmEme r0000
= N Landfiled 60000 &
* If end-users' decisions were based only on economics, 1 o o oreaomineg 50000 &
HDD reuse rate would be higher as data-wiping is less 8 = comereoien o0
costly than shredding F B
505~ s
* Improving trust toward data-wiping increases the reuse s [ B
. . . . 00_
rate from 6% to 18% and saves an additional 2 million tons 2020 2025 2030 w 2040 2045 2050

of CO2 eq
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Lessons learned from the CE

perspective — Limits posed by
physical economic growth

Key takeaways:

PV ideal reuse case (reuse rate = 89%):

* Set by removing all constraints to reuse (except that %
modules can only be reused once) g 007 %
* Only a third of the demand for PV modules is met, ‘E 400 tgn
highlighting physical limits to that CE strategy = é“
e Waste from modules reaching their second life represent % 300 §
about 10% of the cumulative EOL PV modules in 2050 = - 2,
recycling is still crucial % 200 - E
Most assets present technical constraints to reuse % 00 3
* About half of PV modules, HDDs, and wind blades are in a E %
good enough shape to be reused E o .
. O Baseline (1%) 23% 89%

Used modules need to pass safety certifications to be used
on-grid Reuse rate

Used HDDs with capacities < 320 GB don’t find customers
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Lessons learned from the CE

perspective — Defining physical
flows

Cumulative mean landfill rate in 2050

100.0 %

4 Recycling facilities

80.0 %

Key takeaways: 600 %

* States have different regulations regarding 1005
oversize/overweight road transportation

* Wind blades are considered construction & wer
demolition waste or industrial waste depending 0.0 %

on the state

Sensitivity to pre-processing costs and
barriers (blades transported as segments)

Sensitivity to pre-processing costs and
barriers (blades fransported as shreds)

Transportation is costly, but shredding blades on-

. . 28 132 \ \
site may decrease transportation costs: | \ \ N . .100%
e, o
* Cutting costs of $28/metric ton and $3.7— 32 2 3 e\ TR 50
S4.4/metric ton-mile for 40-45-meter blade 3 s o
o 15 60%
segments o .
* Shredding costs of $116/metric ton and $0.05— % 1.2 = 40%
$0.12/metric ton-mile for shredded blades & L A 20%
o 56 26 .
Similar regulations to rubber tires could be applied N \ \ IO%
0

0.21 0 0.04 0.08 0.13 0.17 0.21

Strenght of TPB's barriers factor

(i.e., landfill ban on whole blades only or on whole T B AETN X1
1 ! i f
and shredded blades depending on the state) Strenght of TPB's bamiers factor
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Lessons learned from the ABM

perspective — Benefits

Benefits of the ABM method:

 Model stakeholders’ decisions leading to adoption
of different CE strategies and their effects on
circularity
e Forinstance, in the wind ABM, the adoption of
lifetime extension (between 5 and 15 years) avoids

about 10% of the 2050 cumulative EOL blade
amount generated in the baseline

» Keep track of variables at agents and system level
and assign individual characteristics to the agents

* Forinstance, geographic coordinates are given to
wind plant owners, landfills, and the recycling
facility = avoids a 16-percentage point
underestimation of the landfill rate when compared
to a simplified approach
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Lessons learned — Key takeaways

Baseline recycling rate
Baseline reuse/repair rate

Barriers to increased
circularity

Enablers to increased
circularity

Machine learning
metamodel

Monte Carlo analysis

10%

1%

High recycling costs,
underdeveloped

secondary markets, low
landfill costs

Lower recycling costs
(e.g., by increasing
profits), better warranties
for used modules,
regulations, high landfill
fees

Yes

No

68%
6%

Lack of trust toward data-
wiping, REO recovery

Improve end-users’
attitude toward data-
wiping by increasing trust,
develop magnet reuse,
regulations

No

Yes

22%
55%

Transportation costs and
logistics, downcycling, low
landfill costs

Facilitate on-site
shredding of blades,
develop easy-to-recycle
composites, regulations,
high landfill fees

Yes

No
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Avenues for future research

Drawbacks of the ABM method:

* Needs to be combined with other methods (e.g., LCA) to provide information on environmental impacts
* Computationally expensive

« Combining ML and ABM is a recent trend that has several advantages (Rand, 2019), either to:
* Explore ABM’s parameter space (Vadhati et al. 2019 and the PV and wind ABM study)
* Design ABM'’s behavioral rules (Zhang et al. 2016)

* An exciting avenue for future research could be to combine reinforcement learning with agent-based
modeling

e Rather than defining the behavioral rules from theories such as the TPB, rules are “discovered” by the agents
during the simulations

e Possible further research:
* Combining the CE ABM with life cycle assessment to compute environmental impacts of EOL options
* Using a reinforcement learning algorithm to set up the behavioral rules in the CE ABM
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