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What would you do, if you had a &x
no-longer-used smartphone?

saver] 60% of Singapore residents do not 1
| KNOW?

know or are unsure of how to recycle

their electronic waste.




Research Problem A

Significant increase of electronic waste (e-waste) generation.

* 62 millions metric tons, approximately 155,000 Boeing 747s, of e-waste was
generated in 2022 globally.

* E-waste is:
* Valuable raw material, e.g. gold, silver, and copper.
* Environmentally hazardous.

Only 22.3% were documented as formally recycled worldwide.
* Only 6% of 60,000 tonnes e-waste generated each year in Singapore are recycled.
- Model e-waste collection for policymakers to assess recycling interventions.
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E-waste Management in Singapore a

 Extended Producer Responsibility (EPR): producers are responsible for their end-
of-life products.

* E-Bins in public areas across Singapore to collect e-waste.

AAAAAAAAA rasi vuuaiy
EEEEEE

ng Patah

THREE EASY STEPS
B, % 0 TO GET REWARDED

L ey S —
U3 Thecugh it thees gl veps e

Iskandar Puteri

B EWASTER o

Locations of E-Bins in Singapore, information from National A 3-in-1 e-bin placed at Harvey Norman Millenia Walk. Photo from
Environment Agency. National Environment Agency.




MODELING METHODOLOGY
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Agent-Based Modeling (ABM) aA

* Agent-Based Modeling: A computational method RS SRR Tt
to study interactions between individuals.

* Agent: autonomous entity with unique characteristics \ﬁi" EE o Al

and behaviours. Q4 nsias

* Emergence: system-level phenomenon arises from T .
agent interactions, unpredictable from individual
components. s 5

* E-waste collection system: a Complex Adaptive é’i% _______________
System (CAS) composes of multiple interacting L %
components that adapt to changes. sy, innopaBifiee
entities agents

— ABM is suitable to simulate e-waste collection
lllustration of Agent-Based Modeling. Figure extracted from
SySte m. Galdn et al.
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Modeling Framework

 Agent-based model for e-waste collection and recycling behaviours.
 Agents in the model: Resident, Household, and Recycle Site.

| Agent: Resident

*Household [ I
#* I :

Set of fnend.s Fr Agent: Recycling site
*Set of e-devices Dy Agent: Household *Accepted E-wastes
*Environmental attitude Adtf | *Set of e-wastes Dy *| *Set of e-wastes Dy
*Knowledge of recycling site Kn | *Time of e-wastes Ty *Information accessibility [

*Social norm SN *Amount of e-wastes Vy

* H o . .
*DISDGE‘:-EIl score SCaisposal 4oy *Distance to recycling sites DTy »| Municipal wastes bin
Recycling score S¢yrecycie # Yu Pl | 1Choose recycling sites
+Get new e-devices
+Store e-wastes at household
+Make disposal decision - T Behavior
- ¥ - 1 e 1
+Make recycling decision i S Attribute
a [ rel SWE
+Dispose e-wastes i recycie — E quteglaw
1‘ . —=—=—4 Information flow
______________________ .

Conceptual model of the agent-based model for e-waste collection and recycling behaviours.




Resident

Disposal decision to dispose e-waste
at a cycle, probability Pg;sposal-

Sdisposal = At - THi +ay - VHl- + apr - DTHi

Pdisposal =

Sdisposal o Sdisposalmin

Sdisposalmax _ SdiSpOSCllmin

Where:

Ty, is retention time of e-waste.

Vi, is amount of e-waste in household.

DTy, is travelling distant needed to dispose e-
waste at recycling sites.

‘_‘ Get new
devices.

Make disposal
decision.

‘}/"' \\:‘ New
. cycle

Recycling
Transfer to sites
recycling
sites.

Dispose e-
waste?

New cycle

Make recycling New cycle
decision. 7=
tj . )
 \ o ,/"
Municipal I
wastes bin Transfer to

Disposing

channel?

Activity diagram of resident at a cycle.

v

municipal waste
bin.
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Resident (cont.) A

* Recycling decision: Recycling sites or ‘_‘ Get new o[  Make disposal
municipal bin?

* Thresholding recycling score Sy¢cycre t0
Very Bad, Bad, Good, Very Good

Dispose e-

behaviours. waste? .
. . ] New cycle
e Corresponding probability of selecting
recycling sites: 0.2, 0.4, 0.6, and 0.8
Srecycle = Bsn * SN + Bage - Att + Bgn - Kn+ Bpr - DTHi — Magggiifgrf”ng NeV\fF}/?{e
. New . \
@) cycle )
Where: N B

« SN |§ SOC'Ia| norm, averaged ?f fr|end? Srecycle- T Recycling Municipal I
e Attis attitude toward recycling practices. sites bi
. Transfer to . : wastes bin Transfer to
* Knis knowledge about how to recycle. i Disposing R .y
. . . . . recycling channel? *| municipal waste
* DTy, is travelling distant needed to dispose e-waste at recycling sites. : bin.
sites.

Activity diagram of resident at a cycle.
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Recycling Indicators

* Average retention time of e-waste:

z:SES z:DEDS {p Jhere

T — tp is time at home of device D.
avg — Z |D | » Dqis set of all devices at recycling site S.
555 S S is set of all recycling sites in the system.

* Recycling rate:

Vrecycled

ycled
Vrecycled + Vmisplaced

Where:
Vrecyclea is amount of e-waste disposed into recycling
sties (properly).
Vinisplacea 1S amount of e-waste disposed into municipal
bins (improperly).
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A

Nearest Recycling Sites Assignment Intervention a

* Promote e-waste recycling by increasing convenience associated with proximity.
* Recycling sites with minimal travelling distance are assigned.
* Assessed scenarios: Random Assignment and Nearest Recycling Sites Assignment.

Snearest = arg min E dist(S, H) S5 battery
SHEOH and lamp
SESH

Where:
« dist(S, H) is Euclidean distant of household H and
recycling sites S.
Sy is set of recycling sites needed for one option.
Oy is set of all feasible options (consists of several recycling
sites) to dispose e-waste.

lllustration of Nearest Recycling Sites Assignment intervention. E-wastes at home: batteries
and lamps. Assigned sites: S1¢%7¢t= (S, S,)
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Recycling Information Campaign Intervention a

* Promote e-waste recycling by
disseminating recycling knowledge.

* Frequently organized events to increase o Nl ) o
resident’s knowledge on proper recycling. T Ll 8" VY M)\ T Al

* Increase information accessibility | of
Recycling Sites.

* Assessed scenarios: annually, bi-annually,
qguarterly, and no events organization.

Recycle Right campaign run by NEA in January 2022. Photos from
Mural Lingo.

Do you remember that 60% of Singapore residents do not know or are
unsure of how to recycle their electronic waste?
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: : #
Experiment Scenarios A

e Baseline: random sites assignment and no recycling information campaign.
* Nearest Recycling Sites Assighment.
* Recycling Information Campaign: annually, bi-annually, quarterly events.

* Enhanced Scenario: Nearest Recycling Sites Assignment and Recycling Information
Campaign (bi-annual events).
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Implementation a

* GAMA Platform version 1.9.3. 2 I T =3
* Data: R i ey
* NEA recycling sites. o«ss*;‘%?* ggf:% 2

* Housing & Development Board (HDB) ¥-y gl
geometric data. i
 HDB property information.

* More than 11,000 residents and 946 recycling
sites.

e Simulation: 2080 cycles = 20 years, repeated
4 times.
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EXPERIMENT RESULTS

®
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Simulation Visualization
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® Battery-Only Bin

® 3.n-1Bin

Visualization of our simulation. Colored dots represent recycling sites.

Blocks are HDB apartment buildings.

® Manned In-Store Counter
® ALBA's Depot Drop-off

® Battery & Bulb (BB) Bin

E-waste Collection Drive
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Nearest Recycling Sites Assighment a

* Increase recycling rate PCTqcycreq and reduce retention time Ty, 4.

* Decrease of retention time for ICT, Battery, and Bulb.

60 25
Emm Random
o 2.16 3.0 2.78 B Nearest
2.0! 2.61
2.5
= 40 —_ —_
i.;% Y15 ¥ 2.0
o QL L
L] Q Q
g30 = 2 1.5
93 .
5 £10| K
20 1.0
10 0.5{ 0.5
0 random nearest 0.0° random nearest 0.0 Battery Bulb Appliance
(a) (b) (c)

Results of Nearest Recycling Sites Assignment: (a) recycling rate PCTyecyciea (higher is better); (b) average retention time
Tavg (lower is better); (c) average retention time Ty,,4 by types of e-wastes (lower is better).




Recycling Information Campaign and Enhanced Scenario a

* Recycling Information Campaign:

[ 60.02
. . 60| —— Random
recycling rate PCTyqcycieq iNCreases Nearest
58 |
proportionally to events organization 5 b
< °° 54,99 ’
frequency. <
. ] ] "§ 53.13
* Enhanced Scenario (both interventions) = 52| 5127
. . 50:70
further improves recycling rate. " 5o -
48.62
48
46.39
461 —
none annual bi-annual guarterly

Recycling Information Campaign result: recycling rate
PCTrecyciea (higher is better) by campaign frequency.
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Sensitivity Analysis — Are the Results Trustworthy?

* One-factor-at-a-time (OFAT) sensitivity analysis.

* Scenarios: baseline (no intervention) and enhanced (both interventions).

* Implementing interventions constantly improves recycling participation.
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70! ' 70/
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b . . . . : G
g 401 y 401
30 30
1.5 2.0 2.5 -05 -10 -15 -20 -25 -05 -10 ~-15
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6 3
5 5 e -
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1.5 2.0 2.5 -0.5 -1.0 -1.5 -2.0 =25 -0.5 -1.0 =15
ay x1073 apr x10~% Bor

+— Baseline

Enhanced

&

-20 =25
%1072

-2.0 =25
x10-?

Results for sensitivity analysis on recycling rate PCTyecyciea (higher is better) and retention time Ty, (lower is better). Baseline: no intervention is implemented. Enhanced:
implementing both Nearest Recycling Sites Assignment and Recycling Information Campaign (bi-annual frequency).

©

21



CONCLUSION AND POTENTIAL DEVELOPMENTS

®
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A

. ”
Conclusion A

* Agent-based model to simulate e-waste collection system and recycling behaviours
in Singapore.

* Provide policymakers with insights for interventions design.

* Assessment of Interventions: Nearest Recycling Sites Assignment and Recycling
Information Campaigns.

Visualization of our simulation. Colored dots represent recycling sites. Blocks are HDB apartment buildings.
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A

Ideas for Potential Development a

* Exploration of other strategies: deposit refund schemes and incentive programs.

* Collective Intelligence and Multi-Agent Reinforcement Learning to enhance
recycling objectives by collaboration and competition of individuals.

——————————————
- -~
- -~
- S
-~ ~

. Lo A Dynamic scheduling.
Same favorite © g™ N EVASTE _
LN e\,
vouchers.  / QO ® / \
I /
4 \
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' Cpy |
I
J B @ l'
I |
1 1
1 1
1

S
N

~
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7 1 SN
”~ < \ == -/‘—" '
{ < s W, Vo leended 1 . Competition
‘ i \\ "l \ . I
N Help with / / ;
~

\ e .
P N = e S e Collaboration

lllustration of employing Collective Intelligence and Multi-Agent Reinforcement Learning to improve recycling objectives. Agents are self-
interested with individual objectives. Residents may ask their friend to help recycling if they are busy, compete with others to gain favorite
vouchers. Collecting trucks need collaboration for optimal dynamic routing.

24




DAIHOC

The International Academy for Production Engineering
32nd CIRP Conference on Life Cycle Engineering (LCE2025) — Apr. 7-9 2025

BACH KHOA

Thank youl!

| am seeking opportunities for PhD in Artificial
Intelligence for Science and Engineering.

Contact:
« Email: khanh.tg190085@sis.hust.edu.vn
* Profile: khanhtrqg.github.io

CIRP office: 9 rue Mayran, 75009 PARIS — France, E mail: cirp@cirp.net, http://www.cirp.net



mailto:cirp@cirp.net
http://www.cirp.net/

	Standardabschnitt
	Slide 1: E-waste Collection and Recycling Behaviours: An Agent-Based Model for Intervention Assessment in Singapore
	Slide 2: Agenda
	Slide 3: Introduction
	Slide 4
	Slide 5: Research Problem
	Slide 6: E-waste Management in Singapore
	Slide 7: Modeling methodology
	Slide 8: Agent-Based Modeling (ABM)
	Slide 9: Modeling Framework
	Slide 10: Resident
	Slide 11: Resident (cont.)
	Slide 12: Recycling Indicators
	Slide 13: Nearest Recycling Sites Assignment Intervention
	Slide 14: Recycling Information Campaign Intervention
	Slide 15: Experiment Scenarios
	Slide 16: Implementation
	Slide 17: Experiment results
	Slide 18: Simulation Visualization
	Slide 19: Nearest Recycling Sites Assignment
	Slide 20: Recycling Information Campaign and Enhanced Scenario
	Slide 21: Sensitivity Analysis – Are the Results Trustworthy?
	Slide 22: Conclusion and Potential Developments
	Slide 23: Conclusion
	Slide 24: Ideas for Potential Development
	Slide 25: Thank you!


