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Design for Recycling and Resource Efficiency

Product-Centric View ~ceeoe
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How can we define DfR rules to optimise Resource Efficiency?

Design for waste Design for Design for recovery in
stream sorting shredding/ final treatment
liberation _ processing
Design for Design for
disassembly sorting
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10 Design Rules and Simulation Derived Guidelines

Fundamental DfR rules

5.

DfR rules are product and recycling system specific; oversimplification of recycling by
defining general DfR rules will not produce the intended goal of resource efficiency

DfR needs model and simulation based quantification

Design data should be accessible/available in a format which is compatible with the detail
required to quantify and optimise recycling performance of products for all metals,
materials and compounds present

Economically viable infrastructure and rigorous tools must be in existence for realizing
industrial DfR rules and methodologies

CAD/Design tools must be linked to recycling system process simulation tools to realise
technology based, realistic and economically viable DfR

Note : All DfR rules/guidelines are subject to a mindful consideration of product/component

functionality and should not impair these

3

© MARAS @



10 Design Rules and Simulation Derived Guidelines
Possible DfR guidelines — Derived from Fundamental DfR Rules

Iteratively checked by simulation and validity

6. ldentify and minimize the use of materials which will cause losses and contaminations in
recycling due to material characteristics and behaviour in sorting

7. ldentify components/clusters in a product, which will cause problems and losses in
recycling due to combined and applied materials

8. Design clusters or sub-units in products that can be easily removed and which match with
the final treatment recycling options (i.e. Metal Wheel)

9. Labelling (including carefully considered standardisation) of products/components based
on recovery and/or incompatibility for easy identification (and removal) from recyclates
and waste streams

10. Be mindful of liberation of materials in design (Design for Liberation)
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DESIGN FOR RECYCLING
RULES



DfR Rule 1 : DfR is product specific

DfR rules are product and recycling system specific - each product has a unique recyclability
profile

Geological | Designed Recyclates

Copper Mineral Copper “Mineral”
Chalcopyrite CuFesS,

Multi-material
particles and flows

More than More than

15 Minors e.g. 40 Elements
Au, As, Pd, Se, etc. Complexly Linked as Alloys, Compounds etc. for Product Functionality Reasons

Geological i i i Connected
Linkages i = 2 materials
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DfR Rule 1 : DfR is product specific

Each product has a recyclability profile and a set of product and recycling system
specific DfR guidelines

Recoverability PMs PGMs Rare Earth [Oxides) Other
per application Ay Au Pd Pt Y Eu Other  Sb Co In Ga W Ta

Recovery possible

Washing machine

Large Hh Appliance

Video recorder

CVD player

Hifi unit

Radio set

CRTTV o o0
Mobile telephone ® L L L] ] L o]
Fluorescent lamps

LED L L

LCD screens 9

Batteries [MiMH) ® ® ® ®

If separatly recovered. Partial or substantial losses during separation and/or processing/metallurgy. Recovery if appropriate systems exist.
Washing machine L ] L ] L ]

Large Hh Appliance L ] ® ®

Video recorder

VD player

Hifi unit

Radio et

CRTTV L ] ®

Mabile telephane ®

Fluarescent lamps

LED ] L L]

LCD screens
Batteries [MiMH]

Mo separate Recovery

Washing machine L] L] L

Large Hh Appliance L ] L ] L

Video recorder

VD player

Hifi unit

Radio set

CRT TV

Maobile telephane ] ]
Fluarescent lamps

LED [ ] L ]
LCD screens

Batteries [NiMH]
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DfR Rule 1 : No oversimplification

Oversimplification of recycling by defining general DfR rules will not produce the intended
goal of resource efficiency

Losses

Consumer, Collection

‘ Losses
Losses Linkages, Economics
Production Market & Stocks
Functional Element

Collection & ’
Dismanteling

Combinations

ProductDesign

:
. /

Unaccounted
Losses
Physical Theft
Separation Airfill
Landfill
Metals back to

consumer Production

Dynamic Complex
Product Centric

e [
= Losses
ReCYCllng Physics, Complex Linkages,
Multi-material Economics
Stocks Recyclate Grades
Infrastructure
Metal & Energy
Recovery
. Losses & Stocks
Sampling, Data Integrety,
’ Resolution, Detail, Statistics
Losses
Thermodynamics, Technologies, Economics,

Metal Price, Feed Morphology | Complexity

© MARAS @



DfR Rule 2 : Quantification

Quality of recyclates : design, shredding and sorting determines recoverability and recycling of
product and components (example on Printed Circuit Board)

Ferrous recyclate PCB recyclate Plastics recyclate Residue fraction




DfR Rule 2 : Quantification

DfR needs model and simulation based quantification of recycling performance

: , Various
e |~ separation
1 processes/
routes

\ J\ J \ o ll=

| | . I
Dismantling/depollution  Shredding/liberation Sorting/'separation Final treatment/metallurgy

B

Various others




DfR Rule 3 : Design data

Design data on product composition and construction should be available in a consistent
format that matches with the detail required to quantify and optimise recycling

Chemical

: - Material usage composition and
Material usage and Connection of _ 9¢, P dsi

. chemical compounds compounds In €.g.
material complex components DO lectrical

o and combinations in electrica
combinations in to structural : ts and

roducts arts/materials components and its components an

g P variations its variations
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DfR Rule 4 : Infrastructure and tools

Robust metallurgical infrastructure should be in place to ensure maximum recovery

-
-

-

Copper/e-waste
(GRM, S Korea])

Lead Battery - Copper/e-waste
(Recylex, Germany) (Dowa, Japan). & (Aurubis, Germany])
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DfR Rule 4 : Infrastructure and tools

Rigorous tools for recycling simulation and DfR
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SIMULATION DERIVED
GUIDELINES



Guideline 6 : Material characteristics

Identify and minimize the use of materials which will cause losses in recycling due to material
characteristics and behaviour in sorting

“ Concrete in Glass in fridges Isolation materials ~ Colored Printed

3 : : Wire Boards

5 washing machines

©

£

2

=

E o

58

R

= e &
Difficult to dismantle  Process waste, Contaminates . Losses of PICB to
& distributes over decreases recycling recyclate fractions - Other recyclates -
recyclate fractions performance material losses contamination of

PCB fraction

Problems/consequences
in sorting/separation




Guideline 7 : (In) compatibility of combined materials

Identify and minimize the use of materials which will cause losses due to combined & applied
materials




Guideline 7 : (In) compatibility of combined materials

Society’s Essential Carrier Metals: Metal recycling products, by products & residues

Carrier metals :
Primary and recycling metallurgy
/ infrastructures

O
Off gas / Low Value Products

@Wiwm

...... lﬂl

Met‘llurgical
Infras%uctu re




Guideline 7 : (In) compatibility of combined materials

Recovery&losses determined by quality and destination/processing route of recyclate/component

T E RN F S IRz Y T TR

D...'ll
S

06€0CC 53 e

Metals in Printed Circuit Board

mo T —f =]
PPV IZIFIYL oxTEFWE

Destination (recovery/losses) of elements PCB




Guideline 7 (In) compatibility of combined materials
Compatibility tables for a first quick screening — based on Metal Wheel

. .. Society’s Essential Carrier Metals: Primary Product
Materials in input streams clety fa’ tarm fmary Produc
Extractive Metallurgy’s Backbone

(from WEEE materials) (primary and recycling metallurgy)

To Remelting, Smelting,
Hydrometallurgy, Refining
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Guideline 8 : Design matching with final treatment

Design clusters or sub-units, which match with the final treatment recycling options (Metal Wheel)
and that can be easily removed

|
AWLLLEY
f‘-fl'f[f'{,‘

(3
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Guideline 9 : Labelling/Sorting

Labelling and marking for Waste stream Sorting and (Automated) Disassembly & Sorting

Ta capacitors — color/identification based
labelling & easy to break connections

= T rioder.  ZKIIIL
o % |gs2e05325 L

~ S

) | B 1 ams N Sk
l WSS WUE 1w& RN
& —

il g 8,128
SNy s el -

N S "2(

B T
-

-~

} NECCHI

-

Compressors - Marking of tapping point Standardisation of marking/identification (incl. position)
of cooling liquid/gas for fluid system and foam
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Guideline 10 : Design for Liberation

Avoid bolts/rivets of dissimilar materials (e.g. Fe bolts) as these produce generally a liberation
problem therefore creates cross-contamination of the different recyclate fractions




Guideline 10 : Design for Liberation

Minimize the use of non reversible adhesives for incompatible/undesired material combinations

Glued wood/plastic Sealed batteries PUR glued to steel, Al, plastics

23
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Guideline 10 : Design for Liberation

Particulate quality — an impression of un-liberated & multi-material particles




SIMULATION EXAMPLE



A Simulation Example : Quantification

Quantification of Recycling Rate, Mass flows and quality/composition of flows

_SHHA_vs2\Case1b_vs 2\SHHA

LI, Erd Rounds; Select: (@ Yariable ( Element A\ ?
Close Tools Copy 5 Calculate: |Q Tokal solids tfh j Wisualize Help

Input 100tph

Collected
End of Life SHHA A

Optical sorting

Eddy current

Printed Circuit Board dismantling

Depollution

Shredding & Air Suction

Magnetic Separator m‘.

Recycling of Small Household Appliances (SHHA)

() Van Schaik & Reuter

B

STREAM DATA

Amount ID\str\hut\on 1 Particles 1

Product Composition

Desigher & Functionality

Detailed cormposition all materials

Page1 | Page2 | Page3 | Paged | Page S

-+

T
. " Stream Name |Prim.ed Circuit Board fracti
Dismantling of Motors Shredding & Sorting =Gl St (GG e N Gl Source Optical sorting
= Destination  Top Submerged Lance Furna
Matars Ferrous Scrap 1.82
Cuto Top Subrmerged Lance Fumace — Fedffgas 1.87 |th Total solids 1322 th
1.80 » [Water th
] ——* FeFlueDust| gos|th Pulp flowrate 1322 th
’ —»
Dismantied 1 088 Fas Pulp volumetr: 442 m3h
Plastics Restto Energy Recovery eslag 3.07|th Solids SG 2939 o/cm3
Steal Pulp SG 298 gicma
Tantalum Removal 22.73th oSolids 100.00 (i)
o Solids Recove: a Rect
Tantalurn Capacitor to Special Ta Metallurgy g Ag 0.200 it
a @ Al 1240 Wit
) ) = Al203 0438wtk
Printed Circuit Board to Top Subrmerged Lance Furnace - - [ Ao 00138 Fertan
Recycling Rate Yo g Au 00225 it
= Ba0 a i
Hazardous to Landfill &l 7B [=)) Be 000410 wid
1.00 = Bi 00187t
cu 65 o) Br 00233 iuntd
; = C 00724t
Dismantled 3 Fe 77 jr CHHZAI04 i it
o C12H10xClx 158 it
s C2H3CI 0 Wit
e N Ta o o
sl Light fraction to further processing = C3HE 4848 it
N 7] CEH1005 0,456 Wit
10.8
@ " Pd 44 S| |lea .
o £ Cd 65365 it
] sn 33 5 ci 255
o Co 000734 it
‘ Shredded fraction All flows linked to GaEi T |l LT 15
= Cr203 a Wit
B Cu 1313 it
@ Fe 943 Wit
Ferrous Scrap Fraction 1 Top Submerged Lance Furnace & Waste Heat Boiler T Fe304 1] it %
B4k ) = i 00137 %
Man Ferrous fraction 1 = Hg g i
X = Mg 0 Wit
@ Printed Circuit Board fraction 13.2 '2 Mgo [ W
i L Mn 0775 it
Non Ferrous Sortin Mo a ik
; 9 Cutraction 15.0 i FE e
S TELOMGas | g ga|yn i 202 %
o 0.0147 Wit
B 0.25]th P a Wi
Alfraction fo Refining TSLDust Ph 0653 i
208 Cuslag 9.84|th Pd 0039 Pt
v Pt i} it
Raw(
Plastics i 11.26]th RE 00293 untdh
» 905 H i} it
Sh 0140 it
Si 1108 Wit
H H H H H - ily Si02 0.0363 it
Dismantling & Physical Separation + Metallurgical Recovery = Recyclability Index & Rate b e g
. . Y a i
Physics, economics & flow sheet contrals losses Therrnodynarics, technology & Economics Sum of recovery of all elements & materials T; FEEd s
Connection and material liberation affect scrap quality Mon-linear interactions determine recovery Link to Gabi determines true envrionmental impact Te a it
Ti i} it
Page & Page 7 4 ||V a vt

- {0 Calculation ready! Time: 00:00:06, Rounds: 5
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A Simulation Example : Quantification

Distribution/dispersion of elements/compounds can be traced — example on Gold

_SHHA_vs2\Case1b_vs 2\SHHA
LI, Rounds: * Select: (@ Yariable (" Element ! 7
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=
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: —
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Dismantied 2 Printed Circuit Board to Top Subrmerged Lance Furhace - - 2] e BHHGITE " e
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= - . al .
Shredding & Air Suction g- A P
g 33 5 ci Bo021a s
o Co 000153 lwi%h
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& [FE5] i i
i ﬁ ﬂ Cu 228 wi%e
Magnetic Separator ’ @ Fe 8516 it
Ferrous Scrap Fraction 1 Top Submerged Lance Furnace & Waste Heat Boiler o Fe304 i it
5 = i 000306 it
Mon Ferrous fraction 1 g Hg 0 it
) Mg [i] it
t,' i 4 Printed Circuit Board fraction 0.023 |2 g0 i ey
Mn 00314 it
Optical sortin :
P 4 Non Ferrous Sarting ¢y fraction 0.0035 e e v
RN TELOMGas | g g3 yn Hi 087 e
o 0.00308 wi%e
o 0.25|th P o %
Alfraction to Refining TSLDust Pl 0.0598 Wit
0.0029 CuSlag 8.85 i Pd 0.00201 %
Eddy current Pt 1] et
Raw(
Plastics . 1L261th RE O00E12 fwt%h
P 10091 S 0 wi%
Sh 00128 wi%e
Si 0142 wi%e
' H H H H H - HR Si02 00772 wi%e
Product Composition + Dismantling & Physical Separation +  Metallurgical Recovery = Recyclability Index & Rate 2 I
. . . Sro 0 Wi
Designer & Functionality Physics, economics & flow sheet controls losses Therrnodynarics, technology & Economics Surm of recovery of all elements & raterials T; ee ey
Detailed composition all materials Connection and material liberation affect scrap quality Mon-linear interactions determine recovery Link to GabBi determines true envrionmental impact Te o it
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Page1 | Page2 | Page3 | Paged | PagesS || PageB || Page7? | 4 vV i} Wi -
- D Calculation ready! Time: 00:00:06, Rounds: 5 _
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A Simulation Example : Redesign and recycling route

Removal/sorting of PCBs & Ta capacitors through design changes by e.g. labelling and

identification options for sorting

ing files\For, DfR SHHA\DfR_congress SHHA vs2\Casela_vs2\SHHA 23 6 13.fls

»

Tools

Copy

Rounds: .*. Select: (% wariable ( Element

U
5 Calculate y |‘©’ Tatal solids tih ﬂ

lose

* 7

Yisualize Help

Recycling of Small Household Appliances (SHHA)

() Van Schaik & Reuter

Electric Arc Furnace & Dust Collection

I3

STREAM DATA

|| Amaount D\str\hut\nn} Part\c\es}

I I
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Recycling Rate  |% T P 5 ey
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Shredding & Air Suction g— cd 3 i
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o Cu 160 i
Magnetic Separator . i [} Fe o %
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= Mg a it
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() i} it
. 0.41|th P [i] %
Alfraction to Refining —* T5LDust i 5 e
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4 i i i i i - i si02 i} wtdh
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Page1 | Page2 | Page3 | Paged | PageS | Pagef || Page7 4 |V a Wi

- 4 Calculation ready! Time: 00:00:06, Rounds: 5
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A Simulation Example : Redesign and recycling route

Removal/sorting of PCBs & Ta capacitors through design changes by e.g. labelling and
identification options for sorting — distribution of Gold

ing files\For DfR SHHAA\DfR_congress SHHA vs2\Casela_vs2\SHHA 23 6 13.fls

(U} 3 Riounds: .* Select:  + variable ¢ Element b k74
Close Tools Copy 3 Calculate " |"O’ Au wt j Visualize Help
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—»
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Printed Circuit Board dismantling e i i 0 _ £ Solids Recove: 0 Rec
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= :
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Dismantled 2 . As 000218 iwd%
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Cu 70 [=)] Br 0.0404 et %
= C 0.0944 e
Fe 75 s C11H2zN200 i it
C12H10xCix 0112 A%
c
. . . 2 78 S C2H3CI 0 A%
Light fraction to further processing = C3HE 4225 et
0.0005 7] CEH1005 00261
. . . : Pd 77 2 Ca0 i A,
Shredding & Air Suction £ cd CEOE T e
Sn 57 H i G
Shredded fract] ° o P e
l redeedraction Al flows linked to GaBi T |le 202 e
_ Cr203 0 ML
o Cu 14.54 A%
Magnetic Separator i @ Fe 1730 %
1 Ferrous Scrap Fraction 1 Top Submerged Lance Furnace & Waste Heat Boiler T Fe304 0 il %
IE k) = H i A%
Mon Ferrous fraction 1 g Hg 1 it
Mg 0 A%
Printed Circuit Board fraction 0.0029 |2 g0 ] ey
> Mn 00553 bed%
Optical sortin :
P g Non Ferrous Sorting ¢, fiaction 0.0002 e e M
< TELOMAE 14 25 yn i TE
0 0 A%
P 0.41[th P 0 it
Al fraction to Refining TSLDust Pb [EE] A,
0.0002 cuslag  |VLTE[N Pd 00380 %
Eddy current Pt 0 it
Raw(u 12.42]tth
Plastics RE 0 %
0.0006 $ g %
Sh 0242 e
Si 0245 e
H H H ; i H - il Si02 0 A%
Product Composition + Dismantling & Physical Separation +  Metallurgical Recovery = Recyclability Index & Rate o e
. . . . . . . Sro 0 A%
Designer & Functionality Physics, economics & flow sheet controls losses Thermodynamics, technology & Economics Surm of recovery of all elements & materials T; W5 e
Detailed composition all materials Connection and material liberation affect scrap quality Mon-lingar interactions determine recovery Link to GaBi determines true envrionmental impact Te 0 it
Ti 0 A%
Page1 | Page? | Page3 | Paged | PageS | Pagef | Page? |4 S E3IL 0 et =

- {0 Calculation ready! Time: 00:00:06, Rounds: 5
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A Simulation Example : Design for Liberation

Effect of construction/connections of Printed Wire Board in product — improved liberation of Al

heat sinks and Fe containing components/bolts

- [=]x]

Ll, Erd Rounds: .*. Select: (¥ Warishle (' Element t 7
Close Tools Copy 5 Calculate: |Q Total solids tfh j Wisualize Help

Recycling of Small Household Appliances (SHHA)
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Electric Arc Furnace & Dust Collection

3
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CONCLUDING REMARKS &
RECOMMENDATIONS



DfR Rule 4 & 5 : Recycling Simulation linked to Design

Recycling process simulation tools, including environmental footprint must be linked to
CAD/Design tools to realise technology based, realistic and economically viable DfR & Ecodesign

Environmental Impact Analyses
(Product /system specific )

Recycling Rate

Al

Cu

Fe

Recycllng & recovery rates + losses/emissions

(Product and recycling system specific)

3

2
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Recommendations

(Policy) targets for Recycling and Eco-design

« should remain within what is technologically (physically and thermodynamically)
and economically possible and be based on recycling process simulation tools and
knowledge;

« must be set in ways that account for the inevitable losses of materials due to
mixing in products for product functional specifications;

« should stimulate Best Available Technology/Techniques (recycling and metallurgical
infrastructures)

« should reflect the interest and expertise of all stakeholders in the product and
recycling system and stimulate interaction;

« should respect the dynamic (time-varying) product characteristics and recycling
profile over time.
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