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Problem

s S Waste generation by economic activities and
households, EU 2020 (Percentage share of total waste)

= Manufacturing

= Waste/waste
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= Households
= Services (except wholesale of
waste and scrap)

= Energy

= Agriculture, forestry and fishing

= Wholesale of waste and scrap

4 Delft
TUDelft &

Source : Eurostat 5



Problem

Waste generation by economic activities and
households, EU 2020 (Percentage share of total waste)

= Construction

I
“‘ = Mining and quarrying
= Manufacturing
= Waste/waste

= Households
= Services (except wholesale of
waste and scrap)

= Energy

= Agriculture, forestry and fishing

= Wholesale of waste and scrap
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Source : Eurostat

Waste generation by category in solid municipal waste, EU
2020 (Percentage share of total solid municipal waste generated)

S

= Paper and cardboard

= Glass

= Metals

= Plastics

= Rubber, leather and textiles

= Wood

= Yard trimmings

= Food waste

= Others



Problem

Waste generation by category in solid municipal waste, EU
2020 (Percentage share of total solid municipal waste generated)
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Plastic — as a material

replaced

»

0

Plastics

4 Delft
TUDelft &

Source : Ilcons from Flaticon 8



Plastic — as a material

Material properties Application in built environment
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Low maintenance

Low cost
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\ resistant insulation

Light weight
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Benefit to price paid

Insulation Cables
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Plastic — as a material

(T

Plastics

2020 2040

420 million HEEP 780 million
tonnes tonnes
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Share of plastic waste that is recycled, landfilled, incinerated and
mismanaged, 2019

Mismanaged plastic waste includes materials burned in open pits, dumped into seas or open waters, or disposed of in
unsanitary landfills and dumpsites.

World

e

Mismanaged 22%

Incinerated -

Mismanaged

Incinerated 38%
o
1
1 Recycled
1
Data source: OECD (2023) OurWorldinData.org/plastic-pollution | CC BY

Note: Regional aggregates were calculated by Our World in Data and are based on those specified by the OECD'.

1. OECD regions: The definitions of regions, as stipulated by the OECD, are: - Other OECD America: Chile, Colombia, Costa Rica, Mexico - OECD
EU countries : Austria, Belgium, Czech Republic, Denmark, Estonia, Finland, France, Germany Greece, Hungary, Ireland, Italy, Latvia, Lithuania,
Luxembourg, Netherlands, Poland, Portugal, Slovak Republic, Slovenia, Spain, Sweden - OECD Non-EU countries: Iceland, Israel, Norway,
Switzerland, Turkey, United Kingdom - OECD Oceania: Australia, New Zealand - OECD Asia: Japan, Korea - Latin America: Non-OECD Latin
American and Caribbean countries - Other EU: Bulgaria, Croatia, Cyprus, Malta, Romania - Other Eurasia: Non-OECD European and Caspian
countries, including Russian Federation - Middle East & North Africa: Algeria, Bahrain, Egypt, Iraqg, Islamic Rep. of Iran, Kuwait, Lebanon, Libya,
Morocco, Oman, Qatar, Saudi Arabia, Tunisia, United Arab Emirates, Syrian Arab Rep., Western Sahara, Yemen - Other Africa: Sub-Saharan Africa
- China: People’s Republic of China, Hong Kong (China) - Other non-OECD Asia: Other non-OECD Asian and Pacific countries

Source : Our world in Data
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Why is there an urgent need to solve this?

]
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When do plastic products become waste?

=
Plastic products consumed in the past
entering today's waste streams
élﬁg--k--{-~+~~l--~i-—+-~+—& | @ é\é } =
Plastic products consumed today
e will become waste in the future
m ]UW according to their average life span
J
Building & construction Automotive Electrical & electronics Packaging

Source : Plastic Europe report 2022
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Plastic recycling

Plastic identification

AY A N I\ N N\ AY
Loy 0O O O OO OO O

PEITE HDPE PVC LDPE PP ) OTHER
Polyethylene High Density Polyvinyl Low Density
Terephthalate Polyethylene Chloride Polyethylene Polypropylene Polystyrens Othier

mRRRTRIRIRI

Challenges

Each plastic resin has to be processed separately

\ 4

Need for manual sorting of plastic resin

\ 4

* Need of high infrastructure
* Labour intensive process
* Material degradation

High cost of
recycling
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Plastic resin selection

Criteria for resin selection

N =

Cost of virgin material

Density of the material

3. Mechanical properties — Tensile strength,
compressive strength and bending

strength

4.  Thermal properties — Thermal resistivity,
melting point and glass transition
temperature

5. Durability properties — UV radiation and
flammability

]
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i) Mechanical properties Thermal and sombustion properties Diurability Optical Usage in construction industry - examples of projects ¢ produsts
properties properties
_ o _ Price
Plastic classification and properties E— Tensile | Compressive| Eending | Thermal | Melting | o o
(ErETies ERESEnt TEtersl 05t a ot Y| strength strength | strength | resistivity | point P
S ELE un 0 A . .
- B o Ti Enclosure Intericrs Services
radiation
Euwotkg |  kgrm? 1Pa MP MPa | moow | T =
Source of infarmation [1]
) Wapour barrier -
¥ - - i
LOPE 16-178 | o17-932 | 133-264 | 0s.me | TERE| &T-04) 9785 105- 115 ) Poor I A Transhucent | and moisture - allfirish -
7 £ 11435 fammable sheets
protector
Palyethulene [FE)
sagara | ad-a5 | 12985 . Highly beams, wallfiish )
HORE | 123-127 | 952-965 | 26-31 | 126-248 = = By 120130 () Fair fammaple | Tt | . ol Water pipes
139.85 - . Highly PP foam
Pelypropylens (PP) 150-172 | #95.909 | 26-50 228-25 | 217301 [s02.522 | LA 160 - 170 (1) Poar | SO | Transtucent . el . .
Evterior cladding.| F1o0Mngties | - Water pipes,
composite [ Wirwl drainage pipes,
. ) 12903 - 59.95- Self - Beams and P flooring), wall | electrical boes,
Palyvinyl Chlaride [PYVC) 214.2.26 3846 37-443 | 372.547 | 475-68 7985 - BT.85 Fair == | Transparent panels, Fioofing ; :
14523 142,95 extinguishing columns = ne panels- | electrical conduits,
material, window
CcOmposite ductwork, cable
frames, doors
panels trays
{290 Highl Exterior cladding-
Polyethylens Terephthalate (PET]| 126-182 13903 55 - B0 50 -E0 F93-65.4 | 417-7.25 | 26005 5985 -83.85 Fair flamrgnayble Tranzlucent - composite - PET Ducts
- panels
"
b
T
H 10483 - Highl ‘wall and rock
a Palystyrene [PS) 196 - 267 369-517 | 827-208 | 302-69 | 714-233 | 0-280 | sa.35-99.85 Fair ghly Opaque E insulatin, E E
[} 1.05e3 Hammable i
I interiar doors
G
i
H
H
[
i
& 10383 - High Shear walls.
8BS 244258 37.9-517 | 39.2-262 | 194-526 | 28-295 | 190-270 | 10185-11485 | Poer ghly Opaque | Highstrength | Window frames . Dhnainage pipes
1063 Hammable AES
Pakcarbanate [PC) an-zs| Moot | ea7.7es | es-ses | 62.75 | 459508 | 200-320| WiESH7ES | Far | Slowbuming | Datialquatiy | S | Riooting sheet - Electrical boses
. 11223 - 219.85 - . Eeams and
Polyamide (NyloniPA&] sos-soz[ S 4z.72 4552 |625-995 | 395-4za| SERC | 43886585 Fair | Slowbuming | Transhuent [ SF3me & . Carpets Cable trays
Palyetherstherketone (PEEK) | 75-a31 | '23- | a7 47 o191 | 6a3-30a | 289-ew | 200 | yops-imeas | Encetlent| 5 Opaque . . Biearings, | High performance
13263 4595 extinguishing connectors | seals, conectors
2i4ea- G405 Man- chemical-resistant |
Polutetrafluroethylene (PTFE] | 2.1 | = 207-345 | N2-123 | m8-263 | am3.en | I 1685-12985 | Good Translucent . Caating . linings fer pipes |
2.2e3 33885 Hammable .
andfitings |
1
\
117e3 amw-ar | o Highly Skylights, Decorative Transparent |
Pal thulmeth: late [PMMA) = 3 - . 5 _ - L R . " i =
olymethylmethacrylate | I} EERET] A st-72 | aa-iee | desm | UK SRS | oassomoss | Gaed | MBUL | optisal quaity da::ﬁ::;ng oo diidors | serine panels |
InFlatable |
Ethylene tetraflurcetylene (ETFE)  338-408] '85%% | 427 471 | 4se-514 | 261-308 403407 | 228 soas goes | Good | 2% | Tosnsiucent - cushionsfar | Atium - |
17263 20085 extinguishing lightweight | coverings |
sStructures ]

Source: [1 Ansys Grants Edupack [2] - Rlesin identification codes defined by the surcpean commission [ htps: fen, wikipedia, orghiikilRecycling_codes) [ 3| Google search engine




Plastic resin selection

« PVC - PolyVinyl Chloride

* PEEK - Polyetheretherketone

« PTFE - Polytetrafluroethylene

« ETFE- Ethylene tetrafluroetylene

Building & construction post consumer plastic waste generation

EU 28+2 in 2018 (in thousand tonnes)*":

Type of plasti

LDPE

Energy
recovery (%)

51

HDPE

49

PP

50

PS

64

EPS

59

PVC

4

Miscellaneous

65.5

Total

47.5
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Esterir cladding-

i) Mechanical properties Thermal and sombustion properties Diurability Optical Usage in construction industry - examples of projects ¢ produsts
properties properties
. . . . Frice
Plastic classification and properties E— Tensile | Compressive| Eending | Thermal | Melting | o o
(ErETies ERESEnt TEtersl 05t a ot Y| strength strength | strength | resistivity | point P
S ELE un 0 A . .
- B o Ti Enclosure Intericrs Services
radiation
Eurcfkg kgfm® MPa MPa MPa moChw C c
Source of infarmation [1]
‘W apour barrier -
LOPE Translugent | and moisture Wallfiich
sheets
protector
Polyethylens [PE)

HOPE Transhucent beams, wallfinish W ater pipes

columns, truss sheets

FF foam
Polupropylens (PP) Translucent e

Flooringtiles | water pipes,

composite [ Wirwl drainage pipes,
A A 59.25 - Self - Beams and P Hooring), wall | electrical bores,
Polyvinul Chlaride [PYC) 214-2.26 372-547 | 47868 7285-87.35 = ) Transparent panels, Roofing : :
149,85 extinguishing solumns = na panels- | electrical conduits,
material, window
CcOmposite ductwork, cable
frames, doors
panels trays
Exterior cladding-
Palyethylene Terephthalate [PET] Tranzlucent composite PET Ducts
panels
o
U
i
H ‘wall and rock
= Palystyrens (PS] Opaque insulation,
I interiar doors
5
I
u
u
[
i
& Shear walls -
AES Opaque High strength | window frames Drainage pipes
AES
Paolycarbonate [FC) Oiptic:al quality Pane‘l’:éhea' Fioofing sheet Electrical boxes
Polyamide (NyloniPA) Transhugent | Beams and Carpets Cable trays
eolumnz
Palyetherstherketone (PEEK) | 75-a31 | '23- | a7 47 o191 | 6a3-30a | 289-ew | 200 | yops-imeas | Encetlent| 5 Opaque Biearings, | High performance
1,32e3 34585 extinguishing connectors | seals, conectors
2i4ea- G405 Man- chemical-resistant |
Palytetraflurosthulens (PTFE] | 12.14 . 207-345 | f2-123 | 58-262 ] 383-4m3 . 116 85 - 129,95 Good Transhucent Coating linings for pipes |
2.2e3 338.89 Flammable e
andfittings |
\
|
Skylights, Decorative Transparent |
Palymethylmethacrylate [PMIMA] Optical quality datlighting | diiders | service panels |
panels
Inflatable |
Ethylene tetraflurcetylene (ETFE)  338-408] '85%% | 427 471 | 4se-514 | 261-308 403407 | 228 soas goes | Good | 2% | Tosnsiucent cushions for Atrium |
1.72e3 260.85 extinguishing lightweight cowerings \
structures 1

Source: [1 Ansys Grants Edupack [2] - Rlesin identification codes defined by the surcpean commission [ htps: fen, wikipedia, orghiikilRecycling_codes) [ 3| Google search engine




Polyvinyl Chloride (PVC)

Poly-vinyl chloride (PVC)

*  Very popular thermoplastic

*  Very rigid and cannot be use at room temperature
therefore always combined with plasticizers, additives
for its processing and manufacturing

CRACKING OF NAPHTHA
OR NATURAL GAS FOR ETHYLENE
HYDROCARBONS
ETHYLENE DICHLORIDE
(1,2-DICHLOROETHANE)
ELECTROLYSIS OF

SODIUM CHLORIDE (NaCl)

ONE OF THESE PROCESSES
MERCURY DIAPHRAGM MEMBRANE
PROCESSES PROCESSES PROCESSES

(In process of (Asbestos containing (Newest process)
being phased out) cells in process of
being phased out in
Europe. Still used in
the US)
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VINYL CHLORIDE
MONOMER (VCM)

Additives and reason for inclusion

* Stabilizers - PVC is heat sensitive — Heat stabilizers to
protect chemical breakdown under heat

* Plasticizers — for ease of processing

e Fillers — to cut down the cost- mostly calcium carbonate

Pigments- Colourants

EXTRUSION PVC PIPES, INSULATED
CABLES, WINDOW PROFILES
INJECTION

MOULDING ELECTRICAL OUTLET
BOXES, EXIT SIGNS

CALENDARING VINYLTILE
(CUT SHEETS TO SIZE)

MELT
VINYLTILE
COMPOUNDING ( (MOULDS TO SIZE)

SHEET
MANUFACTURE SHEET VINYL FLOORING)
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Polyvinyl Chloride (PVC)

e o o o o e e e e e e e e e e e e e e e e o e o o o mm mm mm mm mm o e e mm Em mm Em mm Em Em m 4
Flexible PV | —
I Pipes and fittings [j—
U UG U U g U 1
Rigid PVC film [
Other rigid == M pre-consumer
Cables [ ® post-consumer
Flooring |
0 50 100 150 200 250

Graphical representation of recycled PVC compunds in 2022 (Source: Lahl & Zeschmar-Lahl, 2024)
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Research gquestion

“How can PVC waste streams originating from windows and pipes be

processed to develop sheet material for architectural components??”’

18



Material exploration and experimental validation

Shred
Characterisation

Production tests

Parameter
Optimisation

Application

Delft
e t University of
Technology

To know the composition and thermal behaviour of the shreds

Know the feasible method of production

Optimise the production and composition parameters

Architecture component design

19



Shred characterisation

Salgsle
Characterisation

Production tests

Parameter
Optimisation

Application

]
TUDelft

Delft
University of
Technology

FT-IR

Fourier Transform
Infrared
Spectroscopy

LIBS

Laser Induced
Breakdown
Spectroscopy

f

Rapid test

XRF DSC
X-ray fluorescence Differential
scanning
calorimetry
|

In-detail examination

20



Shred characterisation

FT-IR LIBS XRF DSC

Fourier Transform Laser Induced X-ray fluorescence Differential
Infrared Breakdown scanning
Spectroscopy Spectroscopy calorimetry

Salgsle

Characterisation

Production tests
PVC pipes sample PVC windows sample
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Parameter - FEHMEIELHZIARIERN & EAE 5 PELEEZI AR ISRY
paigHIE 2 B L AklS Linprigd I BHMEHTEGES AN SSY
= — = - P SIS e e s e - -]
Optimisation N e A 3
A N ' \
7 Na LJW /“ Nipddne § o \,\/\ Y
//\_n / ,M 'V' 2 oes / f"\/\f J
e N pam o s o N ol e - .//\JL E = SN N \»\/
FVINYL CHLORIDE) ‘njmvwna«mnn
I' | B .l hoa A N
. . \ \\), \ J 2 s fl /\)v [\
ication w \/\ M L [/ ,
= - i S | )V Y K_\
e oo e e
£ H |
i i .
< H
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40 bod it ol ol bl Eocod -~ o ke », " w ~ boud ool s [o) 08 0 20 Two am me 2o 200 0 T 20 500 15 o o 10t0 ™ w0
— s s
= == — — -
126 POLYIVINYL CHLORIDE) Mumemel Folvme Samote Utrary b e e toen thosy Mew:
24 5186 POLYIVINVL CHLORIDE ETHYLENE) Mumrral Pebvom Sarrce L2
HEBE RS T T —
B i mimaTROmD T Ea g EEEA
ih 8 AWRASLL i HE bR mmmettmom T
PR OBE SmmEmEREN : if 0 EE mmmIma, TR
(E 8 SRR e in 3 7 e
ih 3% SemSracmessu e i e
e PRI i
(e o) Fovcnsd i B e cosmal) (19 Eo ) (el thiiti Wi
O R YT o et il - -3 e i 0 00

7| Index ‘ Match ‘ Compound Name Library Na oot iy Nare
126 8026 POLY(VINYL CHLORIDE) Hummel Polvmer Sample Library .
2 4 53.96  POLY(VINYL CHLORIDE ETHYLENE) Hummel Polymer Samole Library = POy VINYL CFLORDEETAVLENE) HiiT o POl o Somelo Gy
5 A5 31 PO BTN ENE NG € LORIDE) Hamimel Bolymer; samets [ibrary, 33 4409 POLY(VINYL CHLORIDE), CHLORINATED Hummel Polymer Samole Library
43 45478 POEYVINYL SHEORIDE), GHEORINATED ymmel Golviner Samol s (b 4 51 4342 POLY(ETHYLENE-VINYL CHLORIDE) Hummel Polvmer Sample Library
531 43.87  POLY(VINYL ACETATE:ETHYLENE) 3:1 Hummel Polymer Sample Librarv 5 31 4040  POLY(VINYL ACETATE:ETHYLENE) 3:1 Hummel Polymer Sample Librarv
6 29 4245  POLY(VINYL ACETATE-ETHYLENE) 4:1 Hummel Polymer Samole Library 6 29 3856  POLY(VINYL ACETATE-ETHYLENE) 4:1 Hummel Polymer Sample Library
7 47 40.92 EVA FOAM CONCENTRATE. 20% AZODICARBONAMIDE #1 HR Specta IR Demo 7 787 3748  1-METHYLANTHRACENE. 97% HR Aldrich Hydrocarbons
8 48 4016  POLYSTYRENE FOAM CONCENTRATE. 22% AZODICARBONAMIDE HR Specta IR Demo 8 768 3718  2.3-DIMETHYLNAPHTHALENE. 98% HR Aldrich Hydrocarbons
9 46 4009  EVA FOAM CONCENTRATE. 20% AZODICARBONAMIDE HR Specta IR Demo 9 40 3475  ULTRATHENE RESIN HR Specta IR Demo

|L10 40 38.99  ULTRATHENE RESIN HR Specta IR Demo 1110 45 3423 EVAFOAM CONCENTRATE. 20% AZODICARBONAMIDE HR Specta IR Demo

80% match with PVC IR database 71.37% match with PVC IR database
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Shred characterisation

FT-IR LIBS XRF DSC

Salgsle

Characterisation Fourier Transform Laser Induced X-ray fluorescence leferentlal
Infrared Breakdown scanning
Spectroscopy Spectroscopy calorimetry

Production tests

Presumed material (score order) Detected Elements w% -
Carbon compound > Organic compound C - Carbon 755% Presumed material (score order)
Parameter o s G gt
e 5 [comeun
. . . Carbon compound d |N-nivogen  oox Chemical composition
O .t Organic compound * Carbon compound
ptimisation s o
Carbon. 4 Carbide

Carbon

Application

Organic compound

Organic compound

Silicon compound] Organic compound
iron|

[Organic compound
[Organic compound]
lOrganic compound|

[Organic compound|

2024/03/07 2024/03/07
lLens: EA-300:X300 Lens: EA-300:X300

Organic compound

Could not detect Chlorine and Bromine due to their low molecular weights

4 Delft
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Shred characterisation

FT-IR LIBS XRF DSC
S Fourier T f L Ind d X fl Diff tial
- : ourier Transform aser Induce -ray fluorescence ifferentia
Characterisation y .
Infrared Breakdown scanning
Spectroscopy Spectroscopy calorimetry
Production tests
PVC pipes sample PVC windows sample
Parameter
O Dtlm isatio N Compound  Conc.  Absolute Eempodny B Alﬁ:{l::te
i Error Name (wt%)
Name (wt%) (wt%) (wt%)
Application pmmmmmm—————— " 1 LA T TEEE T T
1 1 C 83.489 0.1 P 'ca 5.822 0.08 !
2 | ca 13838 01 | 5 e 5655 qool
3 | Ti 1.122 0.03 | 4 (I Pb 3335 005 )——= Presence of lead
4 C pp 0.602 0.02 )——ePresence of lead 5 TS 0351 002"
5 Si 0.265 0.02 6 p "7 7 0138 001
6 Zn 0.219 0.01 7 Na 0.128 0.01
7 Al 0.158 0.01 8 Al 0.118 0.01
8 Na 0.128 0.01 9 Mg 0.111 0.01
9 Mg 0.058 0.007 10 Zn 0.065 0.008
10 Fe 0.055 0.007 o | Cd 0.057 0.007
11 0.034 0.006 12 S 0.031 0.005
12 0.018 0.004 13 Fe 0.03 0.005
13 Sr 0.016 0.004 14 Sr 0.011 0.003
15 Zr 0.008 0.003

4 Delft
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Shred characterisation

LIBS XRF
Laser Induced X-ray fluorescence
Breakdown
Spectroscopy

DSC

Differential
scanning
calorimetry

FT-IR
Shred . )
Characterisation Fourier Transform
Infrared
Spectroscopy
Production tests
Parameter 25

Optimisation

Application

-50

PVC, and PVC,, - Comparision of T,

300

—— Heat Flow Endo Up (MVWV)
—— Heat Flow Endo Up (MWV)

4 Delft
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Production tests

Test using a well-engineered

—> n
Shred Aluminium mould
Characterisation ||
— Indirect heating using Hot forming using hot Hot forming using grill press
Bain Marie technigque plate
Parameter

Optimisation

Application

VPRI S oo i s SR FrrZa S NN

Delft
e t University of
Technology
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Production tests

Production process

., Preliminary test for . Test using f'a yvell-engineered
Shred heating technique Aluminium mould
Characterisation
Hot press at Aerospace
Lay the shreds into
Parameter e

Optimisation
Cover the mould

with the lid and with
release film.

Application

Place the mould in
between the graphite
sheets

Place the mould in
the press and run the
program

Remove the tile from
the mould once its
cool.

Sample placed
evenly

L —
ﬁ

---Graphite sheet placed on
i top and below the mould

4 Delft
TUDelft &
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Parameter optimisation and quality control

Shred Size

Compositional variation

Pressure, temperature
Shred and dwell time

Characterisation

Production

: !l :
@ E Mechanical test i
| ,

Parameter l Optimised production parameters
Optimisation R R R

_____________________________________________________________________________

Application

Production tests

_____________________________________________________________________________________________

. Sseries Production

@ i Mechanical test 5

Microscopic analysis

--------------------------------------------------------------------------------------------

| Cseries Production

| |
@ E MechaIical test i

Microscopic analysis

4 Delft
TUDelft &
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Parameter optimisation and quality control

Pressure, temperature Shred Size Compositional variation
Shred and dwell time
Characterisation Production plan
Output Dwell
Production tests p;zsr:::ir FE S [N S Sh(r;dnf}lze thmﬁss Temr:é?mm P:;Sasr:)re el B
(mins)
s1 3mm PVC, shred 3 5 180 177 | '30]
Parameter = 2 3mm PVC, shred 3 5 180 dol | 6ol e
Optimisation £5 s3 3mm PVC, shred 3 5 11401 10 60 9
g & 54 3mm PVC, shred 3 5 135] 10 60 g
Application G S5 3mm PVC, shred 3 5 1130l 110 | 60
S6 3mm PVC, shred 3 5 130 &l 60

Sample results

Sample S1 Sample S2 Sample S3 Sample S4 Sample S5 Sample S6

4 Delft
TUDelft &
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Parameter optimisation and quality control

Pressure, temperature Shred Size Compositional variation
Shred and dwell time

Characterisation
Production tests
T— 22.62
Effect of pressure application ------
on material strength :
Parameter 20 PR N R
Optimisation 16.26
15
Application g s
T 10.03
w 10
5
x
o 6.25
o5
5
0
‘SampleID S2 S3 sS4 S5 S6
Shred size 3mm shreds
Temperature 180 140 135 —— 130 ————
(in°C)
Pressure 10 100
, (in bars) |
Dwell time 60
(in mins)

4 Delft
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Parameter optimisation and quality control

Shred Size Compositional variation

Shred
Characterisation

Production tests

Application b

Sample S6

S~

Microscopic view of the fractured surface showing the awQ zones (Source : Author)
Legend : a - Zone of compaction ; b - Zone of shreds with interfoEiOchqnections

N
~

Zoomed view of the fractured surface of sample S6 showing loosened interfacial
connection in red and cracks leading to surface with yellow (Source ! Author)

Delft
e t University of
Technology
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Parameter optimisation and quality control

Pressure, temperature Compositional variation

v

Shred and dwell time
Characterisation
Production tests 0.2 umm powder 3 mm shred 7 mm shred 10 mm shred

Application

Sample S7 Sample S6 Sample S8 Sample S9

Production plan

o S7 3mm PVC,, shred 0.2 5 130 100 60 &

o S6 3mm PVC, shred 5 130 100 60 <

% S8 3mm PVC, shred 7 5 130 100 60 §
S9 3mm PVC, shred 10 5 130 100 60

Delft
e t University of
Technology



Parameter optimisation and quality control

Pressure, temperature N Shred Size Compositional variation
Shred and dwell time

Characterisation
Production tests 48.85
50 e
Parameter g
Optimisation Qe X
3254 Tteel_ /
Application v 30— @ 0 TUeee il
e ¥l
@ 22.61 i
T 20 18.32
x
Q
LL
10
- 0
SampleID s7 | S6 s8 s9 |
Shred size 0.2 mm powder 3 mm powder 7 mm powder 10 mm powder
Temperature 130°C
Pressure ' 100 bars
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Parameter optimisation and quality control

Pressure, temperature Compositional variation

Shred and dwell time

v

Characterisation

Production tests

Application

Sample S8 SampleS9 F===—=====~- ~

\
Figure 67: Microscopic view of the fractured surface showing the two zones (Source ! Aqthor) S
Legend : a - Zone of compaction ; b - Zone of shreds with interfacial connections \

Delft
e t University of
Technology
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Parameter optimisation and quality control

Pressure, temperature N Shred Size ~
Shred and dwell time
Characterisation |
Production tests 100% 70% powder+ 30% 50% powder+ 50% powder+ 50% 70% shred+ 100% shred
powder shred 50% shred shred of window sample 30% powder
Application
,\: g

o = R B Py , ,. E L ~‘ " = i ‘_" _"4 ~ LS5 " g} —
Sample S7 Sample S12 Sample S11 Sample 513 Sample S10 Sample 9
Production plan
| s7 100% PVC, 3mm shred 3 5 130 100 60
S9 | 100% PVC, 10 mm powder 3 5 130 100 60
30% PVC, 0.2mm powder +
510 3 5 130 100 60
70% PVC, 10mm shred
50% PVC,, 0.2mm powder +
511 3 5 130 100 60

50% PVC,10mm shred

70% PVC,, 0.2mm powder +
S12 3 5 130 100 60
30% PVC, 10mm shred

50% PVC,, 0.2mm powder +
513 3 5 130 100 60
50% PVC,, 10mm shred

Composition
Sample Cs

Delft
e t University of
Technology
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Parameter optimisation and quality control

Shred
Characterisation

Production tests

Parameter
Optimisation

Application

4 Delft
TUDelft &

and dwell time

Pressure, temperature

R Compositional variation

Flexural stress

Sample ID

powder

10 mm
shred

Shred %

Pressure

Dwell time

0.2 mm

Temperature

50

40

30

20

10

S13
50

50

100

Shred Size
32.54 e 32,58
26.02
s7 S12 S1
100 70 50
0 30 50
130°C
100 bars
60 mins
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Parameter optimisation and quality control

Pressure, temperature Shred Size

v

Shred and dwell time
Characterisation

Production tests

Application
1000.0pum
Left- Sample S6 shows powder compacting the gaps between shreds
(Source : Author)
b
+
a
Sample S10 Sample 512
b
+
a
Sample S11 Sample S13
(; - Microscopic view of the fractured surface showing the two zones (Source : Author)
TU D elft s o Legend : a - Zone of compaction ; b - Zone of shreds with interfacial connections

\4
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Parameter optimisation and quality control

Pressure, temperature R Shred Size _ Compositional variation
Shred and dwell time
Characterisation
70
i = Influence of functional
PI’OdUCtIOﬂ Lesis o0 Influence of préssure on r_____g__g_r_a_d_irlg_ P_n_rpfnze_ria_l_sfr_e_n_g_tt)‘
material consolodation y i : )
50 e Sy : ; Evaluation of :
u ' = i . material shred ratio
Paramet.er o .. Thermal degradation stabilisation _ i ' L€ '
Optimisation B 40 : i it 2 BE | :
s : : Lo 1 BT | :
1 - 1 1! | 1 : : 1
L g |30 ! | T : B , :
Application I i ! Lot . ! ! i
: I ! LY : oy | :
29 - : | Bt N W : -
i : 1 B i & ; i
10 i ' { B i .9 | i
' ! 1 BF i ! ! :
6 i I ! | B i I : :
P S e TR s Ol e L X% X Ipp—— :
Sample ID Virgin 52 s3 S4 S5 S6 s7 s8 S9 S0 sm S22 s13
a w o Qo (] o)
[%] 0 w0 %) %) Xo} %) 5 °\o\° g\o\o o\\o °\o\°
? D ks o o 2 ° o S Q6 28 Ra
Shred < < < c c 3 c < ph gl L0 8
. 7] ) 7 7 ) o % @ E'b' kel [age okl
composition £ £ £ = = = = £ o0 oo T DO
£ £ £ £ £ E £ E 2¢ 2= 2= Z&
m m [90] ™ o S ™~ 9 O_U') D_U') D_U) Q_U)
Temperature o e} o) o
(°C) i = 2 -
Pressure - o
(in bars) - o
1 Dwell time o &
TUDelft s ’ :
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Parameter optimisation and quality control

Pressure, temperature R Shred Size _ Compositional variation
Shred and dwell time

\

Characterisation

160

Ultimate stress

Production tests

140
Parameter 120
Optimisation Proportionality limit
100
Application = N
o 80
S
=
Il [
SO 60
I (@)
=
g 40
)
©
LU
20
v o—! |
b 0 ) 10 15 20 25 30 35

Deformation [mm]
——Sample S7 =——SampleS9 ——SampleS12 ——Virginplastic

Figure 73: Comparision of material fracture pattern with virgin PVC solid plate (Source: Author)
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Application

Shred . Facade tile/cladding tile > Go-no Go factors would be UV vs Flammability
Characterisation . Floor tile
. Roofing tile
Production tests
. Interior partition wall Non-flammable 0 0 1 0
PTFE
. Insulati
Parameter nsuiation >
Optimisation . Skylights = Self-extinguishing 0 1 1 -
C PVC PEEK
Application ‘
« Interior furniture E Slow-burning 0 3 0 0
. Products
Highly flammable 2 3 1 0
Poor Fair Good Excellent

UV radiation (sunlight)

4 Delft
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Durability test for UV

At O hrs

At 480 hrs

At O hrs

At 480 hrs

Sample 12

4 Delft
TUDelft &

At O hrs

At 480 hrs

At O hrs

At 480 hrs

40



Sustainability evaluation

Life cycle inventory

a N
Raw material acquisition
Collection of PVC waste Transporlafhopvlo shredding Shredding process
acility
Energy consumption NOT Energy consumption for Electricity used by shredding
ACCOUNTED - as PVCin C&D is transportation between collection facility to clean, dry and shred
pre-sorted and collected point and shredding facility l
l poly
ey /—/
{ Transportation to manufacturing facility
Transportation from shredding
In flows | N facility to manufacturing process — Out flows
Raw Materials Product
g -1 CO2 emissions
——» > waste
g —i»

Energy consumption for

transportation from shredding
facility to manufacturing spot

l Who!

Energy used in the production

and maintenance of the
aluminum mould.

Product production process

\/
n

Manufacturing process

.gll

Energy consumption for
heating, pressure pressing and
cooling cycle

\

!

End - of - life

Transportation to recycling
facility

Energy consumption for

transportation from site of
usage to recycling facility

2
"
°
€
3
]
a
€
S
g
@
>
@

6 Delft
TUDelft &=

-
Further recycling follows similar steps

Data analysis

B Raw Material Acquisition

m Transportation from recycling facility to manufacturing facility
u Manufacturing process

u End-of-life

41



Sustainability evaluation

Data analysis

2%3% |30y,

B Raw Material Acquisition

m Transportation from recycling facility to manufacturing facility
u Manufacturing process

u End-of-life

6 Delft
TUDelft &

100

20

80

70

60

50

40

30

20

10

35.98

rPVC panel

Ceramic tile

70

Anodized alumnium
{(3mm)

Embodied carbon per sgm

35.98

20

70

Life cycle

Shorter

Longer comparitively
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Sustainability evaluation

Post-Consumer
PVC

Heat pressing

Resized

Standardised material

Facade cladding
panel

Panel material Facade system

Apply peelable UV coating

g
+ Structural support system =!

Use of mechanical connections

Evaluation
Good Fair Poor

Evaluation
Good Fair

Repurpose

o
2 7
9 g

ag§ "

0 oS " "

g% 5 Y]
E0 T #

25

g § % Facade system U Interior wall system Surface Hot wel_ding /

kel E * Furniture treatment upgrading to new
% « Others specifications

« Fixtures
* Material

Facade

Structural
cladding panel

system

Facade
leasing

m Remanufacture

Energy recovery

Project’s intended use

Post
usage
evaluation

R-Strategy scenarios

4 Delft
TUDelft &
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Product — Facade tile

Functional grading as a design technique Detail Facade example

1 60mm thick steel
beam as supporting
structure

|= .« T0mm Dia pivot
fixed to panel for
rotation
e o

Project : Parking, Indianapolis, US
Architects: Rob Ley Studio

e
TU Delft Zese 44



Product — Facade tile prototype

= Supporting
structure

Facade tile

]
TUDelft & Panel designed by NPSP.B.V (4 npsp



Panel designed by NPSP.B.V Onpsp




“ waste Is a
design flaw ”

KKKKKKKKKK




Special thanks to:

Mr. Jack Snijders
Cifra Recycling Gmbh , Germany

RECYCUNG GmbH

(c
\CIFRA

Mr. Willem Bottger
NPSP B.V., The Netherlands

Onpsp

Dr. Francesco Di Maio
Research Director of the Recycling Laboratory
at Delft University of Technology

Dr. Maarten Bakker
Resources & Recycling, CiTG, TU Delft

Mr. Hajo Reinders
Pretty plastic , Amsterdam

Mr. Casper van der Meer
Better Future Factory, Rotterdam

Coolrec Netherlands B.V

Van Waren B.V, The Netherlands
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