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context definition problem statement
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context definition problem statement

“Apart from container glass

being successfully recycled in a ClOSGd-lOOp in Europe,
the rest of the commercial glass waste is, in its majority,

downcycled or landfilled
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context definition problem statement

produced glass waste recycled waste

___________________________________________________________

container glass: 15700

* limited data

_______________________________

: architecture (flat): 1540 closed -100p !
: recycling: ;
| 10570 :
: vehicle glass: 420 !
: .. PV:140 |
! composite GF: 275 :
| insulation GF: 900% openloop !
: recycling: !
| electronics: 170 345 g :
! . medical: 260* !
| heat resitant glass: 160* :
E other I
! recycling: |
! 840 |

Scheme of glass waste streams, adapted from Lara Neuhaus'’s presentation unaccounted or landfllled
“Mapping Glass Waste Streams: Challenges and Incentives for Recycling,”

presented at the Glass Forum 2025, TU Delft, on March 19.
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context definition

recycled waste

produced glass waste
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* limited data

unaccounted or landfilled
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problem statement

produced glass waste recycled waste

closed loop
recycling:
10570

composite GF: 275

open loop
recycling:

electronics: 170 945

other
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context definition problem statement

produced glass waste recycled waste

closed loop
recycling:
10570

open loop
recycling:
945

other
recycling:
840

container glass: 15700

* limited data

Scheme of glass waste streams, adapted from Lara Neuhaus'’s presentation unaccounted or landfllled
“Mapping Glass Waste Streams: Challenges and Incentives for Recycling,”

presented at the Glass Forum 2025, TU Delft, on March 19.



context definition problem statement

“Every tonne of cullet utilised saves

1.2 tonnes of

raw materials

300kWh of

energy

300kg of

CC)2 emissions



context definition

supply-chain challenges

lack of legislations complicated logistics

problem statement

glass recycling challenges



context definition problem statement

glass recycling challenges
recipe mismatch

technical challenges

pyrex.co.uk

i

glassmagazine.com
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problem statement

context definition

glass recycling challenges

contamination

technical challenges

frittings/coatings

lamination
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raw material



context definition

Beer bottle

Car windshield

Window

CRT screen

Crystalware

Mirror

Optical lens

Laboratory
e

tub

uorescent
ight tube
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cast glass

Borosilicate rods

problem statement



context definition

problem statement

foam glass

“In the production of

foam glass, LL[O to 10% of the needed
raw material can be

substituted by waste glass”

Hesky et al., 2015
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context definition problem statement

__________________ foam glass
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thermal insulation
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context definition problem statement
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thermal insulation acoustic insulation
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acoustic insulation
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context definition

“Sound absorption materials
structure is generally based on

porous Synthetic media; they
have

expensive production
processes,
important €EINE€YJY
consumptions,
and high environmental
impact.”

Buratti et al., 2016

problem statement



context definition solution

foam glass



context definition solution

foam glass solid glass layer

21



context definition solution

foam glass solid glass layer

tack fusing

22



context definition solution

foam glass solid glass layer

sound absorption sound reflection

s

tack fusing



context definition research guestion

What are the potential and limitations of developing a porous material from
glass waste to produce acoustic panels for architectural space?
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experimental research

samples
development
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design
application
and optimization
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samples development

experimental research

glass waste



experimental research samples development
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samples development

experimental research

31



experimental research samples development
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experimental research samples development
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experimental research samples development

tested parameters

What affects foaming?
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What affects foaming?
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experimental research

tested parameters

What affects foaming?
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firing schedule

foaming agent

glass waste type



samples development

experimental research

tested parameters

What affects foaming?
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firing schedule

foaming agent

glass waste type

glass cullet size



samples development

experimental research

tested parameters

What affects foaming?
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samples development

experimental research

tested parameters

What affects foaming?
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experimental research

tested parameters

What affects foaming?
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firing schedule

foaming agent

glass waste type



experimental research samples development

tested parameters

What affects foaming?




experimental research samples development

tested parameters

glass (waste) type

SODA LIME



samples development

experimental research

tested parameters
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samples development

experimental research

tested parameters

glass (waste) type

automotive
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samples development

experimental research

tested parameters

glass (waste) type

automotive
Cyclon mix
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samples development

experimental research

tested parameters

glass (waste) type
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experimental research samples development

tested parameters

glass (waste) type

low-iron soda lime

automotive

SODA LIME | Cyclon mix |
mix

E light bulbs 5

mixed cullet

ALUMINOSILICATE i mobile phone i
. screens .



experimental research samples development

tested parameters

glass (waste) type

low-iron soda lime

automotive

SODA LIME | Cyclon mix |
mix

E light bulbs 5

mixed cullet

ALUMINOSILICATE i mobile phone i
! screens !



samples development

experimental research

tested parameters

glass (waste) type

automotive
Cyclon mix
light bulbs
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samples development

experimental research

tested parameters

glass (waste) type

automotive
Cyclon mix
light bulbs
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samples development

experimental research

tested parameters

glass (waste) type
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experimental research samples development

tested parameters

What affects foaming?

foaming agent mould size/
glass cullet size particle size geometry



experimental research samples development

tested parameters

foaming agent

___________________________________________________________________________________________________________

E B L S i A E
E calcium carbonate CaC03 *"_" 2 8 N . 1-15wt % E
' manganese dioxide MnO, 5, 10wt%
INORGANIC carbon black C 1-5wt%
E B . R & E
" dicalcium phosphate CaHPO, T AN ey ; | 03-16wt% .

___________________________________________________________________________________________________________

___________________________________________________________________________________________________________

ORGANIC §

___________________________________________________________________________________________________________



experimental research samples development

tested parameters

foaming agent

___________________________________________________________________________________________________________

1 1-15 wt%

=

calcium carbonate

manganese dioxide MnO, 5, 10 wt % i

INORGANIC carbon black C 1-5wt%
dicalcium phosphate CaHPO, . | 03-1é6wth .

ORGANIC eggshells 1-5wt%

___________________________________________________________________________________________________________



experimental research samples development

tested parameters

What affects foaming?

foaming agent mould size/
glass cullet size particle size geometry



experimental research samples development

tested parameters

firing schedule

860
790
720
680

560

temperature (°C)

0 3 5 16 20 24 26 32 36 43 58
time (h)
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experimental research

temperature (°C)

860
790
720
680

560

160

max temperature

samples development

tested parameters

firing schedule
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time (h)

32
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experimental research

temperature (°C)
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experimental research samples development

tested parameters

firing schedule

max temperature dwell time

860
790
720
680

560

temperature (°C)

0 3 5 16 20 24 26 32 36 43 58
time (h)

59



experimental research samples development

tested parameters

firing schedule

max temperature dwell time

860
790
720
680

560

temperature (°C)

0 3 5 16 20 24 26 32 36 43 58
time (h)
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experimental research

temperature (°C)

860
790
720
680

560

160

max temperature

dwell time

samples development
tested parameters

firing schedule

860°C lh
790°C 2h
120°C 3h
16 20 24 26 32 36 43

time (h)
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experimental research: samples development results




results

. samples development

experimental research




experimental research: samples development

(How) do different fabrication parameters impact the porosity of the material?

fh SSNSNR
Nf/
F ’

i mould size/ i
E : geometry

results



experimental research: samples development results

(How) do different fabrication parameters impact the porosity of the material?

foaming agent mould size/
glass cullet size particle size geometry



experimental research: samples development

foaming agent

carbon black +
dicalcium phosphate

X

calcium carbonate eggshells

low-iron soda lime

* automotive

X

¢ Cyclonmix

glass type

. lightbutbs

[ P &

% mixed cullet

WS KK

mobile phone
screens

X X<«

manganese dioxide

v

results



experimental research: samples development results

foaming agent

carbon black +
dicalcium phosphate

calcium carbonate eggshells

manganese dioxide

glass type

67



experimental research: samples development results

foaming agent

carbon black +
dicalcium phosphate

calcium carbonate eggshells manganese dioxide

glass type
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experimental research: samples development results

(How) do different fabrication parameters impact the porosity of the material?

foaming agent mould size/
glass cullet size particle size geometry



results

experimental research: samples development

(How) do different fabrication parameters impact the porosity of the material?

soda lime + calcium carbonate

foaming agent concentration

5 cm
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results

experimental research: samples development

(How) do different fabrication parameters impact the porosity of the material?

soda lime + calcium carbonate

foaming agent concentration

790°C

EN

1 wt

15 mm

7 mm

2 mm

pore size

5 cm

71



experimental research: samples development results

(How) do different fabrication parameters impact the porosity of the material?
light bulbs + eggshells

790°C

foaming agent concentration

1wt %

5 cm
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experimental research: samples development results

(How) do different fabrication parameters impact the porosity of the material?
light bulbs + eggshells

790°C

foaming agent concentration

1wt %

14 mm

—

pore size

5 cm

13



results

experimental research: samples development

calcium carbonate vs. eggshells

eggshells

(How) do different fabrication parameters impact the porosity of the material?
low-iron soda lime +
5 wt % foaming agent

foaming agent type

5 cm

14



experimental research: samples development results

(How) do different fabrication parameters impact the porosity of the material?

foaming agent type calcium carbonate vs. eggshells

eggshells

[ )
et 1 Jot b )
low-iron soda lime + it ..‘o ® A
5 wt % foaming agent ] o. . 4
@ o o
o>?
9.9

5 cm

15



experimental research: samples development results

(How) do different fabrication parameters impact the porosity of the material?

foaming agent type calcium carbonate vs. eggshells

pure calcium carbonate

low-iron soda lime +
5 wt % foaming agent * %

5 cm




experimental research: samples development results

(How) do different fabrication parameters impact the porosity of the material?

foaming agent type calcium carbonate vs. eggshells

pure calcium carbonate

low-iron soda lime +
5 wt % foaming agent * Q%

—

ortuosity

5 cm




experimental research: samples development results

(How) do different fabrication parameters impact the porosity of the material?

foaming agent mould size/
glass cullet size particle size geometry



experimental research: samples development

results

(How) do different fabrication parameters impact the porosity of the material?

temperature

average pore size (mm)

effect of foaming temperature on the pore size

860°C | 790°C 720°C 860°C | 790°C 720°C

16

14

12

10

o~

I~

N

light bulbs low-iron soda lime

19

860°C ' 790°C 720°C

NO FOAMING

low-iron soda lime



experimental research: samples development results

(How) do different fabrication parameters impact the porosity of the material?

temperature

low-iron soda lime + light bulbs + eggshells
calcium carbonate

860°C

790°C

120°C

80



experimental research: samples development results

(How) do different fabrication parameters impact the porosity of the material?

temperature

low-iron soda lime + light bulbs + eggshells
calcium carbonate

860°C

790°C

120°C
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experimental research: samples development results

(How) do different fabrication parameters impact the porosity of the material?

temperature

low-iron soda lime + light bulbs + eggshells
calcium carbonate

860°C

790°C

120°C NO FOAMING
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experimental research: samples development results

(How) do different fabrication parameters impact the porosity of the material?

temperature

low-iron soda lime + light bulbs + eggshells
calcium carbonate

860°C

9
790°C 5
120°C NO FOAMING
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experimental research: acoustic testing apparatus

50 - 1600 Hz

1600 - 6400 Hz




experimental research: acoustic testing samples selected for testing

~ mixedcullet . lightbulbs

- Cyclonmix
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What are the effects of the material’s porosity on its acoustic properties?
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experimental research: acoustic testing

results

What are the effects of the material’s porosity on its acoustic properties?

pore size

normal incidence
sound absorption coefficient
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experimental research: acoustic testing results

What are the effects of the material’s porosity on its acoustic properties? clear soda lime

pore size

1.0

0.9
08 17 mm

0.7
0.6

0.4 8 mm

normal incidence
absorption coefficient
(@n)
(@]

2 mm
0.3

0.2
0.1

0.0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

pore size

frequency (Hz)
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experimental research: acoustic testing results
What are the effects of the material’s porosity on its acoustic properties? mixed cullet

pore size

1.0
0.9

0.8
0.7

0.6
0.5

normal incidence
absorption coefficient

0.3
0.2
0.1

0.0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

pore size

frequency (Hz)




experimental research: acoustic testing results

What are the effects of the material’s porosity on its acoustic properties? light bulbs

pore size

1.0
0.9

0.8
0.7

0.6
0.5
0.4
0.3

0.2
0.1

0.0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

14 mm

normal incidence
absorption coefficient

pore size

frequency (Hz)
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experimental research: acoustic testing

results

What are the effects of the material’s porosity on its acoustic properties?

tortuosity

normal incidence
absorption coefficient

1.0
0.9

0.8
0.7

0.6
0.5
0.4
0.3
0.2
0.1
0.0

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

frequency (Hz)

clear soda lime

eggshells

2.5 wt % foaming agent

normal incidence
absorption coefficient

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3

0.2
0.1
0.0

‘pure CC.

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
frequency (Hz)
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experimental research conclusion
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foaming agent type
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experimental research conclusion

manufacturing parameters porosity



experimental research

manufacturing parameters

porosity

conclusion

acoustic properties



experimental research: acoustic testing results

What are the effects of impurities on the panel’s acoustic properties?

)




results

experimental research: acoustic testing

the panel’s acoustic properties?
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results

experimental research: acoustic testing

the panel’s acoustic properties?
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experimental research: acoustic testing results

What are the effects of impurities on the panel’s acoustic properties?

normal incidence
absorption coefficient

1.0

0.9

0.8 clean

0.7

0
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0.0
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
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frequency (Hz)

mixed cullet



experimental research: acoustic testing results

What are the effects of impurities on the panel’s acoustic properties?

1.0 f\
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experimental research: acoustic testing results

What are the effects of impurities on the panel’s acoustic properties?
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experimental research conclusion

What are the effects of impurities on the panel’s acoustic properties?
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experimental research conclusion

What are the effects of impurities on the panel’s acoustic properties?

low-iron
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experimental research: samples development fusing

2 - step: tack fusing

step 1: foaming pre-foamed



experimental research: samples development fusing

2 - step: tack fusing

step 1: foaming pre-foamed

solid



experimental research: samples development fusing

2 - step: tack fusing

step 1: foaming pre-foamed

solid

step 2: fusing




experimental research: samples development fusing

2 - step: tack fusing

step 1: foaming pre-foamed

solid

step 2: fusing

bonded



experimental research: samples development fusing

2 - step: tack fusing 1 step

step 1: foaming pre-foamed

solid

step 2: fusing

bonded



experimental research: samples development fusing

2 - step: tack fusing 1 step

step 1: foaming pre-foamed

solid solid

step 2: fusing

bonded



experimental research: samples development fusing

2 - step: tack fusing 1 step

step 1: foaming pre-foamed

unfoamed
solid

solid

step 2: fusing

bonded



experimental research: samples development fusing

7T fusing
i v
2 - step: tack fusing 1 step
step 1: foaming pre_foamed
— unfoamed
solid ——solid
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experimental research: samples development fusing
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step 1: foaming pre_foamed
unfoamed
solid solid
step 2: fusing step 1:
simultaneous
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conclusion research question

What are the potential and limitations of developing a porous material from
glass waste to produce acoustic panels for architectural space?

limitations potential
- randomness of foaming reaction - excellent acoustic performance in mid-high
- manufacturing challenges frequencies
- low (no) absorption in low frequencies . circular product

- architectural adaptability
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experimental research: samples development results
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