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What are the characteristics

of a circular economy?




Fundamentals of realizing a circular economy
X

Functionality Price / Performance

Less Material Sustainable Less Energy
Products

Repairability Recyclability

Economic Efficiency

Low Environmental
Impact

Optimized

Low Resource Consumption Processes

Social Standards

Deike, R.; Winstermann; P.: The Special Importance of Metals in a Circular Economy, 62nd International Foundry Conference 2022, PORTOROZ 15.09.2022
https://doi.org/10.17185/duepublico/78969
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What is the difference between the recycling rate

End-of-Life Recycling Rate

% Recycled EOL Metal

EOL Product
Machining sludge Collection |
- End of Life Q

Recycled Content

Metal
Production

J

Slags
Filter dust

Deike, R.; Rabelo de Lima;A.R.: Recycling of residual material from metallurgical processes towards a circular economy, 8t Simpdsio Brasil-Alemanha Desenvolvimento Sustentavel,
Porto Alegre, Brasil, 03.10.2017

Use of scrap in metal production

Use of scrap + Primary metal
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The foundry industry is working in nearly closed
raw material cycles %

R e
m ,Lﬂum

Responsible raw A\ A\@ /%H‘
material consumption . =l (

|l

Foto: Soschinski/BDG
Foto: Soschinski/BDG
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Deike, R., 2020. Bedeutung der GieRerei-Industrie in einer
Circular Economy. https://doi.org/10.17185/duepublico/71307

Deike, R., 2021. Die Bedeutung energieintensiver metallurgischer Betriebe: Unter
dem Aspekt des Recyclings von Eisen, Stahl und NE-Metallen.
https://doi.org/10.17185/duepublico/74510

With end of life
the process
starts again in a
closed loop

For the production of
products for future
industries

Foto: Soschinski/BDG

Deike, R.; Winstermann; P.: The Special Importance of Metals in a Circular Economy, 62nd International Foundry Conference 2022, PORTOROZ 15.09.2022
https://doi.org/10.17185/duepublico/78969
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Why are recycled contents and EolL-recycling rates

of other elements much lower?

1 2 = = 2
» | Recycled Content (RC) He End of Life Recycling Rate a
4 5 e |7 {8 |9 |0 (EOL-RR) 0
Be B [c [N [0 |[F |Ne Ne
1 14 s (16 [17 |18
Na si [P [s [ct |ar
19 |20 [21 22 J23 [z 29 [30 [31 34 [35 [36
K |Ca |sc |Ti |V Ccr Cu |Zn |[Ga Se |Br [Kr
37 |38 40 43 48 50 |51 |52 [53 |54
Rb |Sr Ir Tc cd Sn (Sb |Te |l Xe
. > s0% 55 + |72 |13 75 77 B3 |84 (85 |84
I - 25-50% Cs Hf |Ta Re Ir Bi |Po [At |Rn
>10-25%
105 87 |88 [** 104 |105 [106 {107 {108 [109 [110 {111 [112 [113 [11a 115 {116 [117 |118
Fr |Ra Ri [Db |Sg |Sg [Hs |Mt |Ds |Rg |Uub [Uut |Uug [Uup [Uuh [Uus [Uuo
< [
* I s0%
* Lanthanides Ei ?; 3: :‘: N - 25-50% * Lanthanides
>10-25%
B 89 oo |91 |92 1-10% R
** Actinides Actinides
Ac [Th |Pa |uU ——

In periods of economic growth, the primary metal share grows faster than the secondary share, so that the recycled content (RC) decreases
and is substantially smaller than the EolL-recycling rate. In addition the recycled content is dependent on the availability of secondary raw
material.

UNEP International Resource Panel: Recyling rates of metals, 2011, https://wedocs.unep.org/20.500.11822/8702

Deike, R.; Winstermann; P.: The Special Importance of Metals in a Circular Economy, 62nd International Foundry Conference 2022, PORTOROZ 15.09.2022
https://doi.org/10.17185/duepublico/78969
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What is the main problem of recycling?

“BCE ECB ELS EZB EXP

2
,..
ok

>

Deike, R.: Die Bedeutung von Eisen und Stahl fiir die Circular Economy.
stahl., Sonderdruck Nr. 1-2 | 2023, S. 3-10,,
https://doi.org/10.17185/duepublico/78771
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Principal development of revenues and costs in recycling
processes
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——Revenues -@-costs
According to R. Bunge,: Recycling ist gut, mehr Recycling ist besser — oder nicht?,
Berliner Recycling und Rohstoffkonferenz, Berlin 08.03.16
Deike, R.; Winstermann; P.: The Special Importance of Metals in a Circular Economy, 62nd International
Foundry Conference 2022, PORTOROZ 15.09.2022 . —
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How can the problem of recovering valuable metals from

dissipative distributions be solved? 5

We need processes :

with effective collection logistics,

that enable highly sophisticated, dependable, and large material
throughputs,

that reduce the volume of dissipative distribution,

with strictly controlled emissions and proper protection of the
environment,

that generate different products at the end, for which a demand
exists.
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EMSARZEM

Alternative perspective to valorize the

municipal waste incinerator bottom ash
for metals and cement industries
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Definition and purpose

Annual Volume of IBA in Germany

Unprocessed: 5,822,539

Rohschlacke zur
Aufbereitung

Raw IBA: 6,050,905
Frischschlacke

#Source:
Umfrage Aufbereitung von HMV-Schlacken
Verbdnde IGAM ITAD 2020

Processed IBA: 4,688,034
Fertigschlacke

Magnetic Fraction: 425,002 J§

Non-Ferrous: 169,560

Unburned: 100,436 =

Moisture: 642,811 I

Processed IBA Fraction 0-10 mm
o, N “i‘\ﬂ I - ol Rt ‘; . G ,.”‘ ;‘ I
& VB B e ¢ , \ iy -
é‘l 5 ’ | V't
br. " \ Lir

PROJECT PURPOSES

 Metals separation
Production of a clean mineral product that can be used
as raw material in clinker production in cement

industry

Adhiwiguna, |.; Deike, R.; Warnecke, R.: EMSARZEM Alternative Perspective to Valorize
the Municipal Waste Incinerator Bottom Ash for Metals and Cement Industries,

Oversize Metals: 25,062 —

FEMS EUROMAT 2023, Frankfurt Germany, 06.09.2023
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Process scheme

OVERSIZE METALS GRINDING

MIDDLE Fr. COARSEFr.

EERROUS MAGNETIC SIEVINGI1

FRACTION SEPARATION I

MAGNET SEPARATION I1

NON-FERROUS EDDY-CURRENT
PRODUCT SEPARATIONI

OUTPUT NON- |
FERROUS
OUTPUT
. EMSARZEM MINERAL | | |

Adhiwiguna, |.; Deike, R.; Warnecke, R.: EMSARZEM Alternative Perspective to Valorize the Municipal Waste Incinerator Bottom Ash for Metals and Cement Industries,
FEMS EUROMAT 2023, Frankfurt Germany, 06.09.2023
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Grinding the first concentration step

Loesche - VRM

For grinding solid
fuels, cement raw
materials, cement
products, minerals
and ores.

Deike, R.; Ruhkamp, W.; Adhiwiguna, |.; Warnecke, R.: Einsatz von Rostasche —Feinfraktion < 10 mm
als Rohstoff fiir die Herstellung von Zement und Beton, BKMNA 24, Berliner Konferenz Mineralische Nebenprodukte und Abfalle, Berlin, 12-13.06.24
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Grinding as the first concentration ste
4‘;

o m———————————

Lol W

INPUT: Fertigschlacke
(Processed IBA)

L

Griefse (Middle Fraction) <

Mﬂ"”l"'ﬂ" ,lmlllllﬂllﬂllllwﬂ

. Wany

L---‘-;--------

L N N N N N N B § B N N N N & N N N N N § N N N N N _§N |
3 -
ERNOCE -
R 5 =T

#Source:
LOESCHE Milling
Machine

Adhiwiguna, |.; Deike, R.; Warnecke, R.: EMSARZEM Alternative Perspective to Valorize the Municipal Waste Incinerator Bottom Ash for Metals and Cement Industries,
FEMS EUROMAT 2023, Frankfurt Germany, 06.09.2023
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grinding

i

Change in chemical composition after
N

Si | Ca Fe Al Zn
3,0 30,0 | 3,0 25,0 3,0 12,0 3,0 6,0 3,0 0,75
2,5 25,0 I 5 ,
. 3 L 25 200 " 25 10,0 . 25 50 . 2,5
8 s = g -}
£20 200, 1 %20 %20 8,0 %20 O__M/O 10 %20 0,50
2 s 2 150 2 & E] & 2 £
R 150 4 I N5 N 15 i 6,0 : N 15 T 3_0§ N5 =
4 — < 1 v » -
B0 100 1 310 — - ¥ J— . 10 B —l ‘ 20 B mm 025
= = 13 — 5 e 5 : 5 =3
— > g e > > > ——
0.5 i 50 I % 0,5 2,0 0,5 1,0 0,5 -
0.0 = — - 0.0 I 0,0 0,0 0,0 0,0 00 0,0 0,00
Ausgang  SFG Griefe  Reject | Ausgang  SFG Griefe  Reject Ausgang  SFG Griefe  Reject Ausgang  SFG Griefe  Reject Ausgang  SFG Griefle  Reject
I_-----———————---
Na C M
‘u 8
30 4,5 30 30 0.90 30 1,50 30 0,6
o2® 25 25 075 L2 0"—0\0/0 125 o2 05
= = = = =
%20 30 5 g %20 1,00 %20 04
g2 0 ¥20 0 o F20 060 g 2 e F2 4 2
& || = 1< £ T P . z
N LS 4 N 15 5l N5 045 L5 075 4 =15 0.3 4
4 g 5 ¢ 5 ¢ 5 & 3 g
g - s 2 = 2 4 3 3 I s 3 s
‘? 10— : — 1,5 %10 ; 210 030 ? 10— i — - 050 _? 1,0 . 02
= e S S = i > J—

0,5 05 05 0,15 0,5 0,25 0,5 0,1
0,0 0,0 00 00 0,00 0,0 0,00 0,0 0,0
Ausgang  SFG Griefe  Reject Ausgang  SFG Griefe  Reject Ausgang  SFG GrieRe  Reject Ausgang  SFG Griefe  Reject Ausgang  SFG Griele  Reject

T MAX
Q
‘l- Relative Values Compared to As-Received (Ausgang)
Q

#analysed by Verein Deutscher Zementwerke e.V.

MIN

=== Measured Mass Fraction in Percent

Adhiwiguna, |.; Deike, R.; Warnecke, R.: EMSARZEM Alternative Perspective to Valorize the Municipal Waste Incinerator Bottom Ash for Metals and Cement Industries,

FEMS EUROMAT 2023, Frankfurt Germany, 06.09.2023

25.09.2024 | 15

CEWEP Residues Conference:, Prof. R.Deike: Why are waste to energy plants so crucial for the circular economy?

itm

UDE



Mass balance based on 6 Mio. t/a

After Grinding, Magnetic and Eddy Current Separation

B: Wiz Wl : B e cH1 Output Mineral:
o 9 A 1=
= é A S A E Fine Fraction (FF) Minezal Mp & %i = E .
£ :
2 : — , 2=t Cement Clinker &
e — '§ Mineral CES [ 5: 8=
i S g Mineral CFL I Zilazal .
{2 : " Concrete Production
1S a p M;
1
1o !
| &
L2 S
seall Output Non-F '
Middle Fraction (MF) Non-Fe MF E:):: g : u Pu On errous'
] Magnetic| Non;F;(}FS E: é : N _F M t 1
2 M; Non-Fe CFL Dé: - on errous ctals
— B zl © |
=1 e T I
N ¥ 21 Industry
s i S %
o LN
: {3
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2 C < _';_,-: : ‘: 1 CF Small
] = 2 .9 (CFS) <2mm
Z a 2R = 2
E __: ~ § S Magnetic% % 2
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2 : : ey Output Magnetic:
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Adhiwiguna, |.; Deike, R.; Warnecke, R.: EMSARZEM Alternative Perspective to Valorize the Municipal Waste Incinerator Bottom Ash for Metals and Cement Industries,
FEMS EUROMAT 2023, Frankfurt Germany, 06.09.2023
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Output Mineral
as raw material for the

cement industry and
concrete production




Expected valorization of the mineral fraction

i
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CFL e —————— -

Aggregate in Concrete |

Adhiwiguna, |.; Deike, R.; Warnecke, R.: EMSARZEM Alternative Perspective to Valorize the Municipal Waste Incinerator Bottom Ash for Metals and Cement Industries,
FEMS EUROMAT 2023, Frankfurt Germany, 06.09.2023
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Mineral FF/MF as material in cement clinker

N
Mineral Fraction CHEMICAL COMPOSITION DIFFERENCES

Raw Meal (RM) 16.6 6.0 2.5 71.2 0.91 0.6 . 0.12
------- >
: Min. FF (MVS) 344 8.4 5.4 30.0 25 7.7 1.4 2.6 1.9 1.5 0.08
i
| Min. MF 64.3 5.1 2.1 14.3 1.6 1.3 1.1 34 1.0 0.7 0.04
i
i
E E ]
25 | 28 | Mineral MF o Mineral FF | EXPECTED MIXTURE PROPORTION OF IBA IN BLENDING MATERIALS
4 8 10
R Additive XREF - Analysis XRD - Analysis
P E | Sample N _
128201
i : g i 100% (RM + 1%SiO,) - 2285 5.72 185 66.82 ) 57.3 | 22.3 12.0 5.6 92.9
I
oS 98% (RM) +2% MVS  0.48i0, 2254 587 210 6635 | 564 | 221 120 64 | 929
96% (RM) + 4% MVS 0.5Ca0 2236 591 227 66.18 | 56.5 | 21.5 11.8 6.9 93.1
Cement Clinker
2 | 94% (RM) + 6% MVS 1.6 CaO 2238 576 236 66.06 | 56.8 | 21.3 113 7.2 93.1
e e 1
i_c_a_-_l'_l_li/[_i?-_t_"'i‘_i #conducted by Wilhelm-Dyckerhoff-Institut fiir Baustofftechnologie

Adhiwiguna, |.; Deike, R.; Warnecke, R.: EMSARZEM Alternative Perspective to Valorize the Municipal Waste Incinerator Bottom Ash for Metals and Cement Industries,
FEMS EUROMAT 2023, Frankfurt Germany, 06.09.2023
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Hydration & compression test of cement

e Ca(OH)2 22/1930
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Adhiwiguna, |.; Deike, R.; Warnecke, R.: EMSARZEM Alternative Perspective to Valorize the Municipal Waste Incinerator Bottom Ash for Metals and Cement Industries,

Tage

FEMS EUROMAT 2023, Frankfurt Germany, 06.09.2023
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Mineral CF as aggregate in concrete

Mineral Fraction

v
R WO

[ sl

Mineral CF

Mineral MF Mineral FF
L & | [ 10 |

Concrete Sample
Compression Strength Test

,.._.._....--_..__....,
I

uonoe1 asreo) fesoutiv il s1o

- o o e e e o o

#conducted in:
Institut fir Materialwissenschaft

Cement Clinker 7 7 - ‘ — Universitat Duisburg Essen
= | Natural Materials Concrete Samples
i
1

| L LAY LAY AR L THHIIHHWI‘HH
8! 1 s

Adhiwiguna, |.; Deike, R.; Warnecke, R.: EMSARZEM Alternative Perspective to Valorize the Municipal Waste Incinerator Bottom Ash for Metals and Cement Industries,
FEMS EUROMAT 2023, Frankfurt Germany, 06.09.2023
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Compression test of concrete

min. ¢: minimum cement (kg) for 1 m’ of concrete

Expositionsklassen (Umwelteinwirkungen, ,Angriffe”)
Exposure classes (environmental effects, "attacks”)

Betontechnische MafBnahmen (,,Widerstidnde")
Concrete technology neasures (“resistances”)

Klassenbez.| Einwirkung und  Beanspruchung Max. w/z Min. z f. cube
class effect and  stress max. wic min. ¢ foy cube
designation
. . keine keine
(\‘ kein Betonangrift Anforderung | Anforderung 8/10
X0 . - no concrete attack no no c8/10
kein Angriff . .
no attac requirement |requirement
trocken
1 H.O 0,75 240
«— dry
standig nass
xc | 2 « constantly wet 0,75 240
-+ -y
3 co, |maBig feucht 0,65 C20/25
moderately moist
Carbonatisierung| nass / trocken
4 | carbonation wet / dry by 25130

Grube, H., & Kerkhoff, B.(2001). Die neuen deutschen
Betonnormen DIN EN 206-1 und DIN 1045-2 als Grundlage
fuer die Planung dauerhafter Bauwerke.

Max. w/c: maximum water to cement ratio in concrete

100
Cement Amount used in the Trials: 5

90 | CEMI52.5 N: + 450 kg/m?
~ 80
-] Maximum
" -
E 70 TR w/c:0.41
2 p:2.35gr./cm?
> 60 o
~ - w/c:0.43
21 50 p:2.27 gr./cm®
S [ p:2.21 gr./cm’
x| 40 S w/c:0.48
175 w/c:0.51 \ N
) 1 p:2.11gr./cm? Pi2-14gr/om
% PP ====rmmmmmmmmmme—m——=——=======<XC4 Min. 30MPa
o)
C 20

1 - Hh A I I IR X0 Min. 10MPa

lo

MI: 100MVS M2:75MVS ~ M3:50MVS  M4:25MVS  M5: OMVS
CONCRETE MIXTURE

C25/30: minimum strength of concrete samples
for cylinder (25 MPa) and cube (30 MPa) sample

Adhiwiguna, |.; Deike, R.; Warnecke, R.: EMSARZEM Alternative Perspective to Valorize the Municipal Waste Incinerator Bottom Ash for Metals and Cement Industries,
FEMS EUROMAT 2023, Frankfurt Germany, 06.09.2023
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Output Magnetic
as raw material for the ferro

and non-ferrous industry




Expected valorization of the magnetic fraction

I Magnetic FF

ca. 60,000 t/a:
[ ——

.t/a
0.7 Mio.t/a

10

-

Magnetic MF

TTTTTTTTTTTT

3
ica.

Fe-Content >40% I
[ [

Fe-Content <20%

LIMS

Magnetic Fraction

Magnetic
CFS

9
Magnetic
CFL

| Iron Production

ﬂ_(;:
MAGNETIC FRACTION

r------l

ca.1.2M

ca. 300,000t/a

r
I
|

-Pl Copper Production

Adhiwiguna, |.; Deike, R.; Warnecke, R.: Copper in MSW incinerator bottom ash, GDMB Technical copper committee, Essen, 26.10.2023
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Magnetic fraction for the Cu-production

g £
® ®
0% 08
j=——— = % s 3 Magnetic MF
: = Copper Reserves by Copper Mine and Copper Ore Grades
o
= 160.0
1 3 g = | Provided in:
‘ o Flores, G.A., Risopatron, C. & Pease, ]. Processing of
* 140.0 Complex Materials in the Copper Industry: Challenges and
14000 * . Opportunities Ahead. JOM 72, 3147-3461 (2020).
12000 120.0
} :
10000 E 100.0 o
8000 g 80.0 &
£ g
o = e
f=13 =
6000 * g 60.0
\ { ’ ’
4000 40.0 o, °
L]
e ® L]
° o ® . b ¢ °
2000 20.0 o’ e+ o .
i i C g ' ' '
Mag MVS P1 Mag MVSP2  MagRejFein  MagRejGrob  MagRejITM 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00

. o Crade 040
wCu mCr =Zn mNi Copper Ore Grade, %Cu

Composition of Trace Elements in Magnetic Fractions Copper Ore Grade from Ranked Top Reserves Cu-Mines Worldwide

Adhiwiguna, |.; Deike, R.; Warnecke, R.: Copper in MSW incinerator bottom ash, GDMB Technical Copper Committee, Essen, 26.10.2023
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Expected valorization of the Non-Fe Fraction

“w
NOTE . SFG Min. : 0.6 Mio. Ton/a — ca. 3600 ppm Cu
Slchterfeingut: 2530 ton/a : Griefle Min. :0.5 Mio. Ton/a - ca. 2200 ppm Cu
0.7 Mio. Ton/a Output Mineral: 4947 ton/a Reject Min.  :0.3 Mio. Ton/a — ca. 4300 ppm Cu

[ Ton/a Cu in the Fraction J ca. 3600 ppm Cu

Total Mass of Fraction in Mio. Ton/a
Cu Concentration in Fraction

Heavy Fraction: 3049 ton/a I

8000 Ton/a - ca. 38% Cu
ca. 140 kg Auand 30 Ton Ag =
up to 50 Mio. EUR / year

Griefe: 3400 ton/a
1.3 Mio. Ton/a \
ca. 2700 ppm Cu Griefie NE :0.06 Mio. Tonfa — ca. 0.9% C
_ = Output Non-Ferrous: 3224 ton/a nene 0. ot e "

Reject NE : 0.04 Mio. Ton/a - ca. 7.4% Cu

\ 0.09 Mio. Ton/a

ca. 2000 ppm Cu
Processed IBA 0-10mm: 13000 ton/a up to 20% Al

I 2.7 Mio. Ton/a | Light Fraction: 175 ton/a =

I ca. 4800 ppm Cu !

it £ Sl | Reject: 7062 ton/a P A T - e
. Output Magnetic: 4829 ton/a Vag.  :0.1 4o, tonfa—ca. 5600 ppm tu
: 0.7 Mio. Ton/a P g Griefle Mag. :0.7 Mio. Ton/a — ca. 2500 ppm Cu
. ca. 9500 ppm Cu Reject Mag. :0.4 Mio. Ton/a — ca. 7100 ppm Cu
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Metal recovery from Non-Ferrous Fraction
.

1Al-CuConc.: 12,000t/alllllllllllllllllllIlllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll

IAI*COI]C. I4,000t/a IIIIllIlllllllllllllllllllllllllllllllllllllllllllllllllllllll.lll. E

:Cll—C()])C_ :6,000|/a :lIIlllIIlllllllllllllllllllllllllllllllll: : :

IRest Oxides : 78,000 t/alssnssnnnnnnnnnnnns L) = .

e ; \4 v \ 4 v
Al-Cu Concentrate >2mm . =

Al-Concentrate
Milling - Sieving - Separation

D Cu-Concentrate

e 1
Milling
Sieving

1 Separation [

I____r____

[]

Al-rich Rest-Oxides

e e

—— Possible Products after Specific Process Sequences for Non-Ferrous Fraction
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Classification of recovered metals

5
s 15T STEP — GRINDING PROCESS
Non-Fe MF S - : . :
= 2 g ) AT
Non-Fe CFS [:]5: S : }'
Non-Fe CFL o = i
— ezl © |
23] | s 3
S
> At
@)
z "o =
fs‘.\, ., k}\
Ay S X L DA T e :
'tn‘ﬂ?‘,?.’l‘.i‘ I S -
Coarse Fraction (Cu-Al) Fine Fraction (Oxide)

2ND STEP — DENSITY SEPARATION PROCESS 2ND STEP — GRINDING PROCESS

LT N A SRR

Heavier Fraction (Cu) Lighter Fraction (Al) Coarse Fraction (Al) Fine Fraction (Oxide)
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Summary




Summary

Based on pilot scale tests:

1. It is possible to grind the processed incinerator bottom ash
(Fertigschlacke) without any noticeable problem.

2. It is possible after further separation process sequences from an
estimated 2.7 Mio. t/a processed IBA (Fertigschlacke) 0-10 mm to
produce the following valuable products:

e Output Mineral : theoretically ca. 1.4 Mio. t/a
 QOutput Magnetic : theoretically ca. 1.2 Mio. t/a
e Output Non-Ferrous : theoretically ca. 0.1 Mio. t/a

]
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Summary

Based on current laboratory trials:

1. Using the output mineral in cement clinker and concrete production is
promisingly possible.

2. It is provenly possible to increase the iron content of output magnetic
for iron production.

3. It is rationally possible to develop the next assessment to extend the
use of output magnetic in copper production since the copper
concentration is comparable to the copper ore.

4. It is technically possible to separate the non-ferrous output into
different products for further recycling in the respective non-ferrous
metal industries.

]
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