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Agenda

• Circular Economy
o Fairphone example / flowsheet simulation + FACT

• Industrial examples
o Using FACT Sage to design, optimize & control furnaces, as well as 

connected to flowsheet simulation & big data analysis

o From my work at Ausmelt / Outotec

o Industrial Example 1: Lead - China

o Industrial Example 2: Copper, residues & eWaste - Japan

• Digitalizing the Circular Economy
o Fairphone example concluded using FACT detail (if available!)
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Some personal past history…
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Fairphone’s 
Report on 
Recyclability
Does modularity contribute to better 
recovery of materials?

https://www.fairphone.com/en/2017/02/27/recyclable-fairphone-2/
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Fairphone Recyclability: Recycling Flow Sheet
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(65)

Technology / System Design & Simulation

www.outotec.com
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(65)

Technology / System Design & Simulation

www.outotec.com

Concentrate,
Scrap, eWaste
Residues, etc.
10,000 to
1,500,000 tpa
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Technology / System Design & Simulation (Video)

www.outotec.com
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Industrial apps:Cu, Zn, Pb, Ni, Residues, eWaste

GRM	– Danyang Smelter	(S.	Korea):	Cu	
scrap,	residues	etc.

Dowa	(Japan):	PCBAs,	Cu,	residues
Recylex (Germany):	Lead	
Battery,	Pb residues

Young	Poong Corporation	(S.	Korea):	Pb/ZnJCC	Guixi (China):	Cu	scrap,	
internal	material	(slags)	,	residues

Boliden	Rönnskår (Sweden):	Kaldo for	eWaste
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1, 2 or 3 Stage Lead Smelting in a TSL
Australia, Bulgaria, China, Germany, India, S. Korea

Smelting Stage
Log(pO2)=-6.5 to -7.5

1100-1150oC

Slag Reduction 
Stage

Log(pO2)=-8 to -8.5 (PbS)
to -10 with Coal
1150-1250oC

Slag Fuming 
Stage

Log(pO2)= -10 to -11
1250-1350oC

Lead Concentrates
Silica and limestone fluxes

Coal
Air, Fuel & Oxygen

Fume

Fume
(Pb-rich)

Lead 
Concentrates

Coal
Air, Fuel & 
Oxygen

Air & FuelReductant Coal

Discard 
Slag

Zinc Oxide 
Fume Product

Slag

Slag
Lead 

Bullion

Slag heel
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YTCL Lead Smelter, China

• Design capacity
– 190,000 t/y lead concentrates
– 100,000 t/y refined lead
– 160 t/y silver
– 86,000 t/y sulphuric acid

• 3 stage batch process
– Smelting, slag reduction, zinc fuming

Theory explained in this 
manual using various 
FACT Sage examples.
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Smelting phase distributions (function of feed & 
calibrated for operating conditions in TSL)
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A B C D ….

Controlling the furnace operation
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Various feed parameters: TSL smelting & reduction 
stage (generalized figure)

A B C D
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Slag fuming stage (generalized figure)

A B C D E …..
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DOWA Holdings, Japan

http://www.dowa.co.jp
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DOWA: Copper scrap and eWaste smelting
Secondary	Feeds
(low	grade	Cu,	circuit	boards,	

metal	containing	residues	(Pb/Zn),	
Automative	Shredder	Residue	etc.)

Raw	Copper

Fuel
Air	(Oxygen)

Discard	Slag	
(Construction	Material)

Dust/Fume	

Reductant
Flux

Cathode	
Copper

Pb/Sn/Bi	
Products

Zn

PGMs
PMs

Gypsum

Te,	Se
etc.

Intermediate	Pb-Rich	Phases

Slimes

Slimes

(Pb/Sn	rich)

(Zn	rich)
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Various Outotec patents developed from this knowledge
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Generalized data showing typical feed complexity & 
variation – care must be taken when simulating!
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Big data analysis: Understanding operating points, 
distributions of data, standard deviations, etc.

X

X
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CuLQ

MATTE

SLAG (Molten)

SPINEL

13693 Cu +  2670 Pb +  1740 Zn +  6597 Fe + ...
1250oC

log(pO2(g))

Ph
as

e 
D

is
tr

ib
ut

io
n,

 %
 m

as
s

-10.00 -8.00 -6.00
0

10

20

30

40

50

60

70

80

90

100

A t B t C t D t TSL Operating & 
Feed conditions

Copper



Prof. Dr. Dr. h.c. Markus A. Reuter
Helmholtz Institute Freiberg for Resource Technology© 

Page 23

Spinel (left) and Matte (right) mass %
Calculation in FACT Sage for a specific feed recipe, slag chemistry, flow conditions etc.
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Spinel as a function of feed
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Developing thermodynamic data 
Completed to date In, Sn, Ge, Pd, Ta (brief summary below)

M.A.H. Shuva, M.A. Rhamdhani, G. Brooks, S. Masood, M.A. Reuter (2016) Thermodynamics data of valuable elements relevant to e-waste processing through primary 
and secondary copper production - a review, J. Cleaner Production, 131, 795-809..
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Fairphone Recyclability: Recycling Flow Sheet
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Fairphone Recyclability: Recycling Flow Sheet
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Metallurgical flowsheet to capture as many metals 
& materials: FACT provides some detail
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Element
Recoveries

Recovery of all materials (expressed as element) 
from a product

A. van Schaik, M.A. Reuter (2016): RECYCLING INDICES VISUALIZING THE PERFORMANCE OF THE CIRCULAR ECONOMY, World of Metallurgy – ERZMETALL, 69(4), 201-216.
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Fairphone Recyclability: The Result

A. van Schaik, M.A. Reuter (2016): RECYCLING INDICES VISUALIZING THE PERFORMANCE OF THE CIRCULAR ECONOMY, World of Metallurgy – ERZMETALL, 69(4), 201-216.
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A. van Schaik, M.A. Reuter (2016): RECYCLING INDICES VISUALIZING THE PERFORMANCE OF THE CIRCULAR ECONOMY, World of Metallurgy – ERZMETALL, 69(4), 201-216.
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Footprint (GWP, Metal depletion, Energy recovery)
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Developing thermodynamic data 
Completed to date In, Sn, Ge, Pd, Ta (brief summary below)

M.A.H. Shuva, M.A. Rhamdhani, G. Brooks, S. Masood, M.A. Reuter (2016) Thermodynamics data of valuable elements relevant to e-waste processing through primary 
and secondary copper production - a review, J. Cleaner Production, 131, 795-809..
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Industrial process design, simulation & control
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Simulation permits digitalization of the Circular 
Economy system
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Environmental, Energy & Exergy Footprint: 
Linking HSC Sim 9 with GaBi

M.A. Reuter, A. van Schaik, J. Gediga (2015): Simulation-based design for resource efficiency of metal production and recycling systems, Cases: Copper production and recycling, eWaste (LED Lamps), Nickel pig iron, International Journal of Life Cycle Assessment, 20(5), 671-693.
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WEEE Recycling Simulation Model
Created on Outotec’s HSC Chemistry Software Platform

WEEE (Waste Electrical and Electronic Equipment) recycling
simulation model demonstrates the possibilities of HSC Chemistry
software to simulate and optimize material streams in real
recycling processes, which may be used to LCA analysis.

WEEE RECYCLING SIMULATION MODEL
The case study of WEEE recycling simulation model is based on the real
recycling process of printed circuit boards that was executed by
Kuusakoski in 2013. Utilizing the data received from this process, WEEE
model was calibrated to simulate real recycling equipment and particle
behavior. The process consisted of magnetic separators, eddy current
separator, gravity separator and screen.

Even without calibration, it was noticed that most of the particles acted in a
typical way. For example, aluminum particles mainly left the process in the
eddy current separator. With a simple calibration, mass balance was also
managed to match with the given data.

The WEEE recycling simulation model indicates that recycling units can be
used as a good base for WEEE simulation and also for other recycling
processes locally and globally. With HSC Sim, processes can be optimized
efficiently without safety risks or loss of valuable materials.

RECYCLING UNIT MODELS
AVAILABLE IN HSC SIM

• Eddy Current
Separator

• Optical Separator
• Hand Sorting
• Custom Separator
• General Separator

• Feed Creator
• Crusher
• General Screen
• Gravity Separator
• Air Classifier
• Magnetic Separator

RECYCLING SIMULATION
IN HSC SIM MODULE

1) DEFINE THE FEED
Select or create materials and particles that flow
through the recycling process. basic properties of
material are defined when material is created.

2) SELECT RECYCLING MODELS
Select which crushers, screens and separators
are used in the process.

3) DEFINE RECYCLING MODEL SETTINGS
Define used probability distribution, accuracy of
separation, loss and possible other factors that
have an effect on separation. if user does not
have own data, user can use default mode
where all settings are already defined.

4) LET THE PROGRAM CALCULATE
Program calculates separation results based on
particle properties and selected settings

www.outotec.com/HSC

Susanna Nevalainen (Aalto U), Antti Roine (Outotec), Markus Reuter (Helmholtz-Institute)

Kuusakoski, Finland
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Teaching this stuff...

M.A. Reuter (2016): Digitalizing the Circular Economy-Circular Economy Engineering defined by the metallurgical Internet of Things- 2016 TMS EPD 
Distinguished Lecture Award, USA, Metallurgical Transactions B 47(6), 3194-3220 (http://link.springer.com/article/10.1007/s11663-016-0735-5 ).
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Prof. Dr. Dr. h.c. Markus A. Reuter (PhD)
Current position: Director, Helmholtz Institute Freiberg for Resource Technology, HIF (since 2015)
Previous Positions: Chief Executive Technologist, Director Technology Management at Outotec (Ausmelt) Australia & Finland 

(2006-2015), Mintek: South Africa (1994-1996), Anglo American Corp: South Africa (1984-1985)

Professorships: Professor & Prof Fellow Uni Melbourne, Australia (UoM) (2005 ongoing), Adj Prof at Aalto University, 
Finland (Aalto) (2012 ongoing), Guest Prof at Central South University, China (2012 ongoing), Prof & 
Emeritus at TU Delft, NL (1996-2012)

Scientific degree: Honorary Doctorate (Dr. h.c.) Université de Liège (Belgium) (2015), D.Eng. & PhD, Uni. Stellenbosch ZA 
(1991 & 2006), Dr. habil., RWTH Aachen, D (1995)

Recent Research 
Topic:

Metallurgical Engineering, Recycling, Design for Recycling, System Engineering
H-index (25 Scopus, 33 Google), >16 patents awarded in 5 patent families

• See https://www.researchgate.net/profile/Markus_Reuter3 for various publications

• How recyclable is the Fairphone 2: https://www.fairphone.com/en/2017/02/27/recyclable-fairphone-2/ 

• M.A. Reuter (2016): Digitalizing the Circular Economy - Circular Economy Engineering defined by the metallurgical 
Internet of Things-, 2016 TMS EPD Distinguished Lecture, USA, Metallurgical Transactions B, 47(6), 3194-3220 
(http://link.springer.com/article/10.1007/s11663-016-0735-5).

• M.A. Reuter, A. van Schaik (2016): Gold – a key enabler of a Circular Economy: In: Recycling of WEEE, Gold Ore 
Processing, Project Development and Operations 2nd Edition, Elsevier, Ed. M Adams, 937-956 
(http://store.elsevier.com/Gold-Ore-Processing/isbn-9780444636584/).

• I. Rönnlund, M.A. Reuter, S. Horn, J. Aho, M. Päällysaho, L. Ylimäki, T. Pursula (2016): International Journal of Life 
Cycle Assessment, Part 1: Sustainability indicator framework implemented in the metallurgical industry: A 
comprehensive view and benchmark, 21(10), 1473-1500 & Part 2: Implementation of sustainability indicator 
framework in the metallurgical industry: A case study from the copper industry, 21(12), 1719-1748.

• A. van Schaik, M.A. Reuter (2016): Recycling indices visualizing the performance of the circular economy, World of 
Metallurgy – ERZMETALL, 69(4), 201-216.

• M.A. Reuter, A. van Schaik (2016): Strategic metal recycling: adaptive metallurgical processing infrastructure and 
technology are essential for a Circular Economy, RESPONSABILITÉ & ENVIRONNEMENT, AVRIL 2016, 82, 62-66.

• M.A. Reuter, A. van Schaik, J. Gediga (2015): Simulation-based design for resource efficiency of metal production 
and recycling systems, Cases: Copper production and recycling, eWaste (LED Lamps), Nickel pig iron, International 
Journal of Life Cycle Assessment, 20(5), 671-693.

• M.A. Reuter, R. Matusewicz, A. van Schaik (2015): Lead, Zinc and their Minor Elements: Enablers of a Circular 
Economy, World of Metallurgy – ERZMETALL 68 (3), 132-146.

• E. Worrell, M.A. Reuter (2014): Handbook of Recycling, Elsevier BV, Amsterdam, 595p. (ISBN 978-0-12-396459-5) (1st 
Prize Book Award by International Solid Waste Association http://www.iswa.org/)

• Lead author of the United Nations Environmental Protection (UNEP) Report (2013) “Metal Recycling: Opportunities 
Limits Infrastructure” http://www.resourcepanel.org/reports/metal-recycling


