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Foreword

The challenge of sustainable development at
the beginning of the 21% century has become
a systemic one, with environmental, social
and economic dimensions on an equal foot-
ing. UNEP and the UNEP-hosted Internation-
al Resource Panel consider that our contri-
butions also need to be systemic, for example
through the promotion of resource efficiency,
improved materials recycling and life-cycle
thinking. This report from the Panel, Met-

al Recycling - Opportunities, Limits, Infra-
structure, provides unrivalled science to in-
form policy makers about how the recycling
of metals can be optimized on an economic
and technological basis along product life cy-
cles in the move towards sustainable metals
management.

The report shows that sustainable metals
management requires more than improv-
ing recycling rates of selected materials. We
need to change thewhole mindset on recy-
cling of metals, moving away from a Materi-
al-Centric approach to a Product-Centric ap-
proach. Recycling has become increasingly
difficult today and much value is lost due to
the growing complexity of products and com-
plex interactions within recycling systems.

While common commodity metals like steel,
magnesium and copper can be recovered rel-
atively easily, as these are often used in rela-
tively simple applications, the small amounts
of metals in, for example, electrical and elec-
tronic waste can be harder to recover be-
cause they are often just one among up to

50 elements. As an example, a mobile phone
can contain more than 40 elements including
base metals such as copper and tin, special
metals such as cobalt, indium and antimo-
ny, and precious and platinum-group met-
als including silver, gold, palladium, tungsten
and yttrium. Fluorescent lamps contain vari-
ous materials and elements which include a
range of Rare Earth elements, and other crit-
ical metal resources. And a modern car con-
tains nearly all metals available, as it is a




product that integrates a broad range of oth-
er metal-containing products.

This is why thefocus needs to be on optimiz-
ing the recycling of entire products at their
end-of-life instead of focusing on the individ-
ual materials contained in them. The global
mainstreaming of a product-centric view on
recycling will be a remarkable step towards
efficient recycling systems, resource effi-
ciency, and a green economy in the context of
sustainable development and poverty eradi-
cation.

Such a transition will depend on the mobi-
lization of everyone in the value chain, from
operators in the primary production of metals
and metal-containing products to the recy-
cling and collection industry to the consum-
ers. Industry can be the source of driving in-
novation that maximizes resource efficiency
when policy makers draw on their expertise
and tools. Experts from the extraction indus-
try, for example, can make a crucial con-
tribution through their knowledge of met-

al streams and Best Available Techniques
(BATs) for the separation and recovery of dif-
ferent components of a product. Moreover,
the manufacturing industry plays a key role
in the design of products that facilitate recy-
cling, leading to a substantial increase in re-
cycling efficiency. However, making so-called
“urban mines” valuable through recycling
can only happen if consumers dispose waste
products at collection points operated ac-
cording to BAT and decide against informal or
illegal disposal.

As populations in emerging economies adopt
similar technologies and lifestyles as cur-
rently used in OECD countries, global met-
al needs will be 3 to 9 times larger than all
the metals currently used in the world. This
poses a significant call for increased second-
ary production of metals. Two former reports
from the International Resource Panel on the

quantity of metal stocks and on metal recy-
cling rates outlined the so-far untapped

potential and necessity to enhance global
metals recycling. This follow-up report analy-
ses the current limitations of metals recy-
cling and discusses how to increase metal-
secondary production - and thus resource
efficiency - from both quantity and quality
viewpoints. The report emphasizes that only
a wide, systemic view of recycling looking at
the industrial and economic factors driving
recycling can deal with the complexity of in-
teractions between metals.

It acknowledges that recycling is primarily an
economic industrial activity, driven by the val-
ue of the recovered metals and materials. An
infrastructure for optimized recycling would
therefore make use of economic incentives.
Those economic drivers must align with long-
term economic goals, such as conserving
critical metal resources for future applica-
tions, even if their recovery may be currently
uneconomic.

Getting all stakeholders on board is crucial if
we want to meet the increasing metal needs
of the future in a sustainable way. This is a
challenging task for policy makers. A wide,
systemic approach based on the solid under-
standing of the industrial and economic fac-
tors driving recycling will be needed. Such a
knowledge base will allow to develop a co-
herent regulatory framework and powerful
incentives for all stakeholders to participate
in recycling and thus in our transition to a re-
source efficient society.

UN Under-Secretary General and
Executive Director UNEP

Nairobi, Kenya



Preface

The increasing demand for metals in the course
of the last century, putting permanent pressure
on natural resources, has revealed that met-
als are a priority area for decoupling economic
growth from resource use and environmental
degradation. The imperative of decoupling will
become even more pressing in the future with

a global demand for metals on the rise: In de-
veloping countries due to rapid industrialization
and in developed countries due to modern, met-
al intensive technologies that are crucial not
only but especially for the transformation to-
wards green technologies. Ensuring appropriate
levels of supply while reducing the negative en-
vironmental footprints will therefore be essen-
tial on our way towards a global green economy.

In this regard, recycling and thus resource ef-
ficiency plays a crucial role, as it decreases the
necessity to fulfil the demand by exploiting our
natural resources further. Using secondary re-
sources temporarily locked up in so-called “ur-
ban mines” hence decreases not anly the en-
vironmental impacts associated with mining,
but also decreases the release of - partly toxic
- wastes into the environment. Taking into ac-
count that most modern technologies rely on
“critical’ elements, which are not abundant in
nature, it is of crucial importance to preserve
and reuse them as much as possible.

The International Resource Panel's working
group on Global Metal Flows contributes to the
promotion of an international sound material-
cycle society by providing a series of six scien-
tific and authoritative assessment studies on
the global flows of metals. To achieve best sci-
entific results, it cooperates with a number of
actors, including metal industry associations.
The present, report builds on the findings of the
two previously published assessments of met-
al stocks in society and recycling rates, which
came to the conclusion that despite huge metal
“mines above ground”, recycling rates remain
low. It aims at leveraging secondary production
of metals through a close analysis of the neces-
sary conditions and enablers of recycling.

The report identifies a number of shortcom-
ings in current recycling policies but also shows
ways for their improvement. It emanates from
the report that recycling systems need to adjust

to the fact that recycling has become increas-
ingly difficult due to the rising complexity of
products. Raising metal-recycling rates there-
fore needs realignment away from a material-
centric towards a product-centric approach. A
focus on products discloses the various trade-
offs between for example achieving weight-
based policy targets and the excessive energy
consumed in efforts to meet these targets. Re-
cycling objectives that go beyond what is ther-
modynamically possible, thus rather hinder
than promote recycling. Appropriate recycling
goals, which draw on the expertise and tools
available within the recycling industry, are a
better way to enhance recycling of metals.

The present report responds to the pressing
need to optimize current recycling schemes
with the help of a better understanding of the
limits imposed by physics, chemistry, thermo-
dynamics and kinetics, as well as by the tech-
nological, economic and social barriers and in-
efficiencies encountered. Much is at stake when
thinking about how to improve recycling sys-
tems: closing loops, reducing related environ-
mental impacts, safeguarding the availability of
metals, minimizing metal prices, and promoting
meaningful and safe jobs for poor people in de-
veloping countries.

We are very grateful to the lead author Markus
Reuter and principal contributors Christian
Hudson, Antoinette van Schaik, Kari Heiskanen,
Christina Meskers and Christian Hagellken for
having generated such a thorough and valuable
report.

Emmendingen, Germany

New Delhi, India

Co-Chairs, International Resource Panel



Preface

Metal recycling is increasingly promoted as
an effective way to address resource scarcity
and mitigate environment impacts associated
with metal production and use, but there is
little systemic information available regard-
ing recycling performance, and still less on
the true recycling rates that are possible and
how to do better considering the system in its
totality. The former topic was the subject of
an earlier report from the International Re-
source Panel (Recycling Rates of Metals: A
Status Report, 2011). In the present report,
the second topic is addressed.

This new report discusses the benefits and
necessity of approaching recycling from prod-
ucts, considering them as complex “designer
minerals” with typical structures and join-
ings. This Product Centric approach therefore
takes account of the complexities of modern
products (which are often much more com-
plex than geological minerals), and the ways
in which non-traditional mixtures of elements
are now common. The approach gains much
useful perspective from experience in clas-
sical minerals and metallurgical processing.
All contained metals in all streams can be
tracked by revealing the "mineralogies” of the
material particles, thereby allowing a more
detailed and deeper understanding of these
complex systems.

As the report argues, modern technology
systems require not only efficient end-of-life
collection of products, but also effective sort-
ing after collection, and then the optimum
suite of physical separation and metallurgical
technologies for an economically viable re-
covery of metals from the sorted recyclates.
The report shows how failure at any stage of
the recycling chain limits recycling perfor-
mance, and shows as well that basic thermo-
dynamic, technological, and economic limi-
tations may prevent metallurgical metal re-
covery for some combinations of metals and
materials.

The complementary Material Centric recy-
cling view point, as presented in the first re-
port, has the capability to answer the ques-
tion of how much is recycled but does not
pretend to answer why and what should be
done to improve recycling of metals. This new
report sheds light on how to improve the re-
covery of especially those critical technology
elements that were shown to have low recy-
cling rates.

The report concludes with a number of tools
that can aid decision-makers in arriving at
improved recycling approaches. This provides
a physics basis for performing Design for Re-
cycling and Sustainability, Eco-labeling, and
quantifying resource efficiency, as well as es-
timating the opportunities, limits, and infra-
structure of recycling.

Leader of the
Global Metal Flows Working Group

Lead Author
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Figure 10:

Product Centric Recycling: Application of economically viable technology and
methods throughout the recovery chain to extract metals from the complex inter-
linkages within designed “minerals” i.e. products, gleaning from the deep know-
how of recovering metals from complex geological minerals.

The best footprint of sustainability and resource efficiency may be achieved
by reducing losses during processing by bringing together the various
stakeholders, thus minimizing the use of resources in their widest sense.
No society can truly achieve a “closed-loop” status; there will always be
some loss and economic growth implies more raw-material needs; there-
fore, Figure 2 shows how this footprint is affected by the various activities
of transforming raw materials.

Product-Centric recycling - A schematic diagram of the life cycle of metal-
containing products going through recycling, showing the inevitable loss-
es. Design for resource efficiency covers all details of the figure in order to
minimize losses

The “Metal Wheel”, based on primary metallurgy but equally valid for met-
als recycling reflects the destination of different elements in base-metal
minerals as a function of interlinked metallurgical process technology. Each
slice represents the complete infrastructure for base- or Carrier-Metal re-
fining. As there are so many different combinations of materials in End-of-
Life products, only physics-based modelling can provide the basis for valid
predictions. In essence, primary metallurgy is situated in a segment a com-
plete processing plant, while the complexity of consumer product mineral-
ogy requires an industrial ecological network of many metallurgical produc-
tion infrastructure to maximize recovery of all elements in end-of-life prod-
ucts (Reuter and van Schaik, 2012a&b; Ullmann’s Encyclopaedia, 2005).

Example of existing software for flowsheet design, based on composition-
al data for a product (here LCD screens), which lead to simulated resource
efficiency data that, in turn, lead to a recyclability index based on environ-
mental analysis - a metallurgical processing infrastructure is prerequisite
(Reuter 1998).

Resource cycles should be linked by flowsheeting and simulation tools
based on rigorous physics before interactively linking them to environmen-
tal-impact assessment software (HSC Sim and GaBil.

Past exponential growth of different battery technologies
(Eurometaux, 2010).

Gold ore grades between 1830 and 2010 (Source: UNEP 2011c, p. 24).

Various definitions of recycling rates and corresponding data for elements
in the periodic table (UNEP, 2011b).

Recycling performance calculations as a function of various objectives,
constraints and scenarios. Results are expressed per scenario in terms of
overall Recycling + recovery rate; Recycling rate (material recycling); Re-
covery rate (energy recovery); Produced waste; as well as Steel and Copper
recycling rates.
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Figure 20:
Figure 21:

Figure 22:
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Figure 24:

The ever-increasing use of complex mixtures of metals in products has a
key effect on the recyclability of metals (Adapted by Reuter from Achzet
and Reller, 2011).

Example of alloying elements affecting copper-alloy properties ranging
from strength, wear resistance to corrosion resistance (Copper Develop-
ment Association, 2012).

The changing weights of cars over the years (International Aluminium In-
stitute, 2007).

Various REEs and their application in electric vehicles.

The “Metal Wheel”, based on primary metallurgy but equally valid for met-
als recycling reflects the destination of different elements in base-met-

al minerals as a function of interlinked metallurgical process technology.
Each slice represents the complete infrastructure for base- or Carrier-
Metal refining. As there are so many different combinations of materials in
End-of-Life products, only physics-based modelling can provide the basis
for valid predictions. In essence, primary metallurgy is situated in a seg-
ment a complete processing plant, while the complexity of consumer prod-
uct mineralogy requires an industrial ecological network of many metal-
lurgical production infrastructure to maximize recovery of all elements in
end-of-life products (Reuter and van Schaik, 2012a&b; Ullmann’s Encyclo-
paedia, 2005).

Material efficiency vis-a-vis energy efficiency (Allwood et al., 2011) in a
context of Material and Product-Centric Recycling.

Schematic overview of the historic and (potential] future evolution of waste
management. (Jones, 2008; Jones and De Meyere, 2009; Jones et al. 2012).

Mean number of items out of 11 that are being recycled (Damanhuri, 2012).
Typical material fractions in WEEE (Ongondo et al., 2011).
Metals found in printed circuit boards.

Plant solutions based on commodity-metals production technology best
handle the, often low-volume, critical-element recycling. The above Korea
Zinc flowsheet not only creates no ponded residue, but also recovers many
valuable elements associated with zinc minerals, such as indium, which
are critical to flat-panel TV technology (Hoang et al., 2009).

Conventional phosphorus flow through chemical and iron & steel indus-
tries and possible new flow (grey arrows) when P-recovery technology from
steelmaking slag comes on stream. Arrow width corresponds to quantity of
flow (Yoshida et al., 2012).

Critical levels of some elements (U.S. Department of Energy, 2010).

Primary carbon footprint of selected elements in WEEE goods (EU, 2010)
(Appendix F: “Physics of Extractive Metallurgy”).
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Figure 40:

Main WEEE recycling activities in China and India, types of produced emis-
sions and general environmental pathways. (Sepulveda et al., 2010).

Study of developing and developed markets about what people did with
their previous cell phone (Damanhuri, 2012).

Asian e-waste traffic - who gets the waste? (Baker et al., 2005).

The link between joined particles, their shredding or dismantling into
groups, and their subsequent separation into economically valuable recy-
clates (van Schaik and Reuter, 2012; Reuter and van Schaik, 2012a&b).

Impure quality recyclates created during physical separation of shredded
cars (Reuter et al., 2005).

Groups of components best sorted by hand for producing the cleanest re-
cyclates (van Schaik and Reuter, 2010b).

Characteristics of connection types related to their specific degree and
non-randomness of liberation behaviour after a shredding operation (van
Schaik and Reuter, 2007a&b; van Schaik and Reuter, 2012).

Example of recycling cars, a complex network of processes and inter-
connected material flows. Separation processes are of key importance in
producing suitable recyclates for processing in a metallurgical plant (van
Schaik and Reuter, 2012, HSC Sim 1974-2013).

Generic separator using the laws of physics and material properties for
separating materials.

Separation-efficiency curve for an arbitrary material during physical sepa-
ration (Heiskanen, 1993; King, 2001).

Maximum grade-recovery curve (left) for liberation characteristics of scrap
(right).

Maximum grade-recovery curve (left] for liberation characteristics of scrap
(right) (Heiskanen, 1993).

Typical WEEE material composition (European Topic Centre on Sustainable
Consumption and Production, 2009).

Design for resource efficiency showing the destination of elements from an
end-of-life material. If a WEEE product falls in the copper and Zn/Pb slic-
es, many metals can be recovered, but if it falls in the incorrect slice, e.g.
the steel cycle, the metals may be lost, diminishing the resource efficiency.
Policy should thus pay particular attention to the complete infrastructure
and systems.

Electric Arc Furnace (EAF] for smelting steel scrap (Kriiger et al., 2005;
SMS-Siemag: www.sms-siemag.com).

Technologies used in aluminium recycling for various scrap types, includ-
ing salt-slag smelting for producing cast aluminium from scrap (Boin and
Bertram, 2005; Bertram et al., 2009).
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Figure 50:
Figure 51:
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Figure 53:

The effect of scrap surface area (left) on recovery (right) of two scrap types
- recovery is held back by inactive alumina coating scrap, so scrap with a
higher surface area/volume ratio (upper picture) has lower recovery rates
than larger pieces (bottom set] (Xiao and Reuter, 2002).

The flow of elements associated with copper production (hydro- and pyro-
metallurgy) showing the link between primary production and recycling.
Gangue minerals are not included. (Nakajima et al., 2008; 2009; 2011; Na-
kamura and Nakajima, 2005; Nakamura et al., 2007). This flowsheet fits
into the copper segment of the Metal Wheel (Figure 15).

Weight and material composition of the SuperLightCar light-weight BIW

concept (SuperLightCar, 2005-2009; Goede et al., 2008; Krinke et al., 2009).

Metal-production flowsheet integrating copper and lead hydro- and pyro-
metallurgy for maximizing metal recovery from Boliden’s operating facil-
ity (Outotec, 2012; NewBoliden, 2012}, fitting into the Pb and Cu segment of
the Metal Wheel (Figure 15).

The Umicore flowsheet based on copper and lead hydro- and pyro-metal-
lurgy, using a TSL furnace for copper and a blast furnace for lead, which
permits the processing of slag, matte, speiss, slimes, sludges, dross, etc.
(Hageliiken et al., 2009) - This flowsheet fits in the two Pb&Cu segments of
the Metal Wheel (Figure 15).

The Kayser Recycling System for recycling copper metal and other copper
containing residues. This flowsheet fits into the Cu segment of the Metal
Wheel (Figure 15).

Various smelters for the recycling of a wide range of materials including
copper, lead, zinc, critical elements, e-waste, slimes, batteries, scrap, etc.
All with high environmental standards as they are all located in or next

to towns.

The link between the Iron and the zinc cycles for galvanized steel, a Mate-
rial (& Metal)-Centric view (Reuter et al., 2005).

Process steps of EoL product treatment with indicators of economic gain/
cost (Tanskanen and Takala, 2006).

Steel scrap prices following iron ore prices (USGS, 2011).

Past and projected growth in available EoL appliances with LCD screens in
EU25 (Salhofer et al., 2011).

Recycling efficiency between a common formal system in Europe and the
informal sector in India for the gold yield from printed wire boards.

Metal recycling rates predicted by the recycling model for different met-
als for disassembled Printed Wire Boards (PWBs) either directly fed into a
copper smelter or shredded with varying intensity. Note the low recovery
of gold and copper for shredding and the high recycling values if the PWBs
are directly recycled to furnace without shredding (van Schaik and Reuter,
2010a).
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Figure 54:
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Figure 61:
Figure 62:

Figure 63:

Figure 64:

Figure 65:

Figure 66:

The various stakeholders of recycling in a two dimensional simplified rep-
resentation of a multi-dimensional complex product centric approach
(Harro von Blottnitz, 2011).

Ratio of scrap recovered and domestic consumption (%) - 2009 (The Alu-
minium Association www.abal.org.br).

Recycling rates for beverage cans (Sources: Brazilian Aluminium Associa-
tion, ABAL, who collected data from: Brazilian Association of Highly Recy-
clable Cans, The Japan Aluminium Can Recycling Association, Camara Ar-
gentina de la Industria del Aluminio y Metales Afines, The Aluminium As-
sociation, and European Aluminium Association).

Features affecting consumer recycling behaviour (M&kela, 2011).
Manual dismantling in the informal sector in China.

Product-Centric recycling of EoL goods with a networked structure of tech-
nologies for dealing with the various streams.This Figure shows the com-
plex network of technologies that can be applied to manage resource ef-
ficiency (van Schaik and Reuter, 2004a; 2004b; 2007; 2010a; 2010b; van
Schaik and Reuter, 2012; van Schaik, 2011; Reuter et al., 2005; Reuter,
2009; Ignatenko et al., 2008).

A key message concerning Product-Centric recycling: Product design
must be linked to liberation, separation efficiency, and quality of both re-
cyclate and of final output streams, based on the thermodynamic limits of
recycling (Reuter et al., 2005; Reuter and van Schaik, 2008, 2012a&b; van
Schaik and Reuter, 2012).

LCA of a personal computer (Choi et al., 2006).

All functions in a company play an important role in Life Cycle Manage-
ment (adapted from UNEP, 2007a).

Life-cycle management within ALCAN, engaging and collaborating with
stakeholders in the value chain (Balkau and Sonnemann, 2010).

Element radar chart for metallurgical processing of selected metals,
showing element distribution in metal, slag, and gas phases based on
thermodynamic analysis and metallurgical data of specific single reactors.
(Nakajima et al., 2008; 2009; 2011; Nakamura and Nakajima, 2005; Naka-
mura et al., 2007). The copper Peirce Smith converter of Figure 44 repre-
sents the Cu (Converter) segment here.

Water cycle connected to metal and sludge processing, showing that recy-
cling is not linear but complexly interlinked (van Schaik and Reuter, 2010b;
Fagan et al., 2010).

Linking design with sophisticated recycling tools drives innovation and
improves resource efficiency through DfR for the SuperLightCar project
(Goede et al., 2008; SuperLightCar, 2005-2009).
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LCA visualization of the SuperLightCar concept (Goede et al., 2008; Krinke
et al., 2009).

Total life cycle impact of a CFRP body in white (BIW) compared to a conven-
tional steel BIW. Only the difference in fuel consumption is considered in
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Schematic explanation of the stakeholder’s obligations according to Swiss
WEEE legislation ORDEE (Widmer et al., 2008).
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sentation of recycling for non-complex metal applications such as in con-
struction, packaging etc. (UNEP, 2011b). This recycling-rate definition is
one-dimensional and lacks the required non-linear predictive qualities for
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Sensor based automatic sorting for metal particles from a mixture of
glass, polymer, stone, etc. (from HSC Sim 1974-2013).

Eddy Current physics: light grey highly conductive and light, white non-
conductive, and black slightly magnetic. Magnetic field strength, rotation
speed, and positioning of the two splitters, among others, determine recy-
clate purity (from HSC Sim 1974-2013).

Rising-current separator using a rising water flow in a column to recover a
light floating fraction from a feed also containing heavy material that drops
to the bottom of the water column.

A hydrocyclone separating feed into light and a heavy fractions.

The heavy-medium separator separates feed into a heavy fraction that
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has to be processed.

Different process routes for steelmaking. A comparison of the energy re-
quirements (GJ/t) of the different routes are given on p. 80 (World Steel,
2013).

The technology of stainless-steel production (Johnson et al., 2008).
Primary and recycling copper production (Outotec).
Dedicated copper-smelting production (Outotec).
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The main reactions in a Waelz kiln (International Zinc Association,
2001-2002).

Red mud production and inventory (Klauber et al., 2011a, b).
Various patents for the processing of red mud (Klauber et al., 2011a; 2011b).

Dry granulation of slag with heat recovery shown here for blast-furnace
slags [Jahanshahi et al., 2011).

Simplified view of a recycling plant (including extensive PST processing)
where 1153 cars were recycled, showing a generalized composition of a
fluff after extensive treatment (Reuter et al., 2005; Reuter and van Schaik,
2012a&b).

Economy-wide flow of phosphorus in Japan for the year 2000 (kt-P) (Mat-
subae-Yokoyama et al., 2009&2010).

EPMA image of dephosphorization slag (FetO = 19 %, Ca0/Si0, = 4.4 %,
P,05=2.8%) (Matsubae-Yokoyama et al., 2009&2010).

Recrystallized slags with minerals.

Flowsheets for the zinc process (left) and the coldstream process (right]
(Lassner and Schubert, 1999).

Flowsheets for the reclamation of niobium and tantalum from different
sources (Habashi, 1997).

A schematic overview of the cutting and physical sorting of lamps (Europe-
an Lamp Companies Federation, 2012).

Production of yttrium oxide from xenotime (McGill, 2010).

A scheme for recycling manufacturing scrap, but EoL scrap can be mixed
with other types thus complicating matters. (First Solar, Inc., 2012).

Materials in a mobile phone (UNEP, 2009).

Worldwide battery market in 2010 HEV is mostly Ni/MH, while large re-
chargeable includes Ni/Cd and Ni/MH, created with data from May (2011).

General composition of a battery (Umicore).
Schematic overview of Li-ion battery recycling processes.
Process flowsheet for Umicore Battery Recycling (2010).

Dependency on natural resource categories for recycled (A] and primary
material (B] to fill the Co and Ni requirement of a Li-ion cathode (Dewulf
and van Langenhove, 2005).

Processing of NiMH batteries (Miller and Friedrich, 2006; Pietrelli et al.,
2002).

Flowsheet of the IME-ACCUREC recycling concept.
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The demand for Lithium for 50 % market penetration of electric vehicles
(EU, 2010; Schiiler et al., 2011).

The use of Ni, REs, Co and Li in batteries in the EU and the use of the met-
als relative to total production (HEV: Hybrid Electric Vehicle; EV: Full Elec-
tric Vehicle) (Eurometaux, 2010) - (also EU Critical Metals).

Reasons for not recycling a mobile phone (Damanhuri, 2012).
Recycling envelope for mobile phone.

Product-Centric multi-level dynamic process simulation models that pre-
dict recyclate quality, grade, and recovery levels linked to product design
(Reuter and van Schaik, 2012a&b; van Schaik and Reuter, 2012a&b].

Dynamic recycling-performance calculations of an e-waste product as a
function of time, showing different recycling rates due to distributed prop-
erties, such as material liberation, complex interlinked materials in prod-
ucts due to functionality, quality distribution of recyclates, distribution of
analyses, range of products and changing designs (van Schaik and Reuter,
2012).

Dynamic recycling rates per material (total recycling rates given in Fig-
ure 109) as a function varying product weights, composition and plant input
over time (van Schaik and Reuter, 2012).

Post-shredder technology plant for ELVs as operated by ARN (2013).

Bandwidth of various produced recyclate streams (van Schaik and Reuter,
2012).

Quality of ferrous recyclate stream including the quantification and specifi-
cation of the composition and contamination of the recyclate streams - it is
obvious that the 3.1% copper in the top figure is not good for steel quality
(van Schaik and Reuter, 2012).

Quality of (a) ferrous and (b) aluminium recyclate streams, including quan-
tification and specification of the composition/contamination of recyclate
streams (c) and (d) respectively for ferrous and aluminium fraction (pre-
sented as bandwidths as a function of changes in input, recycling routes,
etc.) (Reuter et al., 2005; SuperLightCar, 2005-2009).

Dynamic recycling models that include also the convolution integral, and
hence permitting the simulation as a function of standard deviation of all
analyses and flows of the system for products and mixture of products (van
Schaik and Reuter, 2004a).

Design for Resource Efficiency Designer Mineral to Metal (The effect of
Aluminium in WEEE on Slag and Metal Properties in Smelter). Metal re-
covery as a function of process technology, thermodynamics and trans-
port processes, here showing the effect of liberated and un-liberated steel
on the recycling quality of aluminium and slag (Reuter et al., 2005; Reuter,
20711a). Products with high aluminium content, which oxidizes during pro-
cessing, have a disruptive effect on processing and hence on resource effi-
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ciency as the systems have to be diluted with virgin material to operate
them well.

Overview of the fuzzy rule liberation recycling model, predicting liberation
behaviour and hence recycling/recovery rate as a function of design speci-
fications (list of materials, joints and material combinations) (van Schaik
and Reuter, 2007).

Example of recycling-rate calculations for the SLC concept in the fuzzy re-
cycling model (illustrated for Al) as a function of variations in design for
steel and polymer content. There is no single recycling value as it is a com-
plex function (van Schaik and Reuter, 2007). The figure shows why the sim-
plistic one-dimensional recycling rate definitions used in the IRP’s report
2a (UNEP 2011b) only apply to limited cases as they do not consider
complexity.

The importance of good data (for a coffee machine] that are aligned and
of value to modelling and simulation of processes, either with recon-
ciled mass-balance data and/or simulation tools (Chancerel et al., 2009;
Chancerel and Rotter, 2009a).

Aluminium recyclates from EoL vehicles, showing the effect of product/
component composition and material connections on the particulate na-
ture and degree of (im)purity of recyclates (Reuter et al., 2005; Reuter and
van Schaik, 2008).

The LCA framework according to the ISO 14040/14044 series (IS0, 2006a).

A comparison of pure copper scrap melting 756.9 MJ/t Cu (top) and impure
copper recyclate smelting 1493.8 MJ/t Cu, showing the effect of impurities
in scrap feed (down) at 1250 °C as calculated by HSC for adiabatic condi-
tions with methane as fuel (HSC Chemistry 7, 1974-2013).

The abundance (atom fraction) of the chemical elements in the earth’s up-
per crust as a function of their atomic number. The rarest elements (yel-
low) are the densest. Major industrial metals are shown in red (USGS).

Various thermochemical data for the given reaction (HSC Chemistry 7,
1974-2013).

Various AG (Ellingham) functions of temperature for given oxides, showing
that the REO La,05 is most stable and CuO the least. Therefore it is easiest
to create metal from CuQ and most difficult from La,;05 (HSC Chemistry 7,
1974-2013).

Standard free energy of formation of selected oxides, corresponding to the
general reaction (2x/yIM + 0, = (2/y]JMx0y kcal/mol (HSC Chemistry 7,
1974 - 2013).

The use of C (red line producing CO(g)}, CO(g) (magenta line producing
CO,(g)) and H,(g) (dark blue line producing H,0(g]) as reductants kJ/mol
(HSC Chemistry 7, 1974-2011).
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A simplified Si0,-Fe0-Ca0 phase diagram showing the area that is molten
at 1300 °C with an industrially safe range of Fe/Si0, as shown (FACT Sage).

A simplified Si0,-Fe0-Ca0 phase diagram showing the area that is molten
at 1250°C and the operating point (FACT Sage).

A simplified Si0,-Fe0-Ca0 phase diagram showing the area that is molten
at 1300 °C with the operating point well within the molten slag area
(FACT Sage).

General flowsheet of the Mintek Enviroplas process (Input flows are in
green, output flows in red) (Denton et al., 2005).

Phase relationship in molten metal alloy and multi-oxide slag (ternary dia-
gram) (FACT Sage; Castro et al., 2004; Castro et al., 2005; Reuter, 2011a;
Reuter, 2009).

The effect of different alumina levels (from aluminium in e-waste} on the
slag liquidus temperature, on solids in solution as a function of tempera-
ture, and on oxygen partial pressure of a typical slag (FACT Sage; Reuter et
al., 2011b).

The stability of some of tin (Sn) and indium (In) oxides under different op-
erating conditions: (a, left) shows more reducing conditions while (b, right]
shows more oxidizing conditions (HSC Chemistry 7, 1974-2013; Outotec).

The distribution of indium and copper between metal and slag as a func-
tion of lime addition at 1300 oC, Fe/Si0, = 1.1-1.2 and log(p0,) = -7 (Anindya
etal., 2011).

Ellingham Diagram for the Stability of various compounds in e-waste - the
bottom compounds being the most stable (HSC Chemistry 7, 1974-2013;
Outotec).

Eh-pH diagram for an aqueous electrolyte showing the behaviour of differ-
ent dissolved elements, which are subsequently recovered by various refin-
ing processes (HSC 1974-2013).

Using computational fluid dynamics for optimizing conditions within fur-
naces (which can be 10-40 m high) - this drives process understanding to
its limits and maximizes resource efficiency (Huda et al., 2012).

Manipulating conditions within a TSL to achieve desired metal production
and energy recovery, recycling and waste processing (www.outotec.com).

Recycling lithium-ion batteries (Recupyl SAS).
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Executive Summary

Metal recycling is a complex business that

is becoming increasingly difficult! Recycling
started long ago, when people realized that it
was more resource- and cost-efficient than
just throwing away the resources and starting
all over again. Until recently, such relative-
ly straightforward recycling concentrated on
specific materials, including metals, as most
products were relatively simple; this form

of recycling follows the so-called Material
(& Metal)-Centric (MMC) approach.

However, thanks to the increasingly sustain-
ability enabling technological advancement
of the 21°' Centuries, products have become
increasingly complex, mixing almost any im-
aginable metal or other material. Recycling
these products became increasingly difficult
as trying to recover one material would of-
ten destroy or scatter another, and it became
clear that we needed a Product-Centric ap-
proach. Here, recycling targets the specif-
ic components of a product, devising ways
to separate and recover them. To do this for
metals, recyclers increasingly seek the help
and expertise of metal miners, who extract
mineral ores often containing several met-
als and have developed ways and means of
recovering the metals of interest via com-
plex methods that are based on physical and
chemical principles.

Apart from the technological complexity, as
always, the basic problem is whether it will
pay. And, if not, and as we need the metal
anyway, how can we make it pay?

In this report, we discuss how to increase
metal-recycling rates - and thus resource ef-
ficiency - from both quantity and quality view-
points. The discussion is based on data about
recycling input, and the technological infra-
structure and worldwide economic realities
of recycling. Decision-makers set increasing-
ly ambitious targets for recycling, but far too
much valuable metal today is lost because of
the imperfect collection of end-of-life (EoL)
products, improper practices, or structural

deficiencies within the recycling chain, which
hinder achieving our goals of high resource

efficiency and resource security, and of bet-

ter recycling rates.

The report consists of seven chapters and six
appendices. The chapters deal, successively,
with:

1. A brief overview of the factors affecting
recycling.

2. Recycling opportunities.

3. Limiting factors in recycling.

4. Consequences of limiting factors.

5. Infrastructure for optimizing recycling.
6. Tools to aid decision making.

7. Policy drivers and recommendations for
recycling.

The appendices highlight some of these sub-
jects, including a last section on the physics
and thermodynamics underlying extractive
metallurgy.

These practical considerations are the basis
for recommendations to decision-makers,
some of which turn existing policy approach-
es on their head. We particularly focus on the
recycling of high-value, low-volume metals
that are essential elements of existing and
future high-tech products. Such metals are
often scarce, but essential for sustainable
growth, though typically lost in current recy-
cling processes.

Factors affecting recycling

For many purposes, the above-mentioned
MMC and Product-Centric approaches of re-
cycling can be considered together. Howev-
er, designing recycling systems from a purely
Product-Centric viewpoint needs a good un-
derstanding of separation physics, thermody-
namics and metallurgy, as well as of the as-



Metal Recycling - Opportunities, Limits, Infrastructure

Figure 2:

The best footprint
of sustainability
and resource
efficiency may
be achieved

by reducing
losses during
processing by
bringing together
the various
stakeholders,
thus minimizing
the use of
resources in their
widest sense.

No society can
truly achieve a
“closed-loop”
status; there
will always be
some loss and
economic growth
implies more
raw-material
needs; therefore,
Figure 2 shows
how this footprint
is affected by the
various activities
of transforming
raw materials.
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sociated economics, in order to innovate and
optimize product design. Figure 2 illustrates
this, describing some of the major factors
that increase resource efficiency by maxi-
mizing recycling rates.

Increasing metal-recycling rates is possible
when considering and applying a Product-
Centric approach of which the MMC approach
is a subset. A Product-Centric approach is
far better in considering the complex interac-
tions in a recycling system than just an MMC
approach, as it contemplates how to improve
the recycling of an entire EoL product. It also
assesses what comes out of the system, in
order to minimize the losses from each step,
thus quantifying the economic feasibility of

a potential recycling chain, and, ultimately,
for awarding operating licences to the stake-
holders involved. It takes its cue from classi-
cal extraction of metals from geological min-
erals; where the objective has always been to
maximize recovery of all elements into eco-
nomically valuable products, while maximiz-
ing energy recovery and minimizing the crea-
tion of residues.

Three interrelated factors determine the suc-
cess of recycling and maximize resource ef-
ficiency:

1. The recycling processes and the major
physical and chemical influences on the
metals and other materials in the pro-
cessing stream.

2. The collection and pre-sorting of waste.

3. The physical properties and design of
the end-of-life products in the waste
streams.

While reading this document consider the
three points above and consider the techno-
logical and economic challenge of produc-
ing pure water, sugar, milk and coffee from

a cup of coffee — a consumer product. This
illustrates the complexity of recycling, the ef-
fect of dissolution of metals in each other and
then separating them into pure or alloy prod-
ucts of economic value as shown by Figure 2.
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It is impossible to optimize one factor with-
out considering the others. To get the best
results out of recycling, product designers,
collectors and processors must know what is
happening in the other parts of the system,
which requires a multi-faceted approach that
considers all metals, compounds, and other
materials.

Recycling saves resources, as it strength-
ens the primary supply from primary mining
by using the resources temporarily locked up
in “urban mines®”. Especially ‘critical’ ele-
ments, not abundant in nature, must be pre-
served and reused as much as possible.

An added advantage is that the energy con-
sumption of metal recovery from recycled
sources is usually less than that of primary
production, as recycling often “only” involves
the re-melting of metals. In addition, a re-
source-efficient system minimizes water use
and maximizes the quality of wastewater be-
fore discharge.

The basic assumption of recycling is that the
value of the recovered (and other materi-
als) has to pay for all collection, dismantling,
sorting and other recycling activities. The
economics of such recycling is based on es-
timating the true value of recyclates from the
best recovery of refined metals, alloys and
compounds.

Recycling is thus driven by the value of the
recovered metal (and material]. In any case,
all metallurgical plants always try to recover
all valuable elements. If there is an economic
incentive, recovery will happen.

a The word “urban mine” has been used for some years and
has been registered since many years e.g.
Details for Australian Trademark No. 1371937.
Number Australian Trademark No. 1371937.
Mark URBAN MINE.
Owner RECUPYL SAS.
Service Refer to WIPO Address for Correspondence.
Filingdate in Australia 16 March 2010.

The applicant has advised that the English translation of
the words appearing in the trade mark is URBAN MINE.

Another point of great importance is that
modern product design should consider the
complexity of recycling such products. If pos-
sible, the design should avoid incompatible
metal mixtures, or joints between product
parts that hinder recycling. This is not always
possible, because the primary function of the
product will always prevail, but, if necessary,
policy should reinforce this point.

In summary, we discuss how the environ-

mental footprint of society is minimized by
maximizing resource efficiency on an eco-
nomic and technological basis.

Above, mention was made of the fact that
many modern products are incredibly com-
plex. Table 1, below, illustrates this fact for a
few "household” objects.
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Table 1:

Compatibility
matrix as a
function of

metallurgical

recovery (van
Schaik and
Reuter, 2012;
Reuter and van
Schaik, 2012a&b)
(PMs: precious
metals; PGMs:
platinum group
metals).
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Recoverability PMs PGMs
per application Ag Au Pd Pt Y

Recovery possible

Rare Earth (Oxides) Other

Other  Sb Co In Ga W Ta

Washing machine

Large Hh Appliance

Video recorder

DVD player

Hifi unit

Radio set

CRTTV

Mobile telephone ® [} [ [ J
Fluorescent lamps

LED

LCD screens

Batteries (NiMH) [}

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

Washing machine o o L J
Large Hh Appliance o L o
Video recorder

DVD player

Hifi unit

Radio set

CRTTV

Mobile telephone

Fluorescent lamps

LED L J
LCD screens

Batteries (NiMH)

No separate Recovery

Washing machine [ J
Large Hh Appliance [ J
Video recorder

DVD player

Hifi unit

Radio set

CRTTV

Mobile telephone [ ]
Fluorescent lamps

LED o
LCD screens

Batteries (NiMH)

For a combination of colours, e.g. @

J

Depending on the process route followed, high recovery rates as well as high losses are possible. Hence a careful attention to design, infrastructure,
legislation etc. is necessary. This is especially possible for metals closely linked where one metal can be recovered while the other due to this selection
of recovery then goes lost. This is driven by thermodynamics, technology, design etc.

J

Opportunities and limiting factors in
recycling, and their consequences

If each product were made from a single sub-
stance, recycling would be relatively simple
and its interactions linear, up and down the
‘recycling chain’. However, the reality is that
many products contain several metals, and
their alloys and compounds. Several ‘recy-
cling chains’ are thus necessary from end-
of-life (EolL) product to metal, which will in-
teract because of the functional connections
of these materials. This creates a multi-di-
mensional system, whose level of complex-
ity must be clear to stakeholders and policy
makers.

Figure 3 shows these complex interactions,
which are in fact partly bi-directional along
the chain. It also shows that the metals and
alloys arriving at recycling operations are al-
most always mixed with other materials and
compounds, including plastics and other
modern materials, such as composites, fill-
ers and paints. These materials all have a
monetary value that increases with their pu-
rity, affecting treatment charges incurred by
custom smelters and processors of the recy-
clates. However, they can also negatively af-
fect the processing in a physical and chemi-
cal sense.
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In the recycling process, EoL products are
usually broken (or cut, crushed etc.) up into
small pieces, and a first attempt is made to
liberate and sort the different mixed mate-
rials. However, this is generally only partly
successful. For example, materials that are
functionally attached to each other, as they
often are built into a product for functionality
reasons, will stay close together. Therefore,
most metals enter metallurgical processing
as a mix, often rather complex.

Physical and metallurgical recycling technol-
ogies and processes exist for the separation
of many metals, but each process flowsheet
will deal differently with metal mixes. When
such metals and their compounds have com-
patible thermodynamic and physical proper-
ties, the metallurgical processing technology
used will succeed in economically separat-
ing them. If not, mixed alloys, sludges, slimes
and slags are produced, wasting the con-
tained resources and creating an additional
dumping or storage cost.

Figure 3:
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The degree to which metals can be separated
thus affects the economics of recycling.

Itis clear from Figure 3 that the elements
within complex products are not recycled in-
dividually. Instead, they pass through one of
a wide range of processes that has to be in
place to optimally recover all metals in com-
plex products and their “mineralogies”. The
choice of process is an economics- and phys-
ics-based technological optimization puzzle
for the recycling operation, which is at least
partly driven by the changing market value of
the metal and its high-end alloy products.
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Infrastructure for optimizing
recycling

The Product-Centric approach (Figures 2

to 4] is an example of the practical applica-
tion of several physics-based systems to a
complex multi-dimensional issue, with strong
implications for public recycling policy. It
suggests that, for optimizing recycling, the
following conditions and infrastructure have
to exist:

m BAT: Eol, waste, and residue streams des-
tined for recycling must be processed by
Best Available Technique (BAT), accord-
ing to specific performance standards and
being mindful of environmental and social
costs and benefits. These BATs can differ
between products and regions, and do not
need to be high technology per se. They
may include hand sorting in the earlier
steps of the recycling chain, thus creating
jobs. Where waste streams enter uncon-
trolled flows or less suitable processes,
value will be lost and the environmental
impact may be severe.

m POLICY: Targets must align with the eco-
nomic drivers of a complete system. With
so many operators in the collection and
recycling industry, enforcing regulations
is unlikely to be sufficient for steering the
destination of metal-containing waste
streams. Policy must create the econom-
ic incentives for waste to be handled by
registered BAT operations, rather than by
‘grey’ recycling, or even improper practice.
Economic drivers must align with long-
term economic goals, such as conserving
critical metal resources for future appli-
cations, even if their recovery currently is
uneconomic. Policy targets should con-
sider the “loss” of metals due to a complex
recyclate composition. Policies should nei-
ther exceed what is physically and thermo-
dynamically possible, nor prioritize one or
two metals at the inadvertent expense of
other metals found in the input stream.

m KNOWLEDGE: The metallurgical recycling
industry has the knowledge needed for
linking BAT processes so that they sepa-
rate a maximum of valuable metals and
create a minimum of secondary residues.
Successful and resource-efficient met-
al producers generally aim at producing a
wide range of metals, rather than focus-
ing on one or two metals as their produc-
tion output.

m INCENTIVES: They exist for all participants
in recycling - from product design to pur-
chasing recycled metal - to work with the
other participants in the system for im-
proving the recycling performance of the
system as a whole. Practical ways exist for
improving information flow between the
participants; for example, producer-re-
sponsibility laws motivate a product man-
ufacturer to innovate in recycling-process
technology for meeting recycling targets.
Such incentives can be purely legislative or
purely economic, but work best as a com-
bination of policy and profit.

m MODELLING: Physics-based-modelling
and simulation of how products recycle
can help designing a product that facili-
tates recycling, based on how products and
their constituents break up and separate
in BAT recycling processes. Such design
goes beyond “design for disassembly” and
“design for recycling”, to become “design
for resource efficiency”. Here disassembly
breaks down complex products into com-
ponents or subassemblies that then can
be directed into more suitable recycling
processes, such as the easy removal of a
circuit board from a plastic, aluminium or
steel housing.

The report discusses the facts behind these
required conditions and their implications
for policy.



Tools to aid decision-making

Various tools exist for supporting decision-
making to maximize resource efficiency.
What needs further development is a rig-
orous multiphysics basis that clearly links
the stakeholders within the Product-Centric
chain as shown in Figures 2 and 3. Existing
physics-based tools cover separation physics
as well as thermodynamics, various simula-
tion approaches and life-cycle assessments.

Multiphysics is a new concept, covering stud-

ies that combine hitherto separate physics-
based tools, generating relational mathe-
matical models and validating them experi-
mentally to improve our understanding of
natural systems.

A major new tool is the Metal Wheel, a sim-
plified version of which is shown in Figure 4.
The wheel is separated into slices, one for
each basic metal used by society or Carrier
Metal, and showing its main BAT processing
route. The light-blue, white and green rings
show the main potentially valuable elements
associated with this Carrier Metal (CM]. The
first contains mostly metallic elements that
dissolve in CM [generally using pyrometal-
lurgy), the white ring contains compound el-
ements mostly treated by hydrometallurgy,
and the green ring shows associated ele-
ments that are generally lost in waste.

The available computer-based tools can be
ranked in several classes. The most impor-
tant are:

m Liberation modelling, when coupled with
modelling of the thermodynamics of a
specific processing plant, allows defin-

ing recyclate grades and thus the resulting

economic value. Design for Resource Effi-
ciency (DfRE), of which Design for Recy-
cling [DfR) is a sub-set, demands knowl-
edge of liberation behaviour (particulate
quality of recyclates; separation efficien-
cy; compatibility and recovery and/or loss
of material] as a function of design choice,
connection type and connected materials.

m Life Cycle Assessment or LCA is a tool

that facilitates understanding and quan-
tification of the ecological and human-
health impacts of a product or system over
its complete life cycle. It must be linked to
rigorous simulation tools to quantify re-
source efficiency.

Design for Sustainability requires product
designers to assess which material prom-
ises the best sustainability performance,
for example with regard to energy efficien-
cy combined with other factors like recy-
clability, durability, etc., by taking a life
cycle perspective. Products must be de-
signed such that compatible groupings of
metals are easy to dismantle to be directed
into the correct metallurgical processing
infrastructure.

Life Cycle Management, LCM, is a busi-
ness approach that can help companies
achieving sustainable development. It
helps reducing, for instance, a products’
carbon, material and water footprints, as
well as improving its social and economic
performance. LCM is about making life-cy-
cle thinking and product sustainability op-
erational for businesses that aim for con-
tinuous improvement.
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Figure 4:

The "Metal
Wheel”, based on
primary metal-
lurgy but equally
valid for metals
recycling reflects
the destina-

tion of different
elements in base-
metal minerals
as a function of
interlinked met-
allurgical process
technology. Each
slice represents
the complete
infrastructure for
base- or Carrier-
Metal refining.
As there are so
many different
combinations of
materials in End-
of-Life products,
only physics-
based modelling
can provide the
basis for valid
predictions. In
essence, primary
metallurgy is
situated in a seg-
ment a complete
processing plant,
while the com-
plexity of con-
sumer product
mineralogy
requires anin-
dustrial eco-
logical network of
many metallurgi-
cal production
infrastructure

to maximize
recovery of all
elements in end-
of-life products
(Reuter and van
Schaik, 2012a&b;
Ullmann’s Ency-
clopaedia, 2005).
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Society’s Essential Carrier Metals: Primary Product
Extractive Metallurgy's Backbone (primary and recycling
metallurgy). The metallurgy infrastructure makes a “closed”
loop society and recycling possible.

Dissolves mainly in Carrier Metal if Metallic (Mainly to
Pyrometallurgy) Valuable elements recovered from these or
lost [metallic, speiss, compounds or alloy in EoL also
determines destination as also the metallurgical conditions in
reactor).

Compounds Mainly to Dust, Slime, Speiss, Slag (Mainly to
Hydrometallurgy) Collector of valuable minor elements as
oxides/sulphates etc. and mainly recovered in appropriate
metallurgical infrastructure if economic (EoL material and
reactor conditions also affect this).

Mainly to Benign Low Value Products Low value but inevitable
part of society and materials processing. A sink for metals and
loss from system as oxides and other compounds. Comply with
strict environmental legislation.

Mgo Si0: AL0,

Ca0

Sr0

Mainly Recovered Element Compatible with Carrier Metal as
alloying Element or that can be recovered in subsequent
Processing.

Mainly Element in Alloy or Compound in Oxidic Product,
probably Lost With possible functionality, not detrimental to
Carrier Metal or product (if refractory metals as oxidic in EoL
product then to slag/slag also intermediate product for
cement etc.).

EL

. Mainly Element Lost, not always compatible with Carrier

Metal or Product Detrimental to properties and cannot be
economically recovered from e.g. slag unless e.g. iron is a
collector and goes to further processing.
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The usual basis for any bankable feasibil-

ity study at the heart of all process design is

a thorough description of the Product-Centric
recycling system. This requires rigorous simu-
lation, including closure of all mass balances
of not only the bulk materials, but also of the
elements contained in organic and inorgan-

ic compounds and alloys. The energy balance
has to be closed as well, showing the details

As
. Mn0 Feox‘
. @
ca0 V,05
Sio,
@

of all inflow and outflow for quantification of
the streams. This detail is required to deter-
mine the environmental impact of all recycling
streams. Nothing less rigorous will provide in-
novative solutions for a sustainable future.

Figure 5 shows how rigorous process sim-
ulation and design models for complex
flowsheets are linked to environmental soft-
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Figure 5:

Example of
existing software
for flowsheet
design, based on
compositional
data for a
product, which
lead to simulated
resource
efficiency data
that, in turn, lead
to a recyclability
index based on
environmental
analysis - a
metallurgical
processing
infrastructure

is prerequisite
(Reuter 1998).
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ware and have become a basis for calculating m
recycling rates. This link, discussed in detail
in this report, helps quantifying resource ef-

fi

ciency, and can:

m Standardize systems on the basis of phys- =

ics and economics, for discussing sustain-
ability and CleanTech.

m Resolve policy and legislation questions.

m Provide rigorous recyclate-rate calcula-

tions that include physics and non-linear
interactions.

Establish key performance indicators
based on BAT and not on the global av-
erages generally used in environmental
databases.

Harmonize the input and language of,

among others, engineers, policy special-
ists and environmentalists based on eco-
nomic feasibility, technology and physics.
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Figure 6:

Resource cycles
are linked by
flowsheeting and
simulation tools
(Reuter 1998 &
2011) based on
rigorous physics
before inter-
actively linking
them to environ-
mental-impact
assessment
software (HSC
Sim and GaBi).
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In summary, a whole set of tools is availa-
ble to help decision-makers understand the
recycling system, assess how they can best
increase recycling, and facilitate the informa-
tion exchange between stakeholders. Each of
these tools provides an easy way for decision-
makers to access the detailed information
usually held by industry-sector experts. Such
tools enable the decision-makers in one part
of the recycling system (designers or metal
processors, for example] to arrive at better

BAT, Flow Sheets & Recycling System Maximizing
Resource Efficiency - Benchmarks

$US/t Product (CAPEX & OPEX)

Recyclability Index (based on system simulation of
whole cycle)

e GJ&MWh/t Product (source specific) and Exergy
¢ kg CO,/tProduct

¢ kg SO,/tProduct

e g NO,/tProduct

e m?Water/t Product (including ions in solution)

¢ kg Residue/t Product (including composition)

¢ kg Fugitive Emissions/t Product

e kg Particulate Emissions/t Product

* Etc.

predicting the results of the system of any
changes that they would make, such as in-
vestments in new technology.

A final observation: true Design for Recy-
cling can only take place with tools that are
based on a rigorous application of physics,
thermodynamics and process technology, as
reflected by, for example, Figure 6.2

Environmental Indicators based on BAT
Driving Benchmarks of Industry

e Global Warming Potential (GWP)

« Acidification Potential (AP)

e Eutrification Potential (EP)

e Human Toxicity Potential (HTP)

e Ozone Layer Depletion Potential (ODP)

¢ Photochemical Ozone Creation Potential (POCP)
* Aguatic Ecotoxicity Potential (AETP)

* Abiotic Depletion (ADP)

e Etc.

a 7" Principle of the Earth Charter (www.earthcharterinac-
tion.org): Adopt patterns of production, consumption, and
reproduction that safequard Earth’s regenerative capaci-
ties, human rights, and community well-being.

1. Reduce, reuse, and recycle the materials used in pro-
duction and consumption systems, and ensure that re-
sidual waste can be assimilated by ecological systems.

2. Act with restraint and efficiency when using energy, and
rely increasingly on renewable energy sources such as
solar and wind.

3. Promote the development, adoption, and equitable trans-
fer of environmentally sound technologies.

&~

Internalize the full environmental and social costs of
goods and services in the selling price, and enable con-
sumers to identify products that meet the highest social
and environmental standards.

5. Ensure universal access to health care that fosters repro-
ductive health and responsible reproduction.

o

Adopt lifestyles that emphasize the quality of life and ma-
terial sufficiency in a finite world.




Policy recommendations

Many of the world's existing recycling poli-
cies have grown out of environmental policy,
and are often still under the jurisdiction of
environmental ministries. This duly reflects
the potential environmental benefits from
increased recycling as well as the poten-
tial harm from insufficient waste treatment.
However, it can also obscure the fact that
recycling is primarily an economic industri-
al activity with a strong environmental and
social implication, and is strongly affected,
for better and for worse, by all policies that
influence the costs and benefits of recycling.
Waste- and recycling policies directly affect
the cost of recycling processes (e.g. where
environmental requirements change such
processes) as well as the cost of alternatives
to recycling, such as waste disposal. These
policies also influence the availability and
composition of waste streams for recycling.
Relevant, too, are trade restrictions on waste
or metals, and all policies regulating indus-
trial activity such as taxation, labour regula-
tion and energy costs. Governments should
be conscious, in crafting and implementing
such policies, of their impact on sustainable
development.

Defining the system boundaries for which
targets are stipulated is of critical impor-
tance. Furthermore, weight-based targets
hinder rather than promote recycling of the
many critical elements in complex products,
usually present in very low concentrations.

In addition, priorities have to be set for dif-
ferent metals, such as base metals, special
metals, critical-technology metals, etc. This
further highlights the dilemma of defining re-
cycling targets for metals that are present in
small quantities in products. Targets that go
beyond what is thermodynamically possible
for recycling are likely to fail and might lead
to excessive energy consumption in efforts to
meet the recycling target. Policy makers can
set appropriate targets from a life cycle per-
spective and by drawing on the expertise and
tools available within the recycling industry.

A Product-Centric view helps understanding
the tradeoffs between achieving high recy-
cling targets and natural-resource depletion.
If this product complexity is fully understood,
this will improve the recycling of valuable
critical and scarce elements, and the recy-
cling rates of the commodity metals. Includ-
ing a Product-Centric view of recycling into
the discussion requires thorough rethinking
of policies to ensure that resource efficiency
Is maximized.

Product design strongly affects the physical
properties of the waste stream, as do collec-
tion methods. Optimal recycling can only suc-
ceed through increased physics-based De-
sign for Recycling (DfR) or Design for Sus-
tainability (DfS). This is better covered by the
term Design for Resource Efficiency that is
more economics based with links to Prod-
uct-Centric recycling. Here, product design
is based on, or at least cognisant of, recy-
cling BAT (as concisely reflected by the Metal
Wheel).

Optimal design for recycling and recycling
systems demands good understanding of the
limits imposed by physics, chemistry, ther-
modynamics and kinetics, as well as by the
technological, economic and social barriers
and inefficiencies encountered. Functional-
ity demands mean that this optimal design is
not always possible; it might dictate that cer-
tain metals and materials must be combined,
rendering Design for Recycling inefficient.



The information in this document leads to
the following points that are relevant for
policy formulation:

General perspectives

m A wider, systemic, view of recycling must
look at the environmental, industrial and
economic factors driving recycling. Sim-
plified approaches to recycling - speci-
fying desired recycling outputs — will not
adequately support a drive for resource
efficiency. A linear, one-dimensional, ap-
proach cannot deal with the complexity
of interactions between metals, mixing of
waste streams, and the economics behind
processes.

m For maximizing resource efficiency, a
Product-Centric approach to recycling

must be based on a good understanding of

the physics of materials in products. This
allows simultaneous consideration of the
interactions, why and when they dynami-
cally vary, and the economic value of the
resulting recyclates, as well as the impact

on resource conservation and environmen-

tal sustainability.

m Stimulating the use of BAT by certified
operators raises the overall level of re-
cycling. Quantitative computer models,

based on the physics and economics of re-

cycling with BAT, can be used for resolving

complexity and guiding policy, thus replac-

ing simple material-flow analysis.

m As dictated by the Second Law of Ther-
modynamics, there will always be losses

from a recycling system. Concepts such as

‘Closing the loop’, ‘Circular Economy’ and
‘Cradle-to-Cradle’ represent unattainable
ideal conditions, but they bring systemic
thinking into material-efficiency discus-

sions, and provide an upper limit to the po-

tential economic benefits.

Economics of recycling and
legislation

m Policy and legislation play a key role in

shaping the economic incentives and guid-
ing conditions for overall system perfor-
mance. Where the economic incentives for
collection of waste by private or public op-
erators are not aligned with policy goals,
significant resource volumes can be lost to
illegal or informal recycling, or are sim-
ply unaccounted for, sometimes through
‘cherry picking'. This often leads to envi-
ronmental problems, damaging health im-
pacts and impacts on water or climate, as
regulatory standards are ignored.

The best policy and legislative results are
achieved by creating a level playing field
that internalizes external costs. This
helps stakeholders in the recycling system
to operate on a ‘best practice’ basis, along
social, environmental, technological and
economic considerations.

Policy and legislation can improve results
if it focuses on promoting BAT in recycling
systems, setting up the framework for in-
novative business models. In some cases,
this will mean providing incentives for cop-
ing with negative revenues from parts of
the treatment process for EoL products.
Actions increasing the willingness of prod-
uct manufacturers and their customers to
recycle Eol products and use recycled ma-
terials produced with BAT, can also drive
the recycling market.

For some minor elements, the required
economies of scale will only be reached
through processing at a sufficiently large
“central” facility. However, in order to
achieve this, effective international ar-
rangements would be required to facilitate
cross-border transportation in a transpar-
ent and sustainable manner.



Industrial infrastructure and
technology are essential

Collection as part of the recycling
system

® The infrastructure and knowledge for the m Optimized recycling requires secure and

processing of waste into recycled metal

is often the same as that used for prima-
ry metal production. Therefore, the health
of such production is vitally important for
recycling, as a healthy balance between
primary and recycled metal production
fosters metallurgical systems knowledge.
This balance also mitigates the cyclical na-
ture of the primary metals industry.

Technology and expert knowledge of the
academic communities and industries of
society should be adaptive and able to deal
with changing complexity. We can revital-
ize the significance of these industries for
sustainability with a suitably inspiring ex-
planation of the sometimes dry and dif-
ficult physics underpinning recycling. For
instance, current pre-processing technol-
ogy is inappropriate for increasingly min-
iaturized technology or complex products,
such as today’s cars. A recycling system
needs suitable dismantling, cutting, sort-
ing and whole-product-smelting technol-
ogies. As product change is much faster
than the change in processing equipment,
processing must use flexible technology,
such as the highly adaptive manual sort-
ing, and some physical separation and
sorting equipment may be moved to where
scrap is being generated.

large volumes of waste, collected (or sort-
ed) in ways that assist its metallurgical
processing. Two essential factors for suc-
cessful waste collection are: (i) a suitable
infrastructure for collection, and (ii) eco-
nomic incentives for the delivery of waste
to BAT operators, rather than to informal
orillegal operators.

m Where economic incentives exist, private
operators often set up collection infra-
structures. In some cases, public-policy
intervention must help the creation or ca-
pacity building of such infrastructure, for
example when setting up recycling sys-
tems for mobile phones. Where waste
ends up in areas with no or poor-quality
recycling, the resources are often lost. Re-
sponsibility for collection can be shared
between all stakeholders in ways that best
finance and increase the capability of col-
lection systems in such areas.



Design for Resource Efficiency (DfRE)

m For optimal recycling, the industrial-waste

and End-of-Life-product streams that en-
ter processing should be economically
and physically compatible with the metal-
production system. Both product design
and collection methods strongly affect the
physical properties of a waste stream. Op-
timal recycling can only succeed by better
physics-based Design for Resource Effi-
ciency [DfRE). Design can then try to avoid
putting metals together in a stream that
cannot be separated by the BAT. Neverthe-
less, material linkages can make any DfRE
useless, as the consumer primarily pur-
chases product functionality.

Computer models can facilitate DfRE,
which includes Design for Recycling.
These, like any engineering-process de-
sign model, should have enough detail that
captures the physics of recycling, for pre-
dicting recycling-output quality and eco-
nomic value. To be effective, they must be
based on thermodynamics and the recy-
cling techniques used. Detailed data must
be collected for the materials chain to op-
timize the system, as too simple data col-
lection makes Design for Recycling and
Resource Efficiency impossible.

Design changes can do much to improve
recycling, though many “critical” elements
may be intertwined in products to ensure
their complex functions. Here, better de-
sign for disassembling the relevant - in
terms of critical/valuable metals - subas-
semblies is an evident necessity. Design
for Resource Efficiency is based on a per-
spective that looks at the impact of prod-
ucts over their life cycle (life cycle man-
agement, or LCM], and policy should assist
the adoption of LCM by manufacturers.

Digitalization of all aspects of the recycling
chain with suitable tools such as ID tags in
materials, sensors, simulation models, de-
sign tools, scrap contract payment etc. as
discussed in this document is paramount
to optimize it.

Technologically feasible policy
objectives must be set to reflect
product complexity

m Recycling rates as currently defined in
EU waste legislation, such as the ELV and
WEEE directives, do not refer to the ac-
tual recycling of individual metals in the
recycling chain. Current system bounda-
ries are the output of pre-processing steps
and their resulting fractions, which again
are a mix of different substances. The final
smelting and refining step is not consid-
ered in the recycling rates.

m Legal recycling-rate targets have two im-
plicit weaknesses:

(i} They do not differ between individual
substances, but are calculated solely
by weight based on an entire fraction.
Hence, to achieve the targets, recovery
of mass substances such as plastics,
glass or steel becomes much more
important than recovery of precious and
special metals, which are usually only
present in small amounts.

(i) As the targets do not consider metal-
lurgical steps, the high legal recycling
targets pretend a recycling quality that
in reality is not obtained. For instance,
the EU's ELV directive requires a 85%
recycling rate (material and energy re-
coveryl, to be increased to 95% by 2015.
If smelting and refining are included,
real recycling rates will be much lower,
especially for precious and special met-
als.

m Due to product complexity and the in-
herently random separation of metals in
the recycling process, there are no sin-
gle optimal recycling rates for metals in
End-of-Life products. The same product,
put through BAT, can produce different
amounts of recycled metal, with a differing
quality depending on the system and mar-
ket conditions.



m |t may be counter-productive to use ma-

terial-based recycling-performance out-
put standards, such as mass or percent-
age of a single metal in a waste stream.
They can ignore the complexity of recycling
and its inherent trade-off between outputs
of different recycled metals from mixed
waste streams. This may lead to wasting
of valuable metals. For example, a system
focused on increasing recycled iron out-
put may lose valuable metals with complex
links to iron, such as vanadium.

We must reconsider the current practice
of using recycling rates of single metals,
or of percentages of product mass, as the
Key Performance Indicator (KPI) of a re-
cycling system. Approaches based on the
understanding of recycling physics can im-
prove MMC indicators to render them more
Product-Centric, especially if they include
economics-based indicators.

Economics-based and environmentally
benign KPI processes should be consid-
ered as a BAT. Rather than industry having
to achieve a mandated performance target,
policy and industry need to create the con-
ditions and incentives that facilitate high
performance. This, however, requires pol-
icy actions across the system to overcome
the bottlenecks that currently hold back
optimized recycling.

Education and information - High-
quality people and training

m Research and education is critically im-
portant for preserving expert knowledge,
especially of the processing of key met-
als, and for driving innovation that maxi-
mizes resource efficiency. Moreover, much
knowledge is tacit - held and transmit-
ted by vitally important experts who can-
not be traded like a commodity - and that
is lost when industry sectors are too cycli-
cal. There is a need for disseminating the
physics-based systems approach to recy-
cling, as described in this report.

m Market operations are significantly helped
when recycling operators can estimate fu-
ture needs for recycling infrastructure by
quantifying the “urban orebody”, its loca-
tion and waste flows. Policy can stimulate
or assist towards estimating the metals in
market products.

m Teaching of Digitalization techniques and

its physics basis is if utmost importance to
drive innovation and R&D.
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1. Brief Overview of
Factors affecting
Recycling

The Green Economy Initiative set up by United
Nations Environmental Programme (UNEP),
spearheads the transformations needed

to create a viable future for generations to
come. Its aim is to shape an economy “that
results in improved human well-being and
social equity, while significantly reducing en-
vironmental risks and ecological scarcities.
In its simplest expression, a green economy
can be thought of as one which is low car-
bon, resource efficient and socially inclusive”
(UNEP, 2011a).

Report1 - Metal Stocks in Society

Report 2a - Recycling Rates of Metals

This is one reason why metals and metal re-
cycling are central in the work of UNEP's
International Resource Panel (IRP) and its
Global Metal Flows Working Group. Another
reason is that, while some studies exist on
the local impact of mining, the environmental
effects of recycling, or geological and anthro-
pogenic metal stocks, no global and com-
prehensive overview of scientific data exist-
ed until now. To fill this gap, the Metal Flows
Working Group commissioned several Status
Reports of which this report is one.

We prepared the present report, following
the one on Recycling Rates, as a response
to several significant trends in society’s ever
more complex use of metals. We briefly dis-
cuss some aspects of anthropogenic met-
al flows and cycles, covering issues around

Report 2b - Metal Recycling - Opportunities, Limits, Infrastructure

Report 3 - Environmental Risks and Challenges of Anthropogenic Metals

Flows and Cycles

Report 4 - Future Demand Scenarios for Metals

Report5 - Critical Metals and Metal Policy Options

The first five reports form the necessary basis for the last report.

The production and use of metals plays a
crucial role in creating that future economy.
According to the Green Economy Initiative
Report, the main sources of future economic
development and growth will be renewable-
energy technologies, resource- and energy-
efficient buildings and equipment, low-car-
bon public transport systems, infrastructure
for fuel-efficient and clean-energy vehicles,
and waste management and recycling facili-
ties (UNEP, 2011b). All of these rely heavily
on metals.

the local impact of mining, energy use of the
metal life cycle, the effect of metal emissions
from non-metal sources such as fossil fuels
and phosphate fertilizer, as well as the ef-
fect of final metal sinks and residues. This
aspects are all covered in more detail in the
Global Metal Flows Working Group's third re-
port on "Environmental Risks and Challenges
of Anthropogenic Metals Flows and Cycles”
(UNEP, 2013).



The 1987 Brundtland report is as relevant
as ever and is one of the bases of this docu-
ment, especially its section on sustainable
development of which the following para-
graph (p. 24} is reproduced here:

“Humanity has the ability to make develop-
ment sustainable to ensure that it meets the
needs of the present without compromis-
ing the ability of future generations to meet
their own needs. The concept of sustain-
able development does imply limits — not
absolute limits but limitations imposed by
the present state of technology and social
organizations on environmental resources
and by the ability of the biosphere to absorb
the effects of human activity. But technology
and social organization can be both man-
aged and improved to make way for a new
era of economic growth.”

Of importance in this regard also is the ‘Fac-
tor 5" discussion of von Weizsacker et al.,
(2009) in which it is argued that sustainable
development can be achieved by increasing
resource productivity by 80%. The availabil-
ity of a Factor of 5 in efficiency improvements
in entire sectors of the economy is possible
without losing the quality of service or well-
being. One of the objectives of the present
report is to explore the opportunities and
limitations with reference to recycling and re-
source efficiency.

The real quest is to use fewer materials in
delivering social progress and prosperity. Re-
cycling is part of this quest, and can mitigate
part of the increased demand for metals and
the related consumption of energy and other
resources for their production. Recycling is in
fact one of the most immediate, tangible and
low-cost investments available for decoupling
economic growth from environmental degra-
dation and escalating resource use.

1.1 Increasing worldwide use of
metals and energy constraints

The use of metals strongly correlates with per
capita gross domestic product (GDP), though
it levels off at higher GDP levels. If populations
in emerging economies adopt similar technol-
ogies and lifestyles as currently used in OECD
countries, global metal needs would be 3 to 9
times larger than all the metal currently used
in the world. If long-term growth trends in
population and prosperity are factored in, the
global stock of metals in-use by 2050 could be
equivalent to 5 to 10 times today'’s level, per-
mitting supplies (Graedel, 2011).

The growth of demand for some metals

is much faster than for others. As society
changes, its product and infrastructure re-
quirements also change, along with the de-
mand for a particular metal depending on
its use in new, or future products. The an-
nual production involved is already so large
that it is hard to imagine. For example, the
total crude steel production for 2011 was
1.5 billion tonnes. If this were converted into
a 1-mm-thick plate of a specific density of
7.85 kg/dm?®, it would cover a 5-km-wide strip
along the Earth’s equator.

Despite the vast reserves of several indus-
trially important metals, it is clear that the
growing world population - recently welcom-
ing our 7 billionth citizen — cannot keep con-
suming metals at the rate that is now stand-
ard for western industrialized society, without
going far beyond what is likely to be sustaina-
ble. For instance, the Climate Change impact
of the energy used in current annual steel
production is estimated to be the equivalent
of 3.6 billion tonnes of CO,.?

Altogether, metal production today repre-
sents about 8 per cent of the total global en-
ergy consumption, and a similar percentage
of fossil-fuel-related CO, emissions. Obvi-
ously, recycling will help decreasing this
“footprint” as it usually requires less energy
“merely” to re-melt End-of-Life (EolL) prod-

a At 2.3 kg CO,-equivalent/kg (this number includes
recycling).
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Figure 7:

Past exponential
growth of
different battery
technologies
(Eurometaux,
2010).
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ucts containing metals such as steel, alumin-
ium, copper etc., a point that is addressed in
the following pages.

Due to the scale of their use, iron, steel and
aluminium are included in the lists of mate-
rials that the International Resource Panel
has prioritized for the decoupling of glob-

al prosperity from environmental depletion.
However, many of the other metals used in
smaller quantities have much higher energy
and environmental impacts per kilogramme
produced (UNEP, 2010a, p.12]). A tonne of
gold, for example, has a typical CO, footprint
more than 5,000 times larger than the foot-
print of a tonne of copper; however, as much
more copper is produced, in the end the cop-
per industry emits about 1.3 times more CO,
per annum than gold production (Hageliken,
2012]. A recent report discussed the eco-
nomic benefits of recycling, putting forward
a clear positive economic case for a Circular
economy (Ellen McArthur Foundation, 2012).

While water recycling is not the topic of this
report, its relationship to metal production

Billion Cells

3.0

is briefly mentioned as well. After all, when
considering the metal cycle, the associated
water cycle must also be considered,
especially water quality and how it is affected
by recycling.

1.2 Accelerated demand for and
potential scarcity of some elements
and resources

There is an accelerating demand for metals
and elements used in new energy technolo-
gies [e.g. solar cells, batteries, etc.) and the
production of complex electronic devices and
networks enabling sustainability. For exam-
ple, battery technology is of extreme impor-
tance today, which may well continue into
the near future. Figure 7 shows the exponen-
tial growth in battery demand over the past
four decades. As a result, there is great in-
terest in securing supplies of the metals and
compounds used in batteries, including rare
earth elements (REE, specifically La), nickel,
cobalt, and lithium and their compounds.

2.0

Li-Polymer

Li-lon

1970 1980
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Table 2:

Rare Earth
Elements,

their estimated
supply and
demand in 2016,
and projected
shortfalls (Lynas
Corporation,
2011).

42

Table 2 shows projected short-term growth metals and their compounds used in emerg-
of the REE group, indicating that demand al- ing (sustainable] technologies; its final col-
ready exceeds supply for some metals. umn shows how 2030 demand for such met-

als compares to 2006 demand and 2006 pro-

Table 3 sets out some estimates of demand duction for all uses.
for various scarce and valuable technology

Rare Earth Oxide Group Demand: Tonnes REO Production: Tonnes REO
Global ROW@35% | Global ROW

Light Rare Earths 145,000 t 50,000 t 165,000 t 52,500 t
(La, Ce, Pr&Nd) 60,000 t
Medium Rare Earths 4,250 t 1,500 t 6,000 t 1,000 t
(Sm, Eu & Gd) 1,350 t
Heavy Rare Earths 14,500 t 5,000t 7,000 t 300t
(Tb, Dy, Er&Y] 750 t

Black/Red is committed; Blue is Possible

ROW = Rest of the World




Metal Recycling - Opportunities, Limits, Infrastructure

Table 3:

Growth in
element use
projected to

2030. The

2006 and 2030
indicators show
the proportion
of ETRD
compared to
2006 production,
e.g. Ga: Indicator
2006 = 28/152 =
0.18 and Indicator
2030 = 603/152 =
3.97) (EU, 2010;
BGR, 2010).
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Raw Production” ETRD 2006 ETRD 2030 Indicator Indicator
material (t) (t) (t) 2006 2030
Gallium 1529 28 603 0,18 " 3,97 "
Indium 581 234 1.911 040" 3,29 "
Germanium 100 28 220 0,28" 2,20 "
Neodymium ¢! 16.800 4.00 27.900 0,23 " 1,66 "
Platinum 7 255 very small 345 0 1,357
Tantalum 1.384 551 1.410 040" 1,027
Silver 19.051 5.342 15.823 0,28" 083"
Cobalt 62.279 12.820 26.860 0,21 " 043"
Palladium 7 267 23 77 0,09 " 0,29 "
Titanium 7.211.000 % 15.397 58.148 0,08 0,29
Copper 15.093.00 1.410.000 3.696.070 0,09 0,24
Ruthenium 7! 294 0 1 0 0,03
Niobium 44 531 288 1.410 0,01 0,03
Antimony 172.223 28 71 <0,01 <0,07
Chromium 19.825.713 2 11.250 41.900 <0,01 <0,07

ETRD = Emerging Technologies Raw Material Demand

1]Data updated by the BGR based on new information 2]Chromite 3]Ore concentrate 4]Comsumption 5]Estimation of full pro-

duction in China and Russia

6)

As many of these emerging technologies are
essential for the smooth transition to a green
economy, meeting the demand for these
metals appears to be an essential part of our
move to a sustainable, prosperous economy
(see Appendix B: Details on Metals found in
WEEE, Appendix C: Details on Battery Recy-
cling, Appendix D: Mobile Phone Collection).

rare earth 7]platinum group metals
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Figure 8:

Gold ore grades
between 1830
and 2010 (Source:
UNEP 2011c,

p. 24).
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1.3 Declining ore grades and the
consequences

As global demand for many metals contin-
ues to rise, more low-quality ores are mined,
leading to an overall decrease in ore grades.
Figure 8 shows this decrease in ore grades
for gold over time, representative of a trend
seen in many metals. The mining of lower-
grade ore causes increased energy use and
thus rising GHG emissions, even with im-
proved extraction methods. Today, depending
on the metal concerned, about three times
as much material needs to be moved for the
same ore extraction as a century ago, with
concomitant increases in land disruption, wa-
ter use and pollution, and energy use (UNEP,
2011¢).

50

30

20

e Australia
=== Canada
e South Africa

e USA
Gold Ore Grade (g/t Au) e== Brazil
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1.4 Increasing stocks in society -
importance of their collection

On average, the metal stocks used in more-
developed countries equate to between ten
and fifteen metric tonnes per citizen. Of this
amount, five metals - iron, aluminium, cop-
per, zinc, and manganese — make up more
than 98%. UNEP's report on “Metals Stocks
in Society” (UNEP, 2010b) reviewed 54 stud-
ies on metal stocks, finding that reliable es-
timates for in-use stocks exist for only four
of those metals: aluminium, copper, iron and
lead.

Trends in the production and use of metals
show that worldwide stocks of metals in use
by society are increasing. At the end of its
use, this metal stock is an increasingly valua-
ble resource. Therefore, future metal produc-
tion must not only focus on ore mining, but
also on recycling and the “urban mine”, the
stock of metals in use above ground. In other
words, recycling is a key factor in the future
use of metals. However, the “geology” of the
“urban mine” is complex and unpredictable
and makes economic predictions difficult.

An important point for recycling is that the
residence times for these stocks vary sub-
stantially. The average residence time for
iron in construction steel is several decades,
while for indium in electronic appliances it is
a few years or less. The effects of product in-
novation further affect such varying residence
times. The steel types added to the stock to-
day contain alloying elements not used dec-
ades ago. This is very marked in electronic
appliances, where new product generations
rapidly follow each other, causing a huge
variation in stock properties. Another major
point in recycling is the ever-increasing in-
terconnectedness of stocks. The iron stock

is getting more connected to REE stock via
the addition of high-performance super-alloy
steels.

The stocks have different availabilities at the
end of their service life. Stocks of industri-
al-investment and infrastructure goods are

more readily available and collectable for re-
cycling than those in private hands.

“Mining” the valuable recycling sources of
many technologically valuable elements re-
quires extreme attention to collection, to en-
sure that End-of-Life (EoL] goods, especially
privately owned, do not disappear into land-
fill or into systems and processes that cannot
fully recover the most valuable elements.



1.5 Economics of recycling

“An annual net material cost savings oppor-
tunity of up to USD 380 billion in a transition
scenario and of up to USD 630 billion in an
advanced scenario, looking only at a subset
of EU manufacturing sectors.” is a conclu-
sion of a recent report by the Ellen McArthur
Foundation (2012). Physics primarily deter-
mine the potential and limits for metal recy-
cling, thus affecting the economics of recy-
cling. The value of the contained metal (and
other materials) has to pay for this physical
process as well as for collection, dismantling
and other recycling activities. The simple
economics of such recycling is based on es-
timating the true value of recyclates from the
maximal recovery into refined metals, alloys
and compounds. Recycling is thus driven by
the value of the recovered metal (and materi-
al]. As an example, the approximate recycling
revenue achievable for office equipment is
given by Table 4, with a detailed cost break-

down for a PC given in the right three col-
umns. Without this material value, recycling
will not happen.

Simply said, if EoL recyclates have sufficient
economic value, they will be recycled when
the appropriate technological infrastruc-

ture exists for recovering their contained el-
ements, but not all EoL goods have a high
value. Therefore, an economics- and physics-
based policy should be careful to provide a
framework and business model that breathes
life into recycling systems. This will balance
their performance in a system that some-
times has to cope with negative costs, due to
the low value of some EoL goods.

While economics drive the system (Edwards
and Pearce, 1978), local and global poli-

cy should promote the use of certified Best

Available Techniques (BAT) in the global re-
cycling system, to ensure that resource effi-
ciency is driven to a maximum.

WEEE Item Value (€/t)
Table 4:
The scrap Desktop PC ~1100 | Cost Breakdown for Weight Revenue
value of office Desktop PC (g) (€)
equipment and
a simplified cost
breakdown for Laptop ~1800 | Steel & aluminium 5241 1.41
a PC with value ] )
of about 1100 €/ Printer (consumer] ~120 | High grade PC-boards 448 4.03
tonne, including Printer/Copier ~330 | Low grade PC-boards 397 139
the weight and i
. (commercial)
value of various
_ parts'_m 2012 Flatscreen ~900 | Chips and processors 68 2.55
(Hieronymi, 2012).
Hard-disk drive 598 0.45
Cables 198 0.28
Other valuable items Lbd 0.27
Plastics w/o flame retardants 122 0.03
Plastics for energy recovery 226 -0.02
Other fractions with cost 0 -0.00
Labour 3 min -1.50
Net Revenue for PC 7742 8.61




Table 5:

Steel-can
recycling rates,
left, and steel-
recycling rates by
sector in the USA
(Yellishetty et al.,
2011).

1.6 Recycling Rates and their
Distribution

Given the predicted growth of metal demand,
metal recycling can only mitigate a part of fu-
ture demand. This is: a) Because of the delay
between the initial sale of products and them
becoming available as scrap; b) Because the
amount of metals put into the market several
years ago was lower than today; and c) Be-
cause of metal losses during recycling.

Recycling was already referred to in 1556 by
the German Agricola, when commenting on
forms of metal production in the oldest met-
allurgical textbook written (Agricola, 1556).
For metals in simple products such as steel
in cans, or even for steel from EoL vehicles,
the recycling rate can be very high (Table 5).

Sector Recovery rate | Estimated Life cycle
2007 (%) Recovery rate | inyears
2050 (%)
Construction 85 90 40-70
Automotive 85 90 7-15
Machinery 90 95 10-20
Electrical and domestic appliances 50 65 4-10
Weighted global average 83 90 N/A

UNEP’s report on Recycling Rates of met-
als (UNEP, 2011b) reported ranges for vari-
ous recycling rate metrics for sixty metals as
summarized by Figure 9, which uses simple
one-dimensional recyclate rate definitions.
These are, however, limited in their use for
single metals and do not reflect the use of

a variety of metals in complex products [van
Schaik and Reuter, 2004a, 2010), i.e. these
recycling-rate definitions exclude non-linear
physical interactions in the complete recy-
cling chain and therefore have a limited theo-
retical basis and little predictive value.
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Figure 9:

Various
definitions

of recycling
rates and
corresponding
data for elements
in the periodic
table (UNEP,
2011b).
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EoL-RR for sixty metals: The periodic table of global average EoL (post-consumer) functional recycling (EoL-RR] for sixty met-
als. Functional recycling is recycling in which the physical and chemical properties that made the material desirable in the
first place are retained for subsequent use. Unfilled boxes indicate that no data or estimates are available, or that the element
was not addressed as part of this study. These evaluations do not consider metal emissions from coal power plants.
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The periodic table of global average recycled content (RC, the fraction of secondary [scrap] metal in the total metal input to
metal production) for sixty metals. Unfilled boxes indicate that no data or estimates are available, or that the element was
not addressed as part of this study.
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the recycling flow] for sixty metals. Unfilled boxes indicate that no data or estimates are available, or that the element was

not addressed as part of this study.




The first of the three periodic tables of Fig-
ure 11 is based on one-dimensional recy-
cling-rate definitions and thus provides the
EolL recycling rate, i. e the metal percentage
from EolL products that returns to the man-
ufacture of new products. The second table
shows Recycled Content, or the share of re-
cycled metal of the total metal produced. The
last table shows the share of post-consum-
er recycled metal in the total recycled metal
flow.?

Considering the complexity of recycling, re-
markable accomplishments have been
achieved in recycling the most common -
mostly bulk and simple - commodity metals.”
Ingenuity in BAT metallurgy has helped in-
dustry pushing the recycling efficiency of fer-
rous and base metals, e.g. (stainless) steel,
aluminium, copper, zinc, lead, nickel, tin, al-
ways closer to the limits permitted by physics
and thermodynamics, although the industry’s
continuing use of non-BAT technology leaves
room for improvement.

Yet, despite the resulting benefits from an en-
vironmental, economic and social perspec-
tive, current recycling rates are still rather
low for most metals. High scrap-recycling
rates seem to exist only for metals mainly
used for simple (bulk] products, such as iron
and nickel in carbon- and stainless steels,
and for precious metals (mostly jewellery and
similar simple products]. It is also worth not-
ing that there is often a long delay before the
recovery of steel and other metals from their
use, for example in buildings and other infra-
structure, which markedly affects how much
metal can be recycled.

a Note that scrap input quality is crucial in recycling, which
is hidden by the methods used to create these rates.

b Bureau of International Recycling (BIR)

Figure 10 shows that EoL recycling rates can
be vastly different, depending on the econom-
ic actuators used, and whether they focus on
material or energy recovery, or both. This in-
dicates that economics rather than simple
legislation-imposed rates should drive recy-
cling, as legislation cannot capture fully the
complexity of a recycling system. Figure 10
also shows that that there is more than one
recycling rate for metals in a product. De-
pending on whether economics, processing
technology, etc., are the main motivation for
recycling, the recycling rates will be differ-
ent. It is thus obvious that these rates reflect,
at most, a statistical-distribution range (van
Schaik and Reuter, 2004a). In addition, it is
also clear that one-dimensional linear recy-
cling-rate definitions (UNEP, 2011b) are, at
best, limiting cases, as they cannot consider
the complex non-linear interactions found in
most recycling systems. We discuss this in
more detail hereafter.
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N
Although plastics are not discussed here,
their complex interactions with some metals,
lowering their recycling rate as well as their
energy content, make them an intimate part
of metal- and residue recycling. This also af-
fects the recycling rate of plastics, which
is generally rather low. In fact, due to their
complexity, most plastics today are used in
energy-recovery processes (Plastics Europe,
2012).
Figure 10: @» Current situation
. @» Max. Recycling
Recycling @» Max. metal recycling
performance @» Max. recycling and recovery
calculations Recycling performance/recovery [%] @» Max. recycling and recovery (recovery <10%)
as a function
of various
objectives,
constraints Recycling+recovery Rate
and scenarios.
Results are
expressed per
scenario in
terms of ovgrall Recycling Rate
Recycling +
recovery rate;
Recycling
rate (material
recycling);
Recovery rate Recovery Rate

(energy recoveryl;
Produced waste;
as well as Steel
and Copper

recycling rates.
yeling Produced Waste

Steel Recycling Rate

Copper Recycling Rate
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Figure 11:

The ever-
increasing use of
complex mixtures
of metals in
products has a
key effect on the
recyclability of
metals (Adapted
by Reuter from
Achzet and Reller,
2011).
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1.7 The impact on recycling of
increased material complexity

Materials within products are selected to ful-
fil a specific function. The increasing com-
plexity of this functional demand has led to
the use of an increasing number of elements
(Figure 11). To improve functionality, prod-
uct design increasingly mixes a large variety
of different materials within products. Metals
are used as chemical compounds, as com-
ponents in metal alloys, or, in some special
cases, as pure metal. Depending on which
metals are being alloyed, properties change
as shown by Figure 12, with copper being
the principal metal alloyed with the various
shown alloying elements.

Metal/Element Use Intensity in Products

1700 1800

1900

2000




Metal Recycling - Opportunities, Limits, Infrastructure
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-
BOX 1: Alloys

Alloying of metals is done to achieve better strength, workability and for better welding, to

name a few reasons. Different alloys improve different properties (Figure 12). An alloy typi-

cally contains a major component and several other components in much smaller concen-
trations. Not all alloys of the same main components will be compatible from a recycling
point of view, as is shown by the three examples below:

m Steel: There are about 5000 carbon-steel alloys, from simple construction steel to ul-
tra-high-strength steel, in addition to steels for high-temperature and high-wear uses.
Stainless steels also come in six major alloy groups.

m Aluminium is alloyed into seven main wrought alloy groups with varying properties, suit-
able for making such different products as airplane frames, beverage cans, engines,
electrical cables and foils. Aluminium is also used in several types of cast-alloy grades.

m Copper alloys fall in eight main groups, the most common ones being with zinc (brass)
and tin [bronze), and together as gunmetal. Copper alloys have moved from the age-old
bronze and brass to more than four hundred alloys, with different alloying metals (Fig-
ure 12) creating different properties of the Cu-alloys.

Figure 12: Strength
® Corrosion Resistance
. Example of 7n r Fe Ni Be Wear Resistance
alloying elements cr\6n [P/ . Al ® Machinability
affecting copper- & ® Colour
alloy properties
ranging from
strength, wear
resistance
to corrosion
resistance
(Copper
Development
Association,
2012).
. J
To achieve more advanced functions, other thin films, and creating nanoparticle struc-
complex materials structures include com- tures. Functionality is often further enhanced
bining metal alloys with ceramics and fibres by coatings for improving wear, corrosion or
for creating composites, gluing honeycomb fire resistance, for safety and for improving
structures, making metal foams, depositing aesthetic aspects.
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1.8 Implications of product
complexity for recycling

Continuous product development affects reasons, dictates the physical and chemi-
its design, components and weight. This, in cal properties of the materials available for
turn, changes its composition and volume recycling. In addition, the combining of such
for waste-recycling streams, as illustrated different materials also changes from sim-
in BOX 2 for cars (Figure 13, Tables 6 and 7). ple rivets or nuts and bolts, to welding, gluing
This increased use of many compounds, and molecular deposition, dictated by func-
complexly bound together for functional tionality and production cost.
s 3
BOX 2: Car recycling
The average weight of a vehicle in the EU has increased substantially (Figure 13 and as
documented by van Schaik and Reuter, 2004a) from 856kg in 1981 to 1207kg in 2001.
Figure 13: @ Opel Astra
© VW Golf
The Changing . Toyota Corolia
weights of cars General Trend
over the years
(International k9
Aluminium 1550
Institute, 2007).
1450
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BOX 2 c:

Table 6:

Some average
data for petrol
and diesel
vehicles (Nemry
etal., 2008).
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The mass of vehicles has increased further, also reflecting the power and capacity chang-
es [Nemry et al., 2008).

Petrol Diesel
Average lifespan (years) 12.5 12.5
Air emission standard EURO4 EURO4
Average annual distance (km) 16900 19100
Average total mileage (km) 211250 238750
Average cylinder capacity (cm?) 1585 1905
Average power (kW] 78 83
Average weight (kg) 1240 1463
Body model Saloon Saloon
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BOX 2_d:

Table 7:

Average
composition of
a car (Nemry
et al., 2008)
and changing
aluminium
content
(International
Aluminium
Institute, 2007)
to mitigate the
weight gain of
vehicles.
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Table 7 provides details on the composition of an average vehicle and, for example, the
changing aluminium content of a car over time (Nemry et al., 2008; International Alumini-

um Institute, 2007).

Materials (kg) Petrol Diesel
Total content of ferrous and non-ferros metals 819 1040
Steel Basic Oxygen Furnace (BOF) 500 633
Steel Electric Arc Furnace (EAF) 242 326
Total content of iron and steel 742 959
Aluminium primary 42 43
Aluminium secondary 26 29
Total content of aluminium 68 72
Copper 9 9
Magnesium 0.5 0.5
Platinum 0.001 0.001
Palladium 0.0003 0.0003
Rhodium 0.0002 0.0002
Glass 40 40
Paint 36 36

Total content of plastics

Polypropylene (PP) 114 114
Polyethylene (PE]) 37 37
Polyurethane (PU) 30 30
Acrylonitrile Butadiene Styrene (ABS) 9 9
Polyamide (PA) 6 6
Polyethylene Terephthalate (PET) 4 4
Other 27 27
Miscellaneous (textile, etc.) 23 23
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BOX 2 e
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Materials (kg)

Petrol

Diesel

Tyres
Rubber 4 4
Carbon black 2 2
Steel 1 1
Textiles 0.4 0.4
Zinc oxide 0.1 0.1
Sulphur 0.1 0.1
Additives 1 1
Sub-total (4 units]) 31 31

Battery

Lead 9 9
PP 0.7 0.7
Sulphuric acid 4 4
PVC 0.3 0.3
Sub-total 14 14

Fluids
Transmission fluid 7 7
Engine coolant 12 12
Engine oil 3 3
Petrol/diesel 23 25
Brake fluid 1 1
Refrigerant 0.9 0.9
Water 2 2
Windscreen cleaning agent 0.5 0.5
Sub-total 50 52
Total weight 1240 1463
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BOX 2_f
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Component
Aluminium form*

North America

2002 2006
kg/car  kg/car

Europe*

2002
kg/car

2006
kg/car

Japan

2002
kg/car

2006
kg/car

Engines
Castings

42.0 51.6

36.6

40.3

44.5

45.8

Transmission and
driveline
Castings

28.1 31.5

15.4

16.3

20.5

21.8

Chassis, suspension
and steering
Castings/Forgings/
Extrusions/Sheets

6.2 10.1

8.2

12.5

2.9

3.7

Wheels and spares
Castings/Forgings/
(Sheets]

22.4 23.6

14.2

17.7

17.8

18.9

Heat exchanger
Sheets/Extrusions

14.5 14.5

12.3

12.0

13.6

Brakes
Castings/Forgings

2.5 3.5

2.7

3.7

3.4

Closures
Sheets/Extrusions/
(Castings])

2.0 2.5

2.4

4.0

0.3

1.6

Body and IP beams
Sheets/Extrusions/
Castings

0.5 0.5

2.8

0.1

0.2

Heat shields
Sheets

1.7 1.8

1.4

0.5

Bumper beams
Extrusions

0.6 0.8

2.8

0.8

0.8

All other components
Sheets/Extrusions/
Castings/Forgings

4.1 4.1

3.9

3.9

2.8

3.2

Total

124.6 144.6

98.8

117.6

103.9

114.0
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BOX 2 g

Figure 14:

Various REEs and
their application
in electric
vehicles.

60

&

LCD Screen
e Europium
o Yttrium
e Cerium

—

Hybrid Electric
Motor and Generator
¢ Neodymium

¢ Praseodymium

* Dysprosium

e Terbium

e

25+ Electric Motors
Throughout Vehicle
¢ Neodymium (NdFeB) Magnets

The recycling of old cars and vans - End-of-Life vehicles (ELVs) - already plays an impor-
tant role in closing resource cycles for a variety of critical commodity materials. Yet the
modern car is ever more complex, with increasing electronics and other gadgets that ren-
der it an extremely complex product. This will become even worse for electric cars; sever-
al “critical” materials including Rare Earths Elements (REEs) and Platinum Group Metals
(PGMs) in fuel cells will be needed in vehicles such as shown in Figure 14.
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The increasingly complex composition of
End-of-Life (EoL) scrap, including cars, now
includes a multitude of interlinked materials:
commodity materials (pure metal, alloys and
compounds, such as steel, copper, alumin-
ium, zinc and nickel), plastics, rubber, and
scarce elements identified as “critical ® for
the future economy. Recycling now common-
ly has to deal with over 50 elements, rather
than a "mere” 20 or so in a zinc concentrate.
This has large implications for metal purity
and makes recovery of the metals and mate-
rials increasingly difficult, in addition to inter-
twining different metal cycles.

Losses further increase if no metallurgical
infrastructure is available for the economic

a e.g. the EU Raw Materials Initiative (COM, 2008).

production of high-purity metals and mate-
rials from a mix of incompatible elements.
For example, some metals contaminate steel
and aluminium in which they dissolve during
processing and from which they cannot be
removed economically, or even not at all for
thermodynamic reasons.

This inherent complexity requires a Product-
Centric view to recycling rather than a Mate-
rial-Centric view, a point that will be further
discussed later on and also briefly in the fol-
lowing section.




1.9 Simulation and design tools
- Design for Resource Efficiency
(DfRE)

Product function may require a complex in-
teraction of its components, thus creating
complex waste streams. To recover the met-
als and materials in them requires a thor-
ough understanding of separation physics as
well as of the complete system. Design for
Recycling [DfR] tools will incorporate these
complex physics for showing the inevitable
losses due to the functional connections in
products. Appendix E: Models and Simulation
in Recycling and Appendix F: Physics of Ex-

tractive Metallurgy explain this in more detail.

Figure 15 shows the underlying thermody-
namics and design issues that close the ma-
terial cycle.

Commonly, DfR makes no sense, as the met-
al value is too low. In that case, the design
effort should bear on Recycling Systems for
optimal Resource Recovery and Resource
Efficiency. Design for Resource Efficiency
should drive the creation of a BAT-based re-
cycling system that is certified to meet this
requirement.

Not all the metals can be extracted from EoL
goods, for reasons explained here and shown
by Figure 4. Common commodity metals like
steel, magnesium and copper can be re-
covered relatively easily, as these are often
used in relatively simple applications, but the
small amounts of precious/critical/valuable
metals in, for example, WEEE can be harder
to recover from commonly in excess of 50 el-
ements.

Table 1 considers some of these precious/
critical metals and illustrates where they can
be recovered with current BAT practices.

Although different appliances may contain
similar suites of functional materials loose-
ly called "mineralogies”, i.e. contained ele-
ments and functional connections, their re-
covery is not the same and hence their recy-
cling rates are different. Table 1 shows that,
depending on the product and the combina-

tions of materials, the recovery of metals may
be different due to chemistry, concentration
and metallurgical processes being incompat-
ible.
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Figure 15:

The “Metal
Wheel”, based on
primary metal-
lurgy but equally
valid for metals
recycling reflects
the destina-

tion of different
elements in base-
metal minerals
as a function of
interlinked met-

Society’s Essential Carrier Metals: Primary Product
Extractive Metallurgy's Backbone (primary and recycling
metallurgy). The metallurgy infrastructure makes a “closed”
loop society and recycling possible.

Dissolves mainly in Carrier Metal if Metallic (Mainly to
Pyrometallurgy) Valuable elements recovered from these or
lost [metallic, speiss, compounds or alloy in EoL also
determines destination as also the metallurgical conditions in
reactor).

Compounds Mainly to Dust, Slime, Speiss, Slag (Mainly to
Hydrometallurgy) Collector of valuable minor elements as
oxides/sulphates etc. and mainly recovered in appropriate
metallurgical infrastructure if economic (EoL material and
reactor conditions also affect this).

Mainly to Benign Low Value Products Low value but inevitable
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ment a complete
processing plant, A
while the com-
plexity of con-
sumer product
mineralogy
requires an in-
dustrial eco-
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cal production
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to maximize
recovery of all
elements in end-
of-life products
(Reuter and van
Schaik, 2012a&b;
Ullmann’s Ency-
clopaedia, 2005).
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Therefore, forced recycling-rate quotas for
especially the minor metals are a fallacy,
and the focus should rather be on maximiz-
ing recovery of the elements. This suggests
that KPIs for recycling should have a mon-
etary basis ra