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Metals Recycling:  Presenters

• Carol Handwerker (co-chair) … Purdue University, Professor

• Reinhardt Schuhmann Jr. Professor of Materials Engineering, appointment in Environmental 

and Ecological Engineering

• Active in iNEMI Pb-Free and Environmental Initiatives and projects since 1999

• Member of iNEMI Technical Committee, co-chair of the iNEMI Research Committee, and the 

iNEMI Environmental Leadership Steering Committee

• Director of Purdue-Tuskegee IGERT Program in Sustainable Electronics, in collaboration with 

iNEMI

• Former Chief of the NIST Metallurgy Division and NIST representative to iNEMI Technical 

Committee 

• Wayne Rifer… Green Electronics Council and EPEAT, Director of Research 

• Founder of EPEAT, providing a world standard for green purchasing of electronics 

• Negotiator in the National Electronics Product Stewardship Initiative (NEPSI)

• Formerly consultant in solid waste planning and management

• Adjunct instructor in BA program at Portland State University in product stewardship

• Board member of National Center for Electronics Recycling 

• Graduate of Amherst College and Harvard School of Education



PROJECT MEMBERSTIG:

Metal Recycling
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Problem Statement

Problem Statement

• Metals recovery from electronic product recycling is focused on high-

volume and most valuable metals that are easily recoverable.  Current 

and future electronics will contain small quantities of resources that are 

available for recovery but are not currently recovered in today’s recycling 

infrastructure.

Purpose and Scope

• Conduct an analysis of 

• needs and readiness of current and future materials recovery, focusing on 

metals recovery, as it applies to consumer electronics, enterprise 

electronics and future ICT  

• how the trend toward miniaturization to increase functionality, product 

dematerialization, and the introduction of new heterogeneous 

materials systems create new challenges with respect to materials supply, 

materials recovery, and electronics recycling

• how these interact to affect metals recycling now and in the foreseeable 

future

• Develop recommendations for a path forward



• Identify gaps between metals being and not being 

recovered

• Examine trends in the amount and types of metals 

available in electronics and those recovered

• Develop a high-level assessment of the roles of the 

economic actors in the life-cycle chain, including 

product designers, EoL collectors, processors, and 

treatment facilities, with an eye to future needs.

• Characterize some major smelters, asset management 

systems, recyclers

– How products and materials are accepted

– What various value streams are

– What metals are recovered and by whom

• Identify best practices

Current State of 
Recycling Systems and Technologies



Project Is/Is Not …



Information Sources

• Published literature: UN Environmental Programme

series, Umicore, RIT – Graedel, Meskers & Hageluken, 

Stevels, Ostrom, Babbitt, Dahmus, Gutowski, and others



Information Sources

• Surveys and individual interviews with smelter 

operators, recyclers, NGO representatives

– E-Scrap & TMS

• Presentations from outside sources and 

representatives

• Data from member companies

• Discussions with key community members and 

other teams

• Analyses by project team



Key Findings: 
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• Many metals critical for high tech products occur in small 

quantities per product, and are recovered at very low rates, if 

at all.

• Some high tech metals (Au, Pd, Pt, …) are recovered –

intrinsic value as commodities

• Many specialty metals in electronics (Co, rare earth elements, 

Li, In) have unique properties that contribute to the 

exceptional functionality of the products but have low 

intrinsic financial value for metals recovery and are not 

recovered

• Total quantity of electronics sold is high and will remain high 

in the future in the US and globally

• Value of recycled metals per product is decreasing and the 

cost of recovery is increasing



Key Findings: 

11

• Types and quantity of metals recovered are determined by 

numerous factors including, but not limited to 

– the mix of products, 

– the gross quantity of metals present in the products,

– the availability of products for recycling, i.e. collection,

– the cost and efficiencies of all steps in recycling and metals  

recovery (collection, sorting, separation, and processing) 

versus the value of the resulting fractions, and

– the processes used for recovery. 



Key Findings: 

12

• Economic viability of electronics recycling is dependent on 

other IT asset management functions, including data security, 

logistics, brand protection, and reuse of some fraction of 

recycled electronics.

• Increasing reuse value and improved collection will be critical 

to recovering value and reducing environmental impact in the 

future, and will ultimately increase the quantity and quality of 

metals recovered.

• An integrated infrastructure and supply chain with supportive 

societal and corporate values are necessary to return value 

all along the chain without creating environmental damage 

and impacts on human health.

• Voluntary standards and certifications such as EPEAT, 

eStewards, and R2 have today and will continue to have a 

major impact over the entire life cycle.



Key Findings: 
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• There is a role for iNEMI and its members to play in 

increasing metals recovery, while promoting sustainable 

electronics.  

– Focus on value recovery through Design for Sustainability.

– Innovative designs, business models, technologies, supply chains

• Of particular importance is the ability of iNEMI to engage 

stakeholders across the life cycle of electronic products 

to examine new approaches to managing critical 

resources while protecting human health and safety and 

the environment. 

• iNEMI Environmental Leadership 

– Emerging Green 2015, September 22-24, 2015, Portland OR



Growth of Technology Metals 
Used in ICT Circuitry

14
T. McManus, Intel Corporation (2006)



Rationales for Metals Recovery
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Metals recovery may be prioritized to:
1. obtain the highest financial value of the recovered metal as 

measured by profit from metals recovery, (Au, Pd, Ag, …)

2. prevent environmental and human health and safety impacts from 

hazardous materials by their being recycled rather than landfilled, 

Hg in LCDs and Pb in circuit boards

3. reduce environmental and human health impacts  by using 

“urban” mining rather than mining of primary ore even when the 

profit from metals recovery is low (externalized costs) (REE)

4. increase the supply of metals considered “critical” from the 

perspective of reducing risks to long-term supply from primary 

sources, even when the profit from metals recovery is low or 

negative (REE)

Recycling and metals recovery priorities could be set to 

include all four given the right incentives.  



Determining Economic Value 
from Urban Mining

Metals Recovery Value (MRV) determined by 

• quality, concentration, and commodity value of all the 

metals in the product, 

• efficiencies and costs of collection, separation, sorting, 

processing/extraction, and appropriate treatment of 

waste products

• particular supply chain operating

• Leads to 2 simple equations needed to understand the 

current state of metals recycling  -

• Financial analysis only

16



What do the two equations tell us?

• As the economic value of metals in products decreases, 

the cost of recovery must likewise decrease for a profit 

to be made. 

• These are coupled equations since the cost of recovery 

depends of the efficiencies of and costs of performing 

the individual steps. 

• Both equations must be considered in analyzing the 

existing recycling supply chain and its ability to meet 

current and future needs.

17



Waste Stream for Consumer Electronics

Composition of the waste stream of 

consumer electronics from U.S. 

Households, 1990-2010, total units 

disposed.

Composition of the waste stream of 

consumer electronics from U.S. 

Households, 1990-2010, total mass 

disposed.

From C. Babbitt (RIT)



Materials Composition 
of Waste Electronics

Material components of the waste stream, by mass, 1990-2010 
- from C. Babbitt



Economic Viability of Recycling

Sherwood plot for various waste streams, with the diagonal line showing the 

correlation between concentration of metal in commercially viable virgin ores 

and market price of the metal recovered.  Each source of metal has a 

dilution/concentration that is characteristic of that particular source

(modified from Dahmus and Gutowski)



Efficiencies Across the Recovery Chain
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final recovery efficiency Efinal from urban mining 

of a particular metal found by 

multiplying the efficiencies of the individual SEQUENTIAL steps

Efinal = Ecollection * Eseparation * Esorting * Eprocessing/extraction 

Need additional equations for social and environmental costs and benefits

From UNEP Report on 

Metals Recycling



Recycled Value per Product

Sherwood Plots from Dahmus and Gutowski (2007) 

(a) Single product recycled materials value versus material mixing, where the 
size of the circles represents the annual volume of materials recycled.

(b) Design trends for automobiles, refrigerators, and computers.



Recycled Value per Product

For a notebook computer (2kg): 
(a) Materials composition by weight and 

percentage,
(b) Breakdown by individual metals.

Using current prices for metals, 

primary value for metals recovery is approximately, by 

metal: $12.20 for Au (0.283g), $1.44 for Cu (234g),  

$0.77Ag (1.26g), $0.23 Pd (0.0084g), $0.21 for Al (124g),  

<$0.10 stainless steel (147g), for a total of approximately 

$15 for this specific notebook. 



Recycled Value per Product

For a notebook computer (2kg): 
(a) Materials composition by weight and 

percentage,
(b) Breakdown by individual metals.

Using Cu wire bonding instead of Au wire bonding, 

primary value for metals recovery is approximately, by 

metal: $0.37 for Au (0.0084g), $1.44 for Cu (234g),  

$0.77Ag (1.26g), $0.23 Pd (0.0084g), $0.21 for Al (124g),  

<$0.10 stainless steel (147g), for a total of approximately 

$3 for this specific notebook. 



eWaste by Weight vs. Environmental 
Impact by Material Content

Comparison of a weight-based and an environmental-impact-based 

recycling metric, originally designed to challenge the WEEE weight-based 

legislation. [From Huisman and Magalini (2009) presentation to StEP

Summerschool]
Design out Au, Pd
• Lower environmental impact

• Reduce materials costs



Cost and Profit Evolution over Time 

From Wang et al. 

Recycling Desktop 

Computers – with 

constant commodity 

value of metals

(a) Measured actual 

costs and revenue for 

recycling desktop 

computers in China by 

best in class recycling 

scenario.

(b) Profit over time for 

three scenarios as 

wages rise.

a

b



IBM Reverse Logistics Supply Chain



IBM De-manufacturing Technical Workflow

Products Inspection/Testing Refurbishing

Hard drives, Laptops, 

Tablets, Mobile 

Devices

Routers, Servers, 

Desktops

Monitors, Displays, 

CRT’s

Accessories, Parts

Printers, Multi-

Function Devices

Media, Software

Sales

Dismantling Scrapping Sorting

Saving/Distribution Center

Hardware testing Electrical testing Data Wiping Replace Packaging

Dismantling

Technical Parts

Removing 

Hazardous Waste

(Batteries …)

Segregate 

Commodities

Scanning Module Pulling

Wafer Recovery

HDD Destruction

Shredding

Re-usable ESD Box Automated Storage Shelves Racks

Cabling Plastic Consumables

Hazardous Waste

Magnesium

Precious Metal Metal

Copper Paper



Actors and Roles

Actors Recycling Factors
Producers Quality and Concentration of Metals, 

Collection, Separation, Sorting, 

Processing, Economics

Consumers Collection

Enterprise ICT Users and 

Asset Management 

Companies

Collection, Separation and Sorting, 

Economics

Recycling Companies Collection, Sorting, Separating, Waste

Treatment

Smelters Collection, Separation and Sorting, 

Processing

State and Regional 

Governments

Collection, Economics

International Voluntary 

Agreements

Collection, Economics, Waste Treatment
29



Tragedy of the Commons

30

• The phrase “tragedy of the commons”, first described by biologist Garrett 

Hardin in 1968, describes how shared environmental resources are overused 

and eventually depleted. 

• He compared shared resources to a common grazing pasture; in this scenario, 

everyone with rights to the pasture grazes as many animals as possible, acting 

in self-interest for the greatest short-term personal gain. 

• Eventually, they use up all the grass in the pasture; the shared resource is 

depleted and no longer useful. (from “… for Dummies” website)



Tragedy of the Commons
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• The phrase “tragedy of the commons”, first described by biologist Garrett 

Hardin in 1968, describes how shared environmental resources are overused 

and eventually depleted. 

• He compared shared resources to a common grazing pasture; in this scenario, 

everyone with rights to the pasture grazes as many animals as possible, acting 

in self-interest for the greatest short-term personal gain. 

• Eventually, they use up all the grass in the pasture; the shared resource is 

depleted and no longer useful. (from “… for Dummies” website)



Tragedy of the Commons

32

• The phrase “tragedy of the commons”, first described by biologist Garrett 

Hardin in 1968, describes how shared environmental resources are overused 

and eventually depleted. 

• He compared shared resources to a common grazing pasture; in this scenario, 

everyone with rights to the pasture grazes as many animals as possible, acting 

in self-interest for the greatest short-term personal gain. 

• Eventually, they use up all the grass in the pasture; the shared resource is 

depleted and no longer useful. (from “… for Dummies” website)



Self-Governing Resource 
Management: 
Stewardship versus the 
Tragedy of the Commons

Wayne Rifer, Green Electronics Council

33



A Tragedy of the Commons

• The team studied Ostrom articles that lay out an 

analytical method for development of an action 

plan and solutions to the kind of challenge we 

face in increasing metals recovery 

– How to incentivize action by stakeholders to protect 

common resources when it is not in the self interest of 

any individual stakeholder, operating independently, to 

do so.

– This work may be the focus for a subsequent phase of 

this project. 

34



Key Intellectual Resources

• The Tragedy of the Commons, Garrett Hardin, Science, 

New Series, Vol 162, No. 3859 (Dec 13, 1968), pp. 1243-

1248 

• The Struggle to Govern the Commons, Thomas Dietz, 

Elinor Ostrom and Paul C. Stern, Science, New Series, 

Vol. 302, No. 5652 (Dec 12, 2003), pp. 1907-1912

• A General Framework for Analyzing Sustainability of 

Social-Ecological Systems, Elinor Ostrom, Science, New 

Series, Vol. 325 (July 24, 2009), pp. 419-422
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The Core Challenge

• To develop a voluntary, self-organizing, 

community-based solution involving adaptive 

governance systems.

– Since legislation is not perceived as being practical or 

advantageous,

– The path forward is through a multi-stakeholder 

collaboration that articulates a vision and develops 

scenarios for enhancing EoL value recovery of metal 

resources.

• The first challenge for such a process is to 

develop a set of rules 

– For a set of complex, redundant and layered institutions 

involving a mix of institutional types36



Many Tools (Institutions) Already Exist

• As noted in the report, many voluntary tools are 

already being used by the industry to 

accomplish parallel ends:

– Corporate Social Responsibility (CSR), R2/RIOS, 

eStewards, EPEAT 

• And even some legal tools exist in Extended 

Producer Responsibility (EPR) laws

• Currently these tools are not being applied in a 

coordinated manner to optimize metals recovery 

and electronics value recovery overall.

• But they could be.

37



Key Conditions Necessary for Self-Management 
of Common Pool Resources

1. System dynamics need to be sufficiently predictable

2. Number of users are well known and are of limited numbers, so that 

the stakeholders can be identified and included in organization.

3. Leadership exists – The electronics industry is well organized by 

industry associations and certain large companies are recognized as 

leaders. In terms of sustainability, iNEMI, the US EPA, and others have 

brought together key stakeholders to develop future scenarios and 

roadmaps to sustainability.

4. Users of…resource systems…share moral and ethical standards 

regarding how to behave in groups – The industry has worked well 

together on many initiatives, e.g. RoHS transition, iNEMI, EICC, IEC & 

EPEAT standard development.

5. Recognized importance of resource to users – The increasing 

reliance of electronic products on the performance of certain technology 

metals, and the presence of geopolitical risks to their supply, have been 

well documented.  In addition, EoL electronics have been recognized as 

objects of potential value, whether for reuse, remanufacturing, or 

recycling.
38



Recommendations

1. Electronic products should be designed based on 

follow Design for Sustainability principles to maximize 

value recovery while making valuable resources more 

easily and completely separable and usable.

2. Programs to improve collection efficiencies are 

essential. One option is to encourage improved EPR 

regulations. 

3. New business models are needed for value recovery 

that improve efficiencies at each step of the recovery 

chain. 

4. iNEMI bring stakeholders together to develop 

strategies and “rules” for self-management of 

common pool resources.



Wrap Up and Questions
(Mark)



Report Development

• A comprehensive and detailed report on the 

work of the team will be publicly available on the 

iNEMI website in early September.



More Discussion Opportunities

• Emerging Green Presentation, Portland, Oregon, 

September 22-24, 2015

• And tomorrow, we begin Phase 2 SOW 

Development.  If you are interested, please 

contact Mark (marks@inemi.org)

mailto:marks@inemi.org


www.inemi.org

Mark Schaffer

marks@inemi.org



Project Task List

Task 1: Review existing work and Develop baseline “vocabulary” 

– Need to define terms like “efficiency”

– Identifying the product(s)  in each sector (consumer electronics, enterprise electronics and future ICT) to model

Task 2: Develop map of existing recycling systems 

– Routes through which equipment goes

• Inputs

• Outputs

• Qualitative evaluation

Task 3: Assess current state of recycling systems and technologies 

Task 4: Develop high-level assessment of roles of the economic actors in the life-cycle chain 

Task 5: Develop a decision tree for use along the supply chain on potential choices for systems to 

recover materials 

Task 6: Identify Gaps and provide recommendations for future metals recovery 

Task 7: Write and issue public report 


