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Executive Summary - Metals Recycling Project 

The design of electronics hardware is constantly evolving, and the diversity and range of materials 

used continue to expand.  The value of metals in electronics has been sufficient to maintain a 

healthy industry for recovering select, valuable metals from obsolete equipment. Current 

electronics contain small quantities of other metals that, while available for recovery, are recovered 

at a very low rate, or are not currently recovered at all in today’s recycling infrastructure. This 

report examines the economic and technical causes of the current state of metals recycling. 

Moreover, the impacts on metals recycling from continuing trends toward miniaturization, increase 

of functionality and performance, product dematerialization and the introduction of new 

heterogeneous materials systems are examined. 

Several tools and data sets were used to understand the changing economic drivers for current and 

future metals recovery.  Sherwood plots, a graphical representation of the value of metals in waste 

electronics compared to traditional mining of virgin ores or other secondary sources, proved to be a 

valuable tool for this study, as did simple models of recycling efficiency and the factors that 

determine costs and net profit of metals recycling. Previous studies showing the amounts of metals 

in consumer and enterprise products throughout the years are also presented. Equations to 

calculate yield and economic value recovery are also explored in several contexts. 

There are some positive trends in metals recovery. Cloud computing will result in a shift away from 

large material intensive consumer electronics toward centralized data centers. Recycling in large 

enterprise installations, such as data centers and integrated asset management companies, is 

significantly better than consumer electronics. The roles of consumers, producers/manufacturers, 

recyclers, government and other stakeholders are examined through the lens of Garrett Hardin’s 

Tragedy of the Commons. 

Recommendations for manufacturers includes placing greater emphasis on design for recycling, 

especially designing products that can be easily disassembled and placed into existing recycling 

streams. Improvements in collection are needed, possibly through extended producer 

responsibility. New business models are needed to develop cost effective methods to liberate and 

concentrate materials to support profitable metals recovery. iNEMI can facilitate the development 

of a multi-stakeholder community to examine new strategies and supply chain models to maximize 

value recovery from electronics. These strategies were created by Elinor Ostom, the 2009 Nobel 

Prize winner in Economics, who developed a framework for creating self-managed systems that 

prevent the Tragedy of the Commons. 
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1.0 Introduction of the Metals Recycling Project 

Metals recovery from electronic product recycling is focused on high-volume and most valuable 

metals that are recoverable in an economically feasible way.  Current electronics contain small 

quantities of metals that are available for recovery but are recovered at a very low rate, or are not 

currently recovered at all in today’s recycling infrastructure. There are a number of different causes 

of this that are explored in this report.  Moreover, current and imminent technology trends will 

make recovery more complex. These trends include miniaturization, increase of functionality and 

performance, product dematerialization, and the introduction of new heterogeneous materials 

systems. These create increasing challenges with respect to materials supply, recovery, and 

recycling.   

The project scope was to conduct an analysis of the existing recycling systems and unmet needs for 

current materials recovery and the readiness of the current system for meeting future materials 

recovery needs. The project focuses on metal recovery, as it applies to consumer electronics, 

enterprise electronics and future information and communications technology (ICT).  As a result of 

this project, it is hoped that, by understanding how primary stakeholders and electronic products 

interact in the current system and the impact of such interactions on metals recycling, we will be 

able to make more informed and rational choices in the future in our roles as suppliers, OEMS, 

standards organizations, and researchers.   

In meeting this goal, the key objectives of the iNEMI Metals Recycling Project were to: 

• Identify materials and product technology trends that the recycling/recovery industry will 
be handling in the near future. This will permit an assessment of the readiness of the 
recycling industry for coming changes in materials and products. 

• Assess the current state of the recycling systems and technologies in use 
• Develop a map of the existing recycling systems. 
• 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. 

• Develop a decision tree for use along the supply chain on potential choices for 
systems to increase efficiency of material recovery.  
 

• Identify gaps and provide recommendations for how to increase the readiness for future 
materials recovery. 

• Develop projections regarding future demands for recovery of an increasing 
diversity of metals (metal species, processing and smelting technologies, metallurgy, 
etc.). 

• Project future opportunities for and expectations of the recycling industry. 
• Identify system needs to meet these opportunities and expectations. 

 

The project team was composed of: 

Adam Wheeler (Lenovo, Co-chair), Carol Handwerker (Purdue University, Co-chair), Callie Babbitt 

(Rochester Institute of Technology), Tetsuro Nishimura and Keith Howell (Nihon Superior), Cory 

Robertson (HP), Wayne Rifer (Green Electronics Council), and Mark Schaffer (iNEMI).  
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As with every iNEMI project, the project team defined the explicit bounds of the project, as shown 

in Table 1, in terms of what the project will and will not do.  The project focused exclusively on 

metals recycling and recovery, since of the various classes of materials, metals have the highest 

economic value as raw materials.  The project is agnostic with respect to specific recovery 

processes.  Of great importance to note is reliance on the extensive literature on metals recycling, 

particularly from UNEP, StEP, Umicore, and others, to meet the project’s objectives, and to build on 

that knowledge in our analysis. 

Table 1. iNEMI Metals Recycling Project “Is/Is Not” analysis 

 

2.0 Viewpoint and Analysis 

The following sections provide summaries of project’s key findings in these areas, and within each 

have addressed the changes that have occurred and are expected to occur in the future.  The 

primary results of this analysis are that: 

 As documented in the UNEP reports on global metals flows and metals recycling, many 

metals critical for high tech products occur in small quantities per product, and are 

recovered at very low rates, if at all.  

 Some of these high tech metals, such as the precious metals, have high value. Others, such 

as specialty metals, for example cobalt, and the rare earth elements, have unique properties 

that contribute to the exceptional functionality of the products but have less intrinsic 

financial value. 

 The total quantity of electronics for recycling is high and will remain high in the future in 

the US and globally, but the value of recycled metals per product is decreasing and the cost 

of recovery is increasing.  
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 The types and quantity of metals recovered are determined by numerous factors including, 

but not limited to  

o the mix of products,  

o the gross quantity of metals present in the products, 

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

o 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 

o the processes used for recovery.  

 In many cases, the 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. 

 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 as producers and purchasers of electronics 

increasingly use integrated asset management and innovative corporate social 

responsibility practices over the entire life cycle. 

 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. 

 There is a role for iNEMI and its members to play in increasing metals recovery, while 

promoting sustainable electronics.  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.     

2.1 Current Status of Metals Recovery from Electronics 

The purpose of this section is to describe information provided by the UNEP International Resource 

Panel’s Working Group (IRP) on metals recycling. The four recent reports are definitive studies of 

this system and are published by the UNEP IRP and are available for free download1: 

 Metal stocks in society: scientific synthesis (2010) 

 Recycling rates of metals (2011) 

 Environmental Risks and Challenges of Anthropogenic Metals Flows and Cycles (2013) 

 Metal Recycling: Opportunities, Limits, Infrastructure (2013) 

Though the first three reports contain valuable background information, the most useful report for 

this project is the most recent report on the list – Metal Recycling: Opportunities, Limits, 

Infrastructure. 

                                                             
1 UNEP (2013) Metal Recycling: Opportunities, Limits, Infrastructure, A Report of the Working Group on the Global Metal Flows to the 
Inter- national Resource Panel. Reuter, M. A.; Hudson, C.; van Schaik, A.; Heiskanen, K.; Meskers, C.; Hagelüken, 
http://www.unep.org/resourcepanel/Publications/tabid/54044/Default.aspx 
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The report emphasizes that the supply of metals will be critical to the green economy. With demand 

projected to grow by 3 – 9 times by 2050 and with the quality of primary ores  decreasing, the 

amount ore mined annually is expected to increase dramatically to meet demand   Moreover, 

uncertain geopolitical forces will control future supply of a wide range of metals. Of particular 

concern in the report is the accelerating demand for metals, specifically precious metals, platinum 

group metals and rare earths. 

While the study “focuses on the recycling of high-value, low-volume metals that are essential 

elements of existing and future high-tech products, … [and which are] essential for sustainable 

growth, though typically lost in current recycling processes,” the report notes that recycling of 

metals in becoming increasingly difficult due to increasingly complex combinations of materials 

and the trend toward miniaturization. The report states: 

…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…i2 

The report identifies three interrelated factors that determine the success of recycling and 

maximize resource efficiency: 

1.  The recycling processes and the major physical and chemical influences on the metals and 

other materials in the processing stream, 

2.  The collection and pre-sorting of waste, and 

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

Clearly, one of the challenges in this project is to address the causes of low recovery from 

electronics. 

The report calls for a number of innovations3: 

 Ways to set up better collection systems. 

 Means to trace and track EoL products or fractions thereof along the recycling chain. 

 Alloy-specific sorting technologies (where products, scrap, etc., are not too complex). 

 Improved and adapted liberation methods. 

 Identification and separation of metal-containing components, though complex products 
with complex material linkages may make this superfluous and impossible. 

 New mechanical, chemical and thermal separation and concentration techniques for metals, 
complementing the large body of existing metallurgical separation know-how.  

 Additional final-recovery processes for end-refining metals and metal products, in case 
these are not yet available or being developed and implemented at this moment. 

                                                             
2 IRP, Metal Recycling – Opportunities, Limits, Infrastructure, p.28 
3 IBID pp 135-136 



iNEMI Report on State of Metals Recycling 
  

  Page 6 

The report concludes that it “is vitally important … [for society to achieve] a healthy balance 
between primary and recycled metals production.”4 

Looking at the metals recovery system generally, as the UNEP report does, this list of needed 
innovations describes some of the elements needed to improve recovery. However, metals recovery 
from electronics poses some very specific challenges, particularly as designs and metals content of 
products change quickly. The next sections will explore some of the dimensions of those challenges. 

2.2 Are all metals equal from a recycling perspective for ICT products? 

Not only are metals key components of ICT that produce the functionality of the products, but the 

number of metals that are being called upon has been increasing in the last decades. As products 

are miniaturized while increasing the power and diversity of functions, different metals are being 

incorporated due to their physical, chemical and electrical properties. The well-known schematic 

from Intel depicts the growth in the number of individual elements incorporated in ICT circuits 

over the last 30+ years. 

 

Figure 1.  Growth of Technology Metals Used in ICT Circuitry5.   

The estimate is that currently approximately 60 elements are found in a typical ICT product, the 

great majority of them being used as metals. Industry, including other sectors such as energy and 

                                                             
4 IBID, pp. 35 
5 Adapted from a figure courtesy of T. McManus, Intel Corporation (2006). 
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transportation, is calling increasingly on scarce metals or unusual combinations of metals that they 

use in small quantities, but contribute much to product functionality. 

The traditional approach in recycling generally is to focus on commodity materials. Recycling 

success is typically measured in percentage by weight of actual recycled products relative to the 

estimated available EoL product and by total weight recycled. This mind set has been carried over 

to electronics recycling – most electronics recycling programs, including the EU WEEE legislation, 

are quantified in the same terms. However, this approach, while convenient due to the simple 

metric, i.e., weight, is overly simplistic. For example, collecting equal weights of refrigerators and 

desktop computers leads to very different metals mixes and recovery values; recovering a kilogram 

of gold is obviously far more valuable in terms of financial return and environmental impact than a 

ton of steel.  

Clearly not all metals are equal in terms of recycling EoL electronics.  In determining how to set 

priorities for recovery of individual metal species, there are alternative approaches that can be 

taken. Metals recovery may be prioritized to: 

1) obtain the highest financial value of the recovered metal as measured by profit from metals 
recovery,  

2) prevent environmental and human health and safety impacts from hazardous materials by 
their being recycled rather than landfilled, such as mercury in TVs and displays or lead in 
Pb-acid batteries and Sn-Pb solder, 

3) reduce environmental and human health impacts  by using “urban” mining rather than 
mining of primary ore as illustrated in the Table below, even when the profit from metals 
recovery is low, and 

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. 

Recycling and metals recovery priorities could be set to include all four given the right incentives.   

Metals recovery based on profit after considering all the recycling costs from collection through 

processing is a dominant driver of metals recovery.  For the other three to occur, someone must pay 

the cost of metals recovery.   For the second priority, this is accomplished through legislation 

including landfill and household waste bans, fees charged for proper disposal by certified recyclers, 

and mandatory up-front charges to the consumer for paying for recycling and recovery at product 

EoL.  The same could be used for the third and fourth and again there would have to be a source of 

funding for recycling and metals recovery if the profit from metals recovery is not sufficient. 
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Table 2: Relative Environmental Value of Materials Commonly Contained in Electronics 

 

 

 

 

 

 

Identifying the priorities for metals recovery and the sources of funding for reaching specific goals 
provides insight into why the current state of metals recycling from electronics is the way it is and 
how well the systems will adapt with changes in products, materials, and technologies.  
 
3.0 Factors determining the recovery rates of metals from electronics 

 

3.1 Value of metals available for recovery in a product  

The large suite of technology metals in electronics includes commodity metals such as iron, 

aluminum, and copper, precious metals such as gold, silver, and palladium, specialty metals such as 

cobalt and indium, and “critical metals” such as the rare earth elements neodymium and 

dysprosium. Although the quantities of metals per individual product can be small, the large 

number of products makes the quantities significant.  

Metals, particularly precious and specialty metals that have the greatest value and the greatest 

environmental impact in products, are being recovered from electronics at a surprisingly low rate. 

There are several reasons for low metals recovery.   

In urban mining, metals recovery value (MRV) is determined by the quality, concentration, and 

commodity value of all the metal in the product, and by the efficiencies and costs of collection, 

separation, sorting, processing/extraction, and appropriate treatment of waste products. This leads 

to two straightforward equations that are needed to understand the current state of metals 

recycling.  The first is that the final recovery efficiency Efinal from urban mining a particular metal 

can be found by multiplying the efficiencies of the individual steps such that  

Efinal = Ecollection * Eseparation * Esorting * Eprocessing/extraction 

Because the final efficiency is determined by the product of the efficiencies of the individual steps, 

the amount yielded during successive steps is determined by the efficiencies of each of the previous 

If only half the possible electronic products are collected, the total efficiency will be 50% at most, 

and likely less depending on the efficiencies of the subsequent steps.  In the examples from the 

UNEP report on Metals Recycling shown in Figure 2, the product of the efficiencies is 15% for 

formal recycling and 20% for informal recycling for gold recovery from printed circuit boards.   

Material
Environmental 

Value*

Relative Environmental 

Value

Gold 13,800                            60,526                                     

Palladium 10,100                            44,298                                     

Silver 47.40                              207.9                                       

Aluminum 0.78                                 3.4                                            

Polyethelene 0.28                                 1.2                                            

Steel 0.23                                 1.0                                            

Glass 0.10                                 0.4                                            

*QWERTY scores, Jaco Huisman, "The QWERTY/EE Concept", Dissertation, 

Delft U., 2003
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A second equation for financial is then used to determine the economic value of the recycled metal 

where the profit is equal to recycled metal sales minus the cost of recovery. 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 for 

performing the individual steps. Both equations must be considered in analyzing the existing 

recycling supply chain for electronics and its ability to meet current and future needs.  

This comparison of formal versus informal recycling systems with higher recovery from an 

informal system than for a formal system illustrates that multiple dimensions beyond recovery 

efficiency and yield must be considered when assessing both the value and the cost of metals 

recovery.  By this example, the informal recycling system would be preferable to the formal 

recycling system based on yield/efficiencies and value of gold recovered.   However, there are three 

types of values and costs – financial, societal, and environmental that all must be taken into account.  

The first is easily calculated, the other two are based on analyses with numerous quantitative, semi-

quantitative, and qualitative factors, including jobs provided, damage to air and water quality, 

prevalence of pulmonary illness and other diseases directly linked to environmental quality.  

 

Figure 2:  The effect of different efficiencies in the recycling system on the amount (yield) of gold 

recovered from printed circuit boards6  

Financial value must also be examined in light of societal and environmental costs and benefits for 

specific systems and what our value systems are.  For example, the environmental and human 

health and safety costs of informal recycling processes, particularly burning and leaching, can be 

extremely high, as has been widely documented.  The difficulty in eliminating such processes is 

what has led to the Basel Convention and the Basel Ban of transboundary movements of hazardous 

wastes to control their disposal, thereby requiring OEDC countries to find safe, local ways to handle 

such waste, rather than shipping it to non-OEDC countries. The eStewards voluntary standard for 

electronics recycling conforms with the Basel Convention, which specifically means that, to comply 

with eStewards, only equipment that is fully functional may be moved across such transnational 

                                                             
6 IRP, Metal Recycling – Opportunities, limits, Infrastructure, p. 125 
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boundaries.    A further complexity of this issue is the effect of the ban on taking “waste” that can be 

remanufactured and refurbished to make working products, while the residual waste is treated in 

ways that preserve environmental and human health and safety.  To increase the likelihood that 

more electronics are refurbished and remanufactured, the electronics industry has generally 

supported the R2 voluntary standard which allows transnational shipments with the expressed 

purpose of increasing remanufacturing and reuse, in addition to recycling.  In terms of the 

combined cost/benefit analyses, electronics producers that fully support the eStewards standard 

and have takeback programs are committed to the proper recycling of a wide range of hazardous 

and non-hazardous materials and products.  This does not mean, however, that metals in the latter 

two of the four categories are recovered: economics still drives what is recovered. 

3.2 ICT Expenditures and Products being Purchased 

According to Gartner in April 2015, global spending for ICT continues to be over $3T dollars per 
year and is expected to remain high despite shifts in spending among various categories, as shown 
in Table 37. For devices and data centers systems, they report: 

The U.S. dollar spending on devices (including PCs, ultramobiles, mobile phones, tablets 
and printers) for 2015 is forecast to decline 1.2 percent to $685 billion. Spending for all 
devices in 2015 was revised down partly due to a slowdown in PC purchases in Western 
Europe, Russia and Japan, countries where local currency has devalued against the dollar. 
The mobile phone market is not as affected by the currency shifts. Substantial change in 
the phone mix in emerging markets toward lower-priced smartphones negates price 
increases of premium phones, resulting in flat phone average selling prices between 2014 
and 2015. 

Data center system spending is projected to reach $142 billion in 2015, an increase of just 
0.4 percent from 2014. External controller-based storage, enterprise network equipment 
and servers have all been impacted by the depreciation of some local currencies against 
the U.S. dollar, but the server segment has seen the biggest impact due to the greater 
pricing pressure that server vendors are exposed to, due to their relatively lower margins. 

Table 3. Worldwide ICT Spending Forecast (Billions of U.S. Dollars) 

  2014 

 Spending 

2014 

Growth (%) 

2015 

Spending 

2015 

Growth (%) 

Devices 693  2.4 685 -1.2 

Data Center Systems 142 1.7 142 0.4 

Enterprise Software 313 4.3 320 2.3 

IT Services 948 1.8 942 -0.7 

Telecom Services 1,614 -0.8 1,572 -2.6 

Overall IT 3,710 0.9 3,662 -1.3 

 

                                                             
7 From Gartner:  http://www.gartner.com/newsroom/id/3025217 

http://www.gartner.com/newsroom/id/3025217
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Underlying the spending forecasts for the various segments are changes such as lower-priced 

smartphones in emerging markets, while having increased prices for premium smartphones, 

decreasing sales of desktops but increasing sales of laptops, notebooks, and tablets that include 

their own displays, obviating the need for separate displays or keyboards,  increasing multi-

functionality of smartphones and tablets, and increasingly integrated enterprise systems and 

software for a widening range of business needs. Therefore, the gross supply of electronics at end-

of-life entering the waste stream will continue to be high.  The questions then become:  

 What is the changing mix of consumer electronics products and materials flows in US 

households? 

 What is the intrinsic value of today’s electronics in terms of metals supply for recycling? 

 How do we expect that to change in the future?  

 How much of this potential supply is currently recovered? 

 

3.3 Changing Consumer Electronic Products and Materials Flow in US Households  

This section provides an overview on the changing products and materials that comprise the 

residential (consumer) electronic waste stream. This is built off of ongoing research at Rochester 

Institute of Technology that is studying how evolving consumption of consumer electronics can 

change the resultant environmental impacts, including waste flows. As consumption changes, the 

stock of products and materials stored in households and that eventually enter the waste stream 

also shifts. These trends have implications on the infrastructure, labor, business model, and profits 

for recyclers, and ultimately may signal a change in the ability to recover specific materials. 

The method applied was material flow analysis (MFA), which determines stocks and flows of 

products and materials through different phases of the product life cycle. We specifically focused on 

the consumer electronics in the residential sector, or average U.S. household for the time period 

1990-2010. The inputs to this system were modeled based on historic product sales and estimated 

product lifespans, collected from a variety of trade journals, Consumer Reports, government 

agencies (U.S. EPA), and published literature. The individual material content of products was 

determined based on primary data collected by disassembly and material identification and on 

secondary data published in literature sources. These trends appear to still hold after 2010, as seen 

in the team’s examination of more recent data. 

 

Figure 3: Scope of RIT study on material flow analysis of consumer electronics 
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The rate of products entering end of life (EOL) management (Figure 3) in each year was calculated 

as  

𝐸𝑂𝐿𝑡+𝑛 = 𝑆𝑡

𝑛

𝑥=0

 

 

where S is sales in year t and n is the product lifespan. In effect, the waste stream in any given year 

is comprised of products that were purchased, used, and then disposed after their average lifespan 

(for modeling simplicity, no distribution of lifespans was included. 

The results show a clear shift in product consumption (Figure 4), with smaller, mobile devices 

gaining on legacy products, particularly when considering number of products sold. However, the 

legacy devices (computers, CRT TVs) still had a strong presence in 2010, and make up a majority of 

the consumption by weight (Figure 5). 

 

Figure 4: Consumption of consumer electronics in U.S. Households, 1990-2010, based on units of 

products 
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Figure 5: Consumption of consumer electronics in U.S. Households, 1990-2010, based on total mass. 

As a result, the waste flows show a similar shift, with over 50% of the waste stream comprised of 

small electronics, when you consider number of products alone (Figure 6).  

 

Figure 6: Composition of the waste stream of consumer electronics from U.S. Households, 1990-

2010, total units disposed. 

These shifts introduce new challenges to recyclers, who have business models oriented towards 

disassembly for maximum material recovery. Greater presence of small electronics makes such a 



iNEMI Report on State of Metals Recycling 
  

  Page 14 

proposition more complicated and recycling economics often favors automated shredding and 

other destructive techniques, as described below.  However, when one accounts for product mass 

and material composition, larger products still dominate this waste stream (Figure 7).  The material 

breakdown of the waste stream (Figure 8) shows consistent presence of base metals that are 

already targeted for recycling. There are shifts away from CRT glass and towards LCD glass and 

modules. Slight increases in battery and printed circuit board (PCB) modules are also seen.  

Notably, the net mass of the waste stream has leveled out slightly, owing to the surge and then 

decline of CRT TVs and monitors entering the waste stream, particularly as part of the digital 

conversion. However, the trend towards growth is expected to continue, particularly with the 

emergence and popularity of small, mobile devices, which are only expected to continue to increase 

in the future. 

 

Figure 7: Composition of the waste stream of consumer electronics from U.S. Households, 1990-

2010, total mass disposed. 
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Figure 8: Material components of the waste stream, by mass, 1990-2010. 

3.4 Understanding Recycled Metals Value at the Product Level: Use of Sherwood Plots (Keith 

and Cory) 

In metals recycling, Sherwood plots are log-log plots used to estimate the value of a metal’s waste 

stream for recycling versus concentration/dilution or mixing present in a specific source by 

comparing it with the value and dilution of commercially viable virgin ores. An example of a 

Sherwood plot is shown in Figure 9 in which the price per pound for various metals and their 

dilutions in particular waste stream sources are plotted. The diagonal line is the observed boundary 

between commercial viability for metals extraction from primary ores and their dilution.  This 

boundary is a reflection of the increasing cost of extraction as the metal becomes more dilute in the 

source, whether it is a virgin ore or a waste stream. The dotted horizontal line indicates a 

commercially viable price based on the metals value of Ag which shows four waste sources for Ag 

with different dilutions., The two sources to the left of the line are more concentrated than typical 

virgin ores are likely to be profitable to recycle with the one on the line being equivalent to a typical 

virgin ore and may be profitable to recycle depending on the cost of extraction compared with 

commercially viable virgin ore.  The source to the right of the diagonal line is unlikely to be 

commercially viable. 



iNEMI Report on State of Metals Recycling 
  

  Page 16 

 

Figure 9. 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 source8.    [] 

In the context of materials and product recycling , Dahmus and Gutowski have constructed 

Sherwood plots to calculated what the apparent boundaries are today, with the prices based on raw 

material value in an average product and the dilution based on materials mixing within the product. 

In the plot shown in Figure 10(a), the size of the individual markers corresponds to the quantity 

being recycled per year in 2007. Design trends shown in Figure 10(b) show basically constant 

materials value for automobiles and refrigerators, with increasing mixing/dilution over time.  For 

the transition from desktop to laptop, the changes are more dramatic: recycled materials value 

decreases due to the decreasing size and the material mixing also increases9.  

The analysis by Dahmus and Gutowski based on mixing and materials value alone are a good start 

to understanding the recyclability of a product, but are missing several key factors needed by the 

iNEMI Metals Recovery Project, particularly the dramatically changing metal content in electronics, 

with significant variability from product to product in the same product class and the changing cost 

of recovery. Materials content is changing as a result of miniaturization, increasing functionality 

without changing footprint, and the relentless drive towards cutting cost and eliminating supply 

risk.  This analysis is also missing (a) how extraction of material value is performed and by whom; 

(b) whether there are other costs associated with obtaining the electronics for recycling; and (c) 

whether there are other sources of economic return for the recycler, such as corporate asset 

management (data security and logistics), legislated collection which provides financial return from 

the OEMS, reuse, refurbishment, and resale.  These issues are examined in the sections below. 

                                                             
8 Modified from the modification by Dahmus and Gutowski who obtained the information from Allen and Behmanesh, 1994. 
9 J. B. Dahmus and T. G. Gutowski, “What Gets Recycled: An Information Theory Based Model for Product Recycling,” Environmental 

Science and Technology (41) pp. 7543-7550, 2007. 
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Figure 10. Sherwood Plots from Dahmus and Gutowski (2007) (a) Single product recycled materials 

value versus material mining, where the size of the circles represents the annual volume of 

materials recycled for the 2007 paper. (b) Design trends for automobiles, refrigerators, and 

computers. 

3.5 Decreasing Metals Value per Product 

The analysis by Dahmus and Gutowski (2007) in Section 3.4-3 shows the trends that with each new 

technology, the metals value generally decreases and dilution increases thereby pushing electronics 

as metals sources farther away from the profitability line.  This situation has continued since 2007.   

One question that the project team asked was whether we could better quantify this trend.  A few 

examples were provided by project team members. For example, a member company provided the 

materials breakdown and metal weights for a typical past generation notebook, as shown below in 

Figure 11.  

 

Figure 11: For a notebook computer: (a) Materials composition by weight and percentage; (b) 

Breakdown by individual metals. 
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The notebook analyzed weighs about 2 kg total.  Using current prices for metals, the 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.  (Note that in 2007, Dahmus and Gutowski estimated 

$2.79 for an average laptop, $17.69 for an average desktop. This difference likely reflects product-

to-product variability.)  The above represents a past generation laptop, with current versions 

containing significantly less Au.   

This example illustrates not only variations from product to product within a given product type, 

but also type to type variations, primarily depending on the circuit boards with high contents of 

precious metals. 

As noted above, there is a trend across all electronic product types to decrease metal content, 

particularly Au and other precious metals. One major way this is being done is to replace Au wire 

bonds with Cu wire bonds or solder attach. Amkor reported on its website that more than 71% of 

all packages were now available with Cu rather than Au wire bonding.  (A recent iNEMI project 

examined reliability issues associated with galvanic corrosion in moving from Au to Cu wire 

bonding to Al.)   A simple estimation on the effect of Au content on metals recovery value has been 

performed using materials data available from materials declaration sheets for identical 

semiconductor devices with either Cu or Au wire bonding, and with either Sn or NiPdAu (ENEPIG) 

surface finishes.  Materials declarations identify the materials content in a specific device in term of 

its form, function, and quantity.  In general, materials declarations are constructed for individual 

OEMs, and are not available publicly.  In this estimate, Materials Declarations forms from 28L – 

SSOP Pb- Free Package from Cypress Semiconductor were used to provide a baseline for changes in 

Au content in moving from Au to Cu wire bonding.  The gold wire-bonded package of about 224 mg, 

contains 1.65 mg Au, 0.01mgPd with the sources of Au and Pd coming from Au wire bonding and 

ENEPIG surface finish.  The copper wire bonded package of about 224 mg contains 0.01mgAu, 

0.01mg Pd, both due to the ENEPIG surface finish.  This information suggests that the residual Au 

concentration for Cu wire bonded chips will track with the Pd concentration, as might be expected 

from the ENEPIG surface finish. 

Taking the data for the notebook shown above, if the Au wire bonds are converted to Cu and the 

remaining Au is the same as the Pd, the metals recovery value of the gold drops from $12.24 to 

$0.37, with a reduction in overall value from approximately $15 to about $3. 

This change from Au to Cu wire bonding is positive from the point of view of not only cost, but also 

environmental impact.  From an environmental point of view, removing Au from electronics 

through design and materials substitution is an importance step in reducing the environmental 

impact of electronics.  Huisman and Stevels (2006) and Huisman and Magalini (2009) made the 

point that the environmental impacts of Au and Pd mining dominate the impact of all materials in 

electronics, as shown in Figure 12 for a typical cell phone.  (This is also shown in Table 2 above.) 

Their original point was to encourage the efficient recovery and reuse of materials such as Au and 

Pd with the highest environmental impacts, but can equally be changed to a criterion for materials 

selection/substitution and design. From legislation and reporting point of view, there is less Au to 

account for in documenting compliance with the Dodd-Frank Act. From a societal point of view, less 
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Au is used for electronics from regions where control of Au mining has led to civil war and 

instability. 

 

Figure 12. 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] 

From this analysis of metal recovery, the move to smaller products with greater material mixes and 

lower amounts of metals with intrinsic metal recovery value, such as Au, is critical to what and how 

electronics are being recycled now, and will be in the future.  In our interviews with several 

members of the recycling supply chain, we were told that consumer electronics, such as cell phones 

and laptops, have minimal recycling value in today’s market in the US due to their low intrinsic 

metals value and the cost of dismantling and sorting to concentrate the most valuable metals for 

recycling before any subsequent processing is performed.   In the next section the evolving issues 

associated with economics of various recycling processes and other services such as asset 

management are presented.   

4.0 Recycling Efficiencies, Economics, and Value Recovery 

 

4.1 Undercollection of EoL  Consumer and Enterprise Electronics in the US 

According to the IDC Survey and Report in 201110, only 3.4 million tons of EoL electronics were 
recycled in 2011 compared with an estimate of EoL electronics of 6 million tons.  This represents an 
efficiency of 57%.  As widely recognized, this represents a large loss of metal assets that could be 
recovered. In those 3.4 million tons, 26% by weight were obtained from consumers and 74% from 
businesses.  The IDC estimated that this is a significant undercollection of EoL electronics, 
particularly from consumers based on their analysis of consumer purchases that were expected to 
reach EoL in 2011.    
 

                                                             
10 Filing Information: September 2011, IDC #229786, Volume: 1 eWaste and Environmental Opportunities: Survey 
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This undercollection has many causes, particularly as a reflection of people’s attitudes towards the 

products they use, the resources their products contain, and the act of recycling. For example, in a 

2014 Harris survey of US consumers, 6% stated that never recycle anything (Harris survey on 

American attitudes towards recycling 2014) and 62% stated that they would not recycle if it is 

inconvenient to do so. This total of 68% suggests that the remaining 32% might be willing to 

recycle.  In a second Harris report specifically on US adults recycling small electronics, 31% of 

Americans stated that they have never recycled any of their small electronics.  With the remaining 

68% having recycled at least one small electronic product, a category that includes supplies such as 

ink cartridges for printers. 

4.2 The Roles of IT Asset Management Systems in Recycling Enterprise Electronics 

Enterprise Asset Management is an important aspect of the IT equipment lifecycle. The removal and 

disposal of obsolete electronic equipment is often managed by the vendor that is providing the new 

equipment and is a condition of the contract for the new equipment. The process is comprehensive 

and highly integrated, including collection, assessment, dismantling, data destruction, and recycling 

steps. In some cases equipment has remaining useful life and can be placed back into service for a 

different customer. Large OEMs such as HP and IBM use asset management partners such as SIMS 

to provide the logistics. A visual representation of the process is shown below in Figure 13. 

 

Figure 13. Schematic of an integrated IT asset management system 

The highly integrated nature of the process leads to a very successful recycling stream. As noted 

above, the assessment of electronics recycling by IDC (2011) found that enterprise asset 

management accounted for 74% of the electronics recycled in the U.S. The consumer space only 

accounted for 26% despite the fact that the consumer market is the largest in terms of electronics 



iNEMI Report on State of Metals Recycling 
  

  Page 21 

purchases. IDC concluded that a large fraction of consumer electronics end up in landfills or stored 

and are not recycled even though there are numerous recycling options available to the public11.  

Another important aspect of enterprise asset management, and a factor in the high percentage of 

recycled materials, is the need for data destruction. Enterprise customers are very sensitive to, and 

often require certified processes with documented chain of custody, to ensure complete data 

destruction. For this reason storage devices, such as hard disk drives, are usually removed and 

shredded into small pieces. This process makes recycling more difficult but enterprise customers 

are very adamant that this process is used. Recovering rare earth metals from hard disk drives is 

very difficult and cost prohibitive due to the current shredding processes and recovery methods 

that would need to be used.  Resale and remanufacturing of systems and components generate 

significant revenue for IT asset management companies.  For example, representative data obtained 

by the team showed the following disposition by weight of waste stream components obtained 

from demanufacturing and scrap operations: 4.5% (resale), 1.6% (reuse), 91.1% (recycle), and 

0.6% (landfill). The recycled fractions were ferrous metals (49.9%), non-ferrous metals (13.1%), 

packaging (8.6%), precious metals (4.7%), batteries (3.8%), plastic (3.3%), CRT (2.6%), glass 

(0.1%), hazardous materials (0.1%) other (4.8)%.  In 2012 IBM’s Global Asset Recovery Services 

organization reused, remanufactured, or recycled 99.1% by weight of the EoL products it received.   

In a major review of global IT asset management companies (Gartner’s Magic Quadrant for IT Asset 

Disposition (ITAD), Worldwide), Dell, HP, IBM, Arrow Electronics and Sims Recycling Solutions 

were identified as global leaders.12  

 According to Gartner: “The characteristic common to all vendors in this Magic Quadrant is the 
ability to meet the demanding requirements of the two critical categories of ITAD risk: data security 
and environmentally sound recycling,” states the report. “ITAD service providers have become an 
important link in the overall life cycle management of IT equipment. Indeed, the number and 
complexity of legislative mandates — often country or region-specific — for the secure and 
environmentally friendly disposal of IT equipment continues to grow rapidly, and the consequences 
of noncompliance are quickly attracting board-level attention.” 

The impact of ITAD services on value recovery from EoL electronics is expected to grow, even as 

the metals content in electronics decreases. 

Corporate social responsibility (CSR) is also an important driver for recycling, both for electronics 

manufacturers and their customers. OEMs are placing more and more importance on recycling and 

reporting results in their annual reports. Certain jurisdictions require a certain level of product take 

back, which also drives increased recycling for certified recyclers.   

 

4.3 Economics of Recycling Processes: The Effect of Wages on Profitability  

                                                             
11 https://www.isri.org/docs/default-source/recycling-analysis-%28reports-studies%29/idc-report-inside-the-us-electronics-recycling-
industry-final.pdf?sfvrsn=4 
12 http://www.msptoday.com/topics/msp-today/articles/371565-dell-named-an-it-asset-disposition-leader-gartner.htm 

 

https://www.isri.org/docs/default-source/recycling-analysis-%28reports-studies%29/idc-report-inside-the-us-electronics-recycling-industry-final.pdf?sfvrsn=4
https://www.isri.org/docs/default-source/recycling-analysis-%28reports-studies%29/idc-report-inside-the-us-electronics-recycling-industry-final.pdf?sfvrsn=4
http://www.msptoday.com/topics/msp-today/articles/371565-dell-named-an-it-asset-disposition-leader-gartner.htm
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The comprehensive and insightful paper13  The Best-of-2-Worlds philosophy: Developing local 

dismantling and global infrastructure network for sustainable e-waste treatment in emerging 

economies  by Wang, Huisman, Meskers, Schluep, Stevels, and Hageluken (2012) provides a critical 

analysis on the economics of recycling, including labor, infrastructure, and recycling processes, 

including losses associated with different types of processes.  They present an economic framework 

for determining how economic, environmental, and societal benefits can be calculated, and describe 

two pilot projects, one in China and one in India, and the issues they encountered that made them 

unsustainable or sustainable.  Highlights presented here relate to changing recycling economics as 

local wages increase in different places worldwide and how that relates to changing materials 

content. 

 

Figure 14  From Wang et al. “Measured actual costs and revenue for recycling desktop computers in 

China by best in class recycling scenario.” 

Figure 14 shows the costs and revenues associated with each recycling step for recycling desktop 

computers, with a large standard deviation in collection costs that could switch recycling from 

being profitable to being unprofitable.  Similar changes in other steps could have a large effect on 

the outcomes. 

                                                             
13 Waste Management 32 (2012) 2134-2136: The Best-of-2-Worlds philosophy: Developing local dismantling and global 
infrastructure network for sustainable e-waste treatment in emerging economies  by Wang, Huisman, Meskers, Schluep, Stevels, and 
Hageluken (2012) 
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Figure 1514: When labor cost increases, mechanical separation gradually replaces manual 

dismantling, in order to gain profit (shift from zone A–B and finally C to be economically 

advantageous).” 

The recycling scenario in Figure 14 is for one moment in time, with specific employee wages and 

processes considered.  If we consider wage growth, different recycling scenarios become more 

profitable. Figure 15 illustrates the changes in net profit with increasing wages, assuming the 

historical rates of wage growth continues in China. As wages grow over time, it is advantageous to 

decrease the cost of human labor, with a transition from complete manual dismantling before 

processing to partial manual/partial mechanical separation (shredding) to only shredding. In the 

US with higher wages, regions A and B shift to the left, meaning than manual disassembly becomes 

unprofitable earlier than in China. This agrees with our discussions with recyclers who told us that 

manual disassembly is only warranted for the most valuable components, with those frequently 

being sold for reuse or remanufacturing.  Finally, the authors argue that one way to shift the 

economics of recycling ewaste could be to move EoL electronics to countries with lower wages, 

such as India.  There are several benefits as well as problems associated with such a strategy, 

besides being not allowed by eStewards and the Basel Convention.  The benefits are largely in the 

form of jobs, however, the problems include lack of control of EoL disposition of assets, of health 

and human safety and environmental impacts, and of lack of traceability.  In one case they studied, 

the less valuable and hazardous EoL components were handled inappropriately, while the most 

valuable components were sent for state-of-the-art metals recovery. In a second case, the facility 

could not compete with local collectors for EoL electronics since the facility did not include reuse or 

remanufacturing, both important sources of revenue for EoL electronics. 

                                                             
14 From Wang et al. “Transformation of pre-processing methods for desktop computer influenced by increasing labor costs in China 
(2000–2009, statistic data; 2010–2035, forecast) 
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Figure 16: Seven recycling scenarios with different economic and environmental outcomes. 

Changes in graph going from Au wire bonding to Cu wire bonding is shown by all markers moving 

down and to the left. (Figure modified from Wang et al.) 

As noted above, a major change that will affect the Wang et al. analysis is that the Au content is 

decreasing due to Cu wire bonding, microbumps and solder attach.  If all Au wire bonding is 

removed, keeping everything else the same, the amount of Au decreases by more than an order of 

magnitude. (In the case above for the notebook, by a factor of 50) According to a reference in the 

Wang paper, Au currently provides 12-65% of the recycled metal value in electronics.  Figure 16 

shows an assessment of profitability and environmental impact with seven recycling scenarios and 

current Au content.  With decreasing Au content, the environmental impact and the profitability 

both decrease leading to a shift to lower profitability with decreasing environmental impact, as 

shown by the blue arrow.  With these changes, the authors argue that shredding will end up being 

the optimum solution for recycling electronics, with recycling being part of an integrated asset 

management system. 

4.4 Smelters: Limits on Recovery 

Not all smelters recover everything, a situation that is also analyzed in Wang paper – as shown by 

the graphs above.  The most integrated smelter is Umicore, with 17 metals recovered but this is not 

the typical case. 

Electronic scrap is recycled by smelters with the main focus on the recovery on bulk metals such as 

Cu, Al or Fe, and a secondary focus on precious metals. The smelting process extracts a metal from 

an ore or oxides by involving heat and melting.  An example of the process is the smelting of tin 

from cassiterite, the tin oxide mineral, SnO2.   Most smelters first use a smelting process to initially 

reduce the scrap to metals and then use a refining process, removal of impurities or unwanted 

elements to recover the precious metals.   Some major recyclers engaged in the recovery of precious 
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metals from electronic scrap are Umicore (Belgium), Boliden (Sweden), Aurubis (Germany), and 

Dowa (Japan).   

Recycling of electronic scrap is based upon the copper (Cu) system due to the high amount of 

copper in electronics, especially printed circuit boards and the fact that recovery of precious metals 

is compatible with Cu based streams.  They ride-along or dissolve in the Cu based streams and not 

in iron (Fe) or aluminum (Al) streams.  An example of the technology for a Cu-based smelting 

stream is the material goes into an anode furnace that removes the oxygen and leaves 99% pure Cu 

which also contains the precious metals.   The smelted material then goes to an electrolytic refining 

process that grows a pure Cu cathode with the precious metals on the anode.  The precious metals 

then go through further refining processes.  Each recycler has developed unique smelting and 

refining technologies.  Up to 17 elements may be recovered, but typically gold (Au), the highest 

value, palladium (Pd), platinum (Pt), silver (Ag) and copper (Cu) are paid.  Tin (Sn), lead (Pb), nickel 

(Ni) and zinc (Zn) are also recovered. 

Incoming scrap can come in various forms, complete products, complete printed circuit boards, 

components, shredded products, and industrial by-products.   Examples of complete products, 

usually obsolete equipment, are PCs, laptops, printers, copiers, mainframe computers, telecom 

equipment, routes, set top boxes, and cell phones.  Components include assemblies such as disk 

drives and power supplies and individual components of IC’s, CPU’s, and memory chips removed 

from printed circuit boards.  Printed circuit boards of all grades can be processed, complete un-

shredded assemblies and/or pre-shredded ones.  Typically, shredded is not preferred as the loss of 

the precious metals is greater than un-shredded.  Batteries usually must be removed prior to 

shipment to the smelter and are processed in their own stream.  Even small button batteries 

typically should be removed from circuit boards such as mainboards but can be processed if they 

are not removed.  Some smelters process industrial dust, ash, and industrial by-products.  All scrap 

must be free of hazardous materials. 

Smelters do not currently recover rare earth elements (REE) as they have no affinity to copper and 

do not dissolve in copper.  Since they are not recovered, they end up in the slag from Cu smelters 

along with aluminum, iron, and other elements which are not being recovered.  Currently, there is 

no technology available which allows the recovery of the few parts-per-million (ppm) of rare earth 

elements from the huge amounts of smelter slag.  Since most of the rare earth elements in 

electronic scrap are used as magnets, particularly in products such as hard-disk drives or speakers, 

the components have to be removed prior to smelting and processed in a separate stream in order 

to recover any rare earth elements. 

4.5 Where You Are in the Supply Chain Matters 

Why not ship everything to Umicore to recover more?  Revenue depends on where you are in the 

supply chain.  People who have access to EoL electronics want to make the most money they can.  

They ask: why should I send my most valuable metals to Umicore if by sending them I make less 

money even if more Au is recovered and more money is made overall? To those who are left with 

the less valuable fractions, sending the high value components to integrated smelters without their 

deriving significant profit from the valuable components is often viewed as “cherry picking”, 
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whereas looked at from a metals recovery point of view, recovering more metal might seems like 

the proper course of action, regardless of the effects on the profitability of the supply chain and its 

stakeholders.   

4.6 Specialty and “Critical” Metals – Battery Materials and Rare Earth Magnets in Electronics 

As noted above, metals contained in electronics may be prioritized for recovery for a variety of 

reasons. Some are hazardous, some scarce in nature, some cause environmental harm in their 

production depending on the processes used, some are regulated, and some have potential 

geopolitical supply challenges.  These factors often occur together for individual metals.  However, 

since future demand and supply dynamics are poorly understood a precautionary approach is often 

justified.  

Several studies have developed lists of “critical” or “near critical” metals, indicating that these 

metals have both high supply vulnerabilities and low likelihood of substitution by other metals if 

supply is limited. The most prominent of these studies include: 

 “Strategic and Critical Materials, 2013 Report of Stockpile Requirements, Office of the 

Undersecretary of Defense for Acquisition, Technology and Logistics, U.S DOD, January 

2013. 

 Critical Materials Strategy, U.S. Department of Energy, December 2011. 

 Critical Materials for the EU, Report of the Ad-hoc Working Group on defining critical raw 

materials, European Commission, July 2010. 

 Communication From The Commission To The European Parliament, The Council, The 

European Economic And Social Committee And The Committee Of The Regions, Tackling 

The Challenges In Commodity Markets And On Raw Materials, European Commission, 

February 2011. 

This section explores two examples of potentially critical materials contained in electronics: Li, Co 

and other metals in batteries and Nd and Dy in magnets.  (More information can be found in the 

UNEP Report on Metals Recycling cited above, which contains a more detailed discussion of the 

issues related to recycling lithium, rare earth elements, cobalt and other specialty elements.) 

4.6.1 Recycling of Battery Materials in Electronics  

As the electronics product system shifts toward increasing supply and ownership of mobile devices, 

a proportional increase in lithium-ion (Li-ion) batteries is expected to be observed  This will 

introduce new challenges in the e-waste recycling stream, including variable material content, 

undeveloped recycling infrastructure, safety concerns in handling and transportation, and a lack of 

consistent policy guidance.  These issues will continue to grow as the battery waste stream also 

begins to receive used batteries from electric vehicles, some of which will have similar chemistry 

and form factor as those in consumer electronics while others are very different.  Conversely, 

battery packs coming from electric vehicles will also introduce new electronics, due to the circuitry 

(printed circuit board, wiring, etc.) needed as part of the battery management system (BMS), which 
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is used to control the depth and rate of battery charge-discharge cycles within a safe operating 

range.  

Currently, only a limited amount of Li-ion battery material is recycled, despite the fact that it may 

be environmentally beneficial and technologically viable to do so in some circumstances.  Other 

important technology metals contained in Li-ion batteries, including cobalt, nickel, aluminum, and 

steel, are recycled from products other than Li-ion batteries at the levels noted in Table 4, but are 

currently not recycled from Li-ion battery material.  The primary barrier to Li-ion battery recycling 

appears currently to be economic.   

Table 4: Recycling rate, price and energy for EV battery materials 

 Recycling rate15 Price 16
 

($/lb) Energy17 (MJ/kg) 

Lithium 0% 53 853 

Cobalt 20% 40.40 132 

Manganese 0% 12.97 52 

Nickel 38% 9.69 164 

Aluminum 40% 1.32 196 

Copper 31% 3.24 88 

Steel 98% 0.98 40 

 

Preliminary analysis conducted at RIT using the Material Flow Analysis method described in 

Section 3.3 illustrates the predicted growth in cell phone and laptop battery waste (Figure 17). The 

uncertainty in these graphs is estimated by developing multiple scenarios of battery waste.  Top-

down A and B are projections based on product sales data and the Bottom-up projection is based on 

household product penetration rates, which are alternate ways of estimating material flows. 

 

                                                             
15 Kelly, T.D. and G.R. Matos. (2006). Historical statistics for mineral and material commodities in the United States. Available 
from: http://pubs.usgs.gov/ds/2005/140/.  
16 Prices from London metal exchange   
17 Cumulative Energy Demand (CED) values from databases in Sima Pro Life Cycle Assessment software 

 

http://pubs.usgs.gov/ds/2005/140/
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Figure 17: Steady growth in waste lithium-ion batteries generated annually in the United States. 

2010 values are estimated at about 5,000 metric tons and 3,000 metric tons for laptops and phones, 

respectively, per year. Preliminary results provided by C. Babbitt 

The material content of this waste stream varies with the type of chemistry selected (Figure 18). 

Typically, LiCoO2 is used for batteries in electronics, but other chemistries are beginning to be 

introduced (especially for the electric vehicle market).  The safety and performance advantages that 

the new chemistries offer may eventually spillover into the electronic product market as well. 



iNEMI Report on State of Metals Recycling 
  

  Page 29 

 

Figure 18: Material content of common chemistries18 . The theoretical recoverable value (i.e., if 

100% of all metals could be recovered) varies both over time and with the chemistries selected 

(Figure 19). 

 

Figure 19: Recoverable value from Lithium-ion batteries is most closely linked with the presence of 

cobalt in cobalt oxide (LiCoO2) and mixed metals (Li”M”O2 – M = Mn, Ni, Co) cathode chemistries19.  

As the consideration of value recovery from electronic waste continues, parallel effort should aim to 

proactively develop new recycling technologies and infrastructure, business models, and effective 

                                                             
18 From Wang et al. 2014. “Economic and environmental characterization of an evolving Li-ion battery waste stream.” Journal of 
Environmental Management 
19 IBID 
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policies to improve the potential for cost-effective and environmentally-effective Li-ion battery 

recycling. 

4.6.2 Recycling Rare Earth Magnets in Hard Disk Drives  

Certain rare earth elements have been identified as critical materials in the studies cited above and 
are being considered as new priorities for EoL electronics recycling.  Rare earth elements have a 
number of applications in electronics, including magnets in hard disk drives and speakers in ICT 
products and in phosphors.  The 2015 paper by Ueberschaar et al20 describes well the economic 
and logistical difficulties in recycling hard disk drives in desktop and notebook computers. 
 
Their most significant findings are: 

1. For HDD the ranking of intrinsic metal value is weighted towards precious metals (Au, Pd, 

Ag) – 80%, with Al – 10%, and REE – 8%, as shown in Figure 20, with the precious metals 

found on the circuit board. 

2. There are typically two to three magnets per HDD (voice-coil and spindle), with the Dy 

content varying by use and year of manufacture, with the spindle magnet usually containing 

a high Nd concentration. 

3. Both magnet types are integrated into the design and hence very difficult to remove from 

the assembly. 

4. Even if they can be removed, the magnets will need to be reprocessed for recovery of the 

REEs. They cannot be reused due to the processes needed to remove coatings, potential 

damage during removal, and contamination. 

5. Shredding appears to currently be a preferred option to prepare the HDD metals for metals 

recovery, but the focus on recovery has typically been for precious metal recovery and not 

for the REEs. 

 

Their findings are, of course, based on current product design and recycling systems.  Two 

additional issues limiting the viability of REE recovery from HDD are the logistics for collection of 

HDD from widely dispersed sources and the current methods, i.e. shredding, for local and traceable 

HDD data destruction.  A challenge of this report is to identify changes to these existing conditions 

that would facilitate future REE recovery. 

 

                                                             
20 Enabling the recycling of rare earth elements through product design and trend analyses of hard disk drives. Maximilian Ueberschaar, 
Vera Susanne Rotter, Journal of Material Cycles and Waste Management (2015) 17:266–281, DOI 10.1007/s10163-014-0347-6 
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Figure 20 Breakdown of materials present in hard disk drives 

From this and other assessments, recovery of rare earth elements could become commercially 

viable if: 

1. New, innovative, highly efficiency recycling technologies were created specifically for the 

REEs, 

2. Significantly higher efficiencies were obtained for collection, as well as for other processing 

steps, and  

3. Prices for commodity REEs and magnets were higher, hereby making REE from recycling 

more competitive. 

 

5.0 Situation Analysis for Potential Solutions 
 

5.1  Summary of Metals Recovery Issues, including Specialty and Critical Metals 
 

Both battery and magnet recycling, and especially the later, are nascent technologies.  The 

development of an economically viable recovery system for battery and magnet metals, especially 

for REEs, lithium, and cobalt will require innovation at each stage of the life-cycle to make recycling 

cost-effective, safe, and practical.  A metals recovery system can operate most effectively and cost 

efficiently if, and only if, it becomes integrated into a broader electronics asset management and 

metals recovery strategy.  This would include the following: 

 Products are designed to facilitate recovery of different metals.  (The issues of metals 
recovery when various metals are mixed are described in the UNEP reports.) 

 Effective communication is established between producers and the recycling industry 
regarding material content and design for recovery.  Design for disassembly principles 
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create triage and pre-processing steps to facilitate separation of the proper fractions for 
further processing. 

 Logistics of collection, transportation, and safe handling of battery and magnet material 
must be established.  

 Simple and efficient processes are developed to recover high-value sub-components, e.g. 
magnets and battery components.   

 Cost effective processing technologies at all stages in recovery are created and implemented 
to recover the metal elements and convert them to products 

There are possible incentives to encourage the development of the integrated system.  Voluntary 
standards such as EPEAT, and other eco-labels such as those in Europe and Asia, could have parallel 
requirements for design features, thus providing a market reward for recovery-system-compatible 
design, and they could reward inclusion of post-consumer metals in products, thus increasing their 
market value.  

The stages of the recycling system can be improved through standards that address two additional 
parts of the system:  One is corporate performance requirements of producers.  In this age of 
increasing expectation of producer responsibility for EoL electronics, manufacturers/producers 
have close relationship with recyclers and others in the supply chain.  Second is in standards for 
recyclers such as R2, eStewards, the CENELEC EN 50625 standard for collection, logistics and 
treatment requirements for WEEE, and others.  

The final element separation and purification technologies for several of the specialty metals are 
being researched and piloted by organizations such as the DOE Critical Materials Institute led by  
the DOE Ames Laboratory, with a team from three other DOE laboratories, seven universities, and 
numerous companies and affiliate members..  

The greatest need now is for the development of the “rules of the game”, that is, a comprehensive 
model of how different components of value recovery systems for EoL electronics function, how 
products, costs, and revenues will be exchanged based not only on the economics of metals 
recovery but also on environmental and societal factors, and what kinds of incentive systems will 
contribute most to encourage specific behavior.  

The establishment of these possible “rules of the game” will require broad stakeholder engagement 
with individuals willing to examine new scenarios, generate and share data, and collaborate in 
research.  This work can be undertaken in several forums, which, as they develop, can each 
contribute portions to the full system model.  iNEMI has consistently provided a platform for such 
collaborative research.  Additionally, at least one research project that is currently in startup mode 
under the European Commission Horizon 2020 research program could also contribute.  Called the 
Sustainably SMART project, it includes a large team being led by Fraunhofer IZM and will focus 
specifically on the impact and opportunities of product miniaturization on product life span, reuse, 
remanufacturing and recycling.  

A key bottom line question is: Could a more integrated system ever be cost effective?  Will it be 
technically as well as economically feasible?  Could it, under reasonably expected technical 
feasibilities and market conditions, generate sustainable profits to make it a market driven system?  
Answers to these questions are not known.  To refine such assumptions will be part of the challenge 
ahead. 

It will be one of the goals of future iNEMI work to further define the critical elements, roles and 
participants in this system. 
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The many actors/stakeholders in the electronic product life cycle and recovery supply chain play 

different roles in limiting metals recovery, and in creating the current under-recycling of products 

and under-recovery of metals.  We can classify how they affect metals recovery in terms of the 

specific factors identified above: Collection, Sorting, Separation, Processing, Economics, Waste 

Treatment, Quality and concentration of metals. These are noted in the text below 

• Consumers – According to IDC estimates only a small fraction of consumer electronics is 

being recycled.  (Collection) This is determined by consumers’ willingness and ability to 

recycle, the presence of EPR laws and incentives, OEM incentives, including take-back, and 

many other factors. As products get smaller and more portable, consumers may be more 

likely to hoard/store or discard them as trash.  Some consumers resell their electronics if 

they replace their products quickly, as is common for newer versions of smartphones, or 

they may give them away so they may remain in circulation for longer than originally 

estimated by the EPA and OEMS.  Consumer recycling rates set the maximum metals value 

for specific products flowing into the recycling supply chain. 

• Enterprise ICT users – For medium sized and large enterprise ICT users, an integrated asset 

management system is frequently used for value recovery, data security, and system 

replacement.  The functions of asset management systems include being able to replace 

existing systems with new enterprise systems, including logistics, data and software 

transfer, to ensure data security, and to maximize value recovery from systems being 

retired, including refurbishing & resale, reuse, and recycling.  Asset management companies 

may be set up to handle all the steps internally, including resale, reuse, and installation of 

new systems or may be part of formal supply chain network. They do a significantly better 

job at recycling than consumers (74% recycled in 2011). The need for data security (i.e. 

destruction or wiping of hard disk drives) requires collection and concentration of the used 

products to make HDD shredding easier and trackable.  Therefore in meeting data security 

needs, the collection of products required for further value recovery is subsidized.  

(Collection) Asset management companies perform separating and sorting (Separation and 

Sorting) as fit their particular business models and send the resulting fractions for 

refurbishing, remanufacturing, and reuse as well as recycling using different types of 

processing. From discussions with organizations performing EOL management, the 

economic value of the metals recycling component alone can be low, but the collection, 

separation, and sorting for recycling are subsidized by their data security, refurbishing, 

remanufacturing, and reuse value recovery chains. (Economics) 

• Recycling companies – Recycling companies in the US and globally have a wide range of 

business models and multiple pathways for obtaining used electronics and deriving 

economic value from them. Some companies perform some of the functions of an asset 

management company for small and medium sized enterprises. (Collection) Those metals 

with the highest value, i.e., the precious metals, have well established and very efficient 

processing pathways for recovery, but the sorting and separation steps required to use them 

are not always utilized by recyclers.  The loss of gold and other precious metals due to 
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inefficient or inappropriate sorting, separation, and processing is leaving value uncaptured 

and increases the environmental and social impacts of the ICT industry.  It is well known 

that maximizing metals recovery requires different processing strategies for different types 

of products and different mixes of metals. This is not always possible for (or followed by) a 

specific company.  For example, embedded capital costs in shredders may lead a company 

to use shredding rather than dismantling, even though the amount and value of recovered 

metals is less.  There may be “cherry picking” of the most valuable components for 

recycling, for example, those with Cu and previous metals, with the remaining metals 

containing components being landfilled or incinerated. (Sorting, separating, waste 

treatment) There is frequently an economy of scale at work, with high volume, low yield 

models locked in to provide maximum value recovery.  By their very nature, recycling 

companies must be backwards looking, since there is always a time lag between 

introduction of a new product and when it hits the recycling stream. While many recycling 

companies are data/forecast driven, others rely on heuristics for selecting which metals to 

recover and how much sorting and separation to perform.  

• Smelters - Smelters want the highest value recovery they can obtain at the lowest possible 

cost, i.e. maximize profits.  Because of company-based technological constraints, they need 

to avoid receiving certain metal mixes from their suppliers in order to maximize recovery 

while minimizing cost.  In particular, some valuable metals become unavailable for recovery 

if they are present with other specific metals and/or become concentrated in slag in an 

earlier processing step. (Separation and sorting) Smelters differ widely in their capabilities 

for metals recovery, ranging from fully integrated smelters that can recovery 17+ different 

metals to Cu-dominated smelters or precious metals refineries that require highly 

separated feedstock. (Processing) The existence of smelters and other processors with 

different capabilities and access to feedstocks of different quality affects the metals 

recovered. (Collection, Separation and Sorting)  The primary business of most smelters is 

processing conventionally mined, virgin ores, and their processes are optimized for these 

primary ores and not for secondary material streams, such as electronics.  Therefore, it is 

difficult for them to change optimize for recovery of metals from secondary material 

streams. (Processing) 

• Producers – There is inconsistent application of Design for Recycling (DfR) guidelines 

among the electronic product manufacturers (OEMs and contract manufacturers).  

(Separation and Sorting) DfR Guidelines usually have significantly lower priority for 

producers than performance, energy use, upfront cost, safety, and reliability.   Valuable 

metals may occur in individual products in very small quantities, and they can be in 

combinations and diluted to an extent that make them difficult and costly to separate. 

(Quality and concentration of metals) In addition, there is a wide disparity in producers’ 

practices with respect to take back and value recovery. (Collection) The ability to recycle or 

having a take back program may not be a priority for them. Companies with voluntary take 

back programs work to increase value recovery, including refurbishing, reuse, and metals 

recycling, with a primary motivation to drive down cost of take back.  Many large ICT 

companies have their own asset management programs that include receiving used 
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products for warranty and non-warranty repair and replacement that are then refurbished 

for resale. This creates a natural collection point (Collection) and a direct need for the 

producer to do Design for Disassembly (DfX).  Individual companies have different 

commitments to corporate social responsibility from product design through EoL 

disposition, worker rights and safety, environmental protection, and resource stewardship.  

Commitment to corporate social responsibility plays an essential role in creating effective 

pathways for both metals use and recovery as well as for decreasing EoL impacts and costs. 

• State and regional governments - There are several types of legislation that affect metals 

recovery from consumer electronics, mostly with regard to Collection.  State legislation with 

mandatory recycling targets for past products are generally based on the weight of current 

product sales by individual producers and apply to a restricted set of consumer electronics 

products depending on the state.  As product weight generally decreases with each 

successive product generation, this leads to a low target weight that collectors may reach 

early in the calendar year.  At that point collection often stops since there is no further 

payment to recyclers from the producers.  This leads to a significant under-collection of 

consumer electronics, with the target weights and actual weights collected per capita 

varying from state to state.  In addition, this type of legislation often leads to suboptimal 

metals recovery because weight based systems don’t capture differences in metals recovery 

value or differences in the human health and environmental impacts in recovering different 

types of materials. Extended producer responsibility legislation requires collection of a 

recycling fee from the purchaser of consumer electronics at the point of sale that then is 

subsequently provided to an approved recycler for subsequent collection and recycling. 

This leads to different financial incentives for metals recovery all along the supply chain. 

(Economics) 

• International Voluntary Agreements – The EPEAT, eStewards, and R2 voluntary standards 

have had a significant impact on the responsible recycling of electronics, particularly with 

respect to the disposition of hazardous substances in EoL electronics.  There remains 

considerable debate about the Basel Convention, particularly with respect to shipment of 

EoL electronics that can be repaired, refurbished, and reused, though not in the as-shipped 

state. The BASEL Convention prevents transboundary shipments of hazardous e-waste from 

developed to developing countries - which impacts the consolidation of material that could 

be collected in a single area for processing.  Since its inception, electronics producers have 

objected to the Basel Convention due to its limiting the repair, refurbishment, and reuse of 

used electronics.  Organizations such as BAN have objected to weakening the ban on the 

transboundary shipment of non-functioning hazardous electronics because of the inability 

of the supply chain and government to ensure that human health/safety and the 

environment are properly protected.  With greater oversight and control by integrated 

global asset management companies, there might be a path forward to increasing metals 

recovery with legal, safe transboundary shipments of reusable and repairable EoL 

electronics. (Economics) 
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Of great importance to the project team was that, whatever technologies or practices emerge, 

electronic products at end of life must be treated and handled in a safe manner.  Whether dealing 

with hazardous materials or processes for metals extraction, EoL electronics must be properly 

collected, processed and treated to protect human and environmental health and safety. 

 

5.2 The Role of Producer Responsibility  
 

The dilemma of increasing recycling where the economic incentive is unexceptional is not new.  The 

idea of Extended Producer Responsibility (EPR) has been used to create incentives, and sometimes 

regulatory requirements, to collect and recycle e-waste.  The implication of the changing recycling 

streams discussed in this report is that EPR will be even more important to the continued success of 

e-waste recycling. 

There are many levels of EPR starting with Corporate Social Responsibility (CSR).  Many companies 

support e-waste recycling as a CSR initiative and will provide this service voluntarily even if it does 

not directly contribute to the bottom-line.  EPR can also be part of certain ecolabels that create a 

market access advantage to manufacturers that meet the ecolabel requirements.  Examples of 

ecolabels include eStewards, R2/RIOS and EPEAT.   EStewards and R2/RIOS (Responsible 

Recycling/Recycling Industry Operating Standard) are certification programs for e-waste recyclers 

that demonstrates they are using those specific standards and provide weblinks to certified e-waste 

recyclers to facilitate proper recycling.  EPEAT is a market access ecolabel that is required for some 

public procurement contracts and has some requirements related to recycling. 

EPR can also be a regulatory requirement in some jurisdictions, also known as take-back laws.  The 

requirements take many forms including collecting a certain percentage or weight of e-waste 

relative to the amount of equipment sold in the jurisdiction.  In some cases an additional fee is 

charged at the time of purchase to fund e-waste recycling. Some or all forms of EPR will increase as 

the value of the recycled material decreases.   

The onus is on the manufacturer and not anywhere else (in the US and Europe). 

5.3 Changing Economics of Recycling: Metals Content and Distribution, Rising Wages, and the 
Impact on Different Metals Recovery Technologies 

 

Producers of electronics continue to drive down cost and increase functionality and performance.  

This involves removing precious metals, reducing overall size to create smaller, ever more 

functional mobile products, and reducing energy consumption of all product types and classes, 

including servers (Energy Star and EPEAT), telecom, and consumer electronics, (phones, computers 

- desktop, notebook, tablet, TVs, …).  This leads to higher priorities for decreasing energy use and 

product cost than for metals recyclability.  

The recovery of gold has dominated metals recovery from electronics.  Precious metals which are 

expensive and have high environmental impact from mining to refining, are being used less and 
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advances in Cu bonding and solder bumping suggest this trend may continue across all product 

sectors, including military and aerospace.  If effective technologies are developed to replace Au 

surface finishes on mechanical connectors, the remaining Au content and, hence, the value of metals 

recovery would further decrease.  

As producers remove precious metals, particularly Au, the economics of recycling change: the 

remaining metals have significantly lower value making metals recycling a moving target.  To make 

a profit, the value of the metals recovered must be greater than the recovery cost of the metals.  

Interacting factors that affect the recovery costs and the value of the metals recovered include not 

only the metals content and all the efficiencies listed, but also wages, capital costs, and market 

competition for EoL electronics.  There was general agreement of the great importance of corporate 

social responsibility and industry commitment in ensuring that human and environmental health 

and safety are protected at all stages of electronics recycling even as the profitability of metals 

recycling is reduced. 

Though electronics miniaturization is impacting recycling practicalities and profitability for mobile 

products, this trend should not be seen as universal for electronics.  More centralized electronic 

resources such as servers and other products that create and transmit data to the miniaturized 

products will be larger, more powerful, and will be manufactured, used, and recycled in great 

quantities and possibly continue to contain larger amounts of metals.  As more data are stored on 

“the cloud” and devices become networked, locally stored data shift to fully networked data, 

bringing an increase in reliance on servers and telecommunications systems.  The opportunities to 

maximize value recovery, including metals recovery as one component, will continue to increase 

and it is expected that new business models for asset management will develop that optimize value 

recovery overall, while also ensuring corporate stewardship across the electronics supply chain.   

5.4 High Tech Metals Recovery from Electronics Is a Problem of the Commons 
 

5.4.1 Exploring a Possible Stakeholder Approach to Avoid “Tragedy of the Commons” 

The project team studied a set of articles that articulated an analytical method developed by 

Ostrom for the kind of challenge with which we are confronted here in metals recycling and 

recovery. These articles address how to incentivize action by the relevant/critical stakeholders to 

protect common resources when it may not be in the self interest of any individual stakeholder, 

operating independently, to do so. 

The articles include the following: 

 The Tragedy of the Commons, Garrett Hardin, Science, New Series, Vol 162, No. 3859 (Dec 

13, 1968), pp. 1243-1248 (as background) 

 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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This section reports on our examination of whether the approaches called for by Ostrom apply to 

the challenge of increasing metal recovery from electronics.  Concluding affirmatively, this section 

uses the Ostrom approach to outline the kind of work needed to develop an action plan for 

determining which metals should be the focus of improved recovery, and how to formulate 

strategies for improving the recovery of those metals within a broader framework of value recovery 

from EoL electronics.  This work may be the focus for a subsequent phase of this project.  

The Hardin article lays out the “tragedy of the commons”, a well-defined challenge for sharing 

common resources in a world of limited and exhaustible resources.  Since many metals are used by 

the electronics industry, as well as by many other industries, and since the long-term supply for 

some metals is at risk due to increasing demand, the use of metals in electronics challenge seems to 

qualify as a tragedy of the commons from several different points of view.  Recovery of important 

metals from products at their end-of-life and reuse in new products appear to be one of the 

potential solutions to this tragedy.  The damage to human health and the environment that can 

occur with improper disposal or recycling of electronics can be described as an “inverse” tragedy of 

the commons which also must be managed during metals recovery.  Likewise, the damage to human 

health and the environment by primary mining is also an “inverse” tragedy of the commons. 

The question for this project posed by the Ostrom articles is as follows:  Does the challenge of 

increasing recovery of metals from EoL electronics lend itself to “adaptive governance systems” 

that are based on voluntary community-based governance, as outlined there? The following 

paragraphs address that first level question. 

The Ostrom paper identifies several “variables that…affect the likelihood of users engaging in 

collective action to self-organize”. Some of these are specifically relevant to our challenge.  Quotes 

are text taken from the Ostrom articles. 

This contention is supported by several factors called out by Ostrom, and applied to this challenge. 

 Independent companies (suppliers to the electronics industry), pursuing their own self-
interest, are incentivized to exploit the most immediately available ores, with the highest 
concentration of desirable metals, until they are exhausted. 

 Future ores will most probably cost increasingly more to exploit due to increasing demand 
and decreasing concentrations in deposits, causing currently less-economical supply 
sources, such as recovery, to become economical.  

 Recovery will require an investment of money, time and effort to create new technologies, 
change current practices, and develop a viable infrastructure. 

 Thus, so that economic recovery can come on line when it is most needed, work should 
begin soon to enhance overall system performance. 

 

5.4.2 A Voluntary, Self-Organizing Community is a Practical Strategy  
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This challenge can be addressed by a voluntary multi-stakeholder-based strategy because it meets 

several of the Ostrom “variables” required for a self-organizing system.  Moreover, a multi-

stakeholder collaboration to develop a vision and scenarios for EoL value recovery for electronics is 

the only practical solution that the project team has yet identified.   

An alternative to voluntary community action could be legislation.  However legislation is not 

perceived as being practical or advantageous, given other, more critical environmental, societal, 

and economic issues that need to be addressed.  In fact, a voluntary, multi-stakeholder-based 

solution is the preferred option. 

Several prominent essential attributes for success of voluntary action, as outlined by Ostrom, are 

met by the electronics industry and the challenge of increasing technology metals supply through 

recovery.  In the following analysis the individual attributes from the paper are quoted, then 

following the hyphen the rationales for its relevance for EoL electronics are stated. 

 “System dynamics need to be sufficiently predictable” – The needs of the electronics 
industry have been predicted; the potential amounts that could be recovered has been 
determined; and higher levels of recovery have been demonstrated to be feasible, given 
appropriate improvements.  As new technologies are developed, new estimates can be 
developed. 

 “Number of users” – The main consumers of recovered metals, i.e. large electronics 
manufacturers, are well known and are of limited numbers, so that the stakeholders can be 
identified. 

 “Leadership” – 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.  

 “Users of…resource systems…share moral and ethical standards regarding how to behave in 
groups” – The industry has worked collaboratively together on many initiatives, e.g. iNEMI, 
EICC, IEC & EPEAT standard development. 

 “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. 

 
5.4.3 The Essential Challenge Ahead is to Develop a Set of Rules  
 

The Ostrom article states that “long-term sustainability depends on rules matching the attributes of 

the resource system, resource units, and users.” Some of the key strategies to employ in 

establishing these rules and building a self-organizing system with community-based governance, 

as identified in the articles, include: 

 “Dialogue among interested parties, officials, and scientists” 

 “Complex, redundant and layered institutions” 
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 “A mix of institutional types” 

 “Designs that facilitate experimentation, learning, and change” 

As noted above, the greatest need now is for a self-organizing community to begin developing the 

possible “rules of the game”, that is, a comprehensive model of how the different elements of the 

system will function under different conditions, how products, costs, and benefits will be 

interchanged and exchanged, and what kinds of incentive systems will contribute most to optimal 

outcomes under different constraints.  

6 Conclusions and Recommendations   

As described above there are numerous causes for the under-recovery of metals relative to the 

amounts being consumed and then stored in products, with many factors and systems interacting 

to reduce the value and the quantity recovered.  The factors can be divided into the following 

categories: quality and concentration of the metal in the product, and the efficiencies and net costs of 

different collection, separation, sorting, processing/extraction processes that could be used within the 

recycling supply chain.  The difference between various processes and supply chains is important to 

note since inappropriate processing can transform what could have been a valuable commodity 

into waste.  From our analyses, EoL (or End-of-First-Use) systems need significant improvement to 

maximize value recovery, not just metals recovery, from used electronics.   

Continuing important factors will be the ease and efficiencies with which electronic products can be 

collected, sorted and separated, i.e., disassembled, for concentrating specific materials and 

components for value recovery through refurbishing and reuse, remanufacturing, and recycling. For 

the case of metals recovery by recycling, Design for Recycling (DfR) typically has lower priority for 

producers than design for product performance, functionality, safety, and cost, thereby limiting the 

ability of the product to be recycled and the metals recovered.  If producers follow design 

guidelines that encompass not only DfR but also design for disassembly, reuse, and 

remanufacturing, the resulting recovery system will be more economical.  

The ideal case would be that the product should be designed such that separable components are 

each compatible with an established recycling stream.  However, the team acknowledges that this is 

a difficult goal at this time.  But any product design improvements that move the bar toward more 

reparability will benefit metals recovery.  A good first step would be for the OEMs to optimize their 

Design for Recycling and Design for Repair/Reuse/Disassembly to enhance component and 

materials separability. 

Ultimately, the materials in a product should be compatible with an established recycling stream.  

For an example, a product should be designed with elements that go with a copper based stream as 

mixing aluminum with copper destroys recyclability of both unless they can be physically 

separated, which adds labor costs.  An initial step would be for producers to provide information on 

what are the types and quantity of metals content contained in their products.   

Until there are stronger producer responsibility requirements, there is a need to influence 

voluntary standards and industry best practices to keep pressure on companies.  One possible 
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method to accomplish this is through a future INEMI project to set suggested guidelines for Design 

for Sustainability, working on aligning industry with existing (or needed) standards and looking 

holistically at the overall issues associated with electronics at end of life (not just metals recycling).  

The report suggests a framework for such an effort as a stakeholder process to develop “self-

organizing” solutions built upon voluntary tools and institutions.  However in the long term, 

legislation for producer and consumer/user responsibility laws may be required to drive 

improvements in the collection rates of e-waste to maintain the amount of e-waste available to 

recyclers. 

Building on this analysis the following actions are recommended: 

1. Electronic products should follow DfR principles to make valuable resources more easily 

and completely separable. 

2. Programs to improve collection efficiencies are essential.  One option is to encourage 

improved, extended producer responsibility (EPR) regulations.  

3. New business models are needed for value recovery that improve efficiencies at each step of 

the recovery chain.  This includes the development of cost effective technologies to better 

liberate and concentrate materials of value to support the likelihood of actual, profitable 

metals recovery.  

4. iNEMI, in collaboration with other key stakeholder groups, should facilitate the 

development of a multi-stakeholder, “self-organizing” community with members who are 

willing and able to examine interaction models and scenarios to maximize value recovery 

from EoL electronics.  It will be one of the goals of future iNEMI work to further define the 

critical elements, roles and participants in this system.  

7 Limitations of our Work 

This project faced two areas of key limitations – lack of participants from certain stakeholder 

groups and data.  However, even with these limitations, the team was able to develop a better 

understanding of the current state of metals recycling as well as areas of improvement that are 

needed for future recycling and value recovery from EoL electronics. 

Our limitations in terms of participation were on the lack of direct smelter participation in the 

project and lack of recyclers and asset management companies that are independent of OEMs on 

the project team.  The team attempted to work through these limitations by conducting face-to-face 

and phone interviews with multiple smelters and recyclers and also by having multiple experts 

present to us during our calls.  While we were able to get some perspective from these interactions, 

it would have been better to have their active, continuous input during the project. 

The other limitation we faced was around multiple aspects of data and data collection.  There are 

inadequate up-to-date data on what is recycled and how much metal is currently recovered. Most of 

the estimates of the “e-waste problem” are based on old data (2011 or earlier) and that data likely 
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were collected using many assumptions and uncertainties that were not well defined.  It is also 

appears that the data captured were based on different definitions of what counted as e-waste.   

In spite of the limitations of data we had access to and the restricted scope of the participants, the 

team was still able to glean much important information on the state-of-the-art in metals recycling, 

and from that to draw conclusions and make recommendations on the path forward. 

 

                                                             
 


