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The iNEMI Project on Value Recovery from Used Electronics demonstrates how a multi-

stakeholder circular economy for hard disk drives can be developed explicitly based on the 

Ostrom Framework for Socio-Ecological Systems (SES) for sustainable, self-management of 

common pool resources. By recognizing hard disk drives as a man-made common pool 

resource, all of the components of the Ostrom Framework were mapped first into the existing 

value recovery supply chain and then into a full circular economy supply chain, using key SES 

criteria to identify and fill critical gaps.  The project is a model for understanding what the term 

“best practices” mean for the stakeholders in the context of an SES-based circular economy, 

how trusted relationships, information sharing, and collaborative demonstration projects make 

decisions towards circularity possible, and how quantifying the economics, logistics, 

environmental impacts, and the leverage points help the stakeholders identify current and future 

opportunities that depend on their working together to realize. 
 

 

 

 

1. A MULTI-STAKEHOLDER CIRCULAR 

ECONOMY FOR HARD DISK DRIVES 

 

The iNEMI Project on Value Recovery from Used 

Electronics is a multi-stakeholder collaboration 

focused on demonstrating a circular economy (CE) for 

hard disk drives (HDDs). Its most ambitious goal is 

true circularity at the highest possible value: “making 

hard drives from hard drives” while creating all the 

other value recovery pathways needed to make a 

circular HDD life cycle. The International Electronics 

Manufacturing Initiative (iNEMI) is an industry-led 

consortium of over 90 manufacturers, suppliers, 

industry associations, and consortia, government 

agencies, and universities with a mission “to forecast 

and accelerate improvement in the electronics 

manufacturing industry for a sustainable future.” A 

key iNEMI strategy is to realize such acceleration in 

the service of a sustainable future through in-kind 

funded, industry-led projects with strong participation 

from multiple stakeholder groups.  

 

This project emerged as a high priority 

recommendation from the iNEMI Project on the State 

of Metals Recycling, which determined that new 

models of collaboration, new supply chains, and new 

economically viable, clean technologies were required 

for a circular economy to become a reality.  Three 

critical findings of that project were that (1) we can 

consider used electronics as a “commons”, (2) the 

current situation for used electronics is a classic 

“tragedy of the commons”, and (3) we could adapt an 

existing formal framework for natural commons to 

self-organize, self-manage our man-made 

“commons”, i.e. used electronics. Using the 

framework developed by Elinor Ostrom (Nobel Prize 

in Economics, 2009) of successful multi-stakeholder 

systems for self-managing natural commons, the 

iNEMI project members in Phase 1 identified the 

decision makers, their decision points, and the data 

and models on which they were basing their decisions 

- decisions that could make or break a circular supply 

chain.  The Phase 1 report [1] and presentations can be 

downloaded from the iNEMI website (reference) 

https://community.inemi.org/value_recovery.  Phase 1 

also identified (1) key stakeholder groups that must 

work together for a functioning circular economy, (2) 

new technologies, business relationships, and business 

models necessary to circularize the HDD economy in 

the context of the Ostrom framework, and (3) assessed 

the the willingness of the broader stakeholder 

community to change their ways of doing business.  

 

Following the success of the Phase 1 project, 

stakeholders were recruited into Phase 2 to 

demonstrate key circularity pathways for HDDs. The 

stakeholder groups include an HDD manufacturer, 

large-volume users of HDDs, IT asset management 

companies, technology start-ups, universities, an 

NGO, US federal R&D laboratories, and the Dept. of 

https://community.inemi.org/value_recovery


 

Table 1 

 

Resource System Characteristics of the iNEMI Project Value Recovery System 

Size of resource 

system 

·  Three HDD manufacturers worldwide makes interfacing manageable 

·  Publicly disclosed annual sales data available for different market segments with 

all  HDDs with similar internal designs & identical footprints 

·  Rare earth magnet supplied by limited number of magnet manufacturers. 

·  Current fate of used HDDs known 

Productivity of system ·  Continued production and use of HDDs driven by demand for storage 

·  HDD storage capacity and access speed increasing to meet demand which 

encourages replacement of still-working drives 

·  No new manufacturing facilities for HDDs planned (sales dominated by higher 

functionality, more valuable HDDs (storage capacity & speed) 

·  Gap met with used, functioning HDDs, showing continuing demand 

·  Supply risk for rare earth magnets of concern to manufacturers 

Predictability of 

system dynamics 

·  Footprint and basic design have not changed for decades 

·  Known uses and users, especially large-volume data center users with refresh 

rates typically within the warranty period 

·  Properties of HDDs will stay valuable for the foreseeable future, even as SSDs 

evolve, due to cost/Tb, relative to SSDs 

·  Data security issues lead many users to work with IT asset management 

companies and recyclers for data sanitization so there are known collection points 

·  Large internet-based companies replace a significant fraction of their HDDs every 

2-3 years to take advantage of doubled storage capacity with the same footprint this 

means that millions of high capacity, functioning HDDs are available to the market 

Resource Units   

Resource unit mobility ·  HDDs are currently funneled into certain value recovery streams that can be 

adapted for greater value recovery 

·  Large internet-based companies have large numbers of HDDs concentrated in 

data centers which constrains HDD mobility 

Governance Systems   

Collective choice rules Members of project have full autonomy or significant influence on the decisions to 

craft and implement new pathways for value recovery within their companies 

Actors   

Number of users ·  Number not so large that it becomes unwieldy, not too small that it is ineffective 

or insular, particularly for data centers 



Leadership & 

entrepreneurship 

·  Demonstrated commitment to increasing value recovery in HDDs through 

innovative and aggressive programs in Phase 1 

· Existing members are respected as leaders for their prior experience in leading and 

collaborating in similar endeavors 

·  Participants demonstrated these throughout Phase 1,and are committed to 

continue in Phase 2 

Norms (trust-

reciprocity/social 

capital) 

·  Members share a common goal for the system 

·  Members “share moral and ethical standards regarding how to behave in groups 

they form, and thus the norms of reciprocity, and have sufficient trust in one another 

to (make and) keep agreements.” (Ostrom 2009 Science) 

·  Members serve as role models for each other in establishing trust 

Knowledge of 

SES/mental models 

All iNEMI project members 

·  Received formal training in using the Ostrom framework in the iNEMI project, 

including in understanding their roles and the roles of each other in the project, 

·  Are able to articulate what their organization’s goals are and how they fit into 

project’s CE goals 

·  Understand how their actions affect each other and communicate their views and 

plans clearly and honestly 

Importance of 

Resource 

(dependence) 

Project members are “either dependent on the resource for a substantial portion of 

their livelihoods or attach high value to the sustainability of the resource” (Ostrom 

2009) to make working together to create circular economy for HDDs “worth the 

effort.” 

 

 

Energy Critical Materials Institute  (CMI). The Phase 

2 team members collectively and individually are 

creating different pathways required for an HDD 

circular economy; put together these can become a 

blueprint for creating a multi-stakeholder circular 

economy for used electronics. 

  

 

2. WHY HARD DISK DRIVES? 

 

There is increasing pressure worldwide for societal 

transformation from a linear economy – based on the 

traditional “take-make-waste” model – to a circular 

economy.  As clearly articulated by the Ellen 

MacArthur Foundation (EMF), a circular economy 

“redefine(s) growth, focusing on positive society-wide 

benefits. It entails gradually decoupling economic 

activity from the consumption of finite resources, and 

designing waste out of the system.”  This is being 

increasingly embraced by the electronics industry as a 

vision for the future of electronics as a sustainable 

industrial-social-environmental system. The 2019  

iNEMI Sustainable Electronics Roadmap contains 

four thrusts: Sustainability, Eco-Design, Materials, 

and Value Recovery, with the concept of the Circular 

Economy being a theme that cuts across all four areas.   

The choice of HDDs as iNEMI’s first product for 

creating a circular economy is based on identifying the 

specific criteria from the Ostrom framework that are 

associated with high-functioning, sustainable systems 

for self-managing “the commons”.  These are shown 

in Table 1 mapped onto the specific characteristics of 

HDD supply chains, market demands, stakeholders 

needed for a circular economy, the iNEMI Value 

Recovery project, its members, and their actions.  If 

you are interested in an in-depth assessment of where 

these came from and how they are relevant to 

managing natural systems that are easily identifiable 

as “the commons”, we recommend reading the 2009 

Science paper by Ostrom and compare the iNEMI 

characteristics with her analysis of those criteria for 

sustainable, self-organizing, self-managing fisheries, 

forests, and wildlife and water management systems. 

[2] 

 

The next step was to identify key 

stakeholders needed to create a functioning circular 

economy in light of the Ostrom framework and recruit 

them for the project. The Phase 2 members along with  



 

Table   2 

Key Stakeholder Groups  iNEMI Team Members in Phase 2 Project 

HDD Manufacturers Seagate (co-lead)* 

HDD Users Cisco, Google, Microsoft 

Authorized After-Market Service 

Provider 

Teleplan* 

IT Asset Disposition Companies 

(ITAD) and Recyclers 

Cascade Asset Management, Echo Environmental, Geodis*, 

Teleplan* 

Secondary Market Buyers & Sellers Connected through all of the above, including magnet 

manufacturers 

Magnet &Materials Recovery 

Companies 

Momentum Technologies, Urban Mining Corporation 

After First-Market Users Consumers, data centers, enterprise, cloud, computer – connected 

through HDD users, after-market service providers, ITAD 

companies, & recyclers 

Reuse, Remanufacturing, and Recovery  

R&D Organizations 

US Dept. of Energy Critical Materials Institute*, Ames 

Laboratory*, Idaho National Laboratory, Oak Ridge National 

Laboratory*, Purdue University (co-lead)* 

Standard Organizations Green Electronics Council (EPEAT)* 

the stakeholder groups which they represent are listed 

in Table 2, with the continuing Phase 1 members 

marked with an asterick (*).  It is important to note that 

team members Cisco, Google, Microsoft, Teleplan, 

and Urban Mining Corporation are also members of 

the Ellen MacArthur Foundation’s CE100, “a pre-

competitive innovation programme established to 

enable organisations to develop new opportunities and 

realise their circular economy ambitions faster.”  

 

3. FOCUSING ON DECISION MAKERS AND 

DECISION POINTS 

 

We can realize more economic value and reduce 

environmental and human health impacts when the 

HDD community and its stakeholders work together 

to implement an integrated, circular value recovery 

system. Such a circular system for used hard disk 

drives (Figure 1) must include widespread reuse of 

functioning HDDs, life extension through software 

and hardware fixes, reuse of high reliability 

components in new and refurbished drives, 

alternative, non-HDD uses for components, and 

innovative processes for recovery of materials that are 

accepted in the HDD manufacturing supply chain.   It 

is important to reiterate the last point: value recovery 

depends on detailed knowledge of the markets and the 

actors within those markets who make the decisions 

about whether to accept the products of the circular 

economy system- used HDDs, used components, 

recovered materials - into the HDD supply chains.   In 

this project we are not simply identifying and 

promoting best practices and process flows to 

maximize the value of recovered HDDs, components, 

and materials: we are working to remove barriers to 

implementing best practices and creating new 

pathways for value recovery that did not exist before 

the project. 

 

3.1 Decision Making for HDD Value Recovery – 

Phase 1  

 

In Phase 1, the then current decision tree for value 

recovery from HDDs was developed to encompass  



 

Figure 1 Schematic Circular Economy for HDDs based on EMF Schematic [] 

 
 

Figure 2 Common and Best Practices for Value Recovery Identified in Phase 1 

 

both common practices and best practices, as shown  

in Figure 2. Hard drives enter into the value recovery 

system at the top left, marked start. There are four  

end states for value recovery shown as rectangles on 

the right side: (1) Manually remove circuit boards and 

sell for $7-$9/lb for Au, Pd, Cu recovery, (2) Sell for 

mixed Al scrap at $0.25/lb as shred or whole, (3) 

Resell as OEM-labelled used HDD with the same 

capacity as on the label, and (4) Resell as “white-

label” HDD with reduced storage capacity. We 

consider each of these in turn.  As shown at the 

decision point marked with an arrow, the most 

important decision point is whether to shred the HDD 

regardless of resale/reuse potential or to consider it for 

wiping and reuse, a decision made by the HDD owner, 

sometimes in conjunction with the company’s 

ITAD/recycling provider. If the HDD owner will 

allow for assessment for wiping and reuse, the 

decision for wiping and sale depends on an economic 

analysis of whether such wiping/sale is profitable. For 

drives that are not fully functioning at the capacity 

listed on the label, but can be reformatted to create an 

economically viable drive, these can be turned into 

lower capacity “white label“ drives for resale. 

 

3.1.1 Upstream Decision-making by HDD Owners 

The maximum value that can be recovered from an 

individual HDD is set upstream, before it has even left 

the HDD owner’s facility.  An owner organization’s 

IT policy may the determining factor in the number 

and quality of HDDs that are available for downstream 

value recovery value recovery processes.  Decision 

makers in these organizations assess their HDD  



  

 

Figure 3 Expanded value recovery from HDDs in Phase 2, focused on magnets (stars indicate new technologies) 

 

recovery goals with the following decision points in 

mind:    

 

Retirement policy.  Each organization has criteria set 

for HDD retirement and replacement.  These could 

include failure rate, available capacity relative to 

demand, and utilization rate. An organizaton’s HDD 

retirement policy should align with its security, 

sustainability and fiscal goals. 

 

Re-use in the organization.  Re-use of HDDs 

internally to the organization is the best option for 

many organizations and avoids cost of HDD 

purchasing while delaying the retirement process.   

 

Data Security.  Data must be removed from HDDs 

prior to redeployment within an organization (a 

process known as clear) and transfer to outside the 

organization (purge). Organizations are not always 

knowledgable of the latest wiping standards (e.g. 

NIST 800-88 R1), have limited access to expert advice 

on effective wiping processes, and thus create policies 

which promote unneccessary destruction of valuable 

resources, i.e. requiring that all HDDs be shredded.  

 

Reuse as the Highest Value Recovery Option. 

Many large-volume HDD user companies have 

efficient and effective processes for HDD wiping and 

sales that have been demonstrated to remove all data 

from HDDs and SSDs. For example, Google has 

reported that they sell 1.2M-1.4M HDDs in the used 

HDD market every year. To achieve this level of data 

security and value recovery, other companies and their 

decision makers must have policies and processes in 

place to minimize risk of release of sensitive data, 

whether or not the device is functional and has resale 

potential.  

 

Economic Potential for Value Recovery.  Even if an 

HDD is made available for reuse, each HDD must be 

evaluated for economically viable resale. Higher 

capacity drives with fewer years in service have the 

greatest resale value. An economic model for these 

four value recovery pathways was developed in Phase 

1. If reuse is not economically viable, the HDD, 

though still functioning, is typically shredded. 

 

Capabilities of ITAD/Electronics Recyclers.  An 

HDD owner’s value recovery decision to shred or 

resell may be determined by the capabilities of the 

ITAD/Recycler.  For example, most recyclers are not 

able to create “white label“ drives. Small recyclers 

may not have certified  processes in place for data 

wiping or the volumes to economically wipe drives.  

Hiring a certified recycler will ensure you have 

processes that are validated and meet a high level of 

certification.  Certifications like Responsible 

Recycling (R2) or RIOS can serve as minimum criteria 

for an electronics recycler to perform data wiping. 

Owners of HDDs must review their evaluation 

criteria, data wipe processes, hard drive destruction 

methods and reporting capabilities, and evaluate them 

in terms of their data security policies and risk of data 

release. 

 



  

 
Table 3 – iNEMI Demonstration Projects on Pathways to a Circular Economy  

for Hard Disk Drives 

Project Title Project Goals Project Outcome/Lessons Learned 
Changing the 

Paradigm from 

“limited reuse and 

widespread shred“ 

to “widespread 

reuse and 

“widespread 

recovery“ 

Identify and remove 

barriers to switching 

from reuse or shred to 

reuse and recover 

• Data wiping (crpytoerase/NIST wipe) works.  

Verification processes are required to minimize risk to 

an acceptable level.   

• Map the roles of business models and relationships 

within the HDD recovery economy 

• Life cycle assessment and technoeconomic analysis are 

useful tools for assessing and justifying a particular 

value recovery pathway 

HDD Magnet 

Assembly Reuse 

Implement a process for 

harvesting a rare earth 

magnet assembly 

(VCMA) from a used 

hard drive at an 

electronics recycler and 

place back into a new 

hard drive on the OEM 

production assembly 

line.   

• Conduct a trial build of HDDs containing used magnet 

assemblies by taking the following steps: 1) ship fail in 

warranty drives from a large data center user to 

recycler, 2) recycler sorts drives of interest and harvests 

the VCMAs, 3) recycler ships VCMAs to HDD 

manufacturer, and 4) HDD manufacturer cleans 

VCMAs and places in prime HDDs.  

• Although technology already exists to reuse magnet 

assemblies within an HDD OEM, engaged supply chain 

partners and process innovations are required to make 

the reuse of externally sourced VCMAs viable at a 

large scale. 

Intact Magnet 

Recovery for 

Non-HDD Use 

Determine if magnets 

recovered from a 

punching process can 

be reused as a magnet 

powder or as an intact 

magnet 

Develop new designs for motors, actuators, etc. for the 

direct reuse of HDD magnets in non-HDD high value-

added applications 

Making Magnets 

from Magnets and 

Shred 

Demonstrate  

technology and supply 

chain for recovering 

magnets from end of 

life HDDs for 

reprocessing into new 

magnets using the 

Urban Mining 

Company‘s magnet-2-

magnet recycling 

process 

A mix of used HDDs was collected from project members 

and processed into new sintered magnets with magnetic 

properties similar to those used in HDDs. 

Making REE 

Oxides from HDD 

Magnets 

Prove out of technology 

for recovering magnets 

from end of life HDDs 

for processing into rare 

earth oxides using a 

membrance solvent 

extraction process 

A mix of end of life HDDs was collected from various 

contributing partners and processed into high purity rare 

earth oxides (e.g. neodymium, dysprosium) for reuse in 

REE magnets. 

 

3.2 HDD Value Recovery in a Circular Economy– 

Phase 2  

 

In Phase 2 removing the barriers to HDD reuse and 

opening up the opportunities for other value recovery 

pathways were key goals of the project team.  New 

technologies and business models were identified by 

the project members to significantly increase value 

recovery from HDDs, in the process expanding the 

possible pathways for non-reuse recovery from two to 

seven, with multiple technologies possible for some 



pathways. These are illustrated in Figure 3, with a 

focus on value recovery from rare-earth containing 

magnets and Au and precious metals from circuit 

boards. These new pathways are made possible by 

innovative technologies for value recovery from HDD 

magnets from Urban Mining Corporation, CMI, 

including Ames Laboratory and Oak Ridge National 

Laboratory, and Momentum Technologies which are 

at the pilot stage. Economic, logistical, and life cycle 

analyses, examination of different business models,  

and systems dynamics modeling were used to 

establish the viability of the pathways both 

individually and in the context of a circular economy.  

 

Key deliverables of the Phase 2 project were (1) the 

demonstration by stakeholder teams of each value 

recovery pathway in Figure 3, (2) development of 

decision making tools for the cost of data wiping, life 

cycle analysis and logistics assessments, economic 

return on HDD resale, systems dynamics models for 

HDD stocks and flows for large-volume users of 

HDDs, and (3) identification of the barriers to reuse 

and development of a strategy to remove them.  The 

Demonstration Projects are described briefly in Table 

3 and more detailed information can be found on the 

iNEMI Project website.  The final results of the 

demonstration projects are being reviewed now and 

will be available at the end of the project in the Phase 

2 final report, expected to be released in February 

2019.  The team members have been discussing the 

formation of a Phase 3 project to broaden the 

implementation of these pathways and to build greater 

supply chains for value recovery. 

 

 

 

4. SUMMARY 

 

The iNEMI Project on Value Recovery from Used 

Electronics has been organized explicitly using the 

Ostrom Framework as a self-managing, sustainable 

system to create a circular economy for hard disk 

drives. The ability of the team to identify and 

overcome the barriers to realizing circularity for 

HDDs has been demonstrated throughout the project.   
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