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ABSTRACT 

Since the 2011 price spike of rare earth elements (REEs), research on permanent magnet recycling has blossomed 
globally to reduce future REE criticality. Hard disk drives (HDDs) have emerged as one feasible feedstock for 
recovering valuable REEs such as praseodymium, neodymium, and dysprosium. However, current processes for 
recycling electronic waste only focus on certain metals due to feedstock and metal price uncertainties. In addition, 
there is a perception that recycling REEs is unprofitable. To shed some light on the economic viability of REE 
recycling from U.S. HDDs, this paper combines techno-economic information of an electro-hydrometallurgical 
process with end-of-life HDD availability in a simulation model. Results showed that adding REE recovery to a HDD 
base and precious metal recovery process was profitable given current prices. Recovered REEs from U.S. HDDs could 
meet up to 5.2% rest-of-world (excluding China) neodymium magnet demand. Feedstock, aluminum and gold prices 
are key factors to recycling profitability. REEs contributed 13% to the co-recycling profit. 
  
1. Introduction 

The proliferation of microelectronics is fueling global consumption of a variety of specialized materials such as rare 
earth elements (REEs) [1]. REEs have been recently labeled “critical” materials due in part to a lack of readily 
available substitutes, their importance to clean energy technologies, the potential of Chinese supply restrictions, and 
increasing environmental impacts associated with their cradle-to-gate processing [2, 3]. While some efforts to develop 
REE mine deposits have failed [4], recycling end-of-life (EOL) electronic waste (e-waste) has been proposed and 
investigated as an alternative source of REE supply [5, 6]. Hard disk drives (HDDs) have gained considerable attention 
as a REE recycling feedstock due to their common form factors and REE content [7].  

REEs are key constituents in Neodymium-Iron-Boron (NdFeB) magnets. In 2014, neodymium (Nd), praseodymium 
(Pr) and dysprosium (Dy) demand from NdFeB combined for over 25,000 mt rare earth oxide (REO) [8]. HDDs 
contain 2.5 – 4.6 g REE per HDD in the voice-coil actuator and spindle drive motor components [9-11], which 
accounted for 2,200 mt of 2015 REE demand [12]. Furthermore, HDDs also contain varying amounts of other metals 
such as aluminum (Al), iron (Fe), copper (Cu), tin (Sn), nickel (Ni), silver (Ag), gold (Au), and palladium (Pd) [13-
16].  

HDDs are generally categorized according to design as (i) mobile consumer, (ii) desktop (consumer desktop and 
business-critical (BC) enterprise) and (iii) mission-critical (MC) enterprise [11]. MC and BC enterprise drives are 
typically used in data centers and comprised of higher quality components (i.e., larger NdFeB magnets) [17, 18]. 

HDDs pose a challenge as a recycling feedstock due to their geographic dispersion and recent projected decline in 
unit sales [18]. This decline has been attributed to solid-state drive penetration, increased storage capacity, and other 
factors. Sprecher et al. (2014) concluded that an HDD closed-loop recovery system had potential for REE recovery, 
but cited hydrogen decrepitation processing costs, low intrinsic value of the NdFeB magnet and HDD availability as 
hindering viable recovery [7]. These challenges are magnified when dedicated REE recycling processes must compete 
with primary REE production, whose costs are often lower and puts post-consumer REE recycling at a disadvantage 
[19]. Schulze and Buchert also evaluated the recycling availability potential of multiple NdFeB applications out to 
2030 by considering extraction efficiencies, and concluded that HDDs alone could satisfy around 0.1% – 1 % of global 
Nd demand from 2015-2030 [20]. 

Due to the lack of analysis on the viability of REE and metal co-recovery from U.S. HDDs, we seek to understand the 
economic challenges facing HDD materials recovery from 2017-2027. Methods for recovering REEs from HDDs and 
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scrap NdFeB have been reviewed previously [5, 6, 21-23]. Hydrometallurgical processing routes are suggested as a 
better alternative for the selective recovery of valuable metal streams [6]. We consider a process designed around an 
electro-hydrometallurgy scheme, which employs acid dissolution followed by precipitation to recover REEs and 
base/precious metals [24, 25]. This scheme is selected due to the potential for lower chemical consumption than 
hydrometallurgical processes, and less air emissions than smelting routes. In addition to these environmental aspects, 
cost-effectiveness is considered paramount for process success. An in-depth techno-economic analysis of a mobile 
electronics magnet recovery and co-metal recycling process has been conducted based on the described scheme [26]. 
In this paper, this scheme is applied to a HDD feedstock in a supply chain context, considering EOL HDD availability 
and refinery capacity. To address some of the cited challenges of REO recovery from scrap NdFeB magnets [6], we 
assess the performance of this process with a dispersed and diminishing HDD feedstock. To further evaluate recycling 
viability, we conduct sensitivity of earnings to feedstock prices and metal prices. 
 
2. Methodology  

2.1 HDD availability and feedstock composition 
 
We estimated the number of HDDs available for recycling in the U.S. between 2017 and 2027 using a product and 
material flow analysis. We approximated HDD consumptive use by combining global HDD unit shipment data for 
each HDD design from market reports (see supporting document of [7]) [18], with historical data of U.S. share of 
global computer and server sales. A lifetime of six years was used for both consumer and enterprise grades [7]. We 
considered warranty repairs and discarded HDDs. We assumed that a manufacturer-authorized service provider 
conducted warranty repairs, meaning that a minority of returned in-warranty HDDs showed mechanical failure modes 
and were available for recycling [27]. Consumer and enterprise HDDs had a warranty period of ~1.5 years and up to 
five years, respectively [28]. Consumer failure rates were obtained from Backblaze [29] and enterprise replacement 
rates were from the weighted average of HPC1 and HPC2 storage systems [30] (See Fig. S1 in supporting document). 
We assumed a 65% collection rate of discarded consumer HDDs,  referencing a targeted European e-waste collection 
rate [31]. We assumed that 5% of failed enterprise HDDs were shredded for data security regardless of warranty status 
and unavailable for recycling. We used a 95% enterprise HDD collection rate since data centers are a high volume 
source. 
 
We assumed that BC and desktop HDDs had the same unit weight, but BC HDDs had NdFeB magnet mass 
proportional to MC HDDs. Average weights for laptop HDDs, desktop HDDs, and enterprise HDDs were 95.6 g/disk, 
580.3 g/disk, and 211.8 g/disk, respectively [14-16]. The weighted average composition of HDD metals of interest is 
shown in Table S1 of supporting document. 
 
2.2 Initial HDD economic calculations and assumptions  
 
We performed a techno-economic analysis for a flowsheet employing the Electrochemical Recovery of Constituents 
of Value (E-RECOV) process on HDDs [24]. A process diagram is shown in Fig. 1 (metal balances in Table S2 of 
supporting document). We derived a range of capital and operating costs based on feedstock throughput of 5,000 – 
100,000 mt/year (Cost curves in supporting document). We built a simulation model using Powersim Studio 10 
software for an average sized refining facility having an initial capacity of 25,000 mt/year with relatively low operating 
costs. We assumed separated HDD units were bought from recyclers. Upstream sorting and dismantling costs were 
reflected in the feedstock price. Our production costs included shredding, magnetic separation, milling, rare earth 
extraction, and base and precious metal extraction. Given a limited HDD feedstock availability, mobile devices would 
be processed to maintain base metal production capacity due to its high availability, i.e., 17.7 kt in the U.S. in 2010 
[32]. As a result, only operating costs for REE recovery would change without affecting the costs of base and precious 
metal recovery. However, only revenue from HDD materials was considered. 
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Figure 1: Diagram of a comprehensive recovery process for HDDs 

Stream distribution and recovery rates for all metals except Al, Au, and Pd were based on experimental results [24](See 
Table S1 in supporting document for recovery rates). Main product streams included Al scrap, Ag, Au, Cu scrap, steel 
scrap, Pd, and a Pr/Nd/Dy rare earth oxide (REO) mixture. 
 
We compared the recovered mixed REOs with rest-of-world (ROW), non-Chinese, REO demand from NdFeB 
magnets [8, 33, 34]. Global NdFeB magnet production in 2016 was 72,600 mt [35]. Demand growth was 4.5% per 
year from 2017 to 2021, 3% for 2022, and declined at 1% per year until 2027 [36]. 
 
We used metal and feedstock prices as of February, 2017 for the base case analysis and kept them constant throughout 
the simulation. For the mixed REO prices, we applied Pr/Nd price since the mixed Pr/Nd/Dy price was not available. 
For feedstock, we applied a price for an intact HDD unit, which might be bent, punched or crushed [37]. To evaluate 
the viability of HDD recycling, we ran sensitivity analyses by varying feedstock and metal prices. 
 
To assess the economics of HDD recycling, we calculated Earnings before Interest, Tax, Depreciation and 
Amortization (EBITDA). We chose this economic measure because it reflected operating decisions rather than 
financial (interest rate), governmental (taxes) or accounting (depreciation) decisions. The main comparison to draw 
was the impact of adding REO recovery to an e-waste base and precious metal recovery process. 
 
To compare earnings sensitivity to prices across a wide range of metal prices, we used earnings elasticity calculated 
according to Equation (1). 

 
𝐸𝐸 = �𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚−𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑚𝑚𝑚𝑚𝑚𝑚
� 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚−𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚

 (1) 
Where: 
E: earnings elasticity 
EBITDAmax: EBITDA at highest price of each metal  
EBITDAmin: EBITDA at lowest price of each metal  
Pmin: lowest price of each metal  
Pmax: highest price of each metal 
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3. Results and Discussion 
 
3.1 Base case results 

 
Production ramped up in 2017 at 61% capacity and reached its peak at 96% capacity from 2018 – 2020. After that, 
recycling rate dropped gradually until 2027 to 78% capacity (Fig. 2). Global HDD sales data showed maximum 
shipment in 2010. With an average lifetime of six years, we would expect the largest available amount of HDDs in 
2016 – 2017. This decrease in feedstock reflected technology change as previously discussed [18]. 

 
3.1.1 Impacts of recovering REOs 
 
Adding REO recovery increased annual EBITDA by 19% on average ($4.1 million/year), ranging between $2.7 and 
$4.5 million/year (Fig. 2). These numbers translated into an increase of $177 – $186 per mt of HDD. Without REO 
recovery, the process produced 228.8 kg steel/mt of HDD which could be sold at $0.31/kg. When REO was recovered, 
204.5 kg steel and 7.1 kg of REO were produced per mt of HDD. Given REO price of $56.00/kg, total revenue 
increased by 14.6%. Regarding cost, compared with a base and precious metal recovery process, REO recovery 
required 28% additional capital cost for capital lifetime of about 20 years and 11% more operating cost per year. Since 
operating cost was already included in annual EBITDA, investing in REO recovery yielded profit gain. 
 

 
Figure 2: Annual recycled HDDs and annual EBITDA with and without REO recovery 

3.1.2 How much ROW magnet demand can HDD recycling satisfy? 
 
Annual REO sales ranged from 130 mt/year to 206 mt/year. The composition of the recovered REO mixture included 
7.0% Pr, 82.2% Nd, and 10.7% Dy. The 2014 magnet demand sector was 14.1% Pr, 80.4% Nd and 3.0% Dy when 
considering all rare earths [8]. Pr/Nd mischmetal has Nd ranging from 75-80 wt% without Dy. Since the recovered 
product had comparable Nd with desirable Dy content, we assumed that one mt of the recovered Pr/Nd/Dy mixture 
was substitutable to one mt of Pr/Nd demanded by the magnet sector. Results showed that recycling in the U.S. could 
meet between 3.5% and 5.2% of total ROW magnet REO demand (see Appendix A), or 0.37% to 0.63% global 
demand. Sprecher et al. estimated that global HDD recycling could meet 1% - 3% global NdFeB magnet demand from 
2017 – 2023 [7] while Schulze and Buchert estimated 0.1% - 1% of global demand from 2015 – 2030 [20]. Overall, 
the contribution to reducing REO supply risk was insignificant with only HDD recycling. 
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3.1.3 Main revenue streams of HDD recycling 
 
Given current prices and without REO recovery, Al, Au and Pd were the main revenue streams with percentages of 
38.2%, 28.9% and 11.1%, respectively. Cu scrap, Ag, and steel scrap contributed 9.6%, 9.6% and 2.7% to revenue, 
respectively. When adding REO recovery, Al, Au and REOs became the main sources of revenue with 33.3%, 25.2% 
and 13.0%, respectively (see Appendix B). The Pd, Cu scrap, Ag and Fe contributed 9.7%, 8.4%, 8.4% and 2.1%, 
respectively. Considering maximum EBITDA in 2020 of $0.80/kg HDD without REO recovery, Al, Au and Pd 
contributed $0.31/kg, $0.23/kg and $0.09/kg, respectively. With REO recovery, EBITDA increased to $0.99/kg HDD 
and REO contribution was $0.13/kg.  

 
3.2 Sensitivity analysis 
 
We conducted two main sensitivity analyses by adjusting feedstock and metal prices. In the first analysis, we kept the 
metal prices of the base case ($1.87/kg Al, $40,268/kg Au, $5.98/kg Cu, $56.00/kg REO, $588.04/kg Ag, $24,920/kg 
Pd and $0.31/kg Fe) and varied feedstock price from $0/kg-$2.00/kg HDD. The price range reflected collection from 
end-users and recyclers, respectively. In the second analysis, we kept the feedstock price of the base case at $1.32/kg 
HDD and varied metal prices: Al ($1.00/kg – $3.00/kg), Au ($8,334/kg – $53,788/kg), Cu ($1.50 – $9.50/kg), REO 
($16.50 – $397.50/kg), Ag ($131 – $1134/kg), Pd ($3,761 – 28,219/kg) and Fe ($0.11 – $0.64/kg)[38-41]. 

 
3.2.1 Impact of feedstock price on annual EBITDA 
 
Annual EBITDA was highly sensitive to feedstock price, which agreed with previous estimates [42]. When feedstock 
price was low ($0/kg HDD), annual EBITDA ranged from $34.8 – $55.6 million/year. At $1.00/kg, annual EBITDA 
dropped to $18.7 – $31.4 million/year. When feedstock price approached $2.00/kg, the process gained marginal 
earnings, $2.7 – $7.2 million/year. (Fig. 3). 

 
Figure 3: Sensitivity of annual EBITDA to feedstock price (upper and lower bound analysis) 

3.2.2 Impact of metal prices on annual EBITDA 
 
Earnings elasticity was highest for Al at 1.11. Al prices from $1.00/kg to $3.00/kg yielded average EBITDA of $11 – 
$35 million/year. Al had a high impact on EBITDA from its >54% content in the waste stream, despite a relatively 
low unit price. Al contributed 21.1% and 44.5% to revenue at its lowest price and highest price, respectively. Au had 
the second highest earnings elasticity of 0.45. Au prices from $8,334/kg-$53,788/kg resulted in average EBITDA of 
$8 - $27 million/year. Au contribution to the revenue stream was 6.5% - 31.0%. REO earnings elasticity was 0.17. 
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REO prices from $16.50/kg-$397.50/kg lead to average EBITDA of $15 – $76 million/year. REO contribution to 
earnings ranged from 4.3% to 51.3%. Earnings elasticity for Cu, Ag, Pd and steel were 0.08, 0.07, 0.06 and 0.02, 
respectively. 

 
4. Conclusion  

In this paper, we evaluated the economic viability of recycling HDDs based around an electro-hydrometallurgical 
recovery process. The simulation model from 2017 to 2027 for a recycling facility of 25,000 mt/year showed that 
adding REO recovery to an e-waste base and precious metal recovery process was profitable. The key factors that 
impacted profitability were feedstock, Al and Au prices. While the recovery process could utilize a free HDD 
feedstock due to its shredding capability, earnings dropped quickly once feedstock price approached $2.00/kg. Al and 
Au contributed 33.3% and 25.2% to revenue, hence their prices had a high impact on the annual EBITDA. REO prices 
had a moderate impact on the profitability and accounted for 13% of revenue. At this level of revenue contribution, 
REO recovery was only profitable when having simultaneous base and precious metal recovery. Recycled REOs could 
only meet between 3.5% and 5.2% of ROW magnet REO demand, or 0.37% to 0.63% global NdFeB magnet demand. 
These estimates suggest that in order to address rare earth criticality with recycling, more exploration into additional 
recycling feedstocks is needed. 
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Appendix B: Main revenue streams from HDD recycling with and without REO recovery 
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Figure S1: Enterprise HDD failure rates 

 

 

Figure S2: Capital costs and unit capital costs for an electro-hydrometallurgical process with and without REO recovery 
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Figure S3: Operating costs and unit operating costs for an electro-hydrometallurgical process with and without REO recovery 

 

Table S1: Weighted average composition of HDD waste stream and recovery rates for base metals, precious metals, and rare 
earths of interest 

Metal weight composition in 
collected 
 HDD waste stream (%) 

Recovery rate without 
 REO recovery (%) 

Recovery rate with 
REO recovery (%) 

Al 54.89 ± 0.21 100 100 
Fe 22.48 ± 0.07 95.07 87.95 
Cu 5.47 ± 0.01 79.47 79.47 
Ni 1.75 ± 0.01 11.89 11.89 
Zn 0.67 ± 0.00 5.04 2.04 
Nd 0.92 ± 0.03 0 95.91 
Pr 0.08 ± 0.00 0 95.61 
Sn 0.12 ± 0.00 94.73 94.73 
Dy 0.12 ± 0.00 0 56.4 
Ag 0.06 ± 0.00 83.93 83.93 
Au 0.002 ± 0.00 96.5 96.5 
Pd 0.002 ± 0.00 60 60 
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Table S2: Mass balance of interested metals based on a feedstock weight of 1000 kg HDDs 
 

HDD Al 
scrap 

Ferro-
magnetic 
fraction 

Milled             
E-waste 

Cu 
scrap 

PM 
enriched     
E-waste 

Ag Pd Au Steel REO 

Cu kg 54.74 0.00 2.74 52.00 40.76 0.00 0.00 0.00 0.00 2.74 0.00 
Sn kg 1.19 0.00 0.06 1.13 1.07 0.00 0.00 0.00 0.00 0.06 0.00 
Pb kg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ni kg 17.50 0.00 0.88 16.63 1.21 0.00 0.00 0.00 0.00 0.87 0.00 
Fe kg 224.82 0.00 213.58 11.24 0.15 0.07 0.00 0.00 0.00 197.58 0.00 
Zn kg 6.66 0.00 0.33 6.33 0.00 0.00 0.00 0.00 0.00 0.13 0.00 
Al kg 548.86 548.86 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ag kg 0.60 0.00 0.00 0.60 0.06 0.54 0.44 0.00 0.00 0.00 0.00 
Au kg 0.02 0.00 0.00 0.02 0.00 0.02 0.00 0.00 0.02 0.00 0.00 
Pd kg 0.02 0.00 0.00 0.02 0.00 0.02 0.00 0.01 0.00 0.00 0.00 
Pr kg 0.79 0.00 0.79 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.72 
Nd kg 9.22 0.00 9.22 0.00 0.00 0.00 0.00 0.00 0.00 2.70 6.15 
Dy kg 1.20 0.00 1.20 0.00 0.00 0.00 0.00 0.00 0.00 0.41 0.26 
Total kg 1000.00 548.86 250.49 200.65 43.26 113.26 0.44 0.01 0.02 228.28 7.14 

 

 


	INL-JOU-17-41436 Cover
	INL-JOU-17-41436
	INL-JOU-17-41436_supporting document

