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Abstract 14 

Value recovery from end-of-life hard disk drives (HDDs) is a promising strategy to promote a circular 15 

economy due to the valuable material content, large availability, and regulated disposal for data security. 16 

However, current business practices are limited to reuse or shredding of HDDs for base metal recovery, 17 

which are not optimal for environmental sustainability. In particular, the neodymium-iron-boron (NdFeB) 18 

magnets, which contain rare earth elements (REEs) that have significant environmental impacts and supply 19 

chain risks, are not recovered. To address this challenge, technologies are emerging to enable REE recovery 20 

from HDDs. This work focuses on comparing novel technologies, including direct reuse of magnet 21 

assemblies, magnet-to-magnet recycling, and recovery of REEs. Life cycle assessment (LCA) was 22 

performed on each recovery pathway to quantify and compare the environmental impacts. Primary data 23 
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were collected from Seagate and other key stakeholders in the HDD value chain. LCA results showed that 24 

reusing HDDs is the most environmentally friendly option, reducing global warming potential by 5~18kg 25 

of CO2 eq. emissions per drive life cycle, when compared to the virgin production and shredding for 26 

aluminum recovery. Reuse of magnet assembly is the next best option (reducing ~1.9 kg of CO2 eq. 27 

emissions), followed by magnet-to-magnet recycling (~1.2 kg of CO2 eq. emissions), and metal recycling 28 

(~0.02 kg of CO2 eq. emissions). Environmental hotspots were also identified, revealing the significant 29 

contribution of intercontinental transportation mode for the reverse logistics. Future research is suggested 30 

on optimizing the reverse supply chain to reduce the environmental footprint of HDD value recovery.  31 

Keywords: hard disk drive, value recovery, circular economy, rare earth element, rare earth magnet, life 32 

cycle assessment. 33 

1. Introduction  34 

Hard disk drives (HDDs) contain precious metals, such as gold and silver, as well as rare earth elements 35 

(REEs) that are critical to clean energy and defense products (Chu, S., 2011; Eggert et al., 2016; Jin et al., 36 

2016). HDD value recovery is proposed to be the most feasible pathway for recycling REEs including 37 

neodymium (Sprecher et al., 2014a). HDDs are a good candidate for value recovery due to high availability 38 

(e.g., a billion units of end-of-life (EOL) HDDs generated globally in a year (Sabbaghi et al., 2018)), 39 

regulated disposal in the U.S. for data security reasons (BakerHostetler, 2018), and fairly constant form 40 

factors of 2.5” and 3.5” that favor reuse and recycling (iNEMI, 2017). Currently, the United States relies 41 

on 100% importation of high-purity rare earth metals (USGS, 2018) and generates the largest share of 42 

global used HDDs (i.e., 16.9%) (Sabbaghi et al., 2018). The collection rate from data centers is high (90-43 

95%) (Nguyen et al., 2017; Sprecher et al., 2014a) compared to residential sources (26%) (iNEMI, 2017). 44 

Therefore, this work focuses on EOL collection of enterprise HDDs in the United States.  45 

HDD value recovery options are constrained by the drive condition (e.g., product or technology 46 

obsolescence, quality degradation, and hardware or software failure), thus a variety of feasible recovery 47 
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pathways were examined, as shown in Figure 1. New technologies have been emerging that expand the 48 

current business practices of limited reuse and massive shredding of entire HDDs (Habib et al., 2015; Rana 49 

and Brandt, 2016). These pathways include direct reuse of magnet assemblies (MAs) which was 50 

demonstrated for six HDDs (iNEMI, 2018), magnet-to-magnet recycling being commercialized at Urban 51 

Mining Company (UMC, 2019), and hydrometallurgical, pyrometallurgical, and electrochemical recovery 52 

of precious metals, base metals, and REEs that are being developed at lab scales for inclusion of REEs in 53 

the metal recovery process (Diaz and Lister, 2018; Lister et al., 2016). In addition to the development of 54 

these novel technologies, the existing HDD reuse ratio could be improved by relaxing stringent company 55 

policies of shredding fully functional HDDs for data security reasons (Neil Peters-Michaud, 2017).  56 

Figure 1.  Enterprise HDD recovery options with recovered values shown in US dollars in parenthesis 57 
(iNEMI, 2019) 58 

Adverse environmental impacts from mining and processing of bastnäsite, monazite, or ion adsorption 59 

clays to produce REEs are well documented (Navarro and Zhao, 2014; Sprecher et al., 2014b; Vahidi et al., 60 

2016). These impacts are especially concerning because it is estimated that 30% of global REEs are mined 61 

illegally (Packey and Kingsnorth, 2016), resulting in disastrous consequences for the environment and 62 

public health. HDD value recovery options targeting circular strategies to close material loops are a 63 

promising alternative, but may also have associated negative environmental impacts. Value recovery 64 

requires transportation, mechanical and/or chemical treatments that create environmental burden. For 65 

example, rare earth oxides recovered from EOL HDDs in the U.S. need to be sent to Asia, as there is no 66 
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downstream processing facilities in the U.S., increasing the transportation related impacts. Such additional 67 

impacts are more apparent if we shift from HDD reuse to shredding through which the embedded energy 68 

and functions are lost, and more resource inputs are required to recover less value (Figure 1). The 69 

expectation of environmental impact reduction from circular strategies underlying these value recovery 70 

options must be examined at a systems level to avoid burden shifts, or at least identify and acknowledge 71 

trade-offs. For this purpose, life cycle assessment (LCA) was conducted to quantify and compare the 72 

environmental impacts from the value recovery options with those created by current HDD production and 73 

EOL practices, namely shredding for base metal recovery. The LCA results may also help remove two 74 

major barriers to implementation of a circular economy: lack of awareness of the environmental benefits 75 

and hesitant company culture to implement new recovery pathways (Kirchherr et al., 2017).  76 

The existing LCA literature focuses on various value recovery options for WEEE (Waste Electrical and 77 

Electronic Equipment) such as cellphones, computers, and monitors, but does not examine pathways for 78 

enterprise HDD recovery, considering the supply chain feasibility. For example, (Jin et al., 2018) 79 

demonstrated the environmental benefits of NdFeB magnet-to-magnet recycling over virgin production for 80 

electric vehicle motors. However, the comparison was based on 1kg of magnets than per feedstock 81 

availability (e.g., magnets from one HDD may not be recycled to satisfy 100% of magnet demand for 82 

another HDD due to material losses), and the system boundary ended at the gate of the recycling plant 83 

without considering the next steps for closing the material loop. (Lu et al., 2014) showed the environmental 84 

benefits of reusing mobile phone components (e.g., integrated circuits and cameras) over material recycling. 85 

However, the LCA data (e.g., unit processes), data sources, and allocation methods were not disclosed, 86 

which makes it challenging for others to repeat the analysis and validate the results. (Zink et al., 2014) 87 

compared the environmental impacts of refurbishing smartphones with those of repurposing into parking 88 

meters. As the LCA results relied on an LCA report from 2005 (Singhal, 2005) to estimate the primary 89 

impacts of an old Nokia phone, the primary impacts might have been underestimated for new smartphones, 90 

and the impact categories were limited to five that were considered in the LCA report. (Sahni et al., 2010) 91 
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evaluated the energy savings from reusing personal computer devices over purchasing new ones and found 92 

that the energy savings could be negative in certain scenarios due to improved energy efficiencies of new 93 

devices (e.g., reusing a 2005 desktop with CRT monitor was worse than purchasing a new Energy Star 94 

certified laptop of 2009). Again, the unit processes were not disclosed, and data were collected from various 95 

secondary sources. (Yung et al., 2011) conducted LCA for eco-design of electronics using primary data 96 

sourced from a company (e.g., bill of materials); however, no life cycle data was disclosed, and only 97 

disassembly and landfill were considered as the end-of-life treatment. (Barba-Gutiérrez et al., 2008) showed 98 

that under certain circumstances (e.g., 500km of transportation distance for EOL collection), the 99 

environmental impact of recycling WEEE (i.e., washing machines, refrigerators, TV sets, and personal 100 

computers) could be higher than the impact of landfill. Again, the unit process data were not disclosed as 101 

well as the allocation methods (e.g., how environmental credits, if any, were assigned to the collected or 102 

recycled WEEE) that would have significant impact on the LCA results. (Hong et al., 2015) conducted 103 

LCA on e-waste recycling with waste disposal (i.e., incineration and sanitary landfill) and without disposal 104 

(i.e., open dumping) in China and found that the common environmental hotspot was electricity 105 

consumption (i.e., 145.45 kWh per ton of e-waste). However, the quality of recovered materials (i.e., 106 

plastics, glass, and metals) were not discussed, and the associated environmental benefits were excluded in 107 

LCA. (Xue et al., 2015) quantified the environmental impacts of recycling printed wiring boards (PWBs) 108 

in China and found that metal leaching was the most critical process followed by power source, 109 

transportation mode and distance for waste collection. However, the study relied on LCA data from multiple 110 

secondary sources (e.g., elemental composition of PWB from (Park and Fray, 2009) and leaching 111 

efficiencies from (Chehade et al., 2012)). As such, lack of primary data, disclosure of unit processes and 112 

allocation methods, and inclusion of environmental benefits from recovered products/components/materials 113 

are critical issues with the existing literature, and our study aims to address these limitations for LCA of 114 

HDD value recovery.  115 

2. Methods 116 
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2.1. Goals, Scope, and LCA Impact Methods 117 

The goals of this study are to 1) compare different value recovery options for HDDs and 2) identify 118 

environmental hotspots or improvement opportunities for the investigated value recovery pathways. An 119 

attributional LCA was conducted to quantify the environmental impacts of four value recovery options for 120 

HDDs in comparison with a baseline scenario of virgin production and shredding of HDDs for aluminum 121 

recovery, which represent the current HDD production and EOL practices. The results helped verify which 122 

options are more environmentally friendly. Further, we aimed to identify the environmental hotspots of 123 

recovery pathways so that future efforts can focus on key levers that can significantly improve the overall 124 

environmental performance of the HDD value recovery and help make better decisions in adopting circular 125 

strategies that enhance the environmental sustainability of products and services in the value chain of HDDs.  126 

The functional unit is a Seagate HDD model number ST6000NM0044 (an enterprise drive with 6TB 127 

capacity) in operation for 5 years. The system boundary of this work covers HDD production and EOL 128 

processes and excludes the use phase (Figures 2-6), assuming homogenous use phase performance between 129 

new and recovered HDDs. Both the first life and second life of HDDs, components, and materials are 130 

included in the system boundary to avoid splitting the impacts between the two life cycle stages and clearly 131 

show the impacts of reuse and recycling, aligning our analysis with circular economy principles (Laurin, 132 

2019). Due to different functions and lifetimes associated with the analyzed recovery pathways, the first 133 

and second life impacts were normalized into one equivalent life cycle impact (i.e., (first life impacts + 134 

second life impacts) / total life cycles) so that direct comparison between recovery pathways is feasible 135 

(more details in Section 2.3).  136 

The environmental impacts were classified and characterized using US EPA TRACI 2.1 impact 137 

assessment methodology framework (Tool for Reduction and Assessment of Chemicals and Other 138 

Environmental Impacts) (Bare, 2011).  139 

2.2. Life Cycle Inventory 140 

2.2.1. Data collection 141 
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Primary data were collected from an HDD manufacturer (Seagate), after-market service provider (Teleplan), 142 

REE magnet recycler (Urban Mining), asset management companies (Geodis and Cascade Asset 143 

Management) and a research institute (Idaho National Laboratory). This LCA study also used data 144 

published in the literature (Arshi et al., 2018; Diaz et al., 2016; Jin et al., 2018; Li et al., 2019; Nguyen et 145 

al., 2017; WSP, 2016). The LCA model underlying a third-party verified LCA of a 6TB Seagate enterprise 146 

HDD model number ST6000NM0044 was adapted (WSP, 2016) to model the production phase of a new 147 

HDD, with updates for REE and magnet production, transportation, energy consumption, and EOL 148 

treatments.  149 

The technologies and business infrastructure for HDD production, shredding, and reuse are more 150 

mature than the emerging ones (i.e., MA reuse, magnet-to-magnet recycling, and metal recycling including 151 

REEs), which may evolve over time. The relevant assumptions and unit processes are included in the 152 

Supporting Information Tables A.0-A.8. Infrastructure related data (e.g., facility and equipment) was not 153 

included due to lack of information and their minimal contribution to the overall environmental impact 154 

(Hong et al., 2015). Ecoinvent 3.4 database (Wernet et al., 2016) was primarily used for modeling the unit 155 

processes, and US-EI 2.2 database (LTS, 2018) and GaBi Extension database XI: Electronics (Thinkstep, 156 

2019) were also used to augment the data. 157 

2.2.2. Option 1: HDD shredding with aluminum recovery 158 

Figure 2 shows the process flows for option 1 (business as usual: HDD shredding with aluminum recovery). 159 

HDDs are first manufactured in Thailand (TH), air transported to the U.S., and used until reaching EOL. 160 

For option 1, we collected primary data on electricity consumed by data wiping equipment and operations 161 

at Cascade Asset Management, leading to an estimate of 0.17kWh per HDD. We also collected primary 162 

data on electricity consumed by HDD shredders, conveyors, and dust collection at Geodis, a company 163 

responsible for data wiping and recycling of hard drives on a worldwide basis. The annual electricity 164 

consumption of those equipment was divided by the total number of HDDs shredded, resulting in an average 165 

energy consumption of 0.01kWh per HDD.  166 
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The baseline EOL option is to shred the entire HDD and sell at the commodity rate of mixed aluminum. 167 

As the mixed aluminum has a low quality and can be reprocessed for a variety of applications not limited 168 

to HDD, the environmental impact of aluminum recovery was modeled as open loop recycling, avoided 169 

burden approach, using the unit process of “Aluminum scrap, old, at plant/US- US-EI U” from the US-EI 170 

2.2 database to estimate the environmental credits of mixed aluminum acquired from HDD shredding. More 171 

discussions on this allocation assumption are included in Section 2.3. The associated life cycle impacts, 172 

considering the aluminum recovery benefit, formed the baseline for comparison with other recovery options. 173 

174 
Figure 2. Process flow diagram for the baseline option (i.e., shredding EOL HDD for mixed aluminum). 175 
Dashed box represents the process (i.e., HDD use phase) excluded in this LCA. 176 

2.2.3. Option 2: HDD reuse 177 

Option 2 modeled the reuse of a Seagate HDD model number ST6000NM0044 sourced from a datacenter 178 

and compared the LCA results against the baseline scenario described in section 2.2.2. One of the major 179 

hurdles to HDD reuse is the perceived risk with regard to data security. Data wiping, using the latest 180 

technology, is an effective method to completely wipe HDDs of data (Neil Peters-Michaud, 2017). However, 181 

many companies still have policies in place that require all HDDs to be shredded (Handwerker et al., 2018). 182 

Awareness and quantification of the environmental benefits of reuse may provide incentive for companies 183 

that are contemplating a change in their HDD EOL policy.  184 

Figure 3 compares the process flows of option 1 (business as usual) and option 2 (HDD reuse). HDD 185 

reuse displaces the need for new HDD production and EOL disposition but to a degree less than a full HDD, 186 

as the second life is often shorter than the first life. HDD failure rate tends to increase by the years of 187 

operation, but the majority of HDDs are still functional beyond the manufacturer warranty (Schroeder and 188 

Gibson, 2007)(Pinheiro et al., 2007)(Backblaze, 2019). However, in practice, many data centers replace 189 

perfectly functional HDDs (e.g., 3-5 years old) with higher capacity HDDs to increase data center capacity 190 
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without increasing facility size (iNEMI, 2019). Therefore, in this study, it is assumed that the first life is 5 191 

years (same as the HDD manufacturer’s warranty) and the second life is 6 months (same as the warranty 192 

period of a white label drive, which is an HDD with the manufacturer’s label replaced with no manufacturer 193 

listed (iNEMI, 2019)). Therefore, the extended lifetime is 10% of a new HDD life (0.5 years/5 years), 194 

resulting in environmental savings over the baseline, which will be quantified in Section 3. Some HDDs 195 

may be reused longer than 6 months, so an alternative scenario of reusing for 2 years is also investigated in 196 

Section 3. After the second life, the drive is wiped, shredded, and sent for aluminum recovery, similar to 197 

option 1. The transportation distance used in the model was 100 km based on the assumption that HDDs 198 

are wiped and reused within the same data center or in a nearby facility.  199 

Figure 3. Process flow diagrams for business as usual (option 1) vs. one-time reuse of HDD (option 2). 200 
Since value recovery replaces some virgin production needs, the second lives of options 1 and 2 were 201 
added to clarify the differences between the two options, which are highlighted in dark blue. For example, 202 
10% of the second HDD life of option 1 is highlighted in dark blue as well as 100% of data wiping & 203 
transportation of option 2, meaning that by wiping data (and transporting HDD for data wiping), we 204 
eliminate 10% of the need for new HDD production and shredding. 205 

2.2.4. Option 3: Direct reuse of magnet assembly 206 

The magnet assembly (MA) is comprised of two sintered NdFeB magnets, which are used to control the 207 

movement of the head stack, enabling drive read-write functionality. The MA was identified as a good 208 

candidate for reuse due to its high resistance to failure, the high value of the REE magnets, and the 209 
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technological feasibility of MA recovery, which is well demonstrated in the HDD industry (iNEMI, 2018). 210 

However, it is important to note that MA reuse must occur within the same or very similar drive family. 211 

Thus, the MA recovered from a post-consumer Seagate HDD (model number ST6000NM0044) must be 212 

processed for use in another in-production Seagate HDD model ST6000NM0044 or similarly designed 213 

drive. 214 

Figure 4 compares the process flows of option 1 (business as usual) and option 3 (direct reuse of MA). 215 

In this scenario, after the assumed service life of 5 years in a data center, drives are collected, data wiped 216 

locally, and sent to a facility of an after-market service provider (Teleplan) located in Malaysia (MY). This 217 

intercontinental transportation is due to the current supply chain constraints (i.e., no supporting 218 

infrastructure in the U.S. for direct reuse of MA). Maritime transportation was assumed as the baseline and 219 

air transportation was also considered as an alternative. HDDs are then sorted by drive type and tested for 220 

functionality, and those which are not suitable for direct reuse, may be candidates for MA recovery. 221 

Liberation of MAs from the HDD involves a robotic arm unscrewing and removing the top cover, extraction 222 

of the MA, and placement of the MA in specialty trays, in a Class 100 cleanroom environment. The trays 223 

are then shipped via truck to an HDD manufacturing facility in Thailand (TH). Upon receipt of the trays, 224 

the magnets must be CO2 cleaned in a Class 100 cleanroom environment to ensure complete removal of 225 

debris, and then the MA trays can be fed directly into the drive production line. Seagate provided primary 226 

data on electricity consumption, CO2 use, and on-site emissions of the entire process. 227 



11 
 

Figure 4. Process flow diagram for business as usual (option 1) vs. one-time reuse of MA (option 3). 228 
Since value recovery replaces some virgin production needs, the second lives of options 1 and 3 were 229 
added to show the differences between the two options, which are highlighted in dark blue. 230 

2.2.5. Option 4: Magnet-to-magnet recycling 231 

The magnet-to-magnet recycling (M2M®) technology was developed by Urban Mining Company and 232 

explained in detail in other literature (Jin et al., 2018; Zakotnik and Tudor, 2015, 2014). Figure 5 compares 233 

the process flows of option 1 (business as usual) and option 4 (magnet-to-magnet recycling). In this scenario, 234 

HDDs are collected from California and transported to Texas by truck. The recycling process begins with 235 

mechanically removing the corner of the drive containing the NdFeB magnet assembly. This is currently 236 

practiced by a single cut across the correct corner of each HDD to acquire the sintered NdFeB assembly 237 

(Zakotnik et al., 2016). The rest of the materials (i.e., non-magnet materials) are shredded for aluminum 238 

recycling, similar to option 1. Once sintered EOL Nd-Fe-B magnets are extracted, they are demagnetized 239 

by heating them above their Curie temperature (~380ºC, depending on the specific composition). Then, the 240 
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magnet surface is cleaned to remove any corrosion-preventing coating, and the powder metallurgical 241 

processing is applied.  242 

One of the biggest differences between M2M® production and conventional magnet manufacture is 243 

that conventional magnet manufacture includes the additional stage of strip-casting. The strip-casting 244 

process involves melting pure raw materials obtained from mining (e.g., electrolytic iron, ferroboron, REEs, 245 

and other transitional (T) metals) to form RE2Fe14TB (Knoch et al., 1994) and related compounds. These 246 

alloys are only formed upon rapid cooling from a temperature of ∼1470 °C by pouring the molten Nd-Fe-247 

B onto a water-cooled, rotating copper wheel to produce strip-cast flakes. M2M® production skips this 248 

energy intensive processing step of strip-casting as the EOL material, which is used as feedstock material 249 

for M2M® is already alloyed and contains the Nd2Fe14B1 crystal structure. Once strip-cast flakes are 250 

produced (for the conventional magnet manufacture) or if EOL material is harvested for the M2M®  process, 251 

subsequent powder metallurgical stages are largely the same, irrespective of whether the starting material 252 

comes from recovered EOL products or from virgin strip-cast material. The key stages in magnet 253 

manufacture includes hydrogen mixing, where the strip-cast flakes or cleaned EOL magnets are exposed to 254 

hydrogen at room temperature, allowing the hydrogen molecules to disassociate on the surface of the 255 

materials, after which the hydrogen diffuses rapidly into the bulk. During this stage, for the M2M® process, 256 

additional material can be introduced to alter the overall chemical composition and distribute compounds 257 

that can enhance the magnetic properties including a complete recovery of remanence, coercivity, and 258 

energy product with respect to the starting magnets (Zakotnik et al., 2015; Zakotnik and Tudor, 2015). To 259 

produce magnetic powder that is suitable for consolidating into a pressed block, a fine powder (~3–5 260 

microns) with a controlled particle size distribution is produced by jet milling. The fine jet milled powder 261 

is subsequently pressed into a block within an alignment press and further densified by cold isostatic 262 

pressing before sintering the consolidated powder to full density by heat treatment. The sintering operation 263 

requires heating the previously pressed block under vacuum to enable diffusion to occur within the pressed 264 

particles and produce a fully dense metal block. After this sintering process, the block is heat treated, 265 
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resulting in subtle changes to the microstructure, which can improve the magnetic properties. Finally, the 266 

block is machined to the required geometry, and a corrosion-protection coating is applied, in accordance 267 

with the customer’s requirements.  268 

The overall energy and potential environmental impact is significantly lower for the M2M® process 269 

than virgin magnet production, since the bulk of the feedstock material consists of EOL magnets that are 270 

already in their metallic state, hence, no metal mining or ore refining is required (Zakotnik et al., 2016). 271 

The material loss is highly dependent on the block size and magnet shape, ranging from 6% to 73% (Arshi 272 

et al., 2018; Marx et al., 2018; Ormerod, 2018). For this LCA, we assumed an overall material loss of 40% 273 

as the baseline and explored two extreme scenarios (i.e., 6% and 73%) in section 3.1. In order for the 274 

magnets to be assembled back into new HDDs, the magnets need to be transported first to Malaysia for 275 

placement into a MA and then to Thailand for HDD assembly. This assumption is similar to the case of 276 

MA reuse, although only recovered magnets are transported rather than the entire HDD. Figure 5 shows the 277 

process diagram, comparing M2M with option 1.  278 
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Figure 5. Process flow diagrams for business as usual (option 1) vs. magnet-to-magnet recycling (option 279 
4). Since value recovery replaces some virgin production needs, the second lives of options 1 and 4 were 280 
added to show the differences between the two options, which are highlighted in dark blue. 281 

2.2.6. Option 5: Base metals, precious metals, and rare earth oxide recovery 282 

Precious metals (e.g., gold and silver), base metals (e.g., iron and copper), and rare earth elements (e.g., 283 

neodymium and dysprosium) can be recovered from shredded HDDs through hydrometallurgical, 284 

pyrometallurgical, and electrochemical recovery. Hydrometallurgical methods are generally applicable to 285 

all types of magnet compositions and non-oxidized and oxidized alloys (Binnemans et al., 2013). 286 

Nevertheless, this method consumes a large amount of chemicals and generate a large amount of wastewater 287 

(Binnemans et al., 2013). Pyrometallurgical methods require fewer processing steps than 288 

hydrometallurgical methods and generate no waste water (Binnemans et al., 2013). However, these methods 289 

require a large amount of energy and may generate a large amount of solid waste (Binnemans et al., 2013). 290 

Electrochemical recovery enjoys lower chemical consumption, enhanced control, and reduced energy 291 
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demand in comparison with pyrometallurgical and hydrometallurgical methods (Li et al., 2019).  292 

Figure 6 compares the process flows of option 1 (business as usual) and option 5 (metal recycling). In 293 

this scenario, the recovered precious metals and base metals have immediate market demand within the 294 

U.S. due to the well-established supply chain that enables their further processing. Therefore, these metals 295 

were assumed to be sold within the U.S., and the environmental credits were modeled as open loop recycling, 296 

using an avoided burden approach (see Supporting Information Tables A.6.4, A.7.4, and A.8.4 for the unit 297 

processes and Section 2.3 for more discussions). However, neodymium oxide and dysprosium oxide 298 

recovered from HDDs are different because their downstream processes (e.g. separation and metal 299 

production) are predominantly located in Asia (Eggert et al., 2016). Therefore, recovered REEs were 300 

assumed to be sent to Japan, which is the second largest NdFeB magnet producing country (Yang et al., 301 

2016), and where the REEs are processed into NdFeB magnets for HDDs.  302 

Figure 6. Process flow diagrams for business as usual (option 1) vs. metal recycling (option 5). Since 303 
value recovery replaces some virgin production needs, the second lives of options 1 and 5 were added to 304 
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show the differences between the two options, which are highlighted in dark blue. 305 

2.3. Allocation methods 306 

For allocation of environmental impacts associated with value recovery, two methods were used: closed 307 

loop recycling and end-of-life recycling, also known as avoided burden. Closed loop recycling was applied 308 

when the recovered products, components, and materials are reused within the HDD supply chain. 309 

Therefore, the LCA does not require allocation because no processes are shared with other product systems, 310 

thus, eliminating the uncertainty associated with allocation (National Council for Air and Stream 311 

Improvement Inc. (NCASI), 2012). This was the case for HDD reuse (option 2), reuse of MAs (option 3), 312 

magnet recycling (option 4), and REE recycling (option 5).  313 

In the case of open-loop recycling, the recovered materials such as mixed aluminum from options 1-4 314 

and non-REE metals from option 5 were assumed to be used for applications other than HDD to avoid 315 

sending them back to Asia. In this case, the avoided burden approach was used to quantify the 316 

environmental credits from value recovery that would substitute material production by other means. For 317 

example, the unit process of “Aluminum scrap, old, at plant/US- US-EI U” from the US-EI 2.2 database 318 

was used to estimate the environmental impacts avoided by acquiring mixed aluminum from HDD 319 

shredding. The aluminum content in the shredded materials of option 3 was 6% less than the other options 320 

due to reusing MAs that contain aluminum. The influence of REE content in the mixed aluminum scrap 321 

was ignored because REEs are currently not recycled from shredded materials of HDDs in the U.S. and 322 

thus have no value (or environmental credit) to the aluminum recycler. Other unit processes for avoided 323 

burden used in our LCA model are summarized in Supporting Information Tables A.6.4, A.7.4, and A.8.4. 324 

The unit processes were chosen from literature (Li et al., 2019) that sourced original data from lab 325 

experiments, and the metal weights were updated according to our functional unit. As pyrometallurgical 326 

process requires a high capital investment, a black copper smelting process was assumed so that e-waste 327 

and copper scrap were co-fed into the process to recover high-purity copper, precious metals, and REEs 328 

(Diaz and Lister, 2018; Li et al., 2019).  329 
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Admittedly, it is extremely challenging to assess the EOL recycling impacts in open-loop recycling 330 

(Liu and Müller, 2012). Avoided burden is recommended for aluminum products as well as other metal 331 

recycling due to its inclusion of recycling rate and the ability to account for down-cycling and recycling 332 

efficiencies (Aluminum Association, 2013)(Santero and Hendry, 2016).  333 

As different recovery options extend the useful lives of intact HDDs, HDD components, and HDD 334 

constituent materials to different extents, the environmental impacts of each recovery pathway were 335 

normalized into one equivalent HDD life cycle so that they could be easily compared. For example, reusing 336 

an HDD extends the useful life by 10%, while the second life of a MA is equivalent to the first life. 337 

Therefore, the two life cycle impacts of option 2 (shown in Figure 3) were divided by 1.1, while those of 338 

options 3-5 (Figures 4-6) were divided by 2 to obtain one equivalent life cycle impact. Equation (1) 339 

summarizes the normalization process in mathematical form.  340 

One life cycle impact of each recovery option excluding the use-phase =  341 

𝑁𝑁𝑁𝑁𝑁𝑁 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑝𝑝𝑖𝑖𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝𝑖𝑖 +𝑅𝑅𝑁𝑁𝑝𝑝𝑝𝑝𝑅𝑅𝑁𝑁𝑝𝑝𝑅𝑅 𝑝𝑝𝑖𝑖𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝𝑖𝑖 −𝐴𝐴𝑅𝑅𝑝𝑝𝑝𝑝𝑝𝑝𝑁𝑁𝑝𝑝 𝑏𝑏𝑝𝑝𝑝𝑝𝑝𝑝𝑁𝑁𝑝𝑝 + 𝑝𝑝𝑝𝑝ℎ𝑁𝑁𝑝𝑝 𝐸𝐸𝐸𝐸𝐸𝐸 𝑝𝑝𝑖𝑖𝑝𝑝𝑖𝑖𝑝𝑝𝑝𝑝𝑖𝑖   
1+ 𝐸𝐸𝐸𝐸𝑝𝑝𝑁𝑁𝑝𝑝𝑝𝑝𝑁𝑁𝑝𝑝 𝑙𝑙𝑝𝑝𝑙𝑙𝑁𝑁 𝑝𝑝ℎ𝑝𝑝𝑝𝑝𝑝𝑝𝑟𝑟ℎ 𝑝𝑝𝑁𝑁𝑝𝑝𝑝𝑝𝑅𝑅𝑁𝑁𝑝𝑝𝑅𝑅

  (1) 342 

3. Results  343 

Figure 7 shows the contribution of each HDD life cycle stage for option 1 (business as usual). HDD 344 

production has the highest impacts (contributing 58-100% of the total life cycle impacts), followed by HDD 345 

distribution by air, EOL impacts (i.e., data wiping, regional transportation (~100km), and shredding), and 346 

mixed aluminum credit, listed in the order of decreasing impacts. The specific values of the impacts are 347 
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shown in the Supporting Information Table A.3.3. Notably, the environmental credit from mixed aluminum 348 

scrap is minimal, contributing -0.1~-0.4% of the overall environmental impact. 349 

Figure 7. Environmental impact contribution per HDD life cycle stage of option 1. 350 

The net environmental benefits of value recovery options 2-5 were calculated by subtracting the impacts 351 

from the baseline impacts (option 1).  Figure 8 shows that the avoided global warming potential (GWP) 352 

decreases by transitioning from reuse to recycling, as more greenhouse gas emissions are generated from 353 

breaking down HDDs and the components to the material level. The large environmental benefit of HDD 354 

reuse can be inferred from Figure 7. HDD reuse only adds a data wiping procedure but replaces 10% of 355 

new HDD production (Figure 3), where HDD production has much higher environmental impacts than data 356 

wiping. Notably, the GWP of metal recycling using the hydrometallurgical process (option 5) is slightly 357 

higher than that of the baseline, indicating that this particular recovery method is not effective in reducing 358 

global warming compared to the current baseline scenario, similar to the results of (Werner et al., 2017). 359 

The differences between hydrometallurgical, pyrometallurgical, and electrochemical recovery are small due 360 

to the high material losses from value recovery (e.g., 73% of mixed rare earth oxides (REOs) recovered 361 

from an HDD, and 40% of REEs lost from HDD magnet production as shown in the Supporting Information 362 

Table A.1.). With such large material losses, REEs recovered from an HDD cannot satisfy the requirements 363 
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of a new HDD magnet, and thus virgin REEs are added, reducing the comparative environmental benefit 364 

of metal recycling.  365 

  Figure 8. Avoided GWP of value recovery pathways compared with the baseline (option 1) for one HDD 366 

life cycle (5 years). M2M stands for magnet-to-magnet recycling, Hydro stands for hydrometallurgical 367 

process, Pyro stands for pyrometallurgical process, and ER stands for electrochemical recovery.   368 

Table 1 ranks the environmental benefits of value recovery pathways compared to the baseline for all 369 

ten impact categories of TRACI. The overall trend of decreasing benefit by moving from reuse to recycling 370 

is valid for most of the impact categories with the exceptions of eutrophication, carcinogenics, non-371 

carcinogenics and ecotoxicity of pyrometallurgical process that show the highest benefits among the 372 

recovery options. The reason is because the pyrometallurgical process was assumed to take place in a black 373 

copper smelting process, where high purity copper is co-produced by adding copper scrap into the initial 374 

feedstock (Li et al., 2019). The assumption is due to a distinctive requirement of the pyrometallurgical 375 

process which needs a large scale operation (not sufficient with HDD alone) to satisfy emission regulations 376 

and to become profitable (Diaz and Lister, 2018). If the copper credit was removed, the pyrometallurgical 377 

process became the most inferior method for eutrophication, non-carcinogenics and ecotoxicity impacts 378 

among the three metal recycling options. For some impact categories, option 5 has even higher impacts 379 
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than option 1 (e.g., global warming potential of hydrometallurgical process). It should be noted that REE 380 

recovery from option 5 is at an early stage of technology development and thus, the LCA results may 381 

improve in the future from process optimization. 382 

Table 1. Environmental benefits of each recovery option compared to the baseline (option 1) for all ten 383 
impact categories of TRACI for one HDD life cycle (5 years). The benefits are ranked with color: dark 384 
green indicates the most environmentally friendly option, followed by light green, yellow, light orange, 385 
dark orange, and red.  386 

 387 

For HDD reuse (option 2), the extended lifetime of HDD plays a key role in determining the magnitude 388 

of environmental benefits. Although our baseline assumption is reusing an HDD for 6 months, some HDDs 389 

can be reused for up-to 2 years. In this case, the HDD life is extended by 40% (i.e., 2 years / 5 years) as 390 

opposed to the base case of 10% (i.e., 6 months / 5 years). The resulting environmental benefits, in terms 391 

of avoided GWP, in comparison with option 1 are shown in Figure 9(a). This benefit is calculated with data 392 

from supporting information Table A.3.5.: For example, avoided GWP from reusing HDD for 6 month is 393 

5.5 kg CO2 eq., whereas the impact of option 1 is 62 kg CO2 eq., so the ratio is 9% (i.e., 5.5/62). Option 2 394 

impacts, whose specific values are shown in the Supporting Information Table A.3.5, are the same 395 

regardless of the second lifespan of HDDs. The net environmental benefits, which are the differences 396 

between option 1 and option 2, however, are affected by the extended HDD lifetime (i.e., 10% vs. 40%). 397 

The longer the second life of an HDD, the higher environmental benefits are achieved through reusing it.  398 

 399 

 400 

Impact category Unit HDD reuse MA reuse M2M Hydro Pyro ER
Ozone depletion kg CFC-11 eq 3.7E-07 2.7E-07 1.1E-07 -4.2E-08 3.2E-07 -1.7E-08
Global warming kg CO2 eq 5.5 1.9 0.7 -0.30 0.02 0.01
Smog kg O3 eq 3.9E-01 1.7E-01 7.9E-02 8.5E-03 9.2E-02 2.4E-02
Acidification kg SO2 eq 4.6E-02 5.5E-02 3.1E-02 9.4E-03 3.4E-02 1.4E-02
Eutrophication kg N eq 1.2E-02 2.2E-02 1.2E-02 6.7E-03 4.3E-02 7.7E-03
Carcinogenics CTUh 3.1E-07 1.8E-07 3.4E-08 -4.0E-08 3.5E-07 2.4E-08
Non carcinogenics CTUh 1.4E-06 4.5E-07 1.6E-07 6.9E-07 9.7E-06 7.6E-07
Respiratory effects kg PM2.5 eq 5.2E-03 5.2E-03 2.7E-03 -3.6E-05 2.7E-03 5.0E-04
Ecotoxicity CTUe 3.2E+01 1.0E+01 2.3E+00 1.4E+01 2.1E+02 1.7E+01
Fossil fuel depletion MJ surplus 5.9E+00 2.4E+00 8.9E-01 -3.7E-01 6.0E-01 1.0E-01



21 
 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 
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 411 

 412 

 413 

 414 

Figure 9. Avoided GWP from option 2 (Figure (a)), option 3 (Figure (b)), and options 4-5 (Figure (c)) 415 
compared to option 1 for one HDD life cycle (5 years) under different scenarios 416 

For MA reuse (option 3), the environmental hotspots are transportation and electricity (Figure 10). In 417 

particular, major variability in the environmental impacts arises from the intercontinental transportation 418 

mode. Among the two options of sea and air transportation, the latter suffers from higher cost and 419 

environmental impacts, though benefiting from faster and more reliable delivery. Figure 9 (b) shows that 420 

air transportation negates the environmental benefits from MA reuse because the transportation impacts 421 

outweigh the displaced virgin MA production impacts. Therefore, ocean transportation was set as the base 422 

(a) Avoided global warming potential due to HDD reuse 
(option 2) with different reuse durations compared to 
option 1 impact for one HDD life cycle (5 years). The 
specific impact values are shown in Supporting 
Information Table A.3.6. 
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case, which has only ~10% of virgin MA production impacts for all ten impact categories of TRACI 423 

(Supporting Information Table A.4.12). The recovery operations such as automated HDD disassembly, CO2 424 

cleaning of MA, and transportation of MA from Malaysia to Thailand for assembly into HDD have minor 425 

environmental impacts compared to virgin MA production (~4%) (Supporting Information Table A.4.12).  426 

Figure 10. Life cycle impact contributions of major inputs and emissions for reusing magnet assemblies 427 
from one HDD. Electricity is for disassembly of HDD and CO2 cleaning of MAs. 428 

For magnet-to-magnet recycling (option 4), material loss during magnet production plays a key role in 429 

determining the environmental impacts because REEs are the single most impactful input for virgin magnet 430 

production that are avoided by magnet-to-magnet recycling (see Supporting Information Table A.5.3.). As 431 

mentioned in Section 2.2.5, material loss is highly variable (6-73%) depending on the block size and magnet 432 

shape. It is worth noting that there are common processes between virgin production and magnet-to-magnet 433 

recycling, and majority of the material loss attributes to the common processes of grinding and slicing the 434 

magnets. Therefore, if more materials are lost during virgin magnet production, then more virgin materials 435 

are required per HDD life cycle; similarly, if more materials are lost during magnet-to-magnet recycling, 436 

then more virgin magnets are required to compensate the limited supply of EOL magnets (see Tables A.5). 437 

On the other hand, the distinctive processes of magnet-to-magnet recycling have lower environmental 438 

impacts than new production (Jin et al., 2018) (e.g., EOL HDD collection, magnet harvesting, de-coating, 439 

and grain boundary modifier alloy melting vs. strip casting for new magnet production using all virgin 440 

materials). Overall, the environmental benefits from magnet-to-magnet recycling compared to the baseline 441 
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(option 1) are higher for the case of a lower material loss, as more recycled materials are utilized. Figure 442 

9(c) shows the lower bound and upper bound benefits of magnet-to-magnet recycling when material losses 443 

are 73% and 6%, respectively.  444 

For recycling of base metals, precious metals, and REEs (option 5), REE recovery route is distinct from 445 

the other metal recovery route after pretreatments of shredding and magnetic separation for iron and non-446 

iron contents, where REE is recovered from the iron-containing waste stream (Diaz and Lister, 2018; Lister 447 

et al., 2016). Therefore, a lower bound scenario is created to recover only base metals and precious metals, 448 

which is more commonly practiced due to early-stage development of REE recovery technology, as 449 

opposed to the baseline where REEs are also recovered. Figure 9(c) shows the lower bound (i.e., REEs not 450 

recovered) and upper bound (i.e., all five metals recovered) benefits of each recycling method. 451 

The most impactful input flows of option 5 are (1) hydrogen peroxide, electricity, and sulfuric acid for 452 

hydrometallurgical process and (2) electricity and hydrochloric acid for both pyrometallurgical process and 453 

electrochemical recovery (Figure 11). Hydrogen peroxide is used as an oxidizer to accelerate the base metal 454 

extraction along with sulfuric acid (Li et al., 2019). A majority of the electricity is used for (1) size reduction 455 

and separation for all 3 technologies, (2) base metal extraction for hydrometallurgical process, (3) electro 456 

refining and precious metal refining for pyrometallurgical process, and (4) ER process for electrochemical 457 

recovery (Diaz and Lister, 2018). Hydrochloric acid is primarily used in the ER process and rare earth 458 

extraction (Diaz and Lister, 2018). Due to these environmental inputs, option 5 impacts are similar to the 459 

baseline, revealing the needs for further optimization of the recycling technologies for environmental 460 

sustainability.  461 
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Figure 11. Life cycle impact contributions of the major inputs and emissions for metal recycling from one 462 

HDD. 463 
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(c) Life cycle impact contributions of major inputs and emissions for electrochemical recovery applied to one 
HDD. The specific impact values are shown in Supporting Information Table A.6.3. 
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(a) Life cycle impact contributions of major inputs and emissions for hydrometallurgical process applied to one 
HDD. The specific impact values are shown in Supporting Information Table A.7.3. 
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(b) Life cycle impact contributions of major inputs and emissions for pyrometallurgical process applied to one 
HDD. The specific impact values are shown in Supporting Information Table A.8.3. 
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4. Discussion and Conclusions 464 

The results from this LCA study help inform HDD end users to rethink their EOL practices and understand 465 

the relative environmental impacts of value recovery pathways, moving from “reuse or shred” to “reuse 466 

and recover”. It should be noted that although direct reuse of HDDs and MAs is generally preferable to 467 

magnet-to-magnet recycling and metal recycling, it is not always feasible due to various reasons such as 468 

product or technology obsolescence, quality degradation, and hardware or software failure. For example, a 469 

study found that 38% of EOL HDDs are reusable (Peeters et al., 2018). In the case of MA, it only fits certain 470 

drives, so the compatible HDDs should be in continuous production in order to reuse MA. For magnet-to-471 

magnet recycling, it is not applicable to mixed scrap feed like those from finely shredded HDDs, so metal 472 

recycling is the only viable option.  473 

Though REE recycling is not always environmentally friendly than new production, it enables selective 474 

REE recovery (such as critical neodymium and dysprosium) and thus could reduce the oversupply problem 475 

of less-critical REEs such as cerium and lanthanum associated with coproduction from primary sources 476 

(Schulze et al., 2018). In addition, metal content in primary ores continuously decrease, requiring more 477 

materials and energy to extract the valuable materials, whereas e-waste is ever increasing, offering a largely 478 

untapped resource for value recovery.    479 

The LCA results revealed several limitations of the current HDD supply chain system for sustainable 480 

value recovery practice. As there is no infrastructure within the U.S. for REE, NdFeB magnet, or MA 481 

production, the recovered REE products are sent to Asia for further processing. In addition, there is no cost-482 

effective dismantling facility in the U.S. for MA retrieval, so transboundary shipment of entire HDDs to 483 

Asia is practiced, which is increasingly challenging due to waste importation ban in Asia (Review, 484 

2018)(Qu et al., 2019). Furthermore, intercontinental transportation results in high environmental footprint. 485 

Therefore, it is highly desirable to develop an automated HDD disassembly facility in the U.S.  486 

From the regulatory perspective, transboundary shipments of secondary materials for reusing them in 487 

new products would benefit from clear international definitions of secondary materials (World Economic 488 
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Forum, 2019). In addition, e-waste management programs such as EPEAT (Electronic Product 489 

Environmental Assessment Tool) and WEEE currently focus on criteria such as the recycled content by 490 

weight (Lim, 2019; NSF International, 2017; The European Parliament and the Council of the European, 491 

2012) rather than the recovered value, technology used for value recovery, and logistics, all which may 492 

significantly affect environmental impacts, as shown in this study. Therefore, improved measurements are 493 

desirable to correctly incentivize different value recovery pathways.  494 

Future work may focus on the following directions. First, the forward supply chain data could be 495 

improved, especially for non-REE products. Admittedly, it is very challenging to track all the upstream 496 

supply chain processes (e.g., specific material and energy sources, consumptions, and manufacturing losses). 497 

Second, the current LCA is attributional rather than consequential. With attributional LCA, the future 498 

emission factors were assumed to be the same as the current ones, and the future market impacts of changing 499 

HDD recovery decisions on the primary materials/components/products are not considered. The latter 500 

impact may not be significant in this study, as we confined the LCA into one specific drive model (Seagate 501 

HDD model number ST6000NM0044). However, it would be helpful to investigate different HDDs, expand 502 

the current LCA into consequential LCA, and develop system dynamics models to better understand the 503 

economic and environmental consequences of HDD value recovery on a larger scale. Third, future work 504 

may expand to reusability of printed circuit boards or other technologies that could recover more value and 505 

diversify the recovery options. 506 

Appendix A. Supplemental Information 507 

Supplementary data related to this article can be found in a separate file (submitted in Excel).  508 
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