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ABSTRACT

As the United States continues efforts to decarbonize the power and transportation sectors, sig-
nificant challenges associated with the reliance of clean energy technologies on rare earth ele-
ments (REEs) will have to be overcome. One potential approach for increasing the supply of these
elements is to extract REEs from end-of-life (EOL) hard disk drives (HDDs). HDDs contain neo-
dymium and praseodymium, which are among the most important REEs for the clean energy tran-
sition, as they are crucial to producing the permanent magnets needed for wind turbines and elec-
tric vehicles. Here, we propose a superstructure-based approach to find the optimal pathway for
recovering REEs from EOL HDDs. The superstructure was optimized by maximizing the net present
value (NPV) over 15 years. Projected prices for commercial rare earth oxides and the projected
amount of EOL HDDs in the U.S. were estimated and used in the model. These projections were
used to establish the base case optimal result, assuming that the plant recycles 60% of personal
computers EOL HDDs in the U.S. each year. The model was then expanded to consider the recy-
cling of EOL HDDs generated before the beginning of plant production. Next, a sensitivity analysis
was conducted to evaluate the impact of different parameters on the venture's profitability and
the optimal processing pathway. Combined, these results offer both valuable insights into the
economic viability of REE recycling extraction and a method for performing similar analyses in the

future.
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INTRODUCTION

The climate crisis presents one of the most signifi-
cant challenges facing humanity in the twenty-first cen-
tury, as the Earth has already exceeded pre-industrial
temperatures by 1.1°C [1]. It is imperative to take immedi-
ate action to prevent further temperature increases, with
a preference for staying within 1.5°C above pre-industrial
levels [1]. This requires giving priority to the decarboniza-
tion of energy and our economy, including a transition to
clean energy technologies such as solar panels, wind tur-
bines, and electric vehicles to reduce emissions in the
power and transportation sectors. Notably, in the United
States, substantial legislative efforts, such as the "Biparti-
san Infrastructure Law," entail an unprecedented invest-
ment of more than $430 billion by 2031, aimed at decar-
bonizing energy among other initiatives [2].

Electrification initiatives are heavily dependent on
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rare earth elements (REEs). Presently, the United States
mines approximately 15% of the world's REEs but exports
all raw materials for separation and refinement, primarily
to China, which is responsible for mining around 60% of
the world's REEs and maintains near-monopoly control
over the entire supply chain [3]. This dependency repre-
sents a risk to domestic decarbonization efforts, primarily
in terms of establishing domestic supply chains to pro-
duce clean energy technologies. Therefore, it is vital for
the United States to strengthen its domestic rare earth
supply chain as it embarks on the journey toward decar-
bonization.

The objective of this work is to create an optimiza-
tion-based framework for designing the most efficient
processing pathway for recovering rare earth elements
from end-of-life hard disk drives (EOL HDDs). HDDs have
received increasing attention in the U.S. as a potential
source for REEs as evidenced by the work of agencies and

496


mailto:aitorres@cmu.edu
https://doi.org/10.69997/sct.123161

national laboratories (see for example NREL, EPA, and CMI
webpages) [4-6]. The paper is organized as follows; first,
an estimation was made regarding the projected quantity
of REEs available for recycling from EOL HDDs over a pe-
riod ranging from 2014 through 2038 [7-13], along with a
projection of rare earth oxide (REO) prices over the plant's
operational lifetime [14]. Next, a superstructure was for-
mulated containing all potential processing pathways for
recovering rare earth elements as rare earth oxides from
the incoming HDD-based feedstock. Finally, optimization
techniques were employed to find the processing path-
way that maximizes the net present value over a 15-year
period.

MODEL ASSUMPTIONS

Rare earth elements (REEs), which encompass the
lanthanide elements, scandium, and yttrium, are catego-
rized into two groups based on their atomic weight: light
rare earths (LREs) and heavy rare earths (HREs). LREs
comprise Ce, La, Pr, Nd, and Sm, while HREs encompass
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lt. These elements
serve various purposes, with magnets (Nd, Pr, Dy, Sm)
constituting 29% of their usage, catalysts (La, Ce) contrib-
uting to 20%, and polishing agents (La, Ce) making up 13%
across the top three global end-use sectors [15]. The var-
ying abundance of individual REEs within deposits results
in some elements being in surplus globally while others
face shortages. Consequently, their prices exhibit signifi-
cant discrepancies, with Nd/Pr being almost 100 times
more valuable than La and Ce [15, 16]. HDDs contain rela-
tively large amounts of Nd/Pr.

Two scenarios were examined in this paper. For the
first scenario, only EOL HDDs generated during the plant’s
operational phase were considered. In this scenario, we
assumed that 60% of all available EOL HDDs in the U.S.
each year would be recycled and available to the plant [8].
In the second scenario, the model was expanded to con-
sider the EOL HDDs generated in the U.S. prior to the start
of production. In this scenario, it was assumed that 25%
of all EOL HDDs generated in the U.S. over the period
ranging from 2014 to 2024 would be recycled by the plant
in addition to recycling 60% of all EOL HDDs available in
the U.S. each year. For both scenarios, it was assumed
that the plant's construction would begin in 2024 and be
completed by 2025, after which production would start
and continue for 14 years through 2038.

Several sources were used to estimate and quantify
the amount of feedstock available for recycling as detailed
in the subsequent section [7-13]. To estimate the price of
the neodymium oxide, the rare earth oxide (REO) product
of this process, over the operational lifetime of the plant,
projections were taken from [14] and extrapolated
through 2038.

We assumed HDDs to have a lifetime of 8 years [8].
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The composition by wt. % of the average HDD rare earth
permanent magnets (REPM) is 30 wt. % Nd/Pr, 66 wt. %
Fe, and 4 wt. % other (Tb, Dy, Fe, B, Co, or Al) [7]. How-
ever, in this analysis, the ‘other’ category was ignored, and
the composition of the REPM was assumed to be 30 wt. %
Nd/Pr and 70 wt. % Fe. Note that following currently avail-
able data, Nd and Pr were considered together; in what
follows Nd should be read as Nd/Pr.

QUANTIFICATION OF FEEDSTOCK AND
PRODUCTS

To estimate the amount of REPM available for recy-
cling, the number of EOL HDDs in the U.S. was estimated
based on historic and projected sales of laptop and desk-
top computers in the U.S. and other factors such as HDD
type. Although the plantis to run from 2024 through 2038,
we wanted to account for all the previously generated EOL
HDDs, which we hypothesized some percent of which
would still be available for recycling. Thus, the sales of
desktops and laptops in the U.S. were estimated over a
period of 2006 through 2030.

Sales data for laptops and desktops in the U.S. from
2018 through 2022 was taken from [9, 13]. Additionally,
these sources contained projected sales for notebooks
and desktops from 2023 through 2028. To estimate sales
through 2030, a linear model was fit to the projected sales
from 2023 through 2038 and extrapolated through 2038.
Estimating sales for years before 2018 proved more diffi-
cult due to a lack of data. Thus, the following methodology
was employed: First, data for the worldwide sales of per-
sonal computers (PCs) and the worldwide sales of laptops
from 2006 through 2022 was taken from [10, 11]. Then,
the worldwide sales for desktops were calculated by sub-
tracting the sales of notebooks from the sales of PCs.
Next, the average percentage of global sales the U.S. ac-
counts for from 2018 through 2022 was calculated. This
percentage was assumed to hold from 2006 through
2018. Finally, the annual sales of laptops and desktops in
the U.S. from 2006 through 2018 were calculated by mul-
tiplying the global sales of desktops and laptops by this
percentage.

After estimating the sales of laptops and desktops in
the U.S., the next step was to evaluate how many con-
tained HDDs. To accomplish this, we first took data for the
global sales of HDDs and SSDs from 2015 through 2022
from [12]. Next, a linear model was fit to the sales data and
used to extrapolate sales back to 2006 and up to 2030. In
the case of SSDs, this linear model began predicting neg-
ative sales in 2012. Thus, the sales of SSDs were assumed
to be zero from 2006 through 2012. Using this sales data,
the ratio of HDDs to SSDs sold each year was estimated.
It was then assumed that this ratio was the same in the
U.S. as globally. Additionally, it was assumed to hold for
laptops and desktops sold. Thus, the number of HDD-
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containing laptops and desktops in the U.S. was estimated
by multiplying the sales of laptops and desktops by the
percentage of total HDD and SSD sales that HDDs make
up. These estimates can be seen in Figure 1.

Finally, using this information, the amount of REPM
available for recycling was estimated. HDDs have two
sizes: 2.5” and 3.5". We assumed all desktops used 3.5”
HDDs and all laptops used 2.5” HDDs. It was also assumed
that each 2.5” HDD contains 2.5g of REPM [7]. To estimate
the amount of REPM per 3.5” HDD in grams, a linear model
taken from [7] was used and shown in Equation 1.

17.87 — 0.35t (t = 0 @ 1990) (1)

Further, it was assumed that the amount of REPM con-
tained within a 3.5” HDD would stop decreasing once it
equaled the mass of REPM contained within a 2.5” HDD
(2.5g). The annual amount of REPM and Nd available for
recycling from EOL HDDs in the U.S. is in Figure 2.

PROCESSES FOR RECOVERING REES
FROM EOL HDDS
Rare earth recycling comprises four primary pro-

cessing stages: disassembly, demagnetization, leaching,
and extraction. Each stage contains several potential

processes, represented as nodes in Figure 3. The naming
convention for the nodes is <stage number, node num-
ber>, where 1represents the disassembly stage, 2 the de-
magnetization stage, 3 the leaching stage, and 4 the ex-
traction stage. The superstructure containing all potential
processing pathways can be seen in Figure 3.

For the disassembly stage, three processes were
considered: Manual Disassembly <7,7>, where REPMis re-
moved from EOL HDDs manually [17]; Automatic Disas-
sembly <7,2>, which automates the process with robots
[18]; and Shredding <7,3>, which involves first heating the
HDDs to high temperatures to demagnetize them, after
which they are shredded using an industrial shredder. The
final node is blank and represents skipping the disassem-
bly stage.

In the demagnetization stage, three processes were
explored: Hydrogen Decrepitation <2, 7>, which involves
the reaction of the REPM with hydrogen gas at 170°C for
3 hours to produce a demagnetized, friable material [19];
Heating <2,2>, which involves heating the magnets to
350°C for 30 minutes followed by milling [20]; and Ex-
treme Heating <2,3>, which involves heating the magnets
to 950° C for 15 hours to demagnetize and oxidize them
[21] followed by milling. This extreme heating results in

35
30
25
20
15
10

Millions

Units Sold

I EOL Desktops

Estimated Sales

in the U.S. from 2006 through 2030.

120
100
80
60
40
20
0

Tonnes

d O o
NS

B X i i Y i S )

Figure 1: Annual estimated sales, sales from data, and projected sales of desktops and laptops containing HDDs

EREPM ENd

I I I S A S
& @ O g g™
O D 10" a2 070 NN S N

Figure 2: REPM and Nd available for recycling from HDDs in the U.S. from 2014 through 2038.

Il EOL Laptops

A
\ A

Sales from Data Projected Sales

PP PP LI

¢
WS O

Vv

Laliwala et al. / LAPSE:2024.1568

Syst Control Trans 3:496-503 (2024)

498



Demag-
netization

- > h

N

\ ™ \\
\ AN

Automatic

\ .
\\ AN Heating
\ <2,2>
N
Disassembly \

<1,2> \

Manual
Disassembly

<1,1>

A

\

\ Extreme

Heating
<2,3>

Blank
<2,4>

\
\
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iron precipitation during the subsequent selective leach-
ing process. The final node <Z2,4> is blank and represents
skipping the demagnetization stage.

For the leaching stage, two processes were consid-
ered: Selective Leaching <3, 7> with hydrochloric acid [21],
which follows the extreme heating process, and Acid Dis-
solution <3,2> using sulfuric acid [22]. In selective leach-
ing, iron precipitates out of the solution as iron (lll) hydrox-
ide. The final two nodes, <3 3> and <3,4> are blank and
represent skipping the leaching stage.

Five processes were examined in the extraction
stage. The first process, Oxalic Acid Precipitation (OAP)
<5,7>, utilizes oxalic acid to directly precipitate neodym-
ium out of solution [23]. The next process, Hydrometallur-
gical Extraction <5,2>, precipitates neodymium as an Nd-
sodium double salt to separate it from iron. Subsequent
steps involve reactions with oxalic acid and calcination to
produce pure Nd2Os, with the iron-containing leachate be-
ing treated with ammonium sulfate to precipitate it out of
solution as iron jarosite [22]. The third potential process,
Supercritical Fluid Extraction (SFE) <5,3>, utilizes super-
critical CO2to separate Nd from iron [24, 25].

In the final two processes, Acid-Free Dissolution Ex-
traction 1 <5,4> and 2 <5,5>, REPM powder is dissolved
in an aqueous copper(ll) nitrate solution [26]. Next, oxalic
acid is added to precipitate neodymium out of solution as
neodymium oxalate and iron out of solution as iron-ammo-
nium oxalate. The neodymium oxalate precipitate is then
filtered from the soluble iron-ammonium oxalate. Finally,
the neodymium oxalate is calcined to produce Nd»Os [26].
These final two processes are identical, except in their fi-
nal product yield (Nd20s). The yield for this process differs
depending on whether the incoming feedstock is shred-
ded HDDs or pure REPM. The yield for a pure REPM feed-
stock is 98.5 wt. %, while the yield for a shredded HDD
Laliwala et al. / LAPSE:2024.1568
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feedstock is 73 wt. %. Due to space constraints, details on
these processes are not shown in the Figure.

OPTIMIZATION PROBLEM FORMULATION

Equations (2-8) were formulated to describe the su-
perstructure's configuration. A binary variable y; ; is intro-
duced to model the selection of node < i,j >. If the node
is selected, the binary will equal 1; if not, it will equal 0.
Equation (2) enforces that only one node per stage is se-
lected. Equation (3) enforces that if < 1,1 > or <1,2>is
selected, then either < 2,1 >, < 2,2 > or < 2,3 > must be
chosen. Equation (4) enforces that if < 1,3 > is selected,
< 2,4>,<3,4>and< 4,5 >must all be selected. Equation
(5) ensures that if < 2,1 > or < 2,2 > are selected, then ei-
ther < 3,2 > or < 3,3 > must be selected. Equation (6) en-
sures that if < 2,3 > is selected, then only <3,1> or <
4,1 > can be chosen. Equation (7) ensures that if < 3,2 > is
selected then < 4,2 > is also chosen. Equation (8) en-
forces that either < 4,3 > or < 4,4 > is chosen if < 3,3 > is
selected. Finally, big-M constraints were added to relate
the flow through a unit to its selection, as shown in Equa-
tion (9). Here, le}fc,c represents the flow of component ¢
entering node < i,j > in year t, M/ represents the maxi-
mum inlet flow rate for node < i,j >, I is the set of all
stages in the superstructure, J; is the set of all nodes in
stage i, C is the set of tracked components, and T is the
set of all years the plant is in operation. The mass balance
for a generic node is illustrated in Figure 4.

ZyiJ:l Viel

JEJi

(2)
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Y11t Y12 =V21 1 Y22 + Y23

Y13 = Y24 = Y34 = Va5 (4)
Y21+ Y22 =Y32t Y33 ()
Y23 = Y31 = Yaa (6)
Y32 = Va2 (7)
Y33 = Va3t Vaa (8)
F . <y MY i€ljej,ceCteT 9)

Components in the feedstock, intermediates, and
products were tracked. The mass balance at each node
includes three sequential steps: convergence of the inlet
flows from different upstream nodes, processing, and
separation of the outlet flows to other downstream nodes.
The specific equations are defined in Equations (10-12).

Kin (10)
ke =Fiice ViELjEJ,cECLET
k=1
FoM =ay;cFt., Vi€lj€ej,ce€CteT (1)
Kout (12)
Foie, = Z Fler Vi€ELj€J,cECLET
k=1
Here, F;Zj{c,t is the flow of component ¢ entering node

<i,j>intimet, a;;. is the yield of component ¢ for node
<i,j>, F}%, is the flow of component ¢ leaving node <
i,j >intimet, and F}, is the flow of component c leaving

J.c
node <ij> at time t.

fout.

in. .
F 1,6t Lot

in
Flizct Foutiio ot

in, o
Fi% jkimc.t FoUt; - koutct

Figure 4: Mass balance framework for generic node <
i,j> Ve €C,t €T.

ASPEN FLOWSHEETS AND SIMULATIONS

The study and simulation of REE recycling production
pathways is a newer and rapidly evolving area of research.
Hence, in several cases, process flowsheets with tech-
noeconomic analysis were either not available in the liter-
ature or the data were of insufficient detail to effectively
leverage for this study. Consequently, process flowsheets
for several recycling pathways were designed and
simulated in Aspen Plus. These flowsheets included the
following unit operations: hydrogen decrepitation,
heating/high-temperature heating, acid-free dissolution
extraction, selective leaching, hydrometallurgical
extraction, solvent extraction, and oxalic acid
precipitation.

As an example, Figure 5 depicts the Aspen flowsheet
designed for the hydrometallurgical extraction process. In
the first step, the incoming leachate from the acid disso-
lution process is reacted with NaOH and ammonium sul-
fate at a pH of 1.5 to form Nd-sodium double salt precipi-
tates. In the next step, the precipitate is separated from
the iron-containing leachate and is reacted with oxalic
acid to form neodymium oxalate. The neodymium oxalate
is first filtered and then calcined at 750°C in the presence
of oxygen to form Nd20a. In the final step, the product is
cooled to 100°C using cooling water. However, before the
spent leachate can be disposed of, the iron must first be

Figure 5: Aspen simulation built for the hydrometallurgical process built using reaction yield data from [24].
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precipitated out of solution as jarosite. This is accom-
plished by heating the leachate to 90°C for 6 hours and
reacting it with ammonium sulfate in the presence of an
oxidizing agent at a pH of 2 [22]. Finally, the spent leach-
ate is neutralized with NaOH.

The individual operations in these flowsheets were
modeled using reaction and separation data from litera-
ture. Capital (CAPEX) and operating costs (OPEX) were
evaluated using the Aspen Process Economics Analyzer.

OBJECTIVE FUNCTION

The goal of the optimization problem was to maxim-
ize the NPV over the plant's lifetime, as shown in Equa-
tions (13-14) [27]. Where CE, is the cash flow in year n, LT
is the plant’s lifetime in years, and IR is the interest rate.

NPV 3 _Ch "
- Z (1+1IR)"

n=1
CE, = Profit, — (CAPEX,, + OPEX,) (14)

An interest rate of 10% was used as recommended
by [28]. Tax and depreciation were ignored. It was as-
sumed that all capital investments were made in year 1,
and that the plant does not begin operation until year 2.
Therefore, CAPEX was only considered for year 1, after
which only profit and OPEX were considered. The meth-
odology described by [27] was used for each node to cal-
culate the CAPEX and OPEX. For OPEX, only the cost of
labor was considered for the disassembly stage, and only
the cost of raw materials and utilities were considered for
the later stages.

Costing information that was available from the
literature was adjusted for capacity using a piecewise-
linearized approximation of the six-tenths rule [27]. When
not available from the literature, Aspen Plus simulations
and the Aspen Process Economic Analyzer were used to
estimate CAPEX and OPEX costs for a range of flow rates.
Alinear regression model was then fit to obtain the CAPEX
and OPEX vs incoming flow rates.

RESULTS

The optimization problem was coded in Pyomo and
solved with CPLEX version 22.1.1.0 using the default op-
tions. The decision variables consisted of the operations
included in the process and their sizing. The formulation
for the MILP optimization problem is as follows:

max z = NPV
s.t. Eq.(2—12)
F.:20,y,;€{01}viel,jej,ceCteT

The base scenario assumed that the plant recycles
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60% of all available EOL HDDs in the U.S. annually [8]. The
optimal pathway was found to consist of shredding, fol-
lowed by acid-free dissolution extraction, and resulted in
a negative NPV. The acid-free dissolution extraction pro-
cessing step was found to be the most significant contrib-
utor to CAPEX, accounting for ~90% of the cost. Approxi-
mately 162.5 tonnes of Nd20s were recovered.

Next, we conducted a sensitivity analysis on the per-
centage of EOL HDDs in the U.S. the plant recycles each
year (collection rate, Fig. 6). We found that the plant re-
mained unprofitable even at a 100% collection rate. The
NPV breakeven point was found to occur at a collection
rate of ~360%, and the optimal process never changed.
This suggests that an insufficient number of HDDs are be-
ing produced for the plant to leverage economies of scale
to be profitable.

Base Case

NPV
>

-2A

-3A

60% 100% 200% 300% 350% 360% 375% 400%

Collection rate

Figure 6: NPV for a varying collection rate. The base case
is a collection rate of 60% and no recycling of EOL HDDs
generated prior to plant production. The NPV break-even
point was found to occur at ~360%. Numerical values are
not reported to preserve confidentiality.

Given the results of our first sensitivity analysis, we
hypothesized that the optimal process may prove to be
profitable when the recycling of EOL HDDs stockpiled
from years prior to the beginning of plant production was
considered. Therefore, we expanded our model to recycle
25% of all EOL HDDs generated in the U.S. over the period
ranging from 2006 to 2024 (initial collection rate) in addi-
tion to recycling 60% of all available EOL HDDs each year
of operation. The optimal process was found to be the
same as that of the previous scenario, however, the NPV
was still found to be negative. We then conducted a sen-
sitivity analysis on the initial collection rate and found the
NPV breakeven point to occur at ~148% (Fig. 7). The opti-
mal process never changed.

Finally, we conducted a sensitivity analysis on pro-
jected REO prices for the expanded model. To vary the
projected REO prices, the new projection was assumed to
be some percentage of the initial estimate. This percent-
age was then varied. The NPV breakeven point was found
to occur at ~168% of the initial estimate (Fig. 8). Once
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again, the optimal process never changed.

Base Case

-2A

-3A

NPV
>

25% 50% 75% 100%

Initial Collection rate

125% 148% 150%

Figure 7: NPV for a varying initial collection rate. The base
case has a collection rate of 60% and an initial collection
rate of 25%. The NPV break-even point was found to
occur at ~148%. Numerical values are not reported to

preserve confidentiality.
2A

A
Base Case
0 |

NPV

-2A

-3A

100% 125% 150% 168% 175% 200%

Percentage of initial REO price projection estimate

Figure 8: NPV for varying percentages of the initial REO
price projection estimate. The NPV break-even point was
found to occur at ~168%. Numerical values are not
reported to preserve confidentiality.

CONCLUSION

Superstructure optimization was utilized to design a
process for the recycling of rare earth elements from EOL
HDDs, with the objective of maximizing the NPV. The
study determined that the optimal process for both the
base case and expanded model consists of shredding, fol-
lowed by acid-free dissolution extraction. Our results
show that the venture considering HDDs from PCs is likely
not profitable as a stand-alone plant due to the total
amount of REPM available for recycling from EOL HDDs
being insufficient given the projected REO prices. How-
ever, we hypothesize that by expanding the plant to pro-
cess multiple feedstocks, or by introducing multiple
agents to handle the different processing steps, the opti-
mal pathway may become profitable. Future work will in-
vestigate these options.
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