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HIGHLIGHTS

o Consideration of new method for early-stage lithium recovery before hydrometallurgy.
o Current LIB cell chemistries pose challenges to profitable LIB recycling.

e Main factors affecting economic feasibility are material and energy prices.

e Hydrometallurgy found to be more robust against changing boundary conditions.

e Upscaling of mass throughput is expected to increase profitability of processes.

ARTICLE INFO ABSTRACT
Keywords: Against the background of the growing market share of electric vehicles worldwide, the recycling of used vehicle
Electromobility batteries needs to be further investigated. In this paper, two recycling processes for pyrolyzed black mass from

lithium-ion battery (LIB) recycling
Circular economy

Total cost of ownership (TCO) analysis
Pyrometallurgical recycling
Hydrometallurgical recycling

end-of-life lithium-ion batteries, a pyrometallurgical route and a hydrometallurgical route with precedent early-
stage lithium recovery, are techno-economically evaluated using a total cost of ownership approach. From a
technical point of view, this approach thus focuses on maximizing the recycling efficiency achieved by pyrolysis
treatment of the battery scrap to pre-separate copper and aluminum. A scenario analysis of the future devel-
opment of material prices and the market share of cell chemistries is performed to determine the influence of
these variables on the profitability of the recycling processes. In general, current trends in cell chemistry pose
challenges to profitable LIB recycling. The hydrometallurgical recycling route was found to be less susceptible to
price fluctuations and changes in cell chemistry than the pyrometallurgical recycling route and is therefore
expected to be more profitable than the pyrometallurgical recycling route when scaled up, especially considering
the trend towards decreasing cobalt content in lithium-ion batteries.

1. Introduction strongly in the coming years due to the growing electromobility and
stationary energy storage market [62,68,76,77,79]. This will lead to a

Lithium-ion batteries (LIB) play an important role in climate pro- corresponding number of end-of-life LIBs. Directive 2006/66/EC regu-
tection and the necessary decarbonization of energy supply, transport, lates waste management in relation to batteries and sets EU-wide

and mobility [10,26]. The global battery market is expected to grow collection targets and recycling requirements [35]. Accordingly, a
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recycling efficiency of at least 50% of the average battery weight is
mandatory. New EU regulations are planned that will require even
higher recovery rates of up to 80% by 2031 [39]. There are also efforts in
the USA and China to promote recycling of LIBs, although these are less
stringent than the EU requirements [33,44].

Recycling targets are not only motivated by environmental concerns.
Rather, limited raw material resources and geopolitical risks combined
with rapidly increasing raw material demand are also key reasons for the
strong recycling efforts [14,15,48]. Several studies by the European
Commission, the United States Geological Survey (USGS), and the
German Mineral Resources Agency (DERA) point to supply risks for key
raw materials for LIB manufacturing, such as cobalt, lithium, and
graphite [15,38,48,58,70]. Even for raw materials not considered crit-
ical, such as copper or nickel [48], recycling helps to reduce the un-
necessary mining of additional raw materials by using materials already
in circulation more efficiently.

Due to the fact that no standardized process chain has yet been
determined [51], various approaches to recycling end-of-life LIBs have
been described in the literature. Typically, the objective is to recover
valuable materials from LIBs, particularly from the active materials in
the anode and cathode, using pyrometallurgical and/or hydrometal-
lurgical processes with pretreatments as appropriate [50,65]. Fujita
et al. [43] and Mossali et al. [64] specify various recycling options for
LIBs and review the different methods in more detail. Blomeke et al. [7]
describe in their study three different approaches: a pyrometallurgical, a
mechanical and a hybrid recycling route for exemplary industrially
scaled LIBs recycling options. Besides the more conventional routes,
which are mainly pyrometallurgical or hydrometallurgical, direct
recycling options differ from these in that they aim at regenerating
battery materials rather than breaking down their chemical structure
[65]. As an alternative to recycling, end-of-life LIBs can be reused in
different applications, for example, stationary energy storage systems
[64]. Lander et al. [57] provide insights into the disassembly costs of
LIBs depending on the battery pack design. Gutsch and Leker [49]
present findings on the cost structure of battery production with an
outlook on the effects of incorporating recycled materials.

Although literature provides exhaustive information on various ap-
proaches for recycling LIBs, a detailed economic evaluation of these
processes comparing a pyrometallurgical and a hydrometallurgical
recycling route is still pending. Reinhart et al. [67] conducted a similar
economic evaluation of two pyrometallurgical recycling processes. The
motivation for this work is to close this research gap. For this purpose,
two competing recycling processes for LIBs are economically evaluated
at a pre-industrial level using a total cost of ownership (TCO) approach.
While one process follows a pyrometallurgical approach, the other route
uses a hydrometallurgical process, including a pretreatment for early-
stage lithium recovery (ESLR). It is assumed that the profitability of
the recycling processes depends substantially on the prices, quantity,
and type of the raw materials recovered. The research questions to be
answered are:

(1) What are factors influencing the economic advantageousness of the
two recycling processes?

(2) How could possible future developments influence the result of the
economic evaluation?

This paper first provides a brief overview of both processes from a
technical point of view and an introduction to the evaluation methods
used for the economic evaluation. Subsequently, the market prices of
materials and process auxiliaries, as well as the composition of common
LIB types, are analyzed, and the TCO model used is explained in detail.
The TCO for both processes per amount of pyrolyzed black mass from
end-of-life LIBs are then calculated for different price and cell chemistry
market scenarios. The values obtained here form the basis for the core
contribution of this work — the economic evaluation and comparison of
the two recycling process routes. To account for external costs of
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greenhouse gas emissions, COy prices are included in the sensitivity
analysis. The paper concludes with a discussion of the results and lim-
itations as well as an outlook on the influence of future battery
developments.

2. Material and methods

In this section, the two recycling processes that are to be evaluated
economically are presented and described from a technical point of
view. In addition, the economic evaluation methods used later in this
thesis are briefly explained.

2.1. Evaluated recycling processes from a technical point of view

This section briefly overviews the recycling processes considered in
this article. Specifically, a pyrometallurgical process is compared to a
hydrometallurgical process combined with a precedent ESLR step. Since
both processes use pyrolyzed black mass as their primary input, the
respective pretreatments of end-of-life LIBs are the same. After the spent
LIBs are discharged and disassembled, they undergo thermal pretreat-
ment. This is a pyrolysis process conducted at a temperature of 600 °C,
during which the cells are deactivated, and the organic compounds are
removed [71,82]. Subsequent mechanical comminution and separation,
including shredding, sieving, and magnetic separation, results in four
output fractions [12,42]. Cell housing, cables, screws, etc., are separated
into an iron-containing scrap fraction and a non-ferrous metal scrap
fraction. Anode and cathode foils are collected in a scrap fraction of
copper and aluminum foil. The last fraction consists of active anode and
cathode material.

In this article, only the recycling of the last fraction, hereafter
referred to as pyrolyzed black mass (BM), is considered in more detail.
BM primarily comprises graphite from the anode and includes various
elements, such as lithium, cobalt, nickel, and manganese, from the
cathode, depending on the cell chemistry. BM generally contains several
impurities, including small amounts of aluminum, copper, and iron from
anode and cathode foils, as well as cell housing [12,64]. Fluorine and
phosphorus can be present in BM as residues from the electrolyte or
separator [59].

The pyrometallurgical process is based on the description of Som-
merfeld et al. [73] and aims to recover a metal alloy and a lithium-rich
slag. First, the pyrolyzed black mass is pelletized using a binder.
Together with quartz (SiO3) as flux and copper(Il) oxide (CuO), the
pelletized BM is then processed in an electric arc furnace at a melting
temperature of 1,600 °C before being poured into a mold. Considering
that no pure CuO will be used on an industrial scale due to the high cost,
deviating from Sommerfeld et al. [73], copper scrap with a CuO content
of 30% is assumed as an input. After solidification, the metal phase and
slag are separated for further processing. Alternatively, direct water-
granulation of the alloy from the furnace is also conceivable. Noble
metals, especially cobalt, copper, and nickel, mainly accumulate in the
metal phase, while the ignoble lithium primarily passes into the slag.
Besides the metal phase and slag, the pyrometallurgical process pro-
duces lithium-rich flue dust [82]. Instead of collecting and processing
the flue dust, it is planned to return it to pelletization [73]. Therefore,
the only outputs considered in the pyrometallurgical process are the
metal alloy, the lithium-rich slag, and an off-gas containing COs. To
obtain a plausible material flow model for the pyrometallurgical recy-
cling process, thermodynamical modeling data provided by Sommerfeld
et al. [73] is used to calculate element-based distribution coefficients
that determine the distribution of each input element among the three
output fractions. Elements considered for the pyrometallurgical route
are aluminum (Al), graphite (as C), cobalt (Co), copper (Cu), iron (Fe),
lithium (Li), manganese (Mn), nickel (Ni), silicon (Si), and oxygen (O).
All elements, except carbon and oxygen, are assumed to be allocated to
either the metal alloy or the slag, as flue dust is returned to the pellet-
izing process. The input ratio of SiO3 and CuO are based on trials 3 and 4
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from Sommerfeld et al. [73], as metal yields align with the simulated
data. Table 1 provides the underlying distribution coefficients for the
pyrometallurgical recycling process of the pyrolyzed black mass.

The second process path combines ESLR and hydrometallurgical
processing. ESLR aims to separate lithium from black mass at an early
stage to reduce impurities and complexity in subsequent process steps
[71]. According to Schwich et al. [71], filtration of the black mass after
being leached in water for 120 min and carbonated with supercritical
COq, results in a filter cake containing carbon and metals such as cobalt
and nickel and a lithium-rich filtrate. The filter cake still contains a small
amount of lithium but is henceforth referred to as black mass without
lithium. The filtrate is concentrated by boiling and re-filtering, yielding
a filter cake predominantly of Li,CO3 with minor impurities like LiF and
a residual solution of dissolved lithium compounds. Alternatively, the
filtrate resulting from the initial filtration can be dried in a beaker to
increase lithium yields, as no filtrate with lithium residues remains
[52,86]. This study contrasts with Schwich et al. [71] in that a
carbonated water leaching technique is employed for lithium recovery.

For further hydrometallurgical decomposition of the black mass
without lithium, the process route described by Wang [84] is used.
Initially, all graphite is extracted by leaching with HCl and Hy0,. Sub-
sequent copper cementation with NaOH and iron powder is followed by
first iron and aluminum precipitation and then nickel, cobalt, and
manganese precipitation. The residual solution obtained still contains
lithium and is recirculated to reduce losses caused by saturation prior to
precipitation. The recirculation process is not further investigated or
considered in this study. Nevertheless, efforts can be made to recover
lithium from the residual solution and conduct recirculation studies. In
summary, the process yields five output fractions: graphite and copper
fractions, aluminum and iron as well as nickel, cobalt, and manganese as
hydroxides, and lithium as carbonate. The output fractions differ in their
purity levels, with graphite being highly concentrated and aluminum/
iron being less concentrated [85]. Since the hydrometallurgical process
consists of multiple stages, distribution coefficients could not be deter-
mined from existing publications. Therefore, a series of experiments
were conducted to determine the coefficients required for subsequent
calculations. Further details regarding the experimental parameters are
presented in Appendix A. Table 2 displays the distribution coefficients
for the hydrometallurgical recycling process based on own experiments.

Both recycling process routes require postprocessing steps to obtain
reusable materials. Lithium-rich slag from pyrometallurgy can be
shredded and treated hydrometallurgically to obtain Li,CO3 [47,82].
However, lithium recovery from slag is rather costly [45]. Alternatively,
slag can be used in the construction industry, for example, in road-
making [45,50,82,83]. Metal alloys from pyrometallurgy and hydroxide
outputs from hydrometallurgy can be further treated to break down
these outputs into pure materials or compounds [73,85]. Graphite and
LioCO3 exhibit minor impurities, and both products need further
refining. LioCOs3, for instance, requires additional purification to be
suitable for reuse in battery production [4,81]. As a downgrade option,

Table 1
Distribution coefficients pyrometallurgical recycling process, adapted from
[73].

Element Output in %

Alloy Slag Off-Gas
Al 2.92 97.08 0.00
C 0.39 0.00 99.61
Co 100.00 0.00 0.00
Cu 100.00 0.00 0.00
Fe 99.96 0.04 0.00
Li 4.64 95.36 0.00
Mn 77.13 22.87 0.00
Ni 100.00 0.00 0.00
Si 60.80 39.20 0.00
(0] 0.00 27.04 72.96
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LiCO3 may be utilized in the glass or ceramic industry or as a metal
additive [60].

This paper compares the pyrometallurgical route to the shown hy-
drometallurgical process route. Fig. 1 summarizes the recycling pro-
cesses to be compared. As many companies only recycle LIBs to black
mass [51], pretreatment is not considered further in the calculation.
Additionally, only the first marketable nickel-cobalt products are tar-
geted: the alloy from the pyrometallurgical route and the intermediates
from the hydrometallurgical route. Additionally, by-products of both
process routes are considered, such as the slag used as a construction
material and the other intermediate products generated during the hy-
drometallurgical processing.

2.2. Total cost of ownership and net present value

The TCO method enables a detailed examination of the total costs
associated with owning a good or performing a process [31]. The pur-
chase price is a particular element in the initial consideration of costs
[17], especially for capital-intensive industrial processes. However, on
closer examination, price is only one component of many that affect the
total cost over an asset’s lifetime [17,41]. The TCO method, therefore,
covers not only procurement and thus the purchase price, but rather the
entire life-cycle costs, including maintenance, operation, replacement,
disposal, and much more [29,30]. Therefore, the method takes a holistic
approach over the entire useful lifetime of the asset under consideration
[16,30]. Evaluating the total cost of an asset makes TCO a logical and
easy-to-understand approach [31,32]. Because the cost structure is
specific to an asset, its use, and its owner, there is no single TCO model,
so determining the associated activities and cost-driving factors is the
starting point for applying the TCO approach [5,17,41]. Besides all the
advantages, one main downside of the TCO method is that it requires
detailed accounting and cost data for all cost factors to be considered
[30]. Additionally, uncertainties can be introduced regarding cost
drivers that are difficult to estimate accurately to account for different
possible scenarios over the asset’s lifetime [16,46].

As an extension of the TCO method discussed in much of the relevant
literature, the TCO model used in this work also includes revenues.
Therefore, all cash flows associated with the operation of the recycling
processes are considered in the evaluation. The annual TCO is calculated
as shown in Eq. (1), where NPV is the net present value, T is the total
planning horizon, and i is the discount rate.

(1+0) ei

TCO = NPV ~————
(1+i -1

(@)

The net present value is obtained from Eq. (2), where Ccqpex is the
initial capital expenditure, Copey, is the operating expenditure, and R, is
the revenue in each period t on an annual basis, T is the total planning
horizon, and i is the discount rate.

"R, —Co
NPV = —Copper + »_ —— 2 2
ot 2y @
Since all assets are expected to be used throughout their lifetime and
then replaced accordingly, no resale values are included in the calcu-
lation as they are assumed to be zero at the end of the period under
consideration. It is also assumed that neither buildings nor equipment
need to be replaced during this period. Therefore, capital expenditures
are incurred only as initial costs and not annually.

3. Theory and calculation

In Section 3.1, the calculation of prices for materials, energy, waste
disposal, and CO5 emissions is described. Subsequently, four price
development scenarios are defined to estimate future price de-
velopments under uncertainty. Then, the focus is on the currently used
LIB types in the LIB market to define three market share scenarios for
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Table 2
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Distribution coefficients hydrometallurgical recycling process based on own experiments (own table).

Element Output in %
Li»CO3 Graphite Cement Cu Al/Fe hydroxide Ni/Co/Mn hydroxide Residual solution
Al 1.20 5.30 0.00 91.65 1.73 0.13
C 0.00 100.00 0.00 0.00 0.00 0.00
Co 0.00 0.00 0.00 11.38 88.59 0.03
Cu 0.00 0.00 100.00 0.00 0.00 0.00
Fe 2.42 0.00 26.96 70.47 0.06 0.08
Li 66.94 0.00 0.81 4.03 7.48 20.74
Mn 0.00 0.00 0.00 0.60 99.28 0.13
Ni 0.00 0.00 0.00 15.13 84.82 0.04
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Fig. 1. Process flow charts for pyrometallurgical recycling process (left) and hydrometallurgical recycling process with precedent ESLR (right), adapted

from [71,73,84].

possible future developments. Finally, in Section 3.3, the TCO model is
set up to evaluate the two recycling processes.

3.1. Material and process auxiliary prices and price development
scenarios

Essential parameters for the economic evaluation of recycling pro-
cesses for LIBs are prices of materials. To enable a cash flow assessment
of the material flows, it is necessary to estimate the value of the

respective goods and process aids as accurately as possible. Therefore,
the goods involved are broken down into units for which prices are
available. Section 2.1 overviewed process inputs, outputs, and required
process chemicals. In the following, selling prices for the outputs are
estimated by breaking down the outputs into their basic components,
such as metals and compounds, with respective mass fractions a;, and
then adding the prices for the pure substances proportionally. To ac-
count for the lower value due to the blending of the pure substances in
the outputs, a markdown of 50% was applied to the respective prices,
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which resulted from a discussion with experts. The price estimates for
pure substances, as well as price estimates for process chemicals, are
derived from exchange prices and available statistics. Energy, water, and
disposal costs are estimated based on utility data and statistics. Own
experience was used in the few cases where price data were unavailable.
Correlations and causalities between price developments of different
goods were not considered in detail but may be implicit in the data.

To account for different possible developments in the future, four
price scenarios are defined instead of a single price point. For this pur-
pose, a starting price p;, including a standard deviation o, is deter-
mined for each material. Based on this, annual growth rates g, ; for the
mean price and g;; for the respective standard deviations are estimated
using ordinary least squares (OLS) regression. The four price develop-
ment scenarios represent a fixed, a lower, a base, and an upper case.

Whenever no or insufficient data are available for calculations,
predefined default values are used. There is no price growth in the lower
scenario, and annual price growth rates are 1.635% and 2.811% for the
base and the upper scenario, corresponding to 50% or 100% price
growth over 25 years, respectively. In the fixed scenario, the price
growth rate is always zero. The default relative standard deviation’s
starting value is set at 5%. Since the uncertainty of the price forecast
increases with a longer time lag, a general annual growth rate for the
relative standard deviation of 4% is applied equally to all scenarios. The
growth rate was not chosen higher than 4% to keep the probability of
negative prices low due to a strongly increased standard deviation. In
cases where sufficient data are available for calculations, annual price
growth rates are determined and then added to the default values. In this
case, the relative standard deviation of prices is calculated based on
price data only.

To avoid negative prices in the long term and as a safe side estimate,
negative price growth rates were set to zero. This only concerns the price
growth rate of HCI in the lower price development scenario (actually
—0.01380). On the other hand, individual cases of high price growth
rates above 10% were limited to 10% in the upper price development
scenario and thus to 7.189% and 8.824% in the lower and base sce-
narios, respectively, according to the levels of the default growth rates.
The cap affects the price growth rates in the lower, base, and upper price
development scenarios of cobalt (actually 0.07932, 0.09567, and
0.10743), of Li»COs3 (actually 0.10510, and 0.11686), and of CO,
emission (actually 0.28242, 0.29877, and 0.31053). This approach can
be justified by the fact that the prices of the corresponding goods have
shown a sharp increase in the recent past, which will most likely not
continue in this form in the long term or has already returned to normal
[19,20]. The corresponding regressions are, therefore, biased. Limiting
the growth rates for prices upward thus serves to limit the bias in the
overall result. Detailed prices and parameters of the price development
scenario analysis for all materials and process chemicals are shown in
Table 3. Since the price increase rates for the fixed scenario are always
zero, they have not been included in the table for readability.

Weekly prices for cobalt, copper, and nickel (06/2012 to 12/2022),
as well as graphite (10/2017 to 12/2022) are available from commodity
exchanges [72]. In a first step, the price data are averaged on an annual
basis. The average price of 2022 forms the starting price for further
calculations. The starting value for the relative standard deviation is
calculated from the data of 2022. A log-linear OLS regression of the
average prices on the time dimension yields the annual price growth
rates.

Electricity costs are derived from Eurostat data for 2007 to 2022,
with energy consumption of between two and 20 GWh per year serving
as the basis for pricing [40]. The electricity price is thus 242.70 €/MWh.
Water costs are estimated at 2.07 €/m for consumption between 2,001
m® and 5,000 m® per year [78]. Prices for CuO-containing (30%) scrap,
Al/Fe hydroxide disposal, and wastewater treatment, as well as revenue
from slag sales, are based on own experience.

All other price data, with the exception of those for CO5 emissions,
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are taken from the German foreign trade balance, which provides data
sorted by categories [21]. Prices there are not reported on an average
basis but on a monthly transaction basis. For each month, total weight
and total value are recorded. To obtain average prices per weight unit, a
linear OLS regression of transaction values on transaction weights is
performed for each month from 01/2006 to 12/2022. The average price
of 2022 is set as the starting price for further consideration. A log-linear
OLS regression of the prices from the first regression is performed on the
time dimension to obtain the annual price growth rates. The starting
value for the relative standard deviation is set to default for all prices
determined from the German foreign trade balance.

As part of the EU Emissions Trading System (EU-ETS), European
legislation provides for the purchase of CO5 certificates to compensate
for greenhouse gas emissions [34,36]. In the cap-and-trade system, one
allowance is required for each ton of CO, equivalent emitted. Even
though some allowances are actually allocated free of charge as part of
the grandfathering mechanism [37], costs are calculated for each ton of
CO, emissions in the sensitivity analysis. Certificate price data are
available from the European Energy Exchange [28] on a weekly basis
from 05/2021 to 12/2022 and are treated like commodity exchange
data described above. The German National Emissions Trading Scheme
(nEHS) based on the Fuel Emissions Trading Act (BEHG) has no direct
impact on costs but may have indirect effects, as it does not target the
emitter of greenhouse gases like the EU-ETS, but rather the distributors
of fuel [18].

3.2. Common LIB types and market share scenarios

In addition to prices, the cell chemistry of end-of-life LIBs entering
the recycling process is an important determinant in the economic
evaluation, as more valuable materials such as cobalt in the output in-
crease achievable revenue. Therefore, in this section, typical cell
chemistries of current LIBs are reviewed and then combined into three
market share scenarios, the impact of which on the profitability of the
recycling processes is analyzed later in this paper. Batteries used in the
transportation sector, namely in electric vehicles, account for the largest
market share compared to stationary applications and consumer elec-
tronics [76]. Additionally, more market studies are available estimating
the market share of different cell chemistries used in electric vehicles.
Therefore, the market share scenarios in this work are based on litera-
ture concerning the electric vehicle market.

Table 4 gives an overview of five common cathode compositions of
LIBs. Technical characteristics, as well as advantages and disadvantages
of different LIB types, are not discussed in this paper, as there are already
many articles on this topic like [8,27,50,61] and many more.

Starting with LCO batteries, the electric vehicle battery market has
evolved through NCA and NMC111 types to NMC532 and NMC622 and
is expected to reach high nickel battery types such as NMC811 in the
near future [27,50,63]. Schmuch et al. [69] refer to NCA, NMC532, and
NMC622 as “state-of-the-art cathode materials”. The general trend is to
reduce the cobalt content and increase the nickel content of LIBs. This is
partly because cobalt is an expensive metal but also because supply risks
for cobalt are expected in the near future [11,56]. Of the LIB types
currently in use, LFP is not included in the market share scenarios
because it is more commonly used in China [3], and, more importantly,
its different cell chemistry makes it less suitable for the recycling pro-
cesses considered in this work.

Following various studies and forecasts on the market shares of
cathode material compositions currently used in LIBs [3,12,75,80],
three market share scenarios are defined and presented in Table 5. The
scenarios differ in how quickly batteries with high cobalt content are
replaced by batteries with high nickel content in the market. Only
graphite is assumed to be the anode active material, as this anode type
currently has the highest market share [12,69]. However, anode
composition is also evolving towards graphite silicon blends [12,63,80].

To be able to calculate the specific material flows for the market
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Table 3
Prices and parameters of the price development scenarios (own table).
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Material i Price Price growth rate

Rel. std. dev.

Start value Lower scenario

Base scenario Upper scenario Start value Growth rate

bj 8uulj 8ub.j 8uuj Opj & j
Cobalt 60,168.64 €/t 0.07189 0.08824 0.10000 0.22215 0.04
Copper 9,523.46 e/t 0.03366 0.05001 0.06177 0.07363 0.04
Nickel 28,164.14 e/t 0.05217 0.06852 0.08028 0.11526 0.04
Graphite 3,134.36 €/t 0.05120 0.06755 0.07931 0.07752 0.04
Co(OH), 31,472.58 e/t 0.00027 0.01662 0.02838 0.05000 0.04
Mn(OH), 4,445.80 e/t 0.00569 0.02204 0.03380 0.05000 0.04
Ni(OH), 24,674.23 e/t 0.00667 0.02302 0.03478 0.05000 0.04
Li»CO; 15,530.68 e/t 0.07189 0.08824 0.10000 0.05000 0.04
CuO (30%) scrap* 300.00 e/t 0.00000 0.01635 0.02811 0.05000 0.04
Si0, 2,343.19 e/t 0.00352 0.01987 0.03163 0.05000 0.04
HCl 113.63 e/t 0.00000 0.00255 0.01431 0.05000 0.04
H,0, 957.07 e/t 0.02911 0.04546 0.05722 0.05000 0.04
Fe powder 3,230.71 e/t 0.03058 0.04693 0.05869 0.05000 0.04
NaOH 1,440.37 e/t 0.05217 0.06852 0.08028 0.05000 0.04
CO, (raw material) 205.80 e/t 0.01752 0.03387 0.04563 0.05000 0.04
Water 2.07 €/m? 0.00000 0.01635 0.02811 0.05000 0.04
Slag (revenue)* 10.00 e/t 0.00000 0.01635 0.02811 0.05000 0.04
Al/Fe hydroxide 50.00 €/t 0.00000 0.01635 0.02811 0.05000 0.04
disposal*
Wastewater 50,000.00 €/year 0.00000 0.01635 0.02811 0.05000 0.04
treatment™
Electricity 242.70 €/MWh 0.03455 0.05090 0.06266 0.05000 0.04
CO, emission 80.83 e/t 0.07189 0.08824 0.10000 0.08978 0.04

*) Estimates based on own experience.

Table 4

LIB cathode types, adapted from [27,50,61].
LIB type Formula Structure
LCO LiCoO, Layered
LMO LiMn,04 Spinel
LFP LiFePO4 Olivine
NCA LiNig gCog.15A10.0502 Layered
NMC LiNi,Mn,Co,0, (with x + y+ z = 1) Layered
e.g., NMC532 LiNig sMng 3C0g 202 Layered

Table 5

Definition of market share scenarios (own table).

LIB type Market share depending on scenario
Lower scenario Base scenario Upper scenario

LMO 0.05 0.00 0.00
NCA 0.30 0.20 0.10
NMC111 0.20 0.00 0.00
NMC622 0.45 0.60 0.40
NMC811 0.00 0.20 0.50
Sum 1.00 1.00 1.00

share scenarios in both recycling processes considered in this work,
ideal-typical black mass compositions for the basic types of LIB cell
chemistry are derived based on one average LIB cell component
composition defined by Arnberger et al. [2]. According to Arnberger
etal. [2], an average LIB cell consists of 31.5% cathode and 18.0% anode
active mass, 15.8% cell casing, 6.2% cathode and 10.6% anode current
collector foils, 11.6% electrolyte, and 6.2% separator. The LIB cells are
assumed to undergo thermal and mechanical pretreatment, as
mentioned in Section 2.1, resulting in a BM fraction composed of the
anode and cathode active materials that are contaminated by cell
housing and current collector foil residues. Complete removal of the
electrolyte, binder, and separator material through thermal treatment is
assumed in this work for simplification purposes. Therefore, this work
does not consider fluorine, phosphorus, and organic compounds.
Accurec Recycling GmbH [1] reported that cell components contribute

to an overall recycling efficiency of 65.2% for combined thermal and
multistep mechanical pretreatment. Based on the contribution to the
recycling efficiency per component and their corresponding input mass
fractions, percentage recovery rates per component for the Accurec
process are derived. The calculations show that 86.0% of steel, which is
considered pure iron, and 94.1% of copper foils can be recovered as
metal scrap fractions, resulting in a share of 14.0% iron and 5.9% copper
of a LIB cell contaminating the BM fraction. The BM contamination by
aluminum cannot be calculated based on recycling efficiency due to the
loss of most aluminum in the non-ferrous fraction during mechanical
treatment. Therefore, a share of 15.0% aluminum foil fraction is
assumed to end in the BM fraction. For NMC containing BM, this results
in an aluminum content of around 2.0%, which is consistent with the
material characterizations presented by Stallmeister et al. [74].
Regarding the active material, 78.7% of graphite, 95.9% of cobalt, and
97.0% of nickel are present in the black mass fraction. No data is
available regarding the lithium, manganese, and cathode aluminum of
NCA cells. Therefore, the same share as nickel is chosen since this in-
dicates the share of active material ending up in the black mass fraction.
Based on the average cell component composition and recovery rates per
element, the ideal-typical black mass compositions for basic LIB cell
chemistry types are presented in Table 6.

3.3. TCO model for LIB recycling processes

This paper’s calculations on recycling processes are based on a ho-
listic TCO model that includes revenues from recycling products. The
structure of the TCO model is shown in Fig. 2.

The capital expenditures consist of initial investments in buildings
Cp and plants Cp. Investment costs include delivery and installation fees
based on previous studies and offers. The planned facilities are designed
for pre-industrial scale capacities of 50 kg/h for both the pyrometal-
lurgical and hydrometallurgical recycling routes. Based on experience, a
service life of 25 years is assumed for all relevant equipment without the
need for replacement during this period. Excluding buildings and
equipment not directly related to the pyrometallurgical or hydromet-
allurgical process, capital expenditures Ccapex amount to approximately
7 million € for the pyrometallurgical and 7.5 million € for the



R. Woeste et al.

Table 6
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Ideal-typical black mass compositions for basic types of LIB cell chemistry (own table).

LIB type Element mass fraction of black mass in wt%

Al C Co Cu Fe Li Mn Ni o
LMO 1.918 29.215 0.000 1.294 4.556 2.419 38.294 0.000 22.304
NCA 11.208 29.285 20.042 1.297 4.567 2.388 0.000 20.199 11.012
NMC111 1.921 29.260 12.701 1.296 4.563 4.541 11.982 12.801 20.936
NMC422 1.920 29.245 8.625 1.296 4.561 5.139 8.136 17.385 23.694
NMC532 1.919 29.242 7.609 1.295 4.560 4.534 10.767 19.171 20.903
NMC622 1.919 29.242 7.579 1.295 4.560 4.516 7.150 22.916 20.822
NMC811 1.919 29.228 3.774 1.295 4.558 4.498 3.560 30.430 20.737
NMC9.5.5 1.918 29.222 1.883 1.295 4.557 4.489 1.777 34.165 20.695

Buildings: Cg

S ? CCapex
Plants: Cp
Material: Cy; ¢
Variable
Energy: G
Y- LEr costs: Cy ¢
Disposal: Cp ¢
Maintenance: Cs
Fixed
Insurance: C] C NPV TCO
Labor: C

Revenues: Ry

Fig. 2. TCO model (own figure).

hydrometallurgical process. The share of plant investments in this total
is 73% for the pyrometallurgical process and 53% for the hydrometal-
lurgical process. Upfront capital expenditures for plants include general
equipment like cranes and safety equipment, including off-gas and
wastewater treatment, if required. Besides, the main component for the
pyrometallurgical process is the furnace, including auxiliary equipment
such as ladles, while the plants for the hydrometallurgical process
mainly consist of leaching tanks and dosage systems. The costs of the
individual system components have been determined based on indica-
tive price quotations obtained or, in some cases, based on experience.
Investments in required building space account for 27% of the capex
position for the pyrometallurgical process route and 47% for the hy-
drometallurgical process route. The investment costs for the buildings
were calculated by using the costs of institute and laboratory buildings
given by the BKI [6] as a guide.

The annual operating expenditures Copex consist of both fixed and
variable costs. Fixed costs Cy, are incurred for maintenance Cs,, insur-
ance Cy;, and labor Cy ;. Maintenance and insurance costs depend on the
investment costs of buildings and plants. They are calculated on a per-
centage basis. The corresponding markup factors were taken from
Barwaldt and Kwade [4], adjusted based on expert advice, and are listed
in Table 7.

Labor costs are expenses for employees. In Germany, employer per-
sonal costs comprise gross wages and employer contributions to social
security and insurance costs. Gross wages are estimated at 3,156 € per

Table 7
Markup factors for maintenance and insurance (own table).

Category Markup factor in %
Maintenance costs

Buildings 1.50

Plants 3.00
Insurance costs

Buildings 1.00

Plants 1.00

employee and month based on wage groups EG8/9 [54]. Contributions
to social security include half of each 2.6% for unemployment insur-
ance', 3.05% for long-term care insurance’, 18.6% for pension insur-
ance3, and 14.6%"* plus 1.3% for health insurance [9]. The amount of
accident insurance depends on various parameters’ and is set here at
1%. The markups for the employer’s social security contributions and
the insurance costs thus add up to 21.075%. Since a three-shift operation
with shifts of eight hours each is planned, surcharges of 15% for late
shifts and 25% for night shifts on the gross wage have to be considered
[55]. Finally, an annual surcharge of approximately 70% of the gross
monthly wage is due as part of the vacation pay [53]. Overall, average

! See § 341(2) SGB III in [25].
2 See § 55(1) SGB XI in [23].

3 See § 1 BSV 2018 in [13].

4 See § 241 SGB V in [22].

5 See § 153(1) SGB VII in [24].
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labor costs are estimated at 56,000 € per employee and year. For the
processes considered in this paper, an average requirement of three
employees per shift is assumed for the pyrometallurgical process and 1.5
employees per shift for the hydrometallurgical process. The labor costs
for 250 working days per year thus amount to 504,000 € for the pyro-
metallurgical process and 252,000 € for the hydrometallurgical process.

Variable costs Cy, include expenses for material Cy;, energy Cgg,
and waste disposal Cp . Respective prices were derived in Section 3.1.
According to material flows in both recycling routes in the three market
share scenarios for LIB types and the four price development scenarios,
the aggregated material prices can be calculated using Eq. (3) and Eq.
(4), where j indexes the set of pure substances contained in each output
and o is the respective mass fraction of a pure substance j. As described
in Section 3.1, a markdown of 50% (see Eq. (3)) was applied for the first
calculations. From this, the total material costs can be derived. Expenses
for the procurement of pyrolyzed black mass are not included in the cost
of materials at this point. The calculated TCO per ton of recycled black
mass can, therefore, be interpreted as the maximum price per ton of
black mass to be recycled in purchasing or internal transfer price. If this
price is exceeded, the process is not profitable from a financial point of
view. The same procedure results in total waste disposal costs. Knowing
the total installed power and utilization rate of each plant, in combi-
nation with the electricity price, leads to the total energy costs. Since the
general energy consumption is low compared to the process energy
consumption, it is neglected in the calculations. For all processes, the
actual uptime factor is set to 95%. In the remaining 5%, fixed costs and
energy costs accrue, but no material passes through production.
Handling costs are assumed to be covered by the other cost categories.

P =05 ap;(1+g,) 3)
J

Ops = \/Z (%(T,,_J-(l +80.) )2 v
7

The general determinants of the TCO model are the observation
period T and the discount rate i. If both the beta factor and the debt-
equity ratio of the fictitious company carrying out the recycling pro-
cesses are constant over time and match the corresponding values of the
sector, the weighted average cost of capital (WACC) of the sector can be
used as the discount rate.° The WACC sector value for the materials
industry was 8.1% in December 2022 [66]. The period under consid-
eration is set at 25 years. In general, all values are calculated, taking
uncertainty into account. Therefore, a standard deviation is given in
addition to each mean value.

4. Results and discussion

The following section presents the results of the TCO calculations
based on the model and data developed in Section 3. This includes a
discussion of the impact of the different scenarios for market share
development of the chemical composition of LIB cells and for the price
development on the economic feasibility of the two recycling process
routes introduced in Section 2.1. Sensitivity analyses are then used to
assess uncertainties in the results. The material and energy flows
considered for both recycling approaches are provided in Appendix B.

4.1. TCO of the pyrometallurgical recycling route

With a forecast horizon of 25 years and a pyrometallurgical

© This is because, according to the capital asset pricing model, r; = r; + (rm -
rf)ﬁi‘m with the return r; of the capital asset i, the risk-free interest rate ry, and
the return r, of the market portfolio. Thus, if Beompanym = Bsectorm» then

Tcompany = Tsector-
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processing of 285 t of pyrolyzed black mass (BM) per year, the economic
picture is mixed. The results for the pyrometallurgical recycling route
for all previously mentioned scenarios are shown in Table 8. It should be
noted that results do not account for the expenses of generating the black
mass to be recycled, as described in Section 3.3. Therefore, the TCO per
ton of recycled black mass presented here can be understood as the
maximum purchase price for black mass until the process becomes
unprofitable.

At first glance, two general trends are immediately apparent: First,
the economic feasibility of the pyrometallurgical recycling process de-
velops positively from the fixed to the upper price development sce-
nario. Second, the economic feasibility develops negatively from the
lower to the upper market scenario. The first trend can be explained by
stronger increasing product prices compared to raw material costs.
Taking a closer look at the results of the calculations, the revenues from
the sale of the metal alloy exceed those of the slag by far (factor 2,275 to
6,377, depending on the scenario). This is because most valuable ma-
terials, such as cobalt, nickel, and copper, are contained in the alloy,
while the lower-value materials are found in the slag. Among other
things, the slag is often used only in the construction industry and is
therefore of little value, as mentioned earlier. Nevertheless, almost all
the lithium is contained in the slag. However, the valuable lithium is
unfavorably bound and would have to be separated from the other slag
components by subsequent recycling processes to represent a valuable
process output. This leads to the second overarching trend. Since there
are only two very aggregate process outputs in the pyrometallurgical
process, value is created not so much by breaking down the pyrolyzed
black mass into pure materials but by concentrating more valuable
materials in one output, the alloy. Therefore, pyrometallurgy is very
sensitive to the content of high-value metals in the black mass. While the
mass fraction of cobalt in the black mass decreases from 11.964% in the
lower market scenario to 6.923% in the upper market scenario, the value
of the alloy reduces accordingly. An increase in the nickel content of the
black mass from 18.932% to 26.402% over the same scenarios cannot
compensate for the loss in value. Especially for the TCO values close to

Table 8
TCO and NPV of the pyrometallurgical recycling route for all market and price
development scenarios with standard deviations in brackets (own table).

Price Market scenario
scenario
Lower Base Upper
Fixed TCO —199,730.98 € —505,417.50 € —721,367.50 €
total (41,728.83 €) (35,843.57 €) (31,530.45 €)
TCO / t —700.81 € —1,773.39 € -2,531.11 €
BM (146.42 €) (125.77 €) (110.63 €)
—2,113,996.60 —5,349,449.85 -7,635,112.08
NPV € € €
(441,667.12 €) (379,376.21 €) (333,725.16 €)
Lower TCO 1,036,722.62 € 460,962.87 € 38,018.29 €
total (75,799.44 €) (63,305.44 €) (53,770.03 €)
TCO / t 3,637.62 € 1,617.41 € 133,40 €
BM (265.96 €) (222,12 €) (188.67 €)
NPV 10,972,899.93 €  4,878,932.25 € 402,393.95 €
(802,277.97 €) (670,038.68 €) (569,113.85 €)
Base TCO 1,523,574.14 € 835,308.40 € 328,712.18 €
total (94,719.90 €) (78,910.83 €) (66,801.82 €)
TCO / t 5,345.87 € 2,930.91 € 1,153.38 €
BM (332.35€) (276.88 €) (234.39 €)
NPV (116’01525)58;63;3 € 8,841,087.59 € 3,479,161.87 €
0 (835,209.59 €) (707,045.11 €)
Upper TCO 1,951,087.27 € 1,164,123.65 € 584,089.25 €
total (112,431.18 €) (93,552.98 €) (79,008.03 €)
TCO / t 6,845.92 € 4,084.64 € 2,049.44 €
BM (394.50 €) (328.15 €) (277.22 €)
NPV (210’16;;));;6622; € 12,321,340.40 €  6,182,128.95 €
6 (989,867.78 €) (836,238.39 €)
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zero in Table 8, there are relatively high standard deviations compared
to the given mean. This is due to the way the values are calculated, as in
these cases the cash inflows and outflows almost cancel each other out
when calculating the mean value, which is not the case for the corre-
sponding standard deviations.

The pyrometallurgical recycling process is relatively energy-
intensive due to using an electronic arc furnace. Energy costs account
for 45.3% of operating costs on average in the base market and base
price scenario (baseline scenario) and represent the most significant cost
factor. The second most important cost factor is labor at 23.3%, directly
followed by material costs, which add up to 19.6% of operating expenses
in the same scenario. Looking at the process parameters and scale, the
pyrometallurgical process technically requires continuous operation so
that the furnace does not have to be reheated regularly. This require-
ment is partially met here by the three-shift operation. However, the
operation should be guaranteed not only for 250 working days but also
continuously. Fixed costs are high relative to the variable costs (34.9%
vs. 65.1% in the baseline scenario). Thus, an increase in throughput
could improve the fixed costs share but also the investment costs in
relation to the throughput items.

4.2. TCO of the hydrometallurgical recycling route

For the hydrometallurgical recycling process over a 25-year analysis
period, processing 285 t of pyrolyzed black mass per year, positive TCO
is achieved in every scenario. Again, the costs of generating the black
mass to be recycled are not included in the calculations, so the results
can again be interpreted as described above. The results for the hydro-
metallurgical recycling route for all market and price scenarios are
shown in Table 9.

The hydrometallurgical recycling process shows the same trend as
the pyrometallurgical route concerning the price scenarios. Thus, the
economic feasibility of the hydrometallurgical route develops positively
from the fixed to the upper-price development scenario. The detailed
calculation tables show that the trend in the price scenarios is due to

Table 9
TCO and NPV of the hydrometallurgical recycling route for all market and price
development scenarios with standard deviations in brackets (own table).

Price Market scenario
scenario
Lower Base Upper
Fixed TCO 427,582.81 € 517,499.06 € 516,196.74 €
total (19,015.72 €) (21,033.15 €) (21,909.94 €)
TCO /t 1,500.29 € 1,815.79 € 1,811.22 €
BM (66.72 €) (73.80 €) (76.88 €)

4,525,630.39 € 5,477,323.66 € 5,463,539.66 €

NPV (201,266.50 €)  (222,619.46 €)  (231,899.64 €)
Lower TCO 832,417.96 € 981,617.22 € 1,018,521.96 €
total (27,569.74 €) (30,040.88 €) (31,361.29 €)
TCO/t  2,920.76 € 3,444.27 € 3,573,76 €
BM (96.74 €) (105.41 €) (110,04 €)
881040456¢ 1038965229 10780,260.18
NPV (291,804.14€) €
Rl (317,959.23 €)  (331,934.80 €)
Base TCO 1,183,421.52 €  1,360,566.62 €  1,406,695.02 €
total (33,877.84 €) (36,853.38 €) (38,481.60 €)
TCO/t  4,152.36 € 4,773.92 € 4,935.77 €
BM (118.87 €) (129.31 €) (135.02 €)
12,525.593.28  14,400,535.89  14,888,769.04
NPV € € €
(358,570.52 €)  (390,064.30 €)  (407,297.69 €)
Upper TCO 1,484.527.52 €  1,686,124.29 €  1,740,446.64 €
total (39,803.45 €) (43,253.61 €) (45,170.69 €)
TCO/t  5208.87 € 5,916.23 € 6,106.83 €
BM (139.66 €) (151.77 €) (158.49 €)
15,712,565.31  17,846,309.83  18,421,269.54
NPV € € €

(421,288.49 €) (457,805.73 €) (478,096.49 €)
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stronger revenue growth than material costs. Considering the effects
along the different market scenarios, the trend of economic feasibility
shows a positive development from the lower to the upper market sce-
nario. However, the results of the market scenarios, especially between
the base and upper scenario, only differ slightly. The hydrometallurgical
recycling route yields five output fractions, some with highly concen-
trated pure substances. This leads to high values of these products, as the
purity allows direct reuse of the materials also in battery production.
The difference in prices and price growth rates of Co(OH); and Ni(OH),
is smaller than between cobalt and nickel as metals. The decrease of
cobalt in the black mass from 11.964% in the lower market scenario to
6.923% in the upper market scenario can be partly compensated by the
higher increase of nickel from 18.932% to 26.402% over the same sce-
narios. The almost continuous decline in black mass cobalt content
across the three market scenarios, combined with a 4.9 percentage point
increase in nickel content from the lower to the base market scenario
and a 2.5 percentage point increase from the base to the upper market
scenario, explains the trend in profitability across the market scenarios.

Due to the pre-industrial scale of only 50 kg/h pyrolyzed black mass
processed in the hydrometallurgical recycling route, average fixed costs,
about half of which are labor costs, account for 23.3% of the operation
expenditures in the base market and base price scenario, for example.
Higher material throughput by upscaling should lower the share of fixed
costs and thus further increase the profitability of the hydrometallur-
gical recycling route. Several process chemicals are used in hydromet-
allurgy, so the material costs for these process inputs are quite high,
averaging 41.4% in the baseline scenario. Energy costs average 32.2% of
operating expenditures in the baseline scenario. In particular, the energy
consumption of the ESLR process due to high process temperature and
pressure could be reduced in the future by adjusting the process pa-
rameters, according to Schwich et al. [71].

4.3. Sensitivity analysis

To account for uncertainties in the results presented in Sections 4.1
and 4.2, the effects of important parameters of the calculations on the
results are evaluated in sensitivity analyses. Energy and material costs
account for a large share of operating expenditures in both recycling
routes. Therefore, the impact of variations in electricity price and price
markdowns on marketable process outputs are examined first.

Considering a variation of the start price for electricity of 242.70
€/MWh between —100% and 100%, it follows that the slope of TCO per
ton of processed pyrolyzed black mass is consistently negative and
steepest for the upper price development scenarios (—32.07 €/pp. and —
22.48 €/pp) and flattest for the fixed price development scenarios
(—17.89 €/pp. and — 12.54 €/pp) for both the pyrometallurgical and the
hydrometallurgical recycling process. On average, the slope is —25.56
€/pp. for the pyrometallurgical and — 17.99 €/pp. for the hydrometal-
lurgical recycling process. Relative to the value without variation (see
Fig. 3), the average slope is —2.616%/pp. (min: —0.468%,/pp., max:
—18.175%/pp) for the pyrometallurgical recycling process and —
0.521%/pp. (min: —0.368%/pp., max: —0.836%/pp) for the hydro-
metallurgical recycling process. Differentiating the start price for elec-
tricity between —100% and 100% does not lead to any changes in the
sign regarding economic feasibility for the hydrometallurgical process.
Regarding the pyrometallurgical process, there are changes in six sce-
narios. The respective break-even points are reported in Table 10.

This analysis shows that the results for the pyrometallurgical process
are significantly more sensitive to a variation in electricity price than the
results for the hydrometallurgical process. This can also be seen in Fig. 3
and is due to the share of energy costs in the operating expenditures. For
the hydrometallurgical recycling process, the initial values of the TCO
per ton of pyrolyzed black mass processed are sufficiently high that even
doubling the start electricity price does not lead to a negative TCO in any
scenario. Detailed charts showing the impact of the electricity base price
on TCO are provided in Appendix C.
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Fig. 3. Relative slopes of TCO per t of BM processed with varying electricity base price for all scenarios of both recycling routes, not showing the outlier at —18.175%

for the pyrometallurgical process for clarity (own figure).

Table 10
Break-even points in energy price sensitivity analysis for the pyrometallurgical
process (own table).

Market scenario Price scenario Break-even point

Lower Fixed —39.18%
Base Fixed —99.15%
Base Lower 66.71%
Upper Lower 5.50%
Upper Base 40.57%
Upper Upper 63.91%

The price markdown on marketable process outputs can vary from
0% if the process output would be prorated at the market price for the
respective pure materials to 100% if the process output would be valued
as worthless. The slope of the TCO per ton of processed black mass with
varying markdown is negative for all scenarios in both recycling pro-
cesses. This is plausible since a higher markdown leads to a lower selling
price for the respective process output and thus to a lower overall rev-
enue. Table 11 gives an overview of the absolute slopes of the TCO per
ton of processed black mass related to the variation in the price mark-
down on the process outputs, as well as the relative slopes where the
absolute slope is related to the initial value of the TCO, which results at
the 50% price markdown defined in Section 3.1.

From the values presented in Table 11 and the graphs shown in
Fig. 4, it is evident that the pyrometallurgical recycling process is more
sensitive to higher price markdowns on marketable process outputs than
the hydrometallurgical recycling process. Within the hydrometallurgical
recycling process, the Ni/Co/Mn hydroxide output fraction is primarily
sensitive to price markdowns. The other outputs do not cause as much
variation in the TCO per ton of processed black mass with changes in the
respective price markdowns. These results are understandable to the

extent that they reflect the shares of the respective process outputs in the
revenue for the hydrometallurgical recycling process. For the pyro-
metallurgical recycling process, the alloy represents the only relevant
marketable process output. Therefore, it also bears the full variation of
the price markdown in relation to the overall result.

Changes in the price markdown between 0% and 100% for Li,COs3,
graphite, and cement Cu do not lead to a change in the sign of the TCO.
For Ni/Co/Mn hydroxide, only the fixed price development scenarios
result in break-even points for very high price markdowns of
74.9-79.9%, depending on the market scenario, and the lower price
development scenario in combination with the lower market scenario
results in a break-even price markdown of 96.9%. Regarding the alloy
from the pyrometallurgical recycling process, there is a break-even point
for all scenarios. For the remaining scenarios, which have a positive TCO
prior to the sensitivity analysis, the discounts for the break-even point
are very high at 61.2-91.4%. For the upper market scenario in the lower
price development scenario, however, only a slightly increased price
markdown of 51.5% would be required for the break-even point. On the
other hand, the three scenarios in which the TCO was negative in
advance could also be brought to the break-even point with reduced
price markdowns of 40.3% for the lower market scenario, 21.2% for the
base market scenario, and 3.2% for the higher market scenario. Detailed
charts showing the impact of the price markdowns on TCO are provided
in Appendix C.

Finally, in this section, the effect of compensating for externalities
through the purchase of CO5 emission allowances on the results is
examined. Using the price growth rates presented in Section 3.1, the
inclusion of CO, emission allowances inherently leads to a reduction in
TCO per ton of pyrolyzed black mass processed. The variation in results
by market and price growth scenarios is shown in Table 12. Since CO»
emissions only occur in the pyrometallurgical recycling process, there
are no changes to the hydrometallurgical recycling process.

Table 11
Ranges of absolute and relative slopes of TCO per t of BM processed with varying price markdown on marketable process outputs (own table).
Process Marketable output Min Avg. Std. dev. Max
Pyrometallurgy Alloy —54.06 €/pp —107.53 €/pp 32.76 €/pp —165.51 €/pp
—2.136%/pp ~9.860%,/pp 16.922%/pp —65.372%/pp
Hydrometallurgy Li,CO3 —20.91 €/pp —45.21 €/pp 14.61 €/pp —64.51 €/pp
—1.038%/pp —1.219%/pp 0.125%,/pp —1.416%/pp
Graphite —4.58 €/pp —7.59 €/pp 1.95 €/pp —9.83 €/pp
~0.161%/pp —0.213%/pp 0.042%/pp —0.306%/pp
Cement Cu —0.62 €/pp —0.88 €/pp 0.18 €/pp —1.1 €/pp
~0.018%/pp ~0.025%,/pp 0.007%/pp —0.041%/pp
. . —60.29 €/pp —69.44 €/pp 8.07 €/pp —82.22 €/pp
N Mn h
1/Co/Mn hydroxide ~1.326%/pp ~2.126%/pp 0.882%/pp ~4.018%/pp
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Fig. 4. Relative slopes of TCO per t of BM processed with varying price markdowns on marketable process outputs for all scenarios of both recycling routes, not

showing the outlier at —65.372% for alloy for clarity (own figure).

Table 12
Impact of compensating for CO, emissions on the TCO per t of BM processed for
the pyrometallurgical recycling process (own table).

Price scenario Market scenario

Lower Base Upper
Fixed —86.32 € —86.29 € —86.27 €
Lower —170.71 € —170.65 € —170.61 €
Base —204.57 € —204.51 € —204.45 €
Upper —234.30 € —234.23 € —234.16 €

As can be seen, the values for the three market scenarios hardly differ
in each case. Since the price of CO, certificates will likely continue to
rise sharply in the future, and more and more industries will be obliged
to compensate for their emissions by purchasing CO, certificates, this
cost item is certainly relevant for the processes considered here.

4.4. Comparison of both recycling routes and limitations of the economic
evaluation

Comparing the results for both recycling routes, the pyrometallur-
gical recycling route shows higher profitability than the hydrometal-
lurgical route in lower market scenario for the lower to upper price
development scenarios. In the other cases, the hydrometallurgical
recycling process is economically advantageous. Except for the pyro-
metallurgical recycling process in the fixed price development scenarios
in all market scenarios, both processes have positive TCO in all sce-
narios. However, it should be noted that the calculations do not include
expenses for the production of pyrolyzed black mass. Furthermore, in
this study it is assumed that the lithium-bearing slag produced in the
pyrometallurgical process is sold to the construction sector as a filler
material.

Looking at the development of the TCO per ton of processed black
mass over the different scenarios comparing the two recycling routes,
the hydrometallurgical recycling route shows more constant results.
Furthermore, the respective standard deviation is lower than the cor-
responding values of the pyrometallurgical recycling route. This implies
that the hydrometallurgical recycling route is both less susceptible to

11

price fluctuations and less dependent on the composition of the recycled
black mass than the pyrometallurgical recycling route. In particular, a
decreasing cobalt content has less impact on the outcome. This can be
explained by a more diversified output with fewer and more highly
concentrated materials per fraction in the hydrometallurgical recycling
route.

Regarding the limitations of the presented evaluations of both
recycling processes, the standard deviations to the results presented in
Table 8 and Table 9 should be considered first. For the pyrometallurgical
recycling route, the standard deviations are quite high compared to the
mean values. For the hydrometallurgical route, the ratio is much lower.
However, it should be noted that the results are based on assumptions
about material prices extending 25 years into the future and may,
therefore, differ significantly from actual trends. In particular, the re-
gressions on past prices of cobalt and Li;COs resulted in high price
growth rates in the calculation model. On the one hand, these price
increases can be justified by an increasing demand for raw materials in
the course of increased battery production [76] combined with a
shortage of the corresponding raw materials, as described in Section 1.
On the other hand, overly high assumptions regarding price increase
rates may also lead to exaggerated expectations regarding revenues for
recycled products.

Second, and related to the problem of accurate price forecasting, the
price markdowns, which relate the values of recycled products to the
pure prices of the substances they contain, have a major impact on the
results presented here. There is a high sensitivity of the results with
respect to the variation of price markdowns, especially for high-value
recycling output fractions. Finally, deviations in the actual market
development of LIB cell chemistry also cause variations in the calcula-
tion results. However, the general trend of reducing the cobalt content
and instead increasing the nickel content of the cathode active material
is very likely, as described in Section 3.2.

5. Conclusions
In this paper, two recycling approaches for pyrolyzed black mass

from LIBs were evaluated economically. Despite all limitations in the
evaluation, general trends were identified on how both recycling routes
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perform under different market and price development scenarios. This
leads to answering the first research question formulated regarding
factors influencing the economic advantageousness of the two recycling
processes. The main factors affecting economic feasibility are material
and energy prices. Excluding the purchase of pyrolyzed black mass, both
recycling processes presented in this paper are profitable in most sce-
narios — the hydrometallurgical process in all scenarios. The hydro-
metallurgical recycling route was found to be less susceptible to price
fluctuations and changes in cell chemistry than the pyrometallurgical
recycling route. Therefore, the hydrometallurgical recycling route is
expected to be more profitable than the pyrometallurgical one when
scaled up, especially in the context of decreasing cobalt content in LIBs.

Discussion of the chemical composition of LIB cells provides a bridge
to answering the second research question regarding future de-
velopments that influence the result of the economic evaluation. The
most significant changes in the future will be in cell chemistry. As
mentioned earlier, the hydrometallurgical process is more robust to
specific changes in this regard. However, it is expected that the currently
used LIB types will be replaced by more advanced types, such as high-
voltage spinel (HVS), high-energy NMC (HE-NMC), solid-state batte-
ries (SSB), lithium-oxygen (LiOj) batteries, and lithium-sulfur (LiS)
batteries, or alternative battery technologies like sodium-ion batteries.
For these battery types, the two recycling routes presented in this work
are at least partially inapplicable. Therefore, in a market dominated by
new LIB types, neither recycling route is likely to be profitable anymore.
However, since the market launch of these new LIB types is not yet
foreseeable, and there are still large quantities of conventional LIB types
in use, both processes have the prospect of profitable operation in the
medium term under proper boundary conditions.

To establish and expand suitable collection systems and recycling
processes, subsidies should also be considered since raw material recy-
cling, even in the case of processes that are not profitable from a purely
economic point of view, can still be advantageous from a macroeco-
nomic point of view when external costs are considered regarding
environmental and social impacts.

In further research, the optimization of the recycling efficiency of
lithium in the pyrometallurgical recycling route is to be comparatively
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evaluated. This is technically possible by mobilizing the lithium equally
through an upstream ESLR, as in the hydrometallurgical recycling route
presented here. Further research could include the integration of pre-
and postprocessing steps into the calculations, as well as the consider-
ation of further recycling processes and future battery types. To achieve
a more holistic view, external costs related to environmental and social
impacts should also be addressed. In addition, more in-depth consider-
ations could be made around collection logistics for end-of-life LIBs.
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Appendix A. Experimental description of the hydrometallurgical reference process

A pyrolyzed black mass with a particle size of <1 mm was used as input material for the hydrometallurgical reference process route. The black mass
was NMC-based and pre-pyrolyzed. To ensure a low content of residual binder and electrolyte due to a possible insufficient thermal treatment, the
black mass powder was first post-pyrolyzed at 600 °C for one hour in a nitrogen atmosphere. To determine the composition of the post-pyrolyzed black
mass, a 3 g sample was analyzed using a “Spectro CIROS Vision” inductively coupled plasma-optical emission spectrometer (ICP-OES) manufactured
by “SPECTRO Analytical Instruments GmbH, Kleve, Germany”. The chemical composition of the output black mass is shown in Table 13.

Table 13

Chemical composition of pyrolyzed black mass used for ESLR and hydrometallurgy in wt% (own table).
Al Cu Co Li Mn Ni Fe C F
4.27-5.20 1.85-2.45 11.00 4.30 9.67 13.30 1.11 26.80 -

For the ESLR process step, 150 g of the post-pyrolyzed black mass was leached in water at an S/L ratio of 1:30 for 120 min at 25 °C. CO, was
injected at a flow rate of 3 1/min, similar to Hu et al. [52] and Yi et al. [86]. After the CO-induced water leaching, the suspension of the undissolved
black mass residue and the pregnant leaching solution were filtered.

For the subsequent acid leaching, 135 g of the residual black mass was used as initial input material. The experimental parameters for the multistep
hydrometallurgical process were based on Wang and Friedrich [85]. The black mass was leached at 80 °C for 120 min with a 4-M hydrochloric acid, a
solid/liquid ratio of 1:10, and an addition of 50 g/1 hydrogen peroxide. The undissolved graphite residue was then filtered. For the subsequent copper
cementation, 1.2 times the amount of copper content was added to the residual solution (the filtrate from the previous process step). Sodium hydroxide
pellets (> 99% NaOH, Merck KGaA) were added to adjust the pH to 1.7 at a process temperature of 60 °C, after which the cement copper fraction was
filtered. The pH was raised to 3.75 by adding sodium hydroxide pellets at 40 °C and 10 g/1 of hydrogen peroxide to precipitate the aluminum/iron
hydroxide fraction before filtering. The pH in the remaining filtrate was increased to 10.37 by adding sodium hydroxide pellets before the mixed
hydroxide of nickel, manganese, and cobalt was filtered.

For the ESLR process step and each subsequent hydrometallurgical process step, the filter cake was post-washed with a specific amount of water
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after filtration to ensure complete separation of all dissolved elements from the filter cake. The volume of each filtrate and the washing solution were
measured. To determine the composition of each solution, 3 ml samples were taken. Each sample was diluted in a 1:10 ratio and analyzed via ICP-OES.
The element distribution for each process step was determined based on the volumes of the liquid samples and their compositions. As an idealization, it
was assumed that the elements dissolved in the washing solution could be added to the filtrate of each process step. From this, the accumulated
elemental concentrations of the residual solutions were determined, based on which the elemental distribution for each process step was derived. The
accumulated element concentrations of the solution fraction for each hydrometallurgical process step are given in Table 14, while Table 15 displays
the element-based distribution coefficients for each process step. Since graphite was not analyzed in this work, it is presumed that 100% will be

allocated to the graphite fraction.

Table 14

Accumulated element concentration in the filtrate and washing solution after each process step in g/1 (own table).

ESLR
Al Cu Co Li Mn Ni Fe
0.01 - - 0.11 - - -
Leaching
Al Cu Co Li Mn Ni Fe
4.17 2.11 10.21 1.25 9.35 12.81 1.14
Copper cementation
Al Cu Co Li Mn Ni Fe
4.84 - 11.80 1.41 10.85 15.22 2.74
Aluminum and iron precipitation
Al Cu Co Li Mn Ni Fe
0.13 - 15.07 1.73 15.43 18.48 -
Cobalt, nickel, and manganese precipitation
Al Cu Co Li Mn Ni Fe
0.01 - - 1.38 - - -
Table 15
Element distribution after each process step in wt% (own table).
ELSR
Al Cu Co Li Mn Ni Fe C
Product 1.20 0.00 0.00 66.94 0.00 0.00 2.42 0.00
Process 98.80 100.00 100.00 33.06 100.00 100.00 97.58 100.00
Leaching
Al Cu Co Li Mn Ni Fe C
Product 5.36 0.00 0.00 0.00 0.00 0.00 0.00 100.00
Process 94.64 100.00 100.00 100.00 100.00 100.00 100.00 0.00
Copper cementation
Al Cu Co Li Mn Ni Fe C
Product 0.00 100.00 0.00 2.45 0.00 0.00 27.63 -
Process 100.00 0.00 100.00 97.55 100.00 100.00 72.37 -
Aluminum and iron precipitation
Al Cu Co Li Mn Ni Fe C
Product 98.01 - 11.38 12.49 0.60 15.13 99.80 -
Process 1.99 - 88.62 87.51 99.40 84.87 0.20 -
Cobalt, nickel, and manganese precipitation
Al Cu Co Li Mn Ni Fe C
Product 93.23 - 99.97 26.50 99.87 99.95 42.01 -
Process 6.77 - 0.03 73.50 0.13 0.05 57.99 -

Appendix B. Material and energy flows of the pyrometallurgical and hydrometallurgical reference process

Based on the determined distribution coefficients from Table 1 and Table 2, and the three defined market share scenarios in Table 5, annual
material flows were generated for both recycling approaches. The annual material flows for the lower, base, and upper market share scenario are

illustrated in Fig. 5, based on an annual processing of 285 t/a BM.
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(a) Pyrometallurgical recycling process

Black mass Metal alloy

(285 via) 1 (304 )
Si02 Slag

(57 t/a) (72 tia)
(Lower Scenario)

Cu0 Off-gas

(207 tfa) (173 t/a)

Black mass Metal alloy

(285 1) 1 (305 t/a)
Si02 Slag

(57 ta) (69 t/a)
(Base Scenario)

CuO Off-gas

(207 tha) (175 t/a)

Black mass Metal alloy

(285 t/a) 1 (304 t/a)
Si02 Slag

(57 ta) (68 t/a)
(Upper Scenario)

CuO Off-gas

(207 tfa) (177 t/a)
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b) Hydrometallurgical recycling process®
Black mass Li2CO3

(285 t/a) (50 /a)
C (graphite)
HCL (37%) (101 tfa)
(1061 tia)
Cement Cu

H202 (35%) (10va)
(154 va) AI(OH)3, FEO(OH)
(80 tfa)
Te powder
(4 t/a) (Lower Scenario) Ni(OH)2, Co(OH)2, Mn(OH)2
(186 t/a)
NaOll (30%) Residual solution*
(648 tia) (1725 t/a)
Black mass Li2CO3
(285 t/a) (54 1/a)
. C (graphite)
HCL(37%) (102 t/a)
(1061 tia)
Cement Cu
H202 (35%) (10t/n)
(154 ta) AIOH)3, FEO(OH)
(74 t/a)
Te powder
(4 t/a) (Base Scenario) Ni(OH)2, Co(OH)2, Mn(OH)2
(184 t/a)
NaOll (30%) Residual solution*
(648 tia) (1728 tfa)
Black mass Li2CO3
(285 ta) (57 va)
C (graphite)
HC1 (37%) (103 ta)
(1061 tia)
y Cement Cu
H202 (35%) (10va)
(154 ta) AI(OH)3, FEO(OH)
(67 ta)
Fe powder
(4 t/a) (Upper Scenario) Ni(OH)2. Co(OH)2, Mn(OH)2
(185 tfa)

NaOl1 (30%)
(648 tia)

Residual solution*
(1731 téa)
*including @ water flow rate of 8527 i/a

Fig. 5. Annual input and output stream for the lower, base and upper market share scenario for the pyrometallurgical (a) and hydrometallurgical (b) recycling

process (own figure).

As a simplifying assumption, the same amount of input materials was considered in each scenario. The differences between the three scenarios arise
from the scenario-dependent composition of the BM, which results in different weightings of the output streams.

The annual electricity consumption for both recycling processes was determined based on the rated power of the pre-defined pilot-scale plant
technology. For the pyrometallurgical process route, an annual energy consumption of 2,100.3 MWh/a was calculated, while for the hydrometal-
lurgical process route, an energy consumption of 1,472.4 MWh/a was determined.

Appendix C. Detailed sensitivity analysis charts

The scenario abbreviations used in the figures are composed of a part identifying the market development scenario (LM: lower, BM: base, UM,
upper) and a part identifying the price development scenario (FP: fixed, LP: lower, BP: base, UP: upper).
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Fig. 7. Impact of the electricity base price on the TCO for all scenarios of the hydrometallurgical recycling route (own figure).
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Fig. 8. Impact of the price markdown of the alloy on the TCO for all scenarios of the pyrometallurgical recycling route (own figure).
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Fig. 9. Impact of the price markdown of cement Cu on the TCO for all scenarios of the hydrometallurgical recycling route (own figure).
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Fig. 11. Impact of the price markdown of Li;CO3 on the TCO for all scenarios of the hydrometallurgical recycling route (own figure).
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Fig. 12. Impact of the price markdown of Ni/Co/Mn hydroxide on the TCO for all scenarios of the hydrometallurgical recycling route (own figure).
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