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It is a common understanding worldwide that electromobility will have a significant
share in passenger transport and that there will be a very dynamic increase in the return
volumes of discarded batteries in the future. Whilst, currently, recycling is in the hands of a
few and mostly small companies, large companies are increasingly preparing for the circular
economy scenario of electric vehicles. This requires robust, safe and efficient processes, on
which many research centers are currently working in the international environment. At
present, there is no preferred concept for the processing of battery scrap, not to mention
any standardization or norming. Politically, the EU specification of a 50% weight-based
recovery rate (recycling efficiency, RE) based on cell level is causing widespread discussion.
On one hand, such a requirement seems low, but taking into account that 15% and 20%
weight shares of electrolytes and graphite, respectively, have not been recoverable to date,
this RE alone already poses challenges for many companies. The overall question therefore
is whether the holistic weight-based RE is the right way to go, or if element-based quotas
for Ni, Co, Cu, Li, etc. are clearly the more target-oriented way [1]. This request has
been partly implemented recently by the EU in the new draft of the Battery Recycling
Directive [2], where, exemplarily, Li is addressed, with a target of 70% by 2030.

Regardless of this discussion, the recovering of technology elements from Li-based
batteries requires mechanical and metallurgical processes in combination. Many options
for treating discarded batteries are currently being discussed and investigated. Three
exemplary recycling process pathways, A, B, C, are shown as a modular scheme, as the
following figure (Figure 1) simplifies. These three process options are already realized at an
industrial or at least at a pilot scale and comprise different approaches regarding elements
recovered and modules selected.
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Figure 1. Options and flexibility of battery recycling routes indicating three already industrially
applied process paths: A (inert shredding and separation before dedicated chemical processing),
B (thermal conditioning and mechanical separation prior to large-scale production), C (direct smelting
without pre-conditioning), based on [1].
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It can be seen that different process modules are in place, which can be incorporated
into a recycling process. The resulting process A combines inert shredding and mechanical
comminution and separation. Thermal conditioning is performed afterwards, whereas
process B starts with a thermal treatment and a mechanical comminution and classification
is then performed in atmosphere before entering large-scale units. Process C can be inserted
into a pyrometallurgical unit with or without dismantling and discharging. Hence, the
selection of such modules starting from dismantling/discharging up to hydrometallurgy
forms recycling routes A, B, C. Each process path entails specific benefits and drawbacks,
for example, based on energy input, eco-footprint or recoverable elements and components.
In this scheme, the focus is not set on the economic viability of the main points, but on
providing options or scenarios with the focus on the respective technological strengths and
weaknesses. Depending on the path taken, the components of a cell can be converted into
commodity products, and even raw materials for a closed circle to batteries, or environ-
mentally sensitive substances; Figure 2 is helpful to illustrate the options for obtainable
recycling products.
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Figure 2. Alternatives of obtained recycling chain products depending on the process paths selected, based on [3]. Here,

HP-C refers to high-purity graphite materials used for smelting crucibles.

Noble metals, such as copper (Cu), nickel (Ni) and cobalt (Co), are recovered generally
as a marketable and profitable product, independent from the process modules selected.
These metals comprise the highest value within a battery, which is why their recovery is a
crucial goal in all recycling paths. However, losses in by-products can hardly be avoided
since a yield of 100% is practically unrealistic, nevertheless, research always focuses on
minimizing process-related losses. Moreover, iron (Fe), represented as steel casings or LFP-
cathode systems, and manganese (Mn), represented as an alloying element in steel casings
or NMC-cathode systems, are comparatively ignoble metals. Aiming for near zero-waste
recycling, Fe and Mn are to be considered as potential products, as well. The mineral phase
resulting as slag from pyrometallurgical operations can be transferred to the construction
sector, but an elemental recovery of Mn and Fe is not realized in most scenarios. Aluminum
(Al) from casing and foils can, similarly to Fe and Mn, be transferred to a slag in a direct
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smelting route or recovered to a high degree by advanced mechanical processes, like
dismantling, shredding and classification. The graphite in the battery’s anodes is a critical
element according to the European Union [4], hence, its recovery must play an important
role in terms of resource efficiency [5]. Using it as a reducing agent in pyrometallurgical
operations is technically possible [6,7] but questionable, since a carbothermic smelting
process is under critical view, when aiming at a carbon-free industry approach. Hence,
dedicated recovery steps are required. Lithium (Li) represents the mainstay of proven
and all innovative battery systems, and its recovery always requires hydrometallurgical
operations. Lithium carbonate, but also lithium hydroxide, are marketable products, whose
production in recycling ensures the principle of a circular economy.

The obtainable products correspond to a wide range of processes alternatives, which
has already been outlined by the different process combinations A, B, C. The established
large-scale operations for comparable commodity materials (outer ring) are certainly the
most economic ones and, thus, it should be a battery recycling process target to reach an
entry point into these production levels as fast as possible. As a matter of fact, the available
options are highly diversified, leading to more recycling process alternatives. Figure 3
visualizes this by showing most of the battery recycling options as a modular wheel.
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Figure 3. Entry points for recycling products in current large-scale metal production value chains, based on different

process modules, based on [8]. Here, the outer ring represents established large-scale operations for comparable commodity

materials, also indicated as base material production. The middle ring stands for an advanced second stage in dedicated

battery recycling, whereas the inner ring stands for the first process stage in dedicated battery recycling.

This wheel can be read starting from the center with end-of-life batteries, passing two
rings of first and possibly second dedicated battery recycling steps into the commodity ma-
terial production systems (outer ring). Hence, the two inner rings refer to battery-specific
recycling facilities and unit operations, and the outer ring represents existing, large-scale
metallurgical or chemical industrial production facilities. Obtained products from dedi-
cated battery recycling facilities are channeled into existing large-scale operations for new
product generation. Battery scrap, which can be either cell or module based, is treated in
process modules, which obtain a specific product fraction. For example, Al casing is recov-
erable by the module “mechanical treatment”, possibly in combination with the module
“thermal pre-treatment” before or even after the mechanical process. This Al casing product
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is then directly transferred to existing, non-battery-specific aluminum production facilities,
where it is transformed to a secondary aluminum alloy by the module “pyrometallurgy”.

It is to be pointed out that the entry points of the outer ring are defined in terms of
impurities by commodity material producers. Thereby, meeting these demands on battery
recycling products is a pre-requisite for generating marketable products. The channeling
of battery recycling products into existing infrastructure for primary production is an
important tool for near zero-waste recycling. However, with all process chain optimization,
it must always be kept in mind that metal losses can also increase with each process module
added and that the revenues from the newly recovered products may be offset by the costs
of these required additional steps. Additionally, last not but least, all recycling operations
must be robust against changing battery chemistries [9,10] and impurities deriving from
sorting failures or insufficient orderliness and cleanliness in the plant. One simple example
is the future Si-based battery which shows a strong tendency to disable hydrometallurgical
operations by gelation risk.

Based on 19 high-quality articles, this Special Issue presents methods for further
improving the currently achievable recycling rate, product quality in terms of focused
elements and moreover, approaches for the enhanced mobilization of lithium, graphite and
electrolyte components. In particular, the target of early stage Li removal is a central point
of various research approaches in the world, which has been reported, for example, under
the names early stage lithium recovery (ESLR) [11] or CO; leaching (COOL) [12]. These
processes are a strongly focusing on environmentally friendly lithium mobilization before
entering pyrometallurgy or conventional hydrometallurgy. Figure 4 simplifies the effect of
this approach.
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Figure 4. Early stage Li recovery (ESLR) process scheme, based on [11,13].

It has to be pointed out that early stage Li recovery is a tool which can be incorporated
into all existing recycling paths, hence, it is an effective add-on for pursuing a high recycling
efficiency for this critical element. Currently, the process is investigated by using (thermally
treated) black mass [11], but directly shredded material may also be a practical option for
future research.

Besides the topic of environmentally friendly lithium mobilization, many more ap-
proaches are present in this Special Issue, starting with robotic disassembly and dismantling
of Li-ion batteries [14,15]. Moreover, the optimization of various pyro- and hydrometal-
lurgical as well as combined battery recycling processes for the treatment of conventional
Li-ion batteries, up to an evaluation of the recycling on an industrial level, and different
battery recycling topics, are addressed as well. The recovery of lithium by innovative
methods comes to the fore as an important component. In addition to the consideration of
the Li distribution in compounds of a Li;O-MgO-Al,03-5i0,-CaO system, the Li recovery
from battery slags is also discussed. The development of suitable recycling strategies for
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new battery systems, such as all-solid-state batteries, but also lithium-sulfur batteries,
are also taken into account in this Special Issue. Some articles also discuss the issue that
battery recycling processes do not have to produce end products such as high-purity bat-
tery materials, but that they should be aimed at finding an “entry point” into existing
proven large-scale industrial processes where marketable product generation is possible
and cost-efficient (referring to the discussion around Figure 3).

The contributions of this issue are structured according to their research areas, as can
be seen in Table 1.

Table 1. Published articles in this Special Issue, “New Science Based Concepts for Increased Efficiency
in Battery Recycling” sorted by research field and given as sources in the References.

Research Field Source in Special Issue
Dismantling [14,15]
Shredding/Separation [5,16]
Thermal Conditioning [11]
Smelting [6,7,17-19]
Hydrometallurgy/Chem. Processing [9,10,12,20-22]
Reviews [23-25]

Participants in this Special Issue originate from 18 research institutions from eight
countries. We would hereby like to thank all of them for the high-quality research and
reviews including the evaluation and derivation of recommendations for future work.
Funding: This research received no external funding.
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