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The ambition for eco-friendly energy options grows in-
creasingly, where lithium-ion batteries (LIBs) stand out as
a fundamental element of contemporary technology. They
energize a vast range of devices and systems, including
mobile phones and electric cars. The multiplied use of these
batteries has sparked major worries about exhausting finite
resources and harming the environment. Consequently,
extracting Lithium (Li) from used batteries has emerged
as a vital priority in building a circular economy.

Efforts to recycle batteries started developing worldwide
during roughly the same period, though Europe advanced
notably by creating structured regulatory systems. In
2006, the European Union enacted the Battery Direc-
tive (2006/66/EC), designed to reduce battery waste while
boosting collection, recovery, and recycling efforts. This
legislation required EU member countries to achieve a
minimum collection and recycling rate of 25 % for spent
portable batteries by 2012 — a benchmark that has since
been raised under evolving rules. Through investments in
advanced recycling technologies and strong promotion
of circular practices, approaches to recover valuable re-
sources from exhausted batteries raised, supporting long-
term sustainability. Later, the EU Regulation 2023/1542
imposed new ambitious targets for battery recycling, which
increased the awareness regarding the significance of met-
als recovery for both environmental sustainability and
resource security. Research institutes like IME RWTH
Aachen have been stepping up efforts to innovate on re-
covering specially Li, Ni, Co, Mn, and graphite from spent
batteries. By leveraging advanced technologies and col-
laborating with industry partners and public organizations,
we have been aiming to contribute meaningfully to this
endeavour.

This short communication brings to light the journey of
our research institute in pioneering innovative methods for
LIBs recycling. It highlights how collaborative efforts with
public German organizations and industries have played a
pivotal role in achieving our goals and advancing sustain-
able practices in battery recycling. Through this narrative,
we aim to showcase our collective commitment to building
a more sustainable future and research network.

First attempts on LIBs recycling at IME RWTH Aachen
were already launched in the early 2000s, following the ex-

pertise of IME’s leader Prof. Dr.-Ing. Dr.h.c. Dr. E.h. Bernd
Friedrich as plant manager at Varta GmbH in the 90s. The
first publicly funded project on this topic was financed by
BMFTR (former BMBF) in partnership with another re-
search centre UVR-FIA and the company Accurec GmbH,
which eventually became the strongest research partner
over the following years. This project addressed battery
recycling within the scope of pyrometallurgical treatment,
where a slag was firstly designed using thermochemical
simulation software FactSage™ and later tested on both
small and pilot scales in an electric arc furnace. The publi-
cation generated from this work counts to the most cited
ones (as of 2026, 1020 citations in Google Scholar). The
goal was to concentrate cobalt and nickel into an alloy
while promoting lithium into the slag phase, which was
successfully concluded.

This was followed by LIB2015, a second BMFTR-funded
project with Accurec GmbH in 2009, where further opti-
mization within the same process was envisioned but with
a different type of battery: NMC (Lithium-Nickel-Man-
ganese-Cobalt oxides) opposed to LCO (Lithium-Cobalt
oxides), used in the first project. An upscaled smelting
process for the aluminium fraction of batteries using 1 m?
TRBC (Top Rotary Blow Converter) was carried out. The
outcome was promising; an alloy containing metals such as
cobalt, nickel, copper, and manganese showed significantly
enhanced yield and lithium could be concentrated in a dust
product.

In 2012, BMU funded the ECOBATREC project where
selective Li recovery had to be achieved using two metal-
lurgical fuming processes:

1. direct vacuum distillation and

2. selective Li oxide recovery using a carrier gas in arotary
kiln.

The input material was a mixture of two battery types ex-
plored in previous projects: 75 wt.-% LCO and 25 wt.-%
NMC. The innovative outcome was, that after a thermal
treatment in mild temperatures (350 to 800 °C), Li,CO,
formation was observed. The concept that Li,CO, can now
be leached easily through water was first spotted in public
through the final report, what later was named Early-Stage
Lithium Recovery (ESLR), since this compound has rela-
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Fig.1: IME RWTH Aachen’s highlights in 25a of LIBs recycling research

tively high solubility compared to the other Li-oxides. In
the end, the volatilization of Li directly from pelletized
blackmass was unsuccessful under controlled atmosphere
conditions due to complex Li-molecules present and con-
struction mistakes, however the unexpected positive result
in relation to Li,CO, formation stood out.

From 2019 onward, there was an escalation in granting
LIBs recycling research projects. The first project called
MERCATOR was financed by BMU again partnering
with Accurec GmbH and UVR FIA GmbH along with
Oko-Institut e.V. and CTG GmbH. The concept of ther-
mally treating direct full cells targeting removal of organic
hazardous compounds while conditioning the blackmass
for downstream hydrometallurgy processes was explored
deeply. The Early-Stage Lithium Recovery (ESLR) con-
cept previously detected — where Li is recovered before
other chemical elements through water leaching — was
tested as a green solution avoiding strong acids or bases
while preventing Li losses throughout downstream pro-
cessing. The recovery of other valuable elements was also
envisioned following the Li recovery via hydrometallurgi-
cal steps. In that same year two additional projects were
launched: LIBERO financed by AiF ZIM together with
Swedish partners focused solely on hydrometallurgical
processing maximizing all metals recoveries from NMC
battery type during leaching and precipitation processes
already in large scale; INNOREC funded by BMFTR tar-
geted fundamental process optimization when comparing
thermal treatment combined with ESLR against direct
smelting and hydrometallurgy together with Universities
in Clausthal, Braunschweig, Miinster, and Freiberg. Mor-
evover, these projects fundamentally investigated gas for-
mation mechanism during thermal pre-treatment.

In 2020, the research cluster GreenBatt was established,
consisting of thirty-four institutes from several German
universities and research institutions. This initiative was
funded by the BMFTR to develop innovative recycling pro-
cesses and enhance data for life cycle models and digitalisa-
tion. IME was awarded ten grants, each lasting three years,
including the participation in the management project. To
accommodate this sudden increase in research activity, the

IME laboratories underwent a complete renovation (Fig-
ure 1). The number of research assistants pursuing PhDs
also increased significantly as they collaborated in various
approaches to LIBs recycling. Among these ten projects,
PyroLith focused entirely on pyrometallurgical techniques
to enhance Li crystallization during smelting trials,in which
an upscaled test in the TBRC (see Figure 1) followed labo-
ratory tests. The other eight projects employed a combina-
tion of thermal treatment and hydrometallurgical tech-
niques with diverse methodologies such as organic acids,
Early-Stage Lithium Recovery (ESLR), simulations, and
digitalization of battery recycling processes in laboratory
and upscale. The collaboration among different research
institutes across Germany has resulted in significant dis-
coveries and an increase in data related to battery recycling.
This expansion of expertise has boosted the number of
publications and had led to the foundations of two battery
recycling startups: Cylib GmbH and Tozero GmbH.

Around same period, a Priority Programme called EnAM
(Engineered Artificial Minerals) financed by DFG was
established. With the focus on formation and characteriza-
tion of Li-crystal structures within slag systems during con-
trolled cooling of the molten slag, the project is currently in
a 2" phase due to the promising results, where Li could be
almost 20 wt.- % enriched in a mineral called lithium alumi-
nate (LiAlO,), which further is treated by hydrometallurgy.

Other six public-funded project have been initiated in the
last five years (BMFTR, BMWi, and EFRE NRW) deal-
ing with scientific gaps and demands from industry part-
ners. Emphasis on the introduction of investigations with
Lithium-Iron-Phosphate (LFP) battery-type, which might
be a large waste source in the near future. As of 2026, four
ongoing publicly funded initiatives related LIBs recycling
are active at IME. One partnership with the company Ge-
briider Lodige Maschinenbau GmbH aims to improve a
mixing reactor suitable for thermal treatment of blackmass,
another partnership with Fricke & Mallah GmbH intro-
ducing the microwave technology for thermal treatment,
and a third with Otto Junker GmbH (see Figure 1) about
pyrolysis via circulating gas-heating with capacity exceed-
ing twenty-five kilograms.
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With over twenty-five years’ experience IME RWTH
Aachen has established itself as front-runner in German
scenario surrounding battery recycling. Numerous furnac-
es and intensive hydrometallurgical equipment have been
constantly updated for demanding innovations. Togeth-
er with many funding agencies and companies, IME has
achieved significant milestones and has shown numbers
that reflect success, including more than fifty publications
in open access journals, more than thirty conference talks
and posters, doctoral dissertations, master and bachelor
theses (Figure 2). These have all contributed to improve

awareness on LIBs recycling, addressing environmental,
social, and economic issue associated therein.
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