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for the dry coating
of battery cathodes
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Introduction

The rapid advancement of battery tech-
nology, coupled with the increasing de-
mand for high-performance energy stor-
age systems, presents substantial chal-
lenges to industry, research, and society.
The manufacturing process of battery
electrodes is receiving particular atten-
tion, as these electrodes play a critical
role in determining the performance,
sustainability, and cost-effectiveness of
batteries, thereby making them essential
to electromobility and other applications
within the energy transition.

Compared to conventional methods, dry
coating is an innovative electrode manu-
facturing process that eliminates the
need for solvents, thereby enabling a
substantial reduction in energy con-
sumption during production. In addition,
it eliminates the need for complex
drying processes as well as for solvent
recovery and disposal, offering both eco-
logical and economic advantages. As
part of the research project “Process and
Material Development of Lithium-lon
Battery Cathodes for Large-Scale Dry
Coating Technology” (ProLiT), investiga-
tions were conducted into dry coating
methods for lithium-ion battery cath-
odes, and a corresponding industrializa-
tion concept was developed.

The project unites a diverse consortium
of industrial and scientific partners, en-
compassing the full range of expertise
necessary for a comprehensive ap-
proach to the development of calender-
gap-based dry coating technologies [1].
The consortium includes materials
manufacturers, Daikin Chemicals (PTFE
binder development) and /IBU-tec (LFP
cathode active material development),
universities, Technische Universitat
Braunschweig with the Institute for parti-
cle technology (process and plant devel-
opment (batch mixer, calender), scaling)

and Universitat Munsterwith the Minster
Electrochemical Energy Technology In-
stitute (formulation development on a la-
boratory scale (batch mixer), electro-
chemical analyses in multilayer pouch
cells), machine and plant manufac-
turer, Maschinenfabrik Gustav Eirich
GmbH & Co. KG (Eirich mixer, develop-
ment, consulting), Coperion K-Tron
(Switzerland) GmbH ((dosing technology,
development) and Matthews Interna-
tional Corporation with Saueressig Engi-
neering (calender, plant development)
and cell manufacturer CustomCells
(process development (extrusion), elec-
trochemical analyses in pouch cells) as
well as an OEM with cell assembling ex-
pertise.

The aim was to implement scalable and
competitive processes using a hybrid ap-
proach combining material, process,
and plant development. The develop-
ment was conducted in close collabora-
tion within the consortium, with the eval-
uation of the calender gap-based dry
coating process for battery electrodes
(DBE) performed in comparison to sol-
vent-based reference processes, con-
sidering factors such as product quality,
resource efficiency, and sustainability.

To scale up the calender gap-based dry
coating process, a concept for an indus-
trial production line with a capacity of
1 GWh was developed, which is pre-
sented in this whitepaper. This concept
builds upon the findings obtained in the
ProLiT project and encompasses both
pouch and cylindrical cell formats.

The focus is placed on the process steps
relevant to commonly used cathode
materials such as LFP and NMC. Begin-
ning with material handling and proceed-
ing through raw material mixing to film
and electrode formation via calendaring,
all critical process stages were system-
atically analyzed and evaluated regard-
ing efficiency and sustainability. Addi-
tionally, overarching factors such as
energy balance, personnel require-
ments, and equipment maintenance




were examined. Since battery factories
are usually designed for the production
of cells of a defined size and with an an-
nual output of several GWh, large pro-
duction capacities are realized in modu-
lar GWh blocks. Within these blocks, the
capacity of the systems is limited, so that
the blocks are in turn divided into lines
and installed in parallel. Many produc-
tion machines available on the market
achieve a production capacity of around
1 GWh. Therefore, the ProLiT project
focused on this practical scale in orderto
gain realistic and directly applicable
insights for the industrial implementa-
tion of dry coating.

Dry coating process

The dry coating process for electrodes
starts with the mixing and functionaliza-
tion of active material, conductive addi-
tives, and a suitable binder such as PTFE.
Due to its ability to form fibrils under
shear and temperature, PTFE can cross-
link particles of the active material and
conductive additives by binding the par-
ticles to the network formed by the fibrils
via Van der Waals forces. After the binder
has been fibrillated in the mixing pro-
cess, the powder mixture is fed into the
calender gap in a controlled manner in
order to achieve a uniform film thickness
and surface loading during film
formation. In the calender, the powder is
formed into a film in the initial “powder-
to-film” step in the first gap pass by
shearing and temperature of the calen-
der roll pair. The calendering process is
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accompanied by further fibrillation of the
PTFE binder and more intensive cross-
linking of the electrode components. In
order to obtain a specific film thickness
and areal loading, the initially formed
film can be further sheared between sev-
eral roller pairs and the film thickness re-
duced. The formed film is then cut at the
edges depending on the cell format and
laminated onto a current collector be-
tween aroller pair to produce the battery
electrode.

Appropriate processes and machine
concepts have been proposed, for ex-
ample, by Maxwell Technologies [2] and
Fraunhofer IWS (DryTraec®) [3]. In terms
of plant engineering, the film formation
and lamination processes can be sepa-
rated or both processes can be imple-
mented in a single machine. However,
there is currently no standardized pro-
cess or generally preferred number of
calender rolls.

Despite their advantages, dry coating
processes also present specific chal-
lenges. Achieving a fine and uniform dis-
tribution of the binder within the powder
mixture is particularly difficult when us-
ing highly cohesive and fibrous binders
such as PTFE. Moreover, the precise
dosing of the electrode mixture into the
calender roll gap and the subsequent
compaction of the powder into a stable
electrode film require careful process
control to ensure uniformity across the
electrode’s width, length, and thick-
ness, reliable adhesion to the current
collector, and an optimal pore structure
within the electrode.

Film formation and lamination

Electrode
\y characteristics




The process investigated in the ProLiT
project employs PTFE as a binder to
achieve a homogeneous distribution
and a stable network in the electrode
mixture through fibrillation. A multi-roll
calender (>8 rolls) was used to produce
the cathodes for multilayer cells, com-
bining film formation and lamination
onto the current collector foil. Another
special feature of the ProLiT project is
the newly developed dosing technology,
which continuously and controllably
feeds the electrode mixture into the cal-
ender gap.

Gigafactories

The following considerations are based
on a production line size with an annual
capacity of 1 GWh. The question was
raised regarding the quantities of mate-
rial that would need to be processed for
this capacity and the machine sizes
available to the industrial project part-
ners for this purpose. Two key chal-
lenges arise when selecting the machine
technology: On the one hand, there are
significant size gaps among the available
machines, with certain models capable
of achieving throughputs many times
higher than the capacity required for
1 GWh. However, the next smaller
model would either be too small to meet
the required throughput or, operating at
nearly full utilization, would run too
close to its maximum performance limit.
On the other hand, individual machine
concepts are limited by their maximum
performance, meaning that higher
throughputs cannot always be achieved
even with larger machines. In such
cases, it becomes necessary to operate
several machines of the largest available
size in parallel.

One possible approach is to design indi-
vidual production lines with defined per-
formance, where one machine is in-
stalled for each process step. The ma-
chine with the lowest performance de-
termines the overall output of the line.
This concept offers a high degree of

flexibility for scaling and expansion, as
the desired plant capacity can be more
easily adjusted by operating multiple
lines in parallel. However, this approach
may result in high space requirements
and increased investment costs, partic-
ularly for very large capacities. Alterna-
tively, economically optimized machine
sizes can be implemented for the indi-
vidual process steps, allowing the num-
ber of parallel machines per step to vary.
This, however, requires careful planning
of material flows and a well-designed
plant logistics system.

The findings obtained from a 1 GWh pro-
duction line can generally be transferred
to larger production units, such as
10 GWh. This requires a detailed under-
standing of the necessary throughput
capacities (e.g., inkg/h orm/min), as
well as the corresponding cell formats
and machine parameters. Based on this
information, the overall production ca-
pacity can then be scaled accordingly by
multiplication.




Cell format & properties

for an annual plant output of 1 GWh

Cell properties and formats

For the basic considerations, two NMC-
based cell formats were selected: a
4695-round cell with approx. 30 Ah,
a diameter of 46 mm, and a height of
95 mm, as well as a pouch cell with ap-
prox. 90 Ah (350x100x68 mm). These
are shown schematically in Figure 2.

Pouch cell Cylindrical cell

350

As part of the project, both NMC and LFP
cathodes were investigated, while
graphite anodes were only considered to
a limited extent. The reference formula-
tions for the cathodes are shown in
Table 1 below.

Active Carbon Binder

Cathode material Black (PTFE)
1% /% /%
NMC 97 1.5 1.5
LFP 97 1.5 1.5

Plant throughput for an annual
production of 1 GWh

To calculate the required throughput
capacities of the plant, the electrode
and cell parameters listed in Table 2
were defined as boundary conditions. A
uniform areal capacity of approximately
4 mAh/cm? was specified to enable a
comparable evaluation of the NMC and
LFP cathodes. Due to the differing
specific capacities of NMC and LFP, var-
iations in electrode thickness are una-
voidable.

. Active material
Parameter Unit
NMC LFP

Specific capacity | mAh/g ~200 ~150
Areal capacity mAhaw/cm? ~4 ~4
Mass loading mgam/cm? ~23 ~28
Voltage Vv 3.8 3.3
Density g/cm? ~3.2 ~1.9
Thickness pm ~73 ~150

For an annual production capacity of
1 GWh, assuming 350 operating days
per year and continuous 24/7 operation,
the resulting material consumption and
throughput are shown in Table 3.

Parameter  |Unit Active |Carbon | Binder
material | Black | (PTFE)
NMC cathode
Material || _.1300| ~20| ~20
consumption
Throughput  |kg/h ~160| ~2.5| ~2.5
LFP cathode
Material t/a ~1800| ~30|  ~30
consumption
Throughput  |kg/h ~220| ~3.5| ~3.5

The proportion of recycled material gen-
erated during film formation in the multi-
roll calender, such as separated edge
strips, can be reintroduced into the
active material-carbon black mixture to-
gether with fresh PTFE during the mixing
process. For the cell formats used in the
ProLiT project, pouch cells account for
an estimated 5.7 % of the recycled
material, while round cells contribute
around 8 %. Additional losses occur
during calender start-up and shutdown,
estimated at approximately 5 %, as well
as from coarse material collected by the
protective sieve between the buffer con-
tainer and the dosing unit. This resultsin
a potential maximum recycling rate of up
to 15 %, corresponding to an increase in
material throughput in the mixer from
160 kg/h to 189 kg/h, using NMC as an
example.




However, dust emissions captured by
filters at the dosing unit, mixer, or calen-
der are not recycled, as their composi-
tion is uncertain and they likely contain
mainly fine particles such as carbon.
This material is therefore discarded.
Based on positive operational experi-
ence, it is assumed that almost all other
material is successfully utilized, thereby
improving overall process efficiency.

Plant concept

The following plant design is based on
the findings of the ProLiT project and the
defined boundary conditions. It includes
the integration of either a twin-screw ex-
truder or a batch mixer (here: Eirich
mixer). The concept is supplemented by
the necessary peripheral systems for the
storage and dosing of raw materials, as
well as recycled material. Furthermore,
the transport, intermediate storage, and
dosing of the fibrillated mixture for sub-
sequent processing in a multi-roll calen-
der are considered. Figure 3 provides a
schematic representation of the plant
concept.

The plant concept is described in detail
below and essentially consists of the fol-
lowing components:

. Raw material handling: Raw

material feeding for input materials
and recycled material with inter-
mediate silos.

. Solid material dosing into a mixing

system.

. Mixing system (extruder or batch

mixer (here: Eirich mixer)) and
functionalization of the powder
mixture taking place there.

. Material transfer to intermediate

silos with protective sieving at the
discharge on the material feeding/
powder dosing side.

. Powder dosing into the calender

gap across the required roll gap
width.

. Film formation in the multi-roll

calender.

. Return/recycling of edge trims from

the calender and coarse material
from the protective sieving back into
the mixing process.

. Finished double-sided coated

electrode.
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Figure 4: Plant concepts for extruders and batch mixers (here: Eirich mixer) for the dry coating process developed in the ProLiT

project (created by S. Gerl).

ACTIVE MATERIAL - NMC and LFP

The powdered active material (AM) is
typically supplied in large containers
(big bags) with welded aluminum liners
and a capacity of around 500 kg. Empty-
ing is performed manually at big bag
stations into level-monitored buffer silos
with a capacity of at least 1.5 times that
of a big bag.

Industrially relevant NMC cathode ma-
terials with high nickel content, particu-
larly NMC811 and above, are highly sen-
sitive to moisture. To prevent premature
aging during storage and processing, itis
therefore crucial to minimize exposure
to ambient humidity as much as possi-
ble.

1. RAW MATERIAL HANDLING

As an alternative to a dry room, a con-
trolled microenvironment could offer a
more energy-efficient and cost-effective
solution. Due to the carcinogenic prop-
erties of NMC, containment at the feed-
ing station (OEB3/OEB4) should be en-
sured, for example through dust-tight
docking combined with additional en-
closure, such as a glove box.

Unlike NMC cathode materials, LFP
cathode materials do not exhibit signifi-
cant capacity loss due to temperature or
humidity influences. Consequently, nei-
ther noticeable degradation nor prema-
ture aging is expected upon contact with
ambient air. However, LFP is hygro-
scopic, which can cause cohesive be-
haviour during handling, potentially af-
fecting downstream processing and




requiring the material to be dried again.
In addition, LFP is sensitive to UV radia-
tion and is therefore stored in big bags
with aluminum liners that provide effec-
tive protection against light exposure.
These liners also prevent moisture
ingress during storage, avoiding agglom-
eration that could complicate handling
and processing. From both an energy
and economic standpoint, a controlled
microenvironment may represent a
practical alternative to a conventional
dry room for LFP. Nonetheless, it should
be carefully evaluated whether such a
setup is truly necessary, given the short
residence times in the buffer silo and the
rapid processing throughput. Since LFP
is not classified as a hazardous material,
the big bag station can be designed far
more simply than for NMC, reducing
safety requirements and enabling easier
handling during emptying and dosing.

Figure 5: SEM images of polycrystalline LFP and NMC raw
materials.

CONDUCTIVE ADDITIVE - Carbon Black

Due to its low bulk density of 30 to
60 g/L, carbon black is supplied in vac-
uum-packed paper bags containing 5 to
10 kg. Owing to its high specific surface
area (50-2000 mz/g), carbon black read-
ily absorbs moisture from the ambient
air. It is therefore advisable to use a
controlled microenvironment both dur-
ing bag emptying and while storing the
material in the buffer silo to minimize
exposure to air humidity and preserve its
material properties. Because of the low
bulk density (0.08-0.16 g/cm3) and the
corresponding dosing volume, the refill
cycles must be carefully considered.

CARBON BLACK
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Figure 6: SEM images of a type of Carbon Black

In conventional industrial electrode pro-
duction based on wet film coating, car-
bon fibers such as carbon nanotubes
(CNTs) or carbon nanofibers (CNFs) are
increasingly used to enhance the electri-
cal conductivity of electrodes and
thereby improve their performance.
However, due to their biopersistent na-
ture, handling CNTs and CNFs requires
strict safety precautions, and they were
therefore not used in the ProLiT project.

BINDER - PTFE

PTFE is supplied as a coarse powder,
typically in 25 kg drums that, unlike
PVDF containers, do notinclude aninner
plastic liner. As a result, the material
cannot be removed directly and must
either be scooped out at a bag-filling
station or processed using specialized
drum-emptying equipment. Larger con-
tainers, such as 100 kg drums, are un-
suitable for handling PTFE, as the mate-
rial can become heavily compacted at
the bottom due to its own weight and
high ductility. No special precautions
regarding humidity are necessary, since
PTFE is not hygroscopic. The material
can therefore be handled openly at a
feeding station equipped with an inlet
flap. However, during material transfer,
there is a risk of electrostatic charging,
which requires appropriate safety
measures. These include grounded
feeding stations and antistatic tools to
ensure safe operation.

The properties and handling of PTFE are
highly temperature-dependent. Temper-
atures above approximately 20 °C can
already cause fibrillation of the PTFE raw
material during the dosing process. The
resulting agglomerates of compacted

10



PTFE can negatively affect both the mix-
ing process and subsequent film for-
mation. Therefore, the cooling chain
should remain uninterrupted during
storage and transport, maintaining tem-
peratures below 20 °C to prevent mate-
rial alteration. For raw material dosing,
material temperatures between 0 °C
and 10 °C have proven effective. Since
PTFE has low thermal conductivity, con-
tainers must be stored under cooled
conditions for a sufficient period after
transport to ensure the material is fully
chilled.

The simplest solution is to provide a
cooled room for storage, material feed-
ing, the buffer silo, and the dosing unit.
Since agglomeration of PTFE can occur,

sieving or dispersion is required when
transferring the material into the silo. To
prevent unwanted compaction during
transport and storage in drums of the
PTFE, and thus potential discharge is-
sues in the buffer silo, the silo capacity
should be limited to the equivalent of
one or two containervolumes. For mate-
rial discharge, vibration feeders are pre-
ferred over screw feeders, as they
enable gentle dosing of the material and
help prevent clumping.

Figure 7: SEM images of a type of PTFE

2. SOLID DOSING INTO A MIXING SYSTEM
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In a continuously operating extruder,
the individual formulation components
are simultaneously fed into the mixing
process through dedicated dosing
points. It is crucial to use highly precise
feeders with minimal time-dependent
fluctuations in the individual solid mass
flows to maintain the formulation relia-
bly within the specified tolerances.
State-of-the-art systems use gravimetric
dosing technology, continuously meas-
uring the weight loss of the feed hopper,
which calculates and controls the mass
flow based on this data. In a batch mixer
(in this case, an Eirich mixer), the

raw materials are weighed in dosing con-
tainers according to the formulation and
subsequently fed into the mixer. Since
the formulation is weighed on a batch
basis, fluctuations in mass flow during
the dosing process are irrelevant. The
formulation accuracy depends solely on
the total dosed quantity, not on a con-
stant discharge rate. This reduces the
demands on dosing control and makes it
easier to verify formulation accuracy.
Additionally, the dosing process for the
next batch can begin while the current
batch is still being mixed, significantly
reducing mixer filling times.




OF THE POWDER MIXTURE

The main objective of the mixing process
is to achieve a homogeneous distribu-
tion of the electrode components, to ad-
equately disperse the highly agglomer-
ated conductive additives (typically con-
ductive carbon black and, increasingly,
CNTs), and to optimally fibrillate the
PTFE binder for the subsequent dry coat-
ing process.

EXTRUDER

The extruder is a highly flexible mixing
system that can be configured for vari-
ous formulations and operating modes.
In the current plant concept, each com-
ponent of the formulation is assigned its
own dosing unit, allowing either the
collective feeding of reactants through a
central hopper or controlled feeding at
different positions along the extruder.
Additionally, premixes can be prepared
and introduced in the desired ratios. The
adjustable dosing points, flexible screw
configuration, and precise temperature
control of individual extruder sections
enable the process to be optimally
tailored to the specific requirements of
dry coating.

Figure 8: Twin-screw extruder from Coperion GmbH

At the beginning of the processing sec-
tioninthe extruder, dispersion of the raw
materials, particularly the conductive
additive and PTFE, takes place. PTFE
fibrillation occurs in the middle section
of the process at elevated temperature
and shear. Within the extruder, PTFE
fibrillation is achieved by selecting a
suitable screw configuration and adjust-
ing the process parameters (e.g.,

rotational speed and temperature). In
the last third of the processing section,
the product is cooled, and the resulting
agglomerate size is reduced using ap-
propriate screw elements (e.g., toothed
mixing elements). If the reduction of the
resulting macroscopic agglomerates of
the fibrillated powder mixture is not suf-
ficient for the subsequent process steps
(dosing and film formation), further ag-
glomerate size reduction can be carried
out in a mill or mixer. Any local wear on
screw elements or within the housing
caused by shear stress and abrasive
products can be minimized by using
suitable materials of construction.

Since, unlike suspension preparation for
wet-processed electrodes, no inline or
online measurement methods for qual-
ity control currently exist for mixtures
used in dry-processed electrodes, ma-
terial-specific limits for dosing fluctua-
tions must be defined. If these limits are
exceeded, the affected product must be
removed from the process.

For applicationina 1 GWh-scale facility,
a 58 mm extruder can be employed.
According to the manufacturer’s specifi-
cations, this extruder is capable of
achieving the required throughput of
165 kg/h or higher.

BATCH MIXER

In batch operation, for example using an
Eirich mixer, the PTFE binder can be
added to the mixer together with the ac-
tive material and conductive additives
for processing. However, a two-stage
mixing process has proven to be more
effective, in which the active material
and conductive additives, particularly
the conductive carbon black, are first
dispersed before the PTFE is introduced.
The two-stage mixing process devel-
oped within the ProLiT project is

3. MIXING SYSTEMS AND FUNCTIONALIZATION
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4. MATERIAL TRANSFER TO MATERIAL FEEDING

13

described in greater detail in the section
“research results”.

Since the material temperature typically
rises during mixing, the batch mixer
should be equipped with a cooling sys-
tem to lower the temperature after fibril-
lation, break up agglomerates, and cool
the mixture to below 35 °C during pro-
cessing. The final temperature at the
end of the mixing process should ideally
be between 30°C and 35°C, as higher
temperatures may cause undesirable
phase transitions in the PTFE.

The impact forces of the particles on the
tools and container can cause signifi-
cantwear, particularly at high circumfer-
ential speeds of the mixing tool. In
contrast to batch mixers with stationary
containers, container wear is relatively
low. The mixing tool itself, which is ex-
posed to high mechanical stress, is
designed with high wear resistance to
minimize metal abrasion.

For use in a 1 GWh plant, a 500 L mixer
would be employed, which, when filled
with 500 to 600 kg of NMC mixture,
would provide an available cycle time
of up to 3to 3.5 hours at a required mix-
ing capacity of 165 kg/h. In practice,
the batch time is approximately 60 to
90 min due to extended cooling times,
resulting from the reduced heat ex-
change surface area compared to
smaller laboratory or pilot units. This
corresponds to a potential throughput of
about 2.5 to 3.5 GWh per machine. The
maintenance intervals for replacing
wear parts on the mixing tool are esti-
mated at 3 to 6 months.

Figure 9: Eirich mixer from Maschinenfabrik Gustav Eirich
GmbH & Co. KG

SIDES/POWDER DOSING

Atthe end of the mixing process, the pre-
pared mixture is transferred to the appli-
cation or dosing unit of the multi-roll cal-
ender, preferably by pneumatic convey-
ing. Since the application and dosing
units specified in the plant concept (see
Figure 4) at both ends of the calender
have only very small storage capacities,
regular refilling is required to ensure a
continuous and uninterrupted material
flow into the calender gap. The mixture
produced continuously in the extruder or
in larger batches using batch mixers is

temporally stored in a buffer-hopper
which decouples the upstream and
downstream processes. |n the case of
feeding from a batch mixer, the buffer
silo must be capable of holding at least
half of one batch volume, as the calen-
der features two material infeed points
for coating both sides of the battery elec-
trode, with one batch distributed be-
tween the two ends. For an extruder, the
buffer silo can be designed smaller.
However, the larger the silo, the more
the pre-fibrillated mixture tends to form




agglomerates under its own weight. Dis-
charge aids, such as agitators or fluidi-
zation systems, can be employed to en-
sure reliable material flow from the silo.
At the silo outlet or during feeding into
the dosing unit, larger agglomerates
must be strictly avoided, as they can
negatively impact dosing accuracy in-

The requirements for dosing the fibril-
lated mixture into the calender roll gap
are demanding. On the one hand, the
pre-fibrillated material from the mixer is
often not free-flowing and must be pro-
cessed carefully due to its tendency to
agglomerate. On the other hand, the ma-
terial must be distributed evenly across
the roll width and with a constant fill
level, as variations in the fill level within
the calender gap influence the coating
quality (film thickness and surface
weight). This highlights the importance
of dosing accuracy, which must be
closely coordinated between the elec-
trode manufacturer and the equipment
suppliers for the calender and dosing
system.

As this specific combination of require-
ments could not be met by the standard
product range of Coperion K-Tron, a new
dosing conceptwas developed as part of
the ProLiT project.

The resulting roller feeder (see Figure 10)
features two synchronized rollers rotat-
ing in the same direction. The dosing
roller contains cavities, and its rotation
discharges the pre-fibrillated material.
The second, smaller roller scrapes ex-
cess material from the cavity tops, pre-
venting compacted material from enter-
ing the discharge gap and minimizing
compression of the pressure-sensitive

crease calender roll wear. Therefore,
the agglomerate size should preferably
remain below 500 pm and must not ex-
ceed 1000 um. To achieve this, the in-
stallation of a protective screening sys-
tem between the silo and dosing unit is
recommended for both mixing methods
(extruder and batch mixer).

material. The roller feeder is mounted on
a scale that continuously measures the
weight loss, allowing rapid mass flow
corrections through speed adjustments.

Accurate and continuous feeding ena-
bles a minimized material bed within the
calender gap. As a result, thinner films
can already be produced after the first
calender pass, and the final film thick-
ness can partly be achieved with fewer
calendering steps. For fill-level control,
the height of the material bed in the cal-
ender gap can be measured and kept
constantvia a secondary feedback loop.
The dosing concept (in both width and
throughput) is suitable for both pouch
and cylindrical cells, as a uniform mate-
rial distribution across the entire gap
width is required in both cases, with
trimming occurring only after film for-
mation.

Within the project, combined operation
of the roller feeder and calender
achieved accuracies better than 0.5 to
1% at a dosing rate of 20 kg/h. This ap-
plies to both the dosing rate of the roller
feeder and the variation in film thickness
across the film width and length. The
feed hopper should be designed as
small as possible to ensure precise grav-
imetric control while maintaining a rea-
sonable number of refill cycles. Refilling
is performed using either a vibratory or

5. POWDER DOSING INTO THE CALENDER GAP
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screw feeder, depending on the material
properties. For materials that are diffi-
cult to dose, a screw feeder is preferred
but should be configured to convey the
powder as loosely and with as little pres-
sure as possible to prevent agglomera-
tion. Arefill time of only a few seconds is
desirable, and the pre-dosing system
should be dimensioned accordingly.

The Coperion K-Tron roller feeder can be
completely emptied by opening the cal-
ender feed gap, allowing the material to
fall downward, where it is extracted and
recirculated below the rollers.

When using PTFE binders, the material
temperature must be kept below 30 °C
before dosing to prevent changes in the
PTFE structure, which would otherwise
increase the cohesiveness of the mix-

A multi-roll calender can be operated
flexibly and, in the present concept, en-
ables double-sided electrode coating for
use in battery cells. Material feeding
takes place at the first and last roll gaps,
allowing the film processed through
multiple calender gaps to be laminated
onto a current collector foil coated with
carbon in the center of the calender. A
multi-stage compaction process for the
production of single-sided coated elec-
trodes is also possible. In the ProLiT pro-
ject, a four-roll calender was initially
used. However, itwas found that a single
“powder-to-film” step was not sufficient
to achieve coating thicknesses below
100 um for high-performance battery
cathodes. Therefore, for the production
of multilayer cells, a multi-roll calender
with more than eight rolls from
Saueressig/Matthews Engineering was
employed.

ture. It has also been shown that cooler
material can be metered more accu-
rately, while warmer material is better
suited for higher calendering speeds.
Therefore, it may be beneficial to warm
the material slightly using infrared emit-
ters as it falls between the feeder and
the calender. In general, the drop height
of the powder or granulate should be
kept as low as possible.

Figure 10: Roller feeder from Coperion K-Tron

In the first calendering step, the loose
powder at approx. 30°C is processed
under shear and friction (caused by dif-
ferent roll speeds) into a film that ad-
heres to the faster rotating roll heated to
around 100 °C. The shear induced within
the calender gap further fibrillates the
pre-fibrillated PTFE in the powder (batch
mixer) or granulate (extruder), creating
particle interlinking and film formation.
The resulting film is subsequently
passed through additional roll gaps,
where further shearing reduces film
thickness and surface weight. During the
compaction of the powder and thinning
of existing films, frayed edges of less
compacted material may form; these
must be trimmed off, as they can cause
instabilities in the subsequent roll gaps.

Before film lamination onto the carbon-
coated current collector foil, performed
between a pair of rolls rotating at the




same speed, further film processing
steps such as edge trimming or cutting
continuous films into strips may be re-
quired to achieve the desired cell format.
Figure 2 shows the cell formats used in
the ProLiT project, while Figure 11 sche-
matically illustrates the configuration of
their cathodes.

for pouch cell for cylindrical cell

1000 1000

Figure 11: Cutting of the cathode film for pouch cells and
cylindrical cells

For pouch cells, coating widths of
330 mm per cathode are achieved. Us-
ing a 1000 mm roll, a continuous web
with a 660 mm coating width can be pro-
duced and then split in the center to
yield two electrode webs for pouch
cells. For 4695 cylindrical cells, nar-
rower coating widths of approximately
85 mm per electrode are required. With
a 1000 mm roll width, four parallel webs
of about 170 mm each can be produced
simultaneously and subsequently di-
vided, enabling the production of eight
electrode webs for cylindrical cells in a
single coating pass. The entire roll width
can either be coated, removing the edge
later from uncoated foil, or pre-trimmed
before coating. The edge cuttings are re-
moved by special suction units and recy-
cled into the mixing process to minimize
material losses. Simultaneous lamina-
tion of both electrode sides is preferred,
as sequential lamination is technically
more demanding and can compromise
coating symmetry. Since each material
variation or new formulation requires in-
dividual process adjustments, calender
setup and optimization are essential.

Regarding maintenance, it has been ob-
served that NMC mixtures are particu-
larly hard and abrasive, resulting in
maintenance and roll replacementinter-
vals of approximately six months. Higher
line loads further reduce operational

lifetime. Chrome-plated rolls can help
minimize abrasion issues, whereas
spray-coated rolls are problematic due
to their porous structure, which can
cause material adhesion and local com-
paction.

For production scale-up, the use of mul-
tiple calenders is preferred over increas-
ing roll width beyond one meter. Larger
roll diameters would allow higher line
loads and thus higher throughput but
would also increase investment and
maintenance costs.

For an annual output of 1 GWh, a dry
coating speed of 17 to 21 m/min is suffi-
cient, though coating speeds of up to
50 m/min at 100 °C and above are feasi-
ble. The facility layout ideally requires a
tall room design with sufficient clear-
ance above the calender to accommo-
date unwinding and rewinding stations
for the current collector foil, powder
dosing units, protective sieving, and col-
lection orintermediate silos for the elec-
trode mixture, factors that make integra-
tion into existing buildings more chal-
lenging.

Figure 12: Two- and six-roll calender systems from
Saueressig/ Matthews Engineering
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The ProLiT project did not include an in-
vestigation of the process step for re-
turning edge trimmings or recyclate.
However, the following considerations
for a holistic plant concept are based on
findings obtained from the project and
on results evaluated in parallel by part-
ner institutions and companies as part
of other research activities. In the pre-
sent plant concept, edge trimmings and
central cuttings of free-standing films
generated during the film formation pro-
cess are extracted. This material is

Quality control

(in-line / on-line)

Ensuring consistently high product qual-
ity requires the targeted implementation
of suitable inline or online monitoring
methods throughout the entire elec-
trode production process.

a. Coatability of powder mixture

There is currently no direct measure-
ment method available for determining
the coatability of fibrillated powders or
granulates. Likewise, no inline measure-
ment systems specifically developed for
dry coating processes are available for
quality assurance purposes. In practice,
torque and power curves of mixers and
extruders recorded during the mixing
process have been used as indirect
quality indicators, as they provide in-
sights into the intensity and progress of
fibrillation and mixing. In connection
with the Eirich mixing process, an inline
measurement method based on the mix

not directly re-calendered but is first
homogenized with fresh material in
batch mixing systems, such as the Eirich
mixer. The direct addition of recyclate
during PTFE incorporation is particularly
effective, as it ensures uniform distribu-
tion within the mixture. In extrusion pro-
cesses, the addition of recyclate to the
active materialis also feasible; however,
extruders are generally less suitable for
dispersing free-standing films or recy-
clate due to their lower tool speeds com-
pared to batch mixers.

ing tool can be employed. To determine
the proportion of plastic deformation in
the composite fromrheological data and
to derive conclusions about the pro-
cessability and fibrillation progress of
the binder, a specific measurement se-
quence can be performed in the mixer. In
this sequence, torque is recorded at de-
fined tool speeds, and a flow curve is de-
rived from these data.

The lack of standardization in the dry
coating process makes it considerably
more difficult to develop and select suit-
able measurement methods. Neverthe-
less, the analyses described here and
those mentioned in the next section en-
able targeted monitoring of powder and
electrode properties in order to ensure
consistently high product quality in con-
tinuous processes and to identify poten-
tial problems at an early stage.




b. Dry-coated electrode

As with wet coating, the current collec-
tor foil can be inspected for surface ir-
regularities prior to lamination, and QR
codes can be laser-marked onto the foil
to identify defective or accepted elec-
trodes. Measuring instruments designed
to determine the areal mass across the
electrode width (after lamination), as
well as optical measurement systems
developed for the quality control of wet-
coated electrodes, should also be suita-
ble for use with dry-coated electrodes
after appropriate adaptation.

Industry relevant research results

The following section summarizes the
key findings of the ProLiT project that are
particularly relevant to the industrial
implementation of the described dry
coating process.

I. Materials & powder characteriza-
tion methods

Similar to established practice in the wet
coating of battery electrodes, setting up
separate production lines for anodes
and cathodes is also recommended for
the industrial implementation of dry
coating processes. This approach pre-
vents cross-contamination between dif-
ferenttypes of active materials and elim-
inates time-consuming setup proce-
dures when switching the current collec-
tor foil from copper (anode) to aluminum
(cathode).

PTFE exhibits unique properties as a
binder that significantly influence its

fibrillation behavior and, consequently,
the resulting electrode characteristics.
This material has long been used in cal-
ender-slot-based dry coating processes
for battery electrodes. The fibrillation of
PTFE is temperature-dependent and oc-
curs through the application of shear
forces, during which the initially agglom-
erated PTFE particles are transformed
into long fibrils. These fibrils form a
three-dimensional network connecting
the active material particles and the
conductive additive. The use of PTFE en-
ables areduction of binder contentindry
coating to approximately 0.5-2%, com-
pared to wet coating, which typically re-
quires 1-5% PVDF binder on the cathode
side. This reduction of inactive material
contributes to an increase in the energy
density of battery electrodes.

The different active materials require
material-specific adjustments to the
process parameters and formulations,
as their particle size, density, and

18



19

morphology as well as flowability, and
interactions with the conductive addi-
tive and PTFE binder differ fundamen-
tally [4,5]. A study [4] conducted within
the framework of the ProLiT project
showed that the platelet-shaped struc-
ture of graphite significantly slows down
PTFE fibrillation during the batch mixing
process compared to spherical, highly
porous LFP. Due to its high fine-particle
content and more porous surface struc-
ture, the LFP used in the project exhibits
a prolonged PTFE fibrillation time,
whereas spherical NMC, with its higher
particle density and more efficient com-
paction characteristics, leads to accel-
erated PTFE fibrillation during mixing.
These material-specific differences ne-
cessitate precise coordination of mixing
time and intensity as critical process pa-
rameters. A further study shows that in-
sufficient mixing time results in incom-
plete fibrillation and uneven material
distribution, whereas excessively long
mixing times can cause fragmentation of
the active material particles. For both
process control and electrochemical
performance, similar to wet coating, the
stability of the active material under
shear stress during mixing and film for-
mation is crucial. Damage to the active
material caused by high shear forces at
elevated mixing intensities leads to the
formation of fine particles within the

Stress intensity applied in mixing active material and carbon black:

mixture. This affects the fibrillation be-
havior and homogeneity of the com-
pound and may induce undesirable side
effects during cell cycling due to the in-
creased specific surface area. Another
ProLiT study has demonstrated [6] that
larger active-material particles of the
same type transfer more intense shear
forces to the PTFE, promoting increased
fibrillation and resulting in improved net-
work formation and optimized proper-
ties of the electrode film.

The choice of conductive additive also
affects PTFE fibrillation. A ProLiT study
demonstrated that, at the same PTFE
content, conductive carbon black with
lower bulk density, higher specific sur-
face area, and higher oil absorption ex-
hibits more favorable processing char-
acteristics and results in superior elec-
trochemical performance due to more
advantageous electrode structures. This
improvement can be attributed to the
enhanced dispersibility of the carbon
black within the mixture, which allows
the fabrication of homogeneous, thick
electrode films without binder migration
issues commonly observed in thick, wet-
coated electrodes.

Essential for an efficient and successful
calender gap-based dry coating process
is the identification of process-struc-
ture-property relationships thatenable

Methods for powder characterization:

Uniaxial
compression

- H friction
angle

Figure 14: Selection of key findings: effect of the intensity of premixing active material and carbon black as well as fibrillation
time on microstructure and film quality of NMC cathodes. Also shown are exemplary methods for powder characterization,
such as uniaxial compression and wall friction angle (created by M. Nickl)




the prediction of how powder properties
influence subsequent film formation in
the calender nip. This requires powder
characterization methods that canide-
ally be applied in-line or on-line during
production. Although, as previously
noted in the "Quality Control" chapter,
quantifiable methods remain limited,
the ProLiT project has identified several
promising measurement techniques
that allow correlations between powder
properties and those of the resulting film
or electrode. Uniaxial compression
measurement proved particularly valua-
ble, asitenables direct correlations with
film and electrode porosities [4]. The re-
sulting compression stresses revealed
material-specific differences. An NMC-
based powder mixture requires higher
compaction stresses to achieve the
same compression depth and, under
identical calendering conditions, pro-
duces thicker films than a graphite-
based mixture, which can be com-
pressed to the same thickness even at
lower compaction stresses. Addition-
ally, ring shear cell measurements were
conducted to determine the wall friction
angle on samples of the calender sur-
face materials, which directly correlate
with the film thicknesses observed dur-
ing the initial film formation process
(powder to film) [4]. The measurements
revealed that graphite forms thinner
films due to its lower wall friction angle,
whereas NMC tends to produce thicker
films during initial film formation as a re-
sult of its higher wall friction angle.

The fibril dimensions and morphology
have a significant impact on both the bulk
density and the particle size distribution
of the mixture. In addition to bulk density
measurements, dry laser diffraction anal-
ysis (measurement range: 0.1 to 3.5 mm)
can serve as a qualitative method for as-
sessing the progress of PTFE fibrilla-
tion [4], butitdoes not permit quantitative
evaluation of the exact fibril size, as the
technique is calibrated for spherical par-
ticles. However, it can also serve as a
useful indicator for evaluating the

stability of the agglomerates formed. The
PTFE fibrils produced in the batch mixing
process often exhibit a high length-to-di-
ameter ratio. Dry measurement using dy-
namic image analysis (measurement
range: 1 to 34 mm) is suitable for deter-
mining this ratio. Owing to the granule
sizes of 0.1 to 4 mm typical of extruder
processes, the laser diffraction method is
unsuitable, whereas dynamic image anal-
ysis and sieve analysis are appropriate
measurement techniques. Nevertheless,
sieve analysis poses challenges for fine
powder mixtures from batch mixers, as
the loose, elongated polymer fibrils tend
to become entangled and form uncon-
trolled agglomerates due to vibrations
during sieving.

Based on the measured powder proper-
ties, the mixing and calendering pro-
cesses must be adapted or optimized for
each active material in order to achieve
the best possible electrode properties.

Il. Machinery & process conditions

The investigations conducted within the
ProLiT project focus on three key pro-
cess steps: the mixing process for struc-
turing the powder mixtures, the metered
material feed, and film formation
through multi-roll calendering. The pro-
cess chain was examined using both a
batch mixer (Eirich mixer) and an ex-
truder process.

The batch mixing process developed in
the ProLiT project for specific active ma-
terials and formulations using the Eirich
mixer follows a structured two-stage
process approach [4]. First, the active
material and conductive additive are
premixed at high speed until a tempera-
ture exceeding 70°C is reached, de-
pending on the active material and the
filling degree. Complete, finely dis-
persed carbon black coverage of active
material is not essential, as PTFE ad-
sorbs and desorbs fine particles (<1 pm)
via Van der Waals forces during fibrilla-
tion and can subsequently release finer
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Figure 15: Schematic of a batch mixing process in a 5-liter Eirich mixer with resulting fibril morphology (created by M. Nickl)

fibrils either during mixing or later during
calendering. Achieving sufficient disper-
sion of the carbon black agglomerates is
critical: inadequate peripheral speeds
result in inhomogeneous carbon black
distribution, whereas excessive speeds
may damage the active material parti-
cles. This pre-structuring phase ensures
a homogeneous distribution of both
components and the formation of an
electrically conductive network. The
PTFE binder is then added to the heated
mixture and uniformly distributed with-
out initiating fibrillation [4]. The actual fi-
brillation occurs over a short period un-
der high shear, followed by a low-speed
cooling phase down to approximately
30°C. In general, microfibrils are pre-
dominantly formed in the batch mixing
process due to the combination of high
impact stress and lower shear stress
(see Figure 15). If the fibrillation time is
too short, an insufficient number of fi-
brils is formed; if itis too long, over-fibril-
lation occurs, leading to degraded and
excessively thin fibrils, which negatively
affect film formation properties. A final,
very brief grinding step at high speed
defines the desired particle size

GmbH & Co. KG.

distribution. During scale-up from a 1L
to a5 Landsubsequentlytoa 50 L Eirich
mixer (see Figure 16), process-specific
adjustments were required, as the in-
creased weight of the powder mixture in
larger volumes accelerated the fibrilla-
tion and coiling of the PTFE fibrils.

The extruder process allows continu-
ous processing under precisely con-
trolled temperature and shear condi-
tions and, due to the higher shear
stresses, can also produce nanofibrils
(see Figure 17) [7]. Lower temperatures
are suitable for the initial material dis-
persion to prevent premature PTFE fibril-
lation caused by the high shear stress
constantly present in the narrow gap be-
tween the extruder screw and the inner
wall of the housing. Special screw com-
ponents, such as toothed mixing ele-
ments, are used to achieve optimal ma-
terial distribution at low stress intensity.
PTFE fibrillation then occurs in the ex-
truder at elevated temperatures, typi-
cally above 100 °C, through kneading el-
ements that apply the necessary shear
stress. The extruder housing is actively
heated in this section. The resulting

Figure 16: Shown are images taken during the batch mixing process in a 50-liter Eirich mixer at Maschinenfabrik Gustav Eirich
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Figure 17: Schematic of a batch mixing process in an extruder with resulting fibril morphology (created by M. Nickl).

kneaded mass enables more efficient
energy input than the initial powder mix-
ture but requires precise adjustment of
the screw configuration to prevent over-
fibrillation and material degradation.

Dosing structured powder mixtures into
the calender nip requires conveyor sys-
tems specifically designed to accommo-
date the cohesiveness and flow charac-
teristics of PTFE-fibrillated powders or
granulates. The objective is to identify a
“sweet spot” between sufficient flowa-
bility and the required cohesiveness.
Powders with inadequate cohesiveness
are easy to dose but exhibit insufficient
PTFE fibrillation for effective film for-
mation, whereas highly cohesive mix-
tures show excellent film-forming prop-
erties yet are difficult to feed. Due to the
cohesive nature of the fibrillated mix-
tures, ultrasonic or vibration-based dos-
ing systems proved unsuitable for
achieving consistent flow uniformity
over time and coating width, particularly
in LFP-based formulations. In contrast,
the roller feeder developed within the
ProLiT project enables precise and con-
sistent feeding of optimized powders
across the entire coating width and
throughout the process. The adjustable
filling level in the calender gap directly
affects the resulting film thickness.
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The film formation in the multi-roll cal-
ender is influenced by various process
parameters. increasing the number of
rolls and adjusting the differential roll
speeds (friction) enable the production
of thinner films at higher process
speeds. A study investigating the pow-
der-to-film transition revealed that lower
fill levels in the calender gap initially pro-
duce thinner films with comparable den-
sity, emphasizing the importance of pre-
cise dosing. Higher roll temperatures
lead to PTFE softening and allow for
slightly denser but, above all, thinner
films. Increased friction (shear) between
the roll pairs results in thinner films at
constant density. Higher base speeds
can also yield thinner films. However,
depending on the powder characteris-
tics, highly porous bulk materials may
limit the rate of initial film formation, as
air displacement-induced turbulence
can cause voids within the film.

Due to the strong interactions between
material properties and individual formu-
lations, it is not yet possible to establish
generally applicable recommendations
for process conditions. Instead, material-
specific optimization approaches are re-
quired.

Figure 18: Images taken during the dosing process with the roller feeder from Coperion K-Tron, as well as during the film
formation and lamination process with the ProLiT calender from Saueressig/ Matthews Engineering (created by M. Nickl)
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Energy & life cycle assessment

Energy and resource consumption along
the process chain for electrode manu-
facturing (excluding material produc-
tion) was calculated for an annual pro-
duction capacity of 1 GWh. The analysis
included electricity, compressed air,
and cooling water consumption. The
process chains for conventional wet
coating and dry coating (Dry Battery
Electrode, DBE) were compared (see
Figure 19).

Model specifications & assumptions

Electrode production accounting was
performed for the two active materials
NMC622 and LFP. For dry coating, a ma-
terial formulation with mass fractions
NMC or LFP : PTFE : conductive carbon
black =97 : 1.5 : 1.5 wt% was used. In
contrast, for wet coating, a conventional
formulation with higher binder and con-
ductive carbon black content (94 : 3: 3
wt%) using PVDF as binder was defined.
Anode production and cell assembly
were notincluded in the accounting. The
underlying energy quantities and mate-
rial flows, unless otherwise stated, were
derived from existing literature and stud-
ies [8-10]. Life cycle assessment (LCA)
calculations were carried out in Bright-
way 2 using Ecoinvent 3.11. Germany
was chosen as the production location.
The materials used for electrode manu-
facturing originate from  globally

Primary balance area

Secondary
balance area

Wet electrode manufacturing

Coating

Material feeding
Raw material dosnng M|x]ng
Bmderpreparanon

organized value chains. Emissions for
the German electricity mix were mod-
eled at 0.380kg CO2-eq/kWh and for
natural gas at 0.202 kg CO2-eq/kWh.
The recycling of scrap material was con-
sidered for NMC and LFP cathodes with
a 15% higher energy demand. For wet
processing, a lower scrap rate of 5% was
assumed, which, however, could not be
directly recycled into the process. For
the wet route, NMP recovery was as-
sumed at 99% efficiency, with the re-
spective energy demand included in the
model. The greenhouse gas emissions
considered for electrode materials are
NMC (25.9 kg CO,-eq/kg), LFP (5.4 kg
CO2-eqg/kg), PVDF (55.8 kg CO2-eqg/kg),
and PTFE (120.4 kg CO,-eqg/kg [11] and
14.44 kg COz-eq/kg [12]).

Energy & life cycle assessment

In the following energy balance, unless
otherwise specified, specific energies
are given as electrical watt-hours per kil-
ogram of coating. Figure 20 illustrates
the percentage energy shares of differ-
ent process steps along the wet and dry
process chains for the manufacturing of
battery electrodes with NMC as the
cathode active material. The planetary
mixer serves as the reference for the wet
process route, while both process vari-
ants are represented for the Eirich mixer
and the twin-screw extruder.
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Figure 20: Percentage shares of energy consumption for selected process steps (material feeding/dosing, mixture preparation,
film formation/compaction, drying/solvent recovery, and post-drying of rolled goods) along the wet and dry process chains of
electrode manufacturing. The planetary mixer is shown as the reference system for the conventional wet process route (for
better comparability, thermal energy demand here is converted to electrical equivalents based on a heat pump with a coeffi-
cient of performance of three). For the mixing systems Eirich batch mixer and continuous mixer (extruder), both process routes

are compared. The specific total energy is expressed as e
von Drachenfels)

In the DBE process, material handling
operations such as sack or big bag emp-
tying and dosing require no significant
energy input in relation to the overall
process. However, since PTFE must be
dosed at 8 °C, storage in a cooling silo is
necessary. Compared to wet electrode
manufacturing, the energy consumption
for material handling and dosing is very
similar, apart from the additional recy-
cled material.

In the scale-up experiments conducted
in batch mode using the Eirich mixer, a
specific energy demand of approxi-
mately 80 Wh/kg was determined, which
corresponds to about eight times the en-
ergy required for producing a wet mix-
ture in the same mixer. [13]. The extruder
consumes approximately 50 Wh/kg for
the dry processing (throughput of about
160 kg/h). In direct comparison, the spe-
cific energy consumption of the plane-
tary mixer during wet processing is

lectrical watt-hours per kilogram of coating (Whe/kgcoat). (LCA by N.

around 250 Wh/kg, clearly highlighting
the substantial energy-saving potential
of the dry coating process [13].

During the subsequent film formation
process, the energy consumption is
dominated by the multi-roll calender,
which requires approximately 400 kW in-
cluding climate and cooling systems.
Based on a throughput of around
190 kg/h, this corresponds to a specific
energy demand of about 1500 Wh/kg. In
comparison, the major energy consum-
ers in wet coating are the drying and sol-
vent recovery units. Depending on the
plant design and operational strategy,
drying alone can account for up to
14 kWh/kg, primarily supplied by gas
[8,14-16]. For solvent recovery by distil-
lation, the energy demand amounts to
approximately 130 Wheas/kg [17]. Addi-
tional significant contributions arise
from the densification step using a two-
roll calender (approx. 180 Wh/kg) and
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from the post-drying required for wet
electrodes (approx. 460 Whgas/kg)[8,14].

The energy shares shown in Figure 20 in-
dicate that DBE dry coating using the Ei-
rich batch mixer reduces the energy de-
mand for cathode production by approx-
imately 45 % compared to the wet pro-
cessing route. Comparable energy con-
sumption levels and savings potentials
are observed when using an extruder. In
both DBE process routes, the calender
represents the dominant energy con-
sumer due to the high power require-
ments for pressing pressure and tem-
perature control. Furthermore, the in-
creased active material fraction in the
DBE process results in a higher cell en-
ergy density, leading to an additional re-
duction in the specific energy demand
per kilowatt-hour of cell capacity by
about 2-3 %.

While the energy balance clearly
demonstrates significant advantages of
the DBE process over conventional ap-
proaches, a comprehensive evaluation
of the process route also requires con-
sideration of the life cycle assessment
(LCA). Figure 21 illustrates the global
warming potential of the cathode, differ-
entiated by material and process vari-
ant. Table 4 presents the relevant im-
pact categories and the achieved im-
provements, each normalized to cell ca-
pacity and differentiated by cathode ac-
tive material and process variant for the
route using the Eirich mixer.

The overall results derived from the
life cycle assessment (LCA) clearly

demonstrate that the dry coating pro-
cess causes lower environmental im-
pacts across multiple impact categories
compared to conventional wet coating.
The global warming potential (see Fig-
ure 21) associated with the materials
and production of the cathode de-
creases by 8.5 % to 41.4 kg CO,-eq per
kWh of cell capacity for NMC, and by
12.8 % to 20.4 kg CO,-eq per kWh of cell
capacity for LFP.

[ Processes
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B Vaterials

|— DBE

LFP

|— Wet

|— DBE
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Greenhouse gas potential in kg CO,-eq/kWh,

Figure 21: Greenhouse gas potential of the cathode as a
function of materials and production variants for the pro-
cess route using an Eirich mixer (LCA by N. von
Drachenfels).

Particularly noteworthy is the compara-
tively high contribution of the PTFE
binder in the DBE route, which amounts
to approximately 3 kg CO,-eq per kWh at
the cell level and accounts for about
2-4 % of the total CO,-eq emissions of a
cell. Additional materials, anode pro-
duction, and cell assembly contribute
between 15 and 25 kg CO,-eq per kWh
of cell capacity, depending on the cell
design and material selection.

The advantage is particularly pro-
nounced for the consumption of fossil
fuel resources (FFP), which strongly

Table 4: Impact categories per cathode active material and process variant for the process route using an Eirich mixer.

Impact categories Unit NMC LFP
P g Wet* DBE** A Wet* DBE** A
- - 0, . 0,

Greenr.louse gas kg CO2-eq 45.22 41.39 8.5% 23.35 20.35 12.8%

potential /KkWhcet 139.07| |-13.6% [16.63||-28.8%

Freshwater ecotoxicity | <& " DCB-ed| ool 527  62% 1.79 157 12.2%
/KWhceu

Human toxicity CTUh 1057 974 -7.9% 6.88 6.10| -11.3%

potential (cancer)

Water consumption m®/kWheceu 3.87 3.67 -5.2% 0.26 0.22| -15.3%
kg oil-

Fossil resource scarcity goit-eq 12.53| 10.77 -14.0% 5.94 4.07 -31.6%
/KWhceu

* with PVDF: 55.8 kg CO,-eq/kg
** with PTFE: 120.4 kg CO»-eq/kg (without gas capture) [11] | 14.4 kg CO,-eq/kg (with gas capture) [12]
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correlates with overall energy use. For
LFP, the reduction in the cathode, nor-
malized to cell capacity, amounts to ap-
proximately 32 %, while for NMC it is
about 14 %. This improvement is primar-
ily due to the elimination of natural gas
use in the cathode production chain
within the DBE process. Across all other
evaluated impact categories, consistent
improvements between 5.3% and
16.4 % per kWh of cell capacity are ob-
served. These findings are in line with
current scientific studies [18,19]. When
comparing the LCA results with the wet
processing route employing a planetary
mixer instead of the Eirich mixer, the po-
tential savings further increase by
0.5to 2.3 percentage points, depending
on the impact category.

In summary, the assessment demon-
strates that the dry coating process

provides ecological advantages regard-
less of the cell chemistry type. The
results thus highlight the significance of
the DBE technology as an effective ap-
proach to reducing the environmental
footprintin cell production.

Transitioning the energy carrier in elec-
trode manufacturing to fully electric op-
eration offers additional potential for
lowering greenhouse gas emissions,
particularly when utilizing electricity
from renewable sources. This also ap-
plies to the wet coating process. Further
reduction opportunities may arise from
improvements in scrap rates, energy-ef-
ficient heat recovery, and more accurate
determination of PTFE emission factors.
Overall, the dry coating process already
presents substantial optimization po-
tential for the sustainable industrializa-
tion of battery cell manufacturing.

Staffing requirements

The personnelrequirements for cathode
production differ significantly between
the DBE process and conventional wet
coating. In the DBE process, a total of
one operator is required for material
handling and mixer operation, consist-
ing of approximately 0.5 personnel units
for system monitoring in the control
room and 0.5 for material logistics (e.g.,
handling BigBags, sacks, and drums). In
the calendering section, two operators
are assigned to ensure continuous oper-
ation and process supervision. In com-
parison, the conventional wet coating
process also requires one operator for

the mixing unit and Material logistics;
however, an additional operator is re-
quired for transporting the slurry from
the mixer to the coater as well as for
quality control. The operation of the (tan-
dem) coater and dryer requires two fur-
ther operators, while only one person is
assigned to the calendering section.
Consequently, the overall personnel de-
mand in the DBE process can be orga-
nized more efficiently, primarily due to
the elimination of transport and drying
steps and the concentration of activities
within the calendering stage.
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Conclusion & perspective

The ProLiT project successfully demon-
strated thatboth LFP and NMC cathodes
can be manufactured using the PTFE
and calender gap-based dry coating pro-
cess, even if this requires multi-stage
compaction steps. The resulting scien-
tific findings form the basis for the indus-
trialization concept developed, which
envisages a scalable implementation of
dry coating. The insights gained into pro-
cess-structure-property  relationships
between the powder and the resulting
free-standing film or finished battery
cathode are crucial for industrial scal-
ing, as they enable reliable prediction of
film properties and process effects.
There is still great potential here for the
development of future in-line and online
quality control systems, which could
contribute significantly to increasing ef-
ficiency and reproducibility in large-
scale production. Compared to conven-
tional wet coating, the dry coating pro-
cess described in the industrialization
concept enables significant energy

savings to be achieved, as other studies
have also shown[19], making the
method a key element for sustainable
and cost-efficient cell production. The
developed holistic plant concept for
cathode production with integrated re-
cycling of edge trimmings into the mixing
process provides a robust basis for in-
dustrial implementation. Important as-
pects for further development that were
not focused on in the ProLiT project in-
clude the systematic recycling of pro-
duction waste such as edge trimmings,
cell format-specific cut-offs, and screen
overflow, the recycling of dry-coated
battery electrodes, and the develop-
ment and integration of advanced pro-
cess monitoring systems. These chal-
lenges need to be addressed in future
projectsin order to exploit the full poten-
tial of dry coating. Overall, the industrial-
ization concept developed for dry coat-
ing shows great potential for signifi-
cantly advancing sustainable and eco-
nomical battery cell production.

ProL:T
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