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Abstract

The growing demand for lithium-ion batteries has intensified the need for efficient and sustainable man-
ufacturing methods. This literature review investigates the feasibility and potential advantages of con-
tinuous slurry mixing compared to the traditional batch mixer for production of lithium-ion batteries.
Key performance parameters such as slurry quality, operational efficiency, and production cost are eval-
uated to compare the two mixing systems. By drawing from scientific literature as well as insights from
researchers and industry experts, this study finds that continuous mixing offers clear advantages over
batch mixing, particularly in terms of slurry quality and operational efficiency. Furthermore, the study
explores why the batch mixer (planetary mixer) remains the industry standard and goes on to assess if
the continuous mixer is better suited for potential changes to slurry composition. The findings suggest
that continuous mixing is indeed better equipped to handle variations in slurry composition. However,
its limited adoption at industrial scale is primarily due to lack of large-scale studies replicating labora-
tory and pilot-scale experiments, resulting in insufficient data on the industry-scale performance of the
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1 Introduction

The demand for lithium-ion batteries (LIBs) has been growing at an exponential rate in recent years,
primarily due to their central role in modern energy storage solutions [1]. LIBs play a vital role in tran-
sitioning to renewable energy by powering various applications such as electric vehicles (EVs), portable
electronics, and grid-scale energy storage systems. The widespread adoption of LIBs is driven by different
advantages offered compared to other energy storage technologies, including high energy density, long
cycle life, and low self-discharge rate [2].

There are different factors that fuel the growth of the LIB demand. A major factor is the shift of the
transportation industry towards electrified vehicles and a global push for sustainable energy [3]. This
transition has been supported through large investments from industries and governments which have
aimed to reduce carbon emissions. In particular, the automotive industry is undergoing a significant
transformation where it is moving away from internal combustion engines to electric powertrains, a trend
which is expected to accelerate in the coming decades [4].

As demand for LIBs continues to grow, the need for sustainable, efficient, and scalable battery manufac-
turing becomes an urgent matter. Production must not only scale up to meet global expectations but
it has to be in a way that is both economically viable and environmentally sustainable. These demands
puts pressure on battery manufacturers to innovate and improve current production processes to ensure

that production meet future needs without compromising environmental and economical sustainability.

1.1 Background

More efficient and scalable battery production is becoming essential as the demand for LIBs continues to
increase. When a lithium-ion battery is manufactured, the traditional way presents different challenges
such as production downtime, material inefficiency, and variability in product quality, which can lead to
waste of material. The slurry mixing process, which is the first step in the production line, is a bottleneck
in the production process. This step involves blending various components to create a homogeneous
mixture. However, in many cases, this process can be inefficient. The slurry mixing process is an
important step as it serves as the foundation for the manufacturing of a battery and has a substantial
impact on the overall quality of the product and the production efficiency.

To address the previously mentioned challenges, manufacturers have begun to explore alternative man-
ufacturing processes. One of those alternatives is transition towards a continuous production line. The
battery industry has yet to implement continuous production on a larger scale, although many other
industries have to improve efficiency and scalability. Continuous mixing has already been demonstrated
on a laboratory scale and has proven to be a more efficient method [5]. This allows for a streamlined
and automated process in which raw materials move through each production stage without interruption
[6]. This transition can result in a reduction in production downtime, material waste, and costs, as well
as an improvement in product consistency. It is crucial that improvements are made in the battery in-
dustry to ensure a sustainable and stable supply of LIBs, especially since there is a growing pressure on
manufacturers to improve battery performance and reduce their environmental footprint.

1.2 Purpose

The main focus of this project is to determine whether the switch from batch to continuous processing is
feasible for the production of LIBs on an industrial scale. Specifically, the study will focus on the slurry
mixing process, which is the first and most consequential step of battery manufacturing. The study will
further explore the potential efficiency outcomes of such a transition, as well as identifying key technical,
economic, and operational challenges associated with large-scale industrial implementation.



1.3 Boundaries

This study centres on a possible transition from batch to continuous processing for the production of LIBs,
focusing solely on the slurry mixing stage in battery manufacturing for EV applications. Therefore, it will
primarily look at electrode components that are predominant within the EV industry, which are listed in
the table 1. Although other components than those mentioned below will be considered when discussing
dry and solvent-reduced electrodes, most of the results will be for slurries made up of the components

below.
Table 1: Commonly used cathode and anode components within EV industry.
Components Cathode Anode
Active material Nickel Manganese Cobolt (NMC) Graphite
Binder Polyvinylidene fluoride (PVDF) | Carboxymethyl cellulose (CMC)
Conductive additive Carbon Black Carbon black
Solvent 1-methyl-2-pyrrolidone (NMP) Water

Furthermore, this study will not consider the order in which the anode and cathode components are
added to the slurry, as this will not help to answer the core research questions in comparing the two

mixing methods.

1.4 Research questions
e What are the challenges and opportunities with continuous vs batch mixing in LIB manufacturing?
e Can a continuous slurry mixing process support changes in the LIB-composition?

e Why is continuous slurry mixing not an industrial standard for LIB manufacturing?



2 Theory

This chapter presents the topics: components of LIBs, different mixing systems, and the manufacturing
process of LIBs. Lastly, the slurry properties will be thoroughly examined. This lays the foundation for
the comparison of continuous and batch electrode-slurry mixing in LIB manufacturing.

2.1 Components of lithium-ion batteries

A LIB is a collection of cells, each cell containing an electrolyte, a separator, two electrodes, and two
current collectors located at each end of the electrodes [7] as seen in Figure 1. The two electrodes in the
battery are of different charges, the positively charged electrode is called the cathode and the negatively
charged electrode is called the anode [8]. One of the most important function of the LIB are the lithium-
ions that flow through the battery, making the battery either discharge or recharge depending on the
direction the ions flow.
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Figure 1: A lithium-ion cell on the left and a representation of how a LIB is built up on the right. Used according
with permission from publisher [9].

2.1.1 How the lithium-ion battery works

A battery cell stores energy, which is the charge carriers that are stored in the electrode materials. This
is called the potential energy that the material inherit, which is converted into electric energy. The
conversion is possible due to a redox reaction that occurs between the cathode and the anode [7], which
will be explained in the following paragraph. As mentioned above, depending on which way the lithium-
ions (LiT) flow, the battery will either charge or discharge, see Figure 1. When the ions flow from the
anode to the cathode, the battery will discharge implying that the battery is being used. If the flow is
the other way around the battery will recharge to later be used again [7]. This is a key advantage of the
LIB since not all batteries are able to recharge and can only be used once.

Redox reaction is the combination of an oxidation reaction and a reduction reaction. These reactions
occur in the electrodes, which are located at each end of the cell. During the discharge of the battery, an
oxidation reaction takes place in the anode where the lithium atoms ionize and lose an electron. The ions
then flow to the cathode through a conductive medium, which is the electrolyte and is usually lithium salt
dissolved in a solvent. When the ions reach the cathode they recombine with an electron and electrically
neutralise. To avoid a short circuit in the battery, the anode and cathode are separated by a membrane
thin enough making it possible only for the lithium ions to penetrate [7]. This component is called the
separator. When the battery is charging the opposite occurs, the lithium-ions flow from the cathode to
the anode and a reduction reaction occurs in the cathode.



2.1.2 Cathode

There are many types of cathodes used in LIBs, depending on the desired properties of the cell. According
to [10], the cathode is the heaviest component of the cell and it can be up to 40% the cell’s total weight.
It is also the component with the most impact on the cell’s final performance.

The article [11] states that the cathode is mainly made up of three components, active materials (AM),
conductive additives and binders, these are mixed together and seated on a current collector. It is
also mentioned that the function of the AM is to be the primary source of energy storage in the LIB.
Conductive additives are used to improve the electrical conductivity of the cathode, and biders are used
to keep the AM and conductive additives together.

One of the most used AM is Lithium Cobalt Oxide, for short LCO, which has high specific energy and
low specific power [12] [11] [13]. This means they can perform under a long period of time in low-load
applications, making them suitable for laptops and mobile phones. Another commonly used AM is
Lithium Manganese Oxide, also known as LMO, which has high specific power and is able to recharge
faster, thus making it suitable for power tools and electric vehicles. The last example of a common AM
is Lithium Nickel Manganese Cobalt Oxide (NMC) which has a high specific energy, high energy density
and a high thermal stability. This makes NMC one of the most commonly used batteries in EVs.

Nickel has a high energy density, allowing the battery to store more energy [12]. This is desirable in an
EV to get longer reach out of each charge and to increase the battery lifespan. All of that is achievable at
a relatively low cost. Early NMC batteries used approximately 33% nickel compared to today’s batteries
containing around 80-90% nickel.

Although manganese has relatively low specific energy, it provides a high-rate capability to the battery,
allowing to maintain low temperatures even during high current discharge [12]. This increases the safety
and stability of the cell. By lowering the exothermic reaction during charging manganese reduces the risk
of thermal runaway, increasing the safety further. Manganese has the ability to reduce deterioration of
layered structures inside the cell during charges, thus maintaining the capacity and increasing the lifespan
of the battery.

Cobalt helps to provide thermal runaway due to its ability to remain the structural integrity of the cathode
during high temperatures [12]. It also helps improving the performance during low temperatures. Due
to its ability to increase the discharge capacity, cobalt increases the energy density of the cell. Finally,
cobalt improves the rate performance, allowing for faster charging.

2.1.3 Anode

The anode, together with the cathode, forms the two electrodes in a battery cell, and they have much
in common. Like the cathode, the anode is composed of an active material, conductive additives, and
a binder, which are then coated onto a current collector, typically made of copper foil [14]. These
components serve similar functions as in the cathode: the active material acts as the primary medium for
energy storage, the conductive additives improve the electrode’s electrical conductivity, and the binder
holds the particles together and ensures strong adhesion to the current collector. Just like cathodes,
anodes are available in different variants, utilizing various active materials depending on the specific
application. Anodes are generally less expensive than cathodes. According to [15] the anode accounts
for around 10-15% of the total cell cost, compared to approximately 40% for the cathode.

Graphite is the most commonly used AM in EVs today, dominating the market with over a 90% market
share [16]. This is due to its relatively low cost, good cycling stability, reliable capacity, and ability
to deliver high cell voltage when paired with appropriate cathode materials [16]. Although graphite
remains by far the most commonly used anode material in LIBs today, alternative materials such as
lithium titanate and silicon have also begun to gain attention. Compared to graphite, silicon offers a



much higher specific capacity, approximately 4,200 mAh/g versus 372 mAh/g for graphite, making it
a highly promising candidate for future anodes [17] [18]. However, silicon undergoes significant volume
expansion during the lithiation and delithiation processes, which introduces mechanical stress in the
anode. This stress can lead to cracking and pulverization of the material, ultimately degrading the
electrode’s electrochemical performance [19] [20].

Lithium titanate, on the other hand, experiences negligible volume change during cycling, resulting in
much less mechanical strain and contributing to a significantly longer anode lifespan [21]. Additionally,
lithium titanate has a higher lithium intercalation potential (=~ 1.55V Li/LiT) compared to graphite
(= 0.1-0.2 V) [22]. Higher lithium intercalation potential makes the anode less susceptible to lithium
plating, when metallic lithium deposits on the surface of the anode potentially causing short circuits
and thermal runaway, thus enhancing battery safety [22]. However, this higher potential also reduces
the overall cell voltage and energy density. Lithium titanate’s specific capacity is also lower, around 175
mAh/g, which along with its lower energy density, still makes graphite the most suitable choice for most
current applications [21].

2.2 Industrial mixing systems

Industrial mixing systems create uniform mixtures or products by combining, blending, or homogenizing
different materials. These mixers are used to achieve consistent and efficient mixing of ingredients or
components. Industrial mixers are used in various settings, from small-scale laboratory work to large-
scale manufacturing processes, and can be divided into two types, batch and continuous mixing processes.

2.2.1 Batch mixing

In batch manufacturing, the products are made in discrete volumes, called batches [23]. This makes the
process run in a cycle with a finite operating time, where the process needs to be reset to its pre-process
condition before continuing with a new cycle. Resetting the process creates downtime when the equipment
needs to, for example, be cleaned, reheated, or cooled down, and this is the main disadvantage in batch
manufacturing, as it limits the production speed [24]. Batch production enables the ability to change the
ingoing components to create new products with each batch. This makes batch mixers preferred when
changes in the composition between batches are needed. Hence, batch mixers are often used in laboratory
settings when multiple compositions are tested. However, since each batch is filled separately, variations
between batches can occur. A batch that does not reach the desired quality is often wasted, leading to

increased materials use.

Batch mixers are most commonly used in facilities that do not need a high production speed, but require
a product of high quality or to create different products in the same equipment [24]. Since products
are made in batches, the resulting production speed becomes uneven, which can affect the rest of the
production chain. However, batch production allows one to easily verify the quality of each batch before
sending it to the next step in the production chain [25]. This makes batch mixers a common equipment
when a high-quality product is needed. It should be noted that other high-quality product manufacturers,
such as the pharmaceutical industry, are replacing batch mixers with more continuous types of mixers
[26].

2.2.2 Continuous mixing

The concept of continuous mixing is thoroughly discussed in the article [27], which presents several impor-
tant characteristics and considerations regarding this technology. The article describes that continuous
mixing is a process in which the ingredients are fed into the mixer in a continuous stream without inter-
ruptions. The final mixed product is then discharged at the other end of the mixing vessel. This setup
eliminates the need for separate steps for filling, mixing, and emptying. As a result, it streamlines the



production process and increases efficiency, allowing for higher production capacity. Due to this, the
continuous system is suitable for large-scale manufacturing, which requires a high production rate and
minimal downtime. To oversee the continuous mixing process and to ensure the quality of the final mixed
product, the process requires advanced monitoring and regulation systems. This includes measurement
equipment to ensure that the correct proportions are added to the mixer in real time. As a result of
the advanced monitoring and regulation system, the continuous mixing system is usually a larger initial
investment than a batch mixing system. Additionally, altering the ingredient ratios causes a delay before
stabilisation, which can make defect traceability in production difficult. However, within industries where
consistency in batch quality is critical, the implementation of continuous systems can provide high levels
of control over ingredient measurement and processing. While the composition of ingredients can be
adjusted within a continuous mixing system, changing to a different formulation requires stopping the
process and thorough cleaning. This makes continuous mixing most efficient for large-scale production
of a single product type where quality consistency is essential.

Staggert presents in the article [28] that industries that commonly utilise continuous mixing include
pharmaceuticals, chemicals, polymer production, and pulp manufacturing. The article continues to ex-
plain the implementation of the continuous process in these industries. High-volume tablet production
and continuous granulation are processes in the pharmaceutical industry suitable to be handled using
continuous mixers. In the chemical industry, continuous-mixing utilisation is implemented for effective
polymer production, fertiliser manufacturing, and detergent production. Continuous mixers are utilised
for pulp preparation and coating processes in pulp production.

2.3 Battery manufacturing

As mentioned in the introduction, LIBs has numerous of applications and thus come in various shapes and
forms. In the article [14] it is mentioned that despite the diversity in LIB types, the basic manufacturing
steps remain mostly the same across different designs. These steps are generally consistent regardless
of the battery’s shape, the materials used in the electrodes, or the scale of production, whether large or

small.

The article [14] also states that the most common used production technique of LIB today can be divided
into four major steps, extraction of raw materials, preparation of the electrodes, cell manufacturing, and
finally chemical activation of the cell. Each of these main steps are further divided into several sub-steps.

Mixing Coating Drying Calendaring

7 #
Conductive  Active Polymer
Additive Material Binder

Figure 2: The first manufacturing steps of LIB. Used according with permission from publisher [29].

The tables 2 and 3 below presents some of the sub-steps along with their corresponding energy consump-
tion and estimated costs. Further details will be provided in the sections that follow. The data in the
tables below are made using data from the article ” Current and future lithium-ion battery manufacturing”
[14].



Table 2: Energy use in LIB manufacturing sub-steps. With data from [14]

Process Step Energy Use (kWh/cell) | Percentage (%)
Slurry mixing 0.11 0.83
Coating 0.18 1.36
Drying/Solvent recovery 6.22 46.84
Calendering 0.38 2.86
Slittig 0.71 5.53
Stacking 0.77 5.90
Welding 0.25 1.88
Enlosing 0.69 5.20
Formation/Aging 0.07 0.53
Dry room 3.9 29.37

Table 3: Cost LIB manufacturing sub-steps. With data from [14]

Process Step Cost per year percentage (%)
Slurry mixing 7.91
Coating/Drying 14.96
Solvent recovery 4.60
Calendering 5.19
Slittig 3.09
Vacuum drying 3.20
Stacking 8.65
Welding 7.34
Enlosing 12.45
Formation/Aging 32.61

2.3.1 Mining

Before the battery manufacturing can start, raw materials must be obtained. Depending on the compo-
sition of the materials that make up the cathode in LIB, the metals that need to be obtained vary. For
NMC, the metals are lithium, nickel, manganese, and cobalt, and they are acquired through mining.

Lithium is mainly sourced from two deposits: brine and hard rock. From hard rock mining, lithium
minerals can be extracted from spodumene ore, which is then processed to obtain lithium hydroxide
or carbonate [30]. The source further states that to extract lithium brine, lithium-rich groundwater is
pumped into evaporation ponds where the lithium is later concentrated before being chemically processed.
Between the two methods of extracting lithium, brine extraction requires less energy but instead requires
significant water resources.

Primarily, nickel is mined from laterite and sulfide ores, and due to impurities from laterite mining, it
requires extensive processing [31]. Cobalt is one of the by-products of mining nickel and copper, and
it has drawn attention because of ethical concerns regarding the mining [32]. Mining is predominantly
carried out in the Democratic Republic of Congo (DRC), where child labor and poor working conditions
are common [33]. Lastly, the most common method to extract manganese is through open-pit mining
from sedimentary and lateritic deposits [34].

2.3.2 Slurry mixing

The first step in preparation of the electrode is to mix AM, binder, conductive additive, and solvent into
a homogenous slurry [14]. According to the same source, the conventional slurry mixing step accounts



for approximately 7.91% (see table 3) of the total annual manufacturing cost, making it one of the most
expensive steps in the process. This high cost is primarily due to its labour-intensive nature. It is
important that the slurry is thoroughly mixed, since the distribution of AM, binder, and conductive
additive in the slurry has a major impact on the final performance of the LIB [35]. Although there are
various methods of slurry mixing today, the most commonly used technique is to use a planetary mixer
[36] [37].

Planetary mixers are the conventional type of mixer when it comes to slurry mixing [36]. It is a batch
mixing equipment, where the unmixed substances are first loaded into the mixer and then later, in the
end, unloaded as a mixture [24]. To visualise a planetary mixer, it can be compared to a dough mixer,
made up of a large container with some type of mixer inside that mechanically mixes the components. In
the mixer, conditions such as temperature and mixing speed can be controlled to create a good mixing
environment. Compared to other batch mixing equipment, the planetary mixer is fairly good at handling
a bit more viscous slurries, making it a versatile equipment. However, it still requires quite a lot of solvent
in order to form a homogeneous mixture.

2.3.3 Coating, drying, and calendering

Next sub-step in the electrode preparation is coating. Using a slot die the slurry is coated onto the
current collector. Aluminium foil and copper foil is used as current collector for the cathode and anode
respectively [14].

Following the coating process, the electrodes are dried to evaporate the solvent. According to [14],
the drying sub-step has the highest energy consumption, 46.84% of the total energy consumption (see
table 2). Coating and drying are also among the most expensive steps in the manufacturing process,
accounting for 14.96% of the total annual manufacturing cost (see table 3). While water can be safely
realised into the environment. 1-methyl-2-pyrrolidone (NMP) is toxic, thus a process to recover the NMP
is necessary [14]. In [38] it is mentioned how the drying step significantly influences the microstructure
of the electrode. High drying speeds tend to cause the binder to migrate out of the slurry, leading to
a heterogeneous electrode structure. This negatively impacts the electrochemical performance of the
cell. According to [39] can poor binder distribution also reduces the slurry’s adhesion to the current
collector, ultimately shortening the electrode’s lifespan. In [40] it is therefore mentioned how a trade-off
must be made between manufacturing speed and electrode performance. The most common approach to
managing this trade-off is through conductive drying, where the drying temperature is gradually reduced
as the amount of remaining solvent decreases.

After the slurry has been coated onto the current collector and the solvent has been recovered, a cal-
endering step follows. Calendering enhances battery performance by increasing the energy density [41].
By reducing the porosity of the electrodes, calendering has also been shown to improve both the rate
performance and cycle life of the battery [42] [43]. The same sources also mentions that calendering
improves the mechanical performance of the electrode, thereby increasing its lifespan. For example, it
enhances the adhesion between the slurry and the current collector. Additionally, calendering can reduce
lattice strain and phase transitions in the electrode, which are common causes of cracking and structural
failure of the electrode.

2.3.4 Cell assembly and activation

The second major step is to assembly the cell. Electrodes and separators are winded or stacked together,
in this way forming the inside structure of the cell. An aluminium tab is welded on to the cathode and
a copper tab is welded on to the anode [14]. There are a few different methods used to weld the tabs on
to the electrodes, but the most commonly used are ultrasonic welding and resistance welding [14]. The
electrodes are then put inside the case and, which then is filled with electrolyte before sealing the case.



The final steps are the electrochemical activation steps. These steps are performed by first charging the
battery to a low voltage, this to prevent corrosion in the copper current, then letting the battery rest
for electrolyte wetting, this process is called formation. By charging and discharging the battery, the
stability of the solid-electrolyte interface (SEI) is increased between the electrolyte and the electrode [14]
[44]. In [45] it is stated that SEI blocks the electrons but allows for transportation of lithium-ions, thus
preventing electrolyte decomposition. The cells are then stored for ageing for complete electrolyte wetting
and SEI stabilisation [14]. The cell then goes through a degassing step before finally being sealed.

2.4 Slurry

As explained in the previous chapter, the preparation of the electrode slurry is the first step in the
production of LIBs and as such plays an important role in the intrinsic properties of the final product
as well as the manufacturing efficiency of subsequent steps. Electrode slurry is a multiphase suspension
consisting of active material, conductive additives, binder and solvent. All of which are dispersed within
the electrode slurry and together will form the cathode and anode layers in the LIBs.

2.4.1 Active materials

This project focuses on the most common active materials used for the cathode and anode in the EV
industry. The active material is the largest component in the slurry in terms of particle size and is
detrimental for both the electrochemical and rheological performance of the electrode slurry [29]. Which
in turn has significant implications to the slurry mixing process. For instance, the slurry’s yield stress
which is the minimum stress required to start flow is highly dependent on the particle size of the active
material [29].
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Figure 3: An illustration comparing two cathode microstructures: (A) shows large-scale agglomeration, while
(B) presents a uniform cathode microstructure with no agglomeration and a well-dispersed binder.
Used according with permission from publisher [37].

Favoured for its high energy density, NMC is currently the most widely used material to produce the
cathode within the EV industry. Although NMC has great electrochemical properties, it does present
challenges to the electrode mixing process, the most prominent of which is its tendency to agglomerate.
Jianlin Li et al. explains in [46] that this is due to van der Waals forces between NMC and conductive
additive particles, which makes the particles “stick” together and form clumps in the slurry as illustrated
in figure 3 microstructure (A). This limits electron pathways which harm electrochemical performance
as well as increasing viscosity. Carl D Reynolds et al. further elaborate that for increasingly small
active materials the intermolecular forces are magnified due to increasingly larger surface area, which
further increases the viscosity of the slurry. This means that decreasing the size of the active material



directly results in increasing the amount of shear needed to overcome the van der Waals forces [46].
Another important challenge to consider is sedimentation, due to its high density NMC is prone to rapid
sedimentation. Sedimentation creates non-uniform coating which can result in inconsistencies in the final

electrode. Sedimentation is deterred by sufficiently high viscosity at rest [47].

High electrical conductivity and structural integrity has made graphite the most prominent active material
for the anode. As with the cathode slurry, the size and shape of the graphite particles significantly
influence the rheological properties of the anode slurry. As highlighted by a study from Yeeun Kim
et al., graphite can be categorized in two types; differentiated by the way in which the graphite is
manufactured. Natural graphite (NG) is mined and thereafter refined and synthetic graphite (SG) is
derived from petroleum. The most important difference between NG and SG in regards to this study
is the resulting size and morphology of respective graphite type. NG particles are spherical and exhibit
irregular particle size distribution, which contribute to higher viscosity and yield stress. While SG
particles are more homogeneous in size and exhibit a disc-like shape, which makes them easier to mix
and homogeneously disperse within the slurry [48]. Graphite’s hydrophobic nature is also known to pose
challenges to water-based slurries, the agglomeration of graphite particles being the biggest concern [49].

2.4.2 Binder and solvents

The most used binder for NMC cathodes is polyvinylidene fluoride (PVDF) and the industry standard
solvent for PVDF is NMP. The polymeric binder dissolved in the organic solvent serves multiple crucial
functions within the electrode slurry that collectively ensures the electrochemical and structural integrity
of the electrode. A previously mentioned study from the journal of chemical reviews states that one of
the key functions of the binder is particle binding; the binder coheres the active material and conductive
additives together in the slurry. The binder further adheres the electrode slurry onto the current collector
(i.e. aluminium foil) and provides structural flexibility. This flexibility helps to prevents deterioration
in subsequent manufactural steps like coating, drying, etc. [46]. For the binder to effectively perform
its critical functions, it is vital to carefully consider two major factors. The first is binder content:
too much binder will increase cell impedance due to PVDF being electrochemically inert. Conversely,
insufficient binder content will lead to poor adhesion and cohesion capabilities, potentially leading to
crack formation on the electrode and even separation from current collector [50]. The second factor is
the uniform dispersion of the binder within the slurry, which is essential for maintaining the electrode’s
internal structural integrity and ensuring strong adhesion to the current collector. An example of an
electrode with well dispersed binder can be seen in figure 3 microstructure (B).

Carboxymethyl cellulose (CMC) is the most common binder for the anode slurry and due to its water
solubility, the most commonly used solvent is water. It is worth noting that in some cases, styrene buta-
diene rubber (SBR) is added to the binder as a reinforcement agent. As described by Masahiko Ishii et
al., one of the ways that CMC improves the rheology of the slurry is by directly preventing agglomeration
of graphite particles by adsorbing onto graphite surfaces via hydrogen bonding. The negatively charged
carboxyl group in CMC creates a repulsive force in between particles that prevents aggregation [51].
Furthermore, CMC is also able to create a complex polymer network in water thanks to its hydrophilic
carboxyl group that increases viscosity at rest by restricting fluid motion. This is vital for preventing
sedimentation of graphite particles at rest [52]. CMC is also known to exhibit shear thinning properties
where the polymer chains align in the direction of flow, which allows the slurry to flow easily under high-
rate sheer mixing and coating, while recovering high viscosity once mechanical stress is removed. This
allows for homogeneous dispersion of active materials and conductive additives as well as a maintained
structural integrity once the slurry is coated on the current collector [53].
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2.4.3 Conductive additives

Carbon black is the prevalent conductive additive

Em— @ Lithium ion for LIB-NMC, due to its excellent electronic con-
”i"9 pore o Active material ductivity properties. As explained in a 2024 study
e Conductive additive from the Journal of Power Sources, carbon blacks

—— Binder characteristic properties stem from its large sur-

face area and its ability to form a percolative net-

work within the slurry, which facilitates efficient

electron transport [54]. Its nanoscale size makes

Figure 4: Illustration of how conductive additive par- it easy to bridge the gap in between NMC parti-

ticles bridge the gap in-between active mate- cles as demonstrated in figure 4, which enhances

rial particles. Used according with permission  he slurry’s conductive capabilities [46]. However,

from publisher [46]. Reynolds et al. notes in a 2023 study that the

small size and large surface area of carbon black

also give it a tendency to agglomerate, necessitating intensive mixing to break apart [55]. Furthermore,

it is also vital to consider the amount of conductive added, as too much carbon black yields diminishing

returns in terms of conductivity while unnecessarily increasing viscosity due to large scale agglomeration.

On the other hand, if the amount of carbon black is not enough to form the percolative network then

regions of the electrode may become electronically insulated increasing resistance within the electrode.

This leads to the conclusion that the amount of carbon black added to the slurry should be just enough
to establish a percolative network [54].

As for the cathode slurry, carbon black is the predominant conductive additive for the anode slurry as well
[65]. Although the anode slurry is water-based, the conductive additive performs largely similar function
in both slurries. As previously explained, carbon black bridges gaps between active material particles,
which creates a network that facilitates efficient electron transport. What is not previously mentioned is
that this percolating network also restricts particle movement within the slurry, increasing the viscosity
at rest or under low shear, but during mixing or coating this network breaks down, dramatically reducing
viscosity. This phenomenon is called shear-thinning and it allows the slurry to be easily mixed under
shear, but also rapidly regain viscosity after mixing to help prevent sedimentation.

2.4.4 Slurry composition

The total solid content of the cathode slurry during mixing should range between 63.9-66.3wt%, with
the remainder consisting of solvent. This distribution of solid content within the multiphase suspension
is shown to promote uniform distribution of active material and conductive additive [56]. After solvent
removal, the slurry composition strongly favours a high fraction of active material with a small amount
of binder and conductive additive. A common formulation being 90-95wt% NMC, 2-5wt% PVDF and
2-5wt% carbon black. This composition optimises energy density by minimising inactive materials, whilst
maintaining sufficient binder content for cohesion/adhesion and enough conductive additive to establish
percolative network [57]. This balance represents the optimal compromise between electrochemical and
rheology performance of the cathode electrode [46].

As stated in the following studies [53] [46] [58], an industrial grade anode slurry has an optimised com-
position of roughly 50wt% solid content, with the remainder being water. After solvent removal, the
solid composition is typically 90-95wt% graphite, 3-5wt% CMC and 1-5wt% carbon black. Similar to
the cathode slurry, the aim is to maximise energy density without compromising structural integrity or
conductivity.
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3 Methodology

To answer the research questions, a systematic literature review and complementary interviews with
specialists in the industry were conducted. This contributed to a comprehensive understanding of the
problem, which was required to produce a nuanced result. The following chapter describes the literature
review and the interviews in greater detail.

3.1 Systematic literature review

A systematic literature review was conducted. The aim of the review was to synthesise and analyse both
qualitative and quantitative findings from the available literature regarding the possibilities and potential
benefits of continuous slurry mixing in LIB manufacturing. Focus is placed on identifying common themes
and patterns in the selected articles in order to address the research questions.

3.1.1 Literature search

Relevant sources were searched for in the databases Scopus, ArXiv, IEEE Xplore, and Google Scholar.
The search strings were constructed with the key words such as ”lithium-ion battery”, ”slurry mixing”,
and ”continuous manufacturing” and Boolean operators. An example of a search string used in Google
Scholar:

(”lithium battery” AND ”continuous slurry mixing”)

To complement and enhance the search, Scopus AI was used. This tool allows users to pose specific
research questions, providing responses based on relevant articles from the database, which are also listed
for further reading. The search results were manually evaluated to ensure that the inclusion criteria were
met. This approach was implemented to ensure that no important sources relevant to the topic were
overlooked. Example of question asked in Scopus Al:

”What are the benefits with continuous slurry mixing for lithium-ion battery manufacturing?”

In addition to Scopus AI, ChatGPT (OpenAl, 2024) was also used to suggest additional potential articles.
All suggestions from both Scopus Al and ChatGPT were manually reviewed to ensure they met the
inclusion criteria and were relevant to the aim of the study.

3.1.2 Study selection

The included studies consisted of both qualitative and quantitative findings. During the selection pro-
cess, duplicate records were identified and removed. The remaining articles were screened based on the
predefined inclusion and exclusion criteria. Each article was first assessed based on its title and abstract,
and then evaluated in full text to determine its relevance to the research question. Source evaluation
followed the CRAAP model [59], ensuring that all included studies were current, accurate, objective,
relevant, and published by credible outlets.

Studies were excluded if the full text was not accessible or if they did not meet the predefined inclusion
criteria. Inclusion required that studies fulfilled the following criteria:

e Published between 2010 och 2025
e Written in English
e Discussing the slurry mixing stage of LIB manufacturing

No formal protocol was maintained for the articles excluded during the selection process, and detailed
justifications for specific exclusions were not documented. This represents a limitation in the transparency
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of the study. The issue of documenting the selection process and exclusions in a more systematic manner
will be further addressed in the discussion section.

3.1.3 Qualitative synthesis and thematic analysis

A qualitative synthesis and thematic analysis were conducted to identify recurring themes and patterns
within the included studies. Data from each article were extracted and organised to identify key themes
and patterns. Through this synthesis, it was possible to draw overarching conclusions about continuous
slurry mixing for LIB manufacturing and identify common trends in the research.

The synthesis process was conducted through the following steps:

1. Data Extraction: Relevant data from each article (e.g., results, conclusions, methods) were
extracted and organised.

2. Thematic Analysis: Through thematic analysis, the results were categorized to identify common
and divergent themes.

3. Synthesis: The identified themes were combined to create an overarching understanding of the
research area and the main findings from the articles.

3.1.4 Selection chart

Since a complete selection protocol was not maintained during the literature search, only the number of
included articles is reported. An approximate total number of articles was estimated using the search
term ” continuous production lithium battery” in Web of Science, which gave 361 results [60]. A flowchart
of the selection has been created to provide an overview of the process.

Identification
Articles identified via database search
(approx. n = 360)

Articles included in analysis
(n = 26)

Figure 5: Flowchart of the selection process.

3.2 Interview with sector specialists

To complement the findings of the systematic review and provide deeper insights into a potential transition
of standard mixing equipment in LIB manufacturing, interviews with sector specialists were conducted.
The interviews aimed to capture practical experiences, opinions, and perceived barriers from professionals
in the field, with the intention of including diverse perspectives across the field.

Participants were selected through purposeful sampling, focusing on individuals with relevant expertise or
roles in LIB production and research. Initial contacts were identified by the project group, and additional
candidates were found using snowball sampling, based on recommendations from earlier interviewees. The
interviews were semi-structured, guided by predefined questions tailored to each participant’s background
and the study’s thematic focus. Details regarding the selection of participants, the interview process, and
methods for data collection and analysis are presented in the following sections.
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3.2.1 Selection of interview participants

Participants were selected through purposeful sampling, based on their roles in the battery manufac-
turing sector. Both researchers, equipment suppliers, and manufacturers were represented to create a
well-rounded understanding of the topic. The selection process combined direct outreach and snowball
sampling, where new candidates were identified through recommendations from previous interviewees.

The first participant selected was a former University Relations Manager at Northvolt, in Stockholm, Swe-
den, chosen to provide insights from the manufacturer’s perspective [61]. Their experience in the battery
manufacturing industry made them a valuable source of insight into the decision-making process during
the design phase of production lines, particularly regarding the evaluation of mixing equipment. This
participant was identified and contacted through email and LinkedIn, and after initial communication,
an interview was arranged.

The second participant is Carola Rindi, a Research Associate at Fraunhofer Research Institution for
Battery Cell Production (FFB), in Miinster, Germany, chosen for her expertise in production technologies,
particularly in slurry mixing, coating, and drying processes. Their work with pilot-scale systems, including
twin-screw extruders, provided significant insights into the technological development and research aspects
of LIB manufacturing [62]. This participant was identified through a recommendation during the interview
with the first participant. Subsequently, Fraunhofer FFB was reached out to via email, establishing
contact and arranging the interview.

The third participant is Dave Collins, UK and Nordics Area Sales Manager for battery mixing at Biihler
Group, located in London, UK (Head Quarters located in Switzerland), a leading supplier of continuous
mixing technology for battery manufacturing.Biihler has extensive experience in implementing continuous
slurry mixing technology worldwide, with over 15 years in the industry. Biihler have delivered more than
80 continuous mixing lines to the LIB industry corresponding to more than 100 GWh in annual production
capacity. The majority of these continuous production lines have been delivered to China, which today
clearly dominates the LIB market. This participant was selected to provide the supplier’s perspective
on the practical application of twin-screw extruders [63]. The initial contact was made through Biihler’s
central email address, which led to connecting with the area sales manager. After further communication,
an interview was arranged.

3.2.2 Process of interviews

The interviews was carried out as a semi-structured interview with questions prepared and sent to the
candidates beforehand to give them time and the opportunity to answer the questions as good as possible.
All interviews was done online in a meeting call. The lengths of the interviews varied, but a timeline
of around 30-45 minutes was set depending on the amount of questions sent. A request to record the
interview was sent to each candidate in which only Carola Rindi from Fraunhofer FFB accepted, but
notes were taken during every interview. Permission to use all interviews in this report was also accepted
by all candidates. A chairperson and secretary was decided before every interview in order to make them
more effective and organised, a person from the project group was also responsible to make the roughly
taken notes usable in the report.

3.2.3 Interview questions

All interview questions that were asked to each candidate can be found in appendix A. The thought process
behind the questions was aimed towards the different expertise of the candidate. For the candidate from
Fraunhofer FFB, the questions was aimed toward the research aspect in battery manufacturing since they
are more research inclined. As for the representative from Biihler, the questions was more aimed towards
a suppliers perspective and how the market currently is regarding continuous mixing lines. Lastly the
questions asked for the Martin Karlsson was specified from a manufacturers point of view.
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3.2.4 Analyse of interviews

As mentioned above, one of the interviewers present had the responsibility to go through the interviews.
This could include the notes, eventual recordings and transcriptions. The main object was to collect data
that the candidates contributed to and make a qualitative interpretation of the given parameters. They
were also assigned to take the interviews (e.g notes) and summarise the responses in order to be able to
write a result.

3.3 Approach to Al-tools

It is mentioned earlier in this section that Scopius AI and ChatGPT have been used to find sources
that are then evaluated with the CRAAP model [59]. ChatGPT is also used together with Writefull for
grammatical correction of the project text directly in the Overleaf LaTeX editor, in which both tools are
integrated. Writefull is a language feedback system created for research writing that has been trained on
published papers [64]. Only the free version of Writefull was used in this project, limiting the number of
language suggestions. Grammatical correction was also done by manually adding text to ChatGPT’s chat
function. In addition to this, the chat function was used to find suitable synonyms and to sort through
the attached sources found and evaluated with the CRAAP model [59]. The use of generated text in the
report was avoided to all extent.
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4 Results

As previously mentioned, slurry mixing is a critical step in the manufacturing of LIBs. It has a direct
influence on the quality of the electrode, the consistency, and the overall performance of the cell. Cur-
rently, the slurry mixing process takes place in a batch mixer, most commonly a planetary mixer. In the
result, the opportunities and disadvantages of transitioning to a continuous mixing process are presented.
The reviewed literature [46] highlights the twin-screw extruder as a viable continuous alternative for
LIB manufacturing. This section begins with an introduction of the twin-screw extruder, followed by
a comparison with the planetary mixer. The findings then outline the reported potential for adapting
twin-screw technology to accommodate future LIB formulations. Finally, insights from interviews with
industry representatives are presented, focusing on the standardisation of mixing equipment. The inter-
viewees also highlighted technical differences between the systems, which proved valuable considering the
limited number of publicly available literature discovered in the literature review.

4.1 Twin-screw extruder

A twin-screw extrusion is a type of continuous mixing system which is feasible for the slurry production
in LIB manufacturing according to the studied literature [46]. It is explained in [28] that the mixing
system consists of two screws rotating within a cylindrical barrel. These screws can be parallel or coni-
cally designed and either co-rotating or counter-rotating. With co-rotating parallel screws, the optimal
compounding performance is obtained for electrode slurry. Electrode-component powders are fed into
the screws through an inlet port at the beginning of the tube. Between the screws and the barrel wall
the material is sheared as the screws rotate and move the material along. Using solvents, the slurry
is dispersed as it works its way down the barrel. At the end of the barrel the compounding material
is pushed through a die slot which distributes the slurry onto the current collector in the coating step.
The whole process through the tube can be controlled, which includes the screw speed, feed rate, and
temperatures of various zones of the mixing vessel [28].

The barrel of the twin-screw extruder is typically divided into alternating conveying and compounding
zones (see figure 6), often in two or three stages. Near the inlet port, the screw gap is wider to minimise the
risk of blockages when the dry components are introduced. The first conveying zone serves to transport the
dry slurry components, and it is common for liquids to be introduced here. Next follows a compounding
zone where the screw design changes to introduce shear forces, initiating the mixing of the slurry. This
is followed by another conveying zone, where additional powders or liquids can be added to the mixture.
The second compounding zone continues the mixing process to ensure homogeneity. Toward the end of
the barrel, a final conveying zone allows for venting, where gases or volatile compounds can be removed
through vent ports, if necessary. Pressure is then built up before the material is extruded through the
die slot. This segmented design enables tailoring to different applications and different compositions [28].
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Figure 6: An illustration of Twin screw extruder.Used according with permission from publisher [65].

Continuous slurry mixing is gaining increasing attention as an alternative to batch processing. Several
commercial suppliers have already brought twin-screw extruder systems for electrode slurry mixing to
market, such as Biihler based in Germany and Longly based in China. Research initiatives on electrode
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slurry production using twin-screw extruders also exist, including efforts at institutions such as Fraunhofer
Research Institution for Battery Cell Production FFB in Minster, Germany. However, the limited
number of publicly available academic publications identified during the review suggests that much of
the development in this field is being carried out in-house by companies, rather than in publicly funded
research.

4.2 Comparison between planetary mixer and twin-screw extruder

The planetary mixer is currently the most commonly used mixer in slurry production according to [66],
[14], and [67]. To highlight the differences between planetary mixers and twin-screw extruders, the two
technologies will be compared. This will be evaluated in terms of technical performance, sustainable
impact, and economic-related advantages and disadvantages.

4.2.1 Production time

Literature by Stuggert [28], Liu Yangtao et al. [14], and Li, Jianlin et al. [46] consistently reports that
the mixing time is one of the most distinguishing factors between the planetary mixer and the twin-screw
extruder. According to the source [14], the mixing time for the planetary mixer is around 30 minutes
- 5 h. The presented mixing time in the source [46] is 3-8 h. It is mentioned in both articles that the
large variation of time range depends on the chemistry and batch size. Additionally, the planetary mixer
needs to be emptied and cleaned before the next batch, which adds 1-2 more hours according to [66]. In
contrast, the twin-screw extruder has the reported residence time in order of minutes presented in [46].
Additionally, it is stated in the same article that the twin-screw extruder does not necessitate cleaning
or stopping as long as the slurry components are maintained, which is confirmed by Carola Rindi, the
interviewed researcher associate [62].

Due to the long mixing time in the planetary mixer, logistical issues have been reported in the article
[46], which causes delays between the mixing and coating stages. The slurry exhibits time-dependent
properties that can change when not continuously mixed, potentially leading to variations in the final
product when the batch is not coated immediately. This issue is mitigated with twin-screw extruders, as
the continuous process enables immediate coating after slurry preparation. According to [46] a steady
flow of slurry into coating is also crucial for even drying and inherently the performance of the battery.
However, when the slurry mixing stage using a twin-screw extruder is directly connected to the coating
and drying stages, any disturbance in one of the unit operations may lead to the shutdown or restart of
the entire process, as noted in [46].

4.2.2 Production volume

One of the largest twin-screw extruders for electrode-slurry mixing, available on the market, delivers
at max capacity 3000 1/h reported by the company Biihler [63]. Additionally, the article [46] reports
that twin-screw extruders can deliver 2400 1/h. Due to technical limitations, a planetary mixer cannot
accommodate the same production rate as the largest twin-screw extruders. According to [46], scaling the
batch volume to reach closer to 2000 1 introduces significant difficulties. One major issue mentioned is the
increased power demand required for adequate mixing. Cited in the same article, ” The amount of power
required to put work into the mixing process becomes cost-prohibitive on a power-per-volume basis,”
making it difficult to maintain slurry homogeneity and product quality at larger volumes. Therefore,
instead of increasing the batch volume, production rate is increased by adding additional mixers, which
is also mentioned in [46]. As a consequence, [46] states that with a continuous mixing system operating
at an average production rate of 12.000 1/h (corresponding to a 35 GWh/year production capacity) the
number of extruders required is approximately one-fifth of the number of parallel planetary mixers in an
equivalent batch system.
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The same study [46] presents that, in the specific scenario descried above, the continuous mixing system
can reduce floor space requirements by approximately 30 %, as a result of the lower number of required
twin-screw extruders. This trend is also reflected in industry sources. In a product presentation by
Biihler [63], it is stated that one 125 mm twin-screw extruder (3,000 1/h throughput) is equivalent in cell
capacity to approximately six planetary mixers (1,500 1 each), with a potential 50 % reduced floor space
requirements. While not peer-reviewed, this source provides an additional indication of the potential
advantages of continuous mixing in large-scale production.

Due to the same fact that fewer twin-screw extruders are required to achieve the same production rate,
and that the slurry volume within the system at any given moment is significantly lower compared to
batch processes, the total energy consumption is reduced, according to [67] and [28]. However, the exact
magnitude of these energy savings was not determined in the studies, and quantifiable data on this topic
remains limited in the available literature.

It is mentioned in [46] and [28] that multiple planetary mixers are more labour-intensive compared to
twin-screw extruders. This is partly due to the need to empty and clean each batch between cycles, which
requires manual handling and is time-consuming according to [46]. As previously mentioned, the article
states that achieving the same production rate as a continuous mixing system requires a larger number
of batch mixers, which in turn increases the number of units that must be monitored and maintained,
further contributing to the overall labour intensity.

4.2.3 Slurry quality

As described in section 2.4.2 Binder and solvents, adhesion is a measure of how well the dried slurry
sticks to the current collector, whereas cohesion is a measure of how well the internal components hold
together. Both adhesion and cohesion are essential parameters/indicators for the quality of the slurry,
and the ultimate performance of the finished product. Therefore, it is relevant to ascertain how these
parameters compare between slurries prepared by a continuous mixing process (twin-screw extruder)
versus one produced by batch mixing (usually planetary mixer).

Studies indicate that with proper formulation both batch and continuous-mixing produce cathode slurries
with sufficient adhesion capabilities. In fact, adhesive failure is generally not considered a prominent point
of failure for either mixing method [65]. On the other hand, cohesive failure is shown to be more commonly
observed problem for the cathode slurry. A study from the Journal of Electronic Materials reports
a cohesive failure for the cathode slurry produced by twin-screw extrusion at 1.3-1.45 MPa and 1.2-1.3
MPa, respectively, for the cathode slurry produced by a batch mixer [65]; no adhesion failure was observed
at those levels. When it comes to the anode slurry, the binder is the predominant factor responsible for
adhesion and cohesion capabilities, and as such, adhesion and cohesion strengths are directly tied to
how well the binder is dispersed within the slurry [68]. Furthermore, a previously mentioned study also
showed that both mixing methods disperse the binder equally well within the slurry [65]. Although no
direct comparison of adhesion and cohesion strengths could be found for the anode slurry within the
literature, it is a reasonable extrapolation that an equally well-mixed binder will result in no difference in
adhesion and cohesion strength between the two mixing methods. In summary, the twin-screw extruder
maintains the same levels of adhesion and cohesion capabilities within the electrode slurry, if not slightly
better than batch [65].

As explained in section 2.4 Slurry, the homogeneous distribution of binder, conductive additive, and
active material is the most crucial factor for the overall performance of the finished product. Therefore,
the most important point of comparison between these two mixing methods is slurry uniformity. In this
regard, the literature within the last five years consistently underscores the significant advantage the
continuous extruder holds over the batch mixer. One of the key findings being that continuous mixing
can exert higher shear during mixing due to lower volume of process material. This results in lower
viscosity, higher levels of de-agglomeration and generally a more processable rheology for cathode and
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anode slurries [37] [69]. Other studies emphasise the significance of a homogeneous distribution of shear
imposed on all process material that passes through the continuous extruder, leading to better slurry
uniformity and product quality consistency [46] [70]. Achieving consistency in shear for the entire volume
of process material is vital for avoiding dead zones and maintaining slurry uniformity, but it is shown
to be challenging to achieve in the larger volume of process material that passes through the planetary
mixer [46].

4.2.4 Quality consistency and waste

As stated in [66], monitoring of slurry properties such as viscosity and density is essential for maintaining
consistent slurry quality. It is described in [46] that the most practical method for evaluating slurry
viscosity is currently through in-line pressure-differential measurements. More detailed viscosity curves,
including both low- and high-shear viscosity, still require off-line measurements, according to the same
article. Collecting the slurry samples needed for these analyses can cause temporary disruptions in a
batch production process. It is also mentioned that in large-batch slurry production, it is often assumed
that the small (/220mL) sample is representative of the entire batch. As described in [46], this assumption
may be reasonable over short time frames. However, it is also stated that due to the risk of sedimentation
and agglomeration of active materials, the rheological properties of the slurry can shift over time, making
small-sample measurements potentially unreliable for the actual batch. The article [46] reports that if
a batch is found to be off-specification, it may result in the entire batch being discarded. Including the
material lost during emptying and cleaning of batch mixers, the total material waste in the slurry prepa-
ration step in batch production corresponds to approximately 1% of the total slurry volume, according
to the Research Associate interviewee [62].

In [46] it is noted that the issue of discarding entire batches can be avoided by transitioning from batch
to continuous slurry processing. According to Rindi [62], the use of a twin-screw extruder can reduce
material waste to approximately 0.1%. The interviewee also noted a slight decline in cell performance
after prolonged production using the twin-screw extruder, although no apparent cause for this degradation
has yet been identified.

It is also highlighted in [46] that the twin-screw extruder ”necessitates continuous monitoring of the
process and mapping of defect data”, as the properties of the final slurry, such as density and viscosity, are
highly dependent on the accuracy of the feeding system. The same article mentions that continuous mixing
is not yet widely adopted, which creates a necessary learning phase for manufacturers to determine the
optimal way to operate the continuous process. In contrast, the equipment supplier interviewed [63] states
that the short residence time in the twin-screw leads to faster configuration time, compared to a planetary
mixer, when the manufacturers are testing equipment for installation. However, the article [66] adds that,
regardless of the mixing technology, the availability of process data is limited during the initial scaling
of the production. The same article explains that while reliable process data is essential for optimising
operations, such data can only be collected once production is already ongoing. Furthermore, the article
notes that the absence of standardised protocols adds to the implementation challenges, as it increases the
effort required to effectively integrate machinery and sensors. To address these challenges, the article [25]
presents a strategy for implementing continuous anode slurry production using targeted data generation
and Al-supported, model-based optimisation. It is stated that by combining prior process knowledge with
a small number of strategically selected experiments, machine learning models can be trained effectively
even under sparse data conditions. The article explains that this approach enables faster and more
efficient process development by identifying essential correlations between process conditions and product
characteristics without relying on extensive trial-and-error testing.
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4.2.5 Production cost

Choosing between batch and continuous mixing processes will have a direct impact on production costs.
Traditionally, batch mixing is associated with higher operational costs due to the fact that the produc-
tion process is divided into distinct steps. In batch mixing, each batch requires separate preparation,
processing, and cleaning. Each of these stages requires manual intervention, and because of that, it leads
to the labor demands and total processing time per unit of output being increased.

Scaling the slurry mixing processes from a lab-scale to industrial scale presents economic challenges
beyond the already discussed technical complexities. In batch systems, the non-linear scalability often
results in, as mentioned earlier, the need to deploy multiple batch mixers in parallel to meet production
targets [46]. Although this approach allows the scale of the total production volume of the slurry, it comes
with raised operational costs due to higher labor demands, increased energy consumption, and increased
floor space requirements [46]. These added costs, combined with the need for additional equipment, make
scaled up batch-based systems less economically favourable for large scale production.

As previously outlined, continuous mixers streamline the production process by eliminating the stops
required for batch processing. Economically, this leads to having shorter production cycles, reduced
downtime and improved material utilisation, all of which improve throughput and lower per-unit manu-
facturing costs [46]. As continuous systems, such as the twin-screw extruder, are automated, they reduce
the labour requirements, lowering labour costs per unit [6]. Additionally, by maintaining consistent slurry
quality, the continuous process minimises material waste and quality-related rework [65]. Combined, these
factors contribute to a more cost-effective and efficient production process.

When the two mixers, batch versus continuous, are compared directly to each other, there are, as already
mentioned in the aforementioned paragraphs, several quantifiable differences in large-scale slurry mixing.
As previously noted, a properly designed continuous mixing line can achieve significantly higher through-
put than a planetary mixer [46]. Also shown earlier, in a facility with an annual output of 35 GWh, a
continuous mixing system can achieve the same slurry production using only approximately 20% of mix-
ers required in a comparable batch system [46]. Additionally, the continuous process reduces processing
time. As mentioned earlier, slurry preparation time using a twin-screw extruder can be reduced from 120
minutes to 20 minutes [65]. These efficiencies improve throughput and also reduce labour, maintenance,
and utility costs, demonstrating the long-term economic advantage of continuous mixing over traditional
batch mixers.

According to [63], the number of operators needed for a continuous 125 mm line is 2.5. For a planetary
mixer with a volume of 1500 L, one operator is needed per planetary mixer. Therefore, by using the
assumption stated in the aforementioned paragraph, that six planetary mixers are needed to necessitate
one continuous mixer, it would mean that the batch-based system would require six operators for the
same output, compared to 2.5 operators needed for the continuous mixer. This results in a 58% reduction

in labour costs for mixing using a continuous mixer.

The continuous process have shown to require 50% less solvent compared to what a batch mixer requires.
For a batch mixer, the solvent content is approximately 40 wt%, for a continuous mixer it is reduced to
20 wt% [65]. As a result of this, the drying stage is reduced by 50%. According to [14], the drying stage
is responsible for 46.84% of the energy consumption of electrode production. The reduction in drying
time therefore results in substantial energy savings and lower per unit labour costs.

In terms of equipment footprint, continuous mixers offer an advantage in space efficiency over batch
mixers. As previously mentioned, continuous mixers occupies approximately 30% less of the floorspace
that would be needed for the planetary mixers [46]. According to the article, in production environments
where slurry mixing occurs in dry rooms, a 30% reduction in space has a direct impact on energy
consumption and operating cost linked to the drying room. For instance, designing a mixing line with
3 continuous mixers instead of 12 planetary mixers, while maintaining the same slurry output, can cut
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drying room energy use by up to 60% [46]. Biihler also mentions that the continuous mixer uses 56 kWh
to produce 1 ton of slurry, while the planetary mixer uses 224 kWh to produce 1 ton of slurry [6]. These
combined advantages underscore the energy and cost efficiency of continuous mixing systems over batch
mixing systems.

However, when continuous mixing is implemented, there are different technical and economical consid-
erations that the manufacturer must take into account. Technology is currently less established in the
production of LIBs compared to batch mixing and therefore can involve additional engineering costs [46].
While continuous mixers lower long-term operating expenditures (OPEX), the initial capital expenditures
(CAPEX) is typically more expensive [63].

When comparing the economical aspects in batch and continuous mixing, it is important to also compare
the material waste the different techniques produce. Generally, batch mixing produces more waste because
of the need for frequent cleaning between batches and variability in slurry quality. According to the
supplier interviewee, Collins [63], the waste rates of a planetary mixer are approximately 0.2%, while a
continuous mixer is reduced to approximately 0.05%. Furthermore, as mentioned in Quality consistency
and waste, Rindi [62] confirms that continuous mixers produce less material waste compared to planetary
mixers. Although the numbers differ, it can be concluded that continuous mixers improve material
efficiency, which in turn reduces production costs.

4.2.6 Sustainability and environmental impact

As the transition to EVs is being accelerated by policies and market forces, the relevancy of continuous
slurry mixing is increased. With production of EVs expected to rise substantially over the coming years,
especially due to legislative actions such as the EU’s planned ban on sales of vehicles with internal
combustion engines by 2035 [71], the need for energy-efficient, ethical and scalable battery manufacturing
processes becomes more urgent. Continuous mixing addresses these technical challenges as well as it
aligns with emerging regulatory frameworks and industry trends that emphasise sustainability and ethical
sourcing of raw materials. For example, there are different initiatives such as the European Green Deal
that promote developments of supply chains that are low-emission, localised, and circular [72]. These
objectives are met with continuous mixing through minimised material waste, lower energy consumption
and compatibility with solvent-free processing. In the United States there are similar incentives in form
of the Inflation Reduction Act [73]. It promotes the production of domestic battery components and
ethical sourcing of critical materials. As a result, continuous slurry mixing offers a more efficient and
sustainable alternative to batch mixing, better supporting the growing demands of lithium-ion battery
production.

Neither planetary mixing nor continuous slurry mixing eliminates the use of cobalt or other critical
elements. However, continuous mixing offers notable advantages in terms of better material efficiency
and process control. For example, as noted earlier, for a twin screw extruder, the material loss is between
0.05% and 0.1% , which is less than the material waste produced from batch mixers, which is between 0.2%
and 1% [62] [63]. When scaled to an industrial production scale, this efficiency can lead to substantial
savings in NMC material each year, which itself leads to a reduction of demand for sensitive raw materials.
Moreover, material utilisation, as mentioned above, is improved with continuous mixing by its ability to
deliver more consistent slurry quality and reproducibility compared to batch mixing [65]. The twin screw
extruder has an increased process stability and homogeneity which results in the final product having
reduced variability, allowing for more precise formulation and efficient use of raw materials [46]. This
results in minimising unnecessary waste being produced by using continuous mixer compared to batch
mixer.

The direct environmental impact of LIB-NMC during use is relatively small. The indirect environmental
impact is relatively minor as well, although it varies greatly depending on where in the world the battery
is used and where the energy that is used to charge the battery comes from. For example, in Sweden
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one kWh of electricity emits approximately 41g of COs, while in China one kWh of electricity around
582g of COq, that is more than 14 times as much CO3 per kWh[74]. The location where the cell is
manufactured also plays a critical role in calculating the environmental impact of the cell’s production,
such as the emissions from energy usage. There are therefore many different factors that contributes to
the total footprint of the of the battery over its entire lifecycle, which makes it hard to give a general
answer to what the environmental impact of LIB-NMC is. In the article [75] it is mentioned how the
carbon footprint differs depending on what production process is used for the materials used in a NMC.
The article also shows that the majority of emissions originates from raw material extraction, 89% and
76% for battery with carbon-intesive materials and less carbon intensive materials respectively. Reducing
material usage, for example by minimising waste and increasing the proportion of recycled materials
could thus significantly reduce the environmental footprint of LIBs.

In addition to improving material efficiency, continuous mixing also contributes to a more sustainable
battery manufacturing by enabling less use of solvent [65]. The use of solvent NMP brings certain
risks. Some of the risks includes exposure of metal oxides as well as to the solvent NMP. NMP could
cause reduced fertility, miscarriage and damage to liver and kidneys [76]. NMP is also harmful to the
environment, as it is toxic to aquatic organisms. This has led to NMP being regulated within the EU
and USA [76] [77].

In configurations where the solvent content is reduced or completely removed, energy demand for the
electrode drying process is significantly reduced by implementing continuous mixing. As stated earlier,
the drying process accounts for approximately 47% of the total energy consumption in electrode manu-
facturing [14]. Therefore, by using a continuous mixer, the need to recover the solvent can be minimised
or eliminated, helping to lower greenhouse gas emissions, reducing hazardous solvents such as NMP and
also reduce the carbon footprint of LIB manufacturing [65].

4.3 Adaptability to composition changes

Research for new and better batteries is ongoing. The twin-screw extruders ability to handle some of these
changes is therefore relevant when it comes to how future-proof the equipment is. Thus, the following
results state the adaptability of the twin-screw extruder to some of these possible changes, focusing on
solvent-reduced and dry electrode manufacturing.

Solvent-reduced and solvent-free manufacturing is two promising ways to achieve a more ecological and
economical sustainable production of LIBs [65] [78]. In solvent-reduced manufacturing, slurries with a
lower amount of solvent and therefore a higher solids content compared to conventional slurries are used
[79]. This makes the viscosity of the slurries much higher, minimising the drying time and, therefore,
the energy consumption and the overall manufacturing cost. Dry electrode manufacturing has, on the
other hand, totally eliminated the solvent. This means that active materials, conductive additives and
binders are mixed in their solid-state powder form [80]. The mixture can then be applied directly to the
collector, completely eliminating the manufacturing steps for solvent recovery and drying [81].

4.3.1 Solvent-reduced electrode manufacturing

Studies show that the twin-screw extruder can handle compositions with 50% less solvent than the
conventional slurry made with a planetary mixer [65] [79]. Dreger et al. [65] compared, among other
things, the production of diluted (60wt% solid mass content) and solvent-reduced (75wt% solid mass
content) NMC cathodes in a laboratory-scaled twin-screw extruder. There were no significant differences
determined, except that the constant drying time was reduced by half when using 50% less solvent (NMP).
This made a higher production capacity possible, while using a dryer with the same length. The adhesion
strength of the extruded cathodes was also determined to be equal to or even slightly better than the
reference values. Overall, the extruded cathodes showed improved electrochemical properties, partly due
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to the strong de-agglomeration that resulted in a finer electrode structure.

In a laboratory study by Wiegmann, Kwade, and Haselrieder on solvent-reduced anode slurrys graphite
anodes with ionized water as solvent and a solids mass content of 76.5wt% were prepared in a twin-
screw extruder. With the twin-screw extruder, granulates were created and then fed into the calendering
machine. A continuous calendering step and short-time drying process (with an IR-radiator field) could
then be achieved (see figure 7). This was argued to have the ability to simplify the production, by
combining steps, and to reduce energy related costs due to a shorter drying time and in the case of
cathodes, less need for NMP recovery.
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Figure 7: A laboratory setup of a solvent-reduced process. Used according with permission from publisher [79].

In the same study by Wiegmann, Kwade, and Haselrieder, the twin-screw extruder was found to exsert a
high power input on the mixed materials [79]. This led to high shear stresses that could create structural
changes to the ingoing components of the anode. To reduce the shear stresses and torque on the particles,
the extruder was heated to 60°to improve the wetting ability of the solvent (ionized water). However, it
was found that not all binders could create sufficient adhesion between the coating and the substrate.
This was, for instance, the case for the conventionally used CMC/SBR-binder (for anode production)
used as reference. Instead, a formulation of a nitrile rubber-polymer (NBR) in powder form was found
adequate. When made into pouch cells, it was able to compare to the reference when it comes to cycling
stability and even slightly surpass it when it comes to absolute capacity. The powdered NBR was also
lighter and therefore argued to be easier to transport and store. Extruded granulates were also found to
be better for longer storage (at least a month) compared to the commercial low viscosity slurry. This was
because the high solid content in the granulates prevented them from being affected by sedimentation
effects, when sealed in an airtight bag.

A follow up study, made by Wiegmann, Cavers, Diener, and Kwade, of solvent-reduced extrusion of the
anode electrode found that structural and morphological changes occur due to the high specific power
input on the mixture [78]. In this study, the high viscosity slurries was produced with three different
screw configurations and compared to a planetary mixer with a conventional low viscosity slurry as
a reference. The screw configuration was found to influence the residence time of the mixture in the
extruder, although all configurations had much shorter residence times (under 5 minutes) compared to
the reference (60 minutes). It was also found that the specific power input in the extrusion processes is
much higher than in the reference case because of the higher solids content. The specific power input
was also influenced by the screw configuration. Higher power input was, for example, related to a higher
surface area on the produced anode, where both a too large and a too small surface area lead to a higher
ionic resistance. Therefore, it was concluded that the screw configuration is important when finding the
balance between the electrode structure and the electrochemical performance of the finished cell with
solvent-reduced extrusion.
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4.3.2 Dry electrode manufacturing

Solvent-free or dry electrode manufacturing is a fairly new technique that still has its challenges, but
shows a lot of potential when it comes to, for example, increasing efficiency and lowering environmental
impact [82] [83]. Dry electrode manufacturing with a twin-screw extruder is possible in a process called
melt extrusion. In this process, the temperature of the mixture gradually increases as it passes through
the extruder. This makes the binder slowly melt, resulting in an even and secure adhesion between the
conductive additives and the active materials [83]. Heat can also be generated due to the high shear
forces that occur when mixing dry substances [81]. The mixture is then extruded through a die opening,
creating a cohesive film with the desired thickness. The film is then applied to the current collector. This
method therefore puts different requirements on the binder of choice, compared to the solvent case [83].

Another emerging solvent-free technique is the 3D printing method of fused deposition modeling, also
called fused filament manufacturing [83]. In this technique, an extruder creates the filament that is then
fused onto the electrodes. With this 3D technology, the electrode is created one layer at a time, giving
precise control over the structure and thickness. In a study on 3D printing cathodes, researchers used
solvent-free mixing with a twin-screw extruder to create its filaments for the 3D printer [84]. There,
working filaments of formulations with Lithium Iron Phosphate (LFP), as active material and Carbon
Nanofibres (CNF) as conductive additive were derived. A 10 h pre-mixing of the LFP and CNF powders
took place before the extrusion process. The filaments were first created on a laboratory scale, and then
one of the filaments was produced in a larger extruder using the same method. There, the filament
from the upscaled method had about 9 times higher electronic conductivity compared to its laboratory
scaled filament. Therefore, it was concluded that this showed promising results for use in industrial
manufacturing with that specific formulation.

4.4 Insights on the current discord on industrial mixing standard

Interviews with representatives from research institutions, equipment suppliers, and battery manufac-
turers were conducted. This gained insight into why planetary mixers are still considered the industry
standard in battery manufacturing, despite the documented advantages of twin-screw extruders and their
established use as a standard in other industries. The interviewees offered different perspectives, provid-
ing a diverse view of the current state of the potential transition from batch to continuous mixing, and
the challenges associated with establishing new industrial standards.

During the interview with Martin Karlsson [61], previous University Relations Manager at Northvolt, he
explained that in the projects he has been involved in, continuous mixing had never been considered for
implementation. This highlights a perception that twin-screw extrusion is not yet widely recognised as a
viable alternative to the current batch-based manufacturing process by the manufacturers. Nonetheless,
Karlsson expressed optimism about the potential of continuous mixing, particularly in light of the growing
need to optimise production within future LIB gigafactories to meet increasing battery demand. He
also noted a general lack of expertise in battery manufacturing within public research, particularly at
Swedish universities, but also to some extent across Europe. According to Karlsson, this area has not
been sufficiently prioritised within publicly funded research efforts, which he sees as a limiting factor for
industrial development in Europe.

When asked about if companies are considering continuous mixers, the researcher Carola Rindi from
Fraunhofer FFB mentions in an interview that manufacturers are not doing it as of today regarding
battery manufacturing [62]. Rindi thinks that researchers has to publish more about this technique to
show companies that it works and is beneficial. The leading marketers such as China and USA all use
batch mixers since the continuous alternative is not as known [62].

According to Rindi, companies are not innovative enough and a main factor is yet again the lack of
research that shows that a continuous mixer can produce better results than that of a batch mixer [62].
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For Rindi the hope is that companies will want to move away from batch mixers because of the potential
that the continuous mixer inherit. Companies might also be too scared of this transition due to the
unknown grounds regarding this technique in battery manufacturing and not ready to try something that
could be unsuccessful and involves a lot of money [62].

During the interview with the Area Sales Manager at Biihler, Dave Collins, it was presented a different
point of view compared to what Carola Rindi and Martin Karlsson stated. According to Collins the
demand and interest of continuous slurry mixing lines is high due to an increased awareness of sustain-
ability and companies have had to adapt. Companies has been forced to think differently and move away
from thinking that batch is the only way to produce LIBs to consider a different continuous mixing line
technique. However, challenging market conditions currently exist for battery manufacturers [63].

Key points that, according to Collins, benefits the continuous mixer over the traditional batch mixer
are scale of economy, energy consumption, labour and material losses. When asked more about the
economical point of view, Collins states that this type of transition is more adopted to a gigafactory and
less feasible for smaller companies since factors such as the CAPEX of the mixers are high. What makes
this transition doable with bigger factories is that the OPEX quickly offset the initial investment of the
mixers [63].

The type of customers that uses Biihler’s products varies all the way from researchers that will want
to use a pilot or lab scale operation, to a full on production plant cell manufacturer [63]. According to
Collins the customers also varies from new battery manufacturers to companies wishing to expand their
already existing production [63]. Collins also mentions that existing companies that uses batch mixing
lines are not looking to swap them out, rather to expand their production with the continuous mixers
[63]. The location of the companies that contact out to Biihler also varies, Biihler has fulfilled over 80
continuous mixing lines across Asia, Europe, and North America.

Rindi mentions that there are not many differences in the product of the different process techniques.
Although using the same recipe there was lower viscosity for the batch mixer. The viscosity of the slurry
is a vital part when it is transported onto the coating process [62]. Rindi and her research team could
also see that the particles was better and the slurry was more homogeneous with the continuous mixer. If
the particles in the slurry is to big, talking merely in micrometers, it causes problems with the electrodes
and the ions that flow through the cell [62].

When asked about the time a production line can be implemented, Collins answered that for a gigafactory
scale, it takes about 3-6 months from order/contract to deliveries, another 3-4 months of factory testing,
deliveries to sites and installation, after that a further 3 months for dry and wet commissioning, site
acceptance testing, initial product, staff training and handovers for a combined time of around 13 months
from order to a running production line [63].

By the end of each interview with Rindi and Collins, they were asked if continuous mixing is the future in
battery manufacturing. Rindi states that, if considering the advantages, the answer is yes. Although it
will, of course, follow some challenges with it. In her opinion it is the researchers role to make this possible
by producing results in order to be able to implement continuous mixers into battery manufacturing [62].
Collins also answered that the technique indeed is the future, but that it is already here and companies
are aware of the technique [63].
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5 Discussion

In the discussion, the results and methods will be analysed and reviewed. An outlook will be conducted to
explore the future potential of continuous mixing in battery manufacturing and identify areas for further
research. This section aims to place the findings in a broader industrial and research context.

5.1 Methodology discussion

In this section, potential limitations of the chosen methodology will be discussed. First, the process of the
literature review will be examined, evaluating its scope and approach. Following that, the chosen interview
participants will be discussed, considering how their backgrounds and views might have influenced the
findings.

5.1.1 Literature review

One of the main limitations of the literature review was the low number of publicly available academic
publications identified on the topic of continuous slurry mixing. This may be due to the fact that
the technology is still fairly new or that much of the development is conducted in-house by companies
and not shared through academic channels, which limits the scope of publicly accessible knowledge.
Furthermore, no formal review protocol was used during the literature review, which may have introduced
inconsistencies in the selection process and increased the risk of missing potentially relevant sources. A
systematic and documented search strategy would have improved both transparency and reproducibility.

Another limitation of the review is the exclusive focus on publications in English. Given that much of the
development and implementation of continuous mixing technology is taking place in East Asia, relevant
research published in languages such as Chinese, Korean, or Japanese may have been overlooked. This
introduces a geographic and linguistic bias that could affect the comprehensiveness of the review. These
limitations suggest that while the literature review provided valuable insights, it may not fully capture the
global state of research and industrial practice. Future studies would benefit from a broader, multilingual
search strategy and the use of a systematic protocol to ensure a more comprehensive overview.

Regarding the publication dates of the reviewed articles, the inclusion criteria were set to the past 15
years. However, particular emphasis was placed on sources published within the last five years, due to the
rapid technological developments in the field. Older publications were still included when they provided
relevant insights into slurry quality and formulations that had been successfully achieved using twin-screw

extrusion.

5.1.2 Interviews

The interview questions were tailored to each participant’s professional role in order to provide relevant
and in-depth insights. As previously described, this role-based approach aimed to ensure that each
interview contributed uniquely to the research questions. Martin Karlsson, former University Relations
Manager at Northvolt, was posed with questions focusing on how manufacturers evaluate new production
technologies, such as mixing equipment. Since he held this position until recently, it is unlikely that
significant changes in manufacturer attitudes toward continuous mixing have occurred in the short time

since. However, a gradual shift in awareness cannot be ruled out.

The questions directed to Carola Rindi, researcher at Fraunhofer FFB, centered on ongoing research
activities and technical findings related to twin-screw extrusion. Her input was valuable for understanding
how continuous mixing is studied and optimized within the academic context, particularly in comparison
to conventional batch processing using planetary mixers. Similar technical questions were asked to Dave
Collins, Area Sales Manager at Biihler. In addition to discussing process characteristics, he was also
asked about the maturity of their technology and its commercial interest. While his role as a supplier
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representative means that some degree of promotional bias must be considered, his responses still served
as a relevant technical reference and provided a unique industry-side perspective on market readiness. At
the same time, the supplier’s viewpoint is essential for understanding the commercial status of twin-screw
extruders in battery manufacturing. Clarifying whether the twin-screw extruders for battery slurry are
already in operation or remain in the development phase. This perspective complements the research
and manufacturing views by providing insight into adoption trends and customer demand.

5.2 Result discussion

In this section, the results related to the research question will be analysed and discussed in detail. The
discussion will focus on interpreting the key findings in relation to the advantages and challenges of both
continuous and batch mixing systems. Additionally, the standardisation of mixing technologies will be
explored, particularly in terms of its potential to streamline processes and enhance efficiency. Finally,
the implications of future LIB components and formulations will be examined in relation to the adoption
of the twin-screw extruder, considering how evolving technologies could shape the industry’s approach to

slurry mixing.

5.2.1 Comparison discussion

It becomes apparent that continuous mixing is regarded as a promising alternative to batch processing
for battery slurry production, offering potential benefits in terms of efficiency, scalability, sustainability,
slurry consistency, and process control. The primary challenges associated with implementing twin-
screw extruders include the high initial investment cost, the difficulty of switching slurry components
without thorough cleaning, and the absence of standardised production protocols. Research Associate
Carola Rindi, mentioned a slight decline in cell quality after prolonged production using the twin-screw
extruder. However, as the underlying cause of this result was not clearly identified, it highlights the need
for continued research to better understand and optimise the technology.

It is worth noting that the lack of quantifiable data also poses a challenge when evaluating the performance
of planetary mixers. That said, one advantage of batch processes is the broader industry expertise and
more established process design. This can facilitate implementation and operation compared to the twin-
screw extruder, despite the absence of standard protocols for either mixer technology. At the same time,
it is important to note that twin-screw extrusion for battery slurry is no longer in a development phase, as
several suppliers now offer full-scale production systems, making it a viable alternative to the planetary
mixer.

The number of accessible articles on continuous slurry mixing is limited, as observed in the literature
review presented in the results. Moreover, the available sources primarily describe the opportunities and
challenges in general terms, without providing detailed quantifications of the required process parameters
or performance metrics. Continuous mixing is known to provide reduced energy consumption, smaller
required floor space, and fewer mixers compared to batch processing. However, such claims are only
occasionally supported by numerical data, and often lack in-depth analysis or standardised comparisons or
are only provided by suppliers. This lack of detail makes it difficult to quantify the performance differences
between continuous and batch mixing, thereby complicating objective evaluations and informed decision-
making.

5.2.2 Future battery technologies

Slurry mixing in the twin-screw extruder is possible not only with the same composition of solid mass
content and solvent as that of the conventional slurry but also with lower amounts of solvent with
promising results. For both the anode and the cathode, the amount of solvent could be reduced by
50%, resulting in shorter drying times that can minimise energy consumption and environmental impact.
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Solvent-reduced extrusion could thus make the steps of calendering and drying more continuous, making
the whole production less complicated and more effective. Another advantage of solvent-reduced extrusion
is the longer storage time. Granulates can then be saved for later when there is a temporary halt in the
production. The longer storage can also be used for transporting granulates longer distances, making
trading easier. However, it should be noted that one of the studies on the anode ([78]) was a follow-up
study of the other article presented regarding the anode ([79]). This, as well as one author being present
in all three of the presented studies ([65], [78], [79]), creates the risk that the studies are somewhat partial.
However, it also excludes too much of overlapping between the studies.

Dry electrode manufacturing was found to be a promising new alternative for more sustainable battery
production. This production eliminates the steps for drying and solvent recovery. Therefore, it also
eliminates the risk of solvent emissions, which otherwise could have caused potential harm to personnel
and environment. However, the composition still needs more research to create optimal electrodes. The
possibility of using 3D technology to create precise dry electrodes has a lot of potential when it comes to
creating complicated electrode structures. This can be relevant in the future when other types of more
complex battery cells might be needed. Even in this future, the twin-screw extruder has its place creating
the filaments for the 3D printer using dry extrusion.

In both solvent-reduced and solvent-free manufacturing, not all binders were found suitable. This was
mainly due to the high shear forces exerted by the twin-screw extruder.A switch from a planetary mixer
to a solvent-reduced/free manufacturing with a twin-screw extruder can therefore be argued to require
careful studies of how the specific electrodes are affected by the high shear forces. However, the twin-screw
extruder is modular, with results pointing to that the choice of screw configuration greatly influences the
shear forces. Thus, one can argue that the extruder is a versatile equipment, able to handle different
materials and compositions. This would suggest that the twin-screw extruder is a suitable equipment
even if future LIBs change its formula.

The results concerning changes in LIB composition suggest that the twin-screw extruder is not merely a
suitable option to accommodate future advancements, but rather that its implementation is increasingly
regarded as a necessity for these developments. These future components are being developed with the
goal of reducing the production footprint, while maintaining or even enhancing cell performance. In
parallel, manufacturers aim to position themselves as more sustainable alternatives, driven not only by
environmental ambitions but also by the increasing regulatory demands placed on the battery indus-
try. These demands also include improved energy efficiency, an area where the twin-screw extruder has
demonstrated advantages over the planetary mixer. Despite the limited expertise and lack of standard-
ised protocols, the transition to continuous mixing appears inevitable in light of these environmental
considerations.

5.2.3 Standardisation discussion

Based on the results presented in section 4 Results, it has been shown that continuous extrusion holds
a considerable advantage in most of the parameters used to compare the two mixing methods. Even
though, we have gained great insight into the companies that utilise the twin-screw extruder through
our interviews. It is still unclear as to why continuous slurry processing is not an industrial standard,
considering the studied benefits, this is the basis for discussion in the following section.

One potential contributing factor is that all the literature in the subject uses lab/pilot-scale equipment.
Although these studies generally agree on the benefits of continuous slurry mixing, they do not address
potential issues that may arise when ramping up to industrial-scale continuous slurry mixing for LIBs.
The lack of studies replicating lab-scale results on industrial-scale systems leaves gaps in the literature
as to how factors like slurry rheology, material flow and energy consumption deviate from the lab-scale
experiments. Therefore, this lack of data on the twin-screw extruder on an industrial scale introduces

28



uncertainties for a potential manufacturer in Europe when deciding on industrial mixing systems. Fur-
thermore, it is unclear whether this gap in the literature is due to the inability of academical studies to
replicate industry-scale environments or the unwillingness of companies within the industry to share data
on the industrial-scale performance of the twin screw extruder. As reported by a Biihler representative
[63], many of the companies that utilise their twin screw extruder are located in Asia; this indicates that
continuous slurry mixing is clearly feasible on an industrial scale, but the data and expertise are concen-
trated in Asia. This further reflects the competitive advantage that Asian (mostly Chinese) companies
hold over their European counterparts within the industry, and can perhaps be seen as a roadmap for
the future of European battery manufacturing.

When conducting the interviews with all three candidates, one can indicate contradictions between can-
didates. From a researcher and manufacturers point of view, battery manufacturers are not aware of
the possibilities and potential that a continuous mixing line inherit, the lack of research and geographic
location are arguments as to why this could be, by geographic location it is depending on the different
research and knowledge from companies in i.e Europe or Asia. However, when asked for a suppliers point
of view, the opposite is stated, that manufacturers are aware of the technique and are using it as of today.

From the different interviews, one can conclude that if companies would want to expand their production
with continuous mixers although they might use batch mixing equipment, it wouldn’t be a problem,
since the results of each technique were similar according to Rindi [62]. All parties pointed in the same
direction that continuous mixing lines in battery manufacturing process is the future in the field. The
only contradiction is, once again, that the researchers and suppliers have different views. Rindi thinks
that the technique is not here yet, some might be using it, but mostly on a pilot scale and not so much
on a bigger scale, whilst suppliers claim that manufacturers are using it already.

The implementation of a continuous mixing line is also, according to Collins [63], a process of roughly 19
months. This estimate timeline could vary depending on where the mixing line is to be shipped. With
respect to the implementation time alone, it is not the deciding factor regarding the choice of the mixing
system.

5.2.4 Sustainability impact

Democratic Republic of Congo accounts for about 70% of the world’s cobalt extraction[85]. It is also
stated that around 45% of the cobalt extracted is used solely for manufacture batteries used in EVs.
obalt mining in DRC has been associated with numerous ethical questionable topics such as human right
violations, child labour and corruption. As discussed in Production volume, the twin-screw extruder offers
a significantly higher production capacity compared to the planetary mixer. Implementing the twin-screw
extruder as the industrial standard would therefore likely lead to a global increase in the production of
LIBs, potentially worsening the already existing problems with mining in the Democratic Republic of
Congo. However, change could be driven from growing international attention and economic importance
placed on these critical minerals. For example, the EU has introduced the EU Battery Regulation [86],
which enforces stricter ethical sourcing standards. The regulation aims to enhance transparency and
ensure that materials used in battery manufacturing are sourced responsibly. In the article [87] it is
shown how the mining industry in DRC is relatively acceptable of changes leading to more ethically
sustainable mining.

In Sustainability and environmental impact, it is mentioned that new laws are being implemented to steer
the market toward a green transition. Historically, such regulations have generally become increasingly
strict over time, making it reasonable to assume that this trend will continue. Future legislation is
therefore likely to further affect areas such as energy consumption and the emission of harmful chemicals
such as NMP. These restrictions could enhance the viability of the twin-screw extruder, as it offers lower
energy consumption compared to planetary mixers and is compatible with dry mixing.
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The twin-screw extruder system could provide more frequent and consistent monitoring of the electrode
slurry compared to a planetary mixer. This capability makes it potentially more suitable for processing
recycled materials, which often exhibit lower and more variable quality than newly processed raw mate-
rials, factors that can significantly affect slurry quality. By analysing slurry characteristics in real time,
the twin-screw extruder could potentially adjust input parameters accordingly, helping to compensate
for the inconsistencies inherent in recycled materials. Increasing the use of recycled materials would save
costs and reduce the environmental impact.

5.2.5 Future work

Although this work highlights the advantages of continuous slurry mixing in LIB manufacturing, several
avenues remain for future research. First, the amount of data available on twin-screw extruders and their
comparison to planetary mixers is relatively limited, with most existing data originating from laboratory
settings or pilot-scale facilities. Therefore, more data must be collected and publicly presented to ensure
more reliable and general results. Large-scale industrial trials are necessary to evaluate and validate
laboratory findings under real production conditions.

Since continuous slurry mixing in LIB manufacturing is a relatively new concept, long-term effects and
performance data are not yet available. Therefore, aspects such as the long-term reliability of the process
and equipment wear remain uncertain and require further investigation. These results would also be
helpful in an environmental impact assessment comparing twin-screw extruders and planetary mixers,
which would provide a clearer understanding of which option is more environmentally sustainable.

More research could also be applied to investigate the compatibility between continuous mixing, partic-
ularly the twin screw extruder, and future batteries compositions and manufacturing techniques, such as
dry mixing, silicone based anodes and infrared drying. Providing valuable information for the future of
LIB manufacturing.

Finally, more interviews, particularly with someone responsible for developing new large-scale production
lines for LIB manufacturing, would provide valuable insight into if the twin screw extruder is considered
in the manufacturing design, and why that would be the case.
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6 Conclusion

In conclusion, this study aimed to evaluate the potential of transitioning from batch mixers to continuous
mixers in lithium-ion battery manufacturing. The results show that the twin-screw extruder, offers
several advantages over the batch mixer, such as better slurry homogeneity, lower energy consumption,
less waste, and improved scalability. These findings highlight the relevance of continuous mixing as the
battery industry are facing growing production demand and sustainability challenges.

However, despite the advantages the continuous mixer offers, the report identifies numerous reasons why
continuous mixing has not yet been widely implemented in the industry. One of the barriers is the
lack of publicly available, large-scale quantitative data of continuous mixing in industrial environments.
This gap in publicly accessible information makes it difficult to fully assess its advantages across different
manufacturing settings. Additionally, the analysis highlights the higher initial investment cost of the twin-
screw extruder in comparison to the conventional planetary mixers. Furthermore, interviews conducted
with industry experts also reveal a lack of awareness from manufacturers regarding continuous slurry
mixing. This is particularly evident in Europe, where the technology has seen limited adoption compared
to countries such as China, where it has been implemented at a larger extent.

Nevertheless, for the future of battery manufacturing, continuous mixing remains a promising solution. In
particular, it is well suited for the demands large-scale industries set as well as for emerging battery tech-
nologies, such as dry electrode and solvent-reduced /-free manufacturing. The relevance of these methods
increases as usage of toxic solvents such as NMP could become more regulated, and as manufacturers
search for cleaner, more cost-effective production strategies.

This study concludes that continuous mixing is a viable alternative to traditional batch mixing in LIB
manufacturing. For continuous mixing to become more widely implemented in the industry, greater access
to industrial-scale performance data and increased industry awareness will be essential. With further
research, better collaboration between manufacturers, equipment suppliers, and researchers, continuous
mixing has the potential to play a key role in making battery production more efficient, scalable, and
sustainable.
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A Appendix

A.1 Interview guide 1

During the interview with Martin Karlsson, former University Relations manager in Stockholm, Sweden,
the following questions were used as a guide. The original interview was conducted in Swedish, and the
questions are presented in both Swedish and their English translations.

1. Swedish: Kan du beratta lite om din nuvarande roll och vilken typ av projekt du arbetar med?
English: Could you tell us a bit about your current role and the types of projects you are working
on?

2. Swedish: Nar foretag overvéager nya tillverkningstekniker, som till exempel kontinuerliga mixers,
hur brukar den utvirderingsprocessen se ut enligt din erfarenhet?
English: When companies consider new manufacturing technologies, such as continuous mixers,
what does the evaluation process typically look like based on your experience?

3. Swedish: Vad &r din erfarenhet av hur foretag generellt gar till viga nér de utvérderar ny tillverkn-
ingsteknik?
English: What is your experience of how companies generally approach the evaluation of new
manufacturing technologies?

4. Swedish: Kéanner du till om kontinuerliga processer har 6vervigts i nagra projekt du har varit
involverad i?
English: Are you aware of any projects you have been involved in where continuous processes have
been considered?



A.2 Interview guide 2

During the interview with Carola Rindi, Research Associate at Fraunhofer Research Institution for Bat-

tery Cell Production (FFB), in Miinster, Germany, the following questions were used as a guide.

1.
2.

L

Pros and cons with batch and continuous mixing.
Are the companies considering continuous mixing?
Why do you think cont. mixers is not standard?

How are the properties of the slurry affected with the cont. mixing compared to batch mixing?

5. How are the properties of the slurry affected with the cont. mixing compared to batch mixing?

. How well the cont. mixing can adapt to different compositions?

Is continuous mixing the future?

ii



A.3 Interview guide 3

During the interview with Dave Collins, area sales manager at Biihler Technologies, the following questions

were used as a guide.

1.

10.

From your perspective, how would you describe the current market demand for continuous slurry

mixing solutions in the battery manufacturing industry?

. Are the manufacturers aware of the continuous mixing alternative?

. In your experience, what are the factors like cost, energy use, or scalability which influence customer

decisions when choosing mixing technique?

. How do the investment cost compare between a batch and a continuous mixing process? If more

expensive; how do you motivate the relatively expensive investment cost, compared to batch?

. When operating, how much more efficient is the continuous mixing compared to batch mixing?

Cost saving through labour cost, waste, lower energy usage etcetera.

. What types of customers do you typically work with when it comes to continuous slurry mixing —

are they mostly R&D labs, pilot plants, or full-scale manufacturers? Location?

Are your customers typically new battery manufacturers designing new production lines, or more
established producers transitioning from batch mixing to continuous systems? And in the case of
existing facilities — how compatible is Biihler’s continuous mixing technology with current produc-
tion lines?

. Are Biihler’s continuous mixing systems already being delivered to production-scale facilities? If

s0, how long does a typical project take from order to commissioning?

. Looking at solvent-reduced slurries and dry battery electrode manufacturing, can this be done

with the same twin-extruders as normal slurries or do you need to invest in new equipment to
manufacture this?

Is continuous mixing the future? Is development of continuous mixing the main focus in the
industry? Other solutions in the future?

iii
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