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Modeling of the Residence Time Distribution in a
Continuous Electrode Slurry Mixing Process in

Battery Cell Production

Simon Otte,* Sebastian Schabel, and Jiirgen Fleischer

Battery cell production is costly, especially due to expensive raw materials and
high scrap rates, making continuous process optimization essential. Electrode
manufacturing, particularly the mixing process that defines the fundamental
electrochemical properties of a battery, offers great potential for increasing
material efficiency. Understanding the residence time and residence time dis-
tribution (RTD) of particles within the continuous mixing process is crucial for
optimization. Autonomous process control requires accurate prediction of the
RTD to enable precise and resource-efficient rejection of nonconforming material.
Similarly, knowledge of the RTD is required to ensure the traceability of battery
cell materials within the mixing process. A model developed from experimental
data is presented that simulates the RTD of a twin-screw extruder based on the
input process parameters screw speed, mass flow, and solid content. This is
possible for the entire system and the subsystems process section, solvent dos-
ing unit, binder dosing unit, and powder dosing unit. As a result, the charac-
teristic times can be predicted with a very high degree of accuracy from when the
raw materials are added to the final slurry at the end of the continuous mixing
process. This enables resource-efficient production and provides detailed

and achieve a homogeneous slurry with
the specified viscosity." The quality of
the slurry is influenced by various factors,
including the mixing techniques, equip-
ment, mixing intensity, duration, and
sequencing.!”! The resulting slurry’s rheo-
logical properties, such as the dynamic vis-
cosity, are affected by the screw elements
and their configuration. Further essential
process parameters are screw speed,
throughput, filling degree, and residence
time distribution (RTD).”! In particular,
the knowledge of the RTD is important
to reject scrap while maximizing resource
efficiency and ensuring traceability. The
cost of a battery cell is largely the result
of material costs (up to 75% of total costs),
mainly due to the AMs.[*™!

To achieve a high resource efficiency,
low scrap rates, and high quality of the
slurry, existing processes, such as the

information for traceability in continuous mixing processes.

1. Introduction

Increasing demand for batteries, especially lithium-ion batteries,
and expensive raw materials require continuous process
optimization.!”! Therefore, the focus is on efficient battery cell
production. The important foundations for subsequent cell per-
formance and quality are initially defined within the mixing pro-
cess.” In this process, active materials (AMs), binders, and
conductive agents such as carbon black (CB) are dispersed in
a solvent.”) Mixing primarily aims to break up agglomerates
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batch-based mixing process, can be opti-

mized. Therefore, continuous slurry mix-

ing offers great potential. In a continuous

process, input materials are fed into the
system continuously, undergoing chemical or physical transfor-
mations, and output materials are continually discharged.™”
Twin-screw extruders (TSE) are particularly well suited for con-
tinuous mixing processes, offering several advantages over batch
processes, like reduced processing time within minutes instead
of hours. TSEs also provide optimized shear rates, greater prod-
uct consistency, and reduced material waste. Additionally, TSEs
allow higher output with lower space requirements."*”'"*? The
knowledge of the RTD is relevant for autonomous process con-
trol, process optimization, or traceability of battery cells and their
components. However, the RTD in the continuous mixing pro-
cess of electrode slurry as a whole, but also in the individual sub-
systems, is unknown.

In the continuous mixing process, it is challenging to define
product batches because there are no natural batches of material
quantities. Therefore, complex materials and batch mixtures are
created, and it is challenging to associate process data with the
product.*! Batches and knowledge about the RTD are partic-
ularly relevant for two important scenarios: the material often can
still be used for a certain period of time after an unexpected vari-
ation in the dosing unit since the consequences of the dosing
oscillation do not reach the extruder outlet only after a certain
dead time (tnn) in production. It is not possible to eject
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nonconforming material precisely in a resource-efficient manner
without knowing the residence time in the process. However, the
traceability of slurry ingredients during the mixing process
remains unresolved, as the traceability of battery cells and their
components is currently only possible from the coating process
onward. In addition, understanding the residence time of mate-
rials within the mixing process is critical for further process auto-
mation, autonomous process control, and to optimize both the
process and the final product.

Therefore, knowledge of the residence time and RTD offers an
advantage in several ways. Systematic investigations of the RTD
in the continuous mixing process have already been carried out.
The effect of relevant parameters like screw speed, mass flow,
and solid content on the mean residence time t,, and the
RTD have been studied.™® Based on these findings, a model
was developed that allows the simulation of the RTD and the
characteristic times tpin, tm, tpeak, aNd tmay for the individual sub-
systems and the continuous process for the first time. A final
model validation shows a very high model and prediction quality.

2. Background

The RTD is a fundamental parameter for understanding mixing
behavior and the efficiency of continuous processes in chemical
engineering and process analysis. It describes the RTD that fluid
elements spend in a reactor or a continuous mixing system and
provides a probability distribution of the residence times of fluid
particles within the system.!'”! The distribution function E(f)
mathematically represents the temporal distribution of material
elements within the system. To obtain a probability distribution,
E(t) is normalized to ensure its total area equals one.!"®!

An RTD model can be developed by experimentally determin-
ing the RTD using a tracer and modeling the RTD curves math-
ematically. Various model equations are used to represent the
behavior of the RTD. In fluid dynamics, models are broadly cat-
egorized as ideal or real. The primary ideal models are the plug
flow reactor (PFR) and the continuous stirred-tank reactor
(CSTR). The PFR represents a system where the input concen-
tration is delayed without mixing. The tracer concentration
curves at the inlet and outlet are identical, differing only by a time
shift A" Physically, this implies that elements entering the
reactor simultaneously travel along parallel paths at a constant
velocity, leaving at the same time.’”! In contrast, a CSTR
assumes complete mixing of the fluid or powder. The RTD
for a CSTR is described by the equation

E(t) = 1 s g/t (1)
m
where t,, is the mean residence time. This function indicates that
the highest probability for residence time occurs at t = 0Os.
Real systems show flow behavior that lies between PFR and
CSTR due to phenomena such as dead zones, channeling effects,
and circulations.?”! As a result, it is necessary to combine ideal-
ized models or use alternative models to describe the behavior of
real systems accurately. In an ideal laminar pipe flow, molecular
diffusion is neglected and fluid elements follow different trajec-
tories dictated by the Hagen—Poiseuille velocity profile.'”! The
RTD for such a flow is described by
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and f(t) = O otherwise, where t,, = % with 71 as the mass flow
rate and V as the system volume. The cascade of stirred tanks
model represents a series of N ideal CSTRs. The RTD for the
entire system is given by

_ Nx(Nxg)N!

O = — 57

x g~ N+0 (3)

where 6 is the dimensionless time. By adjusting N, the experi-
mentally determined RTD can be approximated. For N — oo,
the RTD approaches that of a PFR, while N = 1 represents a sin-
gle CSTR.*Y) Additional model equations can be obtained by
combining CSTRs and PFRs in various configurations. The axial
dispersion model accounts for molecular diffusion and turbulent
flow effects, such as velocity fluctuations and vortex formation.*!
The dimensionless RTD equation for this model, with open
boundary conditions, is

Pe Pex (1 — 0)?
E) = \/47[ * GeXp<7T> )

where 0 is the dimensionless time and Pe is the Péclet number.
The Péclet number indicates the ratio of convective to dispersive
transport, reflecting the degree of dispersion in the system. A
high Pe value corresponds to low dispersion and poor axial mix-
ing, while a low Pe value indicates high dispersion and efficient
axial mixing. When Pe = 0, the system behaves as a perfectly
mixed CSTR, and as Pe — oo it approaches PFR behavior.”*’!

3. State of the Art

RTD is a fundamental parameter in the design and optimization
of industrial processes, particularly in the food and pharmaceu-
tical sectors. Understanding RTD allows for predicting how long
materials spend time in a system, which is essential for ensuring
product quality and process efficiency. Over the years, various
mathematical models have been developed to analyze RTD, lead-
ing to significant advancements in the field.

Nassauer laid the groundwork for RTD modeling by using var-
ious mathematical approaches to study fluid flow in systems
such as pipelines and reactors. He established an empirical rela-
tionship between RTD and mean residence time by modifying
the turbulent flow model by neglecting diffusion effects. This
fundamental work was later extended by integrating a dispersion
model that included an effective mean velocity, providing a
more accurate representation of fluid dynamics in turbulent
environments.**

Salami (1968) combined a dispersion model with a stirred
tank cascade model, which improved the fitting of RTD and
enabled the representation of asymmetric distributions.*”
However, as noted by Ham and Platzer (2004), fitting real
curves with a single parameter can be challenging. They pro-
posed two semiempirical RTD models based on two or three
parameters, emphasizing that at least two parameters are nec-
essary for a good fit.[2%
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Hart and Guymer et al. (2016) further advanced the field by
investigating the RTD of laminar and turbulent pipe flows
through variations in the Reynolds number using fluorescence
measurements. Their mathematical modeling demonstrated that
Danckwerts’ equation (1953) provides a reliable approximation of
the experimentally determined RTD for ideal laminar flow.!*”!

In the context of powders and granulates, mathematical
modeling is essential for optimizing processes in the food and
pharmaceutical industries. Peterwitz and Jodwirschat (2022)
established empirical models to analyze RTD in a tablet produc-
tion system, focusing on the effects of back-mixing in the
feeder.”® Bhalode and Razavi (2023) utilized axial dispersion
models to fit RTD curves from experiments with varying tracer
concentrations, highlighting the significance of careful tracer
selection and addition methods for accurate modeling. Their
work in 2024 further refined these models, reinforcing the
importance of these factors in RTD analysis.!*”!

Gao and Walsh (1999) developed a predictive RTD model for
polymer extrusion and investigated the influence of the param-
eters mass flow and rotational screw speed. They showed that the
mass flow significantly influences the residence time and
showed that the RTD does not change with specific throughput.
This highlights the necessity for dynamic modeling in process
optimization.®” Similarly, Razavi and Roman-Ospino (2023)
conducted a systematic comparison of different tracer materials,
employing multivariate analysis of variance to validate their find-
ings, thereby reinforcing the importance of statistical methods in
RTD modeling >V

Escotet-Espinoza and Moghtadernejad (2019) differentiated
between model-based and nonmodel-based approaches for
RTD analysis, emphasizing the need for careful experimental
design and data processing to ensure accurate results.**33]

Van Snick and Kumar (2019) developed an RTD model for a
feeder based on material and process parameters, using near-
infrared technology to determine maximum residence times.
They stressed the significance of material properties in influenc-
ing RTD, indicating that different feeders may require tailored
modeling approaches.**!

Engisch and Muzzio (2016) further contributed to the under-
standing of RTD by analyzing the individual components of a
production system and calculating the overall RTD using estab-
lished equations. Their findings revealed significant differences
in RTD distributions among components, which is crucial for
effective process design.*”)

The literature research shows that no prediction model has
been created for the RTD in the continuous mixing process of
the battery slurry. Compared to the pharmaceutical and food
industries, the experimental RTD determination is also not ade-
quately investigated. In addition, it has not been determined which
powder properties are important for the development of an RTD
model. Therefore, developing an empirical model using experi-
mental data is unavoidable, as the RTD is influenced by material
properties, system components, and process parameters.

4. Materials and Experimental Setup

A TSE ZSK 18 MEGAlab (ZSK 18Ml) (Coperion GmbH,
Germany) was used to study the RTD in the continuous mixing
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process. This TSE can be divided into several subsystems, as
shown in Figure 1. There are two liquid dosing units for the sol-
vent water (blue) and a mixture of solvent and styrene-butadiene
rubber (SBR) binder (blue) with identical design. They consist of
a tank and an extruder screw pump (type NMOO5BY) from
Netzsch (Germany). After the pump, there is a hose connection
to the process section. The powder dosing unit (khaki) consists of
a hopper with an agitator for homogenization. For gravimetric
powder dosing, twin-screws are used (type Pharma QT20 ver-
sion, Coperion GmbH, Germany).

The core of the system is the ZSK 18MI TSE. The two screws
rotate in the same direction and consist of kneading, shearing,
back-mixing, and conveying elements with different pitches. The
screw configuration was not changed during the experiments.
The conductivity of the slurry at position Z (Figure 1) was mea-
sured with a conductivity sensor type 8221 (Christian Biirkert
GmbH & Co. KG, Germany).

The processed water-based anode slurry uses Mechano-
Cap1P1 graphite (HC Carbon GmbH, Germany) as AM. Its con-
ductivity is improved by adding Super C65 conductive CB
(Nanografi Nano Technology, Turkey). Binders and additives
are also used to maintain the stability of the electrode microstruc-
ture during production and cell operation. In this case, a carbox-
ymethyl cellulose (Carl Roth, Germany) and a SBR solution with
a degree of substitution of 0.85 (Nanografi Nano Technology,
Turkey) were used as binders.

The RTD experiments based on a Box Behnken Design (BBD)
of experiment (see appendix Table 7) were performed under con-
trolled conditions to minimize external disturbances. The pro-
cess section temperature of the TSE was kept constant at
22.5°C. To minimize variations in feed homogeneity, all experi-
ments were performed with a single batch of dry components.
Before each experiment, the hoppers were completely filled to
ensure that the entire experiment could be completed without
refilling. Also, the TSE processed untraced powders for at least
two average residence times to ensure stable operating condi-
tions. The process and machine parameters as well as the con-
ductivity sensor data were collected using a Siemens Simatic
S7-1500 PLC and accessed through an OPC UA interface.
A self-developed data logging tool, implemented with MATLAB
R2021a (The MathWorks Inc., USA), was used to record the data
at a rate of 10 Hz. Further details on tracer selection and the
detailed procedure for determining the curves and interpreting
the RTD are presented in Otte et al. 2025.¢

5. Own Approach and Methodology

The RTD model uses three process parameters as factors: the
screw speed n, the solid content f of the slurry, and the mass
flow rate 7 of the slurry. Each material (deionized water, binder
solution, and premix) has a different RTD in the TSE due to
their different material flow paths and properties. This is
why the RTD model is divided into four subsystems, as illus-
trated in Figure 1 and Table 1: solvent dosing unit (blue), binder
dosing unit (green), powder dosing unit (khaki), and process
section (red).

A 1mol L™ NaCl solution was used as a tracer for the experi-
ments. A conductivity sensor was used to measure the
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Figure 1. P&I diagram of the TSE with the subsystem solvent dosing unit (blue), binder dosing unit (green), powder dosing unit (khaki), and process
section/TSE (red). 1 =double valve system; 2 = premix hopper; 3 = dosing screw; 4 = side feeder (ZSB); 5 = solvent tank; 6 = eccentric screw pump
solvent; 7 = binder solution tank; 8 = eccentric screw pump binder solution; 9 = process section with twin screw; 10 = conductivity sensor; 11 = slurry
container; A = solvent addition point; B = binder solution addition point; C = tracer addition point solvent dosing unit; D = tracer addition point binder
dosing unit; X = conductivity measuring point for solvent; Y = conductivity measuring point for binder solution; Z = conductivity measuring point for

process section and powder dosing unit.

Table 1. Overview of process parameters and modeling approaches for
the four subsystems.

Material Subsystem Process Modeling approach
parameter
Solvent Process section eturrys 1, f Experimentally
(water) Solvent dosing Myater Experimentally
unit
Hose Myater Experimentally
Binder Process section Meturrys 1, f Experimentally
solution Binder dosing unit Msgg Experimentally
Hose Mspr Experimentally and
analytic
Premix Powder dosing M promix Experimentally
unit
Extruder Process section Maturrys 1o f Experimentally

conductivity variations over time at defined experimental points
to determine the tracer concentration at the extruder outlet and
thus the RTD. For each experimental point, the mass flow rate,
screw speed, and solid content were varied. Three RTD curves for
slurry within the TSE were recorded to minimize the impact of
individual measurement errors. Tracer addition is repeated after
the baseline conductivity of the slurry is stable for at least a time
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period of twice t,,.**! The measured conductivity curve is normal-
ized between 0 and 1 to remove the background conductivity and
to isolate the effect of the tracer. Normalization also compensates
for differences in medium properties, such as solid content, that
affect absolute conductivity. Finally, the conductivity curve is area
normalized to 1, converting it to a probability distribution for
RTD analysis and modeling.

The next step is to mathematically model the normalized con-
ductivity curves. The exponentially modified Gaussian (EMG)
from the Origin 2024b software by OriginLab Corporation
is used:

) =yor + (f1 % f2)(#) ©)

A &
fl(t)=%6 o (6)
1 e

fa) = m@ w7 (7)

The EMG has the parameters y, for the shift of the y-axis, A for
the area under the curve, xc for the center, w for the width and the
constant ty. Both the width w and t; > 0 must be lower limits.
There is no upper limit. Figure 2 shows an example of the fitting
of the EMG to the normalized and averaged conductivity curve of
the center point of the process section. The meaning of the EMG
parameters is also shown graphically. The Levenberg—Marquardt
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Figure 2. Comparison of the measured conductivity curve (green) and the
modeled conductivity curve (blue) for the center point.

algorithm determines the parameters A, xc, w, ty, and y, of the
displayed conductivity curve.

The curve parameter y, is calculated but set to zero for further
modeling as a shift in the y-axis is not relevant for distribution
curves. This is because distribution curves converge to zero as
t— oo and t=0s and therefore do not show a constant shift.

The obtained parameters, together with Equation (5)—(7), form
the basis of the RTD model of the respective subsystem. These
parameters only depend on the corresponding input parameters.

5.1. RTD Model Setup for Process Section

The RTD models for the process section represent the RTD for
the time any element spends from entering the TSE through the
twin screws to the outlet at position Z (Figure 1). The parameters
of the selected EMG function (Equation (5)-(7)) are determined
using the software’s Levenberg-Marquardt algorithm, which
combines the Gauss—Newton method with the gradient descent
method. A quadratic correlation is assumed. For each curve
parameter of the EMG, the following equation is developed:

Yy = ag+ aiin+ ayn+ asf + agi? + asn? + agf?

8
+ ayin + agmf + agnf @)

Initially, the statistical significance of all terms is evaluated. If
a term shows no statistically significant association with the
dependent variable, it is removed stepwise to simplify the regres-
sion model. This reduction process improves model simplicity
and simulation accuracy.

The RTD of fluids in the liquid dosing unit is mathematically
modeled using the software Origin 2024b from OriginLab
Corporation. For the liquid dosing unit, an exponential function
is selected. To build the simulation model, the mathematical rela-
tionship between the parameters of the curve and the mass flows
of the fluids is determined and validated. The center of the factor
space is chosen as the validation point.
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5.2. RTD Model Setup for Solvent Dosing Unit and Binder
Dosing Unit

The technical unit for dosing the solvent and the binder solution
are identical in construction and have no technical differences.
The only difference between the two systems is the medium
being dispensed. Due to the technically identical design, the
same procedure can be used to develop the RTD model for this
subsystem. Therefore, the subsystems will only be distinguished
in the formulas below, but not in the explanation of the proce-
dure. If no distinction is necessary or if a statement concerns
both the solvent dosing unit and the binder dosing unit, the term
liquid dosing unit is used.

The RTD models for the liquid dosing units represent the time
an element travels through the entire system, from the tank to
the inlet of the TSE. The water-solvent RTD model characterizes
the mass flow starting at the bottom of the water tank (5) and
ending at the inlet at location A. The binder solution simulation
model system boundary starts at the bottom of the binder solu-
tion tank (7) and ends at the inlet at location B. The RTD model is
developed by experimentally determining the RTD for the fluid
in the liquid dosing unit, the connecting hose to the TSE, and is
based on the EMG (Formula (5)—(7)). The total RTD is then cal-
culated by convolving the RTDs of each subsystem in order of
flow direction. The RTDs are determined experimentally sepa-
rately due to different flow characteristics and entry points into
the TSE (Figure 1).

5.3. RTD Model Setup for Premix

The modeling of the powder dosing unit followed basically the
same approach as the modeling of the other subsystems.
However, the RTD analysis for this subsystem showed a bimodal
curve with two peaks. The first peak has a significant amplitude
and a small spread, while the second peak follows at a greater
distance, has a significantly smaller amplitude, and is more
widely spread.!'® There is a core flow in the feeder and the pow-
der dosing unit. A three-bladed agitator rotating around a hori-
zontal axis is used to prevent powder bridges and reduce
segregation. The first peak is caused by material that follows
the core flow and passes the agitator without significant interac-
tion. The second peak is caused by material that interacts with the
agitator, i.e., it is transported upward into the hopper against the
core flow direction. Due to the bimodal curve, the following basic
term applies:

E(t) = to + f1 pears () + 1 peara(t) 9)

As with the other submodels, each peak term is described by
the four parameters A, xc, w, and t,. The insertion of Equation (6)
and (7) results in the following equation with the constant g,
which does not depend on #ip,piy:

(t—xcq)? (t—xcp)?

Ay (}(my) A, (1(2)2)

————%e € +——xe € 10
= (10)

27 % wy V27 x W,

E(t)=ty+
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6. Modeling of Residence Time Distribution

This section presents the models for the individual subsystems.
Each subsection describes the respective model and its
specialties.

6.1. RTD Model of the Process Section

The submodel of the process section is the core of the entire RTD
model. In addition to mixing due to the flow behavior of the
medium, there is also an active mixing process, which is defined
by the chosen screw configuration. Mass flow, screw speed, and
solid content are the variable parameters used as input to the
process section RTD model. The response curves of the system
were analyzed for all experimental points and a curve fit was car-
ried out according to the procedure described in Section 5.

An analysis using contour plots shows how the three key pro-
cess parameters screw speed, mass flow, and solid content affect
the RTD in the TSE (Figure 3). At low solid content, the residence
time is shorter and almost independent of screw speed. At low
screw speed and high solid content, the residence time increases.
Overall, the shortest residence time occurs at high screw speed
and high mass flow, while the longest occurs at low values of
these parameters. Additionally, mass flow and solid content have
alarger influence on the shift of the RTD curve than screw speed.
The width of the RTD curve increases with high solid content.

XcC

- < 30
5 | 30 - 40
t M 40 - 50
S MW 50 - 60
T | > 60
8 Set value
Mass flow [kg/h] 11
S0 750 1000
XC
by < 30
e | 30 — 40
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= W 60 - 70
a | | > 70
©
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16 %G
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a M 70 - 80
S M 80 - 9
2 | 90

s 0w ms 0.4 04s Set value

Solid content Screw speed [1/min] 750
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Screw speed has a smaller effect than mass flow. High screw
speed combined with high mass flow results in a narrow RTD
curve, indicating little back mixing in the process.

Based on the results of the analysis, the model is set up. The
coefficients of the regression model indicate the influence of the
process parameters on the curve parameters of the EMG.
The curve parameters are the response variables of the regres-
sion model with the process parameters as effects. The coeffi-
cients are determined using Minitab 22.1 software from
Minitab GmbH (Germany). The regression model consists of
the main effects of mass flow, solid content, and screw speed
as well as their quadratic terms and the two-factor interactions.
No weighting is chosen to calculate the coefficients and a two-
sided 95% confidence interval is set.

Figure 4 shows the results of the stepwise regression of the
model for the BBD with the absolute values of the effects in
Pareto plots. Pareto plots are used to determine the effects of
the regression model that contribute the most to the spread of
the response variable. The larger the blue bar, the greater the
influence on the response variable. In stepwise regression,
effects are identified for which the statistical significance is less
than the 0.05 significance level. The threshold is calculated using
the significance level a. The reference line for statistical signifi-
cance in the Pareto plot is drawn at the (1 — af 2)th quantile of a t-
distribution with degrees of freedom for the error term°.. All
effects below the threshold (red reference line), and shown with

w

- 2
S ] 2- 3
€ W3- 4
S W4- 5
o Ws5-6
o | 6
(%]

Set value

Mass flow [kg/h] 11

500 750 1000

Screw speed [1/min]

w

= - < 2
E» W2-3
; H3- 4
3 Wa4i-5
= | 5- 6
a We- 7
S HW7- 8
2 | 8
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Solid content 0,35

E <
2 m2- 4
=, Ha4- 6
H Ho6- 8
= Hs- 10
A | ] > 10
T s
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Screw speed [1/min] 750
Q% 00 Q) 040 0ds

Solid content

Figure 3. Contour plots of the parameters w and xc visualizing the dependencies of the process parameters of the TSE based on the BBD experi-

mental design.
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Figure 4. Pareto diagram of the standardized effects of the regression model of the process section for the BBD.

a gray bar, are not statistically significant. For the response vari-
able A, only the effects of solid content and mass flow are statis-
tically notable. Screw speed and the two-factor interactions do not
have a statistically relevant effect on response variable A because
their standardized effect is less than the threshold of 2.179. The
response variable xc also depends on the quadratic effect of mass
flow, the interaction of solid content and mass flow, and the
screw speed. The same applies to response w. Again, mass flow
has the strongest effect on the response. For the response vari-
able t,, the solid content, the mass flow, and the interaction of
these two variables are statistically significant. Overall, mass flow
has the greatest influence on the four response variables.

The coefficient values for the statistically significant effects for
determining the RTD in the TSE are shown in Table 2. The larger
a coefficient, the greater the influence of that effect on the
response variable. For a negative coefficient, the influence quan-
tity decreases the curve parameter. Empty cells in the table sym-
bolize effects that are not significant.

Table 2. Coefficients of the regression model for the BBD and its
significant effects.

Coefficients A xc w to
Constant 35.36 50.24 6.82 40.41
Screw speed - - —0.01 0.00
Solid content 35.50 251.30 32.65 —40.40
Mass flow —1.89 —8.00 —1.00 —2.55

Screw speed” - - - -
Solid content? - - - -
Mass flow” - 0.42 0.06 -
Screw speed * Solid content - - - -
Screw speed * Mass flow - - - -

Solid content * Mass flow - —13.43 —2.13 5.10

To analyze the quality of the regression models, the coefficient
of determination R? and the standard deviation o are calculated.
These statistical measures are summarized in Table 3. As shown,
the simulation model based on the BBD is very accurate. Only for
the response variable #, is the expected accuracy slightly lower.

Residual plots for each response variable are used to examine
the fit of the selected regression model. Figure 5 shows a proba-
bility plot for the residuals of the response variable t, for the BBD
regression model on the left. On the right is a plot of the residuals
versus the adjustments. These plots are used to assess whether
the residuals from a model are normally distributed (left plot)
and whether there are patterns in the residuals that may indicate
model fitting problems (right plot). The blue dots in the plots
represent the residuals from the experiment points.

In the left plot, points near the dashed line indicate that the
residuals are approximately normally distributed.

In the right plot in Figure 5, the residuals are plotted against
the fitted values. The adjusted values are greater than 15 for all
experiment points, except experiment point BBD7. Since the
residual of BBD7 is close to zero, it is not an outlier, but rather
an influential experiment point. A measurement error could be
excluded. The spread of the other experiment points is large and
no pattern can be seen. This indicates a good model fit with no
constant variance. Therefore, the BBD regression model is

Table 3. Accuracy of fit of the model parameters of the BBD experimental
design.

Parameter A xc w to

c 4.48 2.47 0.78 3.33
R? 81.64% 99.08% 94.92% 66.39%
RZ, 78.57% 98.57% 92.10% 57.22%
R? 72.43% 96.52% 84.63% 45.07%

prog
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Figure 5. Residual diagram for a curve parameter for a single experimental point from the BBD.

suitable for building the prediction model to determine the RTD
in the mixing process in the TSE.

The following formula is developed for the RTD model of the
subsystem process section based on the presented results and
uses formula (5)—(7) as a basis:

A w\?% t—xc
E(t o= —xg 05 (—) —
( )pTOCBSS section tO Xp ( <t0) to )

(11)
§ q;(t —xc E)
w to
with
A=3536+375%f —1.894 % (12)
x¢=50.24 — 0.0122 x n+ 2513« f — 8 x 1 (13)
+0.4152 % 2 — 13.43 % f % n
w = 6.82 — 0.00349 * n + 32.65 % f — 0.998 x m (14)
+0.0559 * % — 2.129 * f * 11
to = 40.41 — 40.4 % f — 2.545 % i+ 5.1 % f % i (15)

and i1 as mass flow, n as screw speed and f as solid content.

6.2. RTD Model of the Liquid System

Based on the BBD of experiment, the corresponding minimum,
medium, and maximum mass flows for the liquid systems, in
this case the solvent water and the binder-water solution, were
defined (see Table 4).

Table 4. Mass flow rates for the liquid dosing unit of the solvent water
(My20) and binder solution (msgg).

mHZO mSBR
Min 1.15kgh™! 0.17kgh™"
Medium 541 kgh™! 1.10kgh™"
Max 9.67kgh™' 2.03kgh™'

Energy Technol. 2025, 2500395 2500395 (8 of 14)

The evaluation of the residence time curves shows a very
large difference between the RTD of #1,,;, and #it,,,,. With par-
ticularly long experimental times and the associated very slow
and incremental drop of the curves, the resolution capability of
the conductivity sensor leads to a step effect, which is why the
procedure described in Section 5 was extended by an initial step
of data preparation. Therefore, the conductivity curve is
smoothed with a Gaussian filter with a mask size of 15. This
low-pass filter suppresses the high-frequency measurement
noise by folding it with a Gaussian bell curve ®7). This filter
is better suited than a moving average because the moving aver-
age shifts the curve to the right, affecting the residence time.
The background conductivity, which is defined as the mini-
mum conductivity measured during the recording of the curve
to avoid negative conductivity values, is then subtracted (see
Figure 6).

In order to set up the prediction model for determining the
RTD in the liquid dosing units, a mathematical relationship
between the four curve parameters A, xc, w, and t, from the
EMG and the liquid mass flow is determined. By comparing

raw conductivity curve
500 curve smoothed with
Gaussian Filter
400 +
LE) 300
O
)]
=
o
200
100 4
O T T T T T T
0 1 2 3 4 5 6

t[h]

Figure 6. Comparison of the raw data of the conductivity curve with the
smoothed conductivity curve of the binder solution in the liquid dosing unit.
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the coefficient of determination R* of different regression equa-
tions, it became apparent that an exponential regression model is
best suited. The exponential regression equation can be
expressed with

y(t) = Ay * exp (_ %) + Yoz (16)

with offset y,,, amplitude A;, and time constant ¢;. Again, the
parameters y,,, A;, and t; are determined using the
Levenberg-Marquardt algorithm (Figure 7). An R* greater than
99.9% is obtained for all four parameters.

As the mass flow of the fluids (both demineralized water and
binder solution) increases, the area of the curve characterized by
the parameter A decreases. As the mass flow increases, xc
decreases, which means that curve is shifted to the left toward
shorter residence times. The width w of the curve also decreases
with increasing mass flow. In summary, the higher the mass
flow of the fluid, the shorter the residence time and the lower
the back mixing. The RTD function, based on the EMG function,
can be described for the liquid dosing of the solvent water as

Amo (t = %CH20)°
E(t) posi =———%exp| ———— 5 (17)
Pong 20 /o x o 2x (3485)*

with

Ao = 84280.74561 + 1130492.1997 * exp (f M0 ) (18)

2.04866
XCr0 = 109.96393 + 981.81973 * exp (— 22’5;83) (19)
Wi = 17.95708 + 128.90143  exp (— %) (20)
800000
600000
:‘_ 400000 -
<
200000
0 T T T T
0 2 4 6 8 10
M 4120 [kg/h]

Figure 7. Representation of the mathematical relationship between m and
the parameter A. The black dots represent the parameter values deter-
mined by the experiment points, the orange curve formula (18).

Energy Technol. 2025, 2500395 2500395 (9 of 14)
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The formula for the liquid dosing of the binder solution was
developed using the same procedure as for the dosing of the sol-
vent. E(t) posing, spr €an be described as follows:

Aspr (t — xcspr)?
E(b) - =——*eXp| — > 21
( )Dosmg,SBR \/ﬂ * Wepn p 2 % (21355358)2 ( )
with
Aspr = 198684.0382 + 1.24 x 107 x exp (— 0?5?25) 2
Wgpr = 56.09565 + 1480.62594 * exp (_ 0?55821) )
XCspr = 368.68343 + 4477.75181 * exp (_ 0?;225) ()

Based on findings in the literature, a formula for laminar flow
in the connecting hose was first assumed. For a solvent hose
diameter of 5 mm, a solvent hose length of 2.3 m, and a solvent
density of 1000kgm™>, the following formula results for this
flow behavior:

3.7 % (%)Z*ﬂ*/)*3,6 2
Fig * 1000

E(t)hose,old = 2t3 (25)

However, further investigations showed that this formula does
not adequately describe the real conditions since additional mix-
ing effects occurred. To take this effect into account, an empiri-
cally based on formula (7) is developed using the results of the

experimental investigations and the mass flows shown in
Table 4. This is as follows:

A, (t — xcp,)?
E()poe = —m—— 4 €Xp| — oo 26
B V27 xwy, Xp( 2% (73t)° 0
with
A, = 17.7071 + 1747.77382 % exp (— 1”;;;‘3’ 4) (27)
xcp, = 23.07876 + 359.61072 * exp (— 1”;;;&) (28)
Wy, = 249772 + 123.37827 + exp (— 1213;23) (29)

6.3. RTD Model of the Powder Dosing Unit

The bimodal curve of the powder dosing unit requires a modified
model as shown in Section 5.3. Accordingly, eight curve param-
eters are considered, with four parameters (A, xc, w, and t)
defined for each peak. These parameters were determined using
the method described in Section 5. For the powder dosing unit,
the following formula results:
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Al (t — xcl)z
E . L= - 2
(t)powder dosing unit to + \/i; * W, * EXp ( 2 % (2.21;}5148)2

(30)
A _ 2
+ 7\/%1 o r e <_ z(t* (ZE’ZS)Z)

with
Ay = 2668.031 ¢~ 0231 pemix (31)
Wy = 2810.222 x e 0-533Mpremix (32)
xc; = 3334.296 % ¢~ 0476 Mpremix (33)
and
A, = 2612.231 % 0397 Mpremix (34)
W, = 1993.850 % ¢~ 018 pramix (35)
xCy = 27009.133 % ¢~ 003ty (36)

The mass flow #it,.;is calculated according to the recipe and
the set parameters.

www.entechnol.de

6.4. RTD Model of the entire continuous mixing process

The model for calculating E(t) for the entire TSE in the continu-
ous mixing process is based on a combination of the presented
submodels, as shown in Figure 8. These submodels are com-
bined by convolution. For the calculation of E(t), only the submo-
dels along the relevant material flow path are considered. In
addition, the characteristic times iy, tpeaks tm, aNd tyay are deter-
mined for both the individual subsystems and the overall system
to allow a detailed analysis of the RTD.

7. Validation and Discussion

Validation is conducted separately for each subsystem.
Afterward, the overall model is validated using the liquid dosing
unit with water as the solvent, consisting of the subsystems sol-
vent dosing unit, hose, and TSE. This scenario was chosen
because most of the submodels have to be folded together, which
makes the probability of deviations particularly high.

7.1. RTD Model Validation of the Process Section

To validate the RTD prediction model of the process section,
new experiments were carried out after the model was created.
To do this, experiment points within the RTD model space are
selected and tracer measurements are taken. The prediction of
the RTD in the mixing process in the TSE is validated using

3
a
S~
(o)
o~
=
i £
QL] £
-
’d
>
7]
2
3
o
=
R
&
'—
® Convolution
£
[7]
-
[’
>
n
e
[7)
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2
o
a

Figure 8. Structure of the entire RTD model based on the submodels for determining E(t) of the continuous mixing process.
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Table 5. Experimental points for validating the process section RTD
model.

Points  Screw speed n [1/min]  Solid content f [%]  Mass flow m [kgh™ ]

Vall 750.00 43 11.00
Val2 567.57 25 7.35
Val3 932.43 45 14.65
Val4 1200.00 35 9.00

four validation points (Table 5). In the slurry recipe of
the research project for agile production of Dbattery cells
(AgiloBat2, funding code: 03XP0369A), the solid content is
43%. Therefore, this solid content is chosen for one of the four
validation points (Vall). The other validation points are chosen
so that all the process parameters are varied. It is ensured that
they are within the cube of the BBD experimental design and in
different corners.

Validation point 1

—— Experiment|
1,00 ~ —— Simulation
0,75 -
o
£
g 0,50
o
0,25 -
0,00 T T T T T
0 20 40 60 80 100 120 140 160
t[s]
Validation point 3
—— Experiment
1,00 —— Simulation
0,75 -
o
£
g 0,50
o
0,25 -
0,00 T T T T T T T
0 20 40 60 80 100 120 140

t[s]
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These validation points were simulated and then compared to
the real curves. The results are shown in Figure 9. The green
curve represents the fluctuating experimental conductivity data,
while the blue curve represents the simulated values.

For the validation point Vall, the green and blue curves are
close together, especially as the normalized conductivity
increases. The time of the peak of the experimentally determined
CUIVES 1S yyg), et = 57.54 s and thus 3.88 s behind the peak of the
simulation. This corresponds to a relative deviation of 6.74%.
The mean residence time of the experimentally determined
curves is t,, e = 64.99 s. The residence time of the simulation
iS ty, im = 61.60 s. This is an absolute deviation of 3.39 s and a
relative deviation of 5.22%. Both curves are almost identical,
which indicates a high model quality. The other validation points
also show a high simulation accuracy, as shown by the quantita-
tive analysis of the blue and green lines. The comparison results
of the three additional validation points are summarized in
Table 6. The analysis shows that the deviations between the
experiment and simulation are small for all validation points.

Validation point 2

—— Experiment
1,00 —— Simulation
0,75
o
£
o
2050
o
0,25
OYOO'“_"'I]BII" T T T T T T e
0O 20 40 60 80 100 120 140 160 180 200
t[s]
Validation point 4
—— Experiment
1,00 —— Simulation
0,75
o
£
g 0,50 -
o
0,25
0,00 T T T T

T T T T
0 20 40 60 80 100 120 140 160
t[s]

Figure 9. Comparison plots for experimental (green) and simulated (blue) curves for the four validation points.
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Table 6. Comparison of real and simulated mean residence time t,, for the
process section.

Points b Real [S] o sim [S] At [s] Relative deviation [%)] MSE [s?]
Vall 64.99 61.60 3.39 5.21 0.00656
Val2 58.50 60.04 1.54 2.63 0.00420
Val3 48.29 48.19 0.10 0.21 0.00675
Val4 57.11 56.47 0.64 1.13 0.00856

The relative deviation of the mean residence times remains
below 6%, indicating a high degree of fit between the model
and experiment. The smallest deviation was found for validation
point Val3, with a relative difference of 0.21%, corresponding to
an absolute deviation of 0.1 s.

In addition, the mean square error (MSE) between the experi-
ment and simulation is calculated (Table 6). An ideal simulation
would have an MSE of zero. For the validation point Vall, the
MSE is 0.00656 s%, while for Val2 a lower value of 0.00412 s>
was determined, indicating a higher model accuracy in this case.
The validation points Val3 and Val4 have MSE values of
0.00675 s> and 0.00856 s*. These results confirm that the RTD
model accurately simulates the experimental data.

7.2. RTD Model Validation of the Liquid Systems and Hose

As mentioned before, the curve parameters A, xc, and ty, show a
high prediction precision with a mean deviation of less than 5%.
Only parameter w shows a larger deviation of 18%. The effect of
this deviation on the RTD is shown in Figure 10, where the exper-
imentally determined RTD curve (green) is compared with the
simulated RTD curve (blue). For better comparability, the mea-
sured conductivity was normalized to the range of 0-1 and then
divided by the area under the curve. The minimum residence
time of the experimental curve is t,, .,; = 130 s, while it is lower
in the simulated curve at t, g, =90 s. This deviation is

0,005 -
Experiment
—— Simulation

0,004

0,003 A

w

0,002 A

0,001

0,000 T T T T T T

0 200 400 600 800 1000 1200 1400

t [s]

Figure 10. Comparison of the simulation with the actual RTD in the sol-
vent dosing unit at a water mass flow rate of 6.34kgh™".
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acceptable, as from a process perspective it is more important
to remove material too early than to feed potentially bad material
to the subsequent process. The maximum peak of the RTD
occurs almost simultaneously for the experimental curve at
tpeak,real = 249 s and for the simulated curve at tye g = 253 s.
However, this deviation has only a small influence on the mean
residence time: at a mass flow of 6.34 kgh™, the experimentally
determined mean residence time is t,, ., = 346 s, while the sim-
ulated t,, s;,, = 349s is only 3 s higher. This corresponds to a rel-
ative deviation of only 0.87%, which confirms the high accuracy
of the prediction model for the solvent dosing unit.

7.3. RTD Model Validation of the Powder Dosing Unit

In the powder feeder, the RTD typically shows a bimodal curve.
This behavior is due to the presence of a core flow within the
hopper and feeder unit, as described in Section 5.

The modeling of the first peak has proven to be accurate, as
shown in Figure 11. Both the shape of the curve and the position
of the peak correlate well with the experimental data. The second
peak, however, shows more variability due to the complex inter-
action of factors such as powder flow behavior, residual mois-
ture, powder bridging, fill level, and agitator configuration.
While accurate simulation of this second peak remains a chal-
lenge, the current approach effectively approximates the shape
of the first peak as the most important part.

To further improve the accuracy of the model, a more detailed
analysis of the powder flow behavior is required. Particle-based
modeling of flow paths, which could provide deeper insight into
the formation of the second peak, is a promising area of future
research.

7.4. Entire Model Validation

After the individual submodels have been validated and show a
very high accuracy, the validation of the entire RTD model is per-
formed. The quality of the model is shown here following the

—— Experiment
1,04 —— Simulation
0,8
=06
w
0,4
0,2
0,0 T T T T T
0 500 1000 1500 2000 2500 3000

t[s]

Figure 11. Comparison of the simulation with the actual RTD in the pow-
der dosing unit at a powder mass flow rate of 11.77 kgh™".
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Figure 12. Comparison of the experimental curve (orange) with the sim-
ulated and predicted curve (blue) of the RTD.

material flow path of the solvent. The process parameters
selected are parameters that are not used to develop the submo-
dels and only used for model validation. In addition, the selected
process parameters represent a realistic process operating point,
which is also used in a similar way in an industrial production.

To record the experimental residence time curve, 20 mL tracer
was added impulsively with a pipette at position C (Figure 1). The
tracer concentration is measured at the outlet of the TSE at posi-
tion Z (Figure 1). Figure 12 shows the comparison of the mea-
sured normalized conductivity (orange) and the simulated
normalized conductivity (blue). The fluctuation in the orange
curve is due to the resolution of the conductivity sensor. The
tracer is added at t = 0s.

For the experimental curve, the minimum residence time is
tmin,real = 188.09 s. The peak is reached at tpeax rea1 = 333.28 s and
the mean residence time is t;, ;e = 545.8 s. A comparison with
the simulated residence time curve (blue) shows that the curves
are similar, especially up to t =500 s. After that, there is a devia-
tion between the curves, so that ty. sim = 1209.9 s and tyax real =
1829.04 s. This difference can be explained by the fact that due to
dead zones, turbulence and back mixing, the material can remain
at certain points longer than estimated by the simulation. This is
especially expected at transition points from one subsystem to
the next and at sharp edges. However, when looking at the char-
acterizing and important times t _and tpea, it becomes clear that
the deviation is only marginal. The deviation of t,m can be
explained as follows: the individual submodels already show
minimal deviations, which are increased by the mathematical
convolution operation. This is where the shift occurs.
However, it should be noted that from a process engineering
point of view it is more important that the simulated t,n, tpeak,
and t,, are ahead of the real-time values, as this is the only way to
ensure that, i.e., scrap is ejected in time. For this reason, the devi-
ation is not considered to be critical.

Optimization of the existing model, especially with regard to the
curve progression and the associated difference in ., seems to
be beneficial. Here, it is important to investigate whether using a
parameter-dependent stretching factor already offers a higher pre-
diction accuracy for the curve progression after the time t,, and
whether the difference for t,, can be reduced as a result.

Energy Technol. 2025, 2500395 2500395 (13 of 14)
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8. Conclusion

A model developed from experimental data is presented that pre-
dicts the RTD of a TSE based on the input process parameters of
screw speed, mass flow, and solid content. This is possible for the
entire mixing system and the process section, solvent dosing
unit, binder dosing unit, and powder dosing unit. The simulation
models show a high degree of accuracy for RTD simulation of the
solvent water and binder solution in the liquid dosing unit and
the process section. The use of an exponential model equation is
found to be suitable for accurately simulating the RTD in the sol-
vent dosing unit and binder dosing unit.

As a result, the residence times can be simulated with a very
high degree of accuracy from when the raw materials are added
to the end of the continuous mixing process. This precise simu-
lation enables process optimization and minimizes material
waste by allowing the selective separation of nonconforming
material, thereby reducing scrap to a minimum. In addition,
the RTD model makes it possible for the first time to provide
traceability in the continuous slurry mixing process in battery cell
production.

Based on the results presented, future research should inves-
tigate the effects of different screw configurations, process
parameters like temperature, shear rate, etc. and product param-
eters like viscosity on the RTD, as variations in design and pro-
cess are expected to affect material flow and mixing behavior
significantly. In addition, the effects of recipe changes particu-
larly change in mass content and component ratios for slurries
or alternative materials should be investigated to evaluate the
robustness of the model. Further studies should also focus on
the transferability of the RTD model to cathode production
and novel dry mixing techniques that are fundamentally different
from conventional slurry-based processes.

Appendix

Table 7. Experimental points of the Box—Behnken design.

Point n [rpm] m [kgh™'] f1%l
BBD1 482.43 11.00 20
BBD2 482.43 11.00 50
BBD3 482.43 5.65 35
BBD4 482.43 16.35 35
BBD5 750.00 5.65 20
BBD6 750.00 5.65 50
BBD7 750.00 16.35 20
BBD8 750.00 16.35 50
BBD9S 750.00 11.00 35
BBD10 750.00 11.00 35
BBD11 750.00 11.00 35
BBD12 1017.57 11.00 20
BBD13 1017.57 11.00 50
BBD14 1017.57 5.65 35
BBD15 1017.57 16.35 35
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