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Cells’ filling 

Cells’ filling - Final step of cell assembly: the last but not the least… 

State of the art 

The electrolyte filling step is well known as a critical operation for the performance of Li-Ion cells leading 

to high expenditure and manufacturing costs. 

The objective of filling equipment and process is to ensure that the electrolyte fills completely and 

homogeneously the free porosities of materials and electrodes structures to obtain all the cells reaching 

the designed capacity , BOL and EOL performance target at the lowest cost without manufacturing scrap. 

The filling specification has to be satisfied with the good equipment and process capability done in a 

filling time as short as possible to lower the expenditure and ensure quality, whatever are the difficulties 

done by the critical wetting characteristics of the inside cell materials with the electrolyte. 

Whatever is the cell design, prismatic or cylindrical cell with stacked or winded electrodes, the cell is a 

multi-layer system and have to be wetted completely and homogeneously with the designed electrolyte 

quantity. 

Due to the high vapor pressure of the electrolyte and the wetting boundary conditions, the fundamental 

target to obtain a complete and homogeneous filling can lead to a very complicated process. 

Li-Ion cells solvents and liquid electrolytes are attractive to hydrophilic and repulsive to hydrophobic 

surfaces depending on cathodes materials, separators layers and anode materials. 

The raw materials used in the electrodes of Li-Ion cells expend large surface areas to be covered by the 

liquid electrolyte during the filling process with the target to completely fill all the pores for an efficient 

ionic transfer and performance.  

However, these materials are showing poor wettability with the electrolyte, it can be characterized using 

the measurement of the contact angle on an electrolyte droplet on cathode, separator and anode materials 

showing high angle telling us that the filling process will be slow and difficult. 

These difficulties are increased for power cells with lower electrodes porosity and high number of 

electrode layers. 

An incomplete wetting of the electrodes leads to existence of dry areas that do not contribute to cell 

capacity , increase the internal resistance and represent sources of alteration and accelerated aging with 

electrodes damaging and degradation processes. 

Wetting agents can be used but the filling process optimization remains the main way to speed up the 

operation from hours down to a few minutes or less. 

In the manufacture of cells on a large technical scale, the electrolyte filling process is fully automated 

using precision pumps associated to complex multistep vacuum and or pressure sequences combined with 
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temperature and storage given expensive conditions, large room space, high maintenance and 

manufacturing costs. 

 

In the frame of ELIBAMA to Reduce the global cell production cost our main challenges for this filling manufacturing 
step are : 

 Decreasing the time and cost of this specific critical manufacturing process step,  

 Improving the process design without compromising cell performance, 

 Reducing the scrap rate , 

 Reducing particulate contamination at each manufacturing step (target ISO 7 or better). 

 Improving in-line process control in order to increase the overall production yield 

 Improving the ability to reuse battery at vehicle end of life  

 

 

What are the wetting mechanisms for cathode electrode, separator and anode electrode? 

What are the wetting mechanisms inside the cells in the multi layers system? 

Up today the wetting mechanisms inside a cell were not well known and under control, an analysis 

program was necessary to understand and manage the parameters to succeed the deep filling in a shorter 

time for mass production efficiency. 

What are the most important parameters? Vacuum, pressure, temperature, time,. Depending on cell 

design and composition? 

What are the best sequences and combination to apply to reduce the filling time with a complete deep 

filling of the porosities? 

What can be achieved with low porosity electrodes and aqueous cathodes? 

This has been the challenge of these studies and program, the filling process will still have a long life of 

continuous improvement to reach the perfection. 

 

Introduction 

In recent years there has been increased use of battery modeling and simulation in the exploration and 

development of advanced batteries for electric vehicles and consumer electronic applications.  

The concept for the improvement of the electrolyte filling process consists of a monitoring of the state of 

the art of the filling technology, different improvements of the existing parameters, and a final 

development of a new filling procedure. Novel monitoring tools had to be developed to have a feedback 

loop of an originally not-monitored process step. There were no useable technologies described in the 

literature. 



 

3   

   

All main parameters of the filling cycle could be monitored: Pressure, temperature, water content, 

viscosity, and wetting kinetic. Despite the in situ monitoring commercial sensor probes were used for 

temperature and pressure. 

Main influences 

Influence of the pressure and filling steps per cycle 

Pressure differences and the kinetic of changes of the pressure have a significant influence on both the 

quality of the wetting of surfaces and pores and the kinetic of the wetting process: The higher the quality 

of the wetting the lower the kinetic of the process. Therefore, an ideal set of pressure parameters could 

reflect the essential time for a process i.e., the maximum time per process step, to be used for the filling in 

order to acquire the highest quality of the wetting. 

Traditional filling cycles use only one filling step per cycle i.e., all the electrolyte is injected within one 

step. The improved cycle consists of different filling steps at different pressure levels which are an 

individual set of parameters for each type of electrode. The numerical simulation was enabled to calculate 

these parameters to avoid a high number of experiments. 

Influence of the temperature 

The viscosity of the solvents used for the preparation of electrolytes has a significant influence on the 

wetting kinetic and quality especially of (small) pores. Though the ignition point of typical solvents is not 

very high above room temperature (< 30 °C) especially during very fast filling steps in a low pressurized 

atmosphere (or during evacuation cycles) the temperature needs to be controlled. Due to the evaporation 

of small amounts of electrolyte in a low pressurized atmosphere the temperature of the electrolyte 

decreases which can highly influence the viscosity. Therefore, the viscosity of the electrolyte needed to be 

monitored accurately.  

Influence of additives 

A number of additives (surfactants) were investigated with respect to the influence on the wetting 

behavior. Especially for the numerical model the data of the surfactants proved to be essential to enable 

the option of the comprehensive calculation (prediction) of even unknown electrolyte mixtures. 

Influence of the water content 

The water content of the electrolyte needs to be very low (typically < 5 ppm). Nevertheless, even very 

small amounts of water (+/- 2 ppm) can significantly influence the viscosity of the electrolyte and, 

therefore, the water content needed to be monitored, too. In addition to the influence of the water content 

on the viscosity, the water content has a significant effect on the gas dissolubility in the electrolyte. 

Gas content in the electrolyte 

The content of gases in the electrolyte has a significant influence on the filling quality due to the influence 

of the gas content during pressure cycles. Dissolved gas can lead to a gas evolution in the case of a fast 

decrease of the pressure. Typically a foam of electrolyte can be formed which inhibits especially the parts 

of the electrode which are in the center of the cell. Therefore, the gas content of the electrolyte was 

monitored, too. 

Computational simulation 
Unique advantages of coupling first-principle modeling with experimentation include: 
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- Providing a more complete understanding of the fundamental chemical and transport processes 

occurring inside a battery, and hence helping identify key mechanisms and parameters governing 

battery performance. 

- Permitting what-if parametric studies to establish guidelines for more rational and therefore less costly 

experimental development efforts, particularly when destructive experiments are involved, such as 

abuse, thermal runaway and battery cycle life tests.  

- Accelerating battery development cycles by allowing engineers to evaluate many design alternatives 

prior to constructing a prototype cell and establishing a rational basis for design optimization and 

innovation. 

- Facilitating integration and interfacing of batteries with application devices like vehicles as well as the 

development of battery infrastructure such as chargers and thermal management systems by means of 

high-fidelity battery simulators rather than physical battery modules and packs. 

Some data in the literature have demonstrated the application of computer models to the first task with 

important examples of lead-acid,1 nickel-metal hydride,2 and lithium-based batteries.3 For the presented 

work a computer-based battery simulation environment was created to provide a convenient tool to 

undertake four parts mentioned above.4 This online simulation system allows users to submit input files, 

execute simulations, and receive results via the Internet in an encrypted format anywhere, anytime. The 

system has fully interactive pre- and post-processing interfaces and is particularly useful for battery 

designers and application engineers to collaborate via the Internet in real-time. 

This concept is a description of the results of work to explore experimental and especially computational 

fluid dynamics (CFD) techniques in conjunction with experimentation for fundamental battery research. 

The application of interest in this work is a commercial pouch-type secondary lithium-ion battery. This 

battery has many desirable characteristics as a power source such as high energy and power densities, 

high operating cell voltage, excellence voltage stability over 95% of the discharge, a high life-time, and a 

large operating temperature range. There is already a number of modeling studies in the literature. Earlier 

modeling efforts by Szpak et al.5 and Cho6 focused on the battery’s high-rate discharge and the ensuing 

thermal behaviors, whereas a most recent investigation of Jain et al.7 scrutinized fundamental 

electrochemical and transport phenomena at low to moderate discharge rates.  

An interesting phenomenon found to govern battery discharge in the latter regime is the electrolyte flow 

from the electrolyte header into the cell to replenish voids created by the volume reduction from reactants 

to products upon electrochemical reactions. This critical phenomenon cannot be addressed by almost all 

previous battery models that are one-dimensional in nature. Jain and Weidner8 showed that substantial 

modifications to a one-dimensional model are necessary in order to account properly for the reaction-

shrinkage induced electrolyte flow. While the modified one-dimensional model of Jain et al. is simple and 

efficient in predicting the discharge of only a very special cell chemistry which is a lithium-ion battery, a 

multi-dimensional model fully accounting for the electrolyte flow without making ad hoc approximations 
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is deemed valuable to gain a more fundamental understanding of the processes occurring in this type of 

batteries.  

The present report describes such a model and a finite-volume method of computational fluid dynamics 

(CFD) to simulate a lithium-ion battery in the operating regime of low to intermediate discharge rates. 

Computational fluid dynamics (CFD) is a numerical tool to analyze and optimize fluid flow, mass and 

thermal transport, and related phenomena (e.g. chemical reactions) that may simultaneously take place in 

a complex system. The broad scope, power, convenience, user interface, and pre- and post-processing 

capabilities developed for CFD over the last decade has made the technique very attractive. In the past it 

could be demonstrated its adaptation to solve electrochemical problems, in particular, battery problems 

that may simultaneously include electrolyte flow, charge transfer, species transport via diffusion, 

migration and convection, nonlinear charge transfer kinetics, andelectrode structural changes. In this 

work, it should be further demonstrated that the CFD technique in conjunction with visualization and 

animation tools can provide a viable means to fundamentally understand and diagnose advanced battery 

systems. 

Governing equations 

Based on the above-stated assumptions, a two-dimensional model for lithium-ion  batteries can be 

derived from the general modeling framework previously developed by Wang et al.  

Specifically, the present model consists of equations governing conservation of species, charge, mass and 

momentum in electrolyte and electrode matrix phases, respectively.  

Applying the general species conservation equation in Table I of Wang et al. to the species of interest in 

the lithium-ion  system, one obtains 

  (A1) 

for Li+, and 

 

for the anion. 

Here 

 

is for the 2-dimensional Cartesian coordinate system, c the concentration of a species in the electrolyte 

and j the volumetric reaction current resulting in production or consumption of the species. Subscript o 

denotes the solvent of the electrolyte, e the volume fraction of the liquid electrolyte, v the superficial 
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electrolyte velocity, Deff the effective diffusivity of the electrolyte, and tothe transference number of 

lithium-ion with respect to the volume-averaged velocity. 

In the above, the surface overpotential that drives the electrochemical reaction at the electrode/electrolyte 

interface is defined as 

 

where is the electric potential, with subscript s and e denoting solid and liquid phases, respectively. The 

last term, Uj,ref, is the open-circuit potential of electrode reaction j measured using a reference electrode 

under the reference conditions. 

In the equations above, a is the electrochemically active surface area per unit volume, with subscripts 1 

and 2 denoting anode and cathode, respectively. While a1 is assumed to be constant, a2 varies during 

discharge due to lithium precipitation via the following correlation 

 

where superscript o represents initial values. The exponent is an empirical parameter used to describe 

the morphology of the electroactive surface. 

The effective diffusivity of species in the electrolyte accounting for the effects of porosity and tortuosity is 

evaluated via the Bruggman correction 

 

where D is the diffusion coefficient of the electrolyte. 

Development of the numerical model 
Equation A1 in the present two-dimensional model can be reduced to Jain and Weidner’s model under 

two assumptions:  

1. the cell is one-dimensional so that all variables are uniform along the electrode height, and  

2. the electrolyte flow within the cell is caused only by the net volume reduction of the electrolyte due to 

the electrochemical reaction expressed by Li (s) Li+ + e-  

Integrating Eq. A1 over the electrode height results in 

  (B1) 

Under Assumption 1, Eq. B1 is then simplified to 
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  (B2) 

where 

  (B3) 

representing the net species flux from the top permeable surface. To arrive at Eq. B2, use has been made 

of the no-flux boundary condition at the cell bottom surface.  

In Case 1 where the excess electrolyte with initial concentration co enters the electrode, the molar flux of 

the electrolyte at y = H can be expressed, according to Assumption 2, as 

  (B4) 

Noting that 

  (B5) 

Eq. B4 thus becomes 

  (B6) 

In Case 2 where no excess electrolyte is present at the top and the free surface of the electrolyte recedes 

due to the electrolyte volume reduction, Eq. B3 is reduced to 

  (B7) 

where H is the moving electrolyte height, the velocity of which varies in accordance with the amount of 

volume reduction occurring inside the cell; namely, 

  (B8) 

Combining Eq. B7 with Eq. B8 yields 
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  (B9) 

Substituting Eq. B6 or Eq. B9 into Eq. B2 and making proper arrangements result in 

  (B10) 

for Case 1 where excess electrolyte is available above the cell, or 

  (B11) 

for Case 2 where there is no excess electrolyte in the battery.  

Equations B10 and B11 are identical to the one-dimensional species conservation equations developed by 

Jain and Weidner. In the parametric range examined in the present paper, the one-dimensional 

assumption of horizontal electrolyte flow appears reasonable as verified by the two-dimensional flow field 

presented in this paper. However, caution should be exercised that the one-dimensional model may not 

hold true in other circumstances. 

Experimental Verification 

To validate the numerical model developed in the preceding section, comparisons were made to the 

experimental data most recently reported by Jain et al. for a pouch-sized cell over a range of 

temperatures.  

Fig. 2 compares the predicted cell potential curves with the experimental results for constant load 

discharge at 50 W. Good agreement can be seen for all three operating temperatures, indicating that the 

present two-dimensional model can accurately predict the cell performance. Consistent with the previous 

work of Jain et al., the end of discharge marked by a drastic drop in the cell potential as seen from Fig.2 

for all three temperatures is due to the front of the cathode clogged with lithium-ion precipitate. It is also 

interesting to note that the modified one-dimensional model of Jain et al. accounting for a unidirectional 

electrolyte flow across the cell produced almost the same kind of comparisons with the experimental data. 

This fact prompts us to show that the present two-dimensional model is reduced identically to the model 

of Jain et al. under one-dimensional assumptions. The development of the model described above 

explains this derivation in detail and concludes that the two key equations in Jain and Weidner’s one-

dimensional model are indeed recovered. Moreover, the success of the one-dimensional model to capture 

the cell behavior implies that the unidirectional electrolyte flow must be a good assumption in the three 

cases examined in Fig. 2. This flow pattern is not apparent from the first glimpse but can be corroborated 

by the present two-dimensional flow simulation, as to be shown in the following. 
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Figure 2: Comparison of experimental and predicted discharge curves for a 50 W load at -55, -18, and 

25 °C. The symbols represent the experimental data, while the solid lines are the predicted results. 

Results 

Computational Visualization of the Electrolyte Flow 
A unique advantage of detailed two-dimensional computer simulation is the ability to visualize the 

electrolyte flow inside a battery, thus providing much insight into the battery internal operation during 

discharge. This capability, while highly desired for fundamental battery research, is difficult if not 

impossible to realize by pure experimentation. 

The electrolyte flow fields simulated by the present two-dimensional model are displayed in Figs. 3 and 4 

at four representative instants of time during battery discharge at -18 °C and -55 °C, respectively. These 

plots are in the form of streamlines, i.e. lines everywhere tangent to the velocity vector at a given instant. 

Different colors in the plots represent the magnitude of the velocity component in the vertical direction 

with the scale illustrated by the color bar on the side. 
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Figure 3: Electrolyte flow within the cell ¾ streamline plot. The cell is discharged at -0 °C with a 50 W 

load and the end of discharge is 135.2 hours. The color bars on the side denote the vertical velocity 

component in cm s-1. 

It is clearly shown from Fig. 3 that the electrolyte flow induced by volume reduction due to 

electrochemical reaction is in the horizontal direction from the separator into the cathode for most part of 

discharge. This is because the separator is highly porous and remains to be during discharge. Also, due to 

the large aspect ratio of cell height to the cathode width the horizontal flow is preferred over the vertical 

flow from the top of the cell to the bottom. Therefore, the separator essentially serves as a reservoir to feed 

excess electrolyte into the cathode. This flow pattern persists until the front side of the cathode becomes 

nearly plugged thus leading to blockage of electrolyte flow from the separator. At this moment, the 

electrolyte needed to fill voids created by the electrochemical reaction in the cathode must come from the 

top permeable surface. The transition in the flow patterns is illustrated in Fig. 3 at t = 127 h. As the end of 

discharge approaches (i.e. at t = 1 35 h), the front side of the cathode is completely plugged so that the 

electrolyte flows in the separator and cathode are entirely separated. Within the separator the electrolyte 

volume begins to expand due to the continual Li+ production from the anode, causing over-flow of the 
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electrolyte towards the top of the cell although the magnitude of its velocity is small. By contrast, the 

electrolyte is sucked into the cathode from the upper-right corner and flows towards the reaction sites at 

the separator-cathode interface where volume reduction continues to occur due to the cathode reaction. 

 

Figure 4: Electrolyte flow within the cell 0.75 streamline plot. The cell is discharged at -55 °C with a 0 W 

load and the end of discharge is 58.2 h. The color bars on the side denote the vertical velocity component 

in cm s-1. 

The electrolyte flow fields during discharge at -55 °C as displayed in Fig. 4 exhibit the same features as in 

the case of -18 °C, except that the flow becomes two-dimensional at earlier stages of discharge (see the 

image at the upper-right corner of Fig. 4). This is because the electrochemical reaction inside the cathode 

is more non-uniform at a lower cell temperature and hence more non-uniform electrolyte feed from the 

top header. 
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Experimental Investigation of Parameters of the Filling 
The characterization of the surfactants, which enhance the quality and speed of the wetting process of an 

electrode proved to be an essential part of the investigation of the influences of different parameters on 

the filling process. A set of chemicals could be identified with respect to different filling conditions 

(viscosity, speed of filling, temperature) The simulation of the wetting process led to a substantial 

understanding of the influences and the mechanisms of the wetting of electrode materials.  

With an improved statistical approach the number of experiments and/or simulations could be reduced 

significantly without a loss of (essential) scientific information. Finally, a set of "ideal" wetting states 

could be identified as a result of the simulation work.  

Mechanical parameters of the filling and wetting process were added to the computational model and 

analytic environment to enable a comprehensive description of even «indirect» parameters of the whole 

process. With these parameters and amendments added the imaging of the small microstructures was 

upscaled to a multiple stack (n > 3). The numerical model was updated using a 3D modeling environment 

which already proved to be suitable for multi-porous environments. All the results are excellent in line 

with comparable environments described for e.g., biological systems. Due to the novel point «aging of the 

wetting state» the model could be updated with respect to this point, too. 

Imaging 
The setup for the imaging of the state of the electrolyte filling consists mainly of a thermo sensitive IR 

camera, a heating source (constant temperature, T > 35 °C) and a xyz-stage. All data processing was 

performed by a computer, there was no on-chip pre-processing to avoid any loss of data. 

The experiments for the imaging of the state of wetting can be described as 2D and 3D experiments with 

significant differences in the resolution, measurement time, and output of data: While the 2D 

experiments result in measurement data from only one sheet of electrodes at very high resolution (< 3 

µm) and very short measurement time (< 2 s), the 3D experiments are able to monitor the state of wetting 

even in a large stack of electrodes (> 10 sheets) at spatial resolution. In this case, the resolution decreases 

to about 6 µm in xy-direction and the measurement time increases to about 6 s.  

Fig. 5-7 show three exemplary results of the imaging experiments. 

Fig. 5 exhibits a first 2D structure of a small test electrode for a proof of concept. A wetting profile was 

used which exhibits a wetting from the left to the right side. The differences in the wetted and non-wetted 

parts are clearly visible. 

 

Figure 5: First 2D structure of a small test electrode for a proof of concept. A linear wetting profile was 

used which caused a wetting from the left to the right side. 
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The same parameters (but for a 3D stack) were used for fig. 6. Here, the results of a first 3D wetting 

experiment (4 sheets of electrodes) are shown. The image shows a wetting profile in a 3D resolution. 

Every point of the xyz geometry of the cell can be monitored with respect to the wetting quality and the 

kinetic of the wetting process. The blue points exhibit small measurement spots for the pressure detection 

and can be neglected here. Though the image exhibits a high differentiation in color the homogeneity of 

the wetting is very high i.e., minima and maximum differ within a range of about 0.2 % here. 

 

Figure 6: First 3D wetting experiment (4 sheets of electrodes) which shows a wetting profile in a 3D 

resolution. Every point of the geometry of the cell can be monitored with respect to the wetting quality 

and the kinetic of the wetting process. The blue points exhibit small measurement spots for the pressure 

detection and can be neglected here. 

Since both pressure and time are critical parameters for the wetting processes, fig. 7 shows the result of a 

time resolved 3D monitoring of a wetting experiment with a filling and pressure shockwave for the 

detection of the influence of mechanical pressure on the wetting. The pressure effect proved to have a 

significant influence on the wetting especially on the edges of a pouch cell while the shockwave of a 

manual pressure shock could be monitored even with time resolution. 

 

Figure 7: Time resolved 3D monitoring of a wetting experiment with a pressure shockwave for the 

detection of the influence of mechanical pressure on the wetting. 
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The results of the concept and experiments described above can be summarized as follows:  

- There is a comprehensive set of data for surfactants and additives which was used for the modelling, 

too. In general, the model is able to predict the influence of changes in the set of chemicals on the 

wetting quality and kinetic and/or calculate the influence of temperature, water content, pressure, 

filling profile, and mechanical influences on the filling process. 

- Due to a linked set of data for aging processes the model can even predict the influence of 

inhomogeneously wetted parts of the electrode on aging processes of the electrode or electrolyte. 

- The mechanisms of wetting and spreading of organic electrolytes with different salts can be both 

described (computationally) and monitored (imaging) simultaneously. 

- With an improved statistical approach the number of experiments and/or simulations could be 

reduced significantly without a loss of (essential) scientific information. 

- Most of the numerical modelling and statistical calculations of the more complex questions (wetting 

kinetic with respect to unknown chemicals, water content, etc.) was performed primarily in FORTRAN 

95 (imaging and data output was realized with COMSOL) since a significant amount of own program 

code was needed. 

- Quality, homogeneity and kinetic of wetting processes can be monitored at 2D and 3D resolution; both 

can be linked with the time scale at a moderate resolution (approx. 1-2 s for 2D, approx. 5-6 s for 3D). 

- A set of different measurement conditions was determined. This set helps to decide whether 3D or 2D 

imaging is preferred for the monitoring of different types of wetting processes (small pores, large 

areas, single- or multi stack, etc.). 

- A statistical approach helps to reduce the number of real experiments. 

Evaluation of the influence of the different improvements 
 

Though each different step of the improvements of the electrolyte filling process had a significant 

contribution to the reduction of the filling time, the reduction differs significantly between the process 

steps. Figure 8 shows the reduction of the filling and wetting time with respect to the different procedures. 

It becomes evident that the pressure had the most important effect which corresponded to the prediction 

from the numerical model. Though the influence of the microfluiddynamic measurements (contact angle) 

had the lowest influence on the reduction of the filling time these data were essential for the built-up of 

the mathematical background. 
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Figure 8: Reduction of the filling and wetting time with respect to the different procedures. 

For the improvement of the wetting quality the same delineation is presented in figure 9. Though the 

quantity of the influence changes slightly the order of precedence of the different procedures stays 

constant. 

 

 

Figure 9: Improvement of the resulting homogeneity of the wetted electrodes with respect to the 

different procedures. 
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