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Abstract

Simulation of Intermittent Current Interruption
measurements on NMC-based lithium-ion batteries

Daniel Lindqvist

The objective of this report was to implement battery cycling and 
an intermittent current interruption (ICI) method for determining 
battery resistance into a simple lithium-ion battery model in the 
finite element methods (FEM) program COMSOL Multiphysics, and
evaluate how accurately the model reflects the behaviour of 
voltage and internal resistance with respect to experimental 
results. The ICI technique consists of repeating the steps of 
first having a longer charging period and then having a short 
current interruption, where the internal resistance is calculated 
from the voltage drop that occurs when the current is turned off. 
The model was evaluated against measurements, made with the same 
technique (ICI), on assembled NMC-graphite batteries. Codes 
written in the statistical programming language “R” were used to 
process the data from both COMSOL and the experiments. Both the 
batteries and the model were constructed with a reference 
electrode, to enable measurement of each electrode by itself.

The results as documented in this report show that it is possible 
to simulate the measurement technique in COMSOL, but that both the 
resistance and voltage profiles differed quite a lot from the 
behaviour of the tested batteries. The resistance of the positive 
electrode did however give good results and it was possible to 
improve the model by changing some parameters. The magnitude of 
the resistance, which was already quite close, could be improved 
by changing the porosity and particle size, and the voltage 
profiles were improved when using voltage-data achieved from the 
real measurements.
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Populärvetenskaplig sammanfattning 
I dagens samhälle används batterier till många olika ändamål, allt ifrån i mobiler och datorer, till bilar 

och leksaker. Det är därför viktigt att undersöka, utveckla och förbättra dem, finna nya material att 

använda och kartlägga reaktioner och beteenden hos de som redan existerar. Ett sätt att undersöka 

batterier är att skapa modeller och undersöka hur dessa modeller reagerar på förändringar av olika 

parametrar, vilket går snabbare än att utföra mätningar på riktiga batterier. För att detta ska fungera 

måste dock modellerna vara bra på att imitera ett batteris beteende, vilket kan vara komplicerat. Men 

då datorer är kraftfulla nog för att utföra extremt många beräkningar på kort tid har metoder som 

Finita Element Metoden (FEM) börjat kunna användas för att, med hjälp av materialens kemiska och 

fysiska egenskaper, simulera ett batteris beteende.  

Det är ett sådant program, som använder sig av FEM, som har använts i den här rapporten. 

Programmet heter COMSOL Multiphysics och i det finns en modul som är speciellt anpassad för att 

modellera och utföra simuleringar av batterier och bränsleceller. Målet med rapporten var att 

undersöka om det skulle gå att, för en enkel batterimodell, införa en viss mätteknik (beskrivs mer 

ingående nedan), i COMSOL och hur bra modellen i så fall kunde efterlikna ett riktigt batteris beteende. 

För att validera modellen jämfördes dess data med data erhållen från mätningar utförda på riktiga 

batterier och för att möjliggöra jämförelser mellan enbart en av elektroderna i taget så skapades både 

batterierna och modellen med en referenselektrod mellan de två aktiva elektroderna. 

En av de vanligaste typerna av batterier idag är litium-jon batterier, och det finns många olika typer av 

dessa, som använder olika material med olika typer av sammansättningar. En av dessa är 

Li(NixMnyCoz)O2 (förkortas till NMC), vilket är en sammansättning av litium, nickel, mangan, kobolt och 

syre. Det är ett sådant, NMC-baserat batteri, som har undersökts och använts som referens mot 

modellen. Mättekniken som användes är till för att, genom ett batteris spännings-beteende, ta reda 

på den inre resistansen i batteriet. Mättekniken, som förkortas till ICI på grund ut av det engelska 

namnet ”Intermittent Current Interruption”, gick ut på att repetera processen att först ladda batteriet 

ett bestämt antal minuter, sedan pausa i upp till ett par sekunder, för att sedan fortsätta ladda 

batteriet. För varje gång strömmen stoppas så räknas den inre resistansen ut med hjälp av det 

spänningsfall som uppstår i batteriet. På så sätt erhålls data relativt snabbt för hur ett batteris resistans 

förändras medan det cyklas. 

Arbetet visade att det var möjligt både att modellera ett NMC-batteri, att implementera ICI tekniken 

och cykla batteriet mellan två spänningsnivåer, i COMSOL. Emellertid syntes en tydlig skillnad mellan 

resultaten från modellen och från mätningarna på batterierna. Skillnaden mellan resistansen i 

modellen och de riktiga batterierna skilde sig dock enbart med en faktor 1.5. För att öka likheten i 

spännings-profilerna mellan modellen och batterierna, så utfördes ett test där spännings-data från 

batterierna användes i modellen. Detta gav goda resultat under första halvan av cykeln. Parametrar så 

som porositet och partikelstorlek varierades även i modellen, för att undersöka deras påverkan på 

resistansen och kapaciteten. Enligt testerna så minskade resistansen med minskande partikelstorlek, 

och minskande porositet. Den totala kapaciteten ökade även då porositeten minskade, vilket beror på 

att en minskning i porositet innebär en ökad andel NMC-material och alltså ett ökat antal litium joner. 

  



Executive summary 
In this thesis, an intermittent current interruption (ICI) method was implemented into the modelling 

program COMSOL Multiphysics, with the purpose of investigating the feasibility of the implementation 

of this method and how well a simple battery model simulates resistance and voltage profiles with a 

model Li-ion battery chemistry. The ICI technique consists of switching between longer charging 

periods (e.g., several minutes) and a short current interruption (e.g., 1 second). From the voltage drop 

during the current interruption, the internal resistance of the battery is calculated. To evaluate the 

model, small-scale pouch cells with Li(Ni5/10Mn2/10Co3/10)O2 (NMC) and graphite electrodes were 

assembled and measured with the ICI technique. Both the cells and the model were constructed with 

a reference electrode, so that the voltage and resistance for each electrodes could be determined 

separately. 

The ICI measurement sequence was successfully implemented into COMSOL and provided simulation 

data from which internal resistance could be calculated. When comparing the simulation- and 

experimental data it is clear that the model does reflect some aspects of the experimental results, 

especially the trend in resistance vs SoC for the positive electrode as well as the magnitude of the 

resistance. The shape of the resistance curve for the negative electrode differed from the experimental 

batteries, but this is because the model assumes lattice gas behaviour, where the ions are uniformly 

distributed in the structure (and on which assumption the calculations of Rct are based), when graphite 

in reality follows a staging process. In total, the magnitude of the simulated resistance was a factor of 

1.5 higher than the experimental cells, which is a relatively good agreement. The voltage trend of the 

model also differed from the batteries, but this is because the voltage profiles followed by the model 

are empirical. When voltage data from the experiments were used instead of the default profile, the 

fits were improved. The model also demonstrated that the resistance depend significantly on the 

porosity and particle size in the electrode. 

A more accurate description of the chemistry of the materials is needed to properly model the 

resistance behaviour, but this is a topic for future research.  
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Abbreviations 

BDF Backward Differentiation Formula 

CMC Carboxymethyl Cellulose 

DEC Diethyl Carbonate 

EC Ethylene Carbonate 

EIS Electrochemical Impedance Spectroscopy 

FEM Finite Element Method 

GITT Galvanostatic Intermittent Titration Technique 

HPPC Hybrid Pulse Power Characterization 

ICI Intermittent Current Interruption 

LiB Lithium-ion Battery 

MCMB Mesocarbon Microbeads 

MUMPS Multifrontal Massively Parallel Sparse direct solver 

NMC LiNi5/10Mn2/10Co3/10O2 

NMP N-Methyl-2-pyrrolidone 

PDE Partial Differential Equations 

PVDF Polyvinylidene Fluoride 

SBR Styrene-Butadiene Rubber 

SEI Solid-Electrolyte Interphase 

SoC State of Charge 

SoH State of Health 
 

  



Nomenclature 

𝐴 Area   [𝑚2] 

𝛼𝑎 Anodic transfer coefficient  [𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠] 

𝛼𝑐 Cathodic transfer coefficient  [𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠] 

𝑐𝑖  Concentration of species 𝑖  [𝑚𝑜𝑙/𝑚3] 

𝐷𝑙  Electrolyte diffusivity  [𝑚2/𝑠] 

𝜖 Volume fraction  [𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠] 

𝐹 Faraday’s constant  [𝐶/𝑚𝑜𝑙] 

𝑓 Activity coefficient  [𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠] 

𝜑𝑖  Potential variable of phase 𝑖 (solid/liquid) [𝑉] 

𝑖 Current density  [𝐴/𝑚2] 

𝐽 Flux   [
𝑚𝑜𝑙

𝑚2 ∙ 𝑠
] 

𝑘0 Heterogeneous rate constant [𝑚/𝑠] 

𝑀𝑤 Molecular weight  [𝑔/𝑚𝑜𝑙] 

𝑛 Number of participating electrons [𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠] 

𝜂 Overpotential   [𝑉] 

𝑄𝑡ℎ Theoretical specific capacity  [𝑚𝐴ℎ/𝑔] 

𝑅 Universal gas constant  [
𝐽

𝑚𝑜𝑙 ∙ 𝐾
] 

𝑅𝑙  Electrolyte resistance  [Ω] 

𝑟𝑝 Particle radius   [𝑚] 

𝜎 Conductivity   [𝑆/𝑚] 

𝑇 Absolute temperature  [𝐾] 

𝑡+ Transport number of positive ions [𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠] 

𝑡 Time   [𝑠] 

𝑣𝑠 Stoichiometric coefficient  [𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠] 
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1 Introduction 
Batteries are used in a variety of applications today and the dependency will probably increase in the 

future. One of the fastest growing types is the lithium-ion battery (LiB), which uses lithium ions as the 

working cation. Common positive electrode materials are for example LiCoO2 or LiMn2O4, but another 

well used material, that is still developing is the Li(NixMnyCoz)O2 [1]. Several different ratios of the 

transition metals have been investigated, but the one that will be studied in this report is NMC-523, 

LiNi5/10Mn2/10Co3/10O2, hereafter referred to as NMC. 

Since LiBs operate via chemical reactions and a flow of electric charges they are subjected to processes 

that wear on them, with the result that their performances deteriorate over time and use. Two results 

of this aging are the fade in capacity and power, where the power fade refers to the increasing 

overpotential and the capacity fade is due to immobilization/loss of lithium to other reactions [2,3]. 

Both the degradation of capacity and power compared to the original values are usually included in 

the so called state-of-health (SoH) of a battery. Therefore it is important to estimate and keep track of 

the SoH [4]. One important indicator that is closely related to the SoH is the internal resistance and 

how it changes during operation [5,6]. There are many different methods to determine resistance 

changes, for example galvanostatic intermittent titration technique (GITT), electrochemical impedance 

spectroscopy (EIS), hybrid pulse power characterization (HPPC) and intermittent current interruption 

(ICI). One of the most widely used techniques, that is also considered very powerful, is EIS. It uses 

sinusoidal current or voltage signals of different frequencies to analyse the behaviour of the battery. 

Different processes or combinations of processes are visible when using different frequencies, and 

when the whole frequency spectrum is combined a lot of information about the battery can be 

obtained, such as RC time constant, relaxation frequency and total resistance. Two drawbacks, though, 

are that it can be very complex as well as being relatively time consuming [7]. Compared to the EIS the 

ICI is a much faster technique [8], and it can give comparatively accurate results [9], but what it gains 

in simplicity and speed it loses in detail. The measurement technique EIS can distinguish between 

different processes and give information that is more detailed while ICI only gives a single value for all 

processes combined. 

To analyse battery behaviour and aging accurately with a computer model is of great interest, and to 

do so with finite element methods (FEM) is of particular interest. A FEM software that has been widely 

used to simulate physical-based problems is COMSOL Multiphysics. This software is of particular 

interest for battery modelling because of its “Battery and Fuel cell” module, which contains 

descriptions for thermodynamics, kinetics and transport processes in batteries and fuel cells as well as 

empirical data for common materials. In this work, this module will be used to introduce continuous 

resistance determination, with the ICI method, to a simple model of an NMC-graphite battery. How 

well the model can simulate the behaviour of a real battery on both the internal resistance and the 

voltage profile will be investigated. To evaluate the results, the data will be compared with 

experimental data obtained from prototype cells. 
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1.1 Goal 

The main goal for this project was to investigate the possibility to implement the intermittent current 

interruption measurement technique into the modelling program COMSOL Multiphysics. The battery 

to be simulated was a typical lithium-ion system, using NMC as the positive electrode and graphite as 

the negative electrode. A system consisting of three electrodes (i.e. including one reference electrode 

against which the voltage and resistance of the positive and negative electrode can be distinguished) 

will also be modelled. The results from the simulations will be compared to experimental small-scale 

pouch-cell batteries. 

1.2 Approach 

The project can be broken down into four different steps:  

1. Literature study and theory, to get a deeper knowledge about the reactions within the battery. 

2. Creation of the battery model. This means learning both how to create the model of the battery 

in COMSOL and how to implement the cycling and ICI measurement technique. 

3. Assembly and measurement of real cells. Learning the procedure of battery assembly in the 

lab and how to handle the measurement apparatus. To practice battery assembly two 

equivalent electrode pouch cells were made, and later extended to the three electrode cells 

used for the final report. 

4. Improving the battery model, which includes both writing the code that imports the modelled 

data into R, so the resistance can be calculated and compared to the real data, as well as 

evaluating possibilities to improve the model. 
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2 Theory 

2.1 Battery 

A battery consists of one or more electrochemical cells where each cell consists of two electrodes 

separated by a separator filled with electrolyte (see Figure 1). The electrodes need to have different 

redox potential and do in most cases react with the same cation (ion with positive charge). The 

electrolyte is there to enable the cations to travel between the electrodes and the separator is there 

to prevent electrons from travelling between them. In this way, electrons have to travel outside the 

cell and their energy can be used.  

In LiBs the working cation is the lithium ion and it is represented by the blue spheres in Figure 1. The 

most common electrodes in LiBs are called intercalation materials, which means that they have a 

layered structure, which enables ions and even molecules to be inserted, intercalated, into the 

structure. This is why both the NMC and graphite electrodes are depicted as a layered structure in 

Figure 1. In an ideal battery the only reactions that occur would be the intercalation of lithium ions in 

the electrodes, but in reality there are many other so-called parasitic reactions happening, between 

the electrodes, the electrolyte and the lithium ions. One such reaction is the solid-electrolyte 

interphase (SEI) which occurs at the surface of the negative electrode [10] and will be more thoroughly 

explained in 2.2.  

The total amount of electrons a battery can release and store is the capacity of the battery. The 

“specific capacity” can be achieved by dividing the capacity of an electrode by the weight of the 

electrode. The capacity is usually measured and given in ampere hours (Ah), which is the sum of the 

total time it take to charge or discharge a battery with a given current. The magnitude of that current 

compared to the time it takes to fully (dis)charge the battery is what is referred to as the C-rate. A rate 

of 1C corresponds to a (dis)charging time of 1 hour. If the C-rate is doubled the (dis)charging time is 

halved. For example, if the C-rate is C/10 the battery will be (dis)charged in 10 hours while a C-rate of 

10C mean that the battery will be (de)charged in 6 minutes. 

A common way to refer to the electrodes in a battery is as the anode and cathode, where the cathode 

is the electrode that receives electrons (reduction) and the anode the electrode that send them away 

(oxidation). This means that an electrode in a rechargeable battery can formally be either an anode or 

a cathode depending on if the battery is charging or discharging. Because of that, the names “positive 

electrode” and “negative electrode” will be used in this report, according to their redox potentials. The 

positive electrode is the NMC and the negative electrode is the graphite. 



4 
 

 

Figure 1. Schematic representation of a discharging battery with graphite as the negative electrode (black) and NMC as the 
positive electrode (blue). The light blue spheres symbolize lithium ions and the beige area the separator. The orange and 
grey area represent the copper and aluminium current collectors. 

2.2 Internal resistance 

When the voltage of a battery is measured during load and no-load, two different voltages will be 

observed. The difference between them is called the over potential and it occurs in part because of 

the resistance due to different processes within the battery, which creates a small voltage drop when 

a current is passed. These resistances arise from the different material characteristics and processes 

within the battery. They can be divided into two different groups, one containing the contributions 

from the ohmic and kinetic resistances, referred to as internal resistance, and one group containing 

the contributions that are, in part, reactive (consisting of for example the charging of the electric 

double layer and diffusion). The internal resistance consists of, for example, electronic resistance in 

the electrode, ionic resistance in the electrolyte and charge transfer resistance at the 

electrode/electrolyte interface [11]. The electronic and ionic resistances in the electrodes and 

electrolyte are ohmic. The double layer on the other hand, which is adsorbed ions at the electrode 

surface, behave as a capacitor, and the diffusion of species (both in solid and solution phase) occurs in 

response to gradients in concentration of those species. 

The charge transfer resistance is a kinetic resistance that is not necessarily ohmic, because of the 

exponential relation to the overpotential. It is directly related to the Butler-Volmer equation (1), which 

describes the relationship between current and overpotential for electron transfer processes. 

𝑖 = 𝑘0𝐹 (𝑐𝑅𝑒𝑑 𝑒
𝛼𝑎 𝐹 𝜂

𝑅 𝑇 − 𝑐𝑂𝑥 𝑒
−𝛼𝑐 𝐹 𝜂

𝑅 𝑇 ) (1) 

In equation (1), 𝑖 is the resulting current density (A/m2). As can be seen in the equation, there are two 

contributions, one from the reduction side and one from the oxidation side. The transfer coefficients 

(𝛼) are there since a reaction sometimes is prone to go one way more than the other, depending on if 

the intermediate state between the reduced and oxidised states (the transition state) is closer to one 

or the other. A schematic picture can be seen in Figure 2, where the reduction contribution is the blue 

line, the oxidation contribution is the red line and the resulting net current is the black line in-between 

them. In the figure, the y-axis is the current density and the x-axis the overpotential.  
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Figure 2. Voltage vs Current for the Butler-Volmer equation (black) with the positive electrode contribution (red) and 
negative electrode contribution (blue) 

This means that in reality, the resistance caused by the charge transfer, does change depending on the 

overpotential. There is however a span in the middle where the current and the voltage do have a 

linear, or close to linear, relationship and therefore a constant resistance. So, for small overpotentials 

(i.e., <20 mV), the charge transfer resistance can be assumed to obey Ohm´s law [12,13]. It can then 

be approximated to the linear relation in equation (2), where the exchange current density 𝑖 can be 

expressed as (3). In the equations, 𝑛 is the number of electrons transferred in the electrode reaction 

(1 in the case of Li-ion battery reactions). 

𝑅𝑐𝑡 =
𝑅𝑇

𝑛𝐹𝑖
 (2) 

 

𝑖 = 𝑛𝐹𝐴𝑘0𝐶𝑅𝑒𝑑
𝛼𝑅𝑒𝑑𝐶𝑂𝑥_ 

𝛼𝑂𝑥 (3) 

Materials such as graphite do however behave differently, since they intercalate ions in a staging 

process where they group together and fill certain layers at a time [14], compared to the lattice gas 

model, where ions spread out uniformly. The stages of graphite are named after how many graphene 

layers there are between each filled space and Figure 3a is a simple schematic picture of the three first 

stages. Studies also show that there can be a shift within the layers, which results in internal domains, 

illustrated in Figure 3b [15], that can affect the internal dynamics of for example porous electrodes. 
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Figure 3. The staging process of graphite, where the black lines represent graphene layers and the blue circles the 
intercalated lithium. (a) shows the three first stages and (b) shows a shift in the layers during the second stage. 

2.2.1 Battery aging 

As mentioned earlier there are a lot of different side reactions occurring during battery use that have 

a negative effect on the battery´s SoH, by both increasing the ionic and electric resistance and by 

decreasing the capacity of the battery. 

One of these reactions is the formation of the solid-electrolyte interphase (SEI). It is an irreversible 

decomposition of the electrolyte, which occurs at the surface of the electrode. Since the reaction 

typically involves the consumption of lithium ions it decreases the capacity of the battery as well as 

increases the internal resistance [10,16]. But the formation of a SEI layer is not only a negative factor 

since it also works as a protective layer for the electrode materials. For graphite it can for example 

protect against exfoliation [16], which is when the layers are torn apart. Even though lithium ions can 

travel through the SEI layer it is almost impenetrable for the electrolyte molecules and electrons. 

Further growth of the SEI layer is suppressed because of this reason. One effect of intercalation and 

deintercalation of lithium ions in the electrode is that the volume will change slightly. This in turn can 

lead to cracks in the SEI layer which will lead to further growth of the layer. Because of these cracks 

and when the electrolyte molecules get into contact with electrons through the layer, the SEI layer will 

continue to increase slightly during a battery’s lifetime [17]. A layer similar to the SEI layer is also 

formed on the positive electrode, but it do not have nearly as significant an impact on the cell 

performance [16,17]. The resistance is also increased by the deposition of compounds that do not 

conduct lithium ions and thus decreases the accessible active material surface area [18,19]. 

Another reaction that increases the resistance of the battery by for example making the SEI layer more 

conductive and thus increasing the growth, is positive electrode dissolution [18]. This is when one of 

the transition metals, most commonly Manganese, is ionized instead of the lithium. The transition 

metal ion then migrates to the negative electrode and is deposited there, where it can disturb the SEI 
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layer as well as limit the lithium intercalation [20]. This is one of the reactions that decrease of active 

material in the cell, which decreases the capacity. 

Current collector corrosion is another example of a reaction that contributes to the battery aging by 

decreasing the electronic conductivity between current collector and electrode [21]. It can for example 

occur due to traces of water in the electrolyte, resulting in HF formation from reaction with the 

electrolyte salt [22]. 

2.3 Measurement technique 

The method used for measuring the internal resistance of the batteries was, as mentioned before, the 

ICI. The technique uses a sequence consisting of first charging/discharging the battery with a constant 

current for a certain interval and then having a short current interruption (for example, 1 second 

duration). In many cases, during the current interruption, the voltage will first go through an almost 

instantaneous change (see the arrow “a” in Figure 4.) and then a much slower one (see the arrow “b” 

in Figure 4).  

 

Figure 4. Voltage vs time for a simulated current interruption where “a” points out the instantaneous drop (IR-drop) and 
“b” points out the slower decrease (diffusion) 

The internal resistance is then calculated from the voltage behaviour during the current interruption. 

To understand the basic principle, one can look to the Randle equivalent circuit model, which is well 

used in electrochemistry [23,24] and can serve as a very simplified model for a battery electrode (see 

Figure 5). 
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Figure 5. Randle-circuit 

In this circuit all the ohmic resistances (ionic resistance in the electrolyte and the electric resistances 

in the current collector and electrode) are put together in the 𝑅Ω element and the 𝑅𝐶𝑇  corresponds to 

the charge transfer resistance. The “W” next to 𝑅𝐶𝑇  is the Warburg impedance, which is the inductive 

circuit element representing the diffusion, and the capacitance CDL corresponds to the electric double 

layer. Since the charging of the electric double layer happens in parallel with RCT and the diffusion, CDL 

is placed in parallel to them in the circuit. During the current interruptions, data points were acquired 

every 0.1 second, and since the charging of the double layer is generally on a faster timescale [9,12], 

the circuit could be simplified to a single resistor (𝑅Ω + 𝑅𝐶𝑇) in series with the diffusion impedance. In 

Figure 4 the first drop, pointed out as arrow “a”, is the entirely resistive part of the circuits and 

therefore it happens almost instantaneously after the interruption of the current. The second part, 

marked with arrow “b”, is mostly due to diffusion of species in response to the change in current and 

will, after enough time has passed and the cell reaches equilibrium, relax to a constant voltage. 

When the battery is charging, the overpotential is positive and so the voltage will decrease throughout 

the interruption (as can be seen in Figure 4). The reverse is true on discharge. GITT measurements 

show that the diffusion overpotential varies with the square root of time [25,26], which means that 

the voltage of a battery usually is linear with t1/2 for a finite time after a current interruption. So to 

extrapolate out the contribution from mass transport and get a more accurate solution, regression 

using that relationship is used to extrapolate to the exact time when the current interruption starts. 

This is what has been shown in Lacey´s report [9] to get similar results as to EIS measurements, which 

is considered an accurate method. 
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2.4 COMSOL and FEM 

COMSOL Multiphysics is, as mentioned earlier, a commercial software that is used to simulate 

physical phenomena. It uses the laws of physics to build up the model that then can be solved over 

both time and space. Physical processes vary in both time and space, so to compute simulations 

usually includes solving one or several partial differential equations (PDEs). A PDE is an equation that 

contains a function of two or more independent variables and its derivatives. Most of the time these 

PDEs are too complicated to be solved analytically and as mentioned earlier, FEM is the method 

COMSOL uses to create numerical equations that approximate the solution of the PDEs. The way 

FEM works is to first go through a process called Meshing, where it discretizes the geometry and thus 

divides it into a number of smaller pieces called cells or elements. Each element is connected to its 

neighbours through points called nodes. It then creates a system of equations of the type (4) 

 𝑄𝑥 = 𝑏  (4) 

where x is the vector of unknowns, Q is a matrix of coefficient/material constants and b is a vector of 

conditions. Since every element is sharing at least one node with an adjacent element the solutions 

can then be stitched together again. 

To give a simple example let us say there is a beam with one end attached to a wall, the other end 

attached to a weight (see Figure 6) and that we want to know the deformation. Then x would be the 

displacement, A the stiffness of the material and b the condition that the nodes connected to the wall 

has zero displacement and the nodes connected to the weight are subject to the force 𝑚𝑔. 

 
Figure 6. (Left) A beam with a weight on one end and the other fixed in a wall. (Right) The beam divided into elements (the 
red dots are subject to a force, the blue dots fixed and the black ones depend solely on their neighbours) 
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3 Experiment 

3.1 Battery 

To get more information out of the measurements, the batteries were made with a reference 

electrode. When two electrodes are used, the total potential between them can be measured, but it 

does not give any information about how the two electrodes behave separately. By measuring the 

potential between a reference electrode and either of the two working electrodes, such behaviours 

can be observed. 

Experimental batteries were prepared in a pouch cell with graphite as the negative electrode, 

Li(Ni5/10Mn2/10Co3/10)O2 (NMC) as the positive electrode and lithium as reference electrode. The NMC 

and graphite electrodes were purchased as-prepared from MTI Corporation. For the graphite 

electrode, Styrene-Butadiene Rubber (SBR) and Carboxymethyl Cellulose (CMC) were used as binders 

and Super-P from TIMCAL, as a conductive additive. For the NMC electrode, the binder was 

Polyvinylidene Fluoride (PVDF) solved in N-Methyl-2-pyrrolidone (NMP) and the conductive additive 

was Super-C45 from TIMCAL. The graphite was coated on a copper foil substrate and a piece of copper 

was used as current collector for the negative and the reference electrodes. For the NMC electrode 

both the foil it was coated on and the current collector was made of aluminium. Celgard 2325, which 

is a trilayer polypropylene-polyethylene-polypropylene membrane, was used as the separator, and the 

electrolyte was 1 M LiPF6 in 1:1 EC:DEC (EC=ethylene carbonate, DEC=diethyl carbonate). Before 

assembly, both the graphite and NMC electrodes were dried in a vacuum oven at 120 oC for 12 hours. 

The assembly took place in a glove box with an argon atmosphere, and the pouch was sealed with a 

vacuum sealer. Both the positive and the negative electrodes were cut into discs with a diameter of 20 

mm, while the reference electrode was shaped as a ring with a 22 mm inner diameter and 26 mm outer 

diameter. The pouch cells were assembled according to the diagram in Figure 7. A few drops of the 

electrolyte was added to both separators during assembly, and to make sure the current collectors 

would not accidentally be exposed to the electrolyte, they were covered almost all the way down with 

Kapton tape. 

Batteries made without a reference electrode were assembled the same way, but without one of the 

separators, the lithium ring and the middle current collector. 
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Figure 7. Graphite-NMC pouch cell with reference electrode 

According to MTI Corporation, the specific capacity of the NMC electrode is 155 mAh/g and the active 

material density is 121 g/m2. Given that the cells were made of circular electrodes with a diameter of 

20 mm this would result in a capacity of 5.89 mAh.  

The specific capacity of the graphite electrode is 330 mAh/g and the density is 60 g/m2, resulting in a 

capacity of 6.22 mAh. 

3.2 Measurements 

For this report the measurements were made with two different systems, a MPG-2 potentiostat from 

BioLogic and an Arbin BT-2043 battery testing system. The MPG-2 was used for the three-electrode 

test cells since the Arbin can only perform measurements on two electrodes systems. For both 

systems, the battery was cycled between 3 V and 4.2 V, with recurring cycles of current applied for 5 

minutes, followed by interruptions of 1 second. A current of ±0.589 mA was used, which represents a 

rate of C/10 according to the capacity from the material specification of the NMC electrode. This C-

rate was chosen as a moderate-to-slow rate to give an adequate amount of measurements for the 

resistance as well as to be able to assume the charge transfer resistance is Ohmic. It would in theory 

give 120 current interruptions per charge or discharge sequence. 

The data files from the Arbin measurements were imported into the R environment and analysed with 

a development version of the package “arbintools”, written by Matthew Lacey1. The data files from 

the MPG-2 measurements were imported into and processed in R with the code in Appendix C, also 

written by Matthew Lacey. 

                                                             
1 github.com/mjlacey/arbintools 
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3.3 Model 

The model was made using the Battery and Fuel cell module in COMSOL Multiphysics 5.2a and a guide 

on how to recreate the model can be found in Appendix F. As it was made as a 1D model it was assumed 

that changes in the y and z directions were negligible. It consisted of two porous electrodes with a 

separator in-between. According to the specifications the NMC coating thickness was 45±6 µm, the 

graphite coating thickness 40±8 µm and the separator thickness 25 µm. Accordingly, the thicknesses 

used in the model for the negative electrode, separator and positive electrode were 40, 25, 45 µm 

respectively. When a battery with reference electrode was modelled, two separators were added and 

the point in between them was used as the reference point. The Battery and Fuel cell module includes 

material data for both a graphite electrode (LixC6 MCMB) and a NMC-111 electrode 

(LiNi1/3Mn1/3Co1/3O2), so those were used as the electrode material data. The loss of lithium ions, 

i.e. the decrease in capacity, due to the formation of the SEI layer was included according to 

calculations in 3.3.6, but the increase of internal resistance was not. 

3.3.1 Electrochemistry 

The most well established model for lithium batteries is, according to Lai and Ciucci [27], that 

developed by Newman et al [28,29]. The equations used in COMSOL are also based on this model, 

which uses both porous electrode and concentrated solution theory. Following will be a few of the 

equations used to simulate the characteristics of a battery. The subscript “𝑙” stands for liquid phase 

and the subscript “s” stands for solid phase. 

To begin with, the Butler-Volmer equation, as mentioned before, is used to take account for the 

reaction rates dependence on the concentration of the ions and the transfer coefficient. The decrease 

of the effective conductivity 𝜎𝑒𝑓𝑓, due to the porosity of the electrode, is taken into account by using 

equation (5).  

𝜎 𝑒𝑓𝑓 = 𝜎 ∗ 𝜖1.5 (5) 

When the effective electrical conductivity is calculated, the 𝜖 and 𝜎 in the equation is the electrodes 

volume fraction and bulk conductivity respectively, while it for the effective electrolyte conductivity is 

the electrolyte volume fraction and bulk conductivity. It is also used for the electrolyte salt diffusion, 

in which case sigma is replaced by Dl and the volume fraction of the electrolyte is used. The equation 

is based on the Bruggeman model and the exponent, called the Bruggeman coefficient, is commonly 

set to the value 1.5.  

The diffusion of ions is calculated using Fick’s first law (6),  

𝐽 = −𝐷𝑙∇𝑐𝑙  (6) 

which can be simplified into (7) when only one dimension is used. 

𝐽 = −𝐷𝑙

dcl

𝑑𝑥
 (7) 

The concept is that a solute will move from high concentration to low concentration depending on the 

diffusivity of the medium and the change of concentration along the axis. 
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The reactions only occur at the surface of the electrode particles, but diffusion of ions into the bulk is 

calculated using Fick´s second law (8), with the boundary conditions seen in (9). The expression of the 

gradient operator ∇ depends on the chosen particle type (in this project spherical particles are 

assumed, but flakes and cylindrical particles also exists in real systems). 

𝜕𝑐𝑠

𝜕𝑡
= 𝐷𝑠∇2𝑐𝑠 

 
(8) 

 

𝜕𝑐𝑠

𝜕𝑟
|

𝑟=0
= 0     ,       −𝐷𝑠

𝜕𝑐𝑠

𝜕𝑟
|

𝑟=𝑟𝑝

= − ∑
𝑣𝑠,𝑚 ∗ 𝑖𝑚

𝑛𝑚𝐹
𝑚

 (9) 

The subscript 𝑚 is the index for the electrode reaction and r is the position in radial direction of the 

particle. 

To calculate the ion movement in the electrolyte, the concentrated solution theory (10) is used. The 

equation includes both charge and mass transport, and with that and the mass balance (11), the 

resulting resistance of the electrolyte is calculated. 

𝑖 = −σ∇𝜑𝑙 +
2𝜎𝑅𝑇

𝐹
(1 +

𝜕𝑙𝑛𝑓

𝜕𝑙𝑛𝑐
) (1 − 𝑡+)∇𝑙𝑛𝑐 

 

(10) 

∇ (−𝐷𝑙,𝑒𝑓𝑓∇𝑐 +
𝑖 𝑡+

𝐹
) = 𝑅𝑙  

 

(11) 

In equation (10) and (11), 𝑖 is the electrolyte current density, 𝜎 the electrolyte conductivity, 𝑐𝑙  the 

electrolyte salt concentration, 𝐷𝑒𝑓𝑓  the effective electrolyte salt diffusivity.  

When all material properties (electric and electrolyte conductivity, initial concentration of species, 

transport number etc) are defined, the software can start the iterative process of calculating the the 

current through the battery, the resulting potential in the different components, concentration of 

species and how they all change over time. This by using, among others, equation (1) and (4)-(11) and 

defining a potential over the cell or, as in this report, a current out of the cell. 

3.3.2 Solver 

The solver used was a MUltifrontal Massively Parallel Sparse direct solver (MUMPS) and the time 

stepping method was a backward differentiation formula (BDF). Since the voltage increase is very 

steady, the time steps taken by the solver had to be changed from “free” to “strict”, to make sure the 

method did not increase the step size too much and “jump over” a current interruption. Because of 

this, all the time steps to be taken by the solver had to be added manually into the “time-field” in the 

time dependent solver. The field is not meant to be used this way and the only command, except for 

simply writing down each step, is to use “range()”, where a start time, stop time and step length is 

chosen. The simplest solution would be to use one range-command with a step length of 0.1 second 

(the step length used during the current interruptions), but then a simulation would take a long time 

to complete. Instead, to make the simulation faster, a code was written in R to create a sequence of 

range-commands that used small step lengths during the current interruptions, longer steps during 
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the constant current phase between the interruptions and intermediate steps as a “bridge” between 

the two. The code can be found in Appendix A.   

3.3.3 Implementing the three-electrode measurement 

Figure 8 shows the potential gradient across the battery for an instant in time. The electric potential 

stays at a constant value within each electrode, but does not exist in the middle where the separator 

is. The electrolyte potential on the other hand exists both in the electrodes (where it 

increases/decreases exponentially from the current collectors), as well as within the separator (where 

the change is constant), since the electrodes are porous.   

 

Figure 8. The potential gradient across the battery. Electric potential (left) and electrolyte potential (right). 

To measure the voltage of the battery a so-called integrator was placed at the point where the current 

collector meet the positive electrode (see “a” in Figure 9), to make expressions at that point available. 

Then the electric potential and electrolyte potential was used to calculate the total potential of the 

battery.  

In the same way a point halfway into the separator (see “b” in Figure 9) was created to simulate a 

reference electrode. The voltage of the negative electrode was the electrolyte potential and electric 

potential in point “b”, the total cell voltage was the potential in point “a” and the positive electrode 

voltage was the difference between point “a” and “b”. 

 

Figure 9. A schematic picture of the 1D battery 
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3.3.4 Particle size 

The particle radius has to be specified in the model, for example to combine with the porosity and in 

that way estimate the total surface area in the electrodes. The specification from MTI gave a 

distribution of particle sizes for both electrodes, measured with a laser particle analyser. The 

distribution for the NMC said that 10 % of the particles have a radius that is smaller than or equal to 

2.5 μm, 10 % of the particles have a radius that is greater than 10 μm, 50 % of the particles have a 

radius of 4.5-6 μm and. The given distribution for the graphite states that 50 % of the particles have a 

diameter smaller than or equal to 8.8245 μm. In the model, the particle sizes needed to be given as a 

single value and thus was set to 5.25 μm for the NMC and 8.8 μm for the graphite. 

3.3.5 Electrode Porosity  

One important value in the model is the electrode volume fraction, which relates to the porosity of the 

electrode in the experimental system. One reason for this is that a lower porosity will mean a greater 

degree of contact between particles, which will increase the electrical conductivity of the electrode.  

To make a rough estimation of the porosity of the NMC electrode, it was assumed that all the particles 

were spherical with a diameter of 10.5 µm. For the NMC-sheet (0.241 x 0.175 x 45*10-6 m) calculations 

were made to see how many such spheres would fit along each side, and to account for the fact that 

there are more space-efficient ways to stack them, the number was rounded up to the closest integer. 

That resulted in 22,953x16,667x5 spheres in the sheet, which gives a total of 1,912,788,255 spheres. 

The amount of spheres was then multiplied with the volume of one sphere (6.0613*10-16 m), resulting 

in a volume of 1.1594*10-6 m3. This volume was then divided by the total volume of the sheet 

(1.8978*10-6 m3) to give the porosity 38.9 %. Since it is not unusual to find porosities between 27-41 % 

and even as high as 54 % in other works [30–33], a value close to 39 % is not unreasonable. 

The same calculations were also made for the graphite electrode. The dimensions of the graphite sheet 

were 0.241 x 0.175 x 40*10-6 m and the diameter of all the particles was assumed to be 17.6*10-6 m. 

The resulting amount of spheres then became 408,519,408 (13694 x 9944 x 3), resulting in a total 

volume of 1.1661*10-6 m3. Since the total sheet volume of this sheet was 1.6870*10-6 m3, the resulting 

porosity was 30.9 %, which is again not unusually high or low [34–36]. 

From these calculations, the initial porosity values used in the model were 39 % for NMC and 31 % for 

graphite. 

3.3.6 Lithium concentration 

In COMSOL, both the maximal available and initial concentration of lithium has to be specified, which 

are values that are important for the simulation. The material data for NMC and graphite in COMSOL 

includeds, among other values as the diffusion coefficient and conductivity, a value for the maximal 

available concentration, but that value was not used in this report. Instead a value was calculated from 

the theoretical specific capacity and the density.  

The theoretical specific capacity of a material can be calculated by using equation (12). Because of the 

division with 3.6 the unit will be mAh/g. 

𝑄𝑡ℎ =
𝑛 𝐹

𝑀𝑤  3.6
 (12) 
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The molecular weight of lithiated NMC, Li(Ni5/10Mn2/10Co3/10)O2, is 96.953 g/mol and the molecular 

weight of lithiated graphite (which consists of one lithium per six carbons [37,38]), LiC6, is 79.005 

g/mole. Using the equation (12) above resulted in a theoretical specific capacity of 276.4 mAh/g for 

NMC. 

Since the specific capacity from MTI is given as 155 mAh/g for NMC and the theoretical specific capacity 

was 276.4 mAh/g, it is assumed that the electrode only can be delithiated 56 % in practice (
155

276.4
=

0.561). Using the molecular weight of 96.953 g/mol and that the bulk density of lithiated NMC is 4.72 

kg/dm3 [39], the maximal concentration of lithium-ions in NMC is calculated as 48,685 mol/m3. The 

maximal capacity that was used in the model was therefore 48700 mol/m3, but the starting capacity is 

set to 43800 mol/m3, to account for the approximately 10 % capacity loss from the negative electrodes 

in the creation of the SEI layer [40] (48,685*0.9≈43,800). 

The density of lithiated graphite is 2.055 kg/dm3, using the bulk density of 2.26 kg/dm3 (from [41]) and 

the fact that the volume of lithiated graphite is 10 % larger than that of delithiated graphite [42,43] 

(
2.26

1.1
= 2.055 kg/dm3). Dividing the density with the molecular weight gives the concentration of 

26,012 mol/m3 (
2.055

0.079
= 26.012 mol/dm3), which was rounded off to 26,000 mol/m3. 

Included in the material properties in COMSOL is a potential vs SoC plot, where the SoC ranges from 0 

to 1. Since the NMC electrode could only be de-lithiated 56 %, i.e. it operates between 44 % and 100 

% of the theoretical SoC window, the data points of the SoC-axis in that plot were normalized between 

0.44 and 1. 
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4 Results and discussion 
The resulting voltage and resistance of the modelled battery was compared to the two experimental 

batteries, labelled Exp1 and Exp2. They were both made with a reference electrode, to enable 

comparisons of both negative and positive electrode and all resistances were calculated using the ICI 

method. The first cycle was not used in the comparisons since formation of SEI layer and other 

reactions are most prominent there and because the voltage-measurement of some of the batteries, 

due to technical problems, did not start until a bit into the first cycle. 

One thing that should be observed is that the data in the model is based on COMSOL´s material 

properties for NMC111 and not NMC523 (that the experimental batteries were made with) which 

might have affected the results. The second thing is that the resulting experimental batteries, Exp1 

and Exp2, might not be completely representative for all NMC523-graphite pouch-cells. 

4.1 Voltage behaviour during current interruption 

As mentioned earlier, several articles demonstrate that the voltage of a battery is typically linear with 

t1/2 during the first seconds after a current interruption. This behaviour is, as explained in 2.3, used to 

get a more accurate estimation of the internal resistance. To give the best result it is important that 

the voltage follows that behaviour throughout the current interruption, or to use another regression, 

since the regression otherwise will result in a less accurate estimation of the IR-drop. A test on the 

modelled data showed, however, that the model did not follow this behaviour. As can be seen in Figure 

10, the curve is linear from after the first second and up to the tenth second, but not during the first 

half second. Since the current interruptions of the measurements are only 1 second this may effect 

the resulting resistance.  

 

Figure 10. Voltage vs time with a square-root scaled x-axis for a modelled current interruption 
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When t and t1/2 were both fitted to only the first second of the data it was visible that t gave a too low 

value while t1/2 gave a too high value. Several different curve fits between t and t1/2 were tested, to find 

the best fit. The resulting curve fit, t3/4, can be seen together with t and t1/2 in Figure 11. In the figure 

the dashed, black line is the data, the purple line is the curve fit using voltage vs t, the light blue curve 

voltage vs t1/2 and the red line is voltage vs t3/4.  

 

Figure 11. Voltage vs time for modelled data during a current interruption (dashed black line) and three different line 
fittings: y vs x (purple), y vs x1/2 (light blue) and y vs x3/4 (red) 

It is clear that a regression using t3/4 instead of the square root of time gave a more accurate result 

for the situation in Figure 11. A few other points were also investigated to ensure that it was not just 

a one-time occurrence, and the results are given in Table 1 and will be discussed below. 

Since the batteries are cycled between 3 and 4.2 volts the voltage levels 3.1, 3.45, 3.75 and 4.1 were 

chosen. For all these voltage levels a current interruption was made in the model, and the errors of 

the different regressions were calculated. Another interesting aspect is if the results originate from a 

behaviour of the positive, negative or both electrodes. Because of that, the voltage of both electrodes 

as well as the total cell voltage was considered. The same method was used to make resistance 

measurements in the model as on the real batteries, which is to measure every 0.1 second during the 

current interruption. So to calculate the error, the model was modified to also give the voltage value 

already 0.01 seconds after the current interruption and use that as the reference. Calculations were 

made with the R-code in Appendix E to see where the trend lines, using the three different regressions, 

cut the y-axis. The resulting error was then assumed to be the difference between that value and the 

reference value. 
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Table 1. The error of the different regressions (t, t1/2, t3/4) for the model 

 Cell Negative electrode Positive electrode 

 Error [µV] Error [µV] Error [µV] 
Cell voltage= 3.11    

t 641 752 21.1 

t3/4 559 434 6.50 

t1/2 2920 2770 22.2 

Cell voltage=3.46    

t 53.0 52.9 12.7 

t3/2 50.0 38.1 0.846 

t1/2 253 218 22.6 

Cell voltage=3.75    

t 11.5 0.910 10.6 

t3/4 13.0 12.4 0.591 

t1/2 61.4 38.7 22.7 

Cell voltage=4.11    

t 14.8 1.17 19.1 

t3/4 13.0 12.7 5.21 

t1/2 67.7 40.0 22.2 

 

When looking at both the total cell and the negative and positive electrode separately it is visible 

from Table 1 that t1/2 gives relatively large errors at all of the tested voltages, indicating that the 

behaviour of the voltage is closer to linear with t than with t1/2. Even though the difference is small, 

the use of t3/4 gave better results than t for all voltage levels except for around 3.75 V, when looking 

at the total cell. For 3.75 and 4.11 V a comparison show that t3/4 give a more accurate value for the 

positive electrode while the negative electrode turned out to be more linear with t. For 3.11 and 3.46 

V, t3/4 gave a more accurate result for both the positive and negative electrode. 

Since the voltage was not linear with t1/2 during the first second for the model data an investigation 

was made to see how the voltage of an equivalent experimental battery behaved. For that purpose 

one of the NMC-graphite batteries (Exp1) that had previously been subjected to 14 charge/discharge 

cycles was used. A charge/discharge cycle with a large number of data points taken during the 

interruption, every 0.01 seconds, was used to make the comparison with the model. Initially the 

same method as with the model data was used, but since the noise in the voltage measurement was 

much larger than the difference between the different regressions it would not give any trustworthy 

results. Instead another technique was used where the data was fitted with the polynomial 

regression function “loess” in R. That line was treated as the reference and the difference between 

that curve and the regressions with t, t1/2 and t3/4 was estimated from the graphs (see Appendix D), 

and the result can be seen in Table 2.  
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Table 2. The error of the different regressions (t, t1/2, t3/4) for a real cell 

 Cell Negative electrode Positive electrode 

 Error [µV] Error [µV] Error [µV] 

Cell voltage= 3.49    

t 1400 190 1100 

t1/2 900 100 600 

t3/4 1200 160 900 

Cell voltage=3.83    

t 50 50 50 

t1/2 0 10 10 

t3/4 30 30 0 

Cell voltage=4.17    

t 120 10 40 

t1/2 80 40 20 

t3/4 10 80 30 

There is still a large uncertainty in the results, but they give an indication that t1/2 still is the best fit of 

the three. Because of that, t1/2 will continue to be used to calculate the internal resistance from the 

experimental data, while t3/4 will be used for the modelled data. 

4.2 Capacity 

Table 3 show the total cycle time of the second, fifth, eighth and eleventh cycle for the two 

experimental batteries and the model as well as the resulting average cycle time and the capacity. The 

resulting capacities, to the far right in the table, were calculated by dividing the average cycle time by 

two (to get the average charge/discharge time), and then multiplying it with the applied current (0.589 

mA). It is visible from the table that both Exp1 and Exp2 lose capacity with increasing number of cycles. 

Exp1 decrease from 5.36 mAh (18.2 h cycle time) to 5.24 mAh (17.8 h cycle time) and Exp2 decreases 

from 5.21 mAh (17.7 h cycle time) to 5.09 mAh (17.3 h cycle time), while the model does not change 

from 4.51 mAh since it does not include aging effects. 

Table 3. Calculated capacity of the batteries (to the right). The total time of the 2nd, 5th, 8th and 11th cycle for the different 
batteries, the average time for the four chosen cycles and the resulting capacity from that average. 

 2nd  cycle [h] 5th  cycle [h] 8th  cycle [h] 11th  cycle [h] Average [h] Average Capacity [mAh] 

Exp1 18.2 18 17.9 17.8 18.0 5.3 

Exp2 17.7 17.6 17.4 17.3 17.5 5.2 

Model 15.3 15.3 15.3 15.3 15.3 4.5 

It is not strange that none of the batteries had the capacity of 5.89 mAh. Due to the creation of the SEI 

layer that is, in most cases, impossible, since it means some of the lithium inventory in the positive 

electrode (which determines the capacity) is irreversibly lost to the film. During assembly there are 

also several factors affecting the capacity, the most important one probably being the human error. A 

reduced capacity can be the result of impurities in the materials or because the electrodes do not 

completely overlap and have an unused area, i.e. less lithium-ions are available. 
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4.3 Voltage behavior 

All the batteries have different capacities and therefore different charging and discharging times. To 

make comparisons easier, a normalization based on the cycle number was used as the x-axis, where 

the cycle time was translated to a percentage of the cycle. 

Figure 12 shows the profile of the total cell voltage of the batteries throughout cycles two, six and ten. 

During the first half of the cycles (between 0 and 50 %) the batteries are charging, and during the 

second half (50-100 %) they are discharging. In the figure, the blue line is the model, the black line is 

Exp1 and the orange line is Exp2. When comparing the three cycles in Figure 12 it is clear that the 

batteries do not change their voltage behaviour noticeably as they are cycled. The model follows a 

slightly similar pattern as Exp1 and Exp2, but with a higher voltage in all parts of the cycles. 

 

Figure 12. The total cell voltages during the second, sixth and tenth cycle for the batteries and COMSOL model. 

In Figure 13 the negative electrode voltages for the second, sixth and tenth cycle are visible. The model 

(blue line) does not go nearly as low during the charge (first half of the cycle) and does not increase as 

quickly during the discharge. Both Exp1 (black line) and Exp2 (orange line) does seemingly go below 

zero in the middle of the cycle, when the batteries are close to fully charged. This may be because of 

a distortion due to the reference electrode. There are several articles addressing the problem with 

errors that can occur with different types of reference electrodes [44–47]. One of the problems being 

that the potential and current might not be symmetrically distributed across the cell. When using a 

ring-shaped reference electrode it is optimal to position it just outside of the area covered by the 

electrodes [45], which was the intention, but during the battery assembly that may not have 

succeeded, and even a slight offset may affect the results.  



22 
 

In Figure 14, the positive electrode voltage of the batteries and the model can be seen. Here the 

voltages of the model also differ compared to Figure 12, but it does follow a similar pattern. 

The main reason for why the voltage profiles of the model appear as they do in Figure 13-Figure 14 is 

that the materials used in COMSOL consists of, among others, empirical (and therefore somewhat 

arbitrary) descriptions of how the voltage changes with SoC. One way to make the model more similar 

to the real batteries, which was proved to work in paragraph 4.4, was to change this default data for 

this voltage. 

 

Figure 13. Negative electrode voltages during the second, sixth and tenth cycle for the batteries and COMSOL model. 



23 
 

 

Figure 14. Positive electrode voltages during the second, sixth and tenth cycle for the batteries and COMSOL model. 

4.4 Changing COMSOL voltage profile 

The most influential property in the COMSOL model when it comes to the resulting voltage profile is 

the pre-determined potential curve of the electrode materials. It is a curve created from empirical data 

of the materials, where the potential is given for specified SoC and from which the electrode potential 

is determined by interpolation. For both the graphite- and NMC-material such a default plot exists. To 

change this plot, to values determined from the experimental cells, could result in voltage-graphs that 

are more accurate. A test was made where these potential plots were replaced by voltage data from 

the second cycle of Exp2. The result can be observed in Figure 15 to Figure 17. 

The fit was greatly improved and follow the batteries voltage profiles almost exactly during the first 

half of the cycle. During the second half of the cycle, the model still has a similar profile as Exp1 and 

Exp2 for the positive electrode (Figure 16), but when looking at the voltage of the negative electrode 

(Figure 17) the model is much lower than Exp1 and Exp2. This results in a higher voltage for the total 

cell (Figure 15) during the second half of the cycle. The reason for this is that it was the first half of the 

cycle (the charging period) that was used to replace the default data. However, the voltage profile of 

the electrodes in the experimental cells, especially the negative electrode, do differ during charge and 

discharge. The COMSOL model does on the other hand show an almost mirrored behaviour when 

comparing charge and discharge. 
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Figure 15. The total cell voltage for the second cycle with changed equilibrium potential curves 

 

Figure 16. The positive electrode voltage for the second cycle with changed equilibrium potential curves 
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Figure 17. The negative electrode voltage for the second cycle with changed equilibrium potential curves 
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4.5 Internal resistance 

For the resistance comparisons, the same x-axis and cycles were used as for the voltage figures. The 

black lines represent Exp1, the orange lines represent Exp2 and the blue lines represent the model. In 

Figure 18, the total cell resistance of the batteries and the model is compared. The modelled resistance 

is approximately 1.5 times higher than the batteries but shows a different behaviour as a function of 

SoC. A factor 1.5 difference can be caused by for example different stack pressure or the choice of 

different parameters, and this will be discussed further in paragraph 4.6.  

The resistance of the two batteries is at its lowest in the middle of the cycle, when the batteries are 

fully charged, and at its highest when they are fully discharged, but the resistance of the model has a 

peak in the middle.  

 
Figure 18. The total cell resistance during the second, sixth and tenth cycle for the batteries and COMSOL model. 

When only showing the internal resistance of the negative electrode, Figure 19 is achieved, and it is 

visible that the modelled negative electrode is the one introducing the resistance behaviour seen in 

the total cell resistance (Figure 18). Figure 20 show the internal resistance of the modelled positive 

electrode, which does have a behaviour that is in relatively good agreement with the experiments, 

both concerning the magnitude and the “U-shape”.  
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The behaviour of the negative electrode is probably because the model assumes lattice gas behaviour, 

while graphite in reality has a staging process. Because of the assumption of lattice gas behaviour, the 

charge transfer resistance of the graphite follows the Butler-Volmer model (1), which will behave like 

(2) and (3). The available space in the electrode depend on how much lithium is intercalated, so during 

charge and discharge, if one increase the other decrease. So it should result in a similar curve as if the 

equation y = A ∗
1

xα(1−x)1−α  (which is a simplification of (2) and (3) ) is plotted from x=0 to x=1, which 

is a “U-shaped” curve. Because of the NMC material´s built in voltage behaviour in COMSOL, it has to 

be reduced to a certain level of lithium-ion concentration to increase the voltage enough for the 

battery to reach 4.2 volt. To increase the SoC enough it has to send a specific amount of lithium ions 

to the graphite electrode. Since the lithium-capacity of the graphite is much smaller, this quantity will 

almost fill it during charge. So in the end of the charge, the graphite electrode will reach the point in 

the “U-shaped” curve where the Rct increases again (x is close to 1). The NMC electrode on the other 

hand is only emptied halfway, which mean that in the fully charged state, the NMC electrode is close 

to the minimum in the “U-shaped” curve. 

 

Figure 19. Negative electrode resistance during the second, sixth and tenth cycle for the batteries and COMSOL model. 
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Figure 20. Positive electrode resistance during the second, sixth and tenth cycle for the batteries and COMSOL model. 

4.6 Sensitivity analysis 

The magnitude of the resistance is affected by many factors, one of them being the stack pressure. 

Stack pressure is applied to make sure there is contact between the different components in the 

battery, and it is generally accepted that it can affect for example conductivity between particles or 

the thickness and porosity of the electrode.  

Some of the parameters used in the model are far from perfectly estimated, two of them being the 

particle size and the porosity of the electrodes. Rough approximations and assumptions have been 

made for both of them, and to change them could have an impact on the resulting resistance. To take 

the mean value might for example not be the best approximation for the mix of particle sizes in the 

electrodes. To investigate how the porosity and particle size affect the internal resistance, the 

parameters have been varied one at a time. 

To begin with, the porosity of the electrodes was changed, according to Table 4 below. The values in 

the 100%-column are the original values used in the model. The porosity of both electrodes was first 

lowered with 30 %, so that the porosity of the positive and negative electrode became 27.3 % and 21.7 

% respectively. Then another try was made where the porosity was instead lowered with 60 % (from 

100 % to 40 %). The result can be seen I Figure 21. 

Table 4. Different porosities for both electrodes 

 100 %  70 % 40 %  

Positive electrode [μm] 0.39 0.273 0.156 

Negative electrode [μm] 0.31 0.217 0.124 
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Figure 21. How the resistance change with decreasing porosity 

From Figure 21 it is visible that the resistance is noticeably affected by the decreases in porosity. The 

dark blue line at the top is the model with the original porosities, the middle one (light blue) was when 

the porosities were lowered by 30 % and the bottom turquoise line when the porosities were lowered 

by 60 % relative to the initial values.  

One possible reason why the porosity of the real batteries were lower than the calculated value was 

that real electrodes have different sizes of particles. Then smaller particles can fit into the spaces 

between the bigger particles, and thus the porosity is reduced. Another reason was that the batteries 

were put under pressure throughout the measurements, to make sure there was full contact between 

the different parts, which could result in a compression of the electrodes and in that way lower the 

porosity. 

Another effect of lowering the porosity was an increase in battery capacity. The capacity, which 

originally was 4.5 mAh, increased first to 5.4 mAh and then to 6.3 mAh when the porosity was lowered 

with 30 % and 60 % respectively. This is reasonable since a decrease in porosity will mean that the 

electrode will consist a higher percentage of NMC material, i.e. more lithium-ions. 
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The next test was to see how the resistance was affected by a reduction of particle sizes (according to 

Table 5), which can be seen in Figure 22. In Table 5 the 100%-column are the values used in the original 

model, while the other columns are the results of decreasing the original values with 20 % and 40 %.  

Table 5. Different particle sizes for both electrodes 

 100 %  80 % 60 % 

Positive electrode [μm] 5.25 4.2 3.15 

Negative electrode [μm] 8.8 7.04 5.28 

 

 

Figure 22. How the resistance change with decreasing particle size 

When comparing the results from Figure 21 and Figure 22 it is clear that the particle size has a greater 

impact on the resistance than the porosity. In Figure 22, the lowest point of the modelled resistance is 

reduced with almost 3 Ω per 20 % particle size decrease. And with a 40 % decrease of particle size the 

resistance of the model is slightly lower than Exp1 and Exp2. The reason for why the particle size affect 

the resistance is that it will affect the surface area between the electrode and the electrolyte as well 

as the length of which the lithium has to diffuse. Another thing that will reduce the resistance of real 

batteries is the fact that the particles are not perfectly spherical, which will mean that they have more 

contact with each other, i.e. an increased area where current can flow, compared to perfectly spherical 

particles. 
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5 Conclusions 
The ICI measurement method was successfully implemented into COMSOL and tested with a simple 

model of an NMC-graphite battery, where the whole cell, as well as the positive and negative electrode 

separately, could be measured. Improvements need to be made for it to simulate resistance and 

voltage behaviour accurately, but to compare simulations to experimental ICI measurements do show 

promising potential for future investigations. 

The voltage profiles of the model differ for both positive and negative electrode, but it could be greatly 

improved by adjusting default data for voltage vs SoC to the experimental data. The total resistance of 

the model differed a little in magnitude, but only with a factor of 1.5, which is in relatively good 

agreement with the experiments, and it could be improved by reducing the porosity or particle size of 

the electrodes. The reason for why the shape of the resistance-curve differed from the experimental 

cells was the behaviour of the negative electrode, since the model assumes lattice gas behaviour when 

the graphite in reality has a staging process. The positive electrode on the contrary showed a very 

similar behaviour compared to the batteries. 
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6 Future work 
An aspect that has not been investigated is the possibility to include aging effects into COMSOL. And 

for a model to, in a good way simulate a real battery, this is necessary. Other work for the future would 

be to make more thorough studies on the behaviour of the NMC523 electrode, to in a better way 

model that electrode. And to implement the graphite´s electrochemical behaviour, more than just the 

empirically calculated voltage behaviour. Three-electrode half-cells is a way to get data that does not 

include the behaviour of the lithium electrode. More NMC-graphite batteries also have to be 

assembled and measured, to increase the reliability of the reference batteries. 

There are also several other parameters that have not been investigated in the report, but where 

default values have been used, for example the transfer coefficient, diffusion constant and electric 

conductivity.   
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Appendix A – Code to create the time-sequence 
The R-code for creating the time-sequence, used in COMSOL. It is made to work for simulations 

where the current interruption is 1 second and the charging time is 5 minutes, so if other values 

are used the code will need to be modified. 

 

Nr <-270 # Number of loops 

long <- 10 # Length of the long time-step 

normal <- 1 # Length of the normal time-step 

short <- 0.1 # Length of the short time-step 

 

# End with "-normal", "-long", "-short" so the next step won´t result in a duplicate of the 

time 

 

# The first discharge interval       (longer steps in the middle for a faster simulation) 

Sequence <- paste("range(1,",normal,",I_on/30-",normal,")",sep="") 

Sequence <- paste(Sequence," range(I_on/30,",long,",I_on*29/30-",long,")",sep="") 

Sequence <- paste(Sequence," range(I_on*29/30,",normal,",I_on-",normal,")",sep="") 

 

for (m in c(1:Nr)){ 

# The current interruption 

Sequence <- paste(Sequence," range(",m,"*I_on,",short,",",m,"*I_on+I_off-

",short,")",sep="") 

 

# The next discharge interval       (longer steps in the middle for a faster simulation) 

Sequence <- paste(Sequence," range(",m,"*I_on+I_off,",normal,",",m,"*I_on+I_on/30-

",normal,")",sep="") 

Sequence <- paste(Sequence," range(",m,"*I_on+I_on/30,",long,",",m,"*I_on+I_on*29/30-

",long,")",sep="") 

Sequence <- paste(Sequence," range(",m,"*I_on+I_on*29/30,",normal,",",sep="") 

m <- m+1 

Sequence <- paste(Sequence,m,"*I_on-",normal,")",sep="") 
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Appendix B – Code to import data from COMSOL 
The R-code used for importing COMSOL data into R. Data needs to be of file type “txt”. If a 

different number of data sets are used, make sure to change the object “ds” and the code within 

the transform-function. 

library(tidyverse) 
library(parallel) 
 
# Import the COMSOL datafile containing current and voltage 
setwd("~/AAResten/Measurement Data") 
filename<-"COMSOL-RefElec-20ProcSanktParticleSize.txt" 
rawdata <- read.table(filename,col.names=c("t","E")) 
 
# Assign the length of the data to l 
l<-length(t(rawdata))/2 
# Number of data sets 
ds<-4 
# Divide by 4 since there are 4 datasets: E, E_p, E_n,I 
data<-rawdata[1:(l/ds),]   # Cut out the first dataset... 
data<-transform(data,E_p=rawdata[(l*1/ds+1):(l*2/ds),]$E, # ...and add the rest 
                E_n=rawdata[(l*2/ds+1):(l*3/ds),]$E, 
                I=rawdata[(l*3/ds+1):(l*4/ds),]$E) 
 
# The cycle number counter 
cn<-1 
# Used when assigning cycle number 
x<-rep(1,(l/ds)) 
 
# For each line it creates step.n, step.t and cyc.n 
for (i in 1:(l/ds)){ 
   
  ### Creats the step number (step.n) ### 
  # Set step.n=6 if the current is negative 
  if (data$I[i]<0) { 
    data$step.n[i]<-6 
  # Set step.n=3 if the current is positive 
  } else if (data$I[i]>0) { 
    data$step.n[i]<-3 
  # Set step.n=4 if the current is 0 and the earlier step was 3 or 4 
  } else if ((data$I[i]==0 && data$step.n[i-1]==3)||(data$I[i]==0 && data$step.n[i-1]==4))  
    {data$step.n[i]<-4 
  # Set step.n=7 if the current is 0 and the earlier step was 6 or 7 
  } else if ((data$I[i]==0 && data$step.n[i-1]==6)||(data$I[i]==0 && data$step.n[i-1]==7))  
    {data$step.n[i]<-7 
  } 
   
  ### Creats the step time (step.t) ### 
  # Set the first time step to 1, to avert error in first step of for loop 
  if (i==1) {data$step.t[i]<-0 
  # If the last step number is the same as this, then add to the step time 
  } else if (data$step.n[i]-data$step.n[i-1]==0) { 
    data$step.t[i]<-data$step.t[i-1]+(data$t[i]-data$t[i-1]) 
  # If the last step number differ from this, then start over from 0 
  }else if (data$step.n[i]-data$step.n[i-1]!=0) { 
    data$step.t[i]<-data$t[i]-data$t[i-1] 
  } 
   
  ### Assigns a cycle number (cyc.n) to each timestep ### 
  # xx=1 when the current is increasing 
  if (data$I[i]>0){x[i+1]<-1;xx<-1 
  # xx=2 when the current is decreasing 
  }else if (data$I[i]<0){x[i+1]<-2;xx<-2 
  # xx stay the same during the current interruption as before the interruption 
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  }else if (data$I[i]==0){x[i+1]<-xx} 
  # Start new cycle when the current changes from decreasing to increasing 
  if (x[i+1]-x[i]<0){cn<-cn+1} 
  data$cyc.n[i]<-cn 
   
  # Give the voltage an unresonable number when the step time is "big" during current inter
ruption 
  # to keep track of when the battery is resting 
  if(data$t[i]-data$t[i-1]>0.5 && data$I[i]==0) {data$E[i]<-99} 
} 
# Take away the rest steps 
data<-filter(data, data$E!=99) 
 
# Put the columns in the same order as arbin_import, for visual clarity 
data.in<-data %>% 
  select(t,step.n,cyc.n,I,E,E_p,E_n,step.t) 
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Appendix C – Code to import data from the MPG 
R-code written by Matthew Lacey. It imports the data from the MPG-2 potentiostat and calculates 

the internal resistance. 

library(tidyverse) 
library(arbintools) 
library(viridis) 
library(parallel); cores = detectCores() 
 
setwd("~/AAResten/Measurement Data") 
file <- "DL-NMC-G3-3 (MPG-2).mpt" 
 
#### Data import and handling #### 
 
# read in the data 
data.in <- file %>%  
  readLines(n = 2) %>% .[2] %>%  
  regmatches(gregexpr("\\(?[0-9,.]+", .)) %>%  
  unlist %>%  
  as.numeric %>%  
  -1 %>%  
  read.delim(file, skip = ., dec = ",") 
 
# list of variables to select 
to.select <- list(t = "`time.s`", 
                  step.n = "`Ns`", 
                  cyc.n = "`cycle.number`", 
                  I = "`I.mA`", 
                  E = "`Ewe.Ece.V`", 
                  E_p = "`Ewe.V`", 
                  E_n = "`Ece.V`", 
                  Q = "`X.Q.Qo..mA.h`" 
                  ) 
 
# then select them. 
sd <- data.in %>% 
  select_(.dots = to.select) %>% 
  mutate(state = signCurrent(I), rest = assignRest(state)) 
 
# sign current and rest identifier 
#sd$state <- signCurrent(sd$I) 
#sd$rest <- assignRest(sd$state) 
 
# fudge 
sd$rest[1] <- 1 
 
# make step time 
sd <- sd %>% 
  group_by(rest, state) %>% 
  mutate(step.t = t - t[1]) %>% 
  ungroup 
 
# reset Q 
sd <- sd %>% 
  group_by(cyc.n) %>% 
  mutate(Q = Q - Q[1]) %>% 
  ungroup 
 
#sd <- filter(sd, rest != 31, rest != 1) 
 
proc <- lapply(split(sd, sd$cyc.n), function(cycle) { 
 
#  cycle <- ungroup(cycle) 
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# remove partial current-interruption cycle if it exists 
  if(last(cycle$state) != "R") { 
    cycle <- filter(cycle, rest < max(cycle$rest)) 
  } 
 
  d1 <- cycle %>% 
    select(rest, state, cyc.n, Q, E, E_p, E_n, I,t) %>% 
    filter(state != "R") %>% 
    slice_rows("rest") %>% 
    by_slice(dmap, ~ last(.x), .collate = "rows") 
 
  d2 <- cycle %>%                                 # take the single cycle 
    select(rest, state, step.t, E, I) %>%         # select the rows we need 
    filter(state == "R", step.t >= 0.1, step.t <= 0.9) %>%  # filter only the rest periods 
    slice_rows("rest") %>%                         
    by_slice(partial(lm, E ~ sqrt(step.t))) %>%   # for every rest period, fit E vs sqrt(t) 
    .[[2]] %>%                                     
    map_df( ~ data.frame(               # for each fit, make a one-row data frame of the... 
      E0 = coef(summary(.))[1, 1],                # coefficient... 
      E0_err = coef(summary(.))[1, 2]             # and error 
    )) 
 
  d_p <- cycle %>%                                 # take the single cycle 
    select(rest, state, step.t, E_p, I) %>%         # select the rows we need 
    filter(state == "R", step.t >= 0.1, step.t <= 0.9) %>%  # filter only the rest periods 
    slice_rows("rest") %>%                         
    by_slice(partial(lm, E_p ~ sqrt(step.t))) %>% # for every rest period, fit E vs sqrt(t) 
    .[[2]] %>%                                     
    map_df( ~ data.frame(               # for each fit, make a one-row data frame of the... 
      E0_p = coef(summary(.))[1, 1],                # coefficient... 
      E0_p_err = coef(summary(.))[1, 2]             # and error 
    ))  
 
  d_n <- cycle %>%                                 # take the single cycle 
    select(rest, state, step.t, E_n, I) %>%         # select the rows we need 
    filter(state == "R", step.t >= 0.1, step.t <= 0.9) %>%   # filter only the rest periods 
    slice_rows("rest") %>%                         
    by_slice(partial(lm, E_n ~ sqrt(step.t))) %>% # for every rest period, fit E vs sqrt(t) 
    .[[2]] %>%                                     
    map_df( ~ data.frame(               # for each fit, make a one-row data frame of the... 
      E0_n = coef(summary(.))[1, 1],                # coefficient... 
      E0_n_err = coef(summary(.))[1, 2]             # and error 
    ))   
 
  out <- cbind(d1, d2, d_p, d_n) %>% 
    mutate(R = (E - E0) / (I / 1000), R_err = E0_err / (abs(I) / 1000), 
           R_p = (E_p - E0_p) / (I / 1000), R_p_err = E0_p_err / (abs(I) / 1000), 
           R_n = -1 * (E_n - E0_n) / (I / 1000), R_n_err = E0_n_err / (abs(I) / 1000)) 
 
  return(out) 
  }) 
 
proc <- do.call(rbind, proc) 
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Appendix D – Voltage behavior of experimental batteries 
Pictures from the investigation about the voltage behavior of a rea cell during the first second of a 

current interruption. 

Figure 23 to Figure 31 are the resulting figures from three different current interruptions of Exp1. The 

battery had already been cycled 14 times when this cycle began and the cycle was between 3 and 4.2 

voltage, where data was collected every 0.01 second during the current interruption. One 

interruption where the voltage was as close to 3.49V, 3.83V and 4.17V respectively, was chosen. For 

each interruption there are three pictures, one with a normal time axis (t), one with t1/2 and one with 

t3/4. And in each figure there are three curves, one for the total cell voltage, one for the negative 

electrode (graphite) voltage and one for the positive electrode (NMC) voltage. The errors in Table 2 

were estimated from these figures. 

 

Figure 23. The voltage behaviour of the cell, and both electrodes separately, during first second of current interruption 
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Figure 24. The voltage behaviour of the cell, and both electrodes separately, during first second of current interruption 

 

 

Figure 25. The voltage behaviour of the cell, and both electrodes separately, during first second of current interruption 
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Figure 26. The voltage behaviour of the cell, and both electrodes separately, during first second of current interruption 

 

Figure 27. The voltage behaviour of the cell, and both electrodes separately, during first second of current interruption 
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Figure 28. The voltage behaviour of the cell, and both electrodes separately, during first second of current interruption 

 

Figure 29. The voltage behaviour of the cell, and both electrodes separately, during first second of current interruption 
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Figure 30. The voltage behaviour of the cell, and both electrodes separately, during first second of current interruption 

 

Figure 31. The voltage behaviour of the cell, and both electrodes separately, during first second of current interruption 
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Appendix E – Voltage behavior of COMSOL model 
The R-code used for calculating the error when using different regressions. The COMSOL model has 

to take measurements every 0.01 second during the current interruption, for the code to work. 

Note that “lower” is the time that normally is the first measurement point. 

#The (normally) first measurement (0.1 sec after interruption) 
lower<-25020.1 
#The end of the current interruption 
upper<-25021 
 
#The data from which the regressions calculate their value 
data<-filter(data.in,t>lower,t<upper) 
#The real value (that the regressions should get) 
real<-filter(data.in,t==lower-0.08)[[5]] 
#The voltage just before the current interruption 
Voltage<-filter(data.in,t==lower-0.09)[[5]] 
 
#Regression with normal t 
normalt<-coef(lm(E~I((step.t)^(20/20)),data),digits=6)[[1]] 
#Regression with t^(3/4) 
t15div20<-coef(lm(E~I((step.t)^(3/4)),data),digits=6)[[1]] 
#Regression with t^(1/2) 
sqrtt<-coef(lm(E~I((step.t)^(10/20)),data),digits=6)[[1]] 
 
Voltage 
 
#The difference between the real voltage and the regression using t 
abs(normalt-real) 
#The difference between the real voltage and the regression using t^(3/4) 
abs(t15div20-real) 
#The difference between the real voltage and the regression using t^(1/2) 
abs(sqrtt-real) 
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Appendix F – Guide to COSMOL model 
A guide on how to recreate the COMSOL model that was used. The same names are used for 

Settings window, Model tree and Ribbon as in “Introduction to COMSOL Multiphysics”. 

Start 
1. Open up COMSOL Multiphysics 5.2a. 

2. Under “New”, press the button Model Wizard. 

3. Under “Select Space Dimension”, press 1D. 

4. Under “Select Physics”, choose Lithium-Ion battery (liion) and press Add. It is located in 

Electrochemistry>Battery Interfaces>Lithium-Ion battery (liion). 

5. Press the green button Study. 

6. Under “Select Study”, choose Time Dependent with Initialization. It is located in Present 

Studies>Time Dependent with Initialization. 

7. Press the blue button Done. 

8. Save with appropriate name. 

Parameters 
1. In the Model tree right-click on the Global Definitions branch and choose Parameters 

2. In the Settings window for Parameters, in the Parameters section, fill in the table so that it 

looks like Table 6. 

Table 6: Parameters 

Name Expression Value Description 
rp_pos 5.25e-6[m]  Particle size positive electrode (NMC) 

rp_neg 8.8e-6[m]  Particle size negative electrode (graphite) 

poros_pos 0.39  Porosity Positive electrode (electrolyte volume 
fraction) 

poros_neg 0.31  Porosity Negative electrode (electrolyte volume 
fraction) 

I_on 300  Current charging/discharging time [s] 

I_off 1  Current interruption length [s] 

Th_neg 40e-6[m]  Thickness of negative electrode 

Th_sep 25e-6[m]  Thickness of separator 
Th_pos 45e-6[m]  Thickness of positive electrode 

cs0_pos 43800[mol/m^3]  Initial lithium concentration positive electrode 

cs0_neg 0[mol/m^3]  Initial lithium concentration negative electrode 

Emin 3[V]  Minimum cycle voltage 

Emax 4.2[V]  Maximum cycle voltage 

Acell 3.14159e-
4[m^2] 

 Electrode area 

 

Geometry 
1. In the Geometry ribbon press Interval in the Primitives section. 

2. In the Settings window for Interval 1(i1), in the Interval section, locate the Points field and 

write “0,Th_neg,Th_neg+Th_sep, Th_neg+2*Th_sep,Th_neg+2*Th_sep+Th_pos”. 

3. Press Build Selected. 
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Materials 
1. In Model tree right-click on Materials, located in Global Definitions>Materials, and press 

Add Material. 

2. In the Add Material window add Graphite Electrode, LixC6 MCMB (Negative, Li-ion Battery) 

as a global material by right-clicking it and choosing Add to Global Materials. It is located at 

Batteries and Fuel Cells> Graphite Electrode, LixC6 MCMB (Negative, Li-ion Battery). 

3. In the Add Material window add LiPF6 in 1:1 EC:DEC (Liquid electrolyte, Li-ion Battery) as a 

global material by right-clicking it and choosing Add to Global Materials. It is located at 

Batteries and Fuel Cells> LiPF6 in 1:1 EC:DEC (Liquid electrolyte, Li-ion Battery). 

4. In the Add Material window add NMC Electrode, LiNi1/3Mn1/3Co1/3=2 (Positive, Li-ion 

battery) as a global material by right-clicking it and choosing Add to Global Materials. It is 

located at Batteries and Fuel Cells> NMC Electrode, LiNi1/3Mn1/3Co1/3=2 (Positive, Li-ion 

battery). 

5. In the Model tree right-click the Materials branch that is located at 

Component1(comp1)>Materials and choose Material link. 

6. In the Settings window for Material Link 1 (matlnk1), in the Geometric Entity Selection 

section, choose Domain in the Geometric entity level and select 1 . 

7. In the Settings window for Material Link 1 (matlnk1), in the Link Settings section, choose 

Graphite Electrode, LixC6 MCMB (Negative, Li-ion Battery). 

8. In the Model tree right-click the Materials branch that is located at 

Component1(comp1)>Materials and choose Material link. 

9. In the Settings window for Material Link 2 (matlnk2), in the Geometric Entity Selection 

section, choose Domain in the Geometric entity level and select 2. 

10. In the Settings window for Material Link 2 (matlnk2), in the Link Settings section, choose 

LiPF6 in 1:1 EC:DEC (Liquid electrolyte, Li-ion Battery). 

11. In the Model tree right-click the Materials branch that is located at 

Component1(comp1)>Materials and choose Material link. 

12. In the Settings window for Material Link 3 (matlnk3), in the Geometric Entity Selection 

section, choose Domain in the Geometric entity level and select 3. 

13. In the Settings window for Material Link 3 (matlnk3), in the Link Settings section, choose 

NMC Electrode, LiNi1/3Mn1/3Co1/3=2 (Positive, Li-ion battery). 

Definitions 
1. In the Model tree right-click Definitions, go to Component couplings and choose 

Integration. 

2. In the Settings window for Integration 1a(int1), in the Operator name field, write “pos_cc”. 

3. In the Source selection section, choose Boundary and Manual and select 5. 

4. In the Model tree right-click Definitions, go to Component couplings and choose 

Integration. 

5. In the Settings window for Integration 2a(int1), in the Operator name field, write “mid_sep”. 

6. In the Source selection section, choose Boundary and Manual and select 3. 

7. In the Model tree right-click Definitions, go to Component couplings and choose 

Integration. 

8. In the Settings window for Integration 3a(int1), in the Operator name field, write “neg_cc”. 

9. In the Source selection section, choose Boundary and Manual and select 1. 
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10. In the Model tree right-click Definitions, go to Functions and choose Piecewise. 

11. In the Settings window for Piecewise1 (pw1), in the Definition section, in Extrapolation 

choose Periodic. 

12. Under Intervals fill in the table according to Table 7: Piecewise intervalTable 7. 

Table 7: Piecewise interval 

Start End Function 
I_off I_on+0.001 1 

I_on+0.001 I_on+I_off 0 

1. In the Model tree right-click Definitions and choose Variables. 

2. In the Settings window for Variables 1, in the Variables section, fill in the table according to 

Table 8. 

Table 8: Variables 

Name Expression Unit Description 
Icell 0.000589*pw1(t/1[s])*(CH-DCH)[A]  Battery current 

Ecell pos_cc(phis)  Voltage total cell 

Epos pos_cc(phis)+(neg_cc(phis)+(-mid_sep(phil)))  Voltage positive electrode 

Eneg neg_cc(phis)+(-mid_sep(phil))  Voltage negative electrode 

Lithium-Ion Battery(liion) 

Initial Values 
1. In the Settings window for Initial Values 1,  

in the Electrolyte potential field write “0”,  

in the Electrolyte salt concentration field write “1000[mol/m^3]”,  

in the Electric potential field write 

“comp1.matlnk1.elpot.Eeq_int1(cs0_neg/comp1.matlnk1.elpot.cEeqref)”. 

2. In the Physics ribbon press Domains and choose Initial Values. 

3. In the Settings window for Initial Values 2,  

in the Electrolyte potential field write “0”,  

in the Electrolyte salt concentration field write “1000[mol/m^3]”,  

in the Electric potential field write “0”. 

4. In the Physics ribbon press Domains and choose Initial Values. 

5. In the Settings window for Initial Values 3,  

in the Electrolyte potential field write “0”,  

in the Electrolyte salt concentration field write “1000[mol/m^3]”,  

in the Electric potential field write 

“comp1.matlnk3.elpot.Eeq_int1(cs0_pos/comp1.matlnk3.elpot.cEeqref)”. 

Negative electrode 
1. In the Physics ribbon press Domains and choose Porous Electrode. 

2. In the Settings window for Porous Electrode 1, locate the Label field and write “Negative 

electrode”. 

3. In the Domain Selection section, choose Manual and select 1. 
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4. In the Model input section under Concentration, choose Electrolyte salt concentration 

(liion). 

5. In the Electrolyte Properties section, under Electrolyte material choose Material Link 2 

(matlnk2). 

6. In the Electrode Properties section, under Electrode material choose Material Link 1 

(matlnk1). 

7. In the Particle Intercalation section, under Particle material choose Material Link 1 

(matlnk1). Under Initial species concentration write “cs0_neg”, under Particle mean center-

surface distance write “rp_neg”. 

8. In the Volume Fractions section under Electrode volume fraction write “1-poros_neg”. 

Under Electrolyte volume fraction write “poros_neg”. 

9. In the  Effective Transport Parameter Correction section, under Electrolyte conductivity 

choose Bruggeman.  

Do the same under Electrical conductivity and Diffusion. 

10. In the Solid Particle Discretization section check Fast assembly in particle dimension. 

Negative electrode reaction 
1. In the Model tree press the branch Porous Electrode Reaction 1, located at 

Component1(comp1)>Lithium-Ion Battery(liion)>Negative electrode>Porous Electrode 

Reaction 1. 

2. In the Settings window for Porous Electrode Reaction 1, in the Model Inputs section, under 

Concentration choose Insertion particle concentration, surface (liion). 

3. In the Equilibrium Potential section, under Material choose Material Link 1 (matlnk1) 

4. Under Equilibrium potential, choose From material.  

Do the same under Temperature derivative of equilibrium potential. 

Positive electrode 
1. In the Physics ribbon press Domains and choose Porous Electrode. 

2. In the Settings window for Porous Electrode 2, locate the Label field and write “Positive 

electrode”. 

3. In the Domain Selection section, choose Manual and select 3. 

4. In the Model input section under Concentration, choose Electrolyte salt concentration 

(liion). 

5. In the Electrolyte Properties section, under Electrolyte material choose Material Link 2 

(matlnk2). 

6. In the Electrode Properties section, under Electrode material choose Material Link 3 

(matlnk3). 

7. In the Particle Intercalation section, under Particle material choose Material Link 3 

(matlnk3). Under Initial species concentration write “cs0_pos”, under Particle mean center-

surface distance write “rp_pos”. 

8. In the Volume Fractions section under Electrode volume fraction write “1-poros_pos”. 

Under Electrolyte volume fraction write “poros_pos”. 

9. In the  Effective Transport Parameter Correction section, under Electrolyte conductivity 

choose Bruggeman.  

Do the same under Electrical conductivity and Diffusion. 

10. In the Solid Particle Discretization section check Fast assembly in particle dimension. 
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Negative electrode reaction 
1. In the Model tree press the branch Porous Electrode Reaction 1, located at 

Component1(comp1)>Lithium-Ion Battery(liion)>Positive electrode>Porous Electrode 

Reaction 1. 

2. In the Settings window for Porous Electrode Reaction 1, in the Model Inputs section, under 

Concentration choose Insertion particle concentration, surface (liion). 

3. In the Equilibrium Potential section, under Material choose Material Link 3 (matlnk3) 

4. Under Equilibrium potential, choose From material.  

Do the same under Temperature derivative of equilibrium potential. 

Separator 
1. In the Physics ribbon press Domains and choose Separator. 

2. In the Setting window for Separator, in the Domain Selection, choose Manual and select 2. 

3. In the Model Inputs section, under Concentration choose Electrolyte salt concentration 

(liion). 

4. In the Electrolyte Properties section, under Electrolyte material choose Material Link 2 

(matlnk2). 

5. In the Electrolyte Volume Fraction section, under Electrolyte volume fraction write “0.39” 

6. In the Effective Transport Parameter Correction section, under Electrolyte conductivity 

choose Bruggeman. 

Do the same under Diffusion. 

Electric Ground 
1. In the Physics ribbon press Boundaries and choose Electric Ground. 

2. In the Settings window for Electric Ground 1, in the Boundary Selection section choose 

Manual and select 1. 

Electrode Current 
1. In the Physics ribbon press Boundaries and choose Electrode Current. 

2. In the Settings window for Electrode Current 1, in the Boundary Selection section choose 

Manual and select 4. 

3. In the Electrode current section, choose Total current and in the Is,total field write “Icell”. 

Implementing battery cycling 
1. In the Physics ribbon, click Add Physics. 

2. In the Add Physics window, under Mathematics, under ODE and DAE Interfaces mark Events 

(ev) and press Add to Components. 

3. In the Model Builder right-click Events (ev) and choose Discrete States, right-click Events 

(ev) and choose Indicator States, right-click Events (ev) and choose Implicit Events (twice). 

4. In the Settings window for Discrete States 1, fill in the table according to Table 9 

Table 9. Discrete states 

Name Initial value (u0) Description 
CH 1 Charging 

DCH 0 Discharging 

  

5. In the Settings window for Indicator States 1, fill in the table according to Table 10 
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Table 10. Indicator states 

Name g(v,vt,vtt,t) Initial value (u0) Description 
CH_to_DCH CH*(Ecell-Emax)/1[V] 0 When charge from charge to discharge 

DCH_to_CH DCH*(Emin-Ecell)/1[V] 0 When change from discharge to charge 

 

6. In the Settings window for Implicit Event 1, uncheck Use consistent initialization, under 

Condition write “CH_to_DCH>0”, fill in the table according to Table 11 

Table 11. Implicit Event 1 

Variable Expression 
CH 0 

DCH 1 

 

7. In the Settings window for Implicit Event 2, uncheck Use consistent initialization, under 

Condition write “DCH_to_CH>0”, fill in the table according to Table 12 

Table 12. Implicit Event 2 

Variable Expression 
CH 1 

DCH 0 

Study 
1. In the Settings window for Step 1: Current Distribution Initialization, located at Study 1> 

Step 1: Current Distribution Initialization, in the Results While Solving section, beside 

Probes choose None. 

2. In the Physics and Variables Selection section, uncheck Solve for Events (ev). 

3. In the Settings window for Step 2: Time Dependent, in the Study Settings window, in the 

Times field, write the time sequence “range(0,1,I_on/30-1) range(I_on/30,10,I_on*29/30-10) 

range(I_on*29/30,1,I_on-1) range(1*I_on,0.1,1*I_on+I_off-0.1) …”. 

4. In the Model tree right-click Study 1 and choose Show Default Solver. 

5. In the Settings window for Time-Dependent Solver 1, located at Study 1>Solver 

Configurations>Solution 1(sol1)>Time-Dependent Solver 1, in the Time Stepping section, 

beside Steps taken by solver, choose Strict. 

Results 
1. In the Results ribbon, in the Plot Group section, press 1D Plot Group. 

2. In the Settings window for 1D Plot Group 1, in the Lable field, write “Battery Voltage and 

Current”. 

3. In the Model tree, right-click Battery Voltage and Current and choose Global. 

4. In the Settings window for Global 1, located at Results>Battery Voltage and Current>Global 

1, in the y-Axis Data section, fill in the table according to Table 13. 

Table 13. Battery Voltage and Current plot 

Expression Unit Description 
Ecell V E_tot 

Epos V E_P 

Eneg V E_N 

Icell A I 
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5. In the Results ribbon, in the Plot Group section press 1D Plot Group. 

6. In the Settings window for 1D Plot Group 2, in the Lable field, write “Current”. 

7. In the Model tree, right-click Current and choose Global. 

8. In the Settings window for Global 1, located at Results>Current>Global 1, in the y-Axis Data 

section, under Expression, write “Icell”. 

Export 
1. In the Model Builder, right-click Export and choose Plot. 

2. In the Settings  window for Plot 1, in the Label field, write “Voltages and current”. 

3. In the Plot section, next to Plot group choose Battery Voltage and Current, next to Plot 

choose Global 1. 

4. In the Output section, use the Browse button to choose name path to the desired folder 

(save as txt file), next to Data format choose Spreadsheet. 

5. In the Advanced section, uncheck  Include header and Sort, check Full precision. 

Run 
To run the program, find Study 1 in the Model Builder and press Compute (in the Setting window). 
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