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Abstract 

Numerical Analysis of  

Performance and Life of Lithium ion Battery Systems  

using Physics-based Models 
 

                                             Hong-Keun Kim 

School of Mechanical and Aerospace Engineering 

                The Graduate School 

Seoul National University 

 

Due to the improvement over the last 20 years, lithium-ion batteries start to be 

used in hybrid electric vehicles, electric vehicle (EV), and energy storage system 

(ESS) that require high power and high energy. In general, since the systems in EV 

and ESS require long life and safety for more than 10 years, it is necessary to 

optimize the battery systems to satisfy the demands. In the design process of the 

battery systems, experimental processes are essential to evaluate performance and 

life of the cells and the battery pack systems. But empirical test needs high cost for 

considering numerous design parameters. Also, experimental tests for life cycle take 

a long time, which is not affordable for the commercial products. Therefore, there is 

a high demand for approaches using numerical models to predict the performance 

and life of the battery cells and the pack systems. 

This dissertation proposed physics based models of lithium ion battery cell and 

pack systems and analyzes the performance and life behaviors in various operating 

conditions. The battery model is developed based on the multi-scale multi-

dimensional (MSMD) model framework and calculates electrochemical reactions, 

lithium diffusion and charge conservation in electrode and electrolyte, and capacity 

fade mechanism due to SEI layer growth in coupled manners. The model can solve 

distributions of temperature and electrical potentials that occur over the cell volume.  

By using the 3D cell model based on MSMD model framework, the 

degradation rates of a small cell and a large cell, having the same electrode design, 

is compared to present effects of cell size on degradation. It is identified that 

degradation is accelerated in large cells due to high temperature from heat generated 
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in current collectors and a long charge time. In addition, the effects of cell formats 

on performance and life of LIB cells is investigated. The 3D cell models for a pouch 

cell, a cylindrical cell, and a prismatic cell are developed and simulated for cycle 

operations. The model results show that the cylindrical cell with discrete tabs which 

has relatively long electric paths in metal current collectors shows higher electrical 

resistance than the pouch cell and the prismatic cell and degrades faster than the 

others. But when these cells have continuous tabs, it is observed that degradation 

rates of all cells are similar, implying that the effects of cell formats and tab designs 

on degradation are significant. 

We developed a resistance added lumped (RAL) cell model that can carry 

accurate and fast prediction of behaviors of large format LIB cells compared to the 

full 3D cell models. The RAL cell model is a cell domain sub-model in the MSMD 

model framework, and implements the electrical resistance and thermal resistance 

of cells, which is determined by the cell design. The RAL cell model is verified by 

comparison to the 3D cell model and the lumped cell model and it is shown that the 

RAL cell model can predict the behavior of the large format LIB cells more 

accurately than the lumped cell model and also the calculation time is significantly 

faster than the 3D cell model. 

Finally, a battery pack model is developed for the life analysis of the battery 

pack systems which have multiple cells. To consider phenomena in the battery pack 

system, the MSMD model framework is extended to the pack domain, which 

calculates the electrical networks between cells and the heat transfer network 

including convective cooling flows. The pack system model adopts the RAL cell 

model as a cell domain sub-model to model two battery packs with 32 cells in 4P8S 

configuration in different connection structures. The cycle simulations for the both 

battery packs are carried out to investigate responses of the battery packs with a 

different electric connection in imbalanced situations.  

 

Keywords : Lithium ion battery (LIB); Electrochemical model; Capacity fade 

model; Numerical study; Battery pack system model  

Student Number: 2013-30947 
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CHAPTER 1. INTRODUCTION 
 

1.1 Lithium ion batteries  

Environmental pollution is a serious worldwide issue and has recently led to eco-

friendly energy been highlighted as a major area of focus, causing an increase in 

interest in energy conversion devices such as fuel cells and batteries. Among these 

devices, the lithium ion batteries (LIBs) are growing in popularity and usage for 

global market due to their high energy density, low self-discharge, and tiny memory 

effect.[1] They are devices that use the oxidization-reduction reaction of the electrode 

to convert chemical energy into electric energy or electric energy into chemical 

energy. 

Fig. 1.1 shows the principle of the LIB system during the charge-discharge process. 

The LIB has a positive electrode and a negative electrode based on porous media, and 

the electrolyte is injected to fill the pore of the electrodes. There is a separator 

between both electrodes to prevent short-circuiting between the electrodes. The 

electrodes of porous media are made by mixing active material particles, the binder, 

 

Fig1.1 Schematic of a lithium ion battery system 
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and the conductive filler. Usually, lithium transition metal oxide, such as LiCoO2 

(LCO), LiMn2O4 (LMO), LiFePO4 (LFP), and LiNxCoyMnZO2 (NCM) are used the 

active material at the positive electrode, and graphite is commonly used the active 

material at the negative electrode. Since its commercialization, LIBs have been 

rapidly improved in terms of energy density and performance as a result of design 

optimization. However, it has reached a point of limit and increasing the energy 

density and performance of the LIBs is one of the major challenges facing LIB 

research. Battery manufacturers are focusing on the materials of positive and negative 

electrodes to capacity and power. For example, recently as a method to raise energy 

capacity, they have tried using Li-rich active materials as positive electrode materials, 

and silicon oxidized or LTO as negative electrode materials. [2,3] There has also been 

active research into conductive materials, such as raising the conductivity of lithium 

oxidized to increase the performance of the LIBs, or research into binders that better 

attach active materials to conductors. [4]  

The LIBs generally have an energy density of 5 times compared to lead-acid battery, 

and 3 times compared to the Ni-MH batteries. Thus, LIBs having a high energy 

density and high power density are currently widely used in the small electronic 

device such as cell phone or laptop. The global car market is shifting from gasoline 

and diesel engine cars to HEV/EVs as module or pack systems made by connecting 

a number of LIBs can satisfy the high power and high capacity demanded by 

HEV/EVs. Moreover, rack systems that are made of connecting battery module 

/packs are used as high capacity energy storage system (ESS). ESSs are one of the 

solutions to support power infrastructure like smart grid, so the installation-scale of 

ESSs is gradually increasing from kilowatts to megawatts. Since building the 

HEV/EV or ESS system is extremely costly, the LIBs used in each system requires a 

guarantee of at least 10 years. According to these demands, many studies have been 

tried to optimize LIBs for better performance and life, but it is not easy to design of 

LIBs because there are various factors that affect the LIBs such as cell shapes, design 

variables, and operating conditions. If the LIB is designed to have a large resistance, 

considerable heat generation and poor cooling, it is operated at high temperatures and 
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results in degradation of performance and life. In addition, a mistake in the design of 

the LIBs affects stability such as the thermal runaway incident as seen with the 

Galaxy Note, electric bus, and the ESS container. Therefore, it is essential to design 

and evaluate the LIB in the early stages of development.  

 

1.2 Backgrounds and Motivations  

The designing of a LIB, in general, differs according to purpose and use. For 

example with LIBs used in HEVs/EVs, despite the energy capacity per volume being 

low, they are designed to have a large number of current metal collectors, and also 

designed to generate a high power instantaneously. Meanwhile, LIBs used in ESS 

systems are designed to reduce the number of current collectors to maximize energy 

capacity rather than high power, and thus have thicker electrodes. In addition, the 

shape and capacity of LIBs used in small devices to large systems are different.  

There are several different cell formats in the current commercial LIB market, such 

as pouch cell, cylindrical cell, and prismatic cell. In Fig. 1.2, pouch cells have staked 

layers of electrode-separator-metal current collector composite connected to 

electrical tabs paralleled and are enclosed by film-type pouches. Pouch cells are 

known to be favorable to heat management because of the larger cooling area and 

advantageous for packing in modules due to higher degrees of design freedom [2]. 

However, the poor durability of the plastic film pouch and low yields from complex 

manufacturing processes are weak points for using the pouch cells. Cylindrical cells 

 

Fig.1.2 Three representative lithium ion batteries [2] 
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have wound layer structures inside cylindrical metal cans with good mechanical 

rigidity. Cylindrical cells are relatively cost-effective due to fast manufacturing 

processes and also mechanically robust. However, cylindrical geometries are 

disadvantageous for large cells, since their small surface area per volume and the poor 

thermal conductivity in the radial direction make heat management difficult. 

Prismatic cells are made to combine the benefits of pouch cells and cylindrical cells 

and have wound layer structures of the electrode-separator-metal current collector in 

prismatic metal cans. Prismatic geometries allow small dead volumes in module 

systems and large surface area per volume for cooling.[5,6] Until now, there have 

been only a few comparative studies, of which cell format is more advantageous in 

terms of cost, performance, and life for systems in which LIB is used. In the current 

market, LIBs adopted from small devices to large systems have different cell format 

as well as capacities due to the advantages and disadvantages of each cell format. For 

example, in a recent trendy EVs, Tesla’s Model S uses a number of small cylindrical 

cells (18650 type), GM Bolt uses pouch cells, and the BMW i8 uses large format 

prismatic cells. In the design process of the LIBs, an experimental method that 

involves directly manufacturing and assessing the LIBs is not simple. There are 

various variables that affect the performance or life of the LIB because of the complex 

physical phenomena such as electrical, chemical, electrochemical and thermal 

behaviors in the LIBs. Therefore, an experimental method has many limitations for 

developing an optimized LIBs considering design variables, cell shapes and etc. In 

particular, there are time and cost limitations in testing the life of LIBs during long 

cycles. Due to the limitations of these experimental methods, there is a growing 

interest in approaches to evaluate the performance and life of LIBs by modeling 

methods, and various models have been proposed accordingly.  

LIBs models can be classified into the empirical model and physics-based model 

according to the characteristics. The empirical model predicts the behavior of the 

LIBs using mathematical expressions based on the experimental data. This model can 

be applied to battery management systems (BMS) that require real-time control 

because they are simple and fast. However, it has lower accuracy if there are 
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insufficient experimental data, and does not provide information into phenomena 

occurring inside the LIBs. The physics-based model predicts battery performance and 

life by solving the governing equations for electrical, chemical, and electrochemical 

phenomena occurring within the LIBs. Because of the non-linear PDEs in this model, 

it takes more calculation time to compare to the empirical model, but it has high 

accuracy in predicting the behavior of the LIB and can obtain information about LIB’s 

physical states, which is hard to obtain through experiments. The pseudo-two-

dimensional (P2D) model[7-8], a well-known physics-based model, resolves multi-

physics be occurring at the electrode scale, has been widely used to investigate the 

effect of design on small size LIBs. P2D model assumes that temperature and electric 

potentials are constant. In large batteries, the temperature is not uniform over the cell 

volume, and electric potentials are not constant along the positive/negative current 

collectors. In order to predict the large format LIBs, two-dimensional and three-

dimensional models have been proposed to extend the physical phenomena of the cell 

scale. However, it still has time limitations due to a large number of computational 

nodes.  

Beyond single LIB simulation, it is difficult to predict the HEV/EV or ESS 

consisting of large format LIBs through physics-based model because of other 

physical phenomena in the pack system, such as imbalances caused by the series and 

parallel connection of the LIBs, cooling structures, contact resistance, etc. Although 

battery manufacturers provide experimental data on commercial, they cannot be 

guaranteed to have the performance and life of large systems in proportion to a single 

LIB. Also, the larger number of computational nodes in a module or pack system is 

another obstacle to expanding the system scale in terms of time and cost as compared 

to a single LIB. Therefore, recently, there is a growing demand for the module or pack 

system models as well as large format LIB models that can save time and cost in the 

design and testing process.  
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1.3 Thesis Outline  

This thesis aims to the develop the full physics-based 3D model that predicts the 

performance and life of small to large-format LIBs based on the understanding of the 

multi-physics and the multi-scale. Furthermore, it extends the module/pack system 

model considering LIB connection and cooling and investigates the behavior of a 

single LIB and pack system under operating conditions. It consists of seven chapters 

as described below.  

Chapter 2 describes the fundamental concepts and theories underlying the 

developed model in this study. This chapter explains the governing equations from 

particle, electrode and cell scale. In the particle and electrode scale, lithium diffusion 

dynamics, charge conservation, and charge transfer kinetics equations at the cell 

sandwich consisting of the anode, separator, and cathode are described. The 

degradation mechanism of SEI film growth at the negative electrode during the 

charge stage is also included. In the cell scale, it covers the equations for the spatial 

 

Fig1.3 The goal of this dissertation 



 7  

distribution of current density, potential, and temperature in the large-format cell, and 

describes the 3D model for the shape of LIBs such as pouch cell having stacked layers 

and the cylindrical or prismatic cell having wound layers. The validity of the present 

models is checked by comparing the experimental data at the end of chapter 2.  

In chapter 3, the numerical studies are conducted to investigate the large-format 

LIB by using presented models in chapter 2. The size-effects in the LIB cells on 

performance and degradation are investigated by comparison of a small size cell a 

large size cell with an identical electrode design. This numerical approach reveals 

knowledge about why the large-format LIB cells struggle with fast degradation and 

quantitative data provided can be useful for optimization of large-format LIBs.  

In chapter 4, the comparative studies are conduct to investigate the effects of cell 

shapes on the cell life. A pouch cell, a cylindrical cell and a prismatic cell are modeled 

and set the same material, same capacity, same volume and same electrode design. 

This study has investigated the non-uniformity behaviors of current density, electrical 

potential, and temperature for different types of LIB, and compared the performance 

and life during cycles. From the result of optimal tab design which takes minimize 

the imbalance of the cell, it also demonstrates that the LIB’s life can be extended 

depending on the tab design in the development of LIB.  

In chapter 5, the resistance added lumped (RAL) cell model is proposed to 

overcome the limitations of the computational time for the 3D cell model presented 

in chapter 2. This model is developed by applying the concept of the electric 

resistance in the current collectors and thermal resistance along the electrode layers 

from the 3D cell model to the lumped cell model. Instead of solving the charge 

conservation and energy equation in the cell scale domain, it has a computational 

efficiency by adopting two resistances according to DOD. The reliability of the 

present approach is verified by comparing the result of the current, voltage, 

temperature and life with those from the 3D cell model and the experimental data.  

In chapter 6, the module/pack model in which LIBs are connected in series or 

parallel is proposed. The electrochemical model for the large-format LIB in the pack 

system is applied to the RAL cell model presented in chapter 5 for the computational 
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efficiency. The pack system model is divided into two types according to the serial or 

parallel connection structure of the LIBs, and an efficient algorithm is developed for 

each type of model. In addition, thermal management by air flow is also considered 

in the present model. To verify this model, the model results are compared with the 

experimental data. Then, the responses of the pack system including the imbalance 

of temperature, SOC, voltage between LIBs are investigated for various operating 

conditions, and the specific operating condition is suggested to improve performance 

and life for pack system. Finally, the conclusion of the present study and suggestions 

about future works are presented in chapter 7. 
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CHAPTER 2  
MATHEMATICAL MODEL 

 

In this chapter, fundamental theories and governing equations are summarized 

which underlying the physics-based mathematical model of LIB cell level for 

predicting the performance and lifetime. Using the multi-scale multi-dimensional 

model framework, the complex physical phenomena in the LIBs are divided into 

several sub-domains according to length scale, and the electrical, chemical, 

electrochemical and thermal behaviors including the cell degradation during 

charge/discharge operation in each domain are explained. In order to model a large-

format LIBs for various shapes such as stacked type or wound type, the cell domain 

sub-model corresponding to the macro scale are also described. Finally, the validity 

of the presented model is demonstrated by comparing the results with various 

operating conditions from the experimental data.  

 

2.1. Background  

Since the LIBs model can be overcome the limitations of the experimental method, 

it is used not only to design the LIBs, but also to extend the application for 

performance and lifetime prediction. According to these demands and advantages, 

the various LIB models have been proposed to date. As shown in Fig.2.1 (a), the LIB 

models can be roughly classified into two groups which are the empirical model and 

physics-based mathematical model. Each group of LIB models has a different 

approach method and has advantages and disadvantages. The empirical model 

predicts the future battery behavior based on the experimental data up to now without 

considering the physical phenomena in the LIBs. This model includes the equivalent 

circuit models (ECM) [9,10], which expresses a LIBs with the simplified electric 

circuit using by resistance and capacitance, and the polynomial, exponential and 

power-law function models[11,12], which are represented by several fitting 

parameters derived from the experimental data. Due to these simplifications, these 

models are computationally fast and simple, but are requiring extensive experimental 
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data for the reliability. If the experimental data from other operating is insufficient, 

the accuracy of prediction can be weak in a specific state of LIB. In addition, these 

models are difficult to obtain information on the physical conditions and variables 

during operation. 

On the other hand, physics-based mathematical models are more sophisticated than 

the empirical models. These models focus on the complex physics, such as electrical, 

chemical, electrochemical kinetics and transport phenomena. Although taking a long 

computational time due to solving the governing equations, these models can provide 

the LIB’s characteristics and reactions in various operating conditions, and have high 

accuracy for prediction. Therefore, these models are used in a wide range, such as the 

predicting the performance and life before or after the battery designing process.  

 

 

Fig. 2.1 (a) the classification of lithium ion battery models [13], (b) wide range of 

physical phenomena dictates different computational demands [14]. 
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The empirical model is mainly used for the battery management system (BMS) 

which requires real-time response, but as the computing speed is getting better, there 

is increasing interest in applying the accurate physics-based model to BMS. 

As mentioned before, physics-based mathematical models based on the physical 

phenomena in LIB systems can provide detailed information about LIB’s physical 

states, which is hard to obtain through experiments. In general, these models of LIB 

cells focus on physical phenomena from particle scale to electrode scale where 

electrochemical reactions occur intensively. Although this model can include finer 

physical phenomena at the atomic or molecular scale for better prediction, it is 

computationally expensive. Thus, a simplified model from particle level to electrode 

level is mainly used to predict the LIB’s characteristics and response. The leadoff of 

the LIB mathematical models was suggested by Newman and his group in the 1990s, 

which are called pseudo-two-dimensional (P2D) models [7,8]. The P2D model 

resolves the lithium ion diffusion dynamics in solid/liquid materials and the charge 

transfer kinetics in porous electrodes, which have been widely used to investigate the 

effects of microscopic electrode designs on battery performance.  

However, it considers uniform electric potentials at current collectors and constant 

temperature to have limitations for predicting behaviors of large-format LIBs. Yet in 

Table 2.1 A summarized the advantage and disadvantage for the empirical model 

and physics-based model. 

 Empirical model Physics based model 

Advantages 
 Computationally fast & simple 

 Applicable to BMS 

 Good prediction accuracy 

 Providing the detailed  

physicochemical informations 

 Applicable to other batteries  

 Available to add other physics 

Disadvantages 

 Poor prediction accuracy 

 Not available to know the physics- 

based parameters 

 Useless for other types of battery 

 Computationally slow& complex 

 Limitation to extend the system 

level model 

 



 12  

large batteries, the temperature is not actually uniform over the cell volume, and 

electric potentials are not constant along the positive/negative metal current collectors. 

Thus, there are limitations for predicting the responses of the large LIB cell since the 

deviation of electric potentials and temperature affect electrochemical reaction 

distributions [15]. There have been efforts to resolve heat transfer throughout the cell 

volume and electric transfer along the current collectors in a coupled manner with 

charge transfer kinetics in porous electrodes. Kwon et al. [16] developed a two-

dimensional cell model to obtain electric potential distribution in lithium-polymer 

batteries and coupled it with the P2D model in the electrode composite. Their study 

assumes that a constant temperature was expanded in following works [17, 18] to 

solve temperature distributions. However, the three-dimensional cell modeling has 

been challenging for computational costs, because the characteristic lengths of cell 

volumes are much larger than the electrode composite thickness. Kim et al. [19] 

resolve the expensive computing requirement limitations by proposing the multi-

scale multi-dimensional (MSMD) model, which calculates various physics in 

independent sub-models with their designated size scales. In the MSMD model 

framework, a hierarchical structure of sub-domain models allows computational 

efficiency since large-scale quantities are calculated in a higher hierarchical domain 

and ignore complications of the small-scale geometric features. Due to this main 

advantage for solving the multi-scale physics, the MSMD model framework also has 

been adopted to other works [20, 21]. 

 In this chapter, the 3D LIB model based on the full physics-based (P2D) model 

using the MSMD modeling approach is developed to predict the performance and life 

of large-format LIBs. In the following sections, the details about MSMD model 

structure and governing equations in each sub-domains will be described.  

 

2.2 Model description  

In this thesis, multi-scale multi-dimensional (MSMD) model framework by Kim 

et al. [19] is used to resolve the coupled physics in LIB cells and used to develop the 

3D LIB model based on the full physics-based (P2D) model. The MSMD model  
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Fig.2.2. The multi-scale multi-dimensional (MSMD) model framework:  

summary of the physical phenomena resolved in each domain 
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-framework has efficient computation by using the multi-computational domains 

which are particle, electrode and cell domain to solve the different physics occurring 

over a wide range of length scales as shown in Fig 2.2. Each solution domain has 

independent geometry and its own coordinate systems and resolves the corresponding 

solution variables in each domain. Particle domain in micro-scale represents the 

active material particle inside electrode and the solid phase lithium diffusion and 

charge transfer kinetics are solved in this domain. Electrode domain in meso-scale 

solves the charge balance in solid phase and the liquid phase of electrolyte and lithium 

transfer in liquid phase at cell sandwich consisting of current collectors, negative 

electrode, separator and positive electrode. Cell domain in macro scale covers the 

electric potential, the current density in the current collectors and temperature 

distribution over the cell volume. In this model framework, each domain can choose 

the independent sub-model to solve the various phenomena that occur in separate 

geometries in a coupled manner.  

In the hierarchical structure of the MSMD model framework, a lower hierarchy 

domain has a fine spatial resolution that solves small, length-scale phenomena in 

smaller geometries. In an upper hierarchical domain, large-scale physics are solved 

with a coarse spatial resolution, neglecting any small-scale geometrical details in a 

lower hierarchy domain. The solution variables in every model domain are calculated 

simultaneously in a coupled manner, and the information is exchanged between 

neighboring hierarchy domains. In the following sections, details about physics, sub 

model and governing equations in each domain will be described. 

 

2.2.1 Particle scale domain model and electrode scale domain model  

The sub-model chosen for particle domain and electrode domain is same as P2D 

model consisting of a one-dimensional (1D) spherical particle model for particle 

domain and a one-dimensional (1D) porous electrode model for electrode domain. 

Fig 2.3 shows the schematic for two subdomains in the pseudo-two-dimensional 

(P2D) model. In 1D spherical particle model, the active material particles are assumed 
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to be a perfect sphere, and the computational nodes are from center to surface of the 

sphere along the r-direction. In 1D porous electrode model, it is assumed that the 

composite electrode in which the active material, binder, and conductive material are 

mixed is homogeneous porous media. The computational nodes are in the x-direction 

across the negative electrode, separator and positive electrode in this sub-model. As 

the solution variables determined in the particle domain are transferred and 

distributed to the electrode domain, 1D electrode model is solved across the x-

direction nodes, and then the calculated local variables are transferred to 1D spherical 

particle model again. P2D model has several assumptions as follow. Lithium transport 

in the solid phase is by diffusion, and lithium ion in the electrolyte is by diffusion and 

migration only. There are no gas phase inside electrodes and no volume change during 

operation, resulting in constant electrode porosities [22]. 

 

2.2.1.1 Specific mass conservations in solid phase 

The mass transport of lithium in the active material particles are determined by 

diffusion. Therefore the governing equation follows Fick's 2nd law as below. 

 

Fig. 2.3 Schematic of a pseudo two-dimensional (P2D) model : coupling of 

solution variables between 1D spherical particle sub-model in the particle 

domain and 1D porous electrode sub-model in electrode domain 
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 where Rs, is the radius of active material particles, "i  is charge flux by 

electrochemical reaction and F is Faraday’s constant with 96450 C/mol.  

 

2.2.1.2 Electrochemical reaction kinetics  

In general, the electrochemical reaction is generated at the interfaces between the 

surface of active marital and electrolyte, and the rate of charge transfer kinetics is 

determined by the Butler-Volmer (BV) equation.  
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     "
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a ca
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where "

0i  is equilibrium exchange current density, k  is the reaction rate coefficient,

a ,
c are transfer coefficient with 0.5, R is universal gas constant with 8.314 J/mol.K. 

And the overpotential is defined as: 

''

ocv SEIs e U i R         for negative electrode        (2.4) 

ocvs e U        for positive electrode        (2.5) 

where 
s  is the potential in the solid phase, 

e  is potential in the electrolyte, 

SEIR is resistance by SEI layers, and 
ocvU  is the open circuit potential which depends 

on the state of charge for electrode surface, ,surfi  is defined as:  
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2.2.1.3 Mass transfer in electrolyte  

According to porous electrode theory, the solid and electrolyte phases of the 

composite electrode are treated as a continuum neglecting the effect of the 

microstructure. The governing equation of transport of lithium ion in the electrolyte 

by diffusion and migration is: 
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with isolated boundary conditions at the interface between the electrode and the 

current collector: 
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where 
ec is the lithium ion concentration in the electrolyte, eff

eD  is the effective 

diffusion coefficient of electrolyte phase, 0t  is the transference number of lithium 

ion with respect to the velocity of solvent, '''

xj is the rate of charge transfer kinetics 

at the particle surface, and 
e is the porosity of electrode. The effective diffusion 

coefficient in the electrolyte is calculated by using the Bruggeman relation,

eff p

e e eD D  , that related to the tortuosity of porous media.  

 

2.2.1.4 Charge balance in solid phase 

Charge balance in the solid phase of the negative and positive electrode is 

represented by Ohm’s law 
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with boundary conditions at the both current collectors 
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and zero current density at the interface electrode/separator 
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where 
s is the solid phase potential, eff

i is effective electrical conductivity in 

solid particle and is defined as eff

,

p

i i s i   , 
,

p

s i  is the volume fraction of active 

material in the electrode, 
 and 

  mean the electrical potential at the current 

collectors and the difference between the two values is the cell voltage. 

 

2.2.1.5 Charge balance in electrolyte  

The governing equation for charge balance in the electrolyte is follow. 
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where 
e is the electrolyte phase potential and eff is the effective ionic 

conductivity which is calculated by using the Bruggeman relation, eff p

e  . From 

concentrated solution theory, effective diffusional conductivity eff

D is  
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where 
ln

ln e

d f

d c


 
 
 

 is the thermodynamic factor, assumed in the present work to be 

zero. 

Since the four governing equations PDEs which is (2.1), (2.7), (2.9) and (2.12) are 

nonlinear, the solution values can be obtained coupled with the Butler-Volmer 

equation by numerical method. 

 

2.2.1.6 Electrochemical heat sources  

  During the charge/discharge process, multiple heat sources are generated due to 

the electrochemical reaction inside the electrode, are divided into reversible heat and 

irreversible heat. The reversible heat is caused by entropy change of electrochemical 
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reactions. The entropy change in the various cathode and anode materials has 

different responses and can be obtained through measurements. The irreversible heat 

consists of the reaction heat by the electrochemical reaction and the Joule heat for 

electric current flow due to the potential gradient in the solid composite and 

electrolyte. The reaction heat and reversible heat are calculated in the particle domain 

where the electrochemical reaction takes place and are given by 

   ' ' ' '

r x n s eq i U                            (2.15)  
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The total heat source at the particle domain is calculated by integrating across 

the 1D electrode domain as below. 
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where 
''

rxnq and 
''

revq  are averaged heat sources at the surface area in the electrode.  

Joule heat is calculated in the electrode domain as below. 

''' eff eff eff

joule lns s e e D e eq c                       (2.18) 

And the total heat source at the electrode domain is expressed as follows. 

'''

joule''' ''' 0
edm pdm

a s cl l l

a s c

q dx
q q

l l l

 

 
 


                   (2.19) 

 The volume-averaged value for these heat sources is transferred to the cell domain 

which is the upper domain. 

 

2.2.2 Cell scale domain model  

The cell domain describes the macroscopic physics with characteristic lengths 

similar to the size of the cell, such as electrical potential fields in metal current 

collectors and temperature distribution over the cell volume. The averaged solution 
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values in the electrode domain are transferred to the cell domain, which is the upper 

domain, resulting in the distribution of local values. Joule heat is generated, when 

each local current flows to the positive and negative taps along the current collectors. 

The high temperature and the large gradient of electrical potential are also generated 

by the merged current density near the tabs. In small LIBs, the non-uniformity of 

local values is negligible but is further intensified in large-format LIBs. Thus, the 

designing of the positive and negative tabs in the cell domain becomes important as 

LIBs size increases. In addition, the several factors such as the electrode stacking, tab 

design, cooling area and etc. that changes depending on the cell shape should be 

considered. In this section, three sub-models in the cell domain for small LIBs to 

large-format LIBs are explained. 

 

2.2.2.1 Lumped cell model 

Lumped cell model is considered as a single computational node in the cell domain. 

This model also assumes that the effect of spatial imbalances is neglected in a LIB. 

From this assumption, the temperature distribution over the cell volume and electric 

potential distribution in the current collectors are considered to be uniform. Applying 

this model to a small LIB can achieve both computational efficiency and accuracy, 

but to a large-format LIB results in lower accuracy due to the cell imbalance. The 

operating voltage of the LIB is determined by the potential difference of both current 

collectors, being transferred from the electrode domain to cell domain. The energy 

conservation equation for a LIB with lumped thermal approach balancing between 

heat generation and convective dissipation is used to obtain the average temperature 

of the LIB. 

  '"
surf ambelectrode ( )

PC T
q V hA T T

t


  


             (2.20) 

 

where,   is cell density, pC  is the specific heat, V  is the LIB volume, '"

edmq  

is the total heat generation which is from electrode domain, 
surfA  is the cooling area 

of the cell, and 
ambT  is ambient temperature.  
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2.2.2.2 Single Potential-Pair Continuum (SPPC) model  

The pouch cell having a stacked structure of electrodes and current collectors adopts 

a single potential–pair continuum (SPPC) model which counts a single pair of electric 

potential and a single temperature in an arbitrary finite volume of the cell. The single 

potential–pair continuum can be implemented for the pouch cell where the difference 

of the electric potential fields between the neighboring metal current collectors is 

relatively small. The SPPC model also assumes orthotropic thermal conductivities in 

the homogeneous cell volume as shown in Fig. 2.4 Due to the assumptions of a 

continuum, the computational mesh in the cell domain model can be generated by 

ignoring the layer structures and so the better computational efficiency can be 

achieved. A Cartesian coordinate system of x, y and z is also adopted in this model. 

The electrical potential distribution in current collectors is obtained from charge 

conservation in Eq. (2.21) and (2.22). 
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               (2.21) 
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               (2.22) 

where,  and   are the volume fractions of the current collectors in the jelly 

volume,  
and  

 are the electrical conductivities in-plane and '''

cellj is the 

 

Fig.2.4 A single potential pair continuum (SPPC) model : (a) anisotropic thermal 

conductivity of stacked type pouch cells (b) assumption of continuous cell jelly 

volume due to homogenous of arbitrary finite volume of cell composite 
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volumetric current source at the current collector in the jelly volume. Energy 

conservation yields 

  2 2 2
'"

cdm2 2 2

P

X Y Z

C T T T T
k k k q

t X Y Z

    
    

    
            (2.23) 

where, 
xk and

yk  are thermal conductivity in-plane direction, 
zk  is thermal 

conductivity transverse direction which is more smaller than that of in-plane 

direction, '''

cdmq  is volumetric heat source in the cell domain model including the heat 

sources from the electrode domain model, '''

edmq and additional Joule heat in the current 

collector, '''

ccq as below.  

   
' " ' " ' "

c d m e l e c t r o d e e d m c cq q q                      (2.24) 

'" 2 2

ccq                                   (2.25) 

where, 
electrode  is the volume fractions of the electrode sandwich (anode-separator-

cathode) in the jelly volume and '"

ccq  is the Joule heat caused by current flows in the 

current collectors in the cell domain. SPPC model solves a single pair of electric 

potentials at positive and negative current collectors and temperature over the finite 

cell volume as a solution variable at every grid center. These solution variables are 

delivered to the input values in the electrode domain, and then the calculated solution 

variables in the electrode domain are transferred to the input values of the particle 

domain. The variables that depend on the temperature inside the electrode, such as 

electric conductivity and diffusion coefficient, follow the Arrhenius equation as 

below.  

ref ref

1 1
exp aE

R T T

  
   

    
                 (2.26) 

where 
ref is the reference property value, 

refT is 298K, and 
aE is activation 

energy for property value. More detailed information about SPPC model is explained 

in Ref. [19]. 
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2.2.2.3 Wound Potential-Pair Continuum (WPPC) model  

For the wound type cell, the cell domain sub-model is chosen as a wound potential-

pair continuum (WPPC) model proposed by Lee et al. [20]. Fig. 2.5 shows a 

cylindrical cell and prismatic cell having spirally wound structure with a stacked of 

electrodes and current collectors. In the prismatic cell, although the flat and wound 

shape are mixed, the wound structure with electrodes is the same as that of the 

cylindrical cell. For both cylindrical and prismatic cells, a pair of electrodes coated 

on both sides of the current collectors with separator are wound around mandle at the 

center of the cell, and the same electrodes are designed to face each other to prevent 

the short circuit. 

In Figs 2.5(b) and (c), the inner electrode pair and the outer electrode pair are 

repeatedly wound and the inner-most electrode and outer-most electrode are 

 

Fig. 2.5 Wound type cells jelly roll of electrode layers and current currectors : 

(a) configuration of jelly roll (b) cylindircal cell and (c) prismatic cell 
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commonly the negative electrodes. The long and wide electrical paths which can 

appear in the winding direction of the current collectors and an electrical potential of 

neighboring current collectors cannot be considered as a similar value. Therefore, the 

wound type cells cannot be assumed as a SPPC model because it has different 

electrical potential values for each current collectors in an arbitrary jelly volume. For 

this reason, the WPPC model counts a single pair of electric potential and a single 

temperature for a finite cell volume containing a single pair of current collectors. 

Fig2.6 shows the unit layer of mesh (anode-negative current collector-anode-

separator-cathode-positive current collector-cathode-separator) and generated the 

mesh for cylindrical cell and prismatic cell in the cell domain. Due to the restraint for 

generating the mesh of the wound layer structure, the WPPC somewhat loses the 

computational efficiency.    

Energy conservation over the cell volume yields  

  2 2
'"in

tr in cdm2 2 2

1PC T kT T T
k r k q

t r r r r Z





      
     

      
        (2.27) 

     

Fig. 2.6 The unit layer of mesh (anode-negative current collector-anode-sepa

rator-cathode-positive current collector-cathode-separator) and generated mes

h for cylindrical cell and prismatic cell in the cell domain. 
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where 
trk is the thermal conductivity in transverse direction and 

ink is the thermal 

conductivity in plane direction. The radial locations of center of jelly volume, r  is 

as: 

m
unit

1
( )

2 2

l
r n l                       (2.28) 

unit 2 2 2a s c al l l l l l                     (2.29)   

where 
ml  is thickness of mandle, 

unitl is thickness of unit layer, and n is number 

of layer, l , l , 
al , 

sl , 
cl  are thickness of negative/positive current collector, 

anode, separator and cathode. Charge conservations in the negative and positive 

current collectors are as 
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Fig.2.7 Schematics for calculating potential and temperature in unit mesh: 

electrical potential from current sources between current collectors and 

temperature from heat sources between neighboring electrodes 
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where  and   are the volume fractions of the current collectors in the jelly 

volume,  
and 

 are the electrical conductivities of each current collector.  

The radial locations of each current collector, r and r  , are as below 

2
a

l
r r l 
                          (2.30a) 

2
s c

l
r r l l 
                           (2.30b)  

In the unit layer of jelly volume, the volumetric current sources, '''j  and '''j  that 

converges from electrode to current collectors can be obtained as shown in Fig.2.7 

(a).  

'" '' ''

edm, ,2 edm, ,3s i s ij a i a i                            (2.31) 

'" '' ''

edm, ,2 edm, ,1s i s ij a i a i                             (2.32) 

where 
sa is specific area and the minus sign is means that current flow out. The 

volumetric heat source in the cell domain model, '"

cdmq  is obtained by adding two 

terms of heat sources: the heat source from the electrode domain model, '"

edmq  and 

Joule heat in the current collector, '"

ccq  in Fig.2.7 (b).  

'" ''' '"

cdm edm ccq q q                              (2.33) 

''' '" '" '"

edm 1 edm,1 2 edm,2 3 edm,3q q q q                         (2.34) 

'" 2 2

ccq                                     (2.35) 

where 
1 ,

2  and 
3  are the volume fractions of each electrode part in the jelly 

volume. More detailed information about WPPC model is explained in Ref. [20]. 

 

2.2.3 Capacity fade mechanism  

To date, various capacity fade models have been proposed to find and solve the 

cause of degradation of performance and life through the model. Although many 

aging mechanisms in LIB systems have been reported, such as forming solid-

electrolyte interphase (SEI) layers, mechanically degrading active materials, 

generating gas, lithium plating, and so on, these aging mechanisms have not been 
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clearly understood in actual field operation [23-25]. Among the various capacity fade 

mechanisms, a key physics in numerical modeling is as the generation and growth of 

the solid electrolyte interface (SEI) films at the negative electrode [26]. Darling and 

Newman [27] proposed a physical aging model with a simple calculation for solvent 

oxidation reactions. Christensen et al. [28] explained that based on their model 

results, SEI film growth increases internal resistances of the LIB systems. Ramadass 

et al.[29] predicted capacity fade using a semi-empirical model while Ning et al. [30] 

developed a generalized capacity fading model based on a first principle model, 

which calculates the active lithium ion loss in insoluble SEI layers with SEI resistance 

increases. Safari et al. [31] developed a similar aging model calculating the SEI layer 

growth and validated the model results with experimental data. In this study, the SEI 

layer growth in the anode is modeled to the applying for the electrochemical models 

as mentioned before.  

This model describes the growth of the SEI layer due to parasitic reactions during 

charging at the cathode surface, the loss of lithium ions, and the diffusion limitation 

through the SEI layer, as illustrated in Fig. 2.8. The rate of the SEI formation is 

calculated by assuming that 1) the parasitic reaction follows the Tafel equation as 

shown in Eqn. (3) of Table 1, 2) there is no limitation for consuming lithium and 

electrolyte in the liquid phase, 3) the electrolyte molecules are transported through 

the SEI layer by diffusion and 4) the lithium loss is irreversible. SEI layer growth is 

calculated at the negative electrode surface as described by Eq.(2.36), the reaction of 

ethylene carbonate(EC) at the negative electrode/electrolyte interface produces a thin 

layer of passivized material of lithium ethylene dicarbonate(CH2OCO2Li)2 called the 

 

Fig. 2.8. Schematic diagram of cell degradation due to SEI layer growth  
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SEI layer.  

  i r r e v .- +

2 4 3 2 2 2 2 42C H CO +2e +2Li (CH OCO Li) +C H         (2.36) 

A loss of active lithium-ion occurs because the SEI layer captures lithium-ion 

irreversibly. Furthermore, the passivation of the SEI layer increases overpotentials for 

the charge transfer reaction. During the charging processes, the SEI layer grows 

continuously and consumes active lithium-ion while increasing resistance. The Tafel 

relation calculates the decomposition reaction rate at the negative electrode particle 

surface in the particle domain as follows:  

" "

para para, init paraexp cF
i i

RT




 
   

 
  , 

"

para,init 0,SEI EC

si F k c         (2.37) 

where 
"

para para SEIs e U i R       is an overpotential of the electrochemical 

reaction in the negative electrode, paraU  is a local equilibrium potential for the 

parasitic reaction, "

para,init i  is the initial exchange current density of the parasitic 

reaction, 
0,SEIk is the kinetic rate constant of parasitic reaction, and 

EC

sc  is the 

concentration of EC on the surface at the anode particle, which is calculated based on 

the mass balance of EC as below: 
''0
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                       (2.38) 

where 
ECD  is the diffusivity of EC, 0

ECc is the concentration of EC in the electrolyte, 

SEI is the thickness of the SEI layer. The active lithium loss at the negative electrode 

particle surface is calculated by 
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                          (2.39) 

where sD  is the diffusion coefficient in solid electrode particles and F is the 

Faraday number. The thickness growth SEI of the SEI layer is solved by the parasitic 

current density "ipara
 and the SEI layer density, SEI   using  
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                        (2.40) 

The resistance for the charge transport through the passive SEI layer, SEIR , is 
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updated at every time step with the SEI layer thickness, 
SEI , and SEI material 

conductivity, SEI .  

SEI

SEI

SEI

R



                           (2.41) 

Since the parasitic reaction including the SEI layer growth and lithium loss occurs 

on the active material surface of the anode, the particle domain sub-model engages 

these aging mechanism. Thus, the equations of parasitic reactions are coupled with 

the charge transfer kinetic reaction at the anode of Eq. (2.3), and the Ohmic loss term 

from the SEI layer growth is added to overpotential at the anode as follow. 
" " "

paraii i i                                                 (2.42) 

      
"

ocv SEIs e U i R                                             (2.43) 

All governing equations for the particle, electrode and cell domain sub-model in 

the MSMD model framework adopted in this study are summarized in Table 2.2. 
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Table 2.2. Summary of solution variables and governing equations  

Domain       Solution Variable Governing Equation Boundary Conditions 

1D spherical particle model  
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2.4 Model validation  

To validate the developed models, the simulation results are compared to the 

experimental data obtained from Refs. [32, 33]. In this literature, the experimental 

studies are conducted on a commercial LFP/graphite 26650 cell with 2.3Ah (26650 

cell). In this section, thus, a 26650 cell is modeled based on electrode designs and set 

to two experimental conditions: a constant discharge test and a cycle test.  

Fig 2.9 shows the comparison results between model results and constant discharge 

test at various C rates (0.1C, 0.5C, 1C and 3C rate). Design parameters for the 

electrode coatings, such as particle sizes, electrode thickness, porosity, and other 

factors are the same as those cell used in the experiment, and the model parameters 

for the operation of the cell are also determined by comparing the model results to 

experimental voltage profiles. The ambient temperature of 25℃ and state-of-charge 

(SOC) of 100% are set as initial conditions, and the cut-off voltage is set to 2.0V. The 

model results of the electrode domain model work well with the experimental data 

for each discharge rates. Please note that since the experiment used a small cell, the 

 

Fig.2.9 Comparison of model results with experiment data in terms of discharge 

curves at 0.1C, 0.5C, 1C, 3C  
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validated model did not need to include the cell domain model. In order to validate 

life fade response, the model and experimental results are compared to compare the 

capacity fade during 2000 cycles under the 25℃ and 45℃ ambient temperature in 

Fig 2.10. The cycling condition is set by the use of following parameters: 1C 

charge/discharge between 2.0V and 3.6V with 10 min rest between each charge and 

discharge. The capacity is checked using a constant current discharge/constant current 

charge/constant voltage charge (CD-CC-CV) cycle between 2.0V and 3.6V, with the 

cutoff current of 0.04C. The model results at both temperature conditions show good 

agreement with the maximum error of about 3%. Unfortunately, few pieces of 

literature have been reported experimental data for life degradation of a cell based on 

graphite electrode with providing the design parameters. Thus the parasitic reaction 

parameters in the model are estimated within reasonable ranges such as the SEI layer 

conductivity of 1×10-6 S/m in the range from 3.79×10-7 S/m [30] to 5×10-6 S/m [34] 

and the initial parasitic reaction rate of 2.0×10-7A/m2 in the range from 0.8×10-7A/m2 

[30] to 1.5×10-6A/m2 [29]. All model parameters that were used are summarized in 

Table 2.3. 

 

Fig.2.10 Comparison of model results with experiment data in terms of 

CDCCCV cycle test at 25℃ and 45℃ 
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Table.2.3 Model parameters for LFP/graphite (26650type) cell with 2.3Ah 

Electrode design parameters Negative electrode Separator Positive electrode 

Particle radius Rs(m) 3.5e-6d - 36.5e-9d 

Diffusivity, Ds,a, Ds,c (m
2/s) 4.0-14e - 2.0e-18e 

Reaction rate constant ka, kc,(m/s) 5.0e-12e - 7.0e-13e 

SEI layer molecular weight (kg/mol) 0.1[29,30] - - 

SEI layer density (kg/m3) 2100[29,30] - - 

Equilibrium potential  

of parasitic reaction (V) 
0.4[31,35] - - 

SEI layer conductivity (S/m) 1.0e-6e - - 

Initial concentration of EC, 
0

ECC  (mol/m3) 4541[31,35] - - 

Diffusivity of EC, ECD
 (mol/m3) 2.0e-19e   

Reaction rate for SEI layer, k0,SEI (m/s) 6.0e-17e   

Initial SEI layer resistance ( 2m  )  0.001[30] - - 

Electrode thikness, la, ls, lc (m) 34e-6d 25e-6d 70e-6d 

Electrolyte diffusion coefficient, De (m
2/s) - 3e-10e - 

Condructiviy,
,s a , 

,s c  (S/m) 100[9] - 10[9] 

Porosity , i  0.44d 0.55d 0.41d 

Volume fraction AB, ,f i  0.01d - 0.06d 

Volume fraction PVDF , p   0.0d - 0.032d 

Initial salt concentration, ce, (mol/m3) 1000d 

Transport number, 
0t  0.363[30] 

Faraday’s constant, F, (Cmol-1) 96450 

Gas constant, R (Jmol-1K-1) 8.314 

e: estimated, d: design parameter 
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CHAPTER 3. 

NUMERICAL ANALYSIS OF 

ACCELERATED DEGRADATION IN 

LARGE LITHIUM-ION BATTERIES 
 

In this chapter, the physics based electrochemical thermal model in the previous 

chapter is used to investigate the size effect on degradation in lithium-ion battery cells 

by simulations of lithium iron phosphate/graphite LIB cells with different size. An 

electrical-electrochemical-thermal model considering degradation phenomena is 

modeled for a small size LIB and a large size LIB with an identical electrode design. 

The model parameters for the electrode scale, such as kinetic reaction rate and 

diffusivity coefficients and variables for parasitic reaction, are determined by 

comparing with experimental data. For both LIBs, a performance (constant current 

discharge, CD) and cycle (constant current discharge-constant current charge -

constant voltage charge, CDCCCV) simulation are performed to reveal the main 

reason for degradation of LIBs.  

 

3.1 Introduction  

Utilizing lithium-ion batteries (LIB) has expanded from small portable devices to 

large systems, such as electric vehicles (EV), industrial robots, and energy storage 

systems (ESS). Accordingly, the LIB cell sizes have also increased for high 

power/energy per unit volume LIB systems, because using large LIB cells can reduce 

the number of supporting parts like packaging cases, electrical connecting parts, and 

cooling devices in LIB systems. However, the scaling-up process of LIB cells often 

faces unexpected problems in spite of electrochemically well-developed electrode 

designs. As the LIB cell size increases, physics that is negligible in the microscopic 

scale becomes important and starts to influence the electrochemical responses [36]. 

For instance, temperature differences observed in a large cell volume, which is almost 

neglected in a small cell, can often defect performance, life, and safety of the LIB cell 
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[37]. Furthermore, the non-uniform use of active electrode materials can occur in 

large LIB cells and shorten the cell’s life. Since the fast life fade in large LIB cells is 

often observed in actual field operation of LIB systems [38, 39], the size effects on 

degradation are significant. Thus, to achieve successful large-format LIB cell designs, 

understanding various interactions among the wide size scales from microscopic 

electrochemical processes to macroscopic heat transfer are necessary.  

In this chapter, a 1 Ah small cell and a 55Ah large cell with an identical electrode 

design are simulated and the model results are compared to investigate size effects in 

LIBs. A three-dimensional life model based on the MSMD framework is developed 

to evaluate thermal-, electrochemical-, and electrical- responses of the cells and 

interplays among those physics are observed through spatial distributions of 

temperature, current density, electric potential, SOC and degradation quantitatively. 

 

3.2 Model Description 

In this chapter, the 3D cell model based on the MSMD model framework used to 

cover the multi-physics across the length scales of large-format LIBs. As described 

previous chapter, the MSMD model framework can solves various phenomena that 

occur in separate geometries of each sub-model domain in a coupled manner. The 

present model implements three model domains: the particle domain, the electrode 

domain, and the cell domain, as shown in Fig.3.1 (a). In the hierarchical structure of 

the MSMD model framework, the 1D spherical particle model and the 1D porous 

electrode model are chosen for the particle domain and electrode domain sub-models, 

and the SPPC model is chosen for the cell domain sub-model to simulate the pouch 

type cell. The solution variables in every model domain are calculated simultaneously 

in a coupled manner and the information is exchanged between neighboring hierarchy 

domains. This model also calculates the growth of the SEI layer at the anode particle 

surfaces to consider the life fade of LIB cells. As shown in Fig.3.1 (b), the lithium 

loss and growth film resistance are considered during the charge process, which is a 

major cause of the capacity fade. 
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3.3 Model parameters 

Before the simulation of the pouch cells, the model parameters for the electrode 

scale, which are designated for the electrode domain model and the particle domain 

model, are determined by experimental data. Coin cell data is chosen to exclude 

influences of the cell geometry in the electrode scale model.  

From Yu et al. [40], the design parameters of a coin cell (LFP/graphite), such as 

particle size, electrode thickness, porosity, are taken for the present model and the 

model results are compared to the experimental data as shown in. Fig.3.2. 

Unfortunately, few literatures have been reported experimental data for life 

degradation of a coin cell with providing the design parameters. Thus the parasitic 

 

Fig.3.1 (a) Sub-model choices in the MSMD model framework and (b) 

the aging mechanism in the particle domain model 



 37  

reaction parameters in the model are estimated within reasonable ranges such as the 

SEI layer conductivity of 5×10-6 S/m [34] and the initial parasitic reaction rate of 

2.0×10-7A/m2  in the range from 0.8×10-7A/m2 [30] to 1.5×10-6A/m2 [29]. All model 

parameters that are used are summarized in Table 3.1. 

As shown in Fig.3.3, a small cell with 1Ah and a large cell with 55Ah are modeled 

with an identical electrode design.  The small cell size is 77.32mm × 55mm × 2mm 

and the large cell size is 297mm × 210mm × 7.5mm. Terminal tabs are located on the 

same side of the both cells. The cell domain model considers the composite volume  

 

Fig. 3.2 Comparisons of the model and the experiment of a 

LFP/graphite coin cell 

 

Fig. 3.3 Cell design and boundary conditions for the 1Ah small cell and 

the 55Ah large cell 
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Table 3.1. Model parameters in the sub-models  

Particle domain parameters 
Negative electrode 

(Graphite) 
 

Positive electrode 

(LFP) 

Diffusion coefficient, Ds,a, Ds,c (m2/s) 4.0×10-14 ad  6.5×10-18 ad 

Activation energy for solid phase  

Li diffusion, EDs,a, EDs,c , (kJ/mol) 
35 d  39 d 

Reaction rate constant ka, kc,  

(mol.s-1.m-2[(mol.m-3)-1.5) 
3.5×10-11 ad  5.5×10-12 ad 

Activation energy for kinetic reaction, Ek,a, Ek,c , 

(kJ/mol) 
20 d  13 d 

Charge-transfer coefficients, α𝑎 , α𝑐 0.5 c  0.5 c 

Average particle radius, Rs,a, Rs,c (m) 10.0×10-6 c  150.0×10-9 c 

Concentration solid maximum, 

 Cs,max,a, Cs,max,c (mol/m3) 
30555c  23000 c 

SEI layer molecular weight, MSEI (kg/mol) 0.1 a  ― 

SEI layer density, SEIρ (kg/m3)  2100 a  ― 

Equilibrium potential of parasitic reaction, Upara, (V) 0.40 b   

SEI layer conductivity, SEI
κ (S/m) 5×10-6 b  ― 

Initial SEI layer resistance, SEIR   ( Ω . m2) 0.0087 a  ― 

Initial exchange current of parasitic reaction,
"

init para,
i , 

(A/m2) 

2×10-7 es  ― 

Activation energy for parasitic reaction , 

Ea,para,(kJ/mol) 
58 f   

Negative electrode, open circuit potential (V) 
Ua(x) = 0.72 + 0.055x + 0.083x0.5 - 0.017 / x + 0.0025x-2.2  

 + 0.25exp(0.9 – 15x) - 0.78exp(0.45x- 0.4) c 
 

Positive electrode, open circuit potential (V) 
Uc(y) = 3.4323 -0.8428 exp(-80.2428(1-y)1.3198) -3.247 × 10-6  

exp(20.2645(1-y)3.8003) + 3.2482 × 10-6 exp(20.2646(1-y)3.7995) e 

Electrode Domain Parameters    

Electrode thickness ( mμ ) 67.7 c ― 76 c 

Separator thickness (  mμ )  25c  

Conductivity, asσ , , csσ , (S/m) 100 c ― 11.8 c 

Porosity , iε  0.34 c 0.55c 0.31 c 

Volume fraction AB, ifε ,  0.0405 c ― 0.06414 c 

Volume fraction PVDF , ipε ,  0 c ― 0.05822 c 

Initial salt concentration, ce, (mol/m3) 1000 c 

Electrolyte diffusion coefficient, De (m2/s) 3.0×10-10 c 

Electrolyte ionic conductivity, iκ  (S/m) iκ = 0.090 + 1.9101 ce,i - 1.052 ce,i
2

 +01554 ce,i
3 c 

Activation energy for electrolyte phase Li+ 

diffusion, EDe (kJ/mol) 
26.6 d 

Transport number, 
0

t  0.363 g 

Faraday’s constant, F, (Cmol-1) 96487 

Gas constant, R (Jmol-1K-1) 8.314 

Cell Domain Parameters  

Cell dimension (mm)  297(length) × 210(width) × 7.5(height) 

Electrode plate area(m2) 2.50 

Mass density of jelly roll,   (kg/m3) 2400 g 

Specific heat of jelly roll, Cp (J/kg∙K)  850 g 

Electric conductivity for Cu, σ  (S/m) 59.6×106 g 

Electric conductivity for Al, σ  (S/m) 37.8×106 g 

Thermal conductivity in x/y direction, kx, ky 

(W/m2∙K) 
27 g 

Thermal conductivity in z direction, kz, (W/m2∙K) 0.8 g 

Heat transfer coefficient on the top surface, hconv 

(W/m2∙K) 
5 

Initial temperature, T0 (oC) 25 

Atmospheric temperature, Tamb (oC) 25 

a(Ref [30]): b(Ref [31]): c(Ref [39]): d(Ref [41]): e(Ref [32,33]): f(Ref [42]) g(Ref [19]) es: estimated, ad: adjust  
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of electrodes, separators, and metal foils while excluding pouch films and metal 

components of electric terminals. A natural convective cooling condition is applied 

on the top surfaces of the cells using a heat transfer coefficient of 5W/m2.K and an 

ambient temperature of 25℃ while the other cell surfaces are insulated. 

For the small cell, negligible imbalances in the cell domain are observed as 

temperature deviation of less than 0.1℃ and current density imbalance of about 0.1% 

during discharge process as 3C rate. Therefore, a cell domain model for the small cell 

is considered as a single node without calculating spatial distributions in the cell 

volume. For the large cell, anisotropic thermal conduction in the cell volume is 

assumed by using two different thermal conductivities: 0.5W/m2.K in the z-direction 

(through-foil-direction) and 27 W/m2.K in the x- and the y-directions (in-foil-

direction). Computational grids of 15 × 17 × 5 (total number of about 1200) in the 

cell domain are used and the mesh sensitivity less than 0.1% is checked in the range 

of the grid number between 1000 and 5000. 

 

3.4 Result and discussion  

3.4.1 Constant current discharge with various C rate 

The simulation results of the 1Ah small cell and the 55Ah large cell for the high 

C-rate discharge process are compared in order to investigate the size effect on cell 

performance. The discharge current is 165A (3C rate) while the initial state-of-charge 

(SOC) is 100% and the cut-off voltage is set to 2.5V. In Fig.3.4(a) showing the 

voltage curves of two cells according to depth-of-discharge (DOD), the large cell has 

the output voltage at the beginning of the discharge about 27mV lower than the small 

cell, indicating an increased internal resistance. Main reasons of this voltage drop in 

the large cell seems to be additional overpotentials that comes from electric currents 

in the metal current collectors and spatial imbalance of current density due to the 

non-uniform electrochemical reaction. While the electrical resistance in the metal 

current collectors is negligibly small in the small cell, it can grow significantly in the  
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Fig. 3.4 Comparisons of the large cell and the small cell during a constant 

current discharge at 3C: (a) output voltage, (b) temperature and (c) heat 

generation 
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large cell because of not even increased electrical path length, but also high current 

density near electrical tabs. Since the thickness of the current collectors is the same 

in the both cells, as large cells commercially available in the current market have 

current collectors with similar thickness to those of small cells, large electric currents 

merging into the electrical tabs are followed by high current densities and steeply 

increased voltage drops near the electrical tabs. The spatial imbalance of current 

density is caused by non-uniform “working potential” (electrical potential difference 

between the positive and negative current collectors, which determines the rate of 

electrochemical reaction) that makes local kinetic reaction rates diverse. In particular, 

the large cell with LFP cathode likely experiences severe cell imbalances because of 

the flat OCV curve of LFP [19]. At the end of the discharge, the voltage loss in the 

large cell is mitigated and the cut-off time is slightly delayed, which is caused by the 

elevated temperature stimulating the electrochemical reactions and also the relaxed 

cell imbalance due to the steep gradient in the OCV curve in the depleted situation. 

In Fig.3.4 (b) with the temperatures evolving during the discharge, the large cell 

has the average temperature increased more rapidly, up to about 43.6℃ which is 

about 8℃ higher, than the small cell. The temperature difference in the cell volume 

of the large cell grows up to 6.5℃ at the end of the discharge although the thin and 

wide geometry of the pouch cells is advantageous for uniform cooling. Compared to 

the small cell, the large cell stays in high temperature because it has smaller cooling 

area per volume and generates additional heat in the current collectors. As shown in 

Fig.3.4(c), the total heat generation of the large cell is roughly 20% higher than that 

of the small cell during the discharge process and most of the additional heat is ohmic 

heat in the metal current collectors. Also, the activated electrochemical reaction in 

local area can associate with the increased heat generation in the cell volume, but its 

effects seem to be minor. Fig.3.4(c) shows that the difference of the total heat 

generation between both cells decreases at the end of the discharge even though the 

heat generation in the metal current collectors is constant. It is caused by the heat 

generation in the electrode scale of the large cell becomes small due to the high  
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Fig.3.5 (a) Distributions of charge transfer current density at different times 

in the large cell as well as transient behaviors near the tabs and far from the 

tabs of (b) local charge transfer current densities, (c) local SOCs, (d) 

differences of overpotentials in the metal current collectors, and OCVs 
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temperature at the end of the discharge. 

Spatial imbalance evolving with time in the large cell is presented in Fig.3.5 (a) 

showing the current density distributions at 110s, 600s, and 1090s of the discharge, 

corresponding to SOCs of 0.70, 0.43, and 0.15, respectively. Fig. 3.5(a) shows that 

the local current density near the tab regions is activated in the early discharge stages 

but the kinetic reaction far from the electric tabs is suppressed in the regions far from 

the electric tabs. During this time when the spatial imbalance of SOC is not severe, 

large overpotentials in the current collectors in the regions far from the electric tabs 

restrain the local kinetic reactions. The maximum overpotential is about 13mV in the 

positive current collector, 
max

 , and about 11mV in the negative current collector, 

max
 , for the discharge at 165A. However, at the end of the discharge, the local 

current densities near the tabs and far from the tabs are inverted as shown in Fig.3. 

5(a). How the local electrochemical reaction rates changes during the discharge is 

presented in Fig.3.5 (b) indicating current densities at different cell locations. Point 

(a), representing the near-tab-region, is located at the center-bottom point on the 

positive tabs while point (b), representing the far-from-tab-region, is on the opposite 

side as point (a) and on the top surface, as shown in Fig.3.5 (a). 

Until the discharged capacity reaches about 20Ah (DOD of 0.5), the local current 

density at point (a) is about 3.5A/m2 higher than that at point (b) consistently. But 

after then, the local current density at point (a) start to decrease and the current density 

at point (b) increases. After the discharged capacity becomes about 37Ah, point (a) 

has a lower local current density than point (b). When the discharged capacity is about 

50Ah (DOD of 0.9), the difference between the local current densities at the two 

points reaches a maximum value of about 8.5A/m2. After then, during the depleting 

stage, the difference of current densities at two points decreases.  

To explain that how the local current densities are affected by the spatial imbalance 

of SOC, transient changes of the local SOCs at the two points are also plotted in Fig. 

3.5(c). During the discharge, point (a) has a higher local SOC than point (b), but the 

difference of the two points, SOC , varies according to the local current densities. 

The maximum SOC , which is about 5.4% of the averaged SOC of the cell, is 
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observed when the local current density at point (a) becomes to be same with point 

(b) (with DOD of about 0.67). Interrelation between overpotentials in the current 

collectors and local OCV deviations is changed during discharges, resulting in the 

dynamic distributions of local current densities. The overpotential differences in the 

metal current collectors,





 ηηηcc , between point (a) and point (b) in Fig.3.5 (d) 

remain relatively constant at about 18mV during the discharge. Meanwhile, shifts of 

the local OCVs are quite large due to the decrease of SOCs. In the early discharge 

stages, the different current densities at the two points provoke inequality of the local 

SOCs as well as the local OCVs. Fig. 5 (d) shows that the OCV differences at the two 

points constantly grow until the discharged capacity reaches about 37Ah. During this 

time, the increase of the SOC  drives the discrepancy of the local OCVs growing 

slowly because of the flat curve of the OCV. When the discharged capacity is about 

37Ah, the local current densities at the two points meet together as shown in n Fig. 

3.5(b) and the discrepancy of local OCVs becomes to be the same with the difference 

of overpotentials in the metal current collectors, about 18mV, as shown in Fig.3.5 (d). 

This implies that the relationship between the overpotentials in the metal current 

collectors, ccη , and the local OCV deviations determines the distribution of the local 

current density. After then, the SOC  is decreased by the inversed current 

densities but the gap between the local OCVs keeps growing because the steep 

gradient of the OCV curve with SOC below 0.25 magnifies the difference of the local 

OCVs even though the SOC becomes small. When the cell is about to be depleted, 

the imbalance of current densities is mitigated even with the large differences in the 

local OCVs and overpotentials for electrochemical reactions abruptly elevated make 

the discrepancy of the local OCVs inconsiderable.  

Fig.3.6 shows the temperature contours and heat generations in the large cell at 110, 

600, and 1090 seconds. The temperatures near the tabs are clearly increased and the 

maximum deviation reaches 6℃ for the discharging time as shown in Fig.3.6 (a). The 

temperature differences between the insulated bottom surface and the cooled top 

surface are not significant (about 0.3℃) due to the thin cell format. The hot spots 

appear near tabs due to the non-uniform heat generated from multiple phenomena in 
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the electrode domain and the cell domain. In the electrode domain, heat generation is 

calculated from charge transfer kinetic reactions and electrical resistances in electrode 

coatings and electrolytes. As the spatial distributions of heat generation in the 

electrode domain shows in Fig.3.6 (b), the heat generation in the electrode domain 

are large near the tab during discharge except at 1090 seconds when the cell is about 

to be depleted. Because the distributions of the local current densities in Fig.3.5 (a) 

are quite similar to Fig.3.6 (a), it seems to be seasonable that the high local current 

density near tabs mainly determines the high local heat generation in the electrode 

 

 

Fig.3.6 Distributions in the large cell of (a) temperature, (b) heat generation 

in the electrode domain model, and (c) heat generation in the cell domain 

model at different times during a constant current discharge 
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domain. 

Meanwhile, in the cell domain, significantly localized heat is generated near the 

tabs by electric currents merging into the tabs. Compared to the local heat generation 

in the electrode domain with the maximum deviation of about 10000 W/m3, heat 

generation in the cell-domain is highly imbalanced with the maximum deviation of 

90000 W/m3, as shown in Fig.3.6 (c). Additionally, the spatial distributions of the 

Joule heat generation are consistent during the discharge time, because the electric 

current fields in the metal current collectors are relatively stable regardless of the 

changes of the local current densities. The temperature near the positive tab are 

slightly higher than the negative tab since the ohmic resistance of the positive current 

collector material, aluminum foil is lower than that of the negative current collector 

material, copper foil. Although the amount of the Joule heat in the cell domain model 

is not dominant, only 20% of the total heat generation as shown in Fig.3.4(c), the 

Joule heat crucially effects on thermal non-uniformity since it is constantly localized 

during operation times.  

 

3.4.2 Cycling operation  

In this section, a cycling operation is simulated for both cells to investigate the size 

effects on life fade. The operating cycle consists of 5 stages: a constant current 

discharge at 3C rate (165A) with a cut-off voltage of 2.5 V, rest for 20 minutes, a 

constant current charge at 3C rate (165A) with a cut-off voltage of 3.4V, a constant 

voltage charge until the charge current becomes less than 0.05C(2.75A), and rest for 

20 minutes. The initial SOC is set to 100% and the simulation is performed for 2500 

cycles. The thermal boundary conditions are the same as in the previous section. 

Fig.3.7 (a) shows the voltage curves at the discharging stages in different cycles. As 

the cycle operation proceeds, the output voltages of both cells are lowered and the 

large cell shows faster degradation than the small cell. After 2000 cycles, the output 

voltage at the beginning of the discharge drops about 0.52V for the large cell and 

about 0.34V for the small cell. In Fig.3.7 (b), the amounts of energy and capacity 

discharged in each cycle decreases continuously and the degradation speeds are  
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Fig.3.7 Comparisons of the large cell and the small cell in different cycles: 

(a) output voltages, (b) discharged capacities and, (c) average SEI film 

resistances 

 



 48  

accelerated as the cycle proceeds. At the 2500th cycle, the discharged capacity is 

reduced about 56% for the large cell and about 23% for the small cell while the 

discharged energy declines more rapidly at approximately 65% for the large cell and 

34% for the small cell. Fig.3.7(c) shows increases of the resistances of the SEI film 

on the anode particles which are averaged over the surface area of the electrode. The 

average SEI film resistances start from the same value, 8.7mOhm·m2 of the both cells 

and, after 2500cycles, it reaches 124mΩ·m2 in the large cell and 95 mΩ·m2 in the 

small cell. The spatial distribution of the usage of electrode material in the large cell 

is presented by the cumulative charge transfer current densities for 2500 cycles as 

shown in Fig.3.8 (a). The maximum deviation of the charge transfer current 

throughput is about 3.7% over the cell volume and the maximum value appears near 

the positive tab. In regions near the tabs, the local charge transfer kinetic reaction is 

enhanced by small overpotentials in current collectors and high temperatures coming 

from the localized Joule heat generation as explained in the previous section. But 

compared with Fig.3.5 (a) showing the maximum deviation of the local current 

densities of about 27%, the cumulative electrode material use during the cycling 

operation is less imbalanced. This is because the distribution of local current densities 

is continuously varied during charges due to the relationship between local OCVs and 

local overpotentials, as presented in Fig.3.5 (b). 

In Fig.3.8 (b), the local SEI film resistance, which is the time-integrated parasitic 

reaction rate, has a similar distribution as the charge current throughput. The intense 

use of electrode materials near the tabs obviously induces the local parasitic reaction 

activated along with high temperatures near the tabs that increase the rate of the 

parasitic reaction as in Eq. (1). The effects of high temperature on the parasitic 

reaction are also observed as increased SEI film resistances are at the bottom surface 

of the cell. While the imbalance of the SEI film resistances is not severe, less than 

3.0% over the cell volume, its effects on the charge transfer current density 

distribution are considerable as Fig.3.8(c) shows that local current densities in the 

2500th cycle have a rather uniform distribution compared to that in the 1st cycle. It 

means that the fast degradation near the tabs (at point (a)) suppresses the local charge 
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transfer near the tabs (at point (a)) and so the region far from the tabs (at point (b)) is 

alternatively activated, as shown in Fig.3.8 (d).  

 

Fig.3.8 Distributions in the large cell of (a) the ampere-hour charge throughput 

at 2500 cycles, (b) the SEI film resistance at 2500 cycles, (c) charge transfer 

current densities at the beginning of the discharges in different cycles, as well 

as (d) local current densities near and far from the tabs at the beginning of the 

discharges in every cycle. 
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The model results show that cell degradation is accelerated in the large cell and 

confirm that the size effects occurring in the cell-scale volume actually affect the 

battery life in an adverse way. To clarify the mechanisms of how the size effects work 

on the battery life, influences of specific reasons on the rapid degradation are 

separated. For the first reason, the large cell experiences a thermally stressful situation 

due to the Joule heat in the metal current collectors and the slow heat transfer in the 

cell volume compared to the small cell. Since temperature affects various 

 
Fig.3.9 (a) Temperatures of the large cell and the small cell at the end 

of discharge in every cycle, (b) comparison of capacity retentions of the 

large cell and the small cell with the isothermal condition 
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electrochemical reactions in LIB systems including lithium-ion intercalation, charge 

transports, and parasitic reactions, its impact on the fast degradation seems to be clear.  

As shown in Fig.3.9 (a) presenting temperatures of both models at the end of 

discharge at every cycle, the large cell has higher average temperature than the small 

cell for all cycles even though its average temperature decreases due to the discharge 

times shortened by degradation as the cycle proceeds. To identify other factors of the 

size effects, both cells are simulated in isothermal conditions at 25℃ excluding 

effects of the thermal condition. In Fig.3.9 (b), capacity retentions of both cells in an 

isothermal condition at 25℃ are compared to that of the large cell. In the isothermal 

condition, the large cell has less capacity fade of about 35%, confirming that the 

thermally stressful condition plays a major role in the acceleration of the aging 

phenomena in the large cell. However, even under the isothermal condition, capacity 

of the large cell fades about 7% faster than the small cell. Thus, there should be other 

factors accelerating degradation in the large cell except temperature. The spatial 

imbalance of degradation is thought to have minor impacts because the maximum 

difference of the local SEI film resistances after 2500 cycles turn out to be very small, 

less than 1%. The second reason pointed out is that the large cell charges for longer 

times than the small cell in isothermal conditions as well as in normal conditions. In 

Fig.3.10 (a) comparing the charge times of the large cell and the small cell, the large 

cell spends longer charging times in most of the cycles than the small cell and the 

charge times of the large cell decrease rapidly after 2200 cycles due to severe 

degradation. In the constant voltage charge stage, the charging process in regions far 

from the tabs is delayed by electrical resistances of the metal currents. Thus, the large 

cell takes a longer time to complete the charging stages in each cycle, resulting in 

more parasitic reactions. Furthermore, if SOC is remained at high values in the 

constant voltage charge condition, influences of the delayed charging time can be 

amplified since rate of the parasitic reaction is closely related with the SOC level of 

a LIB cell. Even when the charging current is very small or even zero, the parasitic  
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Fig.3.10 Comparison of the large cell and the small cell during cycles: (a)charging 

times for every cycle, (b) changes of charge current and parasitic reaction rate in 

the first cycle, and (c) amounts of parasitic reactions at different SOC ranges for 

both cells (solid: large cell, stripe: small cell) 
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reaction rates at high SOCs stay high. In Fig.3.10 (b), the parasitic reaction rate in the 

large cell elevates as SOC becomes high while the charging current approaches to 

zero in the constant voltage condition. Experimental reports with observations of 

large capacity loss in cells stored or operated at high SOCs [43, 4 seem to support  

that the high SOC state stimulates the degradation process. For a quantitative 

approach to the effects of the high SOC, capacities consumed by the parasitic reaction 

in different cycles are calculated and separated by the ranges of SOCs as shown in 

Fig.3.10(c). The histogram shows that large portions, at least more than 70%, of the 

capacity losses happen when SOC is over 60% in the both cells. Although the total 

capacity losses are clearly larger in the large cell, the capacity losses with SOCs below 

60% are similar in both cells. This means that a major portion of the additional 

capacity loss in the large cell occurs at SOC over 60%. Thus regardless of the thermal 

effects, the large cell suffers from rapid degradation due to the delayed charging and 

the high SOC states. Although the delayed charging seems to have less impact on 

degradation than the poor thermal condition by Joule heat generation and the hot spot, 

if a cell has an electrical configuration with large electrical potential differences, such 

as a cylindrically wound cell, the charging time can be significantly increased to 

provoke considerable degradation. 

 

3.5 Summary 

The size effects in the LIB cells on performance and degradation are investigated by 

comparison of a small cell and a large cell through numerical models developed in 

this study. The model simulates the multi-physics behaviors in various scale lengths 

of the LIB system, including the aging mechanism of the SEI film generation at the 

negative electrode. A small pouch cell of 1Ah and a large pouch cell of 55Ah which 

have the identical electrode design and active materials are modeled for the 

comparison. A non-negligible voltage drop, 27mV, is found in the large cell for 3C 

discharge due to the electrical resistances of the long electric paths in the metal 
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current collectors. Furthermore, during the discharge, temperature in the large cell is 

increased more, about 8℃, than the small cell and temperature difference in the cell 

volume grows up to 6.5℃ by heat generation from electrical current flow which is 

significantly localized near the tabs. During the discharge/charge cycle operation, the 

large cell shows more rapid degradation, about 33% for 2500 cycles, than the small 

cell induced by high temperature and delayed charging time in constant voltage 

conditions at high SOCs. Numerical approach in the present study reveals knowledge 

about why the large format LIB cells struggle with fast degradation and the 

quantitative data provided can be a useful guideline for optimization of large LIBs. 
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CHAPTER 4. 

NUMERICAL STUDY OF CYCLE LIFE 

OF LITHIUM ION BATTERIES WITH 

DIFFERENT CELL FORMATS 

 

In this chapter, the effects of cell formats on performance and life are investigated 

by using a three-dimensional model developed in chapter 2. A pouch cell, a 

cylindrical cell and a prismatic cell with NCM/Graphite are simulated and all three 

type cells are set the same capacity of 20Ah, the same volume and the same electrode 

design. The SPPC model is adopted for the pouch cell as a cell domain sub model as 

in chapter 3, and the WPPC model is adopted for the cylindrical cell and the prismatic 

cell as a cell domain sub model. In addition, the cell degradation due to the SEI layer 

growth during charge is considered in all cell models. The 3D cell models for a pouch 

cell, a cylindrical cell, and a prismatic cell are developed and simulated for cycle 

operations. Finally, the model results of the behavior of three type cells are compared, 

and the relation between cell formats and cell degradation is quantitatively analyzed. 

 

4.1 Introduction  

The large-format LIB is thought to be favorable for HEV or EV systems because 

modules or packs can include less terminal connectors and electrical components with 

the large LIB cells so that manufacturers can achieve high energy densities in the 

system level. However, as the LIB size increases, many factors of cell design, such 

as cell geometry, tab configuration, cooling condition and etc., that have negligible 

impact in a small LIB, emerge to bring unexpected responses of LIBs. These design 

factors often cause the high temperature, non-uniform electrical potentials and 

localized electrochemical reaction in the cell volume, resulting in poor performance 

or short life [45]. So without understanding effects of the cell design factors, it is hard 

to achieve successful utilization of large LIB even though the electrochemistry for 
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lithium-ion batteries guarantees good performance, cost and life. 

There are several different cell formats in the current commercial LIB market, such 

as pouch cell, cylindrical cell and prismatic cell. Pouch cells have staked layers of 

electrode-separator-metal current collector composite connected to electrical tabs in 

parallel and are enclosed by film-type pouches. Pouch cells are known to be favorable 

to heat management because of the large cooling area and advantageous for packing 

in modules due to their thin and flat geometries [2]. But the poor durability of the 

plastic film pouch and low yields from complex manufacturing processes are weak 

points for using the pouch cells. Cylindrical cells have wound layer structures inside 

cylindrical metal cans with good mechanical rigidity. Cylindrical cells are relatively 

cost-effective due to fast manufacturing processes and also mechanically strong. But 

cylindrical geometries are disadvantageous for large cells since their small surface 

area per volume and poor thermal conductivity in the radial direction make heat 

management difficult. Prismatic cells are made to combine benefits of pouch cells 

and cylindrical cells and have wound layer structures of the electrode-separator-metal 

current collector in prismatic metal cans. Prismatic geometries allow small dead 

volumes in modules systems and large surface area per volume for cooling. For 

current EV or HEV systems, these three cell formats are widely used such as a large 

number of small cylindrical cells (18650 type) in Model S of Tesla, pouch cells in 

GM Golf, and prismatic cells in BMW i8. It seems to be no optimized standard cell 

format proposed in the current automobile market due to the distinct pros and cons of 

each cell format. However, it also means that understanding of the relationship 

between cell formats and cell behaviors has been lacked. To satisfy performance, life 

and cost demanded for electric vehicles, the cell format should be optimized for the 

large capacity systems based on the knowledge about the effects of cell geometry on 

cell behavior. 

To compare responses of cells in various formats, numerical approaches have 

advantages since experimental tests require complex manufacturing processes for 

large cells in different formats and optimization for cell design parameters based on 

experimental data could be time-consuming. Recent studies reported effects of cell 
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shapes on cell behaviors. A few studies reported that pouch type cells suffer from 

large electric potential gradients and high temperature in near-tab regions due to 

convergence of electrical current near the narrow tabs [17, 19, 46]. Kim et al.[19] 

compared pouch cells with different shapes by means of numerical approach and 

showed significant effects of the cell design on imbalance of electrochemical reaction 

rate and temperature over cell volume. Awarke et al. [38] also conducted a modeling 

analysis to investigate effects of non-uniform electric currents in a LIB cell and found 

that high temperature near the tabs caused by high current density accelerates cell 

degradation in a large-format pouch cell. But compared to the number of studies about 

the pouch cells, there have been only a few reports about cylindrical or prismatic cells 

having wound structures. Lee el al. [20] developed a wound cell model which can 

resolve electrical paths along wound current collects to simulate discharging cases of 

a 20Ah cylindrical cell with different tab designs and found that the number of tabs 

and electrical paths along the current collectors have significant effects on cell output 

voltages and imbalance over the cell volume. Zhao [47] and Cleary el al. [48] and 

also investigated a cylindrical and prismatic wound cell by using numerical models 

and showed that current density and temperature have an effect on each other and tab 

configurations affects cell response. The effects of the electrical tab designs on the 

cell imbalance had been detected in experimental results showing that the cell 

degradation becomes more severe in LIB cells with less electrical tabs [49].  

To date, it has been found that, for the large-format LIBs, choice of the cell design 

among the three different types, pouch cell, cylindrical cell and prismatic cell, 

determines the non-uniform phenomena affecting on the cell performance and life. 

But there have been non comparative study that shows how much the cell degradation 

is accelerated in a specific cell shape. This study investigates the effects of cell shapes 

on the cell life by simulating three cells with different shapes but identical electrode 

design such as material, capacity. To do that, a three-dimensional model including an 

electrical, electrochemical, thermal calculation and a degradation model is developed.  
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4.2 Model Description 

In this chapter, we use the 3D cell model based on the multi-scale multi-domain 

(MSMD) framework for three type cells. Each model domain has different geometries 

and independent coordinate systems as shown in Fig.4.1. In the hierarchical structure 

of the MSMD model framework, 1D spherical model and capacity fade model are 

adopted as particle domain sub-models, 1D porous electrode model is adopted as 

electrode domain sub-models. In order to model the different geometries of cells, the 

SPPC model is adopted for the pouch cell as a cell domain sub model and the WPPC 

model is adopted for the cylindrical cell and the prismatic cell as a cell domain sub 

model. All governing equations in each sub-model are summarized in Table 4.1. Since 

the each models are described in chapter 2, the model explanation is not repeated here.  

 

4.3 Results and discussion 

By using the multi-dimensional model, three different types of large-format 

LIBs with 20Ah are simulated as shown in Fig. 4.2. The pouch cell has the same 

feature with the reference cell with NCM/Graphite (20Ah, Top battery Korea) and the 

detailed information of the electrode design is summarized in Table 4.2. 

 

Fig.4.1. Multi-scale multi-dimensional (MSMD) model framework for three 

different cells, which are pouch, cylindrical and prismatic cell 
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Table 4.1. Solution variables and governing equations of the sub-models 

Domain       Solution 

Variable 
Governing Equation Boundary Conditions 

1D spherical particle model  
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3D Single Pair Potential Continuum (SPPC) model  for Pouch cell 

Cell domain 
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3D Wound Pair Potential Continuum (WPPC) model for Cylindrical and Prismatic cell 

Cell domain 

Z),(R,Φ- 
 

0

























 '''
-2

2

2

2

j
Z

Φ
σε

Φ

R

σε


  (13) 

Z),(R,Φ 

 
0


























 '''

2

2

2

2

2
j

Z

Φ
σε

Φ

R

σε


 (14) 

Z),T(R,
   "'

Θ
P q

Z

T
k

θ

T

R

k

R

T
Rk

RR

1

t

TρC














































2

2

in2

2

2

in
tr   (15) 

 



 60  

The size of the pouch cell is 185mm×147mm×5.74mm and the location of the 

electrical tabs with 45mm width are set to be on the same side as shown in Fig 4.2a. 

The cylindrical cell and the prismatic cell have common designs of commercial cells 

with the same capacity and their electrode designs are identical to that of the pouch 

cell. The cylindrical cell has an outer diameter of 44mm, an inner diameter of 8mm 

and height of 110mm. A pair of the current collectors are wound 43 turns and the 

length of the unrolled cell is about 3.49m. The locations of the electrical tabs with 

10mm width are distributed with uniform distances along the unrolled current 

collectors and the locations of 8 positive tabs are set to be on the top sides while 8 

negative tabs are on the bottom sides as shown in Fig. 4.2c. The prismatic cell has a 

size of 100mm×22mm×80.45mm and 25 turns of the wound current collectors with 

the unrolled length of about 4.5m. The electrical tabs of 20mm width are located on 

the same side of the current collectors as shown in Fig.4.2b. The cell models 

 

Fig. 4.2 Cell design and boundary conditions for the 1Ah small cell and 

the 55Ah large cell 
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exclusively consider the volume of the electrode composite, so called jelly roll, 

neglecting containers and electrical connecting components, such as the outer film of 

the pouch cell, the metal can of the cylindrical cell, and the metal connectors. For the 

pouch cell, the convective cooling conditions are applied on the top and bottom 

surfaces with a heat transfer coefficient of 25W/m2K and an ambient temperature of 

25℃. For the cylindrical cell and the prismatic cell, the side surface except the top 

face and the bottom face is cooled by the convective condition. The pouch cell has a 

surface cooling area of 0.054m2 which is about 3~4 times larger than the other cells 

(0.015m2 of the cylindrical cell and 0.018m2 of the prismatic cell). The numbers of 

the computational nodes in the cell domains are about 3000 for the pouch cell and 

about 20000 for the cylindrical and the prismatic cell. Since a single node in the cell 

domain has 25 electrode domain nodes and a single node in the electrode domain 10 

particle domain nodes, the total numbers of the computational mesh are about 

750,000 for the pouch cell and about 5,000,000 for the cylindrical and the prismatic 

cell.  
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 Table 4.2. Model parameters in the sub-models  

Particle domain parameters Negative electrode   Positive electrode  

Diffusion coefficient, Ds,a, Ds,c (m2/s) 1.35×10-14 ad  8.0×10-14 ad 

Activation energy for solid phase  

Li diffusion, EDs,a, EDs,c , (kJ/mol) 
35 [41]  39 [41] 

Reaction rate constant ka, kc,  

(mol.s-1.m-2[(mol.m-3)-1.5) 
6.0×10-11 ad  6.0×10-11 ad 

Activation energy for kinetic reaction, Ek,a, Ek,c , 

(kJ/mol) 
20 [41]  13 [41] 

Charge-transfer coefficients, α𝑎 , α𝑐 0.5   0.5  

Average particle radius, Rs,a, Rs,c (m) 5.0×10-6   2.5×10-6  

Concentration solid maximum, 

 Cs,max,a, Cs,max,c (mol/m3) 
30555  45000  

SEI layer molecular weight, MSEI (kg/mol) 0.1 [30]  ― 

SEI layer density, SEI (kg/m3)  2100 [30]  ― 

Equilibrium potential of parasitic reaction, Upara, (V) 0.40 [29, 31,35]   

SEI layer conductivity, SEI (S/m) 5×10-6 [31,35]  ― 

Initial SEI layer resistance, 0
SEIR  ( Ω . m2) 0.001 [31]  ― 

Concentration of EC (mol/L) 4.541[31,35,52]   

Initial exchange current of parasitic reaction,
"

init para,
i , 

(A/m2) 

2.05×10-7 ad  ― 

Activation energy for parasitic reaction , Ea,para,(kJ/mol) 58 [42]   

Electrode Domain Parameters Negative electrode  separator Positive electrode  

Electrode thickness ( mμ ) 88 ― 82 

Separator thickness (  mμ )  20  

Conductivity, asσ , , csσ , (S/m) 100 [53] ― 10 [53] 

Porosity , iε  0.397 0.43 0.401 

Volume fraction AB, ifε ,  0.007 ― 0.066 

Volume fraction PVDF , ipε ,  0.044 ― 0.043 

Initial salt concentration, ce, (mol/m3) 1200[19,20] 

Electrolyte diffusion coefficient, De (m2/s) 3.0×10-10 [40] 

Electrolyte ionic conductivity, iκ  (S/m) 
iκ = 10-4ce,i x 1.2544 (-8.2488 + 0.053248T - 0.00002987T2 + 0.26235 x 0.001 

ce,i -0.0093063x0.001ce,iT + 0.000008069 x 0.001 ce,iT 2 + 0.22002x10-6ce,i
2 - 

0.0001765x10-6ce,i
2T)2[15] 

Activation energy for electrolyte phase Li+ diffusion, 

EDe (kJ/mol) 
26.6 [41] 

Transport number, 
0

t  0.363 [40] 

Faraday’s constant, F, (Cmol-1) 96487 

Gas constant, R (Jmol-1K-1) 8.314 

Cell Domain Parameters  

Thickness,   ,  (  mμ ) 10  20 

Electric conductivity for σ , σ  (S/m) 59.6×106 [19,20]  37.8×106 [19,20] 

Heat transfer coefficient, hconv (W/m2∙K) 25 

Electrode plate area(m2) 0.76146 

Mass density of jelly roll, ρ  (kg/m3) 2400 [19,20] 

Specific heat of jelly roll, Cp (J/kg∙K)  850 [19,20] 

Thermal conductivity in x& y direction, kx, ky (W/m∙K) 

Thermal conductivity in planar direction, kp (W/m∙K) 
27[19,20] 

Thermal conductivity in z direction, kz, (W/m∙K) 

Thermal conductivity in transversal direction, kt, 

(W/m∙K) 

0.8[19,20] 

Initial temperature, T0 (oC) 25 

Atmospheric temperature, Tamb (oC) 25 

es: estimated, f: fitting  
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4.3.1 Model parameter calibration   

In order to calibrate the model parameter, pouch cell are tested using a battery tester 

(Maccor, Inc), and measured values are compared with model results. Fig. 4.3a shows 

the comparison of experimental data and simulation results during constant current 

discharging at various C rate with 1C to 10C. Ion diffusivity in the solid phase and 

kinetic reaction coefficients, which are main parameters for performance of LIB, are 

estimated from the above process because these parameters are uncertain and difficult 

to obtain from the experiment. Ion diffusivities in the solid phase are determined to 

be of 1.35e-14 m2/s for anode and 8e-14 m2/s, which are similar order as 10-14 to 10-

15m2/s for anode and 10-13 to 10-14m2/s for cathode in the literature[54-56]. Kinetic 

reaction coefficients for both electrode are also determined to be 6e-11m/s, which are 

same order of 10-11 presented in the Ref [30, 31]. Cycling test are performed for 1200 

cycles on the pouch cell. The operating cycle has 5 stages : a constant current 

discharge at 4C rate(80A) with a cut-off voltage of 2.8V, rest for 30minutes, a constant 

current charge at 4C rate(80A) with a cut-off voltage of 4.2V, a constant voltage 

charge until the charge current becomes less than 0.05C(1A), and rest for 30minutes. 

The capacity retention with cycle are plotted for model and experimental results in 

Fig. 4.3b and the discharge voltage curve every 300cycles for both results are shown 

in Fig. 4.3c. From these calibration, the aging parameters are chosen as shown in 

Table 4.2. Particularly, the exchange current density for parasitic reaction of Eq (3) is 

2.05e-7 A/m2, which is within the range of 10-8 to 10-6 A/m2 from the literature.[30,38]  

 

4.3.2 Constant current discharge results at various C rates  

For the three type cells modeled above, the simulation are performed for constant 

current discharge at various C rates at room temperature 25℃. The voltage curves 

and average-temperature profiles for 1C, 3C and 5C are presented in Fig. 4.4a-c. It is 

observed that the voltage at the start of discharge decreased with increasing C-rate in 

all three type cells. These voltage drop become larger as the discharge current 

increases due to the internal resistance from the cell designs. For each LIBs, the  
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Fig.4.3 Comparison of simulation result with experimental data:  

(a) voltage curve at 1C,2C,3C,4C,5C,10C , (b) capacity retention curve as cycle 

(c) voltage curves at different cycles 
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internal resistance can be obtained by the gap difference between the initial voltage 

and OCV of cell, it is about 0.16 mOhm in the pouch cell, 0.55mOhm in the 

cylindrical cell and 0.09mOhm in the prismatic cell. Thus, as the C-rate increases, 

initial voltage loss occurs largely in the cylindrical cell having a large resistance and 

less in the prismatic cell having a small resistance. The average temperature is rapidly 

increased in the cylindrical cell and gradually increase in the pouch cell at all C rates. 

The gap of temperature rise between each cells mainly comes from the difference of 

cooling area and the heat generation by the internal resistance. At the end of discharge 

for 5C rate, the average temperature is about 43℃ for cylindrical cell having small 

cooling area and large resistance and is about 34℃ in the pouch cell having large 

cooling area and relatively small resistance, the temperature difference of the two 

 

Fig. 4.4 Comparison of results for three cells: voltage and temperature plot (a)at 

1C rate discharge (b) at 3C rate discharge (c) at 5C rate discharge and (d) Total 

heat generation during discharge 
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cells is more than 13℃. The elevated temperature affects parameters related to cell 

performance, such as the diffusivity or kinetic reaction rate to which the Arrhenius 

equation is applied, resulting in more active electrochemical reaction inside cell. 

Because of this, the total discharged capacities for three type cells are almost same at 

1C rate, but that difference becomes larger at higher C-rate.  

Fig. 4.4d shows total heat generation of the cell volume during 1C, 3C and 5C 

discharge. Total heat generation is obtained by multiple heat sources including the 

reaction heat due to electro-chemical reaction of the electrode, joule heat due to the 

ion and electron transfer inside the electrode, reversible heat due to entropy change 

and joule heat due to the current flowing from the metal current collector to the tab. 

A large amount of joule heat is generated in a cylindrical cell having a large internal 

resistance, while a small amount of that occurs in a prismatic cell having a small 

internal resistance. Although the heat generation of pouch cell is larger than that of 

the prismatic cell, the low temperature by large cooling area of pouch cell is observed 

during discharge.  

Table 4.3 shows the portion of heat from the current collectors and heat from other 

sources during discharge. The portion of Joule heat from current collector is highest 

in the cylindrical cell having a large internal resistance among the three cells, which 

is about 4 times as large as that of the prismatic cell. Also, it is observed that portion 

of joule heat increases slightly in all cells as higher C rate discharge. In the case of 

cylindrical cell, it increases about 4% at the 5C rate compared with the result of 1C 

Table 4.3. Heat sources of the different cell types during 1C, 3C and 5C constant 

current discharge 

Heat sources Type of cell  1C(20A) 3C (60A) 5C (100A) 

Heat from current 

collectors in cell domain 

(%) 

Pouch 12.67% 13.02% 13.71% 

Cylindrical 31.64% 33.74% 35.80% 

Prismatic 7.08% 7.42% 7.92% 

Heat from other sources 

(%) 

Pouch 87.33% 86.98% 86.29% 

Cylindrical 68.36% 66.26% 64.20% 

Prismatic 92.92% 92.58% 92.08% 
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rate. From this result, all type cells are expected to have a large heat generation from 

current collector when operating at high C-rate, and therefore, it is important to have 

a better tab design for each type cell. In particular, it seems that a cell design for tab 

distribution is necessary to minimize the electric path and internal resistance in the 

cylindrical cell.  

The spatial imbalance of a large-format cell appears depending on the cell design 

such as tab configuration and the structures of the cell. It is important to understand 

how the non-uniformity behavior occurs because the unbalance use of a battery 

affects life and reliability. In order to compared how the imbalance occurred, the non-

uniformity cumulative factor (NUC) for each variables was calculated by Eq(16-17) 

which represents the average of the deviations during discharge.  

avg dV
NUF

dV







  (16)    ,  

NUF dt
NUC

dt










  (17)  

Fig. 4.5a show the contours of current density, SOC, and temperature deviation after 

5 minutes of discharging at 5C(=100A), and Fig. 4.5b shows the NUC of each 

variables with a bar graph. Fig. 5a shows the distribution of the current density, which 

indicates where the electrochemical reaction mainly occurs. A larger current density 

are observed near the taps in all three cells, because cell composite near the taps was 

used preferentially for kinetic reaction during the discharge. Also, a larger current 

density can be found near the positive tab region than the negative tab region. Even 

though the positive current collectors of aluminum has a relatively low conductivity 

compared to the negative current collectors of copper, these are designed to be twice 

as thick as the negative current collector. Thus it has better conductivity for current 

flow in the positive current collectors and consequently a large potential gradient is 

generated near the positive tab region. As shown in the contours of unrolled 

cylindrical and prismatic cell, it is found that the kinetic reaction is more active at the 

cell core than at the outer side, because these wound type cells are cooled at the 

outside resulting in the higher temperature at the cell core. As shown in Fig. 4.5b, the 
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NUC of the current density increases in all three cells as the C-rate increases and it is 

about 2.0 for the cylindrical cell and about 1.5 in the pouch cell which is 2.5 times 

larger than that of prismatic cell.  

In the SOC distribution in Fig.4.5a, since the SOC is mainly related to the use of 

cell composites, it is observed that the SOC of far from the tab region where the 

kinetic reaction is relatively small become higher. The SOC of the cell core is also 

lower than that of outer side in the cylindrical and prismatic cell because the high 

temperature near the cell core accelerated the use of batteries. The NUC of the SOC 

is similar to the current density result as shown in Fig. 4.5b. At the 5C rate, the 

cylindrical cell has most severe SOC imbalance and the pouch cell has about 1.5times 

as large imbalance as compare with that of prismatic cell, because the longer electric 

path of pouch cell, which is the length from the tab to the far from the tab, lead to 

 

Fig.4.5 (a) Contour results of current density, SOC, and temperature for three type 

cells after 5 minutes of discharging at 5C rate, (b) non-uniformity factor of current 

density, SOC, and temperature deviation for three type cells 
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non-uniformity use of battery at high C-rate. The contour result of temperature 

deviation shows that the hot spot is found near the tab because the local current 

flowing in the current collectors is concentrated on the narrow tabs. For all three type 

of cells, it is also observed that the temperature near the positive tab region is higher 

due to the joule heat generated from a large potential gradient of the positive current 

collector as mentioned above. The cylindrical cell and the prismatic cell tend to repeat 

the hot spot along the winding direction, which is caused by thermal conductivity in 

the radial direction through the electrode layers compared to that of the winding 

direction. Moreover, the temperature imbalance is severe in the cylindrical cell having 

small cooling area and more number of the wound electrode layers compared to that 

of pouch cell and prismatic cell. Therefore, the NUC of temperature in the cylindrical 

cell is larger than that of others. The NUC of temperature for pouch cell and prismatic 

cell is similar at 1C rate or 2C rate, but pouch cell has larger imbalance of temperature 

than prismatic cell at high C-rates. This is because the heat generation of the pouch 

cell is larger than that of the prismatic cell when the high C rate discharge, but the 

difference of temperature is locally intensified due to the large cooling area of the 

pouch cell.  

 

4.3.3 Cycle results   

In this part, cycling operation of 4CD4CCCV is simulated up to 1200 cycles to 

investigate the degradation and life fade for the three type cells. Fig. 4.6a shows the 

result of capacity retention as cycles. The total capacity fade over 1200 cycles is about 

5% for pouch cell, about 7% for prismatic cell and about 10% for cylindrical cell 

which is about twice the amount of capacity fade for pouch cell. The voltage curves 

for three type cells are plotted at 1st cycle (solid line) and 1200th cycle (dashed line) 

in Fig. 4.6b. At the 1st cycle of result, the initial voltage loss caused by the internal 

resistance is the largest in the cylindrical cell and the smallest in the prismatic cell. In 

addition, the discharged capacities of cylindrical and prismatic cell are slightly larger 

than that of pouch cell due to the high temperature. These differences among the cells 

are growing more severe with cycles. At the 1200th cycle, the voltage loss of the 
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cylindrical cell is about 76mV lower than that of the fresh cell. The initial voltage of 

prismatic cell is slightly higher than that of the pouch cell at the 1st cycle, but it is 

decreased about 54mV during 1200th cycles, which is lower than that of the pouch 

cell. The voltage loss for all three cells is related to the internal resistance during the 

cycle as shown in Fig. 4.6c. The internal resistance of the prismatic cell at the 1st cycle 

is lower than that of the pouch cell, but it becomes higher after about 900th cycle. It 

can be seen that the prismatic cell with a well designed for internal resistance has 

better performance initially, but the degradation is getting severe in the prismatic cell 

than in the pouch cell as the cycle increase. Fig. 4.6d shows the averaged SEI 

resistance as the cycle. The SEI layer growth is occurred during the charge and it is 

strongly related to the cell temperature, since higher temperature lead to the side 

 
 Fig.4.6 Comparison results between three type of cells : (a) capacity retention as 

cycle number, (b) voltage curves at 1cycle and 1200cycle, (c) internal resistance 

as cycle number, and (d) SEI layer resistance as cycle number 
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reaction more active as follow in Eq (3). Therefore, the pouch cells having good 

thermal management results in a slower SEI layer growth, while the cylindrical cell 

which maintains a higher temperature than the other cells lead to faster SEI layer 

growth during the cycles. The major portions of the cell resistance increases come 

from the growth of the SEI film resistance. For example, the resistance increase due 

to the SEI layer growth in the pouch cell for 1200cycles is about 12.53 mOhm.m2, 

which corresponds to a cell resistance of 0.55 mOhm.  

Fig.4.7a presents the contour result of deviation for SEI layer resistance at the end 

of charge at the 1200 cycle. The pouch cell has severe degradation near the tabs 

similar to result of current density distribution because the elevated temperature near 

the tabs obviously induces the local parasitic reaction more active. In the cylindrical 

and prismatic cell, the degradation is more accelerated at the cell core than the outside 

 
 

Fig.4.7 (a) Contour results of deviation of the SEI layer resistance at 1200 cycle 

(b) non-uniformity factor (NUF) result of SEI layer resistance for the three type 

of cells at 1200 cycle 
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of cell, because the elevated temperature is continuously maintained at the cell core 

due to air cooling only on the cell surface. Fig.4.7b shows the NUF of the SEI 

resistance obtained by Eq(16) at the end of 1200th cycle. The NUF of degradation in 

the cylindrical cell is clearly seen to be the largest among the three cells, which is 

about four times larger than that of the pouch cell. It is considered that the reason for 

the severe imbalance of degradation in the cylindrical cell is mainly from the large 

non-uniformity of the temperature during the charge. The NUF of degradation in the 

prismatic cell is about 1.6 times larger than that of the pouch cell, because the 

deviation of temperature in the prismatic cell seems to be larger than that of pouch 

cell during charge. Since the side reaction during the charge is more active at the high 

SOC, the imbalance of degradation is more intense in the CV charging than in the CC 

charging.  From the results shown in Fig. 4.5, it can be deduced that the deviation 

of temperature in the pouch cell is larger than that of prismatic cell during CC 

discharging and charging. However, in the pouch cell with a large cooling area during 

CV charging, the spatial imbalance of temperature over the cell volume reduces 

sharply as the charging current decreases. On the other hand, the prismatic has a larger 

temperature difference between the cell core and the outside of the cell during CV 

charge because of smaller cooling area per volume. Therefore, the spatial imbalance 

of temperature in the prismatic cell become larger during CV charge, resulting in a 

severe deviation of SEI resistance.  

 

4.3.4 Optimization cell design of continuous tab for each cells  

The main reason for the difference capacity loss for each cells seems to be the 

thermal condition and electrical resistance due to tab configurations that determine 

the electric paths in the current collectors. As shown in result of the previous part, the 

capacity fade in the cylindrical cell having high temperature is more than that of the 

other cells during the cycle. In case of the cylindrical and prismatic cell, the cell 

degradation is accelerated at the core which maintain the elevated temperature. In 

addition, all three type of cells have hot spots area near the both taps due to due to the 

concentrated current from the current collectors, resulting in a spatial imbalance of 
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degradation during cycle. Normally, the uniform and slightly temperature rise 

improve cell performance and decrease the cell resistance, while non-uniform and 

overly high temperature rise should be avoided because it accelerated the side 

reaction locally and lead to imbalance of degradation over the cell volume. 

In this section, to investigate the effects of the electrical resistances on battery life 

when improving the tab configurations, the continuous tabs designed are applied for 

 
Fig.4.8. (a) Schematic of three type cells with continuous tab design, and the 

comparison of results for cells with discrete tab and continuous tab (b) capacity 

retention, (c) internal resistance and (d) temperature 
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three type of cell. As shown in Fig. 8a, all three type of cells have positive tabs in on 

side of the cell surface and negative tabs in the opposite side to minimize the electrical 

resistance. The cycling simulation is performed with the same operating conditions 

as in the previous sections. Fig. 8b show a comparison of the capacity fade for three 

type cells with the discrete tab design and continuous tab design at the end of 1200 

cycle. For continuous tab cells compared to discrete tab cell, the amount of capacity 

fade is about 5% less in the cylindrical cell, about 0.3% in the prismatic cell and 

almost the same in the pouch cell. In addition, the internal resistance is slightly 

reduced in the pouch and prismatic cell but, in the cylindrical cell, it is about 30 % 

reduced during 1200 cycles. Fig. 8d shows the maximum temperature with both tab 

designed cells during cycles. In the pouch cell and the prismatic cell, the average 

temperature is not much changed for both tab designs. But, it decreases about 5℃ in 

the cylindrical cell, indicating the tab configuration could critically impact on the life 

of the cylindrical cell. Although all three cells have a continuous tab design which is 

optimize for the joule heat in the current collectors, the gap of operated temperature 

between cells is obviously from the difference cooling area for each cells.  

It is clear from the results of this study that the LIB design for cell domain such as 

cooling area and tab configuration have an effect on the life even though the cells 

have the same electrode design and same capacities. In particular, it is found that the 

pouch cell has more advantage for capacity fade than other cells because of large 

cooling area of cell. However, the difference of capacity fade become small when all 

three type cells have a continuous tab configuration which can be minimized the 

electrical resistance. Therefore, it is possible to improve the cell life by having a better 

tap design in the manufacturing of cell. In addition, the pouch cell inside a module or 

pack system where multiple cells are stacked has a poor heat management because 

the only one side of cell can be air-cooled. On the other hand, there is an effort to 

make a wound type battery having better heat management by cooling at the cores of 

cell. As a result, if the batteries are designed by considering the tab configuration and 

heat management for a certain shape cell, it has better life and performance during 

cycles.  
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4.4 Summary 

A multi-physics model including aging mechanism is used for simulation for three 

LIB types which are pouch, cylindrical and prismatic cell with same capacity of 20Ah, 

electrode area and electrode materials.  

We found that one of main reasons for capacity loss is high temperature over the cell 

volume. Among the three type cells, the cylindrical cell having large electrical 

resistance and small cooling area has more capacity fade than that of other cells 

because of severe imbalance and high temperature. The prismatic cell has a small 

electrical resistance and it has a more uniform behavior compare to the pouch cell 

during the discharge. However, its cooling area is smaller than that of the pouch cell, 

resulting in a large temperature rise. In addition, the locally high temperature is 

observed near the tabs for all three type cells and it lead to non-uniformity of cell 

degradation. In case of the cylindrical cell and the prismatic cell, the degradation is 

more intense at the cores because of the hot spot at the cores compare to the outer of 

the cell.  

Another one of main reasons is long electric path which lead to larger electric 

resistance and joule heat generation in the current collectors. Compared to result of 

discrete tab design, the capacity reduction is slightly improved in the prismatic cell, 

and it has little differences in the pouch cell. However, the capacity retention is 

significantly increased about 4% and the operating temperature at every cycles is 

decreased by about 5℃ for cylindrical cell with continuous tab design. It indicates 

that an optimum tab design is important to achieve better LIB life by uniform 

electrical and thermal distribution of the LIB system. 
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CHAPTER 5. 

DEVELOPMENT OF RESISTANCE 

ADDED LUMPED CELL MODEL 

 

Owing to the additional resistance generated by their cell shape and design, large 

lithium-ion batteries (LIB) show properties that are different from those of small LIB 

cells. Therefore, a first-principle-based model considering all cell scale shapes is 

required to predict the capacity fade of large LIBs accurately. However, carrying out 

life predictions using three-dimensional (3D) cell models as presented in chapter 2 

that calculate all cell scale shapes is inefficient, because the calculation time is 

undesirably prolonged.  

In this chapter, a resistance added lumped (RAL) cell model is proposed, which 

enables accurate and fast life predictions of large LIBs by calculating the parasitic 

reactions and electrochemical reactions of electrode scales while considering 

additional electrical resistance generated in the cell scales. The developed RAL cell 

model is compared with 3D cell model results by simulating a 20Ah commercial 

pouch cell (NCM/graphite), and its accuracy is verified by comparing it with 

experimental values. In addition, the impact of the shapes of large cells on the lifespan 

is verified by comparing the experimental values and life fade rate through the 

modeling of a 20Ah cylindrical cell, and a 60Ah pouch cell with the same electrode 

design as the 20Ah pouch cell but with different cell size and geometry.  

 

5.1 Introduction  

Although using experimental methods for fabricating and evaluating cells is 

essential in battery design, it is difficult to fabricate cells of different sizes and shapes 

for optimal design. In particular, there are many limitations in time and cost while 

performing lifespan optimization, which requires operating and measuring batteries 

for long periods of time. Therefore, recently, an approach to designing batteries while 
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using models that allow for the prediction of their performance and lifespan is 

strongly demanded.  

The 3D cell model used in chapters 3 and 4 that calculates both the impact of the 

cell shapes considered in cell domain models and the electrochemical reactions that 

are calculated in lower hierarchical domain models in a coupled manner.  In addition, 

it enables to predict the cell behavior more accurately than the lumped cell model in 

the analysis of large format LIB cells. However, the number of calculation nodes of 

the highest hierarchy of the structure in MSMD model frameworks increases when 

using cell models that analyze the shapes of large cells with a full resolution. Thus, 

there are still limitations to the reduction of calculation times. Thus, the analysis of 

cell lifespans or the calculation of a battery pack system having many cells is still 

time-consuming work. To improve the calculation speed of physics-based models, 

reduced order models (ROM) that can reduce or simplify the PDEs of governing 

equations have been proposed.  

The state-variable model (SVM) proposed by Smith et al. [57] is able to improve 

the calculation speed by transferring full-order physics-based models into frequency 

domains using analytical transfer functions and numerical transfer matrices.  

Cai et al. [58] proposed a simplified battery model having a reduced number of 

PDEs by using a proper orthogonal decomposition (POD) method. Guo [59] proposed 

a ROM that simplifies full physics-based P2D models and applied it to the analysis 

of 3D cells. Since most ROMs proposed so far focused on simplifying the governing 

equations of electrode scales, it seems they still have computational limits when 

applied to cell models used to analyze large batteries accurately.  

This research proposes a Resistance Added Lumped (RAL) cell model that allows 

for fast calculations while considering the prediction of the behavior of large LIBs 

regarding the shape of the cell. RAL cell models correspond to cell domain models 

of MSMD model frameworks. They are simplified models that include the electrical 

and thermal resistance of the cell volume of large LIB cells in lumped cell models. 

RAL cell models allow for robust voltage, current, temperature response, and lifespan 

calculations of large cells while efficiently decreasing the grid resolution of the cell 
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domains. The developed RAL cell model is verified by comparing results obtained 

using a full-resolution 3D cell model and the experimental values of actual cells. 

Moreover, the performance of the developed RAL cell model is verified with various 

cell shapes (20Ah pouch cell, 20Ah cylindrical cell, and 60Ah pouch cell).  

 

5.2 Multi-scale multi-dimensional model  

 5.2.1 Sub models choice in cell domain  

 

Fig. 5.1 Concept of the 3D cell model and the lumped cell model in the MSMD 

model framework 
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In the multi-scale multi-dimensional (MSMD) model framework, the sub-domains 

for LIB cells are divided by a particle domain (PD), electrode domain (ED), and cell 

domain (CD) as shown in Fig.5.1. In previous chapter 3 and 4, the PD sub-model and 

the ED sub-model used the P2D model, and the CD sub-model used the single 

potential pair continuum (SPPC) model and the wound potential-pair continuum 

(WPPC) model to analyze the large format LIB cells. Choosing an appropriate CD 

model is essential in accurately analyzing large LIB cells. As can be seen from the 

previous chapters, the structure of composite layers composed of electrode-separator-

current collectors depends on the cell geometry and design, according to which the 

temperature and electrical potential distribution generated in the cell volumes are 

affected. Therefore, it is necessary to use the 3D cell model because there is a 

limitation in predicting the behavior of the large format LIB cells by the lumped cell 

model which cannot analyze the non-uniform distribution. The SPPC model is 

effective for pouch cells consisting of stacked composite layers that are connected in 

parallel in electrical tabs. Since the layer-by-layer difference is very small in the 

stacked composite layers of SPPC models, the finite volume of the cell composites is 

assumed to be statistically homogeneous. In one calculation node, the temperature 

and the positive and negative electrical potential values of a pair of current collectors 

are calculated. On the other hand, a wound type cells such as a cylindrical cell and a 

prismatic cell requires a WPPC model, which reflects the structure of wound 

composite layers. In wound composite layers, the impact of the electrical 

overpotential generated when the current generated in the electrodes flows along a 

metal collector plate is given consideration. When cylindrical cells have a local tab, 

the current flows in the azimuthal direction of the composite layer. Then, owing to 

the electrical overpotential generated at that point, the current collectors of adjacent 

composite layers acquire significantly different electrical potentials. Therefore, 

WPPC models cannot ignore the electrode layers like SPPC models but can form a 

grid in which one calculation node includes only a pair of current collectors, thus 

requiring a higher number of calculation nodes when compared to SPPC models. 

More detailed information about SPPC and WPPC models is given in [19] and [20]. 
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In this section, the governing equations of cell domain for the 3D cell model and 

the lumped cell model are compared. In 3D cell models such as SPPC and WPPC, 

the electrical potential (Φ+, Φ-) distribution in the metal collector plate and the 

temperature (T) distribution in the cell volume are calculated using the following 

governing equations. 

 

Potential distribution in current collectors in cell domain (CD): 

'''

CD CD CD( ) 0eff j       (1) 

'''

CD CD CD( ) 0eff j       (2) 

where eff   is the effective conductivity of current collectors , and 
'''

CDj  is the 

volumetric charge transfer current density. 

 

Temperature distribution in cell volume in cell domain (CD): 

  '"

CD CD CD( )PC T
k T q

t


  


                       (3) 

''' '" "

CD ED( )ccq q q                              (4) 

'" "' "' "'

ED rxn, ED joule, ED rev, ED( )q q q q                          (5) 

where k is the thermal conductivity, 
'''

CDq  is the volumetric heat generation including 

heat sources delivered from the electrode domain(ED) 
'''

EDq  and calculated in the cell 

domain (CD), and 
'''

ccq  is the ohmic heat in the current collectors. 
'''

EDq is composed 

of the reaction heat ( '"

rxn, EDq ) generated in the electrode domain, the joule heat ( "'

joule, EDq ), 

and the reversible heat ( '"

rev, EDq ), which is from [50].   

On the other hand, assuming that the entire cell volume has a uniform electrical 

potential and temperature without giving consideration to the cell’s shape or design 

in the cell domain, the lumped cell model can also be used. The lumped cell model 

calculates the cell temperature using the following energy conservation equation by 

considering the entire cell volume as one calculation node, ignoring the heat transfer 

inside the cell, and giving consideration only to external heat transfer conditions.  
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Energy conservation for lumped cell model: 

  '"
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                  (6) 

where As is the cooling area of the cell.  

The choice of cell domain models has a significant impact on the entire 

computational efficiency of the model. As shown in Fig. 5.1, since each node of the 

highest cell domain model of the MSMD model framework calculates the electrode 

domain model and particle domain model, increasing the number of calculation nodes 

in the cell domain not only increases the entire number of calculation nodes but also 

increases the highest iteration loop, thus significantly increasing the time required for 

calculations. Nevertheless, in the case of large LIB cells, if the performance and 

lifespan are greatly affected, it is necessary to use full-resolution 3D cell models such 

as SPPC or WPPC in the cell domain to obtain more accurate predictions. In the next 

section, the impact of the choice of cell domain models on the lifespan analysis 

accuracy and calculation efficiency is compared and analyzed through analysis cases 

of pouch cells and cylindrical cells. 

 

5.2.2 Comparisons of lumped cell model and 3D cell model 

A pouch cell model that has a 3D cell model (SPPC model) is developed based on 

the design parameters of an actual pouch cell (20 Ah, NCM/graphite, top battery). 

Although this model has the same electrode domain and particle domain models of 

the pouch cell model, the differences are analyzed by comparing the results of a 

model in which a lumped cell model that ignores the internal inhomogeneity of the 

cell is applied to the cell domain, and the results of the 3D cell models. Moreover, 

to identify how the differences between 3D cell models and lumped cell models 

change depending on size and design, a virtual 60Ah pouch cell and 20Ah 

cylindrical cell are also simulated. Fig. 5.2 shows the shape data of the three cells. 
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The size of the 20Ah pouch cell is the same as the actual cell (185 mm × 147 mm × 

5.74 mm), and it has a 45mm wide electrical tab on one side. The size of the 60Ah 

pouch cell is 278 mm × 195 mm × 8.85 mm, which is about three times the electrode 

area of the 20Ah pouch cell. The 20Ah cylindrical cell has a diameter of 44 mm, is 

110 mm high, and the diameter of the internal mandle is 8 mm. The electrode and 

collector plate are wound 85 times spirally in the cylindrical cell. The length of the 

collector plate when unwound is about 6.55 mm. Moreover, 10 wide tabs with 15mm 

are placed on top of the cell, and 10 on the bottom, separated by the same distance. 

The number of nodes of the cell domain is 3,000 for the 20Ah pouch cell and 60Ah 

pouch cell, and 15,000 for the cylindrical cell. The atmospheric temperature is set 

to be 25 °C, and the top and bottom sides of both pouch cells, as well as the external 

side of the cylindrical cell, are cooled at a convective heat transfer coefficient of 20 

W/m². The detailed parameters of the cell’s electrode design are listed in Table 5.1. 

 

Fig. 5.2. Cell dimension and tab design information: (a) a 20Ah commercial 

pouch cell, (b) a 60Ah pouch cell (c) a 20Ah cylindrical cell 



 83  

 

Table. 5.1 Model parameters for three cells  
Electrode design parameters Negative electrode Separator Positive electrode 

Particle radius Rs(m) 4e-6d - 4e-6d 

Diffusivity, Ds,a, Ds,c (m
2/s) 1.5e-14e - 2.0e-14e 

Reaction rate constant ka, kc,(m/s) 4.8e-11e - 5.5e-11e 

SEI layer molecular weight 

(kg/mol) 
0.1[29,30] - - 

SEI layer density (kg/m3) 2100[29,30] - - 

Equilibrium potential of parasitic 

reaction (V) 
0.4[31,35] - - 

SEI layer conductivity (S/m) 3.8e-6e - - 

Initial concentration of EC, 0

ECC  

(mol/m3) 
4541[31,35] - - 

Diffusivity of EC, ECD  (mol/m3) 2.0e-18[35]   

Reaction rate for SEI layer, k0,SEI 

(m/s) 
1.1e-15e   

Initial SEI layer resistance ( 2Ω m )  0.001[29] - - 

Electrode thickness, la, ls, lc (m) 39e-6d 20e-6d 31e-6d 

Electrolyte diffusion coefficient, De 

(m2/s) 
- 3e-10e - 

Conductivity, ,s a , ,s c (S/m) 100[19] - 10[19] 

Porosity , i  0.397d 0.43d 0.404d 

Volume fraction AB, ,f i  0.044d - 0.042d 

Volume fraction PVDF , ,p i  0.007d - 0.064d 

Initial salt concentration, ce, 

(mol/m3) 
1200d 

Transport number, 
0t  0.363[29] 

Faraday’s constant, F, (Cmol-1) 96450 

Gas constant, R (Jmol-1K-1) 8.314 

Cell design parameters Pouch, 20Ah Pouch, 60Ah Cylindrical, 20Ah 

Dimension (mm) 185×147×5.88d 278×195×8.85d 44(D)×110(h)d 

Mass density of jelly roll (kg/m3) 2580d 

Specific heat of jelly roll(J/kg∙K) 975d 

Electric conductivity for Cu,    

(S/m) 
59.6×106 [19,20] 

Electric conductivity for Al,    

(S/m) 
37.8×106 [19,20] 

Thermal conductivity 
x& y direction :  27[19]

 

z direction :  0.8[19] 

azimuthal direction, kr:  

27[20] 

transversal direction, 

kt: 0.8[20] 

Heat transfer coefficient, hconv 

(W/m2∙K) 
25 

Initial temperature T init(
oC) 25 

Atmospheric temperature, Tamb (
oC) 25 

e: estimated, d: design parameter 
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Fig. 5.3 shows a comparative graph of the results of the 3D cell models and the 

lumped cell model with respect to constant current discharge conditions of the three 

types of cells at rates of 1C, 3C, and 5C. The experimental value of the actual 20Ah 

pouch cell is also shown in Fig. 5.3a. When looking at the output voltage shown in 

Fig. 5.3a, it can be noticed that regarding the 20Ah pouch cell, the voltage of the 

lumped cell model is higher (about 15 mV at 5C), despite the small difference, than 

that of the 3D cell model. Moreover, the temperature of the lumped cell model is 

found to be lower (about 1 °C at the end at 5C) than that of the 3D cell model. These 

differences occurred because the electrical overpotential and ohmic heat generation 

that occur in most metal current collectors are ignored in lumped cell models [60-62]. 

Therefore, as shown in Fig. 5.3b and 5.3c, these differences appear to be larger in the 

analysis of the 60Ah pouch cell and cylindrical cell, which have an electrical flow 

path in a relatively longer collector plate.  

In particular, in the cylindrical cell, whose electrical flow path reaches 65 cm, the 

output voltage of the lumped cell mode is found to be higher (up to 40 mV at 5C of 

discharge) than that of the 3D cell model. Likewise, when calculating the operating 

temperature, at 5C of discharge, the temperature difference between the lumped cell 

model and 3D cell model increases by a maximum of 2 °C in the 60Ah pouch cell 

and by a maximum of 6 °C in the cylindrical cell. Therefore, if the size of the cell 

increases or the electrical flow path of the collector plate is designed to be longer, the 

margin of error of the lumped cell model increases further. 

However, the use of 3D cell models has certain limitations in terms of calculation 

time when compared to lumped cell models. Table 5.2 shows the number of nodes 

and calculation times of the lumped cell model and 3D cell model. In this research, 

the SPPC-model-based pouch cell model used 3,000 times more calculation nodes 

than the lumped cell model, and the WPPC-model-based approach used 15,000 times 

more calculation nodes because the electrode’s wound shape must be given 

consideration. This causes a higher number of calculation nodes to be required in the 

cell domain. Owing to this, when using one CPU, the simulation time at 1C of 

discharge is 1,000 times longer in the SPPC cell model and 4,000 times longer in the 
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WPPC cell model when compared to the lumped cell model. Even when using eight 

CPUs with OPENMP parallel programming, the simulation time is about 240 (SPPC 

cell model) and 900 (WPPC cell model) times longer than in the lumped cell model. 

 

Fig. 5.3. Comparison of 3D cell model and lumped cell model for (a) a 20Ah 

pouch cell (b) a 60Ah pouch cell and (c) 20Ah cylindrical cell   
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The use of full-resolution 3D cell models increases the iterations of the upper 

calculation loops, generating a significant increase in the calculation time. Thus, even 

when applying SVM or ECM models, whose calculation time is shorter, to lower 

hierarchical models, there are still limitations in reducing the calculation time. These 

problems manifest directly when analyzing the lifespan of batteries based on the first 

principle. 

 

5.3 Resistance added lumped cell model 

 

As verified in the previous section, the impact of the cell design on the performance 

and lifespan of large LIBs is too significant to be ignored. However, at the same time, 

high calculation costs are required to analyze the impact of the cell design with a full-

resolution cell model. To solve these problems, we propose a RAL cell model that 

features fast calculation while giving consideration to the impact of the cell design.  

This RAL cell model is basically a lumped cell model that calculates the positive 

electrical potential, negative electrical potential, and temperature of the entire metal 

collector plate by considering the cell volume as one computational node. Thus, the 

speed of calculation is as fast as in the lumped cell model. Moreover, this allows for 

predicting the impact of the cell design on the performance and lifespan through a 

Table 5.2. Computational efficiencies of the LIB models 

Model Domain Pouch(20Ah) Pouch(60Ah) Cylindrical 

Lumped cell 

model 

Particle 15 15 15 

Electrode 25 25 25 

Cell 1 1 1 

3D cell model 

Particle 15 15 15 

Electrode 25 25 25 

Cell 3000 3000 15000 

Calculation time  

1C discharge 
Pouch(20Ah) Pouch(60Ah) Cylindrical 

Lumped cell 

model 
1 CPU core 6.62 s 6.84 s 6.64 s 

3D cell model 
1 CPU core 1 h 53 min 1 h 56 min 7 h 20 min 

8 CPU core 27 min 28 min 1 h 40 min 

 



 87  

method that gives consideration to, determines, and adds to the calculation of the 

lumped cell model generated by the electrical and thermal resistances additionally 

owing to the spatial imbalance of large cells.  

Since this RAL cell model represents the impact of imbalances coupled in a 

complex manner thermally, electrically, and electrochemically in the cell volume as 

a simplified constant (resistance), it is a type of reduced-order model that 

compromises analytical accuracy at a certain level to ensure calculation efficiency.  

First, regarding the analysis of large LIB cells, the electrical resistances to be added 

to the RAL cell model are determined based on the internal resistance difference when 

analyzing the lumped cell model and 3D cell model. Fig. 5.3 shows that in all LIB 

cells of the 3D cell model have a higher temperature and lower output voltage value 

than the lumped cell model. This tendency became clearer with increasing C rates. To 

verify the internal resistance calculated in the 3D cell model, which is found to be 

higher than in the lumped cell model, it is calculated by applying a linear polarization 

expression based on the data of the three types of LIB cell models mentioned in the 

previous section. Nevertheless, to remove the complexity caused by the impact of the 

increased internal resistance and temperature, a simulation is conducted assuming 

that all cells are at isothermal conditions with 25ºC.  

 

Fig. 5.4. Linear dependency of voltage and current at various DOD by using 3D 

cell model (20Ah pouch cell) 
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 Linear polarization expressions calculate internal resistances by assuming that (as 

shown below) at a fixed DOD, the discharge voltage is linearly dependent on the 

current density [60]. 

'' ( )j Y V U   (7) 

Y is the electrochemical conductance (Ω-1m-2), V is the battery’s working voltage (V), 

U is the open-circuit voltage (V), and 
''j is the average current density (A.m-2) of 

the collector plate. The DOD is obtained as follows from the ratio of the cell volume 

and the amount of discharge: 

 

Fig. 5.5 (a) Internal resistance at various DOD for each type of cell (b) 

difference of internal resistance between lumped cell model and 3D cell models 

for each cell. 
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discharge
0DOD
Capacity

t

I dt



 (8) 

where Idischarge is the applied discharge current for LIBs. As shown in Fig. 5.4a in the 

3D cell model analysis results of the 20Ah pouch cell, at constant current discharge 

conditions (1C–5C), all model data appear to be linearly dependent on the output 

voltage and average current density. Here, each slope of the graph is the internal 

resistance (R = Y-1) at each DOD condition. It can be noticed that the internal 

resistance increases with increasing DOD.  

Fig. 5.5a shows the calculated internal resistance by each DOD condition. Since 

isothermal conditions are assumed, the lumped cell model results are the same for all 

cells. On the other hand, the highest internal resistance results of the 3D cell model 

are displayed by the cylindrical cell, and the lowest are displayed by the 20Ah pouch 

cell. As shown in Fig. 5.5b, when comparing the internal resistance difference of both 

models, the internal resistance of the 20Ah pouch cell is 0.12 mΩ.m2, 0.29 mΩ.m2 for 

the 60Ah pouch cell, and 0.59 mΩ.m2 for the 20Ah cylindrical cell. In contrast to the 

fact that the internal resistances of all cells vary greatly from 2mΩ.m2 to 10 mΩ.m2 

depending on the DOD, the difference between the internal resistance of the 3D cell 

model and the lumped cell model data is relatively constant regardless of DOD 

changes. This suggests that the relation between the internal resistance increments 

occurring in the 3D cell model and the material’s electrochemical reactions, such as 

DOD, is weak.  

Moreover, the internal resistance increments of the 60Ah pouch cell and cylindrical 

cell, which have relatively longer electrical flow paths in the metal current collector, 

are more pronounced supports of the assumption that increasing internal resistances 

in the 3D cell model determines the overvoltage of the collector plate. Since the 

electrical resistance generated in the metal collector plate can be calculated using the 

3D cell model, it can be compared with the difference between the internal resistance 

of the lumped cell model and 3D cell model, which is acquired from a linear 



 90  

polarization expression. 

The electrical resistance of the collector plate can be acquired from the potential 

distribution results, and Fig. 5.6 shows the electric potential distribution of the 

positive and negative collector plates after 5 min of starting the 1C discharge on each 

cell. The electric potential distribution can be considered a determination by the cell 

design (e.g., the collector plate shape) or the tab configuration. During 1C discharge, 

the maximum electrical overpotential inside the current collector is found to be 1.2 

mV in the 20Ah pouch cell, 2.6 mV in the 60Ah pouch cell, and 5.1 mV in the 20Ah 

cylindrical cell. To calculate the electrical resistance of the metal current collector on 

each cell, first, the average overpotential of the electric potential collector plate area 

has to be calculated with respect to the positive current collector and negative current 

collector, as shown in the equations below: 

 

 

Fig. 5.6. Contour results of potential gradient at 5 min after 1C rate discharge  
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where , ,P i j  and , ,N i j  are the local potentials in both current collectors, ,P Tab  and 

,N Tab are each tab’s potentials, and CD, ,  i jv  is the finite volume in the cell domain.

  

Then, the electrical resistance of the current collectors ccR [Ω.m2] can be found by 

using the sum of the calculated overpotentials and the average current density 
''J

[A.m-2] of the collector plate area. 

 

    "

( )P N
ccR

J

   


 (11)  

Fig. 5.7 shows the electrical resistance values generated in the metal collector plate 

at 1C rate discharge conditions on each cell depending on the DOD. In the three types 

of cells, it can be seen that the electrical resistance of the collector plate is constant 

during the discharge period regardless of the DOD. The average electrical resistance 

of the collector plate is found to be 0.12 mΩ.m2 in the 20Ah pouch cell, 0.29 mΩ.m2 

in the 60Ah pouch cell, and 0.58 mΩ.m2 in the 20Ah cylindrical cell. The calculated 

electrical resistance of the current collectors almost coincides with the degree of 

increase of each internal resistance in the 3D cell model, as calculated using a linear 

polarization expression. Therefore, the additional internal resistance generated by the 

cell design of large LIBs is mostly the electrical resistance of the collector plate. Thus, 

in the RAL cell model, the cell’s output voltage is calculated as follows with the 

output voltage LV  calculated in the lumped cell model using the collector plate’s 

electrical resistance ccR  and the average current density, 
''J [A.m-2]: 
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''

RAL L ccV V J R   (12) 

Another scale-up effect that occurs in large LIB cells is a temperature increase 

caused by additional heating and internal heat transfer. To analyze this phenomenon 

accurately, a full-resolution 3D cell model analysis that gives consideration to the cell 

design is required. Generally, in the case of thin pouch cells with wide surface areas, 

the temperature difference between the surface and the center is small. However, in 

cylindrical cells or large thick pouch cells, since the thermal resistance in the through-

layer direction is high, a temperature difference that cannot be ignored occurs 

between the surface and center of the cell. In the RAL cell model, the ohmic heat 

generation occurring owing to the previously determined collector-plate electrical 

resistance is calculated, and the thermal phenomenon that occurs in large LIBs is 

given consideration by drawing and adding the thermal resistance, which represents 

the internal heat transfer, to the lumped cell model. 

First, the additional heating occurring owing to the electrical resistance of the metal 

collector plate in large LIB cells is calculated through a simple Joule heating equation, 

and then calculated as follows in the electrode domain model. In turn, it is added to 

the volumetric heat transferred to the cell domain to determine the RAL cell model 

heating as follows: 

 

Fig. 5.7. Resistance in current collectors, Rcc, as DOD  
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2

''

elecRAL L ccQ Q A J R   (13) 

where Aelec is the electrode area. Then, to determine the thermal resistance of the cell 

volume, the 3D cell model that gives consideration to the cell design is used. First, it 

is assumed that a random uniform heating per unit volume (
'''

CDq ) occurs inside the 

cell, and that the cell surface is cooled at an isothermal temperature (25ºC). The 

steady-state temperature distribution data inside the LIB cell, which is obtained from 

the model results, can be used to calculate the average temperature increase of the 

cell’s internal volume as follows: 
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This average temperature increase rate is divided by the total caloric value inside the 

cell  '''

CD CD, ,  i jq v   to determine the thermal resistance RT [K/W] of the cell 

volume’s internal heat conduction. 
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q v




   (15) 

The calculated RT
 is found to be 5.0e-3 K/W in the 20Ah pouch cell, 3.8e-3 K/W 

in the 60Ah pouch cell, and 4.2e-1 K/W in the 20Ah cylindrical cell. In the RAL cell 

model, the temperature T of the cell is calculated using the conductive thermal 

resistance RT determined by giving consideration to the convective thermal resistance 

Rconv [Rconv = (hA)-1, h: convective heat transfer coefficient [Wm-2K-1], A: cell surface 

area] and cell design, which are determined depending on the cooling conditions of 

the cell surface. 

Cell

amb

1
( )

( )

p

RAL

T conv

C v T
Q T T

t R R

 
          (15) 

where Cellv  is the total volume of the LIB cell. The RAL cell model is established 

based on the procedure shown in Fig. 5. 8. First, the 3D cell model of the large LIB 
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cell to be analyzed must be created in order to determine the electrical resistance of 

the collector plate and the conductive thermal resistance of the cell volume. Then, 

this is used to calculate a lumped cell model that gives consideration to the additional 

voltage drop, heating, and temperature increase occurring in the large LIB cell. 

 

 

5.4. Model results 

The accuracy and calculation speed are compared with the results of the 3D cell 

model and RAL cell model regarding the three types of cell. These cells are simulated 

when operating at constant current discharge conditions and under the duty-cycle 

conditions of energy storage systems (ESS) to verify the accuracy differences 

between the RAL cell model and the 3D cell model. Moreover, the lifespan reduction 

is compared when under repetitive-use conditions (4C constant current discharge - 

4C constant current charge - constant voltage charge cycle). All simulation programs 

are written in the C language and are calculated using a PC with 16.0 GB of RAM 

and an Intel Core i7-6700K 4.00-GHz CPU. 

  

Fig. 5.8. Procedure of RAL cell model  
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5.4.1 Constant current discharge simulation 

Fig. 5.9 shows graphs that compare the output voltage and average temperature 

calculated using the RAL cell model and 3D cell model under conditions in which 

the 20Ah pouch cell, 60Ah pouch cell, and 20Ah cylindrical cell discharge at a 

  

Fig. 5.9. Comparison of 3D cell model and RAL cell model for (a) a 20Ah 

pouch cell, (b) a 60Ah pouch cell and (c) a 20Ah cylindrical cell 
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constant current from 1C to 5C. Since the RAL cell model gives consideration to the 

electrical resistance of the collector plate and the thermal resistance of the cell volume, 

the coupled action of the temperature increases and the degradation of the 

electrochemical reactions is calculated. However, reactions that might occur owing 

to local temperature increases generated inside the cell interacting with the imbalance 

of electrochemical reactions cannot be predicted.  

For example, since electrochemical reactions occur more actively in parts that are 

closer to the electrical tabs of the current collector for being hotter than other parts, 

such parts discharge faster. Owing to the reduced resolution of the cell scales in the 

RAL cell model, a certain degree of accuracy is compromised. However, as shown in 

Fig. 9, in the three types of cells, the voltage and temperature results of the RAL cell 

model coincide with the 3D cell model results within a margin of error of 1%. Because 

of the insignificant impact of the interactive imbalance of the temperature and 

electrochemical reactions during the period of constant current discharge, which has 

a relatively short operating time, such a small margin of error is displayed. 

 

5.4.2 Power profile simulation 

In the response analysis of the actual duty cycle in which the output voltage and 

current of the cell change shortly, the results of the RAL cell model are compared 

with the results of the 3D cell model and lumped cell model. In the power profile, the 

PNNL-22010 duty-cycle conditions of the energy storage system (ESS) proposed by 

the Pacific Northwest National Laboratory (PNNL) are used [63]. The initial 

operating conditions are set to 25 °C with an initial SOC of 53.2%. Fig. 5.10 shows 

the voltage response results of each cell regarding a PNNL cycle of 300 min. As 

shown in Fig. 5.10a, in the response of the 20Ah cell, whose collector plate has a 

small resistance, the maximum voltage difference between the 3D cell model and the 

lumped cell model is less than 3 mV, which is small. As shown in Fig. 5.10b and 

5.10c, in the response of the 60Ah cell, the maximum voltage difference between the 
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3D cell model and the lumped cell model is about 20 mV, and the highest voltage  

-difference (45 mV) is displayed by the cylindrical cell, which had the highest 

collector plate resistance. As shown in Fig. 5.10b and 5.10c, in the response of the 

 

Fig. 5.10. Comparison of PNNL cycle results for three cell models : (a) a 20Ah 

pouch cell, (b) a 60Ah pouch cell and (c) a 20Ah cylindrical cell 
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60Ah cell, the maximum voltage difference between the 3D cell model and the 

lumped cell model is about 20 mV, and the highest voltage difference (45 mV) is 

displayed by the cylindrical cell, which had the highest collector plate resistance. 

With respect to all cells, the results for the RAL cell model are very similar to those 

of the 3D cell model, which are within a margin of error of +/-1%. In the power profile 

cycle, the temperature increase is found to be very low (about 1ºC), so the difference 

between the 3D cell model and RAL cell model is insignificant. 

 

  5.4.3 Cycle simulation  

If the cell size increases, the life cycle of LIB cells is also affected. In particular, 

the temperature increases are pronounced and parasitic reactions become active, 

causing the cell’s lifespan to decrease more rapidly. To verify whether it is possible 

to appropriately predict this phenomenon, the RAL cell model, 3D cell model, and 

lumped cell model are simulated with a cycle of 4CD - 4CC - 4.2C V to compare the 

calculated output volumes. The cycle is composed of five stages: 4C constant current 

discharge, 30min rest, 4C constant current charge up to 4.2V, constant voltage charge 

with 4.2V (up to 0.05C), and 30min rest. For all cells, the initial SOC is set to be 

100%, and the initial operating temperature and atmospheric temperature are set to 

be 25ºC. The 20Ah pouch cell is cycled 2,000 times, and the experimental values are 

compared. The 60Ah pouch cell and cylindrical cell are simulated until the volume 

reached 80% of its initial value. Fig. 5.11a shows the results and experimentally 

measured values of each model regarding the calculation of the volume reduction of 

the 20Ah pouch cell with respect to the cycle operation. Since the resistance of the 

current collector of the 20Ah pouch cell is relatively low, the additional heating is 

also low. In addition, since its thermal resistance is relatively low for being thin, 

temperature increases are not large. In Fig. 5.2a, it can be verified that at 5C of 

discharge operation, temperature increases of the 3D cell model are within 1 °C of 

those of the lumped cell model. Thus, the scale-up effects of the 20Ah pouch cell’s 

lifespan are not very clear. As shown in Fig. 5.11a, the output volume calculated for 

the three types of models when being operated for 2,000 cycle displays a margin of 
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error of less than 1%, which coincides with the experimentally measured volumes. 

However, when temperature increases result from changes in the cell shape or 

because of the cell size increases, the lifespan reduction tendency is also affected. Fig. 

5.11b shows the calculated volume of the models of the 60Ah pouch cell and the 

 

Fig. 5.11. Comparison of cycle results for three cell models:  

(a) capacity retention plot as cycle for a 20Ah pouch cell, (b) capacity retention 

plot for a 60Ah pouch cell and a 20Ah cylindrical cell and (c) voltage curve at 

the end of cycle for a 60Ah pouch cell and a 20Ah cylindrical cell 
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20Ah cylindrical cell. In the case of the 60Ah pouch cell, at the 973rd cycle, there is 

a difference of about 2% between the lumped cell model volume calculations and the 

results of the 3D cell model and RAL cell model. In addition, since temperature 

increases are large in the 20Ah cylindrical cell, the impact on lifespan reduction is 

found to be significant.  

Thus, at the 746th cycle, there is a difference of about 6.3% between the volume 

calculations for the lumped cell model and those for the 3D cell model and RAL cell 

model. The discharge curves of the 60Ah pouch cell and 20Ah cylindrical cell during 

the cycle where the output volume reached 80% are compared in Fig. 5.11c. Although 

the lumped cell model is found to have a higher voltage (23 mV in the 60Ah pouch 

cell and 110 mV in the cylindrical cell) than the 3D cell model and RAL cell model, 

the difference between the 3D cell model and RAL cell model is small enough to be 

ignored. Therefore, it can be verified that the impact of the cell’s inner temperature 

imbalance (which is ignored in the RAL cell model calculations) on the accuracy of 

lifespan predictions is not significant. 

 

5.4.4 Comparison of calculation time 

Table 5.3 lists the calculation times of the 3D cell model and RAL cell model. 

Despite having conducted 3D cell model simulations using Open MP parallel 

programming with eight CPUs, the RAL cell model displays a significantly better 

calculation efficiency than the 3D cell model for all operating conditions.  

In the case of the cylindrical cell, which has a high number of nodes, this difference 

Table 5.3. Computational time for each case  

Run mode Model Pouch(20Ah) Pouch(60Ah) Cylindrical 

Discharge (1C) 

3D cell model 27 min 28 min 1 h 40 min 

RAL cell 
model 

7.59 s 7.86 s 6.84 s 

PNNL cycle (300 min) 

3D cell model 3 day 3 day 9 day 

RAL cell 
model 

4 m 30 s 4 m 28 s 4 m 12 s 

 

4CD4CCCV (~80%) 

3D cell model 6 day 7 day 22 day 

RAL cell 

model 
35 min 31 min 24 min 
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becomes larger, decreasing the calculation time to 1/1,300 based on a 4CD4CCCV 

cycle. In the case of the 3D cell model, although the calculation time might depend 

on the number of nodes of the cell domain, since at least thousands of nodes are 

required, the RAL cell model is effective for the analysis of large cells. It is expected 

that the RAL cell model will be useful for predicting the lifespan of large cells or for 

performance and lifespan analyses after being expanded into a pack system composed 

of multiple cells. In this research, the RAL cell model is developed based on a full-

physics model. However, the collector plate resistance and thermal resistance 

acquired from a 3D model can be applied to ECM or other ROM models. Although 

the accuracy might be somewhat lower than in full-physics models, the RAL cell 

model is expected to be better in terms of calculation efficiency. 

 

5.5 Summary 

 

This research proposed a RAL cell model that performs accurate calculations 

efficiently while considering the scale-up effects that occur in large LIB cells. The 

developed RAL cell model corresponds to the cell domain sub-model of MSMD 

model frameworks, and is used to determine and analyze the electrical resistance of 

collector plates and the thermal resistance of the cell volume, which are factors that 

are determined by the cell design. Discharge test, current cycle test, and lifespan test 

results obtained from an actual commercial cell (NCM/graphite cell based 20Ah 

pouch cell), a virtual 60 Ah pouch cell, and a 20Ah cylindrical cell that have the same 

electrode design as the commercial 20Ah pouch cell are compared. In the analysis 

results, the RAL cell model displayed more accurate results compared to the lumped 

cell model while being at least 1,000 times faster than the 3D cell model. The RAL 

cell model is expected to be useful while analyzing the behavior or lifespan of the 

packs of energy storage systems that include multiple large LIB cells in applications 

such as electric vehicles. 
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CHAPTER 6 

BATTERY PACK SYSTEM MODELING 
 

In this chapter, the battery pack system model considering the effects of the 

serial/parallel connection structure and heat management from air flow is developed 

to predict the electrical and thermal response of the battery pack system. Since the 

battery pack system is connecting with multiple cells, the battery pack model 

adopting the 3D cell model presented in chapter 3 and 4 has limitations in long 

computational time. In this work, the battery pack systems are modeled by using the 

resistance added lumped (RAL) cell model proposed in chapter 5 which is able to 

accurately and efficiently calculate the behaviors of large-format LIB cells. The air 

flow for each flow channel under steady state conditions are calculated using 

commercial software ANSYS, and the Nu number, Re number and convection heat 

transfer coefficient are determined. The thermal behavior inside battery pack system 

is investigated using a thermal network that considers conduction heat transfer, 

convection heat transfer and heat generation from electrochemical reactions of each 

LIB cells. In addition, the electrical network is used to investigate the effects of the 

serial and parallel connecting structure of cells in the battery pack system. Finally, we 

compared the simulation results of the battery pack systems having different 

connection structure under the various operating conditions and problem situations. 

These model studies provide the quantitative prediction of the complex coupled 

phenomena in the battery pack system and reveal relationships between the multiple 

physics.   

 

6.1 Introduction   

A battery pack system in which a number of LIB cells are connecting with serial and 

parallel is mostly used for HEV/EV or ESS due to requiring the instantaneous high 

power and large capacity. In general, the battery pack systems are designed to ensure 

high performance, long life and safety because of huge construction cost.  Mainly, 
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thermal management of the battery pack system is one of the major issues. The pack 

system has a narrow flow channel between LIB cells because it aims at the maximum 

energy capacity within a predetermined size of the system. Thus, the temperature of 

a specific LIB cell can increase during the discharge and charge process, and as a 

result, the cell degradation becomes severe. To analyze and optimize the thermal 

management of the battery pack system, several studies have been conducted for 

battery pack systems. Mahamud and Pack [64] simulate the two air-channels of 

reciprocating air flow and uni-directional flow using a lumped capacitance thermal 

model and a flow network approach, and reveal that uniformity of temperature is 

improved in reciprocating air flow. Fan et al. [65] investigated the temperature range 

in the battery pack according to gap spacing and flow rate of a fan using a three-

dimensional thermal model. Liu et al.[66] proposed general guidelines for the thermal 

management of LIB packs by conducting parametric studies on three different cooling 

materials, discharge rates, atmospheric temperature and Re number. Wang et al. [67] 

proposed the optimized fan location and cooling methods for different cell 

arrangement structure for battery modules. Yu et al. [68] reveal that two directional 

air flow improves the temperature uniformity of the battery pack. Although the above 

studies suggest efficient thermal management for a pack with exothermic LIB cells, 

it is difficult to obtain real-time information on battery packs such as voltage, SOC, 

and degradation because electrochemical reactions are not considered during the 

operation. Furthermore, since the behavior of battery packs is affected not only by 

the temperature of the LIB cells but also by the connecting structure in series and 

parallel, the performance and lifetime of the battery pack is different from the 

expected value from the specification of a single LIB cell. Several coupled 

electrochemical and thermal models have been proposed to evaluate the effect of 

battery packs under various operating conditions. Using multi-geometry and multi-

physics model, Gue et al. [59] analyzed the temperature and potential distributions 

during discharge for battery modules consisting of three LIB cells in series, including 

an electrical bus bar. Bandhauer et al. [69, 70] performed the thermal management of 

the battery pack according to the cooling method by using the electrochemical-
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thermal model. Basu et al. [71] and Ganesan et al. [72] also conducted the life 

extension control as well as the thermal management of the battery pack system 

which are consist of 18650 cells.  

In this work, we developed a battery pack model, including the electrochemical-

thermal model with the aim of providing insights into efficient thermal management 

and pack design. The RAL cell model, which has excellent efficiency and accuracy 

in predicting the large format LIB cells developed in chapter 5, is chosen as the 

electrochemical model of a single LIB cell. In order to investigate the effects of cell 

connection, two battery packs of 4P8S configuration are modeled. Air flow rates and 

the convective heat transfer coefficients are determined in each channel through flow 

analysis, and the thermal network is used to investigate the temperature distribution 

over the system. Using the developed battery pack model, parametric studies are 

conducted on a various situation. First, we assumed that the LIB cells of the pack 

system are all the same condition. Cycle simulations are carried out for both battery 

packs, and the model results are analyzed by comparing voltage, temperature, SOC, 

degradation, etc. Furthermore, we performed the simulation for the battery pack 

having problem cell to investigate how the cell connection effect on the pack 

degradation under troubled condition.  

 

Fig.6.1 Overall configuration of the lithium ion battery pack system model 
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6.2 Model description  

6.2.1 Battery pack system model based on the MSMD model framework  

In this section, a battery pack system is modeled to investigate the performance, 

life, and thermal management under various operating conditions. Fig.6.1 shows the 

model structure of the battery pack system based on MSMD model framework. As 

described in chapter 2, the MSMD model can separate several sub-domains of particle 

domain, electrode domain, and cell domain according to length scale for resolving 

multi-physics phenomena in LIB cells. Each domain is independent and hierarchical, 

and the solution variables are exchanged between adjacent domains, resulting in the 

computational efficiency of the model. A significant advantage of the MSMD model 

is that it has a flexible structure that can be extended to finer scales of the atomic or 

molecular level or a larger scale of system level.  

In this work, we extend the sub-domain of pack scale using the MSMD model 

framework to simulate the battery pack system consisting of multiple LIB cells. Thus, 

the battery pack model includes four sub-domains of a particle domain, an electrode 

domain, a cell domain and a pack domain, and each sub-domains adopts a sub-model.    

As in previous chapters, the sub-models of the particle domain and the electrode 

domain has adopted the pseudo two-dimensional (P2D) model which is composed of 

one-dimensional (1D) particle model and 1D porous electrode model. To investigate 

the capacity fade and power fade of the battery pack system, a degradation 

mechanism for the available lithium loss and resistance increase due to SEI layer 

growth on the surface of the anode active material during charging applies to the 

particle domain. In a choice of sub-model at the cell level that resolving the spatial 

imbalance of temperature, current density, and potential, the single potential pair 

continuum (SPPC) model for the stacked type cell or wound potential pair continuum 

(WPPC) model for the wound type cell proposed by Kim et al. [19] and Lee et al. [20] 

can be selected as a sub-model. However, since these cell domain models have many 

computational nodes, there is a limit to expanding them into a pack system model 

consisting of multiple LIB cells. Therefore, in this work, the RAL cell model 



 106  

developed in chapter 5 which can efficiently calculate the behavior of large-format 

LIB cells is adopted as a sub-model of cell domain. The RAL cell model uses the 

electrical resistance and thermal resistance of large-format LIB cells and is applied to 

cell domain sub-model in the MSMD model framework as described in chapter 5. 

The battery pack system is more complicated than the LIB cells because of other 

physical phenomena that are unexpected in a single LIB cell. In general, the battery 

pack system has the temperature distribution because of the heat generation by 

electrochemical reactions and has the different cooling efficient according to the 

arrangement of LIB cells. Unbalanced distribution of temperature can lead the 

deviation in the performance and lifetime of between LIB cells. Besides, there are 

different ways of cell balancing between for voltage or current according to various 

configurations of cell connection in a battery pack system. Therefore, the battery pack 

model should consider not only the influence of thermal management, but also the 

cell connection structure. In this study, the pack domain model considers the thermal 

network to simplified battery as a thermal resistance to enable temperature field 

analysis inside the pack. The electrical network is also included in a proposed model 

to consider a serial and parallel connection of the battery pack system. The solution 

variables of the pack domain are coupled by exchanging the information with the cell 

domain. The heat generation of each LIB cells are transferred to the pack domain to 

calculate the temperature field, and the obtained temperature is set to the input value 

 

Fig. 6.2. A schematic of the pack system model based on MSMD model 

framework which include the (a) particle domain, (b) electrode domain, (c) cell 

domain and (d) pack domain  
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of the cell domain. In addition, the operating conditions of the pack domain are set as 

input values to each cell domain considering the serial and parallel connection 

structure, and the total output of the pack is obtained based on the output of each LIB 

cells. In the next part, the electrical network and thermal network in a pack domain 

are described in detail. 

 

6.2.2 Electrical network  

In general, the capacity and power of the battery pack systems are determined by 

the connection structure of batteries in serial or in parallel. Even with the same 

capacity and power systems, the battery packs have various configurations. Fig.6.3 

shows typical battery pack systems with different serial and parallel connections. As 

shown in Fig.6.3 (a), the battery pack, in which the batteries are connected in serial 

first, and the serial banks are connected in parallel, is defined as the serial cells 

parallel banks (SCPB) pack. In Fig.6.3 (b), the battery pack, in which the batteries 

are connected in parallel first, and the parallel banks are connected in series, is defined 

as the parallel cells serial banks (PCSB) pack. In both battery packs, if all of the 

batteries are entirely manufactured, and there is no problem in connecting the 

batteries, the performance of a battery pack system can be predicted from the 

experimental result of a single battery. However, the temperature difference of the 

battery pack leads to the imbalance between the LIB cells. In addition, if a particular 

  
Fig. 6.3 Battery configurations of SCPB (serial cell parallel bank) pack and  

PCSB (parallel cell serial bank) pack 
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LIB cell is defective, the imbalance behavior of pack systems can be intensified. 

There are different ways of balancing the imbalance for each connection structure, 

and as a result, can affect the performance and lifetime of the pack. In this work, the 

electrical network is considered for each cell connection. Thus, the pack domain sub-

model includes the electrical network. The electrical network uses the current and 

voltage values of the LIB cells determined from the electrochemical model to 

calculate the output value of the battery pack system. The output voltage of the battery 

pack with N by M configuration in Fig.6.4 is simply calculated as follows.  

The voltages of each series banks are shown in Eq. (6.1). 
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             (6.1) 

If the output voltage of the pack is VPack, the voltage difference value to be corrected 

in each serial bank line is as shown in Eq. (6.2). The value to be corrected for the 

           

Fig.6.4 Battery pack with N by M configuration 
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current flowing in each serial line is calculated by Eq. (6.3).  

,1 ,1 ,2 ,2 , ,, ...SB Pack SB SB Pack SB SB n Pack SB nV V V V V V V V V              (6.2) 
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Since the sum of the amount of current change in current is zero,  
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Therefore, the output voltage of the pack, VPack, is determined from Eq. (6.2) and 

(6.4) as follows. 
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Since the PCSB pack in Fig. 6.2 (a) has the same structure as SCPB pack with N=1, 

the output value of that can be determined by using Eq. (6.5).  

 

6.2.3 Thermal network  

To investigate the thermal management of the battery pack system, a thermal 

network is calculated in a pack domain in addition to the electrical network. Fig.6.5 

shows the concept of the thermal network. 

This model assumes a single LIB cell as lumped capacitance with thermal 

resistances as shown in Fig.6.5 (a). It considers the conduction thermal resistance 

  

Fig.6.5 (a) the concept of the thermal resistance for a single LIB (b) the thermal 

network according to the air flow of the channel inside the battery pack. 
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according to the different thermal conductivity coefficients from the cell center to the 

surface for each direction. As shown in Fig.6.5 (b), the pack system calculates the 

energy flow for the temperature field inside the pack considering the heat generation 

of each LIB cells, the conductive thermal resistances and the convective heat 

resistance at the cell surface according to the air flow. In the pack system model based 

on the MSMD model framework with a hierarchical structure, the multi-heat sources 

in each domain are calculated as shown in Eq. (6.6) to (6.8).  

,EDCell rxn rev irrevQ Q Q Q                           (6.6) 

,CD ,EDcell cell ccQ Q Q                           (6.7) 

2

,MD , ( )Cell Cell cdm contact busbarQ Q i R R                     (6.8) 

The reaction heat by electrochemical reaction, reversible heat and irreversible heat 

are calculated in the electrode domain and are transferred to the cell domain. The 

additional heat generated by the current flowing in the current collectors in the cell 

domain and the heat delivered from the electrode domain is passed to the pack domain. 

As seen in Eq. (6.8), the contact resistance and connection resistance that occurs when 

connecting between cells can be additionally considered in the pack domain.  

Before solving the temperature field of the pack system, the flow analysis was 

performed to determine the flow rate and the convective heat transfer coefficient for 

each flow channel. The volumetric air flow rates in each channel in steady-state can 

be obtained considering the spacing between cells, length, height, width, and flow 

rate of a fan inside the battery pack. Then, the forced convective heat transfer 

coefficient is determined using the Nu number calculated by the Re number 

corresponding to the flow rate of each channel. Therefore, the modeling process for 

the battery pack system based on the MSMD model framework is as follows. The 

first step is to select the electrochemical model for each battery in the pack system 

and perform the validation and model parameter setting. The second step is to develop 

the serial and parallel connection structure of the battery pack model by using an 

electrical network. The third step is to determine the convective heat transfer 
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coefficient of each channel by flow analysis inside the battery pack and applied to the 

thermal network to solve the temperature field. A summary of this process is shown 

in Fig.6.6. 

  

6.3 Result and discussion 

In this work, a 4P8S battery pack system of two different connection structures, 

SCPB pack and PCSB pack, is modeled. Each of the 32 LIB cells consisting the pack 

system used the NCM / Graphite pouch cell with 20Ah used in chapter 4 and 5.  

Battery pack information which is the dimensions of the battery pack, the stacking 

the LIBs, the height of the flow channel, and the fan location as shown in Fig.6.7. A 

numerical simulation is carried out using the commercial software ANSYS Fluent 

17.0 to calculate the volumetric air flow inside the channel. The model setting 

conditions and assumptions are as follows. 

       

Fig6.6 Process of battery pack modeling  
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 The flow rate of the fan was set to 0.49 m3/min  

 Uniform coolant(air) flow between LIBs 

 Constant convective heat transfer coefficient at the surface of LIBs 

 Constant coolant temperature with 25 ℃ 

 Advanced k-epsilon model to solve the steady state turbulent flow.  

 Ignore the connection cable and terminal 

 

Fig.6.7 Dimensions of the battery pack with 4P8S configuration 

 
Fig. 6.8 Simulation result for air flow speeds inside battery pack 
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Fig. 6.8 shows the results of the flow analysis. To determine the convective heat 

transfer coefficient in each channel, the Nu number corresponding to the flow rate is 

determined through Eq.(6.9).[73] 

 

 
Fig.6.9 LIB cells configuration and connection structure of SCPB and PCSB 

pack with 4P8S 
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4/5 1/3Nu =0.023Re PrD D                       (6.9) 

where Re is Reynolds number, Pr is Prantle number, and Nu is Nusselt number.  

In general, there are various connection structures in SCPB pack and PCSB pack 

systems having the same 4P8S configuration. Fig.6.9 shows the cell configuration 

and connection structure of SCPB pack and PCSB pack with 4P8S adopted in this 

work. The SCPB pack and PCSB pack have different connection structures, but the 

pack specifications for width, height, and internal flow channels are the same as 

shown in Fig. 6.9b and Fig.6.9c. We defined the LIBs indexes for serial and parallel 

connection structures as bellows. 

 

Cell (bank number, cell number in that bank)         (6.10) 

 

where the first column indicates the order of the parallel bank (PB) for PCSB pack or 

the order of the serial bank (SB) for SCPB pack. The second column is based on the 

cell order of the corresponding bank as shown in Fig.6.9c. 

In this work, the case studies were conducted on SCPB pack and PCSB pack with 

4P8S configuration by using the battery pack model developed above. First, the 

performance and lifetime of two different battery packs are compared through cycle 

simulation. We also investigated the effect of the uneven condition of LIBs on a 

battery pack during cycle operation. Active or passive balance control was not 

considered because all simulations are assumed to have no BMS devices. 

 

6.3.1 Cycle simulation  

 

In this section, the cycle simulation is conducted to investigate the performance 

and lifetime of both battery packs. The operating cycle is the CDCCCV cycle and 

consist of 5 steps: a constant discharge, 30minutes rest, a constant current charge, a 

constant voltage charge, 30minutes rest. The cut-off conditions of constant current 

discharge and charge process are to 2.8 V and 4.2 V for one cell of the battery pack 
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system, respectively. The cut-off of condition for constant voltage charge is set to 

0.05C based on the output current of the pack system. Under the 1C rate to 4C rate, 

the simulation is performed for 2000 cycles. In this section, it is assumed that all the 

cells that make up the battery pack are ideally made, and the initial states of the cells 

are the same. Therefore, the initial SOC is set to 100% for all LIBs, and the connection 

resistance between batteries and the contact resistance of the tabs are ignored. 

Fig. 6.10 shows the voltage results for each cell of the battery pack at the 1st cycle. 

In Fig6.10a-d, the SCPB pack has a uniform behavior for the voltage at all C-rates. 

The voltage deviation between cells occurs slightly to about 10mV at the 4C rate. On 

the other hand, in the PCSB pack results shown in Fig. 6.10e-h, the voltage deviation 

between cells is not large but shows a slight difference at the end of discharge. In 

particular, the voltage difference between the parallel bank (PB) #1 and PB #8 located 

at the entrance and the PB #4 and PB #5 located at the exit occurs. Finally, at the end 

of the discharge, the output voltages of the cells in PB #1 and PB #8 reach cut-off of 

2.8V before the other parallel banks. At this time, the voltage deviation between the 

cells is about 150mV at the 4C rate. In the PCSB pack, the voltage imbalance at the 

end of discharge is caused by the temperature difference between parallel banks.  

Fig. 6.11 and Fig. 12 shows the time-dependent temperature during operation at the 

1C rate to 4C rate and the temperature distribution at the end of discharge between 

LIB cells in SCPB pack and PCSB pack. Since both battery packs operate under the 

same conditions except for the connection structure and the voltage or current 

imbalance is not intensified at the 1st cycle, the temperature distribution between LIB 

cells inside the pack is almost the same. As shown in the color map of temperature 

distribution at the end of discharge, the temperature of cells at the inlet is lower than 

that at the outlet due to the coolant with 25℃ entering from the inlet. Also, the 

temperature of cells at the center of the battery pack is higher than that of cells at the 

top or bottom. Thus, the LIB cells with the lowest temperature during the cycle are 

cell (1,1) and cell (1,8) in SCPB pack or cell (1,1) and cell (8,4) in PCSB pack. The 

LIB cells with the highest temperature are cell (4,4) and cell (4,5) in SCPB pack or 

cell (4,4) and cell (5,1) in PCSB pack. Due to the cooling effect and heat generation  
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Fig. 6.10 Comparison of voltage curves for each cells at the 1st cycle: (a)-(d) for 

SCPB pack, and (e)-(h) for PCSB pack  
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of the LIB cells, the temperature difference between the cells occurs during the 

operating time and become severe at higher C-rate. The temperature difference 

between the cell with the highest temperature and the cell with the lowest temperature 

 

Fig.6.11 Temperature curve and color map (at EOD) for SCPB pack at the 1st cycle 
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is about 1.5℃ at the 1C rate and is about 8.0℃ at the 4C rate. Due to high temperature, 

the serial bank (SB) #4 cells of SCPB pack and the PB #4 and PB #5 cells of PCSB  

pack can activate the electrochemical reaction relative to the other banks, resulting in 

a high output voltage. Therefore, the cell voltage of the PB #4 and PB #5 in the PCSB 

 
Fig.6.12 Temperature curve and color map (at EOD) for PCSB pack at the 1st cycle 
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pack is delayed from reaching the cut-off voltage of the other banks. On the other 

hand, in the case of SCPB pack, the SB #4 having a high temperature has a parallel 

structure with the other banks, so that current balancing occurs between the parallel 

lines. Therefore, the voltage of each bank is kept constant, and as a result, all the 

batteries reach the cut-off voltage similarly. 

Fig.6.13 shows current flowing in each bank for both battery packs during 

operation at the 1st cycle. From the SCPB pack result in Fig.6.13 (a), a current 

difference occurs between serial banks. In particular, the amount of current in SB #4 

is about 10A higher than that in SB #1 at the starting of charge. It is because that the 

internal resistance of the cells in the SB #4 having high temperature become lower 

than that of the other cells. On the other hand, from the result of PCSB pack as shown 

in Fig.6.13 (b), the current difference between cells at different parallel banks is small 

as about 1A compared to the previous result of SCPB pack. It is because that LIB 

cells of the same parallel bank have a small temperature difference, and the deviation 

of internal resistance is not severe. From the above results, it can be seen that the 

SCPB pack has relatively small voltage imbalance, but a large current imbalance 

compared to the PCSB pack under the high C rate. 

The effect of imbalance of the battery pack on the performance and lifetime after a 

long cycle is investigated from the simulation results during 2000 cycles. Fig. 6.14 

 

Fig.6.13 Current curves for both battery packs at the 1st cycle:  

(a) SCPB pack and (b) PCSB pack  
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shows the voltage and current curves for both battery packs after 2000 cycles. For the 

SCPB pack in Fig. 3.14 (a), the voltage difference between LIB cells is not significant 

due to current balancing on the parallel line. However, the current difference between 

serial banks is about 9.4% during the discharge process and about 11% during the 

charge process. This occurs because the internal resistance is different due to uneven 

degradation of the serial banks during the cycle. For the PCSB pack in Fig.6.14 (b), 

the current difference in the parallel line is small. As mentioned in the previous result 

at the 1st cycle, the LIB cells in a parallel bank operate at a similar temperature 

continuously, which lead to small differences of internal resistance between LIB cells 

in the same parallel line. In the voltage curve of the PCSB pack, the voltage of the 

PB #4 and PB #5 reaches the cut-off voltage before the other banks, which is different 

 

Fig6.14 Voltage and current curves for both battery packs at 2000cycle: 

 (a) SCPB pack and (b) PCSB pack  
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from the result at the 1st cycle. It is because the cells of the PB #4 and PB #5 have 

large internal resistance due to severe degradation by high temperature. 

Fig.6.15a and Fig.6.15b show the SOC range for each cell at the end of discharge 

(EOD) and end of charge (EOC) during the cycle. The SOC deviation at the EOD and 

EOC is less than about 1% for both battery packs at 1C results. For SCPB pack, since 

the serial banks are connected in parallel, all cells reach the cut-off voltage uniformly 

even under 4C rate. Therefore, SOC deviation at the EOD is small as shown in 

Fig.6.15c. However, the cells of SB #4 are less charged due to the more severe 

degradation by higher temperature during charge, resulting in a lower SOC at the 

EOC than the cells of other serial banks. The SOC deviation at EOC is about 7% after 

2000 cycles. As a result, the cells of the SB #4 have a smaller SOC range from EOC 

 

Fig.6.15 Comparison of SOC results: (a) 1C rate cycle result, (b) 4C cycle result 

and (c) color map for both battery packs at EOD on 2000 cycle  
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to EOD than other cells during the cycle. For PCSB pack, for the same reason, the 

PB #4 and PB #5 have a lower SOC at the EOC than the other banks during the cycle. 

Since the parallel banks are connected in serial and have the same discharge rate 

during constant current discharge, the SOC deviation at the EOC between parallel 

banks is still not reduced at the EOD. As seen in Fig.6.15c, the SOC deviation at the 

EOD is about 4% in the PCSB pack. 

The SEI layer growth causes degradation of LIBs during the charge. Fig.6.16 

shows the results of the resistance of the SEI layer on the anode particles which are 

calculated by averaging over the surface area of the electrode. The averaged SEI layer 

resistances start from the same value of 0.001 mOhm.m2 for all cells. After 

2000cycles, the amount of SEI layer resistance increased is similar for both battery 

packs. This is because the SEI layer growth is mainly related to the operating 

 

Fig.6.16 Comparison of SEI layer resistance results: (a) 1C rate cycle result, (b) 

4C cycle result and (c) color map for both battery packs after 2000 cycle  
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temperature, and the temperature behavior of both battery pack systems is similar as 

seen in previous results. In Fig.6.16a and Fig.6.16b, the maximum deviation of SEI 

layer resistance is about 3% at the 1C rate and is about 20% at the 4C rate for both 

battery packs. As higher C rate, the non-uniform degradation of battery packs become 

more severe due to the considerable temperature difference. Fig. 6.16c shows the 

distribution of the SEI layer resistance for each battery pack after 2000 cycles. 

Severely degraded cells are observed at the outlet, which is operated at a higher 

temperature than the inlet side. In addition, the degradation of cells located on the top 

and bottom of the pack system is less severe than cells at the center of the pack. A 

non-uniform degradation of the pack observed above leads to uneven use and 

eventually deteriorates the performance and lifetime.  

In the previous results, SCPB pack and PCSB pack have imbalance behaviors of 

voltage, current, temperature, SOC, and degradation during operation. To investigate 

 

Fig.6.17 Comparison of discharged power as cycle: (a) 1C rate, (b) 4C rate (c) 

color maps for both battery packs at the 2000th cycle  
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the effect of these imbalance on the performance of the battery pack system, the 

discharged power for each cell is compared as shown in Fig.6.17. From the 1C results 

in Fig.6.17a, the deviation of them after 2000 cycles is about 2.3% for SCPB pack 

and about 0.8% for PCSB pack, resulting in more unevenness in SCPB pack. At the 

beginning of the cycle of the 4C rate in Fig.6.17b, SB #4 of SCPB pack has a more 

significant amount of discharged power than that of the SB #1. This is because the 

cells of the SB #1 have larger power output than other cells due to high temperature. 

However, the discharged power of SB #4 decreases rapidly compared to other serial 

banks during the cycle, resulting in a deviation of about 20% after 2000cycles. Its 

deviation is about five times larger than that of PCSB pack. The distribution of the 

discharged power of each cell can be seen in Fig.6.17c. In both battery pack systems, 

the cells located at the inlet side have higher power than the degraded cells at the 

outlet side. Especially in the SCPB pack, the difference between serial banks appears 

more clearly. Even in the case of PCSB pack, the deviation of SEI layer resistance is 

similar to that of SCPB pack, but the deviation of discharged power is not larger than 

that of SCPB pack because of the serial and parallel connection structure. As 

mentioned before, each parallel bank has different voltages, but the difference of 

internal resistance between LIBs in the same bank is not severe because of their 

similar temperature. Therefore, the current deviation of each parallel line becomes 

small, and as a result, the deviation of the discharged power is not severe. 

Fig.6.18a shows the comparison of pack energy which is calculated based on the 

total output value of pack voltage and pack current during discharge. After 2000 

cycles, the amount of energy in SCPB pack is slightly larger than PCSB pack. The 

difference in cumulative pack energy up to 2000 cycles is about 40kWh, which 

indicates that SCPB pack is used more than PCSB pack. Fig.6.18b shows the 

discharge curves of the both battery packs at the 2000th cycle. The total voltage of the 

SCPB pack is lower than that of PCSB pack, but the discharged time of SCPB pack 

is longer for SCPB pack than that of PCSB pack. All the serial banks of the SCPB 

pack reach a cut-off voltage almost simultaneously. As a result, the total amount of 

discharged power in SCPB pack is more considerable than PCSB pack where a 

particular parallel bank first reaches the cut-off voltage compared to other banks. 
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From the above results, it revealed that the SCPB pack has more unevenness than 

PCSB pack, but has advantages regarding output power. 

 

6.3.2 Effects of problem cells on the battery pack 

 

The initial condition of the cells inside the battery pack has uneven due to 

manufacturing mistakes, assembly issues, and storage issues. Inconsistencies battery 

packs not only degrade performance and lifetime, but also affect safety issues such as 

thermal runaway. For example, problems such as battery pack with low charged LIB 

 
Fig.6.18 Comparison of both battery packs results: (a) pack energy as cycle 

process and (b) pack voltage curve at the 2000th cycle 
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cells or more degraded LIB cells and the deviation of internal resistance at the 

interface between electrical tabs have a significant impact on the pack system.  

In this section, we performed the battery pack simulations on three cases of pack 

system including a cell having the problem. Through the CDCCCV cycle simulations, 

a battery pack system that includes a cell with lower initial SOC, cells with higher 

SEI layer resistance due to severe degradation and cells having considerable contact 

resistance is investigated according to C-rate. All conditions for the simulation are set 

the same as the previous section.  

 

6.3.2.1 A LIB pack system including a degraded cell 

As shown in Fig.6.19, a model simulation is performed for a battery pack system 

including a low-SOC cell. For the SCPB pack and PCSB pack, the SOC of the cell(1,1) 

is set to 50%, and all other cells are set to 100%. Fig. 6.20 shows the voltage and 

current curves for the first cycle. In Fig.6.19a, at the beginning of discharge for SCPB 

pack, the voltage of a cell (1, 1) having SOC 50% is about 0.4V lower than that of 

other serial banks. On the other hand, the voltage of cells which are located on the 

same line as the cell (1, 1) is 0.1V higher than the cell voltage of other serial banks. 

In general, cells with low SOC have high internal resistance due to large overpotential. 

Thus, the right side plot of Fig.6.20a shows that the amount of current at the serial 

 

Fig.6.19 SCPB and PCSB pack system including a single cell with SOC 50% 
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bank (SB) #1 is lower than that of the other banks. The differences in voltage and the 

amount of current between serial banks continue to occur during charge and rest time. 

In contrast, the PCSB pack shows the different results compared to the SCPB pack as 

shown in Fig.6.20b. In the current plot of Fig.20b, due to cell balancing between cells 

in a parallel bank (PB) #1, the cell (1,1) having low-SOC is charged during the 

discharge process, while the other cells are discharged at the higher C rate. It indicates 

that insufficient SOC of the cell (1,1) can be recovered by the three cells in the same 

parallel line through balancing between cells. As the discharge progresses, the current 

difference between the cells in PB #1 is decreased, and it becomes almost uniform 

during the charge and rest time. Since the low-SOC cell are recovered due to the cell 

balancing, the voltage drop of the PB #1 at the beginning of discharge is about 0.2 V 

as compared with that of the other parallel banks, which is a small difference 

compared to the result of SCPB pack. 

 
Fig.6.20 Comparison of voltage and current results at 1 cycle: 

 (a) SCPB pack and (b) PCSB pack 
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Fig.6.21 shows the voltage curves for both battery packs at the 2000th cycles. The 

large voltage difference between cells is still observed in SCPB pack result because 

 
Fig.6.21 Comparison of voltage current results for both battery packs at the 

2000th cycle (left : SCPB pack, right : PCSB pack) 

 

 

 

Fig.6.22 Comparison of SOC results for at 1cycle and 2000 cycle :  

(a) SCPB pack and (b) PCSB pack 
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the SOC difference between the cells in SB #1 is not reduced. On the other hand, 

relatively small voltage variations are observed in the PCSB pack, where cell 

balancing can reduce the SOC difference. The SOC variation of the cells at the 1st 

cycle and 2000th cycle are presented in Fig.6.22. As shown in Fig.6.22a, it is observed 

that the low-SOC cell remains 50% lower than the other cells after 2000cycles from 

the result of the SCPB pack. However, at the 1st cycle of the PCSB pack, the SOC 

difference between a low-SOC cell and the other cells in PB #1 is reduced in 

Fig.6.22b. Since the amount of 50% lower SOC is shared by the four cells in PB #1, 

they have a SOC of about 12.5% lower than the cells in other parallel banks after 

1cycle. Thus, the SOC of cells in PB #1 remains about 12% lower than that of other 

parallel banks after 2000cycles.  

The SCPB pack including a low-SOC cell can be lead to degradation the overall 

 
Fig.6.23 Comparison of both packs results: (a) discharged power of each cells as 

cycle and (b) SEI layer resistance as cycle 2000 cycle  
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performance because it is not balanced among the cells connected in serial. Fig. 6.23a 

shows the discharged power of each cell according to the cycle. It is clearly observed 

that the electrical energy of the SCPB pack is lower than that of the PCSB pack. This 

is because the low-SOC cell first reaches the cut-off value in the SCPB pack, resulting 

in a reduction of the discharged time. Since the SCPB pack has a short operating time 

and the small usage during the cycle, the SEI layer resistance is also lower than that 

of PCSB pack as shown in Fig. 23b. In particular, for both battery pack system, the 

SEI layer resistance of the bank including a low-SOC cell is smaller than that of the 

other banks. It indicates that the side reaction accelerates not only at a high 

temperature but also at a high voltage. Thus, a low-SOC cell having low voltage is 

less degraded due to smaller side reaction than the other cells. Fig.24 presents the 

comparison of pack energy for both pack systems. The pack energy calculated from 

pack total voltage and applied current during discharge is about 10% lower in SCPB 

pack compared to PCSB pack. From the above results, it is found that PCSB pack has 

advantageous than SCPB pack in case of SOC unbalance between cells inside the 

pack system. 

 

Fig.6.24 Comparison of pack energy for both battery packs  
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 6.3.2.2 A LIB pack system including a degraded cell 

In this part, simulations are conducted for a battery pack system containing a 

degraded cell. As shown in Fig.6.25, a degraded cell is set as a cell (1,1) of SB #1 in 

SCPB pack and is a cell (1,1) of PB #1 in PCSB pack. For a degraded cell, the initial 

SEI layer resistance of a cell (1,1) is set to 0.1 Ohm.m2, which corresponds to 

degraded cells after about 1000 cycles at the 4C rate as seen in previous cycle result. 

The SEI layer resistance of all other cells is set to 0.001 Ohm.m2 for initial values. 

Fig.6.26 shows the voltage curve of two battery pack systems at the 1st cycle. In 

Fig.6.26a, a cell (1,1) which is a degraded cell in the SCPB pack has a lower voltage 

of about 0.23V than the other cells at the beginning of discharge. At the same time, 

the cell voltages of cells of SB #1 excluding a cell (1,1) are about 33mV higher than 

that of other serial banks. At the end of discharge, a cell (1,1) reaches the cut-off 

condition earlier than the other cells, and the voltage difference between cell(1,1) and 

other cells is about 0.4V. Since the sum of internal resistance for the SB #1 including 

a cell (1,1) is higher than that of the other banks, as shown in the current plot at the 

right side, a current deviation is about 20A at the beginning of discharge and about 

26A at the beginning of charge. 

 

 

Fig.6.25. SCPB and PCSB pack system including a degraded LIB 
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In Fig.6.26b, at the beginning of discharge, the difference of cell voltage between 

PB #1 and other parallel banks in PCSB pack is about 30mV, which is a small 

difference compared to SCPB pack. At the current plot on the right side, a degraded 

 

Fig.6.26. Voltage graph for SCPB pack and PCSB pack at the 1st cycle 

 

 

 

 

 

 

 

 

 

Fig.6.27. SOC variation plot for SCPB pack and PCSB pack at the 1st cycle 
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cell(1,1) is discharged at a low current of about 40A at the beginning of discharge, 

whereas the other cells except for a cell (1,1) in PB #1 are discharged at a high current 

of about 96A. It indicates that the current deviation of parallel bank#1 is more severe 

than that of SCPB pack. This is because the PCSB pack has only one cell in a serial 

line on each parallel banks, so the current balancing is actively performed due to the 

high resistance of a degraded cell compared to other parallel lines. Thus, the degraded 

cell is discharged much more slowly, while the other cells of the same parallel bank 

are discharged faster. In contrast, the SCPB pack has seven cells in the serial line 

where the degraded cell (1,1) is located, so that the ratio of the total resistance 

deviation between the serial banks is smaller than that of the PCSB pack. As a result, 

the SCPB pack has a small current deviation during the operation. The deviation 

between cells is more clearly observed in the SOC results in Fig.6.27. The SOC 

deviation in maximum is about 3.8% for the SCPB pack and is about 31% for PCSB 

 

Fig.6.28. Voltage graphs for SCPB pack and PCSB pack at the 2000th cycle 
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pack, and the SCPB pack has a uniform SOC distribution among the cells as 

compared to the PCSB pack. As mentioned above, the deteriorated cell in PCSB pack 

is slowly discharged, so the slope of decreasing SOC becomes small. However, the 

other cell of the same parallel bank has a large slope, and they are over-discharged 

until a SOC of less than 0.1 at the end of discharge. If the degraded cell of the first 

cycle had a more considerable internal resistance, then it could lead to a failure of 

battery pack due to severe over-discharge for cells of the same parallel bank. 

The results for voltage and current after 2000 cycles are presented in Fig.6.28. 

Similar to the 1st cycle result, the voltage difference of the PCSB pack is relatively 

small compared to the SCPB pack, which means that current balancing still actively 

occurs due to the resistance difference of each parallel lines even at the 2000th cycle. 

In addition, as seen from the SOC results in Fig. 6.29, the SCPB pack has a relatively 

uniform SOC distribution, but the PCSB pack has severe SOC difference in parallel 

bank 1 at the 2000th cycle. 

To investigate the effect of voltage, current, and SOC imbalance on battery pack 

performance, we compared the usage of each cell. Fig.6.30 shows the result of 

comparing the discharged power obtained from the cell voltage and the operating 

current during discharge. The SCPB pack shows that the degraded cell tends to have 

about 11% lower discharged power than the cells of other serial banks. The other cells 

of the serial bank #1 also have slightly lower discharged power than the other serial 

 

Fig.6.29. SOC variation plots for SCPB pack and PCSB pack at the 2000th cycle 
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bank cells, but its deviation becomes narrowed according to the cycle. In the PCSB 

pack, a degraded cell (1,1) has significantly lower discharged power than other cells 

at the initial cycle. On the other hand, the other cells of PB #1 are about 7 % higher 

than the cells of PB #2 to PB #8. 

The pack energy of both battery packs is compared in Fig.6.31a. In the first cycle, 

the amount of energy in the SCPB pack is about 5% higher than PCSB pack. This is 

because that the operating current of SB #2 to SB # 4 of SCPB pack is larger than that 

of SB #1. Thus, the 24 LIB cells from the SB #2 to SB #4 have considerable cell 

power, resulting in larger total pack energy in SCPB pack. However, as the cycle 

progresses, the slope of decreasing the pack energy in SCPB pack is larger than that 

of PCSB pack, and the result of the SCPB pack is about 16% lower than that of the 

PCSB pack at the 2000th cycle. It is because the degraded cell (1,1) of the SCPB pack 

is discharged by the same amount current as the cells of the same serial line and 

reaches the cut-off voltage earlier. In addition, as shown in Fig. 6.31b, the degraded 

cell of the SCPB pack becomes more deteriorated than the PCSB pack during the 

cycle, and as a result, the discharge time becomes shorter. In contrast, the PCSB pack 

is delayed in reaching the cut-off condition during discharge because the degraded 

cell is slowly discharged due to current balancing in the parallel bank. The current 

balancing between the serial banks also occurs in the SCPB pack, but the changed 

 
Fig.6.30. Discharged power results for SCPB pack and PCSB pack  
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current in each parallel line is not significant due to the 8 cells connected in serial. 

From the above results, the SCPB pack containing a degraded cell has advantages 

regarding pack energy in the early cycles. However, the degraded cell in the SCPB 

pack has a rapid increase in resistance during cycles, and the effect of current 

balancing between serial banks is not significant, resulting in a rapid decrease in pack 

energy compared to PCSB pack. 

 

 

 

 
Fig.6.31. (a) comparison of pack energy for both battery packs and  

(b) comparison of SEI layer resistance for both battery packs 
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6.3.2.3 A LIB pack with a contact problem at the electric tab 

In this part, a case study of a battery pack with a problem cell is conducted to 

investigate the effect of contact resistance between the electrode and electrical tabs 

or between the tabs and the bus-bars. The contact resistance of the LIB is set by 

considering that one external resistance is connected in serial to each of the two 

problem cells as shown in Fig.6.32. To simulate the influence of the position of the 

cell having the contact resistance, two cells located on the inlet side and the outlet 

side are set as the problem cells, respectively. The contact resistance value is set to 

5mOhm within the range measured by reference studies, and the other cells are set to 

   

 

Fig.6.32. SCPB and PCSB pack system including cells having large contact 

resistance between the internal electrode and electric tabs 
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zero. The initial conditions of all cells are set to be the same as in the previous 

simulation.  

Fig. 6.33 shows the voltage, current, and SOC results for both battery packs when 

the problem cells are located at the inlet side. The simulation results of the pack 

system for the cell with contact resistance are very similar to those of the pack system 

 
Fig.6.33 Comparison result for both battery packs: (a) voltage, (b) current, and 

(c) SOC graphs 
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containing the degraded cells in the previous section, although the magnitude of the 

deviation is different. It is because that the cell having the contact resistance has a 

higher resistance than the other cells, which is the same as the degraded cell. However, 

the contact resistance is an external resistance, and the additional Joule heat due to 

the operating current is considered in a cell having contact resistance, but this heat is 

not considered in the degraded cell. Therefore, the battery pack including the cell 

having the contact resistance has similar behavior to the voltage, current, and SOC as 

the battery pack including the degraded cell, except for a temperature result due to 

the additional Joule heat by contact resistance. 

Fig. 6.34 shows the temperature profile and the colormap at the end of discharge 

at the 1st cycle when the problem cell is located at the inlet side. In the SCPB pack 

and the PCSB pack, the temperature of the cell having the contact resistance increases 

 

Fig.6.34. Temperature profile and color map for both battery pack at 1 cycle. 

(when the problem cells are located at the inlet side) 
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rapidly due to the Joule heat during discharge. From the colormap result, the 

temperature of problem cells increases to about 51℃ in SCPB pack and about 43℃ 

in PCSB pack at the end of discharge. Since the operating current of the serial line of 

the problem cell in the SCPB pack is larger than that of the PCSB pack as shown in 

Fig.6.33, the temperature of the problem cells becomes higher in the SCPB pack. In 

the rest time of both battery packs, the temperature of the problem cells decreases 

rapidly compared to other cells and decreases to about 27℃ after 30 minutes, because 

of the 25℃ of cold air coming in from the entrance. At the start of charge, the 

temperature of the problem cell is slowly increased compared to other cells because 

of the small Joule heat generated by the lower charge current. However, the problem 

cell has the highest temperature at the end of charge as the charging current increases 

during charge. As a result, the SCPB pack has a maximum temperature deviation of 

about 39.8% and the PCSB pack of about 23.5% at the cycle. 

 
Fig.6.35. Temperature profile and color map for both battery pack at 1 cycle. 

(when the problem cells are located at the outlet side) 
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Fig. 6.35 shows the temperature profile and the colormap at the end of discharge 

at the 1st cycle when the problem cell is located at the outlet side. Similar to the 

previous results, the temperature of the problem cells increases rapidly compared to 

other cells due to the Joule heat, the temperature of them at the end of the discharge 

reaches about 55℃ for the SCPB pack and about 46℃ for the PCSB pack as shown 

in colormap result. Since the problem cell is located at the outlet side, the temperature 

of the problem cell is higher than the result in Fig. 6.33, and the temperature deviation 

between cells increases. Besides, the cooling of the problem cell during the rest time 

become slower than when the problem cell is located at the entrance. As a result, the 

temperature deviation is about 42.5% for SCPB pack and is about 32.1% for the 

PCSB pack, which is larger deviations than the previous case. 

Since the cell temperature has a significant influence on cell degradation, the 

temperature difference between cells leads to degradation deviation inside of the 

 

Fig.6.36 SEI layer resistance for both battery pack as cycle 
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battery pack. Fig. 6.36 shows SEI layer resistance results for two cases when the 

problem cells are located at the inlet side and the outlet side during the cycle. After 

2000 cycles, the SEI resistance of the problem cell is highest due to the high 

temperature in all cases. In addition, the problem cells have more severe degradation 

when they are located at the outlet side, resulting in a larger resistance between cells 

than that of the case of when problem cells are located at the inlet side. On the other 

hand, the cells except the problem cells become more degraded when the problem 

cells are located at the inlet side. It indicates that the high temperature of the problem 

cell affected the cells located behind the problem cells. 

Fig. 6.37 shows the color map of the SEI layer resistance after 2000 cycles. In 

Fig.6.37a, in case of the problem cells are located at the inlet side, the problem cells 

have the most severe degradation in the SCPB pack. However, it is observed that the 

 
Fig.6.37. Color map of SEI layer resistance for both battery pack after 2000 

cycles. 
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PCSB pack has severe deterioration in the cells located at the outlet side compared to 

the problem cell. It means that it is related to the temperature of the problem cell 

during the charge. As shown in Fig.6.38, which is temperature profile for PCSB pack 

at the 2000th cycle, the temperature of the problem cell is lower than that of the cells 

located at the outlet side. Therefore, the cells of the PB # 4 and PB #5 at the outlet 

side are more degraded than the problem cells. In Fig.6.37b, in case of the problem 

cells are located at the outlet side, it is clearly observed that the cell at the outlet side 

has larger resistances for both battery packs. In particular, the SCPB pack has a severe 

degradation of the problem cell during the charge than the PCSB pack. 

Uneven degradation between the cells observed above affects performance on the 

battery pack. Fig.6.39 shows the comparison of the results of pack energy for both 

battery packs. At the beginning of the cycle, the SCPB pack has slightly higher pack 

energy than the PCSB pack. However, the pack energy in SCPB pack is reduced more 

than the PCSB pack up to 600 cycles, resulting in a deviation of about over 30% after 

2000 cycles. The pack energy in SCPB pack at the 2000th cycle when the problem 

cells are located at the inlet side is about 7.7% lower than when the problem cells are 

located at the outlet side. It is because that the degradation deviation in one serial 

 
Fig.6.38. The temperature profile for PCSB pack at the 2000th cycle  

(when the problem cells are located at inlet side) 
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bank is more severe when the problem cells are located at the inlet side. As a result, 

the SCPB pack reaches the cut-off value earlier and reduces the pack energy. In 

contrast, the pack energy in the PCSB pack when the problem cells are located at the 

inlet side is about 8.5% higher than that of the PCSB pack when the problem cells are 

located at the outlet side. In both cases of the PCSB pack, the degradation deviations 

between cells in one parallel bank are similar, but the deviations between the parallel 

banks become severe when the problem cells are located at the outlet side, resulting 

in a reduction in the pack energy. 

 

6.4 Summary   

 

In this chapter, a battery pack model was developed to predict the behavior of 

packed systems in which cells are connected in serial and parallel. The MSMD model 

framework presented in chapter 2 is used to extend from cell scale to pack scale. 

Among the three sub-domains which are particle, electrode and cell domain, the RAL 

cell model developed in chapter 5, which is available to calculate the large format 

LIB cells effectively, is adopted as the sub-model of the cell domain. The pack domain 

 

Fig.6.39. Comparison result of pack energy for each case of packs 
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includes the electrical network considering serial and parallel connection structure of 

the LIB cells. In addition, a thermal network considering conduction and convection 

resistances inside the pack system is also included in a pack domain. In this work, the 

pack system is divided into SCPB pack and PCSB pack according to the connection 

structure of LIB cells, and battery pack systems of 4P8S configuration are modeled 

for comparison with two different connection structures. 

In order to investigate the performance and lifetime of the battery pack systems, 

the CDCCCV cycle simulation is performed for the SCPB pack and PCSB pack. 

Simulation results show that the voltage, current, temperature and SOC deviation 

between cells of the battery pack are intensified at higher C rate. In addition, it is 

observed that the non-uniform behavior of the pack system leads to the deviation of 

degradation. After 2000 cycles, both battery packs have a similar result for the 

distribution of cell degradation, but the pack energy of SCPB pack is slightly larger 

than that of PCSB pack due to the influence of the connection structure. 

Moreover, cycle simulations are also conducted on a battery pack containing a 

problem cell such as a low SOC cell, a degraded cell and cell having contact 

resistance. Simulation result for the pack system containing a low SOC cell shows 

that the pack energy of PCSB pack is larger than that of SCPB pack. It is because the 

deviation between the problem cell and the other cells is reduced due to the current 

balancing in the parallel bank of the PCSB pack. The simulation results for a battery 

pack system containing a degraded cell show the advantages and disadvantages of 

both battery packs. It is observed that the SCPB pack has a relatively small effect on 

the high resistance of degraded cell due to the other cells in the serial line. Therefore, 

cells in the SCPB pack have a uniform distribution of cell power, and the pack energy 

at the beginning of the cycle becomes larger than that of the PCSB pack. However, 

as the cycle progresses, the SCPB pack reaches the cut-off value earlier due to the 

severe degradation of the problem cell. On the other hand, the discharging of PCSB 

pack is delayed due to the current balancing in a parallel line having a problem cell, 

resulting in higher pack energy of the PCSB pack than SCPB pack after 1000 cycles. 

Nevertheless, over-discharging of cells in the same parallel bank due to the more 
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considerable resistance of a degraded cell is observed in PCSB pack results. Finally, 

a simulation is performed for a pack system containing cells with contact resistances. 

Both battery packs show similar results with a pack system involving a degraded cell, 

but their behaviors of temperature are different due to additional Joule heat of the 

cells with contact resistances. SCPB packs with less effect of the current balancing 

show a larger Joule heat than PCSB packs, resulting in higher temperature and severe 

degradation deviation between cells. 
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CHAPTER 7 

CONCLUSIONS 

 

7.1 Conclusions  

In this dissertation, numerical studies on performance and degradation prediction 

of lithium ion batteries and battery pack system are carried out using physics-based 

models. A summary of each chapter follows. 

In chapter 2, the theories, governing equation and capacity fade mechanism of LIBs 

are presented, and a 3D cell model including cell degradation phenomena is modeled 

using a multi-scale multi-dimensional model framework. Finally, the model 

validation is demonstrated by comparing with experimental results. 

In chapter 3, the size effects in the LIB cells on performance and degradation are 

investigated by comparison of a small cell and a large cell through a 3D cell model. 

A small pouch cell of 1Ah and a large pouch cell of 55Ah which have the identical 

electrode design and active materials are modeled and cycle simulations are 

performed. It is observed from the results that the lifetime of the large capacity cell 

decreases rapidly. The results point out that the increased temperature due to 

additional heat generation in current collectors and the long charge time during the 

charging process lead to fast degradation for the large format LIBs. 

In chapter 4, a large format pouch cell of 20Ah is modeled using a 3D cell model 

and compared the model results with experimental data for validation. To compare 

the effects of cell formats, a cylindrical cell and a prismatic cell which have the 

identical electrode design and active materials are also modeled. Cycle simulations 

are conducted for three different cells with discrete tabs and continuous tabs. Among 

cells with discrete tabs, a cylindrical cell with long electric path are observed the most 

severe degradation due to high temperature, while the pouch cell with relatively short 

electric path is less degraded. On the other hand, it is observed that the degradation 

deviation between three cells becomes smaller in the result of the cells having 

continuous taps. It indicates that an optimum tab design is essential to achieve better 

LIB life by uniform electrical and thermal distribution of the LIB system. 
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In chapter 5, a resistance added lumped (RAL) cell model was developed that can 

overcome the computational limitations of 3D cell models and efficiently and 

accurately calculate for large format LIB cells. The RAL cell model is a sub-model 

corresponding to the cell domain in the MSMD model framework, and is modeled by 

applying the values of electrical resistance and thermal resistance determined by cell 

design to the lumped cell model. Simulations are carried out for discharge test, power 

cycle test, and life cycle test. The results of the RAL cell model are compared with 

those of the 3D cell model and lumped cell model for a 20Ah pouch cell, a 60Ah 

pouch cell, and a 20Ah cylindrical cell. In the analysis results, the RAL cell model 

shows more accurate results compared to the lumped cell model while being at least 

1,000 times faster than the 3D cell model.  

In chapter 6, the battery pack system model is developed by extending to the pack 

level scale using the MSMD model framework. An electrical network model and a 

thermal network model were adopted as a sub-model of the pack domain, and the 

RAL cell model developed in chapter 5 is adopted in the model of the cell domain for 

computational efficiency. SCPB pack and PCSB pack are modeled according to the 

serial and parallel connection structure for the battery pack having 4P8S 

configuration. The cycle simulation for both battery packs are carried out, and the 

model results were compared. Finally, the results of both battery packs including the 

problem cell of a low SOC cell, a degraded cell, and a cell having contact resistance 

were compared.  

 

7.2 Contributions  

The novel contributions of this dissertation are summarized as follows. 

 Contribution 1: Identification of accelerated degradation in large format 

lithium ion battery cells.  

By using the full physics-based 3D cell model, the internal behaviors of the large 

format LIBs were investigated in detail, and the causes of the fast degradation in the 

large cells were identified by high temperature and long charging time. Furthermore, 

the effects of the size and cell formats of LIBs on cell lifetime are revealed. The 

results presented in this dissertation can also be used as the guidelines in designing 
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of LIB cells 

 

 Contribution 2: Development of the resistance added lumped (RAL) cell 

model for accurate and efficient calculation for large format LIBs 

 

The RAL cell model, which enables accurate and fast prediction of behaviors of 

large format LIBs, overcomes the computational limitations of the full 3D cell models. 

Owing to the fast calculation, the RAL cell model is effective for predicting the long-

term life of a cell and beneficial to be used for expansion to a battery pack system 

model with multiple cells. Furthermore, the RAL cell model can be applied to devices 

requiring the real-time response such as battery management systems (BMS) if the 

equivalent circuit model (ECM) is used as a sub-domain model in MSMD model 

framework. 

 

 Contribution 3: Identification of effects of imbalance in a battery pack 

system on performance and lifetime 

 

The battery pack model, including the RAL cell model as a cell domain sub-model, 

achieves affordable calculation time for predicting behaviors of a battery pack system 

with multiple cells. Through the model studies, it was found that imbalance of 

temperature between cells in the battery pack systems influences performance and 

lifetime. Furthermore, it was also found that, in the situations of having temperature 

imbalance or occurring a cell problem, responses of a battery pack system are 

different depending on the cell connection. The model study provides the quantitative 

prediction of the complex coupled phenomena in the battery pack system and reveals 

relationships between the multiple physics.  
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요 약 문 

리튬이온전지 시스템의 거동 및 수명 예측을 위한 

물리기반 모델 수치해석 

 

리튬이온전지는 최근 20년간의 기술적 향상으로 고율 충, 방전 및 높

은 에너지가 요구되는 하이브리드 전기자동차, 전기자동차 및 에너지 저

장 시스템에 사용되기 시작하였다. 자동차나 에너지저장시스템 등은 일

반적으로 10년이상의 긴 수명과 안정성을 요구하기 때문에 이를 만족시

키기 위한 최적설계가 필요하다. 이를 위해 실험적인 방법으로 전지 셀 

및 전지 팩 시스템을 평가하는 것은 필수적이지만, 다양한 설계변수를 

적용하여 실시하는 것은 고비용이 필요하다. 특히 수명의 평가는 긴 시

험시간이 필요하기 때문에 시험적 방법에 대한 한계를 보인다. 따라서 

수치모델을 사용하여 전지 셀 및 팩 시스템의 성능과 수명을 예측하는 

기술에 대한 요구가 높다. 

본 논문은 물리기반모델을 개발하여 리튬이온전지 셀 및 팩 시스템의 

성능과 수명의 다양한 운전상황에 대한 거동을 분석하였다. 다중스케일 

다중차원 (MSMD) 모델기반의 전지 모델은 입자 및 전극 스케일에서의 

전기화학반응, 전극과 전해질에서의 리튬 확산현상 및 전하량 보존현상

을 포함하고 있고, 수명예측을 위한 SEI 층의 성장으로 인한 열화현상을 

포함한다. 또 셀 스케일에서의 나타나는 온도 구배와 전극 집전판에서의 

전기전위 구배를 계산이 가능하다.  

개발된 MSMD 기반의 3차원 셀 수명 모델을 사용하여 동일 전극 설

계를 갖는 작은 셀과 큰 셀의 열화현상의 차이점을 분석하였다. 이 비교

를 통해 셀의 크기가 열화에 미치는 영향이 확인되었다. 작은 셀에 비해 

큰 셀에서는 집전판에서 발열이 추가적으로 발생하여 온도가 증가하며, 

충전시간이 길어져 셀의 열화가 가속된다는 사실을 확인하였다. 또한 다

양한 셀 형상이 성능과 수명에 미치는 영향을 모델로 조사하였다. 이를 

위해 동일한 전극설계와 용량을 갖는 파우치셀, 원통형셀, 각형셀에 대한 

3차원 셀 모델을 개발하였고, 세가지 셀이 분산형 탭과 연속적인 탭을 
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갖는 경우에 대해 각각 사이클 시뮬레이션을 진행하였다. 분산형 탭을 

갖는 경우, 원통형셀은 금속집전판에서 전극탭까지 상대적으로 전기적 

경로가 길기 때문에 파우치셀과 각형셀에 비해 전기 저항이 커서 보다 

뚜렷한 열화가 관찰되었다. 하지만 연속적인 탭 설계를 갖는 경우, 모든 

형상 셀들의 열화는 큰 차이를 보이지 않았다. 모델 해석을 통해 셀 형

상 및 셀의 탭 설계가 열화에 미치는 영향이 정량적으로 분석되었다.  

셀의 형상을 해석하는 3차원 셀모델을 사용하는 경우 발생하는 긴 계

산시간의 한계를 극복하면서도, 대형 셀 형상의 영향을 보다 정확하게 

반영할 수 있는 RAL 셀모델을 개발하였다. RAL 셀모델은 MSMD모델

에서 셀 도메인의 서브모델에 해당되는 모델로, 셀 설계에 따라 결정되

는 금속집전판에서의 전기저항과 셀의 열적저항을 결정하여 이를 이용하

여 셀 모델을 계산한다. RAL 셀모델을 이용하여 용량과 형상이 다른 3

가지 셀에 대해 방전시험, 전력사이클 시험, 수명 사이클 시험에 대한 시

뮬레이션을 수행하였고, 3차원 셀모델, RAL 셀모델, 단일점 셀모델 3가

지의 결과를 비교하여 검증하였다. 결과적으로 RAL 셀모델은 3차원 셀

모델에 비해 계산시간이 현저히 빠르지만 여전히 단일점 셀모델에 비해 

대형 전지 셀의 거동을 정확하게 예측할 수 있음이 확인되었다. 

마지막으로 다수의 전지셀이 연결된 전지 팩의 수명 해석을 위하여 전

지팩 모델을 개발하였다. 전지 팩 모델은 MSMD 모델프레임에서 팩 도

메인을 추가로 확장하여 팩에서 나타나는 물리적 현상을 고려하였다. 팩

도메인에서는 셀 간의 전기적 네트워크와 냉각유동을 포함한 열전달 네

트워크를 계산하였다. 본 논문에서는 RAL 셀모델을 셀 도메인의 서브모

델로 채택하여, 4P8S 구성을 갖는 배터리 팩을 해석하였다. 배터리 팩 

모델은 셀간의 전기적 연결구조에 따라 병렬/직렬 구조가 다른 두 개의 

팩에 대하여 사이클 운전을 해석하였다. 또한 낮은 SOC, 열화, 접촉저

항 등을 갖는 문제셀을 포함하는 운전상황을 해석하여 설계에 따른 팩 

수명 영향을 확인하였다.   

 

주요어 : 리튬이온전지; 전기화학모델; 열화모델; 수치해석; 전지 팩 

시스템 모델 
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