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Abstract: Large lithium-ion batteries (LIBs) in electric vehicles demonstrate different performance and 

lifetime compared to small LIB cells, owing to the size effects generated by the electrical configuration 

and property imbalance. However, the calculation time for performing life predictions with three-

dimensional (3D) cell models is undesirably long. In this paper, a lumped cell model with equivalent 

resistances (LER cell model) is proposed as a reduced order model of the 3D cell model, which enables 

accurate and fast life predictions of large LIBs. The developed LER cell model is validated via the 

comparisons with results of the 3D cell models by simulating a 20-Ah commercial pouch cell 

(NCM/graphite) and the experimental values. In addition, the LER cell models are applied to different 

cell types and sizes, such as a 20-Ah cylindrical cell and a 60-Ah pouch cell. 

Keyword: Large sized lithium-ion battery; physic-based model; life prediction; scale-up model; 

reduced order cell model 

 

1. Introduction 

LIBs are currently used in various systems, owing to their high energy and power density. Systems 

that use LIBs, such as hybrid electric vehicles (HEVs), electric vehicles (EVs), and energy storage 

systems (ESS), require high performance and long lifespans (over 10 years); hence, optimal design is 

becoming increasingly important in the development of LIBs. Although using experimental methods 

for fabricating and evaluating LIB cells is essential in battery design, it is difficult to fabricate cells o f 

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, an approach to designing batteries along with numerical models that allow 

the prediction of their performance and lifespan is strongly demanded. 

There are two types of LIBs models, empirical and physics-based models. Empirical models 

calculate the behavior of batteries with mathematical expressions based on their experimental data. A 

typical example of empirical models is the equivalent circuit model (ECM) [1-3], which expresses 

batteries as simple electrical circuits consisting of resistors and capacitors. Moreover, fitting function 

models [4, 5], which express the experimental results of batteries in a single equation using polynomial 

and power functions, are also used. As these models are simple and enable fast calculation, they are 

widely used in algorithms that control battery management systems (BMS) in real time. However, 

because these models are developed based on data obtained from specific operating conditions of the 

target batteries, their accuracy abruptly decreases while performing calculations on other operating 

conditions or if the battery is replaced. In addition, it is difficult to provide insights into electrochemical 

or life-reduction phenomena occurring inside the battery. In contrast, physics-based models, also 

known as first-principle-based models, calculate electrical, chemical, and electrochemical phenomena 

occurring inside the battery to predict its performance and lifespan. A typical physics -based model is 

the pseudo two-dimensional (P2D) model [6, 7], also called the Newman model. This model includes 

governing equations of several complex partial differential equations , such as ion transport and 
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electron conservation in porous electrodes. This model has been widely used because it accurately 

predicts the battery performance by considering the material characteristics and the electrode design. 

However, since P2D models do not consider the non-uniformity of cell volumes, they are not accurate 

in predicting the behavior of large-size batteries that have been recently used. 

To overcome these limitations, several studies on multi-dimensional physics-based models that 

are able to include the actual cell shape in the calculation were proposed. Kwon  [8] and Kim [9] drew 

fitting parameters from the experimental data of large cells and used them to propose a 2D model that 

allows the analysis of electric potential fields, current density distribution, and temperature distribution 

of pouch cells. Kim et al. [10] set independent model domains for length scales and developed a multi-

scale multi-dimensional (MSMD) model framework that calculates the impact  of the cell shapes 

considered in a higher hierarchical model domain and the electrochemical reactions calculated in a 

lower hierarchical model domain in a coupled manner. This enabled first-principle-based calculations 

on large cells. Lee et al.[11] used an MSMD model framework to develop a three-dimensional 

cylindrical cell model. However, the number of calculation nodes of the highest hierarchy of the 

structure in MSMD model frameworks is large when the model analyzes the shapes of large cells with 

a full resolution, resulting in long calculation times. Thus, the analysis of cell lifespans, which requires 

long-time operating simulations, is challenging due to long computing times.  

To improve the calculation speed of physics-based models, reduced order models (ROMs) that can 

decrease or simplify the PDEs of governing equations have been proposed. The state-variable model 

proposed by Smith et al. [12] was 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. [13] proposed a simplified battery model having a reduced number of PDEs 

using a proper orthogonal decomposition method. Guo [14] proposed a ROM that simplifies full 

physics-based P2D models and applied it to the analysis of 3D cells. However, as most ROMs proposed 

so far focused on simplifying the governing equations of electrode scales, it appears they still have 

computational limits when applied to cell models used to analyze large batteries.  

This study proposes a LER cell model that enables fast calculations while considering the 

prediction of the behavior of large LIBs regarding the shape of the cell. The LER cell model corresponds 

to a cell domain model in the MSMD model framework. It is a simplified model that includes the 

electrical and thermal resistances of the cell volume of large LIB cells. The LER cell model allows for 

robust voltage, current, temperature response, and lifespan calculations of large cells while efficiently 

decreasing the grid resolution of the cell domain. In this study, the model results of the LER cell model 

were verified by comparing results obtained using a full-resolution 3D cell model and the experimental 

values of actual LIB cells. Moreover, different lifespans of various cell shapes (20-Ah pouch cell, 20-Ah 

cylindrical cell, and 60-Ah pouch cell) were investigated using the LER cell model.  

2. Selection of domain models  

As shown in Figure 1, MSMD model frameworks are structures that distinguish physical 

phenomena occurring inside batteries depending on lengths of scales and assign them to independent 

model domains. Depending on the purpose, models used in each domain can be selected and modified 

independently from other domains. In this study, the model domains are classified into particle (PD), 

electrode (ED), and cell domains (CD). Each domain model has an independent geometry and 

coordinate system, and data calculated in each domain are shared with the upper and lower domains 

inside a hierarchical structure. Owing to this hierarchical structure, in MSMD models, the number of 

nodes of the upper domains has a larger impact on the entire calculation time than the number of nodes 

of the lower domains.  

In this study, the same sub-models to the particle and electrode domains are applied for 

investigation of the impacts of the model selected in the cell domain. In the PD model, the 

electrochemical and parasitic reactions occurring on the particle surface are solved by assuming a 1D 

spherical electrode particle, and the diffusion of lithium ions inside the particles is also calculated  by 

Fick’s law. The term “parasitic reaction” refers to electrolyte decomposition occurring on the surface of 
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anode electrode particles, and it is used to calculate the growth of solid electrolyte interphase (SEI) 

layers caused by electrolyte decomposition [15-18]. In the ED model, 1D porous electrode layers are 

assumed to calculate the charge and lithium-ion transports that occur inside homogeneous porous 

electrodes. The governing equations of the particle and electrode domains are listed in Table 1. The 

detail information of the equations can be found in Refs. [19, 20]. 

2.1 Cell domain models 

There are various CD models developed that consider different characteristics of various cell 

designs. The simplest and fastest CD model is the lumped cell model, which has just one calculation 

node in the CD domain. The lumped cell model assumes that the entire cell volume has a uniform 

electrical potential and temperature without considering the cell’s shape or design in the cell domain. 

Thus, accurate analysis of large LIB cells may not be obtained from this model. The cell temperature in 

the lumped cell model is calculated using the following energy conservation equation, considering the 

entire cell volume as one calculation node, ignoring the heat transfer inside the cell, and considering 

only external heat transfer conditions. Energy conservation for lumped cell model: 

𝜕(𝜌𝐶𝑃 𝑇)

𝜕𝑡
= 𝑞𝐸𝐷

" − ℎ𝐴𝑠 (𝑇 − 𝑇𝑎𝑚𝑏 )                                                           (7) 

𝑞𝐸𝐷
" = (𝑞𝑟𝑥𝑛,𝐸𝐷

" + 𝑞𝑗𝑜𝑢𝑙𝑒 ,𝐸𝐷
" + 𝑞𝑟𝑒𝑣,𝐸𝐷

" )                                                        (8) 

where 𝜌 is the density of the electrode pair, 𝐶𝑃 is the specific heat capacity, ℎ is the convective heat 

transfer coefficient,  𝐴𝑠  is the cooling area of the cell, and  𝑇𝑎𝑚𝑏  is the ambient temperature. The 

volumetric heat generation in the electrode domain 𝑞𝐸𝐷
"  is composed of electrochemical reaction heat 

(𝑞𝑟𝑥𝑛 ,𝐸𝐷
" ), joule heat (𝑞𝑗𝑜𝑢𝑙𝑒 ,𝐸𝐷

" ), and reversible heat (𝑞𝑟𝑒𝑣,𝐸𝐷
" ) [21].   

  CD models resolving 3D shapes of LIB cells with numbers of computational nodes are called 3D 

cell models in this paper. Selecting a CD model depends on the structure of composit e layers composed 

Figure 1. Concept of the MSMD model framework. 
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of electrode-separator-current collectors in the cell. When modeling pouch-type cells, a single-potential-

pair-continuum (SPPC) model [10, 19] can be used as an appropriate 3D cell model for  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 the pouch-type LIB cells, the finite volume of the cell 

composites can be assumed to be statistically homogeneous in the SPPC model. In one calculation node 

of the SPPC model, the temperature and the positive and negative electrical potential values of a pair 

of current collectors are calculated. For heat transfer calculations, the thermal and elec trical 

conductivities are assumed to be orthogonal considering the layer direction of the cell volume. 

To perform modeling by considering the design of cylindrical batteries, a wound potential-pair 

continuum (WPPC) model [11, 20], which appropriately reflects the structure of long wound composite 

layers, is required. In wound composite layers of cylindrical cells with a local tab, the current flows 

quite a long distance in the azimuthal direction along the current collectors. Owing to the electrical 

overpotential generated by the azimuthal current, the current collectors of adjacent composite layers 

have significantly different electrical potentials. Therefore, the WPPC model cannot consider an 

arbitrary finite volume of the electrode composite layers in the cylindrical cells as homogeneous 

continuum like the SPPC model. Grid mesh of the WPPC model is restricted to the wound geometry 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 Refs. [10] and [11]. 

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 (𝜎−
eff𝛻CD Φ− ) − 𝑗CD

′′′ = 0                                                                  (9) 

𝛻CD (𝜎+
eff𝛻CD Φ+ ) + 𝑗CD

′′′ = 0                                                                (10) 

Table 1. Solution variables and governing equations of the sub -domain models 

Governing equations Boundary Conditions 

                    1D spherical particle model 

Li+ conservation  

in active material 

𝜕𝑐𝑠

𝜕𝑡
=

𝐷𝑠

𝑟2

𝜕

𝜕𝑟
(𝑟2 𝜕𝑐𝑠

𝜕𝑟
)  (1) 

𝜕𝑐𝑠

𝜕𝑟
|

𝑟=0
= 0    ,      

𝜕𝑐𝑠

𝜕𝑟
|

𝑟=𝑅𝑠

= −
𝑖"

𝐷𝑠𝐹
 

Charge transfer  

Kinetic 

 (B.V equation) 

𝑖" = 𝑖𝑟
" + 𝑖para

"   (2)   

where   𝑖𝑟
" = 𝐹𝑘𝑖 (𝑐𝑒)𝛼𝑎 (𝑐𝑠,max − 𝑐𝑠,𝑒)

𝛼𝑎 (𝑐𝑠,𝑒)
𝛼𝑎 {exp [

𝛼𝑎𝐹

𝑅𝑇
𝜂] − exp [

𝛼𝑐𝐹

𝑅𝑇
𝜂]} 

,  𝜂 = 𝜙𝑠 − 𝜙𝑒 − 𝑈𝑂𝐶𝑉 − 𝑖"𝑅𝑆𝐸𝐼  (negative electrode) ,       

and  𝜂 = 𝜙𝑠 − 𝜙𝑒 − 𝑈𝑂𝐶𝑉  (positive electrode) 

Aging mechanism 

(SEI layer growth) 

𝑖para
" = −𝑖para,init

" exp [−
𝛼𝑐𝐹

𝑅𝑇
𝜂para] ,  (𝑖para,init

" = 𝐹𝑘0,𝑆𝐸𝐼𝑐𝐸𝐶
𝑠 )   (3) 

where   𝜂para = 𝜂 = 𝜙𝑠 − 𝜙𝑒 − 𝑈para − 𝑖" 𝑅𝑆𝐸𝐼   , 

−𝐷𝐸𝐶

(𝑐𝐸𝐶
𝑠 −𝑐𝐸𝐶

0 )

𝛿𝑆𝐸𝐼
= −

𝑖para
"

𝐹
 ,       

𝜕 𝛿𝑆𝐸𝐼

𝜕𝑡
=

𝑖para
" 𝑀𝑆𝐸𝐼

𝜌𝑆𝐸𝐼𝐹
    ,  and   𝑅𝑆𝐸𝐼 =

𝛿𝑆𝐸𝐼

𝜅𝑆𝐸𝐼
 

                1D porous electrode model 

Li conservation  

in liquid phase  

𝜕(𝜀𝑒 𝑐𝑒)

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐷𝑒

𝑒𝑓𝑓 𝜕

𝜕𝑥
𝑐𝑒) +

(1−𝑡+
0 )

𝐹
𝑎𝑠 𝑖𝑟

" −
𝑖𝑒
"

𝐹

𝜕𝑡+
0

𝜕𝑥
   (4) 𝜕𝑐𝑒

𝜕𝑥
|

𝑥=0
= 0  ,    

𝜕𝑐𝑒

𝜕𝑥
|

𝑥=𝐿𝑎+𝐿𝑠+𝐿𝑐

= 0  

Charge conservation  

in liquid phase  

𝜕

𝜕𝑥
(𝜅𝑒𝑓𝑓 𝜕

𝜕𝑥
𝜙𝑒) +

𝜕

𝜕𝑥
(𝜅𝐷

𝑒𝑓𝑓 𝜕

𝜕𝑥
𝑙𝑛 𝑐𝑒) + 𝑎𝑠 𝑖𝑟

" = 0   (5) 

where 𝜅𝐷
eff = −

2𝜅eff𝑅𝑇

𝐹
(1 +

𝜕 ln 𝑓±

𝜕 ln 𝑐𝑒

) (1 − 𝑡+
0 )  

𝜕𝜙𝑒

𝜕𝑥
|

𝑥=0
= 0  ,     

𝜕𝜙𝑒

𝜕𝑥
|

𝑥=𝐿𝑎+𝐿𝑠+𝐿𝑐

= 0 

Charge conservation  

in solid phase  

𝜕

𝜕𝑥
(𝜎eff 𝜕

𝜕𝑥
𝜙𝑠) − 𝑎s𝑖𝑟

" = 0      (6) 

𝜕𝜙𝑠

𝜕𝑥
|

𝑥=0
= Φ𝑁 ,      

𝜕𝜙𝑠

𝜕𝑥
|

𝑥=𝐿𝑎

= 0  

𝜕𝜙𝑠

𝜕𝑥
|

𝑥=𝐿𝑎+𝐿𝑠

= 0,  
𝜕𝜙𝑠

𝜕𝑥
|

𝑥=𝐿𝑎+𝐿𝑠+𝐿𝑐

= Φ𝑃 
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where 𝜎+−
eff  is the effective conductivity of current collectors, and 𝑗CD

′′′  is the volumetric charge 

transfer current density. Temperature distribution in cell volume in cell domain (CD): 

𝜕(𝜌𝐶𝑃 𝑇)

𝜕𝑡
= 𝛻CD (𝑘𝛻CD 𝑇) + 𝑞CD

′"                                                            (11) 

𝑞CD
′′′ = (𝑞ED

′" + 𝑞cc
" )                                                                       (12) 

where k is the thermal conductivity, 𝑞CD
′′′  is the volumetric heat generation in the cell domain (CD), 

including the heat generation delivered from the electrode domain 𝑞ED
′′′  and the ohmic heat in the 

current collectors 𝑞cc
′′′.  

The selection of the CD model has a significant impact on the entire computational efficiency of 

the model. As shown in Figure 1, since each node of the CD model of the MSMD model framework 

calculates the electrode and particle domain models, increasing the number of calculation nodes in the 

cell domain increases the entire number of calculations and 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 considerably affected by the cell geometry, it is necessary to use full-

resolution 3D cell models, such as SPPC or WPPC, in the cell domain to obtain more accurate 

predictions.  

 

Table.2 Summary of model parameters in the sub-domain models. 

Particle domain & Electrode domain 
Negative 

electrode 
Separator 

Positive 

electrode 

Particle  radius, Rs (m) 4e-6d - 4e-6d 
Diffusivity, Ds,a, Ds,c (m2/s) 1.5e-14e - 2.0e-14e 
Reaction rate constant ka, kc (m/s) 4.8e-11e - 5.5e-11e 
SEI layer molecular weight, 𝑀𝑆𝐸𝐼  (kg/mol) 0.1 [17-20] - - 
SEI layer density, 𝜌𝑆𝐸𝐼 (kg/m3) 2100 [17-20] - - 
Equilibrium potential of parasitic  
reaction, 𝑈para (V) 

0.4 [17, 19, 20] - - 

SEI layer conductivity, 𝜅𝑆𝐸𝐼 (S/m) 3.8e-6e - - 
Initial concentration of EC, 𝐶𝐸𝐶

0  (mol/m3) 4541 [20] - - 
Diffusivity of EC, 𝐷𝐸𝐶 (mol/m3) 2.0e-18 [20]    
Reaction rate for SEI layer, k0,SEI (m/s) 1.1e-15e   
Initial SEI layer resistance (Ω ⋅ m2) 0.001  - - 
Electrode thickness, La, Ls, Lc (m) 39e-6d 20e-6d 31e-6d 
Electrolyte diffusion coefficient, De (m2/s) - 3e-10e - 
Conductivity, 𝜎𝑠,𝑎,𝜎𝑠,𝑐 (S/m) 100 [10] - 10 [10] 
Porosity , 𝜀𝑖 0.397d 0.43d 0.404d 
Volume fraction AB,𝜀𝑓,𝑖 0.044d - 0.042d 
Volume fraction PVDF ,𝜀𝑝,𝑖 0.007d - 0.064d 
Initial salt concentration, ce, (mol/m3) 1200d 
Transport number, 𝑡+

0 0.363 [19, 20] 
Faraday’s constant, F, (C/mol) 96450 

Gas constant, R (J /mol·K) 8.314 

Cell domain Pouch, 20Ah Pouch, 60Ah Cylindrical, 20Ah 

Dimension (mm) 185×147×5.88d 278×195×8.85d 44(D)×110(h)d 
Mass density of je lly roll (kg/m3) 2580d 
Specific heat of je lly roll(J/kg∙K) 975d 
Electric conductivity for Cu, 𝜎− (S/m) 59.6×106 [10, 11] 
Electric conductivity for Al, 𝜎+ (S/m) 37.8×106 [10, 11] 

Thermal conductivity (W/m∙K) 
x , y direction :  27 [10] 
z direction:  0.8 [10] 

azimuthal direction, 𝑘𝑟:  27 [11]  
transversal direction, 𝑘𝑡: 0.8 [11]  

Convective heat transfer coefficient, 
 ℎ (W/m2∙K) 

25 

Initial temperature, 𝑇init(oC) 25 

Atmospheric temperature, 𝑇amb (oC) 25 

e : estimated, d: design parameter 
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2.2 Comparisons of lumped cell and 3D cell models 

In this section, the impact of the selection of cell domain models on the lifespan analysis accuracy 

and calculation efficiency is compared and analyzed through analysis cases of pouch and cylindrical 

cells. An actual pouch-type LIB cell (20-Ah, NCM/graphite, TOP battery) was simulated by two models, 

one with a 3D cell model (SPPC model) and the other with a lumped cell model. The two models have 

the same electrode and particle domain models with the same parameters. Since the lumped cell model 

ignores the internal imbalances inside the cell volume while the 3D cell model considers them, 

comparisons of the model results can reveal effects of the large size and geometry of the LIB cell. 

Moreover, to identify how the cell design and size affect performances of LIB cells, the 3D cell and 

lumped cell models of a 60-Ah pouch cell and 20-Ah cylindrical cell are also simulated and compared. 

 Table 2 provides the detailed information of the three cells. The size of the 20-Ah pouch cell is the 

same as the reference cell (185 mm × 147 mm × 5.74 mm), and it has a 45-mm-wide electrical tab on one 

side. The size of the 60-Ah pouch cell is 278 mm × 195 mm × 8.85 mm, which is about three times the 

electrode area of the 20-Ah pouch cell. The 20-Ah cylindrical cell has a diameter of 44 mm, height  of 

110 mm, and the inner diameter is 8 mm. The electrodes and collector plates are spirally wound 85 

times in the cylindrical cell. The length of the collector plate when unwound is about 6.55  mm. 

Moreover, ten 15-mm-wide tabs are placed on top of the cylindrical cell, and 10 on the bottom, 

separated by the same distance. The number of nodes of the cell domain is 3,000 for the 20-Ah pouch 

cell and 60-Ah pouch cell, and 15,000 for the cylindrical cell. The atmospheric temperature is set to 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.  

Figure 2 shows a comparative graph of the results of the 3D cell and lumped cell models with 

respect to constant current discharge conditions of the three types of cells at rates of 1  C, 3 C, and 5 C. 

 

Figure 2. Comparisons of output voltages and average temperatures between the 3D cell models 

and the lumped models of the (a) 20-Ah pouch cell, (b) 60-Ah pouch cell and (c) 20-Ah cylindrical 

cell. 
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The experimental value of the actual 20-Ah pouch cell is also shown in Figure 2a. When looking at the 

output voltage shown in Figure 2a, it can be noticed that regarding the 20-Ah pouch cell, the voltage of 

the lumped cell model is higher (about 15 mV at 5 C), despite the small difference, than that of the 3D 

cell model. Moreover, the temperature of the lumped cell model is lower (about 1 °C at the end at 5  C) 

than that of the 3D cell model. These differences are due to the electrical overpotential and ohmic heat 

generation that occur in metal current collectors in the 3D cell models, which are ignored in the lumped 

cell models [22-24]. Therefore, as shown in Figs. 2b and 2c, these differences appear to be larger in the 

analysis of the 60-Ah pouch cell and cylindrical cell, which have an electrical flow path in a relatively 

longer collector plate than the 20-Ah pouch cell. In the cylindrical cell, whose electrical flow path 

reaches 65 cm, the output voltage of the 3D cell mode is lower (up to 40 mV at 5  C of discharge) than 

that of the lumped cell model. Likewise, when calculating the operating temperature, at 5  C of 

discharge, the temperature difference between the lumped cell and 3D cell models increases by a 

maximum of 2 °C and 6 °C, in the 60-Ah pouch cell and in the cylindrical cell, respectively. This data 

clarifies that, if the size of the cell increases or the electrical flow path of the collector plate is  designed 

to be longer, the accuracy of the lumped cell model is further reduced. 

However, the use of 3D cell models has certain limitations in terms of calculation time when 

compared to lumped cell models. Table 3 shows the number of nodes and calculation  times of the 

lumped cell and 3D cell models. In this research, the SPPC-model-based pouch cell model uses 3,000 

times more calculation nodes than the lumped cell model, and the WPPC-model-based approach uses 

15,000 times more calculation nodes because the electrode’s wound shape should be considered. This 

causes a higher number of calculation nodes required in the cell domain. Owing to this, when using 

one CPU, the simulation time at 1 C of discharge is 1,000 and 4,000 times longer in the SPPC cell and 

the WPPC cell models, respectively, when compared to the lumped cell model. Even when using eight 

CPUs with OPENMP parallel programming, the simulation time in the 3D cell model is about 240 

(SPPC cell model) and 900 (WPPC cell model) times longer than in the lumped cell model. 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 ROMs or ECMs, whose 

calculation time is shorter, to lower hierarchical models, there are still limitations in reducing the 

calculation time. These problems directly manifest when analyzing the lifespan of batteries. 

3. Lumped cell model with equivalent resistances (LER cell model) 

The impact of the cell design on the performance of large LIBs is significant , as verified in the 

previous section. However, high calculation costs are also required to analyze the impact of the cell 

design with a full-resolution cell model. To solve these problems, we propose an LER cell model that 

features fast calculation while considering the impact of the cell design. This LER cell model is basically 

a lumped cell model that calculates the positive and negative electrical potentials as well as temperature 

considering the cell volume as one computational node. Thus, the speed of calculation is as fast as in 

Table 3. Computational costs of the LIB models. 

Number of nodes Pouch (20-Ah) Pouch (60-Ah) Cylindrical 

Lumped cell model 

Particle  domain 15 15 15 

Electrode domain 25 25 25 

Cell domain 1 1 1 

3D cell model 

Particle  domain 15 15 15 

Electrode domain 25 25 25 

Cell domain 3000 3000 15000 

Calculation time 

(1 C discharge) 
Pouch (20-Ah) Pouch (60-Ah) Cylindrical 

Lumped cell model 1 CPU core  6.6 s 6.8 s 6.6 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 
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the lumped cell model. Moreover, the LER cell model allows the prediction of the impact of the cell size 

and design on the performance and lifespan using the electrica l and thermal resistances, which can 

reflect the effects of the spatial imbalance inside cell volumes. Since complex interactions among 

thermal, electrical and electrochemical phenomena in the cell volumes are represented by simplified 

resistances, it is a type of ROM that compromises analytical accuracy to ensure calculation efficiency. 

Building an LER cell model requires calculating the 3D cell model for determining the resistances based 

on the differences from the lumped cell model. A short and simple case of the 3D cell model, for 

example a constant current discharge in short times, is sufficient for the preparation process of the LER 

cell model, which can be used for long calculation, such as lifespan prediction. 

The electrical resistance of the cell domain can be determined by two methods. The first is using 

the increase of the internal resistance in the 3D cell model compared to the lumped cell. Figure 2 shows 

that in all LIB cells the 3D cell model displayed a higher temperature and lower output voltage value 

than the lumped cell model and this tendency became more apparent with increasing C rates. The 

internal resistances in the 3D cell model are calculated by applying a linear polarization expression 

based on the model data of the three LIB cells introduced in the previous section. However, the 

simulations are conducted assuming that all cells were at isothermal conditions (25 °C) to remove the 

effects of the increased temperature in the 3D cell model. Linear polarization expressions calculate 

internal resistances by assuming that the discharge voltage is linearly dependent on the current density 

at each depth-of-discharge (DOD) as shown below [4, 19] : 

𝑗̄′′ = 𝑌(𝑉 − 𝑈)                                                                            (13) 

where 𝑌 is the electrochemical conductance (Ω-1m-2), V is the battery’s working voltage (V), 𝑈 is  

the open-circuit voltage (V), and 𝑗̄′′is the average current density (A/m2) at the current collector. The 

DOD is obtained from the ratio of the discharged capacity to the cell total capacity.  

In Figure 3a in the 3D cell model results of the 20-Ah pouch cell, at constant current discharge 

conditions (1 C– 5 C), the model data appears to be linearly dependent on the output voltage and 

average current density, and the slopes at all DODs, except high DODs (0.85–0.95), are similar. Each 

slope of the graph is the internal resistance (R = 𝑌 -1) at each DOD condition. In the same manner as 

described above, the slopes at each DOD are also determined for the 60Ah pouch and 20Ah cylindrical 

cell. Figure 3b shows the internal resistance calculated at each DOD condition for three cells. As 

isothermal conditions are assumed, the lumped cell model results are the same for all cells and their 

internal resistance comes from electrochemical overpotential and ohmic resistance of porous electrodes, 

appearing in the electrode and particle domains. The highest internal resistance is calculated in the 20-

 
Figure 3. (a)Linear dependency of voltage and current at various DODs by 3D cell model (20-Ah 

pouch cell), (b) Internal resistance vs DOD for each type of cell and (c) difference of internal 

resistance between the lumped cell model and the 3D cell models. 
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Ah cylindrical cell. Figure 3c shows that the increases of the internal resistance in the 3D cell mode ∆𝑅 

are 0.12, 0.29, and 0.59 mΩ.m2 for the 20-Ah and 60-Ah pouch cells, and 20-Ah cylindrical cell, 

respectively, compared to the lumped cell model. The increases of the internal resistance in the 3D cell 

models are relatively constant regardless of DOD changes in Figure 3(c), while the internal resistances 

vary considerably from 2 mΩ.m2 to 10 mΩ.m2 depending on the DOD, as shown in Figure 3b. This 

implies that the relation between the internal resistance increments occurring in the cell domain and 

the electrochemical status, such as DOD, is relatively weak. Therefore, these internal resistance 

increments in the 3D cell model, ∆𝑅, can be applied to the LER cell model as the electrical resistances 

in the cell domain, 𝑅𝐶𝐷 ,𝐸 . The other method to determine the electrical resistance in the LER cell model 

is using equivalent electrical resistances of the metal current collectors. As the electrical fields in the 

metal collector are influenced by the plate size and the tab configuration, the analysis results of the 3D 

cell models are also acquired to determine the electrical resistances by this method. Figure 4 shows the 

electric potential distribution of the positive and negative collector plates after 5 min of starting the 1  C 

discharge on each cell and the equivalent electrical resistance values of the metal current collector at a 

1 C discharge condition according to DOD. In Figure 4(a)-(c), during 1 C discharge, the maximum 

 
Figure 4. Contours of the electric potentials in the 3D cell models at 5 min after 1 C discharge:(a) 

20-Ah pouch cell, (b) 60-Ah pouch cell and (c) 20-Ah cylindrical cell, and (d) the equivalent 

electrical resistance of current collectors at various DODs  
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electrical overpotentials inside the current collectors are 1.2 , 2.6, and 5.1 mV in the 20-Ah and 60-Ah 

pouch cells, and in the 20-Ah cylindrical cell, respectively. To calculate the equivalent electrical 

resistance of the metal current collector on each cell, the average overpotential of the electric potential 

collector plate area is calculated with respect to the positive and negative current collectors, as shown 

in the equations below: 

𝛥Φ𝑃 =
∑{|Φ𝑃|×𝑣CD }

∑ 𝑣CD  
=

∑{|Φ𝑃−Φ𝑃,𝑇𝑎𝑏 |×𝑣CD }

∑𝑣CD  
                                                       (14) 

𝛥Φ𝑁 =
∑{|Φ𝑁|×𝑣CD 

}

∑ 𝑣CD  
=

∑{|Φ𝑁−Φ𝑁,𝑇𝑎𝑏|×𝑣CD }

∑ 𝑣CD  
                                                      (15) 

where Φ𝑃  and Φ𝑁  are the local potentials in both current collectors, Φ𝑃,𝑇𝑎𝑏  and Φ𝑁 ,𝑇𝑎𝑏 are tab’s 

potentials, and 𝑣CD   is the finite volume in the cell domain. The equivalent electrical resistance of the 

current collectors 𝑅cc  (Ω.m2) can be found using the sum of the calculated overpotentials and the 

average current density 𝐽′′  (A/m2) at the current collector. 

𝑅cc =
(𝛥Φ𝑃+𝛥Φ𝑁)

𝐽"                                                                          (16) 

As shown in Figure 4d, the electrical resistances of the current collector obtained by Eq. (16) are 

relatively constant for the three types of cell regardless of the DOD and found to be 0.12 , 0.29, and 0.59 

mΩ.m2 in the 20-Ah and 60-Ah pouch cells, and in the 20-Ah cylindrical cell, respectively. The 

calculated electrical resistance of the current collectors 𝑅cc can be used as the electrical resistance in the 

LER cell model, 𝑅𝐶𝐷 ,𝐸 , and almost coincides with the increase of the internal resistance in the 3D cell 

model, ∆𝑅, as calculated using a linear polarization expression. This also confirm s that the additional 

internal resistance generated by the cell design of large LIBs is mostly the electrical resistance of the 

collector plate, and the resistance can be represented by a constant value regardless of the DOD. Thus, 

in the LER cell model, the output voltage 𝑉𝐿𝐸𝑅  is calculated as follows with the output voltage 𝑉𝐿  (V) 

calculated in the lumped cell model, the electrical resistance 𝑅𝐶𝐷 ,𝐸  and the average current density 𝐽′′  

(A/m2): 

𝑉𝐿𝐸𝑅 = 𝑉𝐿 − 𝐽′′𝑅𝐶𝐷,𝐸                                                                      (17) 

Another scale-up effect that occurs in large LIB cells is a temperature increase caused by additional 

heating in the cell domain and internal heat transfer. A full-resolution 3D cell model analysis is also 

required to determine the thermal resistance in the LER cell model. Generally, in the case of thin pouch 

cells with wide surface areas, the temperature difference between the surface and the volume center is 

small. However, in cylindrical or large thick pouch cells, a  significant temperature difference occurs 

between the surface and center of the cell as the thermal resistance in the through-layer direction is 

high. In addition, heat generated in the metal current collector  is significant. Thus, in the LER cell 

model, the ohmic heat generation in the metal current collectors is calculated with the equivalent 

electrical resistance determined as 𝑅𝐶𝐷,𝐸 . The equivalent thermal resistance of the cell volume is 

calculated based on the model results of the 3D cell model. 

First, the ohmic heating generated by the electrical resistance of the metal collector is calculated 

through a simple Joule heating equation and summed up with heat delivered from the sub-domain 

models, 𝑄𝐿. Thus, the total heat generation in the LER cell model, 𝑄𝐿𝐸𝑅 , is as follows: 

𝑄𝐿𝐸𝑅 = 𝑄𝐿 + 𝐴(𝐽′′)
2

𝑅𝐶𝐷,𝐸                                                              (18) 

where A is the total area of the electrode plate. Then, to determine the thermal resistance of the cell 

domain, it is assumed that a uniform heating per unit volume (𝑞CD
′′′) occurs inside the cell, and that 

the cell surface is cooled at an isothermal temperature (25 °C). The steady-state temperature distribution 
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data inside the LIB cell, which is obtained from the model results, can be used to calculate the increase 

of the average temperature in the cell volume as follows: 

𝛥𝑇 =
∑{(𝑇CD−𝑇𝑠)×𝑣CD  }

∑ 𝑣CD 
                                                                  (19) 

This average temperature increase, 𝛥𝑇 , is divided by the total heat generated inside the cell, 

𝑞CD
′′′ ⋅ (∑ 𝑣CD  

), to determine the equivalent thermal resistance, RCD,T, (K/W) of the cell domain. 

𝑅𝐶𝐷 ,𝑇 =
𝛥𝑇

𝑞CD
′′′ ⋅(∑ 𝑣CD )

                                                                      (20) 

The calculated 𝑅𝐶𝐷 ,𝑇 are 5.0e-3, 3.8e-3, and 4.2e-1 for the 20-Ah and 60-Ah pouch cells, and the 20-

Ah cylindrical cell, respectively. In the LER cell model, the cell temperature is calculated using the 

conductive thermal resistance, 𝑅𝐶𝐷,𝑇 , and the convective thermal resistance 𝑅conv  = hA-1, where the 

cooling condition is given with the convective heat transfer coefficient, h (W/m2.K) and the surface 

cooling area, A (m2): 

(
𝜕𝜌𝐶𝑝𝑉Cell𝑇

𝜕𝑡
) = 𝑄𝐿𝐸𝑅 −

1

(𝑅𝐶𝐷,𝑇+𝑅conv )
(𝑇 − 𝑇amb )                                                  (21) 

The LER cell model is established based on the procedure shown in Figure 5. First, the 3D cell 

model of the large LIB cell to be analyzed should be created to determine the electrical and conductive 

thermal resistances of the cell volume. Then, the resistances are added to a lumped cell model for 

calculation of the additional voltage drop, heating, and temperature increase occurring in the large LIB 

cell. 

4. Results and discussion 

The accuracy and calculation speed were compared with the results of the 3D cell and LER cell 

models for the three types of cell. The cells were simulated when operating at constant current 

discharge conditions and under the duty-cycle conditions of ESS by the 3D cell and LER cell models. 

Moreover, the lifespan reduction of the cells was compared under repetitive-use conditions (4C 

constant current discharge, 4 C constant current charge, and constant voltage charge cycle). All 

simulation programs were written in the C language and calculated using a PC with 16.0 GB of RAM 

and an Intel Core i7-6700K 4.00-GHz CPU. 

4.1. Constant current discharge simulation 

Figure 6 shows graphs that compare the output voltage and average temperature calculated using 

the LER cell and 3D cell models under conditions in which the 20-Ah and 60-Ah pouch cells, and 20-

Ah cylindrical cell discharge at a constant current from 1 C to 5 C. As the LER cell model considers the 

 

Figure 5. Procedure of the LER cell model. 
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electrical resistance of the collector plate and the thermal resistance of the cell volume, the temperature 

increase and the output voltage drop in the large cells can be seen in the LER cell model results as in 

the 3D cell model results.  

As shown in Figure 6, the voltage and temperature results of the LER cell model coincided with 

the 3D cell model results within a margin of error of 1% in the three types of cells. The difference 

between the LER cell and the 3D cell models comes from the simplification of the LER cell model. As 

the lumped mass was assumed in the LER cell model, the imbalance of electrochemical reactions inside 

the cell volume could not be predicted by this model. For example, as electrochemical reactions occur 

more actively in parts that are closer to the electrical tabs of the current collector, such parts discharge 

faster and become hotter. However, the effects of this imbalance were not significant because the 

difference between the LER cell and the 3D cell models was small.  

4.2 Power profile simulation 

In the response analysis of the duty cycle in which the output voltage and current of the cell shortly 

change, the results of the LER cell model were compared with those of the 3D cell and lumped cell 

models. In the power profile, the PNNL-22010 duty-cycle conditions of the ESS proposed by the Pacific 

Northwest National Laboratory (PNNL) were used [25]. The initial operating conditions were set to 25 

°C with an initial SOC of 53.2%.  

 

Figure 6. Output voltage and average temperature at constant current discharge conditions calculated 

by the LER cell and 3D cell models for (a) 20-Ah pouch cell, (b) 60Ah-pouch cell, and (c) 20-Ah 

cylindrical cell. 
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Figure 7 shows the voltage response results of each cell regarding a PNNL cycle of 300 min. As 

shown in Figure 7a, in the response of the 20-Ah cell, whose collector plate had a small resistance, the 

maximum voltage difference between the 3D cell and the lumped cell models was less than 3 mV, which 

is small. The experimental data obtained by testing the 20-Ah reference cell also met the model results. 

As shown in Figure 7b and 7c, in the response of the 60-Ah cell, the maximum voltage difference 

between the 3D cell and the lumped cell models was about 20 mV, and the highest voltage difference 

(45 mV) was displayed by the cylindrical cell, which had the highest collector plate resistance. With 

respect to all cells, the results for the LER cell model were very similar to those of the 3D cell model, 

which were within a margin of error of +/−1%. In the power profile cycle, the temperature increase was 

very low (about 1 °C) in all cells; thus, the difference between the 3D cell model and LER cell model 

was insignificant. 

4.3 Cycle life simulation  

Degradation of LIB cells is also affected by the cell size and design. The temperature increases in 

large cells can activate parasitic reactions, causing the lifespan of the cells to decrease more rapidly. To 

verify whether the LER cell model can appropriately predict this phenomenon as the 3D cell model, a 

cycle operation of the three cells was simulated to compare the capacity retention. The 4CD4CCCV 

 

Figure 7. Output voltage at the duty cycle  condition of energy storage systems calculated by the LER 

cell, 3D cell, and lumped cell models for (a) 20Ah pouch cell, (b) 60Ah-pouch cell, and (c) 20Ah 

cylindrical cell. 
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cycle was composed of five stages: 4 C constant current discharge (2.8 V cutoff), 30-min break, 4C 

constant current charge (4.2 V cutoff), 4.2 V constant voltage charge (0.05 C cutoff), and 30-min break. 

For all cells, the initial SOC was set to 100 %, and the initial operating and atmospheric temperatures 

were set to 25 °C. The 20-Ah pouch cell was cycled 2,000 times, and the experimental data and the 

lumped cell model results were compared. The 60-Ah pouch cell and cylindrical cell were simulated 

until the capacity reached 80% of their initial value. 

Figure 8a shows the model results and experimentally measured values of the capacity retention 

of the 20-Ah pouch cell with respect to the cycle operation. The discharged capacities calculated by the 

LER, 3D and lumped models for 2,000 cycles displayed a margin of error of less than 1%, which meets 

the experimentally measured capacity. The small difference between the model results was caused by 

the small electrical resistance of the current collector of the 20-Ah pouch cell followed by small joule 

heating. Its thermal resistance was also relatively low due to its thin and wide geometry. Therefore, its 

temperature increase appeared insignificant to impact the degradation. In Figure 2a, it can be verified 

that at 5 C of discharge operation, temperature increases of the 3D cell model were within 1 °C of those 

of the lumped cell model. Thus, the lifespan of the 20-Ah pouch cell was not considerably affected by 

the cell size. Meanwhile, Figure 8b shows the capacity retention calculated for the 60-Ah pouch cell and 

20-Ah cylindrical cell. In the case of the 60-Ah pouch cell, at 973 cycles, there was a difference of about 

2% between discharged capacities in the LER, 3D and lumped cell model. In addition, the differences  

between the model results were increased up to about 6.3% at 746 cycles, for the 20-Ah cylindrical cell. 

 

Figure 8. Comparisons of the LER cell, 3D cell, and lumped cell models: (a) capacity retention of the 

20Ah pouch cell, (b) 60Ah pouch cell and 20Ah cylindrical cell, and (c) output voltages of the 60Ah 

pouch cell and 20-Ah cylindrical cell at 973 and 746 cycles, respectively. 
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It was caused by severe temperature increases in the 20-Ah cylindrical cell, considerably accelerating 

lifespan reduction. The discharge curves of the 60-Ah pouch cell and 20-Ah cylindrical cell, during the 

cycle where the discharged capacity reached 80%, are compared in Figure 8(c). Even at the end of life 

after a large number of cycles, the LER cell model showed almost identical voltage curves with the 3D 

cell model while the lumped cell model had higher output voltages (23 mV in the 60-Ah pouch cell and 

110 mV in the cylindrical cell).  

4.4 Comparison of calculation times 

Table 4 lists the calculation times of the LER cell and 3D cell models when the simulation was 

conducted by a PC with 16.0 GB of RAM and an Intel Core i7 -6700K 4.00-GHz CPU. Despite having 

conducted the 3D cell model simulation using OpenMP parallel programing with eight CPUs, the LER 

cell model displayed 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 computational nodes, this 

difference became larger; the calculation time of the LER cell model using a single CPU was down to 

1/1,300 for a 4CD4CCCV cycle simulation. The 3D cell model having at least thousands of nodes in the 

cell domain can help to take long times for calculating the lifespan reduction through cycling 

simulations. It is expected that the LER cell model can be useful for predicting the lifespan of large cells 

accurately and effectively.  

Moreover, the LER cell model in this study was developed using a full -physics model as sub-

domain models that somewhat delayed the calculation time through iterative calculations. However, if 

the LER cell model with the equivalent electrical and thermal resistances employs the ECMs or other 

ROMs with fast calculations as sub-domain models, better calculation efficiency can be expected. 

5. Conclusion 

This research proposed an LER cell model that efficiently performs accurate calculations, while 

considering the scale-up effects that occur in large LIB cells. The developed LER cell model corresponds 

to the cell domain model of the MSMD model frameworks and uses the equivalent electrical resistance 

of the metal current collectors and the thermal resistance of the cell volume, which are factors 

determined by the cell design and size. Discharge test, power -profile cycle test, and lifespan reduction 

test results obtained from an actual commercial cell (NCM/graphite-cell-based 20-Ah pouch cell, TOP 

battery) were compared with the model results of the LER, 3D and lumped cell models to verify the 

accuracy of the LER cell model regarding the scale-effects in the large cells. In addition, model results 

of a virtual 60-Ah pouch cell, and a 20-Ah cylindrical cell that have the same electrode design as the 

test cell identified the existence of the size-effects in the large cells and how the cell design and size 

affect the performance and degradation. The LER cell model demonstrated calculation times as fast as 

the lumped cell model and displayed the same accuracy as the 3D cell model. The LER cell model is 

expected to be useful for analyzing the behavior or lifespan of large LIB cells in energy systems , such 

as electric vehicles and energy storage systems. 

 

Table 4. Computational times of the LER and 3D cell models.  

Run mode Model Pouch (20Ah) Pouch (60Ah) Cylindrical 

Discharge (1CD) 
3D cell model 27 min 28 min 1 h 40 min 

LER cell model 7.59 s 7.86 s 6.84 s 

PNNL cycle  (300 min) 
3D cell model 3 day 3 day 9 day 

LER cell model 4 m 30 s 4 m 28 s 4 m 12 s 

4CD4CC42CV (~80%) 
3D cell model 6 day 7 day 22 day 

LER cell model 35 min 31 min 24 min 
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