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ÖZET 

 

LITYUM İYON PILLERIN DÜŞÜK SICAKLIKLARDAKI ISIL DAVRANIŞI VE 

PERFORMANSI 

 

 

Altay TEKİN 

 

 

Yüksek Lisans, Makine Mühendisliği Bölümü 

Tez Danışmanı: Prof. Dr. Murat KÖKSAL 

Mayıs 2023, 103 sayfa 

 

 

Bu tezde bir ticari lithum iyon pillerin düşük sıcaklıklarda performansı ve ısıl 

davranışı deneysel olarak incelenmiştir. Özdeş piller üç farklı sıcaklık ortamında 

0.5C ve 1.0C şarj ve deşarja tabii tutulmuştur. Ayrıca, düşük sıcaklık koşullarını 

benzetimlemek için şarj-deşarj deneylerinin yanısıra kurum içi bir 1—B 

elektrokimyasal-3-B termal birleşik model kullanılmıştır. 

 

Bir pil test sistemi ile yapılan deneyler, sıcaklık düştükçe lityum iyon pillerin 

kapasitesi düşmekte ve pilin içindeki ısı üretimi artmakta olduğunu gösterdi. 

Model, oda sıcaklığında batarya voltajı ve yüzey sıcaklığını tahmin edebildi. 

Ancak, çalışma sıcaklığı azaldıkça, model ve deney sonuçları arasındaki hata 

artmaya başladı. Düşük sıcaklıklarda, lityum-iyon bataryaların elektrokimyasal 

özellikleri önemli ölçüde değişir. Sıcaklığa bağlı parametrelerin değişimlerinin 

etkilerini yakalayabilmek için -20°C’deki 1C deşarj deneyi verisi ile model 

tahminlerini karşılaştırarak bir duyarlılık analizi yapıldı. Duyarlılık analizi, sıcaklığı 
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azaltmanın özellikle elektrolit taşıma özellikleri üzerinde kötü bir etkiye sahip 

olduğunu gösterdi. Elektrolit difüzyon katsayısının, elektrolit taşıma sayısının, SEI 

film direncinin ve pilin özgül ısı kapasitesinin değişimi, model tarafından tahmin 

edilen batarya voltajı ve sıcaklığı üzerindeki en büyük etkiye sahip olduğu, ancak 

elektrotların difüzyon katsayısı, elektrolitin iyonik iletim katsayısı ve reaksiyon hızı 

katsayılarının daha az etkisinin olduğu gösterilmiştir. Sonuçlar aynı zamanda 

model parametrelerinin sıcaklığa bağlı olarak karakterizasyonunun daha doğru 

tahmin almak için kritik olduğunu göstermektedir. 

 

 

Anahtar Kelimeler: Lityum-iyon piller, elektrokimyasal-termal birleşik model, 

duyarlılık analizi, batarya özellikleri, düşük sıcaklıklar 
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ABSTRACT 

 

 

THERMAL BEHAVIOR AND PERFORMANCE OF LITHIUM-ION BATTERIES 

AT LOW TEMPERATURES 

 

 

Altay TEKİN 

Master of Sciences, Department of Mechanical Engineering 

Thesis Supervisor: Prof. Dr. Murat KÖKSAL 

May 2023, 103 pages 

 

In this thesis, the performance and thermal behavior of a commercial lithium-ion 

battery were investigated experimentally at low temperatures. Identical batteries 

are subjected to 0.5C and 1.0C charge-discharge at three different temperature 

settings (25 C, 4 C and -20 C). Furthermore, an in-house 1-D electrochemical-

3-D thermal coupled model was utilized to simulate the low temperature 

conditions along with the charge-discharge tests. 

 

Experiments conducted with a battery test system show that as the temperature 

decreases, the available capacity of the lithium-ion batteries decreases, and heat 

generation inside the battery increases. The model is able to predict battery 

voltage and surface temperature at room temperature. However, as the operating 

temperature gets lower, the discrepancy between the model and the 

experimental data begins to increase. At low temperatures, the electrochemical 

properties of the lithium-ion batteries change drastically. To capture the effects of 

varying temperature dependent parameters, a sensitivity analysis was performed 

comparing the 1C experimental discharge data at -20°C with the model 

predictions. The sensitivity analysis indicates that decreasing temperature has 
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negative effect especially on the electrolyte transport properties. It is 

demonstrated that while changing the electrolyte diffusion coefficient, electrolyte 

transport number, SEI film resistance, and the specific heat capacity of the battery 

have the largest impact on the battery voltage and temperature predicted by the 

model, electrode diffusion coefficient, electrolyte ionic conduction coefficient, and 

reaction rate constants have less impact. Results also show that the temperature 

dependent characterization of the model parameters is crucial for more accurate 

predictions. 

 

 

Keywords: Lithium-ion batteries, electrochemical-thermal coupled model, 

sensitivity analysis, battery properties, low temperature 
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1. INTRODUCTION 

1.1. Introduction 

Lithium-ion batteries are one of the world’s most common means of energy 

storage. They are preferred because of their high energy storage capability, low 

calendar aging, and ease of use. From small house appliances to space 

operations, Li-ion batteries can be comfortably put to use. Because of their long 

cycling life as opposed to their predecessors such as carbon-zinc batteries, 

maintenance advantages also become noticeable. Despite all these advantages 

operating temperatures are mostly limited to -20°C. At -20°C, commercial lithium-

ion batteries lose a crucial proportion of their energy capacity, almost 90%, 

depending on their chemical composition. At the same time, the thermal and 

electrical behaviors of the battery change entirely at low temperatures. Li-ion 

batteries’ complex chemical structure has always been challenging in terms of 

thermal behavior, such that the chemical reactions occurring during operation 

cause the battery to heat up. Even though much of the heat can escape from the 

surface, low temperature operations make Li-ion batteries build up heat much 

faster. 

 

In a battery pack, this can cause some problems. Since a battery pack consists 

of series and/or parallel-connected batteries, one poor battery cell might lead to 

a bigger section of batteries not functioning properly, or even worse, thermal 

runaway. Therefore, it is crucial to determine the behavior of a single battery cell 

in terms of both performance and thermal and later move on to designing a 

battery pack. 
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1.2. Working Principle and Structure of Li-ion Batteries 

Lithium-ion batteries consist of several components. These are electrodes, 

electrolyte, separator, and current collectors. The electrodes, namely the cathode 

and the anode, are the main lithium storage elements. Lithium ions are deposited 

inside the porous structure of the electrodes. In a charged state, lithium ions are 

nested in the anode. While discharging, lithium ions move through the electrolyte 

to reach the cathode. The electrolyte serves as a medium for the lithium ions to 

move freely between the cathode and the anode. The separator in the middle of 

the structure prohibits the electrodes from touching each other, hence, 

eliminating the short circuits. In the meantime, the anode-side current collector 

gathers electrons from the anode and sends them to the external circuit, where 

they eventually arrive at the cathode-side current collector. The same procedure 

occurs in reverse order while discharging.  

 

Figure 1.1 depicts the charge and discharge processes in a simple Li-ion battery 

schematic. Solid electrolyte interphase (SEI) and cathode electrolyte interphase 

(CEI) in Figure 1.1 are products of electrolyte reduction. These layers act as a 

barrier, protecting electrolytes from decaying further and counteract their own 

formation process. They also function as a resistance, contributing thermal 

behavior and electrical performance of the battery somewhat inversely. Even 

though they originate from the same process of electrolyte reduction, SEI and 

CEI are distinct to their relative electrodes in terms of both thickness and 

composition [1]. 
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Figure 1.1. Li-ion Battery Structure, (a) Charge process. (b) Discharge process 

[1] 

 

Two major electrochemical reactions are accountable for most of the battery’s 

electrical performance. For the electrodes used in this study, NCA (LiNiCoAlO2) 

cathode and graphite (LiC6) anode, two electrochemical reactions are 

represented as below, 
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𝐿𝑖𝑥𝐶6    
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→       

   𝑐ℎ𝑎𝑟𝑔𝑒   
←          𝐶6 + 𝑥𝐿𝑖 + 𝑥𝑒−                         anode 

𝐿𝑖1−𝑥𝑁𝑖𝐶𝑜𝐴𝑙𝑂2 + 𝑥𝐿𝑖 + 𝑥𝑒−    
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→       

   𝑐ℎ𝑎𝑟𝑔𝑒   
←          𝐿𝑖𝑁𝑖𝐶𝑜𝐴𝑙𝑂2                            cathode 

𝐿𝑖1−𝑥𝑁𝑖𝐶𝑜𝐴𝑙𝑂2 + 𝐿𝑖𝑥𝐶6    
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒
→       

   𝑐ℎ𝑎𝑟𝑔𝑒   
←          𝐿𝑖𝑁𝑖𝐶𝑜𝐴𝑙𝑂2 + 𝐶6                     overall 

 

1.3.  Thermal Behavior of Li-ion Batteries 

Lithium-ion batteries can work under a wide range of conditions. Although, the 

capacity, power, and geometrical requirements of the user create some thermal 

challenges. Li-ion batteries heat up during both charge and discharge. Some of 

the heat is dissipated from the surface of the battery by convection and radiation. 

The remaining heat raises the battery temperature. Li-ion batteries are generally 

best utilized at temperatures between 20 and 40°C [2]. Temperatures above or 

below this range affect the battery performance, hence not preferred. 

 

In 1985, Bernardi et. al. published one of the most widely used relations for heat 

generation [3]. This relation considers the heat generated from joule heating from 

electrical power, open circuit voltages (OCV), mixing of substances, and phase 

changes. Neglecting the heat of mixing and phase changes, it can be simplified 

into a simpler form as below, 

 �̇� = 𝐼(𝑂𝐶𝑉 − 𝑉) − 𝐼 (𝑇
𝜕𝑂𝐶𝑉

𝜕𝑇
) (1) 

 

The first term on the right-hand side of the Eqn. (1) represents the Joule heating 

and is the reversible term in the heat generation equation, where (OCV-V) is 

overpotential. The second term on the right-hand side of the Eqn. (1) represents 

the heat generation due to entropy change and is the irreversible term. Like OCV 
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values, the entropic coefficient (
𝜕𝑂𝐶𝑉

𝜕𝑇
) is also dependent on the state of charge 

(SOC). In most studies, Eqn. (1) is employed in lithium-ion battery models [4-7].  

 

At the same time, the heat generation equation can be rewritten using the Gibbs-

Helmholtz equation as [8], 

�̇� = 𝐼2𝑅 − 𝐼𝑇
∆𝑆

𝑛𝐹
 (2) 

 

and Gibbs-Helmholtz equation is, 

∆𝐻 = −𝑇2
𝜕

𝜕𝑇
(
∆𝐺

𝑇
) = ∆𝐺 + 𝑇∆𝑆 (3) 

 

where R denotes the equivalent or internal resistance of the battery, F is the 

Faraday constant, n is the number of electrons, and ∆S, ∆H, ∆G, represent entropy 

per mol of lithium ions, change of enthalpy, and Gibbs energy respectively. Some 

of the studies used this notation [9-11], since entropy can be measured with a 

calorimeter also. 

 

However, in calorimetric measurements, the heat generation is measured as total 

rather than separate irreversible and reversible measurements. Studies showed 

that irreversible heat dominates the heat generated in the battery in high current 

operations or for batteries with high internal resistances [12, 13]. Nevertheless, 

reversible heat generation makes up a significant portion of the total heat 

generation for both charge and discharge and isn’t always exothermic. Shi et al. 

[14] found that at the low C-rate of C/20 with the LMR cathode, reversible heat 

generation is almost always greater than irreversible heat generation, reaching 

five times the values observed during charging. Srinivasan et al. [15] overcharged 

batteries with the CC charging method and found out that anode reversible heat 

generation dominates the heat generation and is high enough to cause venting.  
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This current dependency of heat generation has caused researchers to 

sometimes neglect reversible heat generation in studies for simplicity [16]. On the 

other hand, some studies took the entropic coefficient as constant instead of 

taking it as a function of SOC [4]. 

 

1.4.  Low Temperature Effect on Lithium-ion Batteries 

In a series of experiments conducted by Nagasubramanian [17], 18650 

Panasonic Li-ion cells lost 95% of their energy density when the temperature 

dropped from 35 to -40°C. Similarly, Zhang et al. [18] found out that the capacity 

of the assembled batteries underwent serious retention as the temperature 

decreased below -10°C. W. Wu et al. [19] investigated the effects of different 

discharge rates at -10°C cycling operations with the same charge rate and 

showed that lower discharge rates have a greater degradation effect on the 

battery capacity. Other studies with Li-ion batteries have shown similar effects 

when discharging at low temperatures.  

 

But cycling or charging at low temperatures can lead to a more severe effect 

known as aging. H. Lin et al. [20] compared cycling Li-ion batteries at -10°C and 

-20C. Cells cycled at -10°C almost gained 100% of their relative capacity when 

returned to room temperature, but the capacity of the cells cycled at -20°C still 

had some loss when returned to room temperature. This behavior suggests that 

as the temperature gets lower, irreversible effects on capacity become more 

evident during cycling. Aging can be explained by anode voltage dropping below 

0V relative to Li/Li+ causing lithium ions to accumulate as metal at the anode 

surface known as lithium plating. High charging currents also aggravate lithium 

plating besides low temperatures [21]. The details of the aging and lithium plating 

will not be explained further as it is not a part of this study. 

 

It was first believed that these problems when discharging are solely a result of 

temperature dependency of electrolyte properties. Therefore, research was 

conducted investigating subjects such as electrolytes with high ionic conductivity 
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and low freezing points [22-24]. Herreyre et al. [22] tried ethyl acetate and methyl 

butyrate as new solvents in graphite/LiCoO2 cells. Both new solvents showed 

high performances at temperatures as low as -40°C. Smart et al. [23] focused on 

low ethylene carbonate (EC)-content electrolytes using different combinations of 

carbonate solvents EC, DEC, DMC, EMC, and different concentrations of LiPF6 

salt in the cells with MCMB-LixNiyCo1-yO2 electrodes. They found out that 

electrolyte composition greatly influences discharge capacity at low 

temperatures. Li et al. [24] showed that changing the salt from LiPF6 to LiBF4 

decreases polarization for graphite/Li half-cells but increases polarization for 

LiFePO4/Li cells. However, since the polarization of graphite is bigger than 

LiFePO4, LiBF4 can still be favorable at low temperatures in LiFePO4/graphite 

cells. 

 

Electrolyte studies certainly improved the low temperature characteristics of Li-

ion batteries but later studies showed that electrolyte conductivity has less effect 

on cell performance than initially assumed. The aforementioned study by Zhang 

et al. [18] showed that at low temperatures, charging a battery is more difficult 

than discharging according to electrochemical impedance spectroscopy (EIS) 

analysis and also suggested that electrolyte conductivity cannot be the only 

reason of capacity decrease happening rapidly below -10°C, and concluded with 

increased charge transfer resistance (Rct) is the main factor for the poor battery 

performance at low-temperatures. Figure 1.2 shows the charging and discharging 

differences for graphite/graphite and cathode/cathode cells. Charge transfer 

resistance is one of the resistances used in equivalent circuit models and 

represents the resistance of the Li+ desolvation step at the anode solid electrolyte 

interphase (SEI) and cathode electrolyte interphase (CEI) during 

charge/discharge processes together with lithium diffusion into solid electrodes. 

Liao et al. [25] performed low-temperature electrochemical impedance 

spectroscopy (EIS) analysis on LiFePO4 cathode and showed that Rct increases 

with decreasing temperature, easily representable by an Arrhenius type equation. 

In another study, using the same equivalent circuit model to represent a battery 
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cell, Zhang et al. [26] also showed Rct to make up almost 100% of the total 

resistance in the battery as the temperature gets below -20°C. 

      

Figure 1.2. Lithiated and delithiated comparison with Nyquist plots of the 

symmetric cells (a) graphite/graphite and (b) cathode/cathode [14] 

 

At the same time, other studies were carried out for battery thermal management 

systems as it is another possible solution to overcome low-temperature effects 

by heating the battery systems before operation. It can be achieved in three ways, 

through phase change materials (PCMs), external heating, and internal heating. 

PCMs are materials that have low melting points and higher energy storage 

capabilities. If the ambient temperature drops below PCM’s melting point, the 

heat stored in PCM is transferred to the batteries. External heating systems use 

battery power to heat the fluids and then heated fluids to externally heat the 

battery packs.  Generally, heater coils and fans are placed inside the battery 

pack. Fans blow heated air through batteries and heated air convectively warms 

the batteries. Vlahinos and Pesaran [27] compared the efficiency of some internal 

and external heating methods and showed computationally that internal core 

heating with resistive heating is more efficient than external heating methods. In 

internal heating, one way is the battery heating itself. Since at low temperatures, 

battery resistance is high, it is easier for a Li-ion battery to generate heat by 

directly drawing current. Wang et al. [28] designed a new battery structure by 

inserting a nickel foil into a prismatic battery, allowing the battery to warm up 
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quickly from -20°C to 0°C in 20 seconds (Figure 1.3). The second way is dividing 

the battery pack into two sections that are equal in capacity. One section is 

discharged to charge the other section, then vice versa. This procedure, named 

mutual pulse heating, allows most of the electrical energy to stay in the pack while 

gaining heat. The third case is to heat the battery by applying an external 

alternating current [29-31]. 

 

 

Figure 1.3. Self-heating battery with Nickel foil. A switch between the activation 

terminal and the negative terminal is controlling the self-heating 

mechanism. When the switch is “on” position, electrons move 

through Nickel foil, generating joule heat [28]. 

 

1.5.  Aim and Scope of the Thesis 

Commercial lithium-ion batteries have an optimal range of temperature to be 

operated. This range is determined by the manufacturer and generally is between 

-10°C and 45°C. However, as the areas of usage are expanding, lithium-ion 

batteries are needed to be operational at low temperatures. Although many 

successful research has been conducted for counteracting the low temperature 

effects by altering and improving the battery components, investigating the 



 

 

 

10 

temperature dependency of the electrochemical battery properties is still a 

growing area of research. Moreover, numerical examination of such 

electrochemical properties at low temperatures could be helpful for guiding new 

research in developing new battery components. 

Thus, the aims of this thesis are, 

1- Investigating the performance and thermal behavior of lithium-ion batteries 

under low temperature conditions. 

2- Numerically investigating the sensitivity and the effects of changing 

temperature dependent parameters on the battery performance and 

thermal behavior. 

3- Validating, and if needed improving, the available in-house mathematical 

model at low temperature conditions. 

 

The scope of this study was limited to charging and discharging a cylindrical 

commercial lithium-ion battery at 25°C, 4°C, and -20°C and also doing sensitivity 

analysis on the discharge behavior of the lithium-ion battery with a few 

temperature dependent electrochemical parameters at -20°C. 
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2. MODELING  

2.1. Models in Literature 

Battery modeling methods can be represented under three main groups, 

equivalent circuit models, data-driven models, and electrochemical models. 

Battery models are used for estimating SOC, cell voltage, and remaining energy. 

Coupling with thermal models, one can also account for the temperature 

dependency of Li-ion battery performance while doing estimations. 

 

2.1.1. Equivalent Circuit Models (ECM) 

Equivalent circuit models represent the Li-ion batteries as electrical circuits. They 

have been used widely as it is simple to represent a Li-ion battery with circuit 

components, such as resistors and capacitors. ECMs are divided into two groups. 

Ones that are using time-domain and ones that are using frequency-domain. The 

most basic mode using the time domain, the Rint model, consists of a voltage 

source and a resistor. Adding combinations of resistors and capacitors, the 

Thevenin model, PNGV model, and GNL model can be constructed. In frequency-

domain models, electrochemical impedance spectroscopy (EIS) is the most 

popular. Impedance spectra are obtained by applying a sinusoidal frequency of 

voltage. Through impedance spectra, researchers can gather information about 

chemical processes within the Li-ion battery. Overall, ECMs can represent the 

battery in a fast and robust manner with fewer model parameters, unlike other 

models. 

 

2.1.2. Data-Driven Models 

Data-driven models make use of big data sets to predict battery performance 

properties, such as state of health (SOH), state of charge (SOC), or voltage. They 

approach the battery as a black box, meaning the model doesn’t know what is 

happening inside the battery but knows it’s response to an input. In such models, 

mathematical algorithms, such as differential analysis methods, machine 

learning, and neural network, train a data set. Therefore, their capability of 
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estimating accurately any property is limited to the quality and the size of the data 

set. 

 

2.1.3. Electrochemical Models 

Physics-based electrochemical models usually consist of two big modeling 

approaches. One is the Single Particle (SP) Model and the other one is Pseudo-

two-dimensional (P2D) Model developed by Doyle-Fuller-Newman. SP model is 

a simplified approach to an electrochemical system. It represents the electrodes 

as one big active material with no concentration gradients occurring inside the 

electrolyte and electrode, they behave uniformly. With the help of these 

assumptions, SP models can represent the batteries with less complex equations 

with fewer parameters. Therefore, it assures faster solving time but loses from 

accuracy. 

 

The P2D model explains the electrochemical processes and battery components 

more extensively. Electrodes are represented as porous systems with multiple 

active particles. Both electrolyte and electrodes include the transport of the 

species with diffusion, mass transport, and charge transfer. The P2D model can 

represent the electrochemical system with a high degree of accuracy using 

concentration and potential distribution inside the battery components separately 

with partial differential equations. However, it comes with an extensive set of 

parameters to be determined by experiments and data fits. In other words, it 

requires more detailed knowledge about the electrochemical components 

individually. Such parameters that, are generally concentration and temperature 

dependent and also unique to the component’s chemical composition. The 

complexity and variety of the parameters make the P2D model hard to utilize. As 

a result of the large number of partial differential equations and parameters, the 

P2D model has larger simulation times. Coupled with the thermal equations, the 

P2D model adapts the battery simulations to varying ambient temperatures. 

Coupled Electrochemical-Thermal model is explained in the next Chapter 2.2. 
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2.2. Electrochemical-Thermal Coupled Model 

In this study, the 1-D electrochemical-3-D thermal coupled model developed by  

Özdemir using COMSOL was used [32]. Parameters in Özdemir’s study are taken 

as a base model in this study. Özdemir’s model has put together the geometrical, 

electrochemical, and thermal parameters of a cylindrical Li-ion battery with 

LiNiCoAlO2 (NCA) cathode, graphite (MCMB) anode, EC:EMC (3:7) electrolyte 

with LiPF6 salt, Al and Cu current collectors through some comprehensive 

inspection of literature. Some parameters, however, were not available for the 

same materials. In that case, parameters of relevant materials were used, as was 

often done in the literature. 

 

2.2.1. Model Equations 

 

Figure 2.1. Lithium-ion battery P2D model structure [32] 
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Electrochemical models generally use Doyle-Fuller-Newman model equations 

also known as the pseudo-two-dimensional (P2D) model [33]. It is established 

from Newman and Tiedemann’s porous electrode theory [34] and concentrated 

solution theory. Equations for the P2D model are as below, 

 

First, mass balance in the solid phase is defined by, 

𝜕𝑐𝑠,𝑖
𝜕𝑡

=
1

𝑟𝑖
2

𝜕

𝜕𝑟𝑖
(𝑟𝑖

2𝐷𝑠,𝑖
𝜕𝑐𝑠,𝑖
𝜕𝑟𝑖

) (4) 

where subscript 𝑖 =positive electrode (pe), negative electrode (ne), and s=solid. 

𝐷𝑠  and 𝑐𝑠  are solid phase diffusion coefficient and solid phase lithium-ion 

concentration respectively. In the denominators, 𝑟  and 𝑡  represent the radial 

direction in active material particles and time respectively. Boundary and initial 

conditions for mass balance, 

−𝐷𝑠,𝑖
𝜕𝑐𝑠,𝑖
𝜕𝑟𝑖

|𝑟𝑖=𝑅𝑠,𝑖 =
𝐽𝑖
𝑎𝑠𝐹

            
𝜕𝑐𝑠,𝑖
𝜕𝑟𝑖

|𝑟𝑖=0 = 0 (5), (6) 

In Eqn. (5), 𝑅𝑠,𝑖 represents the radius of the anode or cathode spherical particle, 

and 𝐽𝑖 denotes the volumetric reaction rate at the surface of the active particle, 𝑎𝑠  

is electrode surface area and 𝐹  is Faraday constant. Eqn. (5) describes the 

lithium flux at the surface of the active particle from liquid to solid. Eqn. (6) 

describes the no flux condition at the center of the active particle. Mass balance 

in the liquid phase is defined by, 

𝜕(𝜀𝑙,𝑖𝑐𝑙)

𝜕𝑡
=

𝜕

𝜕𝑥
(𝐷𝑙,𝑖

𝑒𝑓𝑓 𝜕𝑐𝑙
𝜕𝑥

) +
𝐽𝑖
𝐹
(1 − 𝑡+) (7) 

where subscript l=liquid (electrolyte), 𝑡+  denotes the transport number, 

sometimes also called as cationic transference number, of the electrolyte. In 

reality, however, the transference number is represented as T+ and differs from 

the transport number. 𝜀𝑙,𝑖 is electrolyte volume fraction in the specific electrode. 

𝐷𝑙,𝑖
𝑒𝑓𝑓

 represents the effective diffusion coefficient of the electrolyte, defined as 

below, 
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𝐷𝑙,𝑖
𝑒𝑓𝑓

= (𝜀𝑙,𝑖)
𝑏𝑟𝑢𝑔𝑖 × 𝐷𝑙,𝑖 (8) 

where 𝑏𝑟𝑢𝑔𝑖denotes the Bruggeman coefficient of the specific electrode with 𝒊 = 

pe/ne. Boundary and initial conditions can be expressed as, Neumann boundary 

conditions, meaning no fluxes, at the ends of the domain (current collectors) in 

Eqn. (9) and Eqn. (10), and continuous fluxes between other interfaces in Eqn. 

(11) and Eqn. (12). At the same time, the separator does not block the movement 

of the lithium ions Eqn. (13) and Eqn. (14). 

𝐷𝑙,𝑛𝑒
𝑒𝑓𝑓 𝜕𝑐𝑙

𝜕𝑥
|𝑥=0 = 0      ,      𝐷𝑙,𝑝𝑒

𝑒𝑓𝑓 𝜕𝑐𝑙
𝜕𝑥

|𝑥=𝐿 = 0 (9), (10) 

𝐷𝑙,𝑝𝑒
𝑒𝑓𝑓 𝜕𝑐𝑙

𝜕𝑥
|𝑥=𝐿𝑛𝑒+𝐿𝑠𝑒𝑝 = 𝐷𝑙,𝑠𝑒𝑝

𝑒𝑓𝑓 𝜕𝑐𝑙
𝜕𝑥

|𝑥=𝐿𝑛𝑒+𝐿𝑠𝑒𝑝 (11) 

𝐷𝑙,𝑛𝑒
𝑒𝑓𝑓 𝜕𝑐𝑙

𝜕𝑥
|𝑥=𝐿𝑛𝑒 = 𝐷𝑙,𝑠𝑒𝑝

𝑒𝑓𝑓 𝜕𝑐𝑙
𝜕𝑥

|𝑥=𝐿𝑛𝑒 (12) 

𝑐𝑙|𝑥=𝐿𝑛𝑒− = 𝑐𝑙|𝑥=𝐿𝑛𝑒+  (13) 

𝑐𝑙|𝑥=(𝐿𝑛𝑒+𝐿𝑠𝑒𝑝)
− = 𝑐𝑙|𝑥=(𝐿𝑛𝑒+𝐿𝑠𝑒𝑝)

+ 
(14) 

The charge is conserved along the battery domain similar to mass. Charge 

balance in the solid phase can be expressed from Ohm’s law, 

𝜕

𝜕𝑥
(𝜎𝑠,𝑖

𝑒𝑓𝑓 𝜕𝜙𝑠
𝜕𝑥

) = 𝐽𝑖 (15) 

where 𝜙𝑠 denotes the potential of the solid phase at the particle surface, and 𝜎𝑠,𝑖
𝑒𝑓𝑓

 

is solid phase effective electrical conductivity. Similar to the effective diffusion 

coefficient, 𝜎𝑠,𝑖
𝑒𝑓𝑓

 is defined as, 

𝜎𝑠,𝑖
𝑒𝑓𝑓

= (𝜀𝑠,𝑖)
𝑏𝑟𝑢𝑔𝑖 × 𝜎𝑠,𝑖 (16) 

where 𝜀𝑠,𝑖  and 𝜎𝑠,𝑖  are solid phase volume fraction and solid phase electrical 

conductivity of the related electrode, respectively. If an external current of 𝐼 is 

applied, then the boundary condition at 𝑥 = 𝐿 can be written as, 
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−𝜎𝑠,𝑝𝑒
𝑒𝑓𝑓 𝜕𝜙𝑠

𝜕𝑥
|𝑥=𝐿 =

𝐼

𝐴
= 𝐼𝑎𝑝𝑝 (17) 

In Eqn. (17), A is the electrode area and 𝐼𝑎𝑝𝑝 is applied current density. Charge 

cannot move through the separator as explained in Chapter 1. There are two 

boundary conditions to ensure this mathematically, 

𝜎𝑠,𝑛𝑒
𝑒𝑓𝑓 𝜕𝜙𝑠

𝜕𝑥
|𝑥=𝐿𝑛𝑒 = 0      ,      𝜎𝑠,𝑝𝑒

𝑒𝑓𝑓 𝜕𝜙𝑠
𝜕𝑥

|𝑥=𝐿𝑛𝑒+𝐿𝑠𝑒𝑝 = 0 (18), (19) 

Eqn. (18) and Eqn. (19) state that charge flux is zero at both sides of the 

separator. Charge is also conserved in the liquid phase, 

𝜕

𝜕𝑥
(−𝜎𝑙

𝑒𝑓𝑓 𝜕𝜙𝑙

𝜕𝑥
+
2𝜎𝑙

𝑒𝑓𝑓
𝑅𝑇

𝐹

𝜕𝑐𝑙
𝜕𝑥

(1 +
𝜕 ln 𝑓±
𝜕 ln 𝑐𝑙

) (1 − 𝑡+)) = 𝐽𝑖 (20) 

where 𝜙𝑙 denotes liquid phase potential, 𝑅 is gas constant, 𝑇 is the temperature 

in Kelvin. The expression (1 +
𝜕 ln 𝑓±

𝜕 ln 𝑐𝑙,𝑖
)  is named thermodynamic factor (some 

studies named (1 +
𝜕 ln 𝑓±

𝜕 ln 𝑐𝑙
) (1 − 𝑡+) as thermodynamic factor) where 𝑓± is molar 

activity coefficient of the electrolyte. 𝜎𝑙
𝑒𝑓𝑓

 represents the effecitive conductivity of 

the electrolyte and similar to the Eqn. (8) and Eqn. (16), it can be expressed as, 

𝜎𝑙
𝑒𝑓𝑓

= (𝜀𝑙)
𝑏𝑟𝑢𝑔𝑖 × 𝜎𝑙 (21) 

where 𝜀𝑙  is liquid phase volume fraction and 𝜎𝑙  is electrolyte conductivity. 

Boundary conditions for the charge conservation in the liquid phase are, 

𝜎𝑙,𝑛𝑒
𝑒𝑓𝑓 𝜕𝜙𝑙

𝜕𝑥
|𝑥=0 = 0      ,      𝜎𝑙,𝑝𝑒

𝑒𝑓𝑓 𝜕𝜙𝑙

𝜕𝑥
|𝑥=𝐿 = 0 (22), (23) 

𝜙𝑙|𝑥=𝐿𝑛𝑒− = 𝜙𝑙|𝑥=𝐿𝑛𝑒+       ,       𝜙𝑙|𝑥=(𝐿𝑛𝑒+𝐿𝑠𝑒𝑝)
− = 𝜙𝑙|𝑥=(𝐿𝑛𝑒+𝐿𝑠𝑒𝑝)

+ 
(24), (25) 

𝜎𝑙,𝑛𝑒
𝑒𝑓𝑓 𝜕𝜙𝑙

𝜕𝑥
|𝑥=𝐿𝑛𝑒− = 𝜎𝑙,𝑠𝑒𝑝

𝑒𝑓𝑓 𝜕𝜙𝑙

𝜕𝑥
|𝑥=𝐿𝑛𝑒+   (26) 

𝜎𝑙,𝑠𝑒𝑝
𝑒𝑓𝑓 𝜕𝜙𝑙

𝜕𝑥
|𝑥=(𝐿𝑛𝑒+𝐿𝑠𝑒𝑝)

− = 𝜎𝑙,𝑝𝑒
𝑒𝑓𝑓 𝜕𝜙𝑙

𝜕𝑥
|
𝑥=(𝐿𝑛𝑒+𝐿𝑠𝑒𝑝)

+ (27) 
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The final consideration for the electrochemical model is intercalation kinetics, 

which is determined by the Butler-Volmer equation, Eqn. (28), 

𝐽𝑖 = 𝐽0,𝑖𝑎𝑠,𝑖 {𝑒𝑥𝑝 (
𝛼𝑎𝐹

𝑅𝑇
𝜂) − 𝑒𝑥𝑝 (

𝛼𝑐𝐹

𝑅𝑇
𝜂)} (28) 

𝐽0,𝑖 = 𝐹(𝑘𝑎)
𝛼𝑐(𝑘𝑐)

𝛼𝑎(𝑐𝑠,𝑖)
𝛼𝑐(𝑐𝑙)

𝛼𝑎(𝑐𝑠,𝑖,𝑚𝑎𝑥−𝑐𝑠,𝑖)
𝛼𝑎 (29) 

𝜂 = 𝜙𝑠 − 𝜙𝑙 − 𝐸𝑒𝑞 (30) 

In Eqn. (28), 𝛼𝑎  and 𝛼𝑐  are the anodic and the cathodic charge transfer 

coefficients respectively. 𝜂  is the overpotential and 𝐸𝑒𝑞  is the equilibrium 

potential, 𝑎𝑠,𝑖  is the surface area of the respective electrode, and 𝐽0,𝑖  is the 

exchange current density. In Eqn. (29), 𝑘𝑎 and 𝑘𝑐 denote anodic and cathodic 

reaction rate constants respectively, and 𝑐𝑠,𝑖,𝑚𝑎𝑥 denotes the maximum lithium-

ion concentration of the related electrode. 

 

Together with the electrochemical equations, thermal equations provide 

knowledge about the thermal behavior of the cell. Further, parameters in 

electrochemical equations are generally highly temperature dependent. They are 

updated in every step with the cell temperature information coming from the 

thermal equation. Likewise, heat generation in the cell is determined by the Eqn. 

(1) with the voltage and current. Thus, the electrochemical part and thermal part 

create a coupling effect. We can start thermal equations by adding joule heating 

to the heat generation equation, Eqn. (31), 

�̇�𝐽 = (𝜎𝑠,𝑖
𝑒𝑓𝑓 𝜕

2𝜙𝑠
𝜕𝑥2

) + 

+
𝜕𝜙

𝑙

𝜕𝑥
(𝜎𝑙

𝑒𝑓𝑓 𝜕𝜙𝑙

𝜕𝑥
+
2𝜎𝑙

𝑒𝑓𝑓𝑅𝑇

𝐹

𝜕 ln 𝑐𝑙
𝜕𝑥

(1 +
𝜕 ln𝑓

±

𝜕 ln 𝑐𝑙
) (1 − 𝑡+)) 

 

(31) 

Total heat generation becomes, 
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�̇�𝑡𝑜𝑡 = 𝐽𝜂 − 𝐽 (𝑇
𝜕𝐸𝑒𝑞
𝜕𝑇

) + �̇�𝐽 (32) 

Eqn. (33) represents the diffusion of the heat generated from the surface of the 

cell, 

𝜌𝑐𝑝 (
𝜕𝑇

𝜕𝑡
) = �̇�𝑡𝑜𝑡 + ∇(𝑘𝑡ℎ∇𝑇) (32) 

where, 𝜌 is battery density, 𝑐𝑝 is the specific heat capacity of the battery and 𝑘𝑡ℎ 

is the thermal conductivity of the battery. Heat is conducted from the center to the 

surface of the battery and then dissipated from the surface with natural 

convection and radiation. Eqn. (33) represents the boundary condition for the 

dissipation mechanism as, 

𝑘𝑡ℎ∇𝑇 = −ℎ(𝑇𝑠 − 𝑇𝑎𝑚𝑏) − 𝜀𝜎(𝑇𝑠
4 − 𝑇𝑎𝑚𝑏

4) (33) 

where, 𝑇𝑠 is battery surface temperature, 𝑇𝑎𝑚𝑏 is the ambient temperature. The 

first term on the right-hand side represents the convective heat transfer with ℎ 

being the convective heat transfer coefficient. The convective heat transfer 

coefficient is taken as temperature dependent with the Churchill-Chu correlation. 

The second term on the right-hand side represents radiation where 𝜀  is the 

emissivity and 𝜎 is the Stefan-Boltzmann constant. 

 

2.2.2. Model Parameters 

Base model parameters are adopted from [32]. The parameters which are 

thought to be temperature dependent are listed below. In this study, temperature 

dependent parameters were changed in the range of 20%, sometimes 30% to 

observe the effects better, for the -20°C, 1.0C model output. Effects of parameter 

changes were compared with the Root Mean Square Error (RMSE) analysis. 

Later, a combination of better parameters was investigated. 
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Table 2.1. Similar Values in the Literature for Negative Electrode Solid Phase 

Diffusion Coefficient. 

Base Model Parameter Similar Values 
Ea 

(kJ/mol) 

Tref 

(K) 

𝐷𝑠,𝑛𝑒 

 

1.4523e-13* 

exp(68025.7/8.314*(1/318.15-

1/T)) 

 

m2/s 

1.87e-8*exp(-3936/T) [35]   

3e-13 [36] 40 298.15 

3.9e-14 [10, 37] 35 298.15 

2.55e-14(1.5-SOC)3.5 [38] 50 298.15 

1.9e-15 [39] 35 258.15 

3.9e-14 [40]   

[10, 35-40]: Graphite 

 

Table 2.2. Similar Values in the Literature for Positive Electrode Solid Phase 

Diffusion Coefficient. 

Base Model Parameter Similar Values 
Ea 

(kJ/mol) 

Tref 

(K) 

𝐷𝑠,𝑝𝑒 

 

3.5e-15* 

(1+tanh(-20*(SOC-

0.73))+0.02) 

 

m2/s 

4e-11 [35]   

5e-13 [36] 30 298.15 

7.51e-14 [37] 31.556 298.15 

2e-14 [38] 25 298.15 

1e-13 [10] 20 258.15 

8e-14 [40]   

[35, 36, 38]: NMC, [10, 37]: LMO, [40]: LFP 
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Table 2.3. Similar Values in the Literature for Liquid Phase Ionic Conduction 

Coefficient. 

Base Model Parameter Similar Values 

𝜎𝑙 

 

sigmal_int1(c)* 

exp(4000/8.314*(1/29

8.15-1/T)) 

 

S/m 

1198(𝑐𝑙10
−3)−0.1882 × (exp[−0.9615 log(𝑐𝑙10

−3)2] 

× exp (−2098/𝑇) [35] 

1.58𝑐𝑙exp (0.85𝑐𝑙
1.4) [38] 

𝜎𝑟𝑒𝑓 × (
1.262(𝑐𝑙/𝑐𝑟𝑒𝑓)

1+0.2(𝑐𝑙/𝑐𝑟𝑒𝑓)
2+0.08(𝑐𝑙/𝑐𝑟𝑒𝑓)

4 + 0.014) [40] 

10−4𝑐𝑙(−10.5 + 0.074𝑇 − 6.69 × 10−5𝑇2 + 6.68 × 10−4𝑐𝑙 −

1.78 × 10−5𝑐𝑙𝑇 + 2.8 × 10−8𝑐𝑙𝑇
2 + 4.94 × 10−7𝑐𝑙

2 −

8.86 × 10−10𝑐𝑙
2𝑇)2 [37, 41-43] 

34.5𝑐𝑙
3exp (−798/𝑇) − 485𝑐𝑙

2exp (−1080/𝑇) +

2440𝑐𝑙exp (−1440/𝑇) [44] 

10−3(0.521 × (1 + (𝑇 − 0.0228)) × 10−3𝑐𝑙 × ((1 −

1.06√10−3𝑐𝑙 + 0.353 × (1 − 0.00359 × exp (1000/𝑇)) ×

10−3𝑐𝑙)/(1 + (10−3𝑐𝑙)
4 × (0.00148 × exp (1000/𝑇))))) [45] 

sigmal_int1: [46] 
[38]: cl (mol/cm3), [40]: cl (mol/dm3), cref = 1 mol/dm3 

[45]: cl (mol/L), σ (mS/cm), [44]: cl (mmol/cm3), σ (mS/cm) 
 
Table 2.4. Similar Values in the Literature for Liquid Phase Diffusion 

Coefficient. 

Base Model Parameter Similar Values 

𝐷𝑙 

 

DL_int1(c)* 

exp(16500/8.314*(1/2

98.15-1/T)) 

 

m2/s 

10^(−4.43 −
54

𝑇−(229−5𝑐𝑙)
− 0.22𝑐𝑙) [37, 47, 48] 

1.5 × 10−10𝑒𝑥𝑝 [
10000

8.314
(

1

298.15
−

1

𝑇
)] [38] 

0.00584𝑐𝑙
2exp (−2870/𝑇) − 0.0339𝑐𝑙exp (−2920/𝑇) +

0.129exp (−3200/𝑇) [44] 

1010exp(1.01𝑐𝑙) × exp (−1560/𝑇) × exp (−487(𝑐𝑙/𝑇)) ×

10−6 [45] 

DL_int1: [46] 

[44]: cl (mmol/cm3), Dl (cm2/s), [45]: cl (mol/L), Dl (cm2/s) 
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Table 2.5. Similar Values in the Literature for Bruggeman Coefficients. 

Base Model Parameter Similar Values 

𝑏𝑟𝑢𝑔𝑔𝑖 

 

 

𝑏𝑟𝑢𝑔𝑔𝑛𝑒 = 1.5 

𝑏𝑟𝑢𝑔𝑔𝑝𝑒 = 2.89 

𝑏𝑟𝑢𝑔𝑔𝑠𝑒𝑝 = 3.0 

 

 

 

Negative 

Electrode 

Positive 

Electrode 
Separator 

1.5 [37, 42, 49, 

50] 

1.5 [37, 42, 48-

50] 
1.5 [42] 

2.9 [47] 2.4 [41] 2.3 [48] 

3.1 [41] 2.5 [42] 2.8 [47] 

4.0 [51] 2.8 [47] 3.2 [41] 

4.1 [48] 4.0 [51] 4.0 [37, 51]  

 

Table 2.6. Similar Values in the Literature for Transport Number of the 

Electrolyte. 

Base Model Parameter Similar Values 

𝑡+ 

 

transpNm_int1(c) 

0.22 [40] 

0.26 [52] 

0.363 [35, 37] 

0.39 [41] 

0.41 [36] 

0.435 [48] 

−0.000267𝑐𝑙
2exp (883/𝑇) + 0.00309𝑐𝑙exp (653/𝑇) +

0.517exp (−49.6/𝑇) [44] 

−12.8 − 6.12𝑐𝑙 + 0.0821𝑇 + 0.904𝑐𝑙
2 + 0.0318𝑐𝑙𝑇 −

0.000127𝑇2 + 0.0175𝑐𝑙
3 − 0.00312𝑐𝑙

2 − 0.0000396𝑐𝑙𝑇
2 

[45] 

transpNm_int1: [46] 

[44]: cl (mmol/cm3), [45]: cl (mol/L) 
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Table 2.7. Similar Values in the Literature for Activity Dependence of the 

Electrolyte. 

Base Model Parameter Similar Values 

𝑓± 

 

(1 +
𝜕 ln 𝑓±
𝜕 ln 𝑐𝑙

) (1 − 𝑡+) 

 

(1 +
𝜕 ln 𝑓±
𝜕 ln 𝑐𝑙

) 

 

actdep_int1(c)* 

exp(-

1000/8.314*(1/298.15-

1/T)) 

0.00295exp (−1720/𝑇) [35] 

0.601 − 0.24𝑐𝑙
0.5 + 0.982[1 − 0.0052(𝑇 − 294)𝑐𝑙

1.5] [10, 

37, 41, 47] 

1.0442 − 0.0132𝑐𝑙
0.5 + 0.5645𝑐𝑙

1.5 + 0.09067𝑇0.5𝑐𝑙
1.5 −

0.0055𝑇𝑐𝑙
1.5 − 0.0001𝑇1.5𝑐𝑙

1.5 [48] 

0.540𝑐𝑙
2exp (329/𝑇) − 0.00225𝑐𝑙exp (1360/𝑇) +

0.341exp (261/𝑇) [44] 

25.7 − 45.1𝑐𝑙 − 0.177𝑇 + 1.94𝑐𝑙
2 + 0.295𝑐𝑙𝑇 +

0.000308𝑇2 + 0.259𝑐𝑙
3 − 0.00946𝑐𝑙

2𝑇 − 0.000454𝑐𝑙𝑇
2 [45] 

actdep_int1: [46] 

[10, 35, 37, 41, 47, 48]: (1 +
𝜕 ln 𝑓±

𝜕 ln 𝑐𝑙
) (1 − 𝑡+), [44]: (1 +

𝜕 ln 𝑓±

𝜕 ln 𝑐𝑙
), cl (mmol/cm3) 

[10, 37, 41, 47]: cl (mol/l), [48]: cl (mol/m3), [45]: cl (mol/l) 

 

Table 2.8. Similar Values in the Literature for Reaction Rate Constants. 

Base Model Parameter Similar Values 

𝑘𝑎 

 

1.764e-11 

 

𝑘𝑐 

 

1e-10 

 

mol-1.5m-0.5s-1 

Negative 
Ea 

(kJ/mol) 
Positive 

Ea 

(kJ/mol) 

1178exp (−9237/

𝑇) [35] 
 

3.6exp (−9616/

𝑇) [35] 
 

2.43e-11 [36] 45 1.02e-11 [36] 35 

1.764e-11 [37] 20 3.626e-11 [37] 32.7 

7.77e-9 [53]  5.7e-8 [53]  



 

 23 

2e-6 [10] 20 2e-6 [10] 53 

1.764e-11 [48]  6.7e-11 [48]  

[35, 36]: NMC-Graphite, [10, 37]:LMO-Graphite, [53]:NCA-Graphite 

[48]:LCO-Graphite 

[35, 53]: k (m2.5mol-0.5s-1), [36, 37]: k (m/s)  

[10]: k (m2.5mol-1.5A), [48]: k (mol-1.5m-0.5s-1) 

 

Table 2.9. Similar Values in the Literature for Specific Heat Capacity of the 

Battery. 

Base Model Parameter Similar Values 

𝐶𝑝 

 

 

750 

 

 

J/kg.K 

830 [54] 

896 [55] 

950 [56] 

1090 [35] 

1720 [57, 58] 

[35, 53-57]: Cp J/kg.K 

 

Table 2.10. Similar Values in the Literature for SEI Film Resistance. 

Base Model Parameter Similar Values 

𝑅𝑆𝐸𝐼 

 

0 

 

Ω.m 

100 [59] 

1e-3 [60] 

20 [61] 

3e-3 [50] 

[59]: RSEI: Ω.cm2, [50, 60]: RSEI: Ω.m2, [61]: RSEI: mΩ, [50, 59]: Changing with 
cycle # 
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3. EXPERIMENTAL SET-UP AND PROCEDURE 

3.1. Charge-Discharge Tests 

One of the fundamental points for testing with Li-ion batteries is to know how to 

handle charging and discharging procedures. In the literature, one can find 

different ways of charging and discharging schemes for specific purposes. For 

example, there are numerous studies to develop an optimal charging scheme in 

low temperature conditions [62, 63], so that the Li-ion batteries won’t experience 

capacity degradation. 

 

There are some limits within which a Li-ion battery should remain during charging 

and discharging for all types of schemes. These are cut-off voltage, a voltage 

value at which a battery is considered to be completely discharged, maximum 

voltage, a voltage value that can be reached at the end of the charging procedure 

and also called cut-off voltage, and temperature. These values for Panasonic 

18650B Li-ion battery are obtained from the product datasheet [64] and presented 

in Table 1. 

 

Table 3.1. Panasonic NCR18650B Li-ion Battery Specifications [64] 

Specification Value 

Diameter 18.5 mm 

Length 65.3 mm 

Minimum capacity at 25°C 3250 mAh 

Nominal voltage 3.6 V 

Charge temperature 0 to +45°C 

Discharge temperature -20 to +60°C 

Storage temperature -20 to +50°C 

Volumetric energy density 676 Wh/l 

Gravimetric energy density 243 Wh/kg 
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In this study, the discharge procedure was chosen to be constant current (CC) 

discharging. A charged battery was discharged until the cut-off voltage of 2.5V 

was reached. For charging, constant current-constant voltage (CC-CV) pattern 

was employed. CC-CV is one of the most frequently used charging schemes in 

the literature [17, 65, 66]. As the name states, it consists of two distinct stages. 

First, a constant current was applied until the battery voltage reached 4.2V. Then, 

the battery testing system kept the voltage at 4.2V and tapered down the current 

until it reached 0.065A (C/50). All constant current parts were done with 0.5C and 

1.0C. Where “C” or in other words “C-rate” represents the current, relating to the 

battery's capacity. 1C is equal to a current value that if it is applied for discharging 

the battery, it takes 1 hour to discharge to reach the cut-off voltage. The battery 

used in this study, Panasonic NCR18650B, has a 3250 mAh capacity which 

makes 1C equal to the 3250 mA or 3.25 A. 

 

There were three separate temperatures investigated. The first series of tests 

were at room temperature (24-25°C) and done in a natural convection oven (Nüve 

FN300). The second series were carried out inside a refrigerator (Arçelik 4020T), 

and the temperature was set between 3-4°C. The last one is the focal point of 

this study, low temperatures. Low-temperature testing was done at -20°C. For 

this purpose, the freezer compartment of the same refrigerator is used. In all 

tests, cycling procedures were conducted with MACCOR 4300 test system. 

Batteries were connected with a T-type thermocouple from the middle of the 

battery surface for the temperature readings. Thermocouple data was recorded 

with a NI-DAQ device in all tests. Fig. 3.1. shows the MACCOR 4300 and Nüve 

FN300. 
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Figure 3.1. MACCOR 4300 (left) and Nüve FN300 (right) 

 

3.2. Room Temperature Set-up 

After securing the necessary connections with thermocouples and MACCOR 

4300, batteries were placed and left in the oven for six hours to achieve a uniform 

temperature distribution in the battery. Fig. 3.2. shows battery connections and 

devices used in tests. After each discharge or charge procedure, batteries were 

left to rest for at least six hours to assure electrochemical stability. The detailed 

test procedure is explained in Fig. 3.3.. 

 

 

Figure 3.2. Battery connections and placement inside the oven. 
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Figure 3.3. Room temperature test procedure. 

 

3.3. Low Temperature Set-up 

In low temperature tests, a commercial refrigerator was used. However, 

refrigerators are not capable of keeping the temperature constant for a long time. 

Significant temperature fluctuations were observed reaching up to ±5°C. For this 

reason, a few thermogel pads were placed inside a polystyrene foam box. Bottles 

filled with water were placed in the rest of the refrigerator. Higher heat capacity 

of the thermogels and water lowered the temperature fluctuations to be between 

±1°C. Fig. 3.4. shows the refrigerator set-up for low temperature tests. 

 

Low temperature operations have great tolls on Li-ion batteries as explained 

before in Chapter 1. As a half-way solution to these problems, battery operations 

can be divided. Instead of cycling repeatedly at low temperatures, batteries that 

were charged at low temperatures were discharged at room temperature and the 

batteries that were discharged at low temperatures, were charged at room 

temperature. While doing so, room temperature operations were carried out with 

0.5C always. So, charging and discharging at low temperatures were investigated 

separately, with different batteries. Another problem with low temperature 

operation was high IR polarization caused by elevated charge transfer resistance. 

Because of the high IR polarization, the battery voltage reached the cut-off 

voltage immediately after low temperature operation has started. To overcome 

this problem, the cut-off voltage was overridden for 30 seconds after the start. 

Fig. 3.5. and Fig. 3.6. explains low temperature tests in detail. 
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Figure 3.4. Battery connections and placement inside the refrigerator. 

 

 

Figure 3.5. Discharge procedure at -20°C 

 

 

Figure 3.6. Charge procedure at -20°C 
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4. RESULTS AND DISCUSSION 

4.1 Experimental Results 

In order to assess the performance of a commercial NCR18650B battery, cells 

were charged and discharged at various temperatures. To compare the results, 

room temperature characteristics are taken as base performance values. Cells 

are charged and discharged according to the manufacturer’s datasheet. Fig. 4.1. 

shows room temperature performance for 0.5C and 1.0C. 

 

 

Figure 4.1. Discharge (a-b) and charge (c-d) tests results at 25°C. 
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Higher C-rates, per definition, cause the battery to deplete stored energy faster 

than lower C-rates while discharging, and charging the battery faster. In 

accordance with Eqn. (1), higher C-rates generate more heat, hence temperature 

rises quickly in the case of 1.0C for both charge and discharge, reaching up to 

15°C difference in charge and 20°C difference in discharge. For the charging 

case, lower C-rates resulted in longer CV charging time. 

 

As the temperature gets lower, available capacity in the battery is decreased, 

because of the sluggish electrochemical kinetics in the battery. In order to see 

the difference stepwise, some batteries were cycled at 3-4°C. Voltage and 

temperature differences in 3-4°C charge and discharge tests are presented in 

Fig. 4.2. below. 
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Figure 4.2. Discharge (a-b) and charge (c-d) tests results at 4°C. 

 

Discharge and charge values in Fig. 4.2. a-c show greater voltage differences at 

the very initiation of the tests. Relatively higher charge transfer resistance causes 

IR (ohmic) polarization in the battery, which produces large overpotential. As a 

result of this large overpotential, the temperature gradient is higher, and 

eventually, the maximum temperature is higher in both charging and discharging. 

Operations at temperatures below 0°C have even greater visible changes in 

battery performance. -20°C tests are presented in Fig. 4.3.. 
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Figure 4.3. Discharge (a-b) and charge (c-d) tests results at -20°C. 

 

In Fig. 4.3. (a) and (c), overpotentials are so high for the tests that the battery 

voltages immediately reach cut-off voltages, except for 0.5C discharge. In the 

charging process, this means that the CC part of charging is over and the CV part 

begins. In the CV part, the heat accumulates quickly because of the 

overpotentials. This heat, in return, drops the resistances caused by low 

temperatures and voltage begins to drop. For the 1.0C case, this period is shorter 

probably because of the lower diffusivity of negative electrode or lithium plating. 

In discharge, battery voltage displays a similar bounce. For the 1.0C test, the 

temperature rise in discharge is greater than that in charge, however for the 0.5C 
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test, long CC charge time along with higher voltages (>4V), generate more heat 

than 0.5C discharge. 

 

Figure 4.4. 1.0C discharge (a-b) and charge (c-d) tests results at 25, 4, and -

20°C 

 

Fig. 4.4. and Fig. 4.5. display the effects of different temperatures on the charge 

and discharge performances of the battery. As the temperature gets lower, 

discharge time gets shorter, discharge capacity gets lower, and temperature 

change increases as expected. It is clear that overpotential increases with 

decreasing temperature for both 0.5C and 1.0C operations.  
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Charging in both C-rates displays a peak in temperature. For the -20°C charge 

operations, the temperature rises even when the charging type is CV before the 

peak temperature. That is because the current rises before the peak temperature, 

leading to a higher heat generation as time goes by. After the peaks, charge 

operations in all temperature settings result in decreasing current over time. 

 

Figure 4.5. 0.5C discharge (a-b) and charge (c-d) tests results at 25, 4, and -

20°C 
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4.2. Model Sensitivity Analysis 

This part presents the results of varying different model parameters on the battery 

voltage and temperature. Base model parameters are changed with increments 

of 10%, 100% being the initial value in the model. Sensitivity analysis was carried 

out comparing the -20°C, 1C discharge experiment data with the model results 

for both the voltage and the temperature. 

 

Table 4.1. Model Sensitivity Analysis on Battery Voltage. 

 Percentage of Base Model Parameter and It’s Effect on Voltage 

Parameter %80 %90 %100 %110 %120 %130 

𝐷𝑠,𝑛𝑒 0.3960 0.3978 0.4004 0.4010 0.4021 - 

𝐷𝑠,𝑝𝑒 0.3947 0.3957 0.4004 0.4015 0.4031 - 

𝐷𝑙 0.7293 0.4476 0.4004 0.3304 0.3040 0.3223 

𝜎𝑙 0.3769 0.3940 0.4004 0.4081 0.4153 - 

𝑏𝑟𝑢𝑔𝑔𝑛𝑒 0.3505 0.3521 0.3540 0.3562 0.3573 - 

𝑏𝑟𝑢𝑔𝑔𝑝𝑒 0.3169 0.3441 0.4004 0.4647 0.5229 - 

𝑏𝑟𝑢𝑔𝑔𝑠𝑒𝑝 0.3623 0.3775 0.4004 0.4313 0.4506 - 

𝑡+ 0.4468 0.4228 0.4004 0.3775 0.3564 0.3376 

𝜕 ln 𝑓±
𝜕 ln 𝑐𝑙

 0.4154 0.4074 0.4004 0.3924 0.3856 0.3794 

𝐶𝑝 0.3696 0.3831 0.4004 0.4192 0.4424 - 

𝑘𝑎 0.3933 0.3962 0.4004 0.4019 0.4041 - 

𝑘𝑐  0.3977 0.3986 0.4004 0.4004 0.4010 - 

R𝑆𝐸𝐼 0.2586 0.2466 0.2355 0.2252 0.2155  
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Table 4.2. Model Sensitivity Analysis on Battery Temperature 

 Percentage of Base Model Parameter and It’s Effect on 

Temperature 

Parameter %80 %90 %100 %110 %120 %130 

𝐷𝑠,𝑛𝑒 8.8502 9.1144 9.3281 9.5290 9.6886 - 

𝐷𝑠,𝑝𝑒 9.1833 9.3044 9.3281 9.3981 9.4489 - 

𝐷𝑙 9.5686 7.8603 9.3281 9.1814 9.3970 9.9557 

𝜎𝑙 8.5770 8.9381 9.3281 9.6084 9.8265 - 

𝑏𝑟𝑢𝑔𝑔𝑛𝑒 10.5947 10.5179 10.4313 10.3356 10.1600 - 

𝑏𝑟𝑢𝑔𝑔𝑝𝑒 9.7552 9.3562 9.3281 9.4383 9.5461 - 

𝑏𝑟𝑢𝑔𝑔𝑠𝑒𝑝 9.6611 9.5372 9.3281 8.8941 7.9458 - 

𝑡+ 8.9266 9.1675 9.3281 9.4693 9.5816 9.6898 

𝜕 ln 𝑓±
𝜕 ln 𝑐𝑙

 9.8961 9.6124 9.3281 9.0764 8.8235 8.5805 

𝐶𝑝 8.3237 8.8302 9.3281 9.8554 10.3683 - 

𝑘𝑎  9.1567 9.2644 9.3281 9.4148 9.4757 - 

𝑘𝑐  9.2565 9.3042 9.3281 9.3705 9.3972 - 

R𝑆𝐸𝐼 5.9737 5.6188 5.2819 4.9612 4.6551  

 

4.2.1. Negative Diffusion Coefficient 

The negative diffusion coefficient represents the lithium intercalation and 

deintercalation in the negative electrode. A higher diffusion coefficient accounts 

for better intercalation kinetics. Slower kinetics causes lithium to move slowly 

inside the electrode, resulting in a more uneven concentration gradient. The 
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diffusion coefficient in graphite anode is generally around 1e-13 m2/s at room 

temperature (Table 2.1.) and it is a highly temperature dependent property. The 

figure below shows the simulation results for changes in the base diffusion 

coefficient in the model. 

 

 

Figure 4.6. Negative Electrode Diffusion Coefficient vs Voltage 

 

 

Figure 4.7. Negative Electrode Diffusion Coefficient vs Temperature 
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It is clear from Table 4.1. and Fig. 4.6. that lithium kinetics in anode could be 

taken a little slower in order to get closer to the experimental result, indicating a 

lower diffusivity. A lower diffusivity of 80% has improved both voltage and 

temperature estimation in simulations. Kulova et al. [39] investigated graphite 

diffusion in different temperatures and found that the diffusion coefficient of the 

graphite is 1.9e-15 m2/s at -15°C, and decreases with decreasing temperature 

while our base model parameter is around 1.99e-16 m2/s at -20°C. A decrease 

of 20% in the diffusion coefficient decreases the RMSE and helps the apparent 

simulation results but it’s effects might be minimal at this state since the base 

model parameter can estimate similar graphite diffusivity at -20°C 

 

For a blind estimation without numbers, we can say that low temperature 

decreases the lithium diffusivity in graphite anode. 

 

4.2.2. Positive Diffusion Coefficient 

Similar to graphite diffusivity, NCA diffusivity is adversely affected by decreasing 

temperature. However, positive electrodes are generally affected less than 

negative electrodes. A comparison between the diffusion coefficients in Table 

2.1. and Table 2.2., can put forth the differences in the activation energies (Ea). 

The activation energy term in the Arrhenius equation represents the slope 

between log(D) and 1/T. Hence, a larger activation energy term means that 

decreasing temperature has a greater impact on the electrochemical property. 

Fig. 4.8. and Fig. 4.9. show the impact of modifying the positive electrode 

diffusivity on the battery voltage and temperature. 
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Figure 4.8. Positive Electrode Diffusion Coefficient vs Voltage 

 

 

 

Figure 4.9. Positive Electrode Diffusion Coefficient vs Temperature 

 

Decreasing positive electrode ionic diffusivity has little positive effect on voltage 

and temperature. Researchers reported ionic diffusivities around 1e-14 m2/s for 

different cathode materials. In our simulations, the base model value starts 
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around 7e-15 m2/s for the NCA cathode. It can be seen in Fig 4.6. and Fig. 4.8. 

that, changing the negative electrode diffusivity has more impact on the battery 

than changing the positive electrode diffusivity. In fact, studies suggest that poor 

performance of lithium-ion batteries at low temperatures, originates from sluggish 

anode diffusion [20, 67].  

 

4.2.3. Electrolyte Diffusion Coefficient 

Unlike electrodes, electrolytes do not have a porous matrix. Lithium ions can 

move freely across the electrolyte; thus, electrolytes have almost constant 

solvated lithium-ion concentration throughout operations. However, under high 

C-rates and low temperatures, higher lithium-ion concentration gradients occur in 

the electrolyte. For those reasons, electrolyte properties are represented with 

concentration and temperature dependent equations more accurately. The effect 

of changing lithium diffusivity in electrolyte is presented below in Fig 4.10. and 

Fig 4.11..  

 

 

Figure 4.10. Electrolyte Diffusion Coefficient vs Voltage 
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Figure 4.11. Electrolyte Diffusion Coefficient vs Temperature 

 

One of the pronounced effects is obtained by modifying the electrolyte diffusion 

coefficient. The base model value starts from 1.16e-10 m2/s and then rises with 

the temperature increase. Gallagher et al. [44] developed a phase-transition 

model for graphite electrodes also using 1.2M LiPF6 in EC:EMC (3:7) electrolyte 

in experiments. They used a formulation that gives a value of 1.19e-11 m2/s at -

20°C for the electrolyte diffusion coefficient. However, equations in Table 2.4. and 

base model diffusion coefficient are generally obtained empirically without using 

any data at -20°C. There could be discrepancies at which the base model value 

is underestimated. That may be the reason why 90% and 80% of the base model 

value resulted in such unreasonable voltages. 

 

Knowing that battery internal resistance increases at low temperatures, changing 

the diffusivity of the electrolyte has the most significant impact on battery internal 

resistance. This in return implies that electrolyte diffusivity is one of the leading 

causes of increased battery resistance.  
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4.2.4. Electrolyte Ionic Conductivity 

Electrolyte conductivity was the first property that was thought to be the source 

of poor performance of lithium-ion batteries at low temperatures. Electrolyte 

conductivity refers to the charge conservation in the liquid phase. Fig 4.12. and 

Fig 4.13. show the results of changing electrolyte conductivity. It is clear that, 

despite being not effective as electrolyte diffusion, electrolyte conductivity is still 

important. 

 

 

Figure 4.12. Electrolyte Ionic Conductivity vs Voltage 
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Figure 4.13. Electrolyte Ionic Conductivity vs Temperature 

 

Decreasing electrolyte conductivity by 20% results in charged particles moving 

harder through the electrolyte, because of the decreased ionic mobility at low 

temperatures. Ionic mobility is a property that connects diffusivity and conductivity 

in electrolyte and is the estimation of how well the ions move through electrolyte 

under an electrical field or a concentration gradient. In both diffusion and ionic 

conduction, lithium ions move to a vacant position. But lower diffusivity leads to 

higher local concentration gradients, which in turn leads to lower conductivity. It’s 

the reason why adjusting diffusivity in electrolyte results in more impact than 

changing conductivity. 

 

4.2.5. Bruggeman Coefficients 

The Bruggeman coefficient is one way of correcting electrochemical properties 

for porous structures such as electrodes and separators. In volume averaged 

modeling methods, it is needed to homogenize porous structures so that the 

structural differences can be represented without any need for complex modeling 

parameters. FIGURES show the effect of changing the positive electrode 

Bruggeman coefficient in simulations. 
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Figure 4.14. Positive Electrode Bruggeman Coefficient vs Voltage 

 

 

Figure 4.15. Positive Electrode Bruggeman Coefficient vs Temperature 
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Figure 4.16. Negative Electrode Bruggeman Coefficient vs Voltage 

 

 

Figure 4.17. Negative Electrode Bruggeman Coefficient vs Temperature 
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Figure 4.18. Separator Bruggeman Coefficient vs Voltage 

 

 

Figure 4.19. Separator Bruggeman Coefficient vs Temperature 

 

Increasing the Bruggeman coefficient may account for larger tortuosity in the 

electrodes and the separator. Tortuosity is a property of porous materials such 

as electrodes and separators. It is defined as the ratio of the actual distance that 

is traveled by the fluid and the smallest distance between the flow path ends. 
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Larger tortuosities indicate that the lithium ions have to go through larger 

distances. Larger tortuosities, therefore, decrease the diffusion rate of the lithium 

ions, creating concentration gradients within the porous materials which reduces 

lithium-ion battery performance. Accordingly, in Fig 4.14 and Fig. 4.16., it can be 

seen that an increase in the Bruggeman coefficient decreased the discharge time. 

For the separator and positive electrode, base model values for the Bruggeman 

coefficients are 3.0 and 2.89 respectively, while the negative electrode 

Bruggeman coefficient is 1.5. Thus, modifying the negative electrode Bruggeman 

coefficient 10% at a time had less effect than the others. 

 

Bruggeman coefficient is not exactly a parameter that has to be changed with the 

temperature, since the porosity and tortuosity do not change with the 

temperature. However, for the solid phase conduction, percolation of the non-

conducting phase in the solid phase can reduce the electrical conduction as 

explained by Tagade et al. [53]. This percolation effect is affected by the 

temperature and can be captured by defining a temperature dependent 

Bruggeman coefficient. 

 

4.2.6. Transport Number 

Electrolyte transport number is a measure of mobility of the electrolyte ions, in 

this case (LiPF6), Li+, and PF6
-. In lithium-ion batteries, Li+ ion constitutes the 

charge transfer inside the battery. Therefore, all operations are dependent on 

lithium-ion mobility. For Li+ ion, the transport number or transference number is 

represented by Eqn. (34), 

𝑡+ =
𝐷+

𝐷+ + 𝐷−
=

𝜎+
𝜎+ + 𝜎−

=
𝜇+

𝜇+ + 𝜇−
 (34) 

where, D is the diffusivity, σ is the conductivity, and μ is the mobility of the 

respective species, + for cation (Li+) and – for anion (PF6
-). The transport number 

represents the ratio of electric current carried by the cations to the total electric 

current. Fig 4.20. and Fig 4.21. show the effect of transport number on the battery 

performance.  
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Figure 4.20. Electrolyte Transport Number vs Voltage 

 

 

Figure 4.21. Electrolyte Transport Number vs Temperature 

 

A larger transport number means that lithium ions move freely better. Therefore, 

it reduces concentration gradients in the electrolyte, creating less polarization. At 
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low temperatures, the transport number of cations obviously gets lower [45, 68], 

since the mobility is lower at low temperatures. However, the mobility of the 

lithium ions also depends on the solvent compound and lithium concentration in 

the electrolyte. 

 

 At -20°C temperature simulations, increasing transport number by 20% has 

increased the discharge time by 15%, while the temperature change attained at 

the end of the discharge remained almost the same. However, changing the 

transport number without changing at least the diffusivity of the electrolyte is not 

meaningful, since, it is a comparison of the diffusivity of the cation and the 

diffusivity of the total charged species in the electrolyte. 

 

4.2.7. Activity Dependence (
𝝏 𝐥𝐧𝒇±

𝝏 𝐥𝐧𝒄𝒍
) 

Thermodynamic factor (TDF=1+
𝜕 ln 𝑓±

𝜕 ln 𝑐𝑙
) is one of the transport properties of the 

electrolytes that are needed to be determined for capturing the right electrolyte 

behavior. It represents the non-ideal thermodynamic behavior of electrolytes. In 

an ideal electrolyte solution, the activity of the ions (activity coefficient) does not 

change with the concentration and the thermodynamic factor goes to 1. 

 

In our simulations, 
𝜕 ln𝑓±

𝜕 ln 𝑐𝑙
 is expressed in a function named “actdep_int1”. 

Changing this parameter would actually change “TDF-1”, but we can compare it 

with the trend of thermodynamic factors in the literature. Fig 4.22. and Fig 4.23. 

show the effect of changing activity dependence at low temperatures. 
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Figure 4.22. Electrolyte Activity Dependence vs Voltage 

 

 

Figure 4.23. Electrolyte Activity Dependence vs Temperature 

 

Activity dependence is affected by some factors such as ion-solvent and ion-ion 

interactions. Both interaction types affect the free energy of the solvated ions. As 

temperature decreases lithium ions in solvation shells are more tightly bound by 

the solvents. Therefore, the activity coefficient of the ions decreases hence the 
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activity dependence gets low. This could potentially make a solution to act more 

ideally (TDF=1). However, at the same time, the necessary energy to desolvate 

lithium ions at the interface of the electrode and electrolyte becomes greater. 

 

In the simulations, lowering the activity dependence value decreased the 

discharge time as it decreases the effective concentrations of ions, therefore 

decreasing the movement of the species. 20% decrease in activity dependence 

decreased the discharge time by 6%, delivering lower capacity, as expected from 

a lithium-ion battery at low temperatures. 

 

4.2.8. Reaction Rate Constants 

Reaction rate constants represent the speed of the lithium insertion and 

extraction reactions at the electrodes. In Eqn. (28) and Eqn. (29), it can be seen 

that for a constant volumetric reaction rate 𝐽𝑖, lowering reaction rate constants 

cause higher overpotential values. Therefore, it could be suggested that low 

reaction rate constants contribute to the charge transfer resistance. 

 

 

Figure 4.24. Negative Electrode Reaction Rate Constant vs Voltage 
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Figure 4.25. Negative Electrode Reaction Rate Constant vs Temperature 

 

 

Figure 4.26. Positive Electrode Reaction Rate Constant vs Voltage 



 

 53 

 

Figure 4.27. Positive Electrode Reaction Rate Constant vs Temperature 

 

Fig 4.24., Fig. 4.25., Fig. 4.26., Fig. 4.27. show the effect of changing reaction 

rate constants on the battery voltage and temperature. It can be seen from the 

RMSE values, changing the negative electrode value has a more pronounced 

effect on the battery than changing the positive electrode value. That is in 

agreement with the low temperature performance studies [1, 18, 24, 65]. In the 

FIGURES additional 70% of reaction rate constant data are shown to better 

observe the effects of decreased reaction rate constants. In both electrodes, a 

lower reaction rate constant decreased the RMSE value since it creates a larger 

overpotential, and decreasing the temperature has the same effect on 

overpotential. 

 

4.2.9. Specific Heat Capacity of the Battery 

Specific heat capacity is another property that can change with respect to 

temperature. It is defined as the amount of heat necessary to increase the 

temperature of the unit mass of the battery. While specific heat capacity seems 

to be an entirely thermal parameter, it is also affected by the battery SOC [69]. In 

our simulations, the base model value for the specific heat capacity of the battery 



 

 54 

is taken from [70], which is 750 J/kg.K. Fig 4.28. and Fig 4.29. below, show the 

results of different battery specific heat capacities in simulations. 

 

 

Figure 4.28. Battery Specific Heat Capacity vs Voltage 

 

 

Figure 4.29. Battery Specific Heat Capacity vs Temperature 
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At the very start, battery voltages do not vary for different Cp values, creating 

same overpotentials, while the temperature differences can be seen right after 

initiation. This could mean that the heat generation is around the same for all Cp 

values at the start. However, as the differences in the temperature increasing 

rates become more noticeable, the electrochemical properties of the battery 

begin to change in a separate manner. After a while, these changes in 

electrochemical properties produce dissimilar overpotentials. Looking at the total 

discharge, it can be argued that the batteries whose temperatures can be 

increased more easily should perform better at low temperatures. 80% of the 

base model Cp generated nearly 10% more discharge time and decreased the 

RMSE values remarkably. 

 

4.2.10. SEI Film Resistance 

Solid electrolyte interphase (SEI) is usually used for naming the film formed at 

the anode-electrolyte interface. It begins to form from the start of the first cycling 

operation and continues to develop slowly as the cycling number increases. The 

building blocks of the SEI layer are the electrolyte solvents and the lithium salts 

in the battery. During the first operation, the electrolyte reacts with the anode and 

decomposes into a thin film on the anode surface. As the layer grows, it does not 

allow electrons to move past it and stops the growth of the SEI layer. Therefore, 

it contradicts itself and disrupts the reduction of electrolyte further. In this manner, 

the SEI layer is needed for the safety and stability of the battery. 

 

However, as the SEI layer grows thicker, the amount of cyclable lithium in the 

battery reduces, thus the reversible capacity decreases. Consequently, the 

resistance of the battery increases as it grows. Like the charge transfer 

resistance, SEI resistance is also highly temperature dependent [26]. In our 

simulations, the base model value for SEI resistance is zero. But for investigating 

the effect of SEI resistance on the battery performance and its temperature 

dependence, a value from the literature, which uses the same battery Panasonic 

NCR18650B, is used [71]. While it is more than just SEI resistance according to 

the authors, it will be a useful starting point for numerically investigating the 
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effects of temperature dependent SEI resistance on the battery. Eqn. (35) below 

represents the SEI resistance used in this study, 

𝑅𝑆𝐸𝐼 =
0.2978426

1 + 0.17335(𝑇 − 253.15)
 (35) 

where T is the battery temperature. Effect of carrying film resistance on the 

battery is shown below in Fig. 4.30. and Fig. 4.31.. 

 

 

Figure 4.30. SEI Film Resistance vs Voltage 
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Figure 4.31. SEI Film Resistance vs Temperature 

 

Out of all the varied parameters, SEI resistance had the most dramatic effect on 

the battery. One of the largest overpotential effects at the start of the simulation 

occurred just by inserting Eqn. (35) into the model. Starting voltage dropped from 

3.9V to 3.5V when the SEI resistance term was added. SEI resistance term 

stretched the discharge time 500 seconds. 

 

At the start of the discharge, voltage rebound is began to be seen more clearly. 

This effect which is the most realistic case at -20°C ambient temperature was not 

attained by changing other battery parameters. The voltage rebound occurs as a 

result of self-heating. Increased resistances at low temperatures cause higher 

ohmic heat generation which in turn causes the battery to recover a little. 

Increasing SEI resistance further proved to generate more heat, inducing higher 

degrees of recoveries. 

 

4.3. Combined Effects of Two Influential Parameters 

In this part of the study, two of the most influential parameters are combined. The 

SEI resistance and the positive electrode Bruggeman coefficient are varied 
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together. RMSE values are calculated as can be seen in Table 4.3. and Table 

4.4. and the best fit is shown in Fig. 4.32. and Fig. 4.33. 

  

Table 4.3. RMSE Values of SEI Resistance and Positive Electrode 

Bruggeman Coefficient vs. Voltage. 

 
 𝒃𝒓𝒖𝒈𝒈𝒑𝒆 

 %Percentage 80 90 100 110 120 

𝑹𝑺𝑬𝑰 

100 0.2442 0.2147 0.2355 0.2975 0.3643 

150 0.2125 0.1936 0.1909 0.2567 0.3318 

200 0.1854 0.1731 0.1645 0.2296 0.3131 

250 0.1646 0.1582 0.1555 0.2136 0.3041 

300 0.152 0.1515 0.1578 0.2086 0.3028 

 

Table 4.4. RMSE Values of SEI Resistance and Positive Electrode 

Bruggeman Coefficient vs. Temperature. 

 
 𝒃𝒓𝒖𝒈𝒈𝒑𝒆 

 %Percentage 80 90 100 110 120 

𝑹𝑺𝑬𝑰 

100 7.2262 6.1897 5.2819 5.0262 4.9118 

150 6.0353 5.0504 3.8248 3.4983 3.4967 

200 4.9067 4.002 2.7597 2.4136 2.7795 

250 3.8646 3.0573 2.0324 1.9248 2.8491 

300 3.2984 2.5701 1.7257 1.9782 3.181 

 

Similar to the previous SEI resistance study, increasing SEI resistance generally 

has a positive effect on the RMSE values. For the positive electrode Bruggeman 

coefficient, values around the base model result in better RMSE values, 

sometimes 90% is better, and sometimes 110% is better. Fig. 4.32. and Fig. 4.33. 

show the voltage and the temperature estimation for 300% SEI resistance with 

varying positive electrode Bruggeman coefficient. 
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Figure 4.32. 300% SEI Resistance and Varying Positive Electrode Bruggeman 

Coefficient vs Voltage 

 

 

Figure 4.33. 300% SEI Resistance and Varying Positive Electrode Bruggeman 

Coefficient vs Temperature 
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Figure 4.34. 300% SEI Resistance and 100% Positive Electrode Bruggeman 

Coefficient vs. Voltage 

 

 

Figure 4.35. 300% SEI Resistance and 100% Positive Electrode Bruggeman 

Coefficient vs. Temperature 

 

It can be seen that just by increasing SEI resistance further than the previous 

study, model accuracy increases  significantly. With the addition of SEI 
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resistance, the positive electrode Bruggeman coefficient has less effect on 

discharge time than before. However, it also changes the maximum voltage 

attained after the voltage bounce. 

 

After the voltage bounce, the model acts more linearly than the experimental 

data. After the horizontal temperature plateau, this linearity causes the 

temperature to rise later than the experimental data. While increasing the positive 

electrode Bruggeman coefficient decreases the temperature RMSE values, it 

increases the voltage RMSE values. Therefore, in Fig. 4.34. and Fig. 4.35., it is 

chosen to be 100% of the base model value as an example. 

 

In Appendix 1, a similar study of combining the rest of the parameters can be 

found.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 62 

5. CONCLUSIONS 

5.1. Conclusions 

Energy storage systems are developing day by day. Increasing power and energy 

demand has made batteries a critical part of the world. As the options of 

renewable energies and capabilities are growing, batteries have become 

irreplaceable. Offering a high energy density among the batteries, lithium-ion 

batteries became the most preferred means of energy storage. Their aspects 

even proved to be useful for harsh environmental conditions such as space 

missions, various extreme ambient temperatures, and high-performance 

machines. 

 

One of the greatest challenges in lithium-ion batteries is operations at low 

temperatures. Low temperatures have great impacts on lithium-ion battery 

performance, thermal behavior, cycle life, and safety. In order to understand such 

effects and safely perform operations at low temperatures, a comprehensive 

modeling effort is needed. 

 

In this thesis, the performance and thermal behavior of a commercial lithium-ion 

battery were investigated at low temperatures. Identical batteries are subjected 

to 0.5C and 1.0C charge-discharge at three different temperature settings.  

 

Conducted experiments showed that as the temperature decreases, the available 

capacity of the lithium-ion batteries decreases, and heat generation inside the 

battery increases. The performance of batteries becomes harder to predict since 

the electrochemical components suffer incredibly from their ideal capabilities. It 

is thought that lithium diffusion in both the solid and liquid phases reduces, losing 

the ability to intercalate/deintercalate in the solid phase and mobility in the liquid 

phase, therefore creating large concentration gradients that cause increased 

battery resistance as a result. Ionic conduction in the liquid phase decreases, 

resulting in a need for a higher driving force to move ions in the electrolyte and 

causing the rate capability of the lithium-ion battery to drop. The activity and the 
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mobility of the ions in the electrolyte decrease as the temperature gets lower. 

Resistances such as charge transfer resistance, and SEI resistance at bulk 

resistance of the battery increase, as a result, heat generation inside the battery 

increases, creating faster temperature rise and higher overall temperature which 

consecutively changes the electrochemical properties of the battery. Therefore, 

low temperature operations are a big challenge for battery thermal management 

systems. 

 

As a part of this thesis, an available in-house electrochemical-thermal coupled 

model was employed to numerically investigate the effects of the varying model 

parameters at low temperatures. A few selected electrochemical parameters that 

were thought to be temperature dependent were changed one at a time between 

80%-130% of their base model values for studying their effects on the battery 

performance and thermal behavior individually. Results are evaluated by 

calculating the root-mean-square error of the voltage and temperature 

simulations for each changed parameter. Results suggest that electrolyte 

properties such as ionic diffusion, conduction, transport number, and activity 

dependence play a big role in the battery performance and thermal behavior. 

Bruggeman coefficients of the porous components can be employed as 

temperature dependent in order to fit experimental results, as it is done in the 

literature for the other parameters frequently. Incorporating SEI film resistance 

into the model is crucial for estimating the battery voltage and temperature, as it 

was deduced to be the most important contributor to the overpotential at the start 

of the simulation and to the temperature rise. 

 

In conclusion, battery simulations suggest that concentration dependence of the 

electrochemical properties might not reflect the actual behavior of the parameters 

and including temperature dependent characterization of the electrochemical 

properties is key to safe battery operations. 
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5.2. Recommendations for Future Work 

Research can be expanded based on the results presented in this thesis. Effects 

of varying properties of battery casing materials and current collectors can be 

investigated at low temperatures. Thermal parameters corresponding to different 

insulation and ambient arrangements, such as thermal conduction coefficient and 

convection coefficient, and emissivity can be analyzed similarly. 

 
 
The presented results can be compared only with the batteries that show 

negligible cycling capacity fade. The effects of varying model parameters on the 

cycling capacity fade can be investigated at low temperatures. For example, 

changing SEI thickness and properties can be implemented on the model. 

 
 
Battery thermal management systems are designed for keeping the batteries at 

their optimal limits of operation. The sensitivity analysis results presented in this 

thesis can be an example for defining the requirements of battery thermal 

management systems when some of the battery electrochemical properties are 

unknown at low temperatures. 

 

Finally, the effects of varying model parameters can be investigated on the 

charge characteristics of the battery.  
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APPENDICES 

Appendix 1: Combined Parameters Study 

 

In previous chapters, results of changing a single parameter are investigated. 

Some of the parameters were thought to be best left unchanged because the 

corresponding base model values are in agreement with the literature. However, 

the effects of the multiple parameters varied simultaneously were still 

investigated. Table A.1. summarizes the ratios of combined parameters in this 

part of the study. It should be noted that, in this part of the study, parameters 

were changed without considering their realistic behavior at the low temperature 

operations. Fig. A.1. and Fig. A.2. show the combined parameters results. 

 

Table A.1. Ratios of Combined Parameter Study 

Changed Parameter Ratio 

Electrolyte Diffusion Coefficient, 110% 

Electrolyte Ionic Conduction Coefficient 90% 

Electrolyte Transport Number 90% 

Electrolyte Activity Dependence 90% 

Cathode Bruggeman Coefficient 110% 

Anode Bruggeman Coefficient 80% 

Separator Bruggeman Coefficient 110% 

SEI Film Resistance 280% 
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Figure A.1. Combined Parameters vs Voltage 

 

 

Figure A.2. Combined Parameters vs Temperature 

 

In the liquid phase, electrolyte diffusion coefficient of 110% of the base model 

value, electrolyte ionic conduction coefficient of 90% of the base model value, 

electrolyte transport number of 90% of the base model value, activity dependence 

of 110% of the base model value were used. For correcting porous media 
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behaviors, Bruggeman coefficients of 110% of the base model value for the 

positive electrode, 80% for the negative electrode and 110% for the separator 

were used. SEI film resistance of 280% of the Eqn. (35) was deployed. In the 

solid phase, diffusion coefficients and reaction rate constants were left 

unchanged. Because their effect on the battery performance were minimal in 

comparison to the other parameters. 

 

Simulation of combined parameters showed better accuracy than any of the 

parameter individually changed. Unlike the individual analysis, SEI film resistance 

was increased as much as 280% of the initial value. It was chosen to be 280% 

entirely as a solution to the quick drop of the voltage at the very start. The other 

parameters were chosen to be inside of the range of the sensitivity analysis 

performed earlier. Combined parameters analysis performs somewhat linearly 

after the voltage rebound, compared to the experimental results. It could be due 

to lack of temperature dependence in the characterization of the parameters. In 

the model, varied transport number and activity dependence and other 

unchanged parameters such as solid phase diffusion of positive electrode, and 

reaction rate constants were only concentration dependent. Thermal parameters 

such as specific heat capacities, and thermal conductivities of all battery 

components, including battery casing and current collectors, were assumed to be 

constant. Since the concentration was changing linearly throughout the 

discharge, it can be argued that this is reason that the model was unable to 

predict battery performance at -20°C during 1C discharge. 

 

In light of the results, it is crucial to recognize that temperature dependence of 

the lithium-ion battery properties has significant effect on the numerical modeling. 

Mostly, some of the utilized model parameters in the literature are considered as 

only lithium concentration dependent since the studies were generally conducted 

at a single temperature condition and the limited effects of those concentration 

dependent parameters could get satisfactory results. However, operations at low 

temperatures and high C-rates get the lithium-ion batteries to heat up 

exceptionally which makes the temperature dependent modeling essential.
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