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ABSTRACT 
 

As a main objective of this thesis, a set of experimental procedures has been developed in 
order to study thermal behavior of selected lithium ion battery. The thermal model of the battery 
is used for the concept of the design along with the information of the battery performance 
characteristics. The results from the performed experiments such as internal, surface temperature 
and cell voltage from different load conditions can be used in order to analyze for the heat 
generated as well as heat capacity from the battery which is essential for the design of thermal 
management system (BTMS). 

At the first stage, characteristics of the selected battery is studied by performing charge and 
discharge tests to observe the capacity and voltage profiles of the battery. Then, the derived 1D 
thermal model of the battery was shown that heat generated is indicated from two sources, over-
potential heat which is irreversible and entropic heat which is reversible. The difference between 
heat generated and heat transferred to the surroundings result in the product of heat capacity and 
temperature-time gradient of the battery. Designed experiments include constant current 
discharge, pulse current discharge, temperature coefficient experiment and heat capacity 
experiment. For constant current experiment, various discharge rates were applied to the battery 
and at the same time, temperature inside and on the surface of the battery are recorded for the 
analysis of heat generation stated above. Separated experiment of adjusting battery temperature to 
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observe the change in open circuit potential is designed for the evaluation of entropy coefficient 
value at different state of charges. Pulse current test can be used for analyzing the internal 
resistance of the battery which can be used to express the relationship to the state of charge and 
temperature of the battery. The heat generation results from discharging the battery shows the 
heat generated mostly followed the trend of over-potential heat but entropic heat tend to reduce 
the total heat generated at the start. Then, it was found that higher discharge current applied can 
produce less internal resistance and vice versa for lower discharge rate. For surrounding heat 
transfer, heat transfer coefficient was referred to the specification from heat flux sensor which 
was used directly for the calculation. The internal heat transfer coefficient was also calculated by 
using the internal and surface temperature data. In the heat capacity experiment, the procedure is 
similar to pulse current test except that both charge and discharge processes were applied to 
maintain average state of charge at constant. Then, heat capacity was calculated to average value 
of 2112.84 J/K. Finally, open circuit voltage of the battery was observed through the long pulse 
test and the voltage recovery curve was fitted to sixth degree polynomial curve which can be used 
to predict the final value of open circuit voltage.   
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CHAPTER 1 
INTRODUCTION 

 

1.1 Background 

Nowadays, two of the major problems which facing the humanity are the rapid decrease in 
fossil fuels which are the main energy resources and the global warming effect which cause the 
temperature of the earth’s surface to rise gradually. The cause of this started from the discovery of 
fossil fuels results in the invention of gasoline and diesel engine technologies for almost all of 
automobiles used today. Then, it is realized that the emission from these kinds of engines are the 
main cause of global warming judging from the great numbers of automobile usage around the 
world. To counter this, zero emission technologies are developed. Being one of the alternatives, 
electric vehicle has slowly become popular through the late 20th century after being dominated by 
the fossil fuels powered engine earlier.  

The advantage of electric vehicle apart from being the zero emission vehicles is that the 
power conversion efficiency is much higher compared to the fossil fuel engines. This is because 
the wheels receive the power directly from the main power source of the vehicle, batteries. 
Battery is the main key which can determine the overall performance of the electric vehicle such 
as range and power delivered. Many types of batteries are used for the application of electric 
vehicles (EV), including lead acid, nickel metal hydride and lithium ion batteries.  

   Lithium ion batteries quickly become the most attractive type in the EV application 
because of their advantages such as higher operating voltage, higher power density, less self-
discharge rate, has no memory effect and etc. The only issue which is the most concern to the 
users of lithium ion batteries is regarding to the temperature. As the rise of demand in EV, 
batteries are to be charged quickly with high current and therefore can concern heat issue.  

 Temperature has significant effects to the lithium ion battery. Extremely high temperature 
condition can give high resistive heat generation which can damage battery from the inside and 
leads to thermal runaway which destroys the battery. For extremely low temperature condition, 
chemical reaction rate is slowed down and thus reduce the power output and permanently reduce 
battery capacity. To prevent this from happening, battery thermal management system (BTMS) is 
necessary. The function of BTMS is to protect, monitor and control the battery condition and the 
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environment. It is used for balancing the cell in order to maintain the battery in a state which can 
fulfill the requirement of the specified application. The system requires integrated circuits which 
has the data of battery operating temperature limit and thermal properties. Therefore, to design the 
BTMS, the selected battery must be studied in terms of structure and thermal performance 
characteristics.  

The essence of this work is to understand thermal model which express relationship of 
battery voltage and temperature that can lead to the calculation of heat generation and evaluation 
of thermal properties. To see the results practically, experiments are performed on the selected 
battery with different conditions of current load and environmental temperatures. When 
temperature output response in recorded, the data is used for further investigation of battery 
thermal behavior.  The experimental procedures are purposely designed and simplified in order to 
determine the battery properties having to take least amount of time with obtaining as many 
results as possible with the acceptable accuracy. Then, the results can be applied as controlling 
parameter for the BTMS configurations of battery operating limits.  
 

1.2 Objectives 
 To design experimental procedures for evaluating thermal performance of the selected 

lithium ion battery. 

 To study thermal properties of the selected lithium ion battery. 

 To evaluate thermal performance at different operating current loads. 

1.3 Scopes 
 Study the battery specifications and performance characteristics such as dimensions, 

capacity, internal resistance, operating voltage and etc. 

 Study thermal model for the lithium ion battery including heat generation terms and 

thermal properties. 

 Design experimental procedures based on thermal model for the battery. 

 Determine thermal properties such as heat capacity, heat generation and heat transfer 

coefficient of the battery. 
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1.4 Thesis Outlines 

The thesis is organized in 6 Chapters, the contents of which are summarized as followed: 

Chapter 1 : Introduction 

This chapter introduces the general background of batteries, the important of thermal 
management system, the objectives of this study, and the scopes of work in this study. 

Chapter 2 : Literature Reviews 

This chapter citations reviews the published literature on the battery thermal effects, 
the previous studies of methods for thermal analysis, and thermal model for the lithium ion 
batteries. 

Chapter 3 : Research Methodology 

This chapter explains the process of experimental design. The procedures of research 
include the charge and discharge with measurement of temperature. Additionally, procedures for 
determining temperature coefficient and heat capacity are also included.  

Chapter 4 : Results 

This chapter demonstrates the experimental results such as discharge voltage curves 
and temperature responses. Then, the calculation results of thermal properties of the battery are 
presented. 

Chapter 5 : Analysis and Discussions 

The obtained results from the previous chapters would be discussed in this chapter. 
The discussions are included with experimental temperature results, thermal model and 
calculation results of thermal properties are different experiment conditions are compared.  

Chapter 6 : Conclusions and Suggestions 

A brief summary of the work is presented in this chapter. 
 
 
 
 
 



CHAPTER  2 

LITERATURE REVIEWS 
 

From the day it was invented, battery becomes more and more important for us due to its 
ability to store energy. The first cell was made by Alessandro Volta in 1800. He discovered that a 
continuous flow of electrical force was generated when using certain fluids as conductors to 
promote a chemical reaction between the metals and voltage would increase when voltaic cells 
were stacked on top of each other [1]. Undeniably, this is considered to be one the greatest 
inventions in human history because batteries can be found in almost every electrical application 
today. From 19th to 20th century, batteries were constantly developed in terms of chemical and 
physical characteristics in order to enhance their performance. Table 2.1 Timeline History of 
battery [1] shows a brief timeline of battery development.   

Table 2.1 Timeline History of battery [1] 
Year Inventor Discovery 

1800 Volta (Italy) Invention of the voltaic cell 

1820 Ampère (France) Electricity through magnetism 

1836 Daniell (England) Invention of Daniell cell 

1859 Planté (France) Invention of lead acid battery 

1868 Leclanché (France) Invention of the Leclanché cell 

1888 Gassner (USA) Completion of dry cell 

1899 Jungner (Sweden) Invention of the nickel-cadmium battery 

1901 Edison (USA) Invention of the nickel-iron battery 

1947 Neumann (France) Successfully sealing the nickel-cadmium battery 

Mid 1960 Union Carbide (USA) Development of primary alkaline battery 

1970s M.S. Whittingham (USA) Lithium-ion battery proposed  

1996 J. Goodenough (USA) Lithium iron phosphate (LiFePO4) first used as cathod material 

1999 - Commercialization lithium-ion polymer 

2002 Y.M. Chiang (USA) Conductivity improved by doping with Aluminum or Zirconium 

2011 - 66% of rechargeable batteries in Japan are Li-ion type 

2013 - LVP* Battery developed to increase energy efficiency 

* LVP = Lithium Vanadium Phosphate 
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2.1 Review of Lithium ion battery  

2.1.1 Working principle of a lithium ion battery 

A single cell of lithium ion battery consists of several parts. This includes a positive 
electrode (cathode), a negative electrode (anode), electrolyte and a separator. Energy cells are the 
smallest individual electrochemical unit which delivers a voltage depends on the chemistry. A 
battery is formed when these cells are assembled together. The construction may come in many 
forms for examples; cylindrical, prismatic, pouched, or coin cells. Readers are welcome to do 
further readings to learn more about battery construction in [2]. 

 

Figure 2.1 Lithium ion batteries in different sizes and construction 

 

In discharging process, the cell is connected to an external load, electrons flow from 
the oxidized anode, passed the external load, electrons to the cathode, where the electrons are 
accepted and the cathode material is reduced.  When the battery is fully discharged, the voltage 
will have a sudden drop to its specified value. For the charging process, the process is reversed 
only for the case of secondary lithium ion battery. The chemical reaction is shown here below for 
the case of lithium cobalt oxide [3]. See figure 2.2 for chemical reaction of such process.  

  

Figure 2.2 Chemical Reaction of charging and discharging battery 
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Figure 2.3 Operation of Secondary lithium ion battery [4] 
 

2.1.2 Comparison of battery types 

Many types of battery were developed since the first kind was invented. The purpose 
of this is to improve the performance and fill in the gaps of disadvantages of the previous types. 
Lithium-ion battery is considered to be the newest technology which has many advantages over 
other types.  Factors which indicate the performance of the battery include cell operating voltage, 
energy density, specific energy, self-discharge rate, cycle life, environmental effect and etc. 
Figure 2.4 compares common lithium ion batteries in several aspects. 

 

 
Figure 2.4 Energy density and Specific Energy comparison [5] 
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Other than the superior in specific energy, lithium-ion batteries also have the 
advantages in terms of operating voltage, which is 3 times higher (typically 3.6 V) than lead acid 
battery. This is because lithium is the element which can produce the lowest standard reduction 
potential.  There is no memory effect which occurs in the nickel cadmium type.  While being 
expensive, new materials for manufacturing lithium-ion batteries are constantly explored to 
reduce the cost. Lithium-ion batteries are also developed into many types based on different 
materials used for cathode. Comparison in general characteristics of lithium ions with other types 
are in the table 2.2 [6] 

From table 2.2, comparing between the lithium ion battery types, both manganese and 
phosphate are capable of fast charging at 1 hour or less. Also, they have the same peak load 
current less than 10C for best result. In comparison for cycle life, phosphate type has the highest 
value among the others with maximum of 2000 cycles. Cell voltage for phosphate type is lower 
than other types (3.6V) which makes this type deliver less energy. When considering safety 
factor, phosphate type is proved to have a very good thermal stability [7]. Despite this, protection 
circuit is a mandatory.    

Table 2.2 Performance comparison of several types of batteries [6] 

 
*C refers to battery capacity and this unit is used when specifying charge or discharge rates. For example: 0.5C 
for a 100 Ah battery = 50A. **Peak load current is maximum possible current which could permanently 
damage a battery.  
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2.1.3 Electrical fundamentals of batteries 

In this thesis, phenomenological model is used for the study of electrical 
characterization of the battery. The term “phenomenological” means the investigation of input 
and output without considering the fundamental physics which is more complex [8]. To 
understand the mechanism of a battery, a simple equivalent circuit is considered. The circuit in 
figure 2.5 demonstrates the relationship between the open circuit voltage, E0, internal resistance 
Ri (which is the combination of R and R0 and capacitance C0). Electrical model equation 2.1 and 
2.2 then can be derived from Kirchhoff’s Law. 

 

Figure 2.5 Simplified battery circuits 
 

 V   E0 - IRi - VC  (2.1) 

                           VC    ct   c  (2.2) 

 

Where the cell voltage, V is the output which depends on the input parameters 
including open circuit voltage (E0) with the product of current (I) and resistance (R) and the 
capacitance voltage (Vc). Here, Vc can also be related to the concentration polarization ( c) and 
charge transfer ( ct) effects. Figure 2.6 shows cells voltage as a function of current. 
 

 

Figure 2.6 Cell polarizations as a function of current [9] 
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State of charge (SOC) is the parameter which determines the amount of charge which 
the battery can supply with reference to its capacity.  

 
     

  
  -

    

  
  (2.3) 

Here, state of charge depends on the current (I) and the nominal capacity of the 
battery (Cn) in Amp-Hour. This is one of the methods for determining the state of charge of the 
battery which is called “Amp-Hour counting”.  Ampere-Hour (Ah) is the unit for indicating the 
capacity of the battery. If the battery has 60 Ah rating, it takes 60 Amperes to fully discharge the 
battery in one hour. 

Internal resistance is the other important factor for determining performance of the 
battery. From equation 2.1 while neglecting the charge transfer and activation polarization effects 
which is small compared to IR loss, resistance depends on the open circuit, cell voltage and the 
current load. From Hans Georg et al [10], several methods can be used to find the resistance of a 
battery. VDA current step method is one of methods reported in this literature.  In this method, 
charge and discharge pulses were applied to the battery for a period of time. The changes in 
voltage resulted from the charge and discharge pulses were used for the calculation of internal 
resistance. Equation 2.4 shows that the internal resistance (discharge condition only) is the result 
of voltage change divided by the loaded current which also depends on discharge time.  

 
Figure 2.7 VDA Current Step method procedures [10] 
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     (2.4) 

VDA 2s: 

Measurement after 2s 

ΔU  = 254 mV, ΔI = 36 A 

Ri = 7.1 mΩ 
Discharge:  
72 As = 1.1% SOC 

 
VDA 10s: 

Measurement after 10s 

ΔU  = 456 mV, ΔI = 36 A 

Ri = 13 mΩ 
Discharge:  
360 As = 5.6% SOC 

VDA 18s: 

Measurement after 18s 

ΔU  = 456 mV, ΔI = 36 A 

Ri = 18 mΩ 
Discharge:  

648 As = 10% SOC 

 

For charge resistance:  

ΔU = U6- U5 at 2s  

       = U7 – U5 at 10s 
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2.1.4 Temperature Effects on batteries 

          The most important factor which affects the performance and life of a lithium ion 
battery is the temperature. According to Arrhenius Law [18], as the battery gets hotter, the rate of 
chemical reaction will be increased and reduce the life of the battery. Figure 2.8 shows that 
performance of a battery depends on both voltage and temperature. This shows that the safe 
operating value must be in the area of the green zone which is between 2.2 – 4.2 V and -5 to 95ºC 
of voltage and temperature range respectively. Severe consequence can start from lithium plating 
which resulted from overvoltage or low temperature operation. Lithium plating occurs when 
excessive currents the Lithium ions cannot be accommodated quickly enough between 
the intercalation layers  of the anode and Lithium ions accumulate on the surface of the anode 
where they are deposited as metallic Lithium.  Consequently, the capacity will be reduced 
permanently. With higher operating current, the result of heat from I2R heating (resistive heating) 
is also higher. When the temperature reaches 80ºC, SEI (Solid Electrolyte Interface/Interphase) 
layer will start to breakdown and at 150ºC, the separator will starts to melt, allowing the cathode 
and anode plates to be in contact, which short circuit the battery. At the point above 250ºC, 
temperature will increase dramatically, with the release of oxygen. Above 300ºC, thermal 
runaway will occur and the battery will be completely destroyed. 

 

Figure 2.8 Lithium ion cell operating window [11] 

http://www.mpoweruk.com/chemistries.htm#intercalation
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2.1.5 Batteries in electric vehicle application  
Historically, development of electric vehicle grows in parallel with the batteries 

applied inside. From the invention of Gaston Plante, lead acid battery was used in the earliest 
practical design of electric car built by Thomas Parker [12]. This kind of battery was also applied 
in General Motors EV-1, the first mass-produced and electric car in 1996 [13]. Then the nickel 
metal hydride battery was developed with higher energy density than lead acid and longer lifetime 
but less efficient in charging and discharging. When the lithium ion batteries were developed, it 
was found that this type has higher energy density and gives higher efficiency in charge and 
discharging.  In the early development, lithium ion batteries has shorter cycle life (500 – 1000 
cycles for lithium cobalt and lithium manganese) [14] and also sensitive to temperature. This 
leads to the new development of cathode materials to improve the performance. Lithium iron 
phosphate battery, one of the youngest technologies of Li-ion battery is proved to have longer 
cycle life (1000 – 2000 cycles) and have better thermal stability comparing to other types. Table 
below shows the types of battery used in the electric vehicle throughout the history.      

In first commercialized battery electric cars, lead acid and NiMH batteries was used 
as a power source. However, due to low energy density, this cause power rating and range to be 
low.  When lithium ion battery was applied to electric car application, driving range becomes 
amplified. The because of higher energy density in lithium ion batteries which allows the electric 
car to store more batteries which can deliver more power with less weight.   

Table 2.3 Batteries for commercialized battery electric cars [15] 

Production Year   Model   Battery Chemistry Power Rating Range 

1996 General Motors EV1 Lead Acid and NiMH 16.5 kWh 70 – 100 miles 

2001 REVAi Lead Acid 9.6 kWh 50 miles 

2006 ZAP Xebra Lead Acid 7.2 kWh 40 miles 

2008 Tesla Roadster Lithium ion 53 kWh 221 miles 

2009 BMW Mini E Lithium ion 35 kWh 100 miles 

2010 Nissan LEAF Lithium ion 24 kWh 109 miles 

2011 Mitsubishi iMiev Lithium ion 16 kWh 62 miles 

2012 Tesla Model S Lithium ion 85 kWh 300 miles 

2014 BMW i3 Lithium ion 18.8 kWh 81 miles 
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2.2 Battery Thermal Management System (BTMS) 

2.2.1 Definition and purpose 
From figure 2.8, it is seen that to maintain the battery in the safe area, the temperature 

and voltage conditions must be controlled in certain boundaries according to the specifications. 
These factors also impacts on battery life and its performance, battery thermal management 
system is essentially required. Also, in the electric car battery application, the battery has to deal 
with occasional extreme condition from fast charging which most of the electric car user needs.  
Battery thermal management system or BTMS in short is the system which regulates and 
monitors the temperature of the battery within the requirements. The main objectives of BTMS 
design are;  

 Protection from Overheating: Protection circuit is installed in order to cut off the battery 
before the excessive condition of temperature is reached.  

 Dissipation of surplus heat generated: Examples are keeping the ambient temperature low 
to maximize the natural heat flow or using metallic cooling plates mounting as a good 
heat conducting part on the conductive surface of the battery. 

 Uniform heat distribution: This is to monitor the “hot spot” which is localized inside the 
battery located in the surroundings of other hot batteries. The use of PCM (Phase-change 
material) is one of the solutions which can dissipates heat by convection and brings the 
temperature down to the safe zone. Thermal imaging can also be used for the analysis of 
this part. 

 Minimum additional of weight: A complex design of BTMS can cause the battery pack 
to be heavier. For the tractions batteries in Electric Vehicle application, this will require 
higher power consumption as the battery pack gets heavier. In this case, batteries with 
high energy density can be used as one solution.  
 

2.2.2 BTMS Development and Design 
The term “battery management system” or BMS in short, is defined as any electronic 

system that manages a rechargeable battery such as by protecting the battery from safe operating 
area, monitoring its state, calculating secondary data, reporting that data, controlling its 
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environment, authenticating it and / or balancing it [16].  BTMS is a branch of BMS which 
focuses mainly on the battery temperature.  

   One of the very first battery management systems was designed to monitor the state 
of charge (SOC) of the battery. Figure 2.9 shows such technology developed by Heyer [17]. From 
the figure, the measurement is indicated from the ratio between battery voltage and the voltage 
drop on the sense resistor. This is for user to recognize replacement time for the battery.  

 

Figure 2.9 Battery capacity indicator developed by Heyer  
 

  From figure 2.8, temperature is the most critical factor which impacts on battery 
performance and lifetime. To explain this, Arrhenius Law states that the chemical reaction rate 
depends on the temperature [18]. This makes the battery which operates in high temperature give 
higher performance due to improved electron mobility. However, if the operating temperature is 
too high, irreversible chemical reactions can occur and can cause permanent damage to the 
battery. On the other hand, if the operating temperature is too low, the rate of reaction will be 
reduced along with the performance. Considering automotive applications, batteries usually are 
subjected to many thermal abuses such as accelerating the vehicle which creates sudden high load 
or fast charging. Therefore, battery thermal management system is critically required.  

Battery Thermal Management System can be categorized into 2 types, active and 
passive. The active BTMS requires fluid such as air and water for regulating the temperature. 
From figure 2.10, the study in BTMS system in Toyota Prius by Zolot et al [19] shows the system 
can operates well under HWFET, FTP and US06 driving cycles and operating temperature of 0°C, 
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25°C and 40°C. Conditioned air from the cabin is supplied as thermal management forced air 
system.  Please refer to the literature for the experimental results of this work.  

 

 
Figure 2.10 Toyota Prius Battery pack with thermal management system [19] 

 
The BTMS system inside Chevrolet Volt is also treated as one of the examples of 

active type which use liquid coolant as the cooling fluid. The overall system explanation can be 
observed from figure 2.11 below.  A 12 V coolant pump create and control the coolant flow 
which passes the plug-in battery charger assembly, the radiator, the power inverter module and 
then back to the pump. The coolant also flows through the system to comfort the passenger cabin.  
 

 

Figure 2.11 Chevrolet Volt battery thermal management system [20] 
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For the passive type of BTMS, there are no complex systems installed to regulate the 
temperature with simpler and smaller in size due to the elimination of mechanical components. 
PCM or Phase-Change Material is best example for the passive BTMS. By changing the phase, it 
can absorb and release heat while the temperature is maintained constant. From the study of 
Khateeb et al [21], the comparison between different thermal management (heat dissipation) 
methods under different C-Rates was performed. The result of experiments found that the use of 
PCM alone can cause the temperature to drop significantly but in the abusive operation, the slow 
heat dissipation can cause the PCM to melt. For the case of combining PCM with the aluminum 
foam, it was found that the foam could help prevent the PCM temperature reaching the melting 
range with the comparable cooling efficiency. 

 

 

Figure 2.12 Experiments of heat dissipation by using PCM 
 

The timeline of thermal management system development can be shown in table 2.4. 
This shows the development from the patents of battery temperature monitoring to the 
development of BTMS in commercialized electric car. From the table, the progression started 
from development of battery testing apparatus by Heyer which focused on voltage measurement 
that can be translated into battery condition. In 1977, Benham put more focus on temperature by 
designing a system which detects thermal runaway from the slope of the charge current.  
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Table 2.4 Timeline of BTMS development 
Year Developer Developments 

1937 Heyer et al. Battery testing apparatus [22] 

1977 Benham et al. Battery thermal runaway monitor and alert [23] 

1985 Esrom Battery storage with double wall housing design  [24] 

1993 Harm et al. Battery charger with thermal runaway protection [25] 

1996 McShane et al. Method for detection and control of thermal runaway under charge [26] 

1997 Waters et al. Battery design for uniform cooling and heating [27] 

2000 Lake et al. System for cooling electric vehicle battery [28] 

2002 Oweis et al. Battery module thermal management blanketing and jacketing [29] 

2003 Oda et al. Power supply apparatus including fan cooling [30] 

2007 Yahnger et al. Thermal management system for battery pack [31] 

2010 Zhou EV thermal management system (3-loop heat exchanger) [32] 

2012 Schaller et al. Battery thermal management with phase transition [33] 

2013 Bandhauer et al. 
Li-ion battery thermal runaway suppression system using microchannel 
coolers and refrigerant injections [34] 

 
Esrom, Waters and Oweis  designed battery housing for applying temperature 

regulation by air or liquid flow. Thermal runaway control was developed by McShane so that the 
current can be adjusted when the temperature reaches the limit.  In 2000, the battery cooling 
system with one loop heat exchanger was developed by Lake and then improved to three-loop 
heat exchanger by Zhou. In 2003, Oda designed the forced air cooling by fan and later PCM was 
applied to the design by Schaller. In 2013, a system was designed by attaching sensors to batteries 
and release cooling fluids when a thermal runaway condition is at risk.   
 

2.3 Reviews on battery thermal analysis methods 

As the temperature of the battery affects its performance largely, thermal management must 
be carefully designed to achieve the target performance and to prolong battery life. According to 
National Renewable Energy Laboratory (NREL), the design of BTMS requires several analysis 
procedures in order to maximize the efficiency of the system.  These include computer aided 
thermal analysis, thermal imaging, fluid and heat transfer experiment, vehicle simulation, field 
testing and thermal characterization. [35] 
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In this work, thermal characterization is the main focus. This has three parts of analysis 
which include cell characteristics, module cooling strategy, operating conditions. The input of 
these data into design analysis can produce the output of battery thermal responses. Figure 2.13 
demonstrates in this part.  

 

Figure 2.13 Process of battery thermal characterization modeling [35] 

 

Thermal performance analysis is one of the initial steps of designing BTMS. The first 
sequential step starts from defining the BTMS design objective and constraints. This is to define 
the desired thermal performance according to the safety requirement which stated by the 
manufacturer. Then the battery characteristics such as dimensions, geometry, number of modules 
and orientation are studied for the BTMS layout establishment. Next, heat generation and heat 
capacity of the battery are analyzed along with the first order BTMS evaluation. This requires the 
use of principles of heat transfer and energy balance to determine transient and steady-state 
temperature of the battery pack while operated at the simulated conditions. 

The size and design of BTMS has the direct effect from the magnitude of heat generation 
from the selected battery. Heat generation depends on many parameters such as load profile, 
battery temperature, internal resistance and chemical structure of the battery. Heat capacity, the 
property which defines the amount of heat that can be stored inside the battery, also affects the 
design of BTMS.   Many approaches were applied to perform analysis to obtain such thermal 
properties.   
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In NREL research facility, many tools are provided for battery analysis. They are battery 
cycling devices for simulating load profile, finite element analysis (FEA) software for simulating 
thermal response, thermal environment chambers for temperature controlled test, glove box for 
battery physical examination and isothermal calorimeter for heat generation analysis [36].  
Furthermore, NREL has designed a custom cell calorimeter in order to test cells with improved 
specification with more capability than most of calorimeters in the market. Figure 2.14 shows the 
diagram of the designed calorimeter. It is designed to obtain accurate heat generation data for 
batteries from 0.5 Ah to 100 Ah. Its sustained maximum current is 500 Amps. Maximum battery 
weight for testing is 200 kg. The dimension is 60x40x40 cm with test cavity volume of 96 liters. 
Operating temperature range is from -40 to 100°C. This system is also capable of testing liquid-
cooled batteries. The main objective of this calorimeter design is to obtain accurate heat 
generation data for battery modules under different operating conditions such as power profiles 
and operating temperatures. The power profiles can be simulated from actual electric vehicle 
driving cycle. Furthermore, this device can also be used to analyze for heat capacity of the 
selected battery. The method involves the measurement of exchanged heat by using the heat flux 
gauges which installed next to the battery. Then data from heat flux gauges and the difference 
between battery and chamber temperature are used to calculate the heat capacity [37].  

 
Figure 2.14 Custom made Calorimeter by NREL [37] 
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Calorimeter is widely used for analyzing thermal behavior of batteries. In the work of Hong 
et al [38], heat dissipation and heat accumulated of a commercial Sony 18650 1.35 Ah nominal 
capacity lithium ion cell were measured by using ARC 2000 accelerated calorimeter. The heat 
effects were observed from the charging and discharging process. The battery is brought to the 
desired initial temperature by using Arbin BT-2042 battery cycler. This device feeds current to 
the coil heater which was wrapped around the cell for heating the cell by means of different 
constant current values. The heater around the calorimeter cavity is used for regulating the 
temperature at 30°C. The temperature difference between the cell and the calorimeter was 
measured by using a precision multi-meter.   The discharge capacity of the battery is first tested 
with the conditions of initial temperature of 35ºC, 45ºC and 55ºC. The overall cell impedance 
value is expressed as an area-specific impedance or ASI. This depends on the difference between 
open circuit voltage and the operating voltage. The value of ASI in each temperature condition is 
obtained from 15 seconds DC current interruption experiment (see figure 2.17 for the results and 
calculation method). The surface temperature rises in each condition are also observed. Heat 
dissipation rate is calculated as a function of discharge rate and surface temperature. Heat 
dissipation tends to increase with the increasing discharge rate and rise sharply towards the end of 
discharging process (see figure 2.16). This can be related to the increase of impedance at the end 
of discharge. The experimental setup in the work of Hong et al is shown in figure 2.15 below.  

 
Figure 2.15 Experimental Schematics of Hong et al [38] 
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Heat capacity was found to be ranged from 0.82 to 1.07 J g-1 K-1 and is independent from 
temperature. Heat dissipation rate is maximized peak is at approximately 0.6 W for C/1 rate.      
To obtain this, controlled heater power is applied and knowing the measure heat dissipated value, 
heat capacity can be calculated using energy balance equation (will be explained later in section 
2.4).  

 

Figure 2.16 Results of heat generation from Hong et al [38] 
 

 
Figure 2.17 Results of ASI measurements from Hong et al [38] 
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The other related work in thermal properties analysis of lithium ion battery which applied 
the calorimetry method was done by Maleki et al [39]. The same type of battery as in Hong et al 
was used (Sony 18650 lithium-ion, 1.35 Ah). This illustrated the techniques for determining 
thermal properties of the battery and the relationships between thermal properties were 
investigated. The first measurement method for heat capacity was the cooling transient method 
having shown the setup in figure 2.18. The battery is put in heat flux calorimeter and is heated to 
60°C and then heater power was cut off to cool down the battery to ambient temperature until the 
difference between ambient and battery temperature became less than 1 K. Insulator was designed 
to prevent convection cooling. Then energy balance equation was used to determine heat 
capacity. In the second method, adiabatic calorimeter was used with the schematics shown in 
figure 2.19. The setup contains upper and lower parts. The lower part of the setup is contained 
with oil which was heated by the heating coil. When the steady-state temperature of oil is 
reached, the cell is slowly immersed. The temperature change of battery cell and the oil bath are 
compared and when the heat capacity of the oil is known, heat capacity of battery can be 
calculated from the equation shown in figure 2.19. When the battery is immersed in oil, the 
temperatures of the battery slowly increase and the temperature of the oil bath is reduced. Finally, 
at approximately 200 minutes of time elapsed, both temperatures of battery and oil converged to 
the same value. Figure 2.20 shows the temperature profile from this test.  

 

Figure 2.18 Specific heat capacity test by cooling transient method setup, Maleki et al [39] 
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Figure 2.19 Specific heat capacity test by adiabatic calorimetry setup, Maleki et al [39] 
 

 

Figure 2.20 Temperature of the battery in adiabatic calorimetry test, Maleki et al [39] 

  

From the first method, heat capacity was calculated to 0.800 J g-1 K-1. From the second 
method, the results of heat capacity are 0.96 ± 0.02 J g-1 K-1 and 1.04 ± 0.02 J g-1 K-1 for open 
circuit voltage of 2.75 and 3.75 V respectively.  
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Another case of calorimeter application for thermal properties analysis of lithium ion battery 
is from the work of Vaidyanathan et al [40]. In this case, radiative calorimeter is used for 
analyzing lithium cobalt oxide and lithium nickel oxide cells with spirally wound electrodes for 
both cases. The copper chamber is maintained at very low temperature at 105 K by the circulation 
of liquid nitrogen. The chamber inside is painted black and the cell is suspended using a lacing 
cord. The calorimetric chamber is maintained at 10-5 Torr. The battery placed inside the copper 
chamber is wrapped with thermofoil heater tape. Dissipated heat terms include radiated heat, 
heater power, conductive heat and energy stored. For determining heat capacity, similar method 
as in Maleki et al was used. This was to observe temperature transients during the warming up 
stage of heater and during the cool-down stage while there was no heater power. Then, by using 
battery energy balance equation (which will be explained in the next section) was used to 
calculate the specific heat capacity. The result of normalized value is 0.946 J/ºC g. Voltage 
profiles of the cells were observed for both charging and discharging processes along with 
temperature responses. Heat dissipation rate of discharge rates were also observed. It was found 
that at low discharge rate (C/5), small changes were observed in heat rate. In contrast, for C/1 
discharge rate, heat rate quickly rose up sharply above 0.5 W.    

 
Figure 2.21 Schematics of thermal analysis in Vaidyanathan et al [40] 
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In 2003, Onda et al [41] studied the heat generation behavior of the lithium ion battery by 
considering mainly on the heat effects from over-potential resistance and the change in entropy. 
Two lithium ion batteries tested here were SONY-US 18650 and a SONY-US 18650 G3 with 
capacity of 1.35 Ah and 1.80 Ah respectively. As shown in figure 2.22, the selected batteries were 
charged and discharged by the Bipolar Power Source. The cell temperature and voltage are 
recorded by the Hybrid Recorder. Then data is input to the computer. General purpose interface 
bus (GPIB) was used to control the charge and discharge conditions. The battery is wrapped in 
thin film for electrical insulation and was put in water thermostat in order to have the constant 
temperature condition. Over-potential resistance of the battery was measured by four methods. 
These included the V-I characteristics, difference between Eeq (Open Circuit Voltage) and cell 
voltage, intermittent discharge and AC impedance meter.  The measurement of entropy change 
included the observation of temperature gradient with Eeq and heat production differences 
methods. The constant current characteristics at different discharge rates were obtained for 
calculating resistance. The tendencies of the resistance measured by first three methods are the 
same as they increases when discharged and then peaked quickly at the end. At lower ambient 
temperature, cell resistance becomes higher than higher temperature condition. The results 
between V-I characteristics and Eeq vs. cell voltage methods provided small differences. The 
intermittent discharge and AC methods resulted in lower value of cell resistance. The observation 
of change in Eeq by temperature shown that as the temperature is increased, the Eeq decreased. The 
measurement of heat capacity is similar to that of Maleki et al [39], where the battery is heated to 
60ºC and then cooled down to steady-state temperature. Then, heat balance is used for calculating 
the heat capacity.  

 

Figure 2.22 Schematics for experiments in Onda et al [41] 
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As calorimeter can be very helpful in heat generation analysis for lithium ion batteries, it can 
be quite cumbersome to build one and also can be expensive to purchase one. Forgez et al [42], 
perform thermal analysis on LiFePO4/graphite lithium ion battery (26650 cylindrical cell, 2.6 Ah) 
without using the calorimeter. Here, the focus is put on thermal properties such as heat capacity 
and heat transfer coefficient. Two T-type thermocouples were used for temperature measurement. 
One is mounted on the surface and another is inserted inside the battery. Then the battery is 
connected to the power amplifier in order to raise the battery temperature with 2 Hz current pulses 
(±10, ±15 and ±20A). The current pulses was applied for 1 hour and then relaxed. Thermal 
chamber is used to perform the temperature coefficient test while the ambient temperature is 
altered in order to see the change in Eeq. In analysis part, steady-state condition in temperature 
response from current pulse is considered for calculating heat transfer coefficient and transient 
condition is considered for heat capacity calculation. Thermal model of lithium of lithium ion 
battery was used for the calculation of thermal properties. The analysis of thermal resistance or 
the reciprocal of heat transfer coefficient is done by using the lumped model of the battery. The 
heat capacity values calculated from different current pulses are ranged from 73.2 J/K to 77.9 J/K.  

 

 

Figure 2.23 Schematics experiments in Forgez et al [42] 
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2.4 Battery Thermal Model Review 

To investigate battery thermal behavior, several inputs are needed for thermal model which 
can be expressed in figure 2.24. These include cell specification, charge/discharge profile, thermal 
properties and cooling method.  

 

Module/Cell 
Design 

Specifications

Thermal 
Properties

Charge/
Discharge 

Profile

Cooling 
method/
Ambient

Thermal 
Model

Battery Thermal Behavior  

Figure 2.24 Battery thermal model inputs 
 

Developed by Bernardi et al [43], general energy balance for battery systems is derived from 
considering the cell temperature effect from electrochemical reactions, phase changes, mixing 
effects and joule heating. In this case uniform temperature distribution assumption was applied. 
Most applicable term for common battery application excludes the mixing effects and phase 
changes term. The heat of mixing term can be neglected when the chosen electrochemical system 
has good transport properties and provides the smaller effect compared to those from joule 
heating and chemical reaction effects [44]. The phase change term can also be neglected when the 
battery is assumed to be contained at the same phase in the operation. This left with two most 
important terms which are chemical reaction and joule heating (see section 2.4.1). The study of 
thermal model starts from considering Gibbs free energy relationship with the product of 
temperature and entropy with the enthalpy [21]. Then the thermodynamic expression of each 
terms are related to voltage current and temperature as shown in equation 2.4 – 2.9.  
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Explanations of this battery thermal model can be started from Gibbs free energy ( G) 
which related to the change in enthalpy ( H) and the residual energy (T S).  The expression of 
( G) can also be in the product of Faraday constant (F), number of electrons (n) and equilibrium 
potential or open circuit voltage (Eeq) which is the same as the product of current and open circuit 
voltage. The expression of Wel indicates the electrical power generated which is from the product 
of current (I) and cell voltage (E). The expression of entropy change ( S) is related to the product 

of current and the change of open circuit voltage over the change in temperature (
dEeq
dT

). Finally, 

heat generation can be expressed as in equation 2.9 

 

  G    H - T S (2.4) 

  G   -nFEeq   -IEeq   (2.5) 

  S   nF dEeq
dT    I dEeqdT  (2.6) 

 Wel   IE  (2.7) 

 Q ̇   G   T S   Wel  (2.8) 

 Q̇   I E - Eeq    IT
dEeq
dT

  (2.9) 

 

Table 2.5 Researches involves the usage of battery thermal model 
Year Researchers Experiments performed using Li- ion battery thermal model 

1995 Pals and Newman [45] Thermal modeling simulation to observe heat effects in single cell 

1998 Hong et al. [38] Electrochemical-Calorimetric Studies by accelerated rate calorimeter 

1999 Maleki et al. [39] Thermal properties study by using heat flux and adiabatic calorimeter 

1999 Hallaj et al. [46] Temperature profile for thermal runaway temperature study 

2000 Vaidyanathan et al. [40] Heat dissipation study by using radiative calorimeter 

2003 Onda et al. [41] Heat generation study from normal charging and discharging cycle 

2005 Onda et al. [3] Thermal behavior study during rapid charge and discharge cycle 

2009 Forgez et al. [42] Thermal properties study by using current pulse experiment 
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2.4.1 Heat Generation Terms 

As shown in equation 2.9, there are two main terms indicating heat generation from 
the battery. The first term is called “over-potential” heat term which is irreversible (Q̇p).  It is the 
heat effect from the battery resistance when loaded. As noted in equation 2.8, this term relates to 
the difference in open circuit (Eeq) and cell voltage or according to Ohm’s law, this is directly 
related to the resistance which is called “over-potential resistance”. Also, over-potential resistance 
can be considered to understand the behavior of this term. Onda et al [3], [41] approached this 
term by using the method of V-I characteristics with SOC. This will always produce exothermic 
heat generation for both charging and discharging processes. Equation 2.10 shows this 
relationship. 

 Q̇p  I(Eeq- E)   I2R   (2.10) 

The second term of heat generation is the reversible term related to the chemical 
reaction. As the electrons move back and forward from cathode to anode, endothermic and 
exothermic heat effects can be created from the charge and discharge processes respectively. This 
second term here is called reversible entropic heat (Q̇s).  In equation 2.11, the key parameter here 
is the temperature coefficient or sometimes denoted as temperature coefficient which is related to 

the entropy change (
dEeq
dT

). In the work of Onda et al [41], Hong et al [38] and Forgez et al [42] all 
demonstrated the methods for acquiring temperature coefficient. Generally, the battery in 
contained in thermal chamber and Eeq dynamics is observed while ambient temperature is altered. 

 Q̇s  IT
dEeq
dT

  (2.11) 

 

Figure 2.25 Results from temperature coefficient experiment [42] 
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2.4.2 Energy Balance of a single cell battery 

To apply this thermal model, the assumption of uniform temperature distribution of 
the battery cell is needed. Here in equation 2.12, the heat generation terms are located on the left 
side and on heat transfer to the surroundings and heat capacity terms are on the right side. In some 
literatures, surrounding heat transfer (Q̇B) can be calculated as in equation 2.13. The heat transfer 
coefficient or h can be considered for both from inside the battery to the surface and from surface 
to the ambient. These sets of equations are very helpful for analyzing thermal properties of 
lithium ion batteries which are heat transfer coefficient (h) and heat capacity (Cp).  

 Q̇   I(Eeq- E)   ITin
dEeq
dT

  Q̇B   Cp
dTin
dt

 (2.12) 

 Q̇B  hin(Tin- Tsurf)   hout(Tsurf - Tamb) (2.13) 

Where Q̇ = Heat generation rate (W) 

    I = Current load (A) 

                Eeq = Equilibrium potential and E for cell voltage (V) 

                Tin = Inside of cell temperature (K)  

           Tsurf = Cell surface temperature (K)  

            Tamb = Ambient or environment temperature (K)  

            hin =  Heat transfer coefficient inside the battery (W/K)  

            hout = Heat transfer coefficient outside the battery (W/K) 

           Cp = Heat capacity of the battery (J/K) 

 

As explained in the previous section, thermal properties are one of the inputs for 
studying thermal behavior of lithium ion battery. Also, for the design of battery thermal 
management system, thermal properties are needed for the simulations in order to maximize the 
system. To analyze this, battery thermal model is essential. It can be used to determine the limits 
of temperature that the battery can operate under the actual load conditions. In the next chapter, 
details of experimental procedures will be demonstrated by applying this thermal model.  
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2.4.3 Review of thermal properties results  

There are many literatures which applied the use of thermal model to determine 
thermal properties from batteries. Table 2.6 shows the summary of those results especially from 
the lithium ion batteries.   

Table 2.6 Comparison of thermal properties results from several literatures 
Battery Type Researchers Heat Generation Cp h 

LiCF3 SO3 Pals and Newman 0.6 – 5.8 W/m2 0.747 kJ/kg·K 6 – 30 W/m2·K 

LiCoO2 Hong et al.  - 2.94 – 3.53 W/m2 0.82 – 1.07 kJ/kg·K 9.19 W/m2·K 

LiCoO2 Maleki et al. Not investigated 0.96 – 1.04 kJ/kg·K 13.43 W/m2·K 

LiCoO2 Hallaj et al. 0.11 -  0.23 W/m2 1.0 kJ/kg·K 10 W/m2·K 

LixC/LiNiO2 Vaidyanathan et al. -2.06 – 5.51 W/m2  0.95 – 0.97 kJ/kg·K Not investigated 

LiCoO2 Onda et al. Shown in other terms 0.83 – 0.88 kJ/kg·K 11.5 – 13 W/m2·K 

LiFePO4/graphite Forgez et al. Shown in other terms 0.85 – 0.91 kJ/kg·K 16.92 – 18.28 W/m2·K 

 

The results from table above expressed results in various literatures. For simplicity in 
comparison, all data were expressed in the same units. For heat generation, some literatures 
expressed the results in unit of Watt, so the specification of the battery was taken into account for 
heat generation per unit area. For example, in the work of Hallaj et al. [46], heat generations was 
expressed in per unit volume (W/L), which was ranged from 28 – 60 W/L in 1C discharge rate 
condition. With the specification of 18 mm diameter and 65 mm height, this yield volume of 
1.654 x 10-5 m3 and surface area of 4.18 x 10-3 m2. Therefore, heat generation per unit area was 
calculated to be the range of 0.11 – 0.23 W/m2. It can be seen that different results are provided 
for heat generation. This is due to the different conditions in experiments such as the battery 
types, discharge profile and etc. Some literatures expressed heat generation in different manner, 
for examples, in the work of Onda et al. [3], it was shown as the voltage-current (V-I) 
characteristics and resistance. In Forgez et al. [42], heat generation results were not present but it 
was rather shown as the product of current and the difference between equilibrium and cell 
voltage. However, the value of heat capacity (Cp) and heat transfer coefficient (h) are found to be 
in fairly same range in different literatures. For more details on battery specifications in each 
literature, see Appendix F.  
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CHAPTER 3 

RESEARCH  METHODOLOGY 
 

3.1 Selected Lithium Ion Battery Specifications 

Researchers of Automotive Laboratory, National Metals and Materials Technology Center of 
Thailand (MTEC) initiated the electrical conversion project. This requires replacing drive-train 
components in a conventional gasoline car into electric drive-train. The most important component 
for power supply here is the battery. In this case, selected type of battery has the chemistry of 
lithium iron phosphate. This type has a wide range of advantages. Considering figure 2.4, safety 
rating of this type is at highest among the lithium ion battery family. Specification of the selected 
battery is shown here in table 3.1 

Table 3.1 Technical specifications of the selected battery 

Type Specifications  
Nominal Capacity  
Manufacturer 

60 Ah 
Thunder Sky Battery 

Chemistry Lithium iron phosphate 
Nominal Voltage 3.3 V 
Charge Voltage Cut-off 4.0 V 
Discharge Voltage Cut-off 2.8 V 
Max charge current  ≤ 3C 
Max discharge current  ≤ 3C (Constant) and ≤ 20C (Pulse) 
Cycle Life ≥ 3000 times (80 DOD%)  
Temperature durability of case  ≤ 200 ºC 
Operating Temperature (-45ºC - 85ºC) 
Self-discharge rate ≤ 3% monthly 
Weight 2.3 kg ± 50 g 

 

In terms of battery configuration in electric car, prismatic batteries can provide the ease of 
installation. Construction of this battery has each cell comprised of positive electrode, separator 
and negative electrode stacked together. A combination of many stacks becomes the core. The 
bolts on the top of the battery denote positive and negative terminals. Then the whole core is 
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wrapped around with plastic case. Pressure valve is located between positive and negative 
terminals. This is designed in order to vent out the gas resulted from overcharging the battery as 
shown in Figure 2.8 Lithium ion cell operating window [11] for the battery operating window.   
 

  

Figure 3.1 Physical appearance and dimensions of selected battery 
 

3.2 Experimental Setup Apparatus 

In this section, the summarize of available devices and tools for experimental setup  will be 
shown. Here the devices will be considered in terms of accuracy, safety, connectivity and space 
requirement for the experimental procedures design. 

 

3.2.1 Agilent Electronic Load N3306A 

 

Figure 3.2 Agilent Electronic Load N3306A 
 



33 

 

This electronic load or “load cell” is capable of generating DC load in order to 
discharge the battery. The DC load can be programmed via using the front panel control or the by 
using software. There are three modes of operation, constant current (CC), constant voltage (CV) 
and constant resistance (CR). In this model, the maximum power the device can operate is at 600 
W. Voltage and current operation range are 0 – 60 V and 0 – 120 A respectively. The dimension is 
625 x 426 x 178 mm with net weight of 4.6 kg. Operating conditions such as voltage and current 
can be observed through the front panel display. Manually tightened Connectors can be used for 
connecting power cables between the electronic load and the battery. This needs the cable with 
pure copper or other material which gives good electrical conductivity for connecting with the 
manual tightened connectors. Figure 3.3 shows the connector which is located at the backside of 
the electronic load. Data can be transferred from the device by using GPIB (General Purpose 
Interface Bus).  

As shown in figure 3.3, a bunch of wire with the size according to the specification has 
to be inserted in order to make a connection. This applies for both positive and negative terminals. 
In figure 3.4, the buttons for programming the load operation is shown. This can be used to select 
the mode operation (CC, CV and CR) and also to set the value of load applied.  

 

 
Figure 3.3 Manual Tightened Connector for Agilent N3306A 
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Figure 3.4 Front Panel Controller Buttons for Agilent N3306A 
 

3.2.2 Agilent Electronic Load N3306A 

 

Figure 3.5 Agilent Power Supply N6692A 
 

This device is used for charging the battery at desired current rate within the 
specification ratings. Same as N3306A, the device can be programmed by setting the values at the 
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front panel or by using software. At the front panel control, the settings can also be adjusted by 
using the control knob located under the display. The buttons for front panel control is the same as 
for N3306A. This device requires 3-phase power supply. The output rating for current and voltage 
are 0 – 110 A and 0 – 60 V respectively. The dimension is 426 x 574 x 222 mm. For connecting to 
the battery, the device is designed with a pair of bus bar which is located at the back of the power 
supply (shown in figure 3.6) which can provide simpler approach for the battery cable design.  

 

Figure 3.6 Agilent N6692A Bus bas 
 

3.2.3 Agilent 82357B GPIB/USB Interface   

 

Figure 3.7 Agilent 82357B GPIB/UBS Interface Connector 
 

This device is an essential part for the data transfer and for controlling the Agilent 
Electronic load and Power Supply remotely by using a computer. It requires no switch, no power 
supply as it can get from the connected device. This uses standard USB and IEEE-488 interfaces 
which requires installation of IO suites software. Three LED lights are the indicator for the status 
of the connection. These include “Ready”, “Fail” and “Access”. The “Ready” LED sign will turn 
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yellow when the USB is initially inserted and then will change into green color when the 
connection is successful. Otherwise, the red light on the “Fail” LED will be shown. When the data 
is transferred from the device to the computer, the light on “Access” LED will blink continuously. 
The GPIB connection port is located at the backside of both Agilent electronic load (N3306A) and 
power supply (N6692A) as shown in figure 3.8 

 

Figure 3.8 Location GPIB/USB Port at the back of N6692A 
 

3.2.4 Battery Cables 

For connecting the battery to the device i.e. electronic load or power supply, the 
battery cable must be carefully prepared. This can affect in terms of performance and safety while 
performing experiments on the selected battery. The cables can be categorized by the amount of 
copper wire inside. With more copper wire, less voltage drop will be produces and thus provide 
the accurate results for voltage measurement. This also depends on the connection at the terminals 
of the battery. While using clamp-end cables can be easier for installation than using terminal-end 
cables, the latter one can provide more accurate results in measurement.   

 

 
Figure 3.9 Clamp-end (left) and Terminal-end (Right) battery cables 
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3.2.5 Voltage Measurement Set 

 

Figure 3.10 Voltage measurement set 

 

This is a set of device combination which used for measuring voltage and current of 
the battery. The values are measured directly similar to a multi-meter. The measured value is 
shown in the LED display which requires an external power supply which is provided by OMRON 
S8VS-06024 in this case. There are two pairs of cables which used for measuring current and 
voltage separately. Power cable is setup through the LEM AC/DC Current Transducer DHR-C10 
which was used for measuring current in the cables and transmits data as voltage output to the NI 
DAQ 9205 then converted to current data again in the LabVIEW software. The voltage output 
signals is transferred through wires which can be connected to the National Instruments Data 
Acquisition (DAQ) Module 9205 and then transfer data to the computer. As the connection of 
cables between the electronic load and the battery can cause the voltage to drop, direct 
measurement of voltage is needed. The results of measurement here can be used to compare with 
the measurement value from the electronic load or power supply in order to obtain more accurate 
measurement.  
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3.2.6 National Instruments Data Acquisition (DAQ) Tools 

Data acquisition tools (DAQ) are very powerful for obtaining the data from the 
measurement devices. The selection criteria of the DAQ modules are based on the suitability of 
this work. In this work, output voltage and temperature are the main focus. Table 3.2 shows the 
utilized DAQ tools for this experimental design. The NI 9205 module is for obtaining analog 
voltage input with the range from ±0.2 V to ±10 V. This is in the range of the selected battery 
which has the nominal voltage of 3.3 V and the 16 channels input ports can be applied for 
acquiring data from device which provide voltage output data such as infrared thermal sensor (see 
section 3.2.8) . The module 9213 is used for acquiring temperature data which measured from 
thermocouples attached to several locations of the battery. This module has the operating range 
from -40 °C to 70 °C. This 9213 module also has 16 channels of input ports which is suitable for 
measuring many locations of surface temperatures to prove the assumption of uniform temperature 
distribution. The module 9211 serves the same purpose as 9213 (same operating temperature and 
can support type-K thermocouple) but with only four input ports. The main difference between 
9211 and 9213 is that the 9211 type has the bigger port which is applicable for the thermocouple 
with fork end terminal (figure 3.11).  The ring end terminal (figure 3.11 middle) is suitable for 
connecting the cables to the battery because it has holes which the screw can be fitted. The normal 
wire end (figure 3.11 left) is suitable for inserting into 9205 and 9213 input ports for accuracy of 
data transfer with less voltage drop. The NI cDAQ 9172 chassis is the device for transmitting 
outputs up to 8 NI modules at the same time between the computer via hi-speed USB.  For more 
details of the specifications, see Appendix B.  

 

 

Figure 3.11 Cable ends types applied for this work 
 

Fork End Ring End Normal cables  
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Table 3.2 NI DAQ tools for obtaining voltage and current data 

Module Name Picture Details 

NI 9205 

 

 16 channels of 
voltage analog 
inputs 

 

NI 9213 

 

 16 channels of 
thermocouple 
analog inputs 

NI 9211 

 

 4 channels of 
thermocouple 
inputs 

NI cDAQ  

9172 

 

 Compact DAQ 
chassis which 
compatible for 
operating 8 NI 
modules 
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3.2.7 Thermocouple 

For the temperature measurement, thermocouple is considered to be the simplest 
approach and capable of producing acceptable accurate results. A thermocouple consists of two 
dissimilar conductors in contact with each other. Here, when it is heated, voltage will be produced. 
The reading of this voltage can be converted into temperature. This was discovered by the 
German-Estonian Physicist Thomas Johann Seebeck and thus the theory of thermocouple working 
principle is called the “Seebeck Effect” [47]. There are many types of thermocouples depending 
on the material used as a conductor. In this case, type K thermocouple which consists of chromel 
(90% nickel and 10% chromium) and alumel (95% nickel, 2% manganese, 2% aluminium and 1% 
silicon) is used. The temperature range is from -200ºC to +1350ºC. Figure 3.12 shows the basic 
diagram for thermocouple.  

 

 

Figure 3.12 Thermocouple diagram [48] 
 

From figure 3.11, the small change in Seebeck voltage is linearly proportional to 
temperature. Equation 3.1 can be used to explain its working principle. α denotes the Seebeck 
coefficient. 

                                        eAB α T        (3.1) 

 

The advantage of thermocouple is that in can be easily installed on any target 
temperature measurement surface due to the size and shape of thermocouple probe. It is also very 
responsive to rapidly changing temperatures and contains large temperature scale. Therefore, 
thermocouples are used for measuring surface temperatures of the battery. However, from thermal 
model presented in chapter 2, battery internal temperature is also required. For this case, contact 
type temperature measurement device such as thermocouple can cause a short circuit if attached to 
the battery core. Therefore, infrared temperature sensor is applied.       
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3.2.8 Infrared Temperature Sensor 

The technology of infrared offers a convenient and accurate approach for temperature 
measurement. Discovered by William Hershel in 1800 when he was using mercury thermometer. 
The temperature rose from violet to red while moving the peak of the blackened thermometer 
through the colors of spectrum. The temperature increased and peaked behind the red area. Thus, 
this becomes the “infrared wavelength area”. The lens in the sensor can sense the infrared 
radiation then the electrical signals will be generated and transformed into output signal which 
proportional to the object temperature. The infrared sensor provides many advantages such as the 
capability of measuring moving, overheated objects or objects which located in hazardous 
surroundings. The response and exposure time is very fast and provides no influence on the 
measuring object. It is a non-destructive measurement and has no mechanical wear. [49] In this 
work, Micro-Epsilon SF-15 is used for battery internal temperature measurement because it does 
not require the sensor to contact the surface which avoids the risk of short circuit. The 
disadvantage of this type is the higher cost and more complicate installation. The specification is 
shown in table 3.3 and figure 3.13 shows the dimension of the sensor. 

 

Table 3.3 Technical specifications of Infrared Thermal Sensor employed in this work 
Temperature Range -40 ….. 1030˚C 
Spectral Range 8…..14μm 
Optical Resolution 15:1 
Accuracy ±1.5˚C or ±1.5% 
Emissivity/Gain 0,100….1,100  adjustable to software) 

 
 

  

Figure 3.13 Dimensions of infrared thermal sensor 
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3.2.9 OMEGA Thin Film Heat Flux Sensor 
For measuring the surface temperature of the battery, thermocouple would be 

sufficient. However, it is important to know the heat which flows from the surface of the battery to 
the surroundings. Therefore, heat flux sensors with thermocouples are attached to both sides of the 
sensor for this purpose. The temperature of the surface and the surrounding can be measured 
simultaneously from thermocouple type K in the sensor. Then, heat transfer can be calculated 
from using the thermal resistance value  0.002 ˚C·m2/W). The dimension of selected sensor is 
shown in figure 3.14. The upper temperature limit is approximately 150˚C. The carrier of thermal 
junction is polyimide film (Kapton). Lead wires are made up of #30 (American wire gauge) AWG 
Solid, Teflon insulated color coded.  

 

 
Figure 3.14 OMEGA Heat Flux Sensor working principal and specifications 
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3.2.10  MACCOR battery testing system 

For improved accuracy in the application of battery testing, MACCOR has provided 
the solution for this. MACCOR battery tester has two pairs of cables, one for charging and 
discharging the battery and one pair for measuring voltage of the battery. MACCOR series 4000 
provides 8 channels with maximum voltage of 100 V and maximum current of 60 A. Also, 
thermocouple channels are available for temperature measurement. Figure 3.15 shows the picture 
of MACCOR series 4000 used in this work.  Table 3.4 shows the specification of this system.  

 

 
Figure 3.15 MACCOR Series 4000 

 



44 

 

Table 3.4 MACCOR Series 4000 Specification 

Number of test channels 1 to 192 per system 

Voltage Ranges Available up to 180 V Maximum 

Current Ranges Single Current Range 1mA to 2000A; Four 
Current Ranges: 150μA, 5mA, 150mA, 5A 

Data Recording Rate 200 data points per second per system standard 

Operating Modes Constant Current, Constant Voltage, Constant 
Power, Constant Resistance, Cyclic Voltametry 

3.2.11 Thermal Chamber 

In the actual application of batteries, thermal conditions may vary depend on the 
climate of the environment. Therefore, it is necessary to use temperature chamber for simulating 
different thermal environment for battery testing. As explained before, thermal model for heat 
generation of the battery requires the value of temperature coefficient, dEeq/dT (see equation 2.11). 
This can also be obtained by using thermal chamber. In this work, a refrigerator with temperature 
controller is used as a thermal chamber. The range of programmable temperature is from 5˚C to 
40˚C with the 0.5 ˚C incremental. The size is 8.8 cubic ft. Picture of the refrigerator and 
temperature control unit is shown below. 

 

 

Figure 3.16 Thermal Chamber 
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3.3 Experimental Setup 
In this work, main interested parameters are temperature and voltage according to the thermal 

model. Summarize of experiments preparation is shown in figure 3.17.  

 

Figure 3.17 Preparation of experimental setup 
 

From figure 3.17, there are three main parts for the preparation of experiments. In the first 
step, temperature sensors are prepared and attached to specified location of the battery. This 
includes the thermocouples and infrared sensor. Then, battery testing system such as electronic 
load and power supply are prepared for voltage measurement. Finally, the output of data from 
sensors and the devices are logged by using National Instruments LabVIEW software. This 
software provides the graphical programming which can also be used for controlling the devices. 
When all the components are connected together, experimental conditions can be applied to obtain 
the targeted data.  

 

3.3.1 Temperature Sensors Setup 

For proving uniform temperature distribution assumption to apply thermal model, 
thermocouples are attached in several points on the surface of the battery by using aluminum 
insulator foil. Figure 3.18 shows the positions of each thermocouple. After this assumption is 
proved for x, y and z axis, heat flux sensor with thermocouples are attached in three positions of x, 
y and z axis of the battery to localize the data for simpler calculation. Adhesive tapes were used 
for heat flux sensor installation. Figure 3.19 shows correspondingly of those positions.   
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Figure 3.18 Surfaces for thermocouple attachment for proving uniform temperature 
 

 
Figure 3.19 Surfaces for thermocouple attachment after proving the assumption 

 
For measuring internal temperature of the battery, it is required that non-contact 

measurement must be applied to prevent short circuit. In this case, infrared (IR) thermal sensor is 
applied because it can measure temperature from a distance. Primary investigation on physical 
structure at the top portion was reviewed by using X-ray scan image shown in figure 3.20. From 
the scan image it was found that IR thermal sensor can be installed by having the modifying the 
pressure valve to fit the dimension of the sensor. Then the pressure valve is only for releasing gas 
when the battery is overcharged, this is not the condition of this work and thus it is safe to modify 
the valve.  The dimension of the battery was reviewed and the distance between the measured 
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surface and the sensor is obtained from the specification sheet. The materials of the battery core 
was reviewed from the material safety data sheet in the battery instruction manual and found that 
there is nothing that can damage selected thermal sensor. Figure 3.21 shows the dimension from 
the top surface of battery core with the blue rectangle indicates the z axis cross section dimension.   

 

 

Figure 3.20 X-ray image displays depth from the lid to the battery core 
 

 
Figure 3.21 Dimension of the top surface of battery core 
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Aspect ratio is important for selecting IR sensor because it describes the ratio between 
width and height of measuring surface. In this case, the ratio of 2:1 is qualified but the sensor with 
15:1 aspect ratio was selected just in case of future operations. To install IR sensor, the pressure 
vent lid is removed from the top and modified so that the IR sensor can be installed at the position 
of pressure vent. IR sensor project infrared to the battery core directly and measure battery internal 
temperature according to the X-ray image.  

 

 

Figure 3.22 Battery installed with heat flux sensors and connected to MACCOR system 
 

 

Figure 3.23 Multi-surface temperature measurement test setup 
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3.3.2 Electronic Load/Power Supply Setup 

In the setup shown in figure 3.24, an Agilent device (either electronic load or power 
supply) is connected to the battery via cables to generate electrical load and at the same time, 
measure voltage. To get more precise value of voltage measurement, direct measurement system is 
also applied to compensate with the voltage drop in the battery cables connected to the Agilent 
device. Thermocouples are attached to the surface of the battery and IR thermal sensor is installed 
at the top of the battery. The output signal from thermal sensors and voltage measurement system 
are transmitted via National Instruments Data Acquisition tool and then processed in the 
LabVIEW software. Data output from Agilent devices are transmitted through the GPIB USB port 
and then to the LabVIEW software to further analysis.  
  

 

Figure 3.24 Experimental Setup for Agilent devices 
 

In heat capacity test, the selected battery needs to be charged and discharged in the 
same test procedure. In this case, it is complicated to setup using both electronic load and power 
supply at the same time due to safety reasons such as possibility of overheat and short-circuited. 
Therefore, a MACCOR 4000 battery testing system is applied to achieve this purpose. Figure 3.25 
shows the schematic for this experimental procedure.  
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Figure 3.25 Experimental Setup for MACCOR 4000 system 
 

In the setup of MACCOR 4000 system (figure 3.25), direct voltage measurement is 
not applied because the system already have the separated cables for measuring voltage and 
supply current. Therefore, voltage drop issue is not concerned with this setup. As this setup is 
aimed to obtain experimental results for heat capacity, heat transfer from the surface to the 
surrounding has to be calculated according to thermal model. Therefore, heat flux sensor is 
mounted on the three surfaces of the battery for x, y and z axis for this purpose. Same as the setup 
for Agilent devices, infrared temperature sensor is used for measuring internal temperature of the 
battery. The electrical data such as voltage, current, state of charge and etc. are transmitted to the 
computer with MACCOR owned software. At the same time, temperature data are transmitted via 
NI 9205 device, and then to NI LabVIEW software.  

In figure 3.26, the experimental setup for determining temperature coefficient is shown. 
This property is essential for calculating the heat generation for the battery according to thermal 
model (see chapter 2). In this setup, battery is connected to Agilent electronic load for monitoring 
voltage. At the same time, battery is contained in thermal chamber (in this case, a refrigerator) and 
surrounding temperature is controlled as designed.  Temperature of the battery is also monitored 
with the same setup of sensors as the first setup. Temperature inside the chamber is monitored by 
thermocouple and temperature data are transmitted through NI 9213 module.  
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Figure 3.26 Experimental Setup for Temperature Coefficient experiment 
 

3.3.3 LabVIEW Graphical Programming 

To control electrical devices and manage data which recorded from sensors, LabVIEW 
(Laboratory Virtual Instrument Engineering Workbench) program is used. This program 
communicates with Data Acquisition (DAQ) devices which are connected between sensors and 
the computer. The applications of this program include data acquisition, instrument control and 
industrial automation with the support on main platforms such as Windows, MAC OS X or Linux.  
One of the main advantages of LabVIEW is the dataflow programming type which uses graphical 
codes. Two main parts of LabVIEW are “block diagram” and “front panel”. The block diagram 
page is for creating and editing the graphical programming codes. In each code, the user can easily 
understand the functions of each block diagram by turning on the help features. Then blocks can 
be connected together to create a more complex sequence to drive the program displayed in front 
panel. Another outstanding feature of this program is the capability in connecting with wide range 
of hardware and the user can also do custom user interface from the front panel to suit the purpose. 
Connections can be chosen from analog to digital according to user’s application. To transfer data 
from controlled hardware to computer, DAQ device can be used with simple connection via USB 
(Universal Serial Bus). Figure 3.27 shows the block diagram for discharge tests. Here, the 
dataflow shows that the data of voltage, current and temperature are processed and recorded to 
text file. The front panel reflects to the design of graphical codes in block diagram. Figure 3.27 
and 3.28 show block diagram for discharge and charge experiments respectively. Here, input 
parameters such as current and cut-off voltage are set and real-time data of voltage and 
temperature can be observed. For block diagrams designed for this work, see Appendix C and D.  
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Figure 3.27 LabVIEW front panel for discharge experiment 
 

 

Figure 3.28 LabVIEW front panel for charge experiment 
 

From figure 3.27 and 3.28, main parameters such as voltage, current and temperature 
are measured from devices explained previously. Then, the data of voltage and current are plotted 
into the chart relative to time for real-time observation. The numerical values are also displayed 
for more precise observation. For state of charge (SOC) observation, coulomb counting method 
was applied and data of SOC is displayed at the gauge on the right side of front panel. 



53 

 

3.3.4 MACCOR software  

 

Figure 3.29 MACCOR software front panel 
 

Figure 3.29 shows the software for MACCOR 4000 which comes with the package of 
the battery testing system. In this software, multiple test channels can be observed. Both charge 
and discharge test can be programmed with multiple channels. The data of voltage and current are 
recorded to the computer without using DAQ tools. One of advantage compared to LabVIEW 
software is that step discharge test can be programmed to have the current load altered according 
to the programmed values. In “detailed” tab, several real-time readings of battery conditions can 
be monitored such as voltage, current, power and active test procedures can be monitored. For 
intermediate tab, real time conditions such as voltage, current and capacity in all channels are 
displayed here. The normal tab shows overall status of the test system with colors indicating test 
progress. The chart tab shows real time graphic display with selectable inputs. Finally, “Quick” 
tab displays the selected condition (voltage, current, capacity and etc.) which can be seen from a 
distance with bigger fonts and colored in the background. To create or edit test procedures, “Build 
Test Program” can be used  see figure 3.30 . In the type tab, procedures such as charge, discharge, 
rest or loop can be applied for operation. Also, several end types can be set such as step time, loop 
count, voltage, current, power and etc.  
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Figure 3.30 Build test program window 

 

3.4 Experimental Procedure design  
For step-by-step experimental procedures, each test is based on the conditions applied to the 

battery. The basic concept is based on thermal model which shown the measurable parameters 
such as temperature, voltage and current. Then after the data of measured parameters were 
obtained, they were applied to thermal model to find heat generation, heat transfer coefficient and 
heat capacity. State of charge can also be measured in real time by using the coulomb counting 
method. In this case, the test conditions are discharge test, charge test, temperature coefficient test 
and heat capacity test. To see the demonstration of thermal data obtaining approach, see figure 
3.31.  
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Figure 3.31 Approach to thermal properties in this work 
 

From figure 3.31, temperature, current and voltage can be directly measured from the battery. 
With the data obtained, thermal model can be used to analyze for heat generation, heat capacity 
and heat transfer coefficient. In each thermal property, different experiments are designed with 
different conditions.  

In all experiments performed in this work, same primary preparation process is applied. The 
sequential steps are shown below; 

1. Inspect physical conditions of the battery for wear or tear and measure voltage and 
temperature by using simple devices such as multi-meter.  

2. Inspect conditions of experimental devices (such as electronic load and power supply) 
and accessory tools such as power cables and data transfer devices (DAQ and NI 
modules).  

3. Connect power cables between the battery and the load device  
4. Connect measurement devices such as thermocouples, heat flux sensor, infrared 

thermal sensor and voltage measurement wire.  
5. Turn on the load device and observe battery readings from the display on the 

connected device such as voltage, current and temperature. 
6. Adjust the load device setting to according to the conditions for the selected 

experiment.   
Therefore, different experiments will reflects on different types of load device used, settings 

on load conditions and measurement devices attached to the battery.  
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3.4.1 Charge/Discharge experimental procedure 

This section explains the procedures for charge and discharge experiment. This type of 
experiment is the fundamental test for understanding the battery behavior. The outcome of the test 
can predict many attributes of the battery such as thermal behavior (temperature profile, heat 
generation), battery capacity, electrical properties such as open circuit voltage and internal 
resistance. In figure 3.32, the approach to heat generated in battery can be seen. The charge and 
discharge test can be performed to obtain heat generation and in the same time, state of charge can 
be monitored by using the coulomb counting method. Table 3.5 shows required conditions for 
charge/discharge experiment.  

 

 

Figure 3.32 Heat Generation Approach 
 

Table 3.5 Experimental Conditions for Charge/Discharge tests 
Devices required Agilent devices or MACCOR system 
Current load applied 20A, 30A, 60A 
Temperature limits Follow battery specifications 
Measurement device required Thermocouple/heat flux sensor and IR thermal sensor 
Targeted properties  Heat Generation, Battery Capacity, Resistance 
 

For discharge test, the experiment flow is shown in figure 3.33. Load current input can 
be set from the LabVIEW front panel which controls Agilent electronic load (shown in red 
rectangle of figure 3.34). This was taken from the part of discharge test front panel in figure 3.27. 
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The cutoff voltage can be set in the “Min Volt” box. After finishing the condition input, the “run” 
button can be used to initiate the experiment. For cutoff temperature, the feature only available in 
MACCOR battery test system. The blue rectangle section shows the real time status in voltage, 
current and power of the battery.  
 

 
Figure 3.33 Flowchart for charge and discharge experiment 

 

 

Figure 3.34 Condition input for Electronic load controller 
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In the other section of discharge test front panel located on the right side, battery 
conditions can be monitored in real time from charts and text display. The state of charge of the 
battery is monitored through its opposite attribute, the depth of discharge (DOD) from the DOD 
tank level display. When the DOD reach 100%, the cutoff voltage is reached and the experiment is 
ended. For MACCOR system, the input setting for load condition can be input in “Build Test 
Program” window shown in figure 3.30.  MACCOR allows the battery to be charged and 
discharged by using same testing device and software. For LabVIEW which controls Agilent 
devices, the programs are separated and therefore the charge and discharge experiments had to be 
done separately.  
 

 

Figure 3.35 Real-time monitoring at discharge test front panel 
 

In charge test, power supply was used to perform the experiment. For setting input 
conditions, the procedure is similar to that of electronic load but the selection of device is needed 
at the “VISA resource name” box. In figure 3.36 which was taken from the power supply, the 
output switch must be turned on and voltage and current can be set from boxes below output 
toggle switch. Similar to electronic load, the real time data displayed is demonstrated in figure 
3.37.  
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Figure 3.36 Condition input for power supply front panel 
 

 

Figure 3.37 Real-time monitoring at charge test front panel 
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Figure 3.38 Charging sequence for selected battery 

 
The sequence steps of charge test for lithium ion batteries are more complex than the 

discharge test. In this test, the initial step start with the constant current charging which the value 
of charge current can be set in the current box in figure 3.36. In this step, the battery voltage 
(galvano-static) will gradually increase until it reached the charge voltage which can be set from 
the voltage box at the front panel of charge test. This initiates the second step which is called the 
constant voltage (potentio-static) charging. In this step the battery voltage will remain constant 
and the charge current will gradually decreased until the cutoff current condition is reached .In 
theory, the cutoff current is less than 3% of the rated current applied to the battery. For this work, 
the selected battery has the capacity of 60A which means it takes 1 hour to fully discharge the 
battery with current load of 60A. Therefore, the cutoff current for this case is 3% of 60A which 
equals to 1.8A. Figure 3.38 demonstrates the explained sequence. This figure shows current 
supplied in left y-axis with the unit of CA or Capacity Ampere which based on the battery 
capacity (i.e. 1CA  = 60A, 0.5CA = 30A). The voltage and capacity of the battery are shown on 
the first and second scale of the right y-axis respectively. For the case of discharge test, the 
constant current (galvano-static) process is only applied to the battery.   
 

3.4.2 Temperature Coefficient experimental procedure 
From the battery thermal model, it can be seen that temperature coefficient is required 

for calculating the heat from chemical reaction or reversible entropic heat of the battery. This term 
is defined as equilibrium or open circuit voltage variation to the temperature (dEeq/dT).  
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Here, separated experiment must be performed to obtain this coefficient. Referred to 
the works from several researchers the methodology for approaching this parameter is similar. The 
tested battery with attached voltage and temperature sensor is put into thermal cycling. When the 
temperature of battery becomes stable, open circuit voltage of the battery is observed. Finally the 
data of voltage and temperature are put into the calculation of temperature coefficients. From 
Hong et al [38], battery was heated by the wounded coil around the cell and kept the temperature 
constant for 4 hours in each temperature step. The results of dEeq/dT from Hong et al were -0.429 
mV/K and -0.753 mV/K from open circuit voltage of 4.044 V and 3.22 V respectively. From Onda 
et al [41], the battery was set in thermostat and kept at 10, 20, 30 and 40°C respectively for 3 
hours to see the voltage change. There was no report of dEeq/dT results in Onda et al but the 
entropy change which was influenced by this term was negative in most SOC. From Forgez et al 
[42], the tested battery was out to the programmable climatic chamber and thermal cycle from 6°C 
- 36°C was applied to observe the voltage change. The results of dEeq/dT from this work were 
found to deviate with the state of charge but have no definite relationship. In the range of 0 – 30 % 
SOC, dEeq/dT was found to be negative around -0.3 to -0.05 mV/K. From 30% to 100% state of 
charge, the results were positive with the range from about 0.025 to 0.1 mV/K. This can be 
observed that depending on the state of charge, the chemical reaction heat term can be 
endothermic or exothermic. For the applied method in this thesis, climatic thermal chamber 
method was chosen. The battery was attached with thermocouples and temperature surrounded 
was altered after temperature of the battery reaches the chamber temperature. The experiment was 
performed having the battery in the same state of charge from 0 to 100% with 10% SOC 
incremental. Experimental conditions are summarized in table 3.6 below.      
 

Table 3.6 Experimental Conditions for temperature coefficient test. 
Devices required Agilent Electronic load 
Current load applied None (to keep State of Charge constant) 
Temperature variations (°C) 10°C - 35°C  
State of charges observed (%) 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 
Measurement device required Thermocouple and IR thermal sensor 
Targeted properties  Temperature Coefficient (dEeq/dT) 
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Figure 3.39 shows flowchart for performing temperature coefficient test. The initial 
step is to have the battery fully charged. Then battery is discharged by 10% for testing for this 
parameter at 90% SOC. Battery temperature must be in steady state with the room temperature 
before it is put into thermal chamber. In thermal chamber, open circuit voltage will be observed to 
the variation of temperature around the battery.  The temperature range can be referred from table 
3.6.  

  

 

Figure 3.39 Temperature coefficient test sequence for selected battery 
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3.4.3 Heat Capacity (Cp) experimental procedures 
Heat capacity of the battery is very useful for the design of thermal management 

system. In most works, this was either analyzed from material properties or from the use of 
calorimeter. For this work, energy balance of the battery was applied. The charging and 
discharging sequence was applied to battery to contain the state of charge in the range of target 
value, in this case ±4% SOC was used. The sequence starts from discharging the battery to reduce 
the state of charge by 4% then charge to bring the state of charge to 4% higher than its initial 
value. In this case, the current applied for charging and discharging cycle is at 1C and the target 
SOC for Cp analysis is at 50%. The data from targeted state of charge then was used for heat 
capacity calculation. Also, the internal heat transfer coefficient (hin) from each axis of the battery 
can be calculated from the obtained data (will be shown later in chapter 4). The output temperature 
can be used to find temperature-time gradient. Flowchart in figure 3.40 shows the steps of 
performing the heat capacity procedure.  

 

 

Figure 3.40 Flowchart for heat capacity test procedures 
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Table 3.7 Experimental Conditions for heat capacity test. 
Devices required MACCOR Batterty testing system 
Current load applied 1C (60A) 
Temperature limits  Follow specifications on the manual 
Measurement device required Heat flux sensor and IR thermal sensor 
Targeted properties  Heat capacity 
 

3.4.4 Pulse (Step) Current discharge test procedure 
Additionally, pulse or step current discharge test was also performed to observe 

electrical properties of the battery such as open circuit and internal resistance. For the open circuit, 
the long step pulse was applied initially to observe the time taken for battery to reach equilibrium 
voltage. Then using the value of equilibrium and loaded voltage, the internal resistance of the 
battery can be calculated from the simple ohm’s law. Figure 3.41 shows the flowchart of step 
current test procedures. The conditions of this test are similar to that of discharge test but the rest 
time can be different due to the purpose of test.  

 

 
Figure 3.41 Flowchart for step current discharge test 
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CHAPTER 4 

RESULTS 
 

4.1 Constant Current Discharge/Charge Tests 

In this section, results from constant current tests are shown. The objective here is to see the 
performance characteristics of the battery in terms of discharge capability and capacity. 
Comparisons between several methods for conducting the constant current tests are displayed 
here. Also, findings from battery performance in general are shown in this section. 

4.1.1 Constant current discharge and charge tests (30°C) 

 

Figure 4.1 1C Constant current discharge test 
 

In Figure 4.1, the data of voltage and current is displayed from 1 C discharge test. In 
this case, 1 C shows the amount of current that can fully discharge the battery in 1 hour which is 
60 A according to the specification. The voltage behavior at the start decreased accordingly to the 
current applied. After it was discharged to 5% DOD (depth of discharge), voltage shows little 
change until the sudden drop when reaching 100% DOD in opposite, when the state of charge 
(SOC) reaches 0. This voltage behavior displays the advantage of lithium ion battery which can 
provide constant voltage under load. According to the coulomb counting method, the capacity of 
the battery was measured to follow the specification of 60 Ah.   
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Figure 4.2 shows the same results from discharging at 1 C rate with the comparison 
between the reading from Agilent Electronic load and from direct measurement of voltage. Here, 
the blue line shows the result which obtained from electronic load via GPIB port and the red line 
shows directly measured voltage. At the start of the test when the current load is gradually 
increased to the target value, the voltage measured from electronic load dropped to about 2.9 V. At 
the same time, the actual reading of voltage also has the voltage dropped but only to about 3.3 V. 
Both curves show similar trends except that the direct measured voltage reduced slower than 
measurement from electronic load due to less electrical resistance between the cable and the 
meter. At the end of the test, the actual (directly measured) voltage was about 2.6 V and the 
electronic load result shows the value below 2.4 V. This depicts that the use of direct measurement 
can provide more accurate results of voltage response from the battery. From coulomb counting, 
the results show that Ah rating for battery is higher than specified.  

 

 

Figure 4.2 60A CC discharge voltage profile from using Agilent device 
 

In figure 4.3, constant current discharge test from MACCOR battery tester is shown 
with initial environment temperature is at 30°C. Here, it can be noticed that the trend line is very 
similar to the results from electronic load. However, the voltage range is higher and close to the 
direct measurement of voltage because MACCOR device setup contains separated pair of voltage 
measurement cables. When the current load is applied, voltage is dropped to about 3.2 V and then 
was constantly reduced until it reached the cut off voltage, which is at 2.6 V.  
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It can be noticed that the depth of discharge (DOD) of the battery at the end of 
discharge test with MACCOR device (about 97%) is less than the DOD at the end of test which 
used Agilent device. This is because the battery was modified to be installed with infrared 
temperature sensor which causes the reduction of battery capacity due to the reduction in active 
material while the battery core is exposed to air. Despite capacity reduction, the battery 
performance in terms of discharge voltage profile and temperature profile are applicable for the 
calculation of thermal properties.  

 

 

Figure 4.3 1 C CC Discharge voltage from MACCOR battery test system 
 

Comparison of discharge voltage profile in each load is shown in figure 4.4. This is 
performed by using MACCOR battery tester with the current load of 20, 30 and 60A. The cut off 
voltage is the same as 2.6 V and initial voltage is at 3.6 V. With higher discharge rate, the quicker 
that voltage reaches the end condition. With lower discharge rate, it is observed that the depth of 
discharge at the end of the test is higher which shows the relationship between battery available 
capacity and discharge rate. Relatively, the discharge time can take longer with less discharge rate 
for example 0.5 C rate will take 2 hours to fully discharge the battery. Also, the results proved that 
the battery capacity is met with the condition in the specification manual with 60 Ah rating.  
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Figure 4.4 Comparison of discharge voltage at different loads 

 

 

Figure 4.5 Charge curve results from Agilent Power Supply 
 

In the constant current charge test, figure 4.5 shows results from using Agilent power 
supply device. At constant current phase, voltage increased until charged voltage of 4 V is 
reached. Then at the constant voltage phase, current dropped until reach cutoff condition of 1 A. In 
this process, the output voltage from power supply rise to the target voltage earlier than the 
directly measured voltage. The actual voltage reached target near the end of the test but the 
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voltage from power supply readings reaches the target earlier. Noise is one of the disadvantages of 
using direct measurement at Agilent setup which requires the data transmitted through NI module. 
To eliminate this, measured data was processed though low-pass filter in MATLAB for smoother 
plot. The frequency used for filtering was at 100 Hz. See Appendix E for MATLAB code used 
here.   

Figure 4.6 shows the result of charge test from MACCOR battery tester. The voltage 
reading is closer to the direct measurement which is more accurate than the readings from Agilent 
power supply. As soon as the voltage reached 4 V (target charge voltage), the current load 
dropped immediately and then the test is ended when current load is reduced to 1 A (2% of rate 
current).  Data used for plotting charge curve in figure 4.6 was used from the recorded data in 
MACCOR system directly without any further process such as filterng. This is because the 
MACCOR system can record the voltage data and eliminate interruption noises. Thus, unlike 
Agilent device, this system does not required another measurement settings of voltage directly.  

 

 

Figure 4.6 Charge Curve from MACCOR battery tester 
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Figure 4.7 Internal Temperature Comparison between loads by depth of discharge 
 

In figure 4.7, the corresponding result of internal temperature response from discharge 
test in each load (according to figure 4.4) are displayed. All of the tests started at ambient 
temperature at approximately 30˚C. The peaked temperature here is 51.7˚C ( T = 21.5 ˚C  for 1C 
(60A) discharge whereas in the C/2 (30A) rate of discharge, the peaked temperature at the end is 
about 38 ºC ( T   7.3˚C . Also in perspective of time based analysis, figure 4.8 shows that the 
highest discharge rate (1C, 60A) produced largest temperature-time gradient. Equations in each 
curve are obtained by linear regression method.  

 

 

Figure 4.8 Internal Temperature Comparison between loads by time 
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From figure 4.9, the temperature measured inside and the surfaces of the battery are 
compared. From this figure, it can be noticed that all curves are in linear relationship while 
internal temperature produced steeper curve than the surface temperature results. It can also be 
noticed that the temperatures on the front, side and bottom surface of the battery have only slight 
difference between each other. This is due to the uniform temperature distribution across the 
surface of the battery. To clarify further on this, an experiment was performed as having 
thermocouples attached to the various positions on the battery surface according to figure 3.18 
while the battery was discharged with the rate of 1 C. The actual setup is shown figure 3.23 with 
initial temperature was 31˚C which was the environment temperature at that time of test. The 
results from figure 4.10 to 4.12, most of the temperature changed in the same way in each position 
with the same range. The difference between the initial and final temperature is not more than 2˚C. 
Therefore, measurement of temperature was simplified by attaching only one thermocouple of 
each axis (front, side and bottom for x, y and z respectively). Furthermore, the data of temperature 
on the surfaces of the battery are important for the calculation of heat generation and heat capacity 
which will be demonstrated in the next chapter.  

 

 

Figure 4.9 Temperature results from 1C constant current discharge test by time 
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Figure 4.10, 4.11 and 4.12 shows temperature responds for the uniform temperature 
test on the front, side and bottom surfaces of the battery respectively.  

 

 

Figure 4.10 Front surface temperature responses 

 

 

Figure 4.11 Side surface temperature responses 
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Figure 4.12 Bottom surface temperature responses 
 

In figure 4.13, temperature responses from charge test with constant current of 1 C rate 
is demonstrated. Here, the results are similar to that of CC discharge test as the temperature rise 
with the constant slope. However, at the constant voltage (CV) period when the current supplied to 
the battery is reduced as the battery voltage reached the charging target, it can be seen that the 
temperature decreased. The peak temperature of battery internal core was slightly over 51 ºC after 
about 1 hour and then it was reduced at the CV phase and reached 37.6 ºC at the end.  

 

 

Figure 4.13 Charge Experiment with Temperature responses 
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Figure 4.14 1C Charge Temperature trend 

 

Figure 4.14 shows temperature trends for charge test in several measured locations 
before period which the temperature dropped at the constant voltage phase.  Here, the temperature 
trends were shown to follow the same sense with discharge test temperature response. The surface 
temperatures (front, side and bottom) are in closed range with each other. For the trend internal 
temperature, it can be seen that the gradient steeper than the surface temperatures. This means the 
battery heats up faster from the inside.  It is also observed that the temperature-time gradients of 
internal temperature in the discharge and charge test are closed to each other at around 0.006 to 
0.007 from comparing this figure to figure 4.9. The surface temperatures measured from discharge 
and charge tests also produced the gradient in the same sense around 0.003 comparing to the same 
figure. Therefore, it can be concluded that the different test protocol (charge or discharge) can 
leads to the similar results of temperature response. Furthermore, the similar linear trend will also 
be observed in the test which combines both charge and discharge protocols in order to maintain 
the battery at the targeted state of charge. In this test, temperature-time gradient will be used for 
the calculation of one of the most important thermal properties, the heat capacity. In the next 
section, pulse current test will be performed to observe temperature trends, open circuit voltage 
recovery and internal resistance. 

 

 



75 

 

4.1.2 Pulse Current Test Results 
From figure 4.15, the battery is discharged with 5 minute pulse rest by Agilent device 

at C/2 (30A) rate as recommended by the manufacturer (see specifications in Appendix A for 
reference). The result shows that voltage dropped dramatically to about 2.3 V (directly measured) 
after current was applied. Compared to actual voltage, the effect from resistance in battery cables 
makes the difference of 1 V. When load is off, voltage quickly recovered to 3.24 V which is 
closed to actual value. At the end of test, voltage reading from Agilent Electronic load was closed 
to 0.5 V but the actual voltage was about 2.2 V. It is also observed that voltage started to decrease 
quicker after the depth of discharge at 100%. To explain on the depth of discharge value of higher 
than 100%, the capacity applied in this test is according to the specification (60 Ah) but the results 
from this test found the capacity to be higher than expected. This is similar to the case of constant 
current discharge test with the results in figure 4.2, showing the depth of discharge at the end of 
test went over 100%. The results of discharge test after IR thermal sensor installation may show 
voltage drop before 100% due to the capacity reduction from the effect of reduction in active 
material as the battery was exposed to open air. The inaccuracy of voltage reading of Agilent 
device which resulted from internal resistance in the cable is observed again in this test.  To 
eliminate this, MACCOR battery system was used because it has separated voltage cables in the 
system and thus provides simpler setup.  
 

 

Figure 4.15 Pulse discharge curve from Agilent device 
 



76 

 

In figure 4.16, pulse test results performed on MACCOR battery system is shown. 
Here, it is observed the voltage started to drop quicker in 70% depth of discharge (DOD). This can 
be seen from the steeper curve of voltage reduction while loaded with current.  At 90% DOD, 
when the battery was loaded, voltage dropped with steepest curve which approach the end 
condition of test at 100%.  

 

 

Figure 4.16 30A Pulse Current Test Voltage profile 

 

 

Figure 4.17 Temperature responses 30A Pulse Test 
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In figure 4.18, voltage and temperatures are plotted together. The temperature is 
shown to be related to the discharge and rest profile applied. The temperature fluctuated up and 
down to the current loaded and unloaded respectively. This behavior is more obvious from 60% 
depth of discharge and onwards as the temperature decreased at rest period (I = 0). The curve of 
internal temperature produced more fluctuated trend compared to the surface temperature because 
internal temperature was acquired from infrared sensor which got interruption from noise in the 
signal. Nevertheless, the temperature curve still shows same sense of trend as the surface 
temperature from 60% DOD as the voltage recover at rest period, internal temperature was also 
reduced.  

 

 

Figure 4.18 30A Pulse Test Voltage and Temperature response 
 

4.1.3 Temperature (Entropic) Coefficient Test 
In this test, the battery is put into thermal chamber in order to test to see the change in 

open circuit voltage effect on the change in surrounding temperature. This is performed for each 
state of charge from 0 -100% with 10% incremental. The result shown in figure 4.19 is from when 
the battery is in 20% state of charge. It can be seen that as the temperature increased, Eeq 
decreased. This makes the value of temperature or temperature coefficient becomes negative. On 
the other hand, at 60% SOC in figure 4.20, while the temperature is increased, Eeq also increased. 
This makes temperature coefficient becomes positive.  
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The selection of open-circuit voltage is from when the temperature of the battery 
becomes equilibrium. In this case of experiment, the condition is set to when the battery 
temperature reaches the environment temperature as to minimize the time. In table 4.1, open 
circuit voltage (Eeq) results are shown from each temperature coefficient test conditions. Note that 
the steady-state condition in each temperature can be time-consuming and therefore some of the 
data points were marked as dash (-) due to their unsteady condition.  

 

 
 Figure 4.19 Temperature Coefficient Test at 20% SOC 

 

 

Figure 4.20 Temperature Coefficient Test at 60% SOC 
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Table 4.1 Open Circuit voltage at several conditions from temperature coefficient test 
SOC/Temperature 10°C 20°C 25°C 30°C 35°C 

0 3.042 - 3.0411 - 3.0387 
10% 3.2152 3.2146 3.2139 - 3.2131 
20% 3.2559 3.2554 3.2554 3.2552 3.255 
30% 3.2794 - 3.2793 - 3.2791 
40% 3.2936 3.2945 3.2958 - 3.2965 
50% 3.295 3.2964 - - 3.2989 
60% - 3.3013 3.302 3.3022 3.3029 
70% 3.3061 3.3074 - 3.3091 3.3101 
80% 3.3328 3.3335 - 3.3343 - 
90% 3.3344 3.335 - - 3.3359 

100% 3.3409 3.342 - - 3.3458 
                                                                                              

Table 4.2 Actual battery temperature measured from temperature coefficient test 
SOC/Target Temperature 10°C 20°C 25°C 30°C 35°C 

0 12.8°C 19.6°C - - 33.28°C 
10% 12.152°C 20.3°C 27.21°C - 32.9826°C 
20% 12.2°C 20.8°C 26°C 29°C 33.59°C 
30% 13°C - 29.14°C - 34.1°C 
40% 13°C 18°C 24.5478°C - 31°C 
50% 11.69°C 19.72°C - - 33.15°C 
60% - 20.3°C 25.69°C 27.8°C 32.43°C 
70% 11.19°C 19.7°C - 27.12°C 33.57°C 
80% 13.67°C 18.36°C - 23.68°C - 
90% 12.1°C 20.2686°C - - 33.13°C 

100% 11.694°C 15.4464°C - - 33.25°C 
 

The measured temperatures of the battery which were closed to target temperature 
condition are shown in table 4.2. This is the temperature measured from the surface of the battery 
which approach to the condition of steady-state quicker than the internal temperature. So the 
surface temperature is regarded as the battery temperature as to save test time. The end results of 
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dEeq/dT (temperature coefficients) are compared with the literature that use the similar type of 
battery and were found to follow the similar sense and values are in the same range. The 
calculation of dEeq/dT was performed by plotting open circuit voltage with the battery 
temperature.  

Linear regression of the plots provides the slopes which express the values of 
temperature coefficients.  Figure 4.21 and 4.22 demonstrates the plot according to the 20% and 
60% SOC conditions. From both figures, results of dEeq/dT slopes are -0.04023 at 20% SOC and 
0.13057 mV/°C at 60% SOC. To see these results for all SOC conditions, see Appendix F.  

 

 
Figure 4.21 Plot of temperature vs. Eeq from 20% SOC equilibrium data points 

  

 
Figure 4.22 Plot of temperature vs. Eeq from 60% SOC equilibrium data points 

 
When experiments are performed on all SOCs, the result according to above methods 

to acquire temperature coefficient (dEeq/dT) is summarized in table 4.3 below for each SOC 
condition. It can be seen that from state of charge of 0 – 30%, the plot of voltage vs. open circuit 
voltage produce negative slopes (thus negative dEeq/dT) and vice versa for SOC conditions from 
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40 – 100% (positive dEeq/dT). Refer to the research with the similar battery type [42], the trend 
between dEeq/dT and SOC does not show any relationship with each other.  The result of dEeq/dT 
compared to this literature also follow the same sense as negative values are produced from 0 – 
30% SOC and positive values from 40 – 100%.  

 

Table 4.3 Temperature coefficients results in each state of charge conditions 
State of Charge dEeq/dT (mV/°C) 

0 -0.1632 
10% -0.09978 
20% -0.04023 
30% -0.09326 
40% 0.16462 
50% 0.18219 
60% 0.13057 
70% 0.18358 
80% 0.14986 
90% 0.07121 

100% 0.22295 
 

4.1.4 Heat Capacity Test  
From figure 4.23, the heat capacity test regarding to procedures explained in chapter 3, 

section 3.4.3 is presented. Here, it can be observed that the voltage is changing according to the 
current applied to maintain the average state of charge at 50% with pulse current of 1 C (see figure 
4.24 for current load profile). The initial Eeq of the battery is at 3.22 V then it was discharged to 
reduce SOC by 4% to 3.10 V and charged to gain SOC by 4% to 3.45 V. Both trends of internal 
and surface temperatures of battery are increased in linear relationship and the temperature-time 
slope from linear regression will be used for heat capacity calculation. The calculation part will be 
shown in analysis part in chapter 5.  
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Figure 4.23 Results from heat capacity test 

 

 

Figure 4.24 Voltage response from current applied in heat capacity test 
 
 
 
 
 



83 

 

CHAPTER 5 

DISCUSSIONS AND ANALYSIS 
 

5.1 Heat Generation from the Battery 

From thermal model in equation 2.9, heat generation can be calculated from using the data in 
constant current test. Firstly, the over-potential term which depends on the difference between 
open circuit voltage (Eeq) and battery voltage (E) is focused. Table 5.1 shows parameters of 
calculation for this term in each state of charge (SOC). Here, electric current (I) is set to be 
negative value because the battery was discharged. From table 5.1, heat generated from over-
potential fluctuated between 11 to 12 Watts at depth of discharge (SOC) from 90 to 50%. Then it 
made a significant rise from 15.1 – 26.4 Watts from 40 to 0% state of charge.  

 

 Q̇   I E - Eeq    IT
dEeq
dT

  (2.9) 

 

Table 5.1 Parameters for calculating first term heat generation (I = 60 A) 

 
 

SOC, % Eeq, V E, V I, A I(E - Eeq), W

100 3.5090 3.423 -60 5.181963836

90 3.3357 3.150 -60 11.13765118

80 3.3346 3.132 -60 12.15198993

70 3.3085 3.114 -60 11.68463951

60 3.3027 3.095 -60 12.47191073

50 3.2988 3.073 -60 13.51966857

40 3.2966 3.044 -60 15.1455079

30 3.279 3.002 -60 16.63471275

20 3.2554 2.940 -60 18.91749966

10 3.2139 2.832 -60 22.92784298

0 3.041 2.600 -60 26.45176013
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Next, the chemical reaction term which is the second term of heat generation is analyzed 
(results shown in table 5.2). Here, this heat term mainly depends on the temperature coefficient 
(dEeq/dT) which can be positive or negative, depends on the state of charge of the battery. 
According to heat generation equation, temperature must be in Kelvin scale and same to over-
potential term, current is set to be negative due to discharge condition. The heat generated for this 
term of chemical reaction is positive (exothermic) and negative (endothermic) when temperature 
coefficient is negative and positive respectively. Table 5.3 summarizes both terms together.  

Table 5.2 Parameters for calculating second term of heat generation (I = 60 A, 1C) 

 
 

For a sample calculation at state of charge of 50%, the parameters of calculations are battery 
voltage (E) = 3.073 V, open circuit voltage (Eeq) = 3.2988 V, temperature coefficient (dEeq/dT) = 
0.18219 mV/K and battery internal temperature (Tin) = 40.32 °C = 313.32 K. Then, first and 
second term of heat generation can be calculated according to equation 2.8 as below. Finally, the 
two terms are summed together as shown in table 5.3 in next page.  
 

Over-potential heat term   I E - Eeq     -60  3.073 - 3.2988  = 13.519 W. Chemical 

Reaction heat term = IT
dEeq
dT

 =  -60   313.32   0.18219 10-3  = -3.425 W. Therefore, sum of both 
terms is 13.519 + (-3.425) = 10.094 W.  

 
 

SOC, % I, A dEeq/dT, mV/K Tin, °C Tin, K IT(dEeq/dT), W

100 -60 0.22295 30.2038816 303.203882 -4.055958324

90 -60 0.07121 32.9649281 305.964928 -1.307265752

80 -60 0.14986 34.6679675 307.667967 -2.766427296

70 -60 0.18358 36.619032 309.619032 -3.410391714

60 -60 0.13057 38.7746245 311.774625 -2.442504763

50 -60 0.18219 40.3162326 313.316233 -3.424985065

40 -60 0.16462 42.6359487 315.635949 -3.117599392

30 -60 -0.01224 46.1132874 319.113287 0.234356798

20 -60 -0.04023 48.1826634 321.182663 0.775270713

10 -60 -0.09978 50.6727584 323.672758 1.93776407

0 -60 -0.1632 51.2990294 324.299029 3.175536096



85 

 

Table 5.3 Summation of heat generation in each state of charge (I = 60 A) 

 
 

At the start of discharge test from SOC 100% - 40%, the chemical reaction term of heat 
generation is negative (endothermic) due to the positive values of temperature coefficients and 
negative value of current discharged. At highest value of temperature coefficient at 100% SOC 
results in highest endothermic heat generation around 4 W but was compensated by over potential 
heat of around 5.18 W which produces the total exothermic heat generation of around 1.13 W. The 
rising temperature is also one of the main parameters which affect the heat generation. This can be 
seen from table 5.2 where the temperature rise when battery is running out of charges (0% SOC), 
the chemical reaction heat generation is increased from 1.94 to 3.18 W (by nearly 1 W) comparing 
to 10% state of charge.  

The most affecting parameter on heat generation is the battery voltages. As time passed 
during the discharge test, the gap between battery voltage and open-circuit voltage become larger.  
With larger gap between two said voltages, over-potential heat generation becomes larger 
accordingly and therefore peaked at 0% SOC or 100% DOD (depth of discharge). As current is set 
to be constant in this test, it can be noticed that from Ohm’s law that battery resistance plays that 
major role in this heat generation term as well. This will be investigated later as heat generation 
and battery resistance are compared together.  
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Figure 5.1 Calculated Heat Generation from 1C discharge test 

It could be seen from figure 5.1 that at high loads of 1 C, the irreversible term of over-
potential heat dominates the heat from chemical reaction which is resulted from the entropy 
change. However, comparing with lower loads, the chemical reaction heat has more effect on the 
total heat generation. Figure 5.2 shows the comparison of total heat generation at different current 
loads. The peaked value at 1 C rate is about 30 W which is much higher than the other two cases. 
The results of heat generation of both 30A (C/2) and 20A (C/3) loads have similar trend to each 
other from 10% - 60% depth of discharge. Then heat gradually increased from 60% (20A) and 
70% (30A) but the peak values are far from that of 60A test. This shows that constant load at 1C 
or higher can create high temperature rise in the battery which can be harmful to the system.  

 

Figure 5.2 Calculated Total Heat Generation at different loads 
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Figure 5.3 Calculated Internal Resistance from different discharge rate tests 

 

Using ohm’s law, figure 5.3 shows battery internal resistances at different discharge rates. 
This was calculated by using the difference between open circuit voltages at each state of charge 
(SOC) or depth of discharge (DOD) divided by the current rate applied for the discharge test. 
From the displayed result, the trends from 0 – 50% DOD are quite close to each other. From 60% 
DOD onwards, trend at 20A rate increased at higher rate than other conditions and peaked at 0.022 
Ω. While at the highest discharge rate in the figure (60A) shows lowest peak internal resistance of 
0.007 Ω. This confirms the better performance (lower resistance) under higher temperature 
operation (also higher heat generated) due to higher reaction speed. Figure 5.4 shows temperature 
trend which is in reverse of the resistance trend from figure 5.3.  

 

 

Figure 5.4 Calculated Internal Temperature from different discharge rate tests 
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Figure 5.5 Calculated Heat Generated from charge tests 
 

Using the same approach with the discharge test, heat generated in each test condition were 
calculated and plotted as shown in figure 5.5. It can be observed that at the SOC 0%, total heat 
generated is in negative value which is in endothermic mode for all charging current conditions. 
This is due to battery voltage is lower than open circuit voltage, causing the over-potential heat to 
be negative. Furthermore, the temperature coefficient is negative which cause chemical reaction 
term to be negative as well. Then it changed to exothermic mode (7.57 W at 60A) from 10% SOC 
onwards which shows the same trend as discharge tests where highest current supplied resulted in 
highest heat generation. The peak value of heat generation from the figure is about 35 W at 60A (1 
C) current supplied and 90% SOC. However, when the battery was nearly fully charged to 100% 
SOC, current was reduced to nearly 1 A at constant voltage mode, causing the heat generation at 
fully charge (from over-potential and chemical reaction terms together) to be reduced to nearly 0. 
This demonstrates that current supplied or loaded has a major influence on the total heat 
generation.  
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5.2 Heat Transferred to the surroundings  

From using the heat flux sensors mounted in three surfaces of the battery (see figure 3.19), 
the heat transferred to the surrounding can be calculated by using equation 2.13. The condition of 
ambient temperature is kept at approximately 30˚C. From the specification of the heat flux 
sensors, thermal resistance per unit area is 0.004 m2·K/W with the surface area of the sensor is 
0.001 m2. Therefore, thermal resistance is 4 K/W. This results in outside heat transfer coefficient 
(hout) to be 0.25 W/K. Surrounding heat was calculated for each axis and summarized in table 5.4.  
Figure 5.3 compares this heat term in different current rate.  

 Q̇B   hin(Tin- Tsurf)   hout(Tsurf - Tamb) (2.13) 

Table 5.4 Parameters for calculating heat transfer to the surroundings 

 
 

Refer to table 5.4, a sample calculation at state of charge of 50%, temperatures at x (Tx), y 
(Ty) and z (Tz) axis measured according to figure 3.19 are 36.1637, 35.8145 and 34.5863 °C, with 
ambient temperature (Tamb) maintained at around 30°C. From equation 2.13 with outside thermal 
resistance known, heat transferred to the surrounding in each axis was calculated accordingly.  

 

DOD, % Tx, °C Ty, °C Tz, °C Tamb, °C       , W

0 31.0255 30.9043 30.6050 30.2010 0.8652

10 31.9435 31.6736 31.2158 30.2010 1.8619

20 33.0785 32.7644 32.0026 30.2010 3.1720

30 34.1338 33.8725 32.8466 30.2010 4.4651

40 35.0903 34.7940 33.6842 30.2010 5.6139

50 36.1637 35.8145 34.5863 30.2010 6.8869

60 37.2761 36.8985 35.5236 30.2010 8.2199

70 38.4094 38.0345 36.6276 30.2010 9.6310

80 39.4671 39.0886 37.8828 30.2010 11.0012

90 41.3703 40.4827 39.5605 30.2010 13.0700

100 41.9043 41.4459 40.7703 30.2010 14.1214

 ̇ 
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For x axis;  ̇         (        -     )   0.25 × (36.1637 – 30.3586) = 1.4513 W 

 For y axis;  ̇         (        -     )   0.25 × (35.8145 – 30.3586) =  1.3640 W 

For z axis;  ̇         (        -     )   0.25 × (34.5863 – 30.3586) = 1.0570 W 

 

The total sum of heat transfer to the surrounding in this case (50% SOC) then equal to the 
sum of heat in each side. There are two sides for x and y axis surfaces which heat can dissipate 
through. However for z axis only bottom surface is considered for the calculation because the top 
surface contains air gap between the core and the battery case, thus heat is assumed to dissipate to 
the sides instead (see figure 3.20 and 3.21 for battery internal structure). Thus the total heat 
transfer to the surrounding, Q̇B  is (2 × 1.4513) + (2 × 1.3640) + (1.0570) = 6.6869 W.  Figure 5.6 
shows surrounding heat resulted from this calculation at different discharge rate conditions. This 
parameter of heat depends on how much the battery surface temperature shift away from the 
ambient temperature. In the 60A discharge condition, temperature elevated at the fastest rate 
comparing to other conditions, thus heat dissipated to surrounding is highest which jumped to 
around 14 W at the end of test condition.  

 

  

Figure 5.6 Calculated Heat Transferred to the surrounding at different discharge load 
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Figure 5.7 Calculated Heat Transferred to the surrounding at different charging condition  

 

By applying the same method as discharge test explained previously, the surrounding heat 
dissipated in different charging conditions were calculated and plotted as shown in figure 5.7 
above. The similarity between the two results from figure 5.6 and 5.7 is the heat trend which 
shows that peak value heat dissipated is from the highest current applied. However, at the start of 
the test for both charging and discharging, heat from 30A is higher than 60A condition. This is 
from the initial temperature of the battery surface is higher than the surrounding temperature. Then 
after 30% SOC, surrounding heat dissipated at 60A grew above the 30A condition. For charge test 
at 60A and 30A, heat is dropped at 100% SOC, this is from the temperature reduction near the end 
of test due to current is reduced in charging with constant voltage mode. It is also observed at 
100% SOC of charging test at 20A, heat kept increasing due to the slower temperature reduction 
when current reduced in constant voltage charging process was triggered. This demonstrated that 
with lower charging current, it takes shorter time to reduce current in constant voltage mode and 
thus temperature reduction becomes slower in the process. Note that in discharge test, heat 
dissipated is peaked at 100% DOD (0% SOC) because there is no temperature reduction due to 
current stay constant for the whole process.  Therefore, heat dissipated resulted from discharge test 
is shown with higher peak than that from charge test.  
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5.3 Heat Capacity 

This thermal property was approached by using the pulse test method which includes both 
charging and discharging to maintain the battery average state of charge (SOC) to be constant 
(refer to figure 3.40 for test process).  From figure 4.23, battery SOC was maintained at average of 
50%, current is loaded and supplied to maintain the SOC between 48% and 52% (±2%). To 
calculate for heat capacity, equation 2.12 was used with the data at which the battery was at 50% 
SOC.  To seek the state of charge at 50%, amp-hour values charged and discharged were 
observed.  In this case, the battery capacity is 60 Ah then 2% of this is 1.20 Ah. Thus, data points 
at 1.20 Ah charged and discharged were used for the heat capacity calculation. Note that capacity 
was reduced due to infrared sensor installation which exposed the battery core to air and thus 
disturbed the active material. Figure 5.8 below shows the voltage profile from this experiment and 
the rhombus shape points are when battery was maintained at SOC of 50%.  

 

 
Figure 5.8 Voltage profile from heat capacity test  

 
The calculation in this case starts with heat generation for both over-potential and chemical 

terms with same approach explained previously. Then heat transfer to the surrounding is also 
calculated in the same manner. Then the battery temperature from this test is plotted against time 
to find the temperature-time gradient, dT/dt (see figure 4.25). Finally with all parameters together, 
heat capacity is calculated from equation 2.12.  Table 5.5 shows parameters for this calculation. 
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Table 5.5 Parameters for calculating heat capacity (SOC maintained at 50%) 

 
 

From table 5.5, the temperature-time gradient (dT/dt) from battery surface temperature 
measurement is used because the whole battery to the surface is considered for calculation 
boundary. The average value of heat capacity (Cp Avg) is then approximately 2112.84 J/K. Figure 
5.9 shows the trend of calculated heat capacity compared to battery temperature trend. Also, the 
average value of heat capacity is plotted in dashed line. This shows no significant trend between 
heat capacity and battery temperature. 

 

 
Figure 5.9 Calculated Heat Capacity from 50% SOC test 

Time 

elasped (s)
(OCV-V)I, W IT(dV/dT), W QB, W dTsurf/dt Cp, (J/K) Cp Avg, (J/K)

363 8.926748813 -3.104295158 3.400064606 0.0017 1424.9347 2112.838087

1088 6.949812345 3.139070753 5.279222081 0.0017 2829.2124 2112.838087

1378 6.830181613 3.158211664 5.844344805 0.0017 2437.6756 2112.838087

1523 6.807610498 -3.16499287 6.17436027 0.0017 1489.2604 2112.838087

1668 6.761600097 3.167887803 6.422347035 0.0017 2063.024 2112.838087

1813 6.636820752 -3.173320799 6.760340291 0.0017 1939.3178 2112.838087

1958 6.676370672 3.17549737 6.929874608 0.0017 1718.8197 2112.838087

2103 6.483115802 -3.179672633 7.217275163 0.0017 2302.2541 2112.838087

2248 6.625100359 3.183739874 7.374255086 0.0017 1432.1089 2112.838087

2393 6.329095395 -3.189782461 7.644549656 0.0017 2650.1392 2112.838087

2683 6.226556444 -3.193815619 8.055343384 0.0017 2954.4721 2112.838087



94 

 

The external heat transfer coefficient which is a part of surrounding heat (Q̇B) calculation 
according to equation 2.13 can be obtained from the specification of heat flux sensor. Such 
specification is called “thermal resistance”  Rin) which is reciprocal to heat transfer coefficient. 
With this value known with measurable temperatures (surface and surrounding), surrounding heat 
can be calculated. To find internal heat transfer coefficient, equation 2.12 is also considered in 

steady-state condition (
dTin
dt

 = 0). In this condition, equation will be left with heat generation and 
heat surrounding terms. Therefore, temperature trend from heat capacity test is plotted (figure 
5.10) to observe steady-state condition in the test.  

 

 
Figure 5.10 Internal temperature trend from heat capacity test 

 

 
Figure 5.11 Calculated Battery Internal Thermal resistance 

h = 1/Ri 
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From figure 5.10, the steady state condition was shown to be about 3500 seconds later after 
running the heat capacity test. Here, the information of voltage, current, temperatures and external 
heat transfer coefficient are applied to the shown equation in figure 5.11 to find hin. At the steady 
state point where dT/dt becomes zero , thermal resistances at axis x, y and z are calculated as 1.61 
°C/W , 1.96 °C/W and 4.89 °C/W respectively. Table 5.6 shows the result for internal heat transfer 
coefficient for each axis.  For better understanding, figure 5.12 is formed to explain on the process 
of heat transfer coefficient approach. In next chapter, analysis will be put on obtained data for 
further calculations of important thermal parameters such as heat generation and heat capacity.  

 

Table 5.6 Internal heat transfer coefficient from heat capacity test at 1C (60 A) current pulse 
and 50% state of charge 

Axis (Orientation) Thermal Resistance °C/W Heat Transfer Coefficient W/°C 
X (Front) 1.61 0.62 
Y (Side) 1.96 0.51 

Z (Bottom) 4.89 0.20 
 

 

Figure 5.12 Process of the internal heat transfer coefficient approach 
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Table 5.7 Summarize of thermal properties from this work 
Thermal properties Values 

Heat Generation (Q̇) 1.126 – 29.627 W 
Heat Capacity (Cp) 2112.84 J/K 

Coefficient of heat transfer (hin) 0.2 – 0.62 W/°C 
 

To summarize the thermal properties, table 5.7 is formed. The purpose is to compare them 
with the data obtained from the literatures (summarized in table 2.6). Note that the heat generation 
is taken from 60A discharge test. For heat generation per unit area, the tested battery in this work 
yields peak value of 348.06 W/m2, this use the dimension of the battery specified in figure 3.1 for 
the calculation. The heat capacity per unit mass is 0.917 kJ/kg·K based on the battery mass of 2.3 
kg. The coefficient of heat transfer per unit area is 26.552 W/m2K, calculated based on dimensions 
stated in figure 3.1 also. Comparing to results from reviewed literatures, the chosen battery in this 
work tends to generate higher heat rate [38, 40, 41]. The factors which affect this can be from size, 
chemistry, dimension, test conditions and environment conditions. However, the results of heat 
capacity per unit mass are relatively comparable to each other, especially for similar type of 
battery from the work of Forgez et al [42] (Lithium iron phosphate, LiFePO4) and also close to the 
calculated heat capacity from material percentage described in the instruction manual (see 
Appendix A). The coefficient of heat transfer to the surrounding per unit area is higher than results 
reviewed also. This indicates that heat can transfer better from internal to surface of the battery 
and thus, temperature can rise at quicker rate compare to other types.  

From the designed experiments for thermal properties of selected lithium ion battery, heat 
generation was calculated and analyzed by referring directly to the battery thermal model unlike 
some review literatures [3], [41]. The result of higher heat generation compared to reference 
literature is due to the bigger size. The approach to calculate surrounding heat and heat capacity 
was simplified by using heat flux gauge. Then calculation of battery heat capacity could be done 
without considering the steady-state temperature condition because the coefficient of external heat 
transfer to surroundings (hout) is already known from the specification of heat flux sensor. 
However, steady-state condition is considered for internal heat transfer coefficient (hin) analysis 
and summarized in table 5.7.  Above all, the whole process of thermal properties analysis was 
done without using calorimeter device which requires complex setup and financial support for 
materials and equipment for the system.  
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5.4 Open Circuit Voltage Prediction 

In the analysis for open circuit voltage (Eeq), results from pulse test is considered. This will 
look into the dynamic of Eeq change from the change of battery SOC. As well as the determination 
of rest time to see the steady point when Eeq remains constant. The focused period in the test is 
from when pulse load is terminate and introduce the rest period to the battery until the point when 
it is loaded again (see figure 5.13 in the dash line area). Here, the behavior of voltage recovery 
will be observed and analyzed for the fitting equation. To obtain the voltage profile data, the 
battery is discharged with current load of C/3 of its capacity until the DOD reached up by 10%. 
Then the load is stopped so the voltage can recover to steady open circuit voltage. In this case, 2 
hours of rest time is applied. Notice from figure 5.13 that when current load was turned off, the 
voltage profile tends to be quite flat. This is because voltage recovered suddenly at the time of 
load termination and then slowly progressed to open circuit voltage. When the battery was 
discharged to 90% DOD and rest, obvious trend of voltage recovery is shown and the recovery 
profile is not as flat as earlier conditions. When the battery is discharged to 100% DOD, voltage 
was reduced rapidly to around 2.6 V. This also shows the obvious trend of voltage recovery to 
approximately 2.9 V. Next, data at 50% DOD will be focused as a sample of analysis to determine 
voltage recovery behavior.  

 

Figure 5.13 Voltage profile from C/3 (20A) pulse test for Eeq prediction 
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Figure 5.14 Voltage recovery at 50% SOC 
 

The analysis of voltage recovery behavior at 50% SOC is shown in figure 5.14 above. The x-
axis shows elapsed time since it was put to rest mode for two hours (current, I = 0) up until it 
current was applied again. The normal line shows the plot of actual Eeq recovery and dashed line 
shows the trend line of fitted curve. From the figure, voltage started to recover from 3.224 V 
which increased to 3.295 V in about 3600 seconds or 1 hour. From this point, it took another hour 
to recovery to 3.296. In the scale of 3 decimal points, the steady point of voltage is uncertain but if 
considers 2 decimal point scale which is the standard for most typical volt-meter, voltage was 
recovered to 3.33 V with the rest time of about 1 hour. Sixth order polynomial relationship is 
demonstrated between voltage (y-axis) and time (x-axis) in the same figure. It can be observed 
that this model is quite accurate when the voltage starts to reach 3.26 V. This is suitable for Eeq 
analysis because the purpose of this is to determine the value of fully recovered Eeq, thus the 
earlier part which is not applicable to the fitted equation can be ignored. Take note that in battery 
specification, the standard discharge current is C/2 which applied in previous pulse test. However, 
for better understanding in open circuit voltage recovery behavior, C/3 discharge rate was applied 
here to allow the voltage to recovery faster due to less voltage reduction while discharging. For 
data in other SOC and table of open circuit voltage by SOC, please refer to the Appendix F.   
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CHAPTER 6  

CONCLUSIONS AND SUGGESTIONS 

6.1   Conclusions 
 Experimental procedures for determining thermal performance and properties of selected 

lithium ion battery was proposed and developed. The approach for this is to modify from 

the combination of procedures which performed in similar research works. This designed 

procedure proposed to obtain heat generation and heat capacity by using results from 

charge and discharge tests applied to thermal model. Therefore, this does not need to use 

calorimeter for analysis which reduces equipment expense, simpler and applicable to 

other types of batteries. 

 Trend of discharge and charge test results proves to be accurate according to theory. 

Results from constant discharge test shows that the peak temperature at 1C discharge rate 

does not exceed the limit which suggested in the specification manual (60 ºC). It was 

found that the temperature rise rate depends on the rate of current applied to the battery 

and proved to be linear relation with time.  

 The result of heat generation in different discharge rates shows that chemical reaction heat 

term only affects at the start of the test. After that, over-potential term is the main factor 

which impact the total heat generation. For surrounding heat transferred, the value 

directly depends on the temperature rise of the battery. The internal heat transfer 

coefficient was calculated and also found to be relatively close to reviewed literature. It is 

also observed that higher current discharge applied can produce less internal resistance 

calculated from ohm’s law. 

 For heat generation in charge test, same trend as discharge test was shown except at the 

end which the value dropped because of current reduction in constant voltage phase. This 

also applied to surrounding heat transferred which reduced at the end of test (except for 

20A condition) due to temperature drop as a result from current reduction.  
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 The calculated heat capacity was averaged to be about 2112 J/K. This is relatively close to 

reviewed literature with the similar lithium ion battery chemistry.  

 Study of open circuit voltage shows that the Eeq recovery can be expressed in the function 

of sixth degree polynomial but the derived model is application after a period of recovery 

time. 

6.2 Suggestions 
Although this work was finished, it was only the first step for studying the thermal properties 

in lithium ion batteries. Following suggestions can be applied to improve this work: 
 Infrared thermal sensor output should have the proper filter to obtain more accurate 

temperature results with less or no noise disturbance. Thermocouple output is 

recommended in this case.  

 Programmable Thermal chamber can be applied to battery for more data on open circuit 

voltage vs. environment temperature for calculating temperature coefficient and assist in 

this time consuming procedure as to let the system run automatically.  

 Other means of determining the internal resistance can be applied such as impedance 

spectroscopy for more accurate result.  

 Since the selected lithium ion battery is for the purpose of powering converted electric 

vehicle. Actual power profile from driving cycle can be applied when discharging the 

battery. This can help to observe the actual heat generation in driving condition. 

 The simulation program can be used to compare and support with heat generation analysis 

and prediction when the battery is performed in various conditions. This can help to save 

time and cost of experimental setup.  
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APPENDIX A 

BATTERY SPECIFICATIONS 
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Figure A.1 18650 Li-Ion Cell Specifications [50] 

 

 
Figure A.2 Cell specification from Vaidyanathan et al [40] 
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Figure A.3 26650 Cell specification [51] 
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Figure A.4 Thunder Sky Battery Specifications [52] 
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Material Specific Heat Capa (J/g K) % c, Molar Heat Capa (J/mol·K) Atomic Weight c x % (J/g·K)

Yttrium 0.298 40.5 26.53 88.906 12.085

Lithium 3.582 16 24.86 6.940 57.314

Manganese 0.479 4.4 26.32 54.938 2.108

Calcium 0.647 0.3 25.929 40.078 0.194

Carbon (Graphite) 0.709 8.1 8.517 12.011 5.744

Sodium 1.228 1.5 28.23 22.990 1.842

Iron 0.449 3.4 25.1 55.845 1.528

Potassium 0.757 1.7 29.6 39.098 1.287

Fluorine 1.632 3.3 31 18.998 5.385

Strontium 0.301 1.5 26.4 87.620 0.452

Sum 80.7 87.939

Specific Heat Capacity (J/g·K) = (Σ c x %) / % = 1.090

Heat Capacity (J/K)                  = 1.0897*Mass  = 2506.316

Figure A.5 Thunder Sky Battery Heat Capacity calculated from material percentage [64] 
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APPENDIX B 

TEST EQUIPMENT SPECIFICATIONS 
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Figure B.1 Agilent N3306A Specifications [53] 
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Figure B.2 Agilent N6692A Specifications [54] 
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Figure B.3 Agilent 82357B Specifications [55] 
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 Figure B.4 NI 9205 Module Specifications [56] 
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Figure B.5 NI 9213 Module Specifications [57] 
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Figure B.6 NI 9211 Module Specifications [58] 
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Figure B.7 NI 9172 Module Specifications [59] 
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Figure B.8 OMRON 58VS-06024 Specifications [60] 
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Figure B.9 Micro Epsilon Infrared Thermometer Specifications [61] 
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Figure B.10 HFS-3, HFS-4 Thin Film Flux Sensors Specifications [62] 
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Figure B.11 MACCOR Series 4000 Specifications [63] 
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APPENDIX C 

LabVIEW BLOCK DIAGRAM FOR ELECTRONIC LOAD 
Note: The whole block diagram is the combination of of page 123 to 
126 altogether.  
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APPENDIX D 

LabVIEW BLOCK DIAGRAM FOR POWER SUPPLY 
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APPENDIX E 

MATLAB Codes for Low pass filter 
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%%% Filtering (low pass filter) 
%%% x = input signal 
%%% x_new = filtered signal 
%%% para = filter parameter --> change this value 
para = 100;                                            
[b,a]=butter(1,0.01);   %%% using frequency = 1/100 = 0.01             
volt_filt=filtfilt(b,a,volt); 
%% put the unfiltered voltage data named as volt 
%% press run 
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APPENDIX F 

Experimental Data 
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Figure F.1 Temperature Coefficient Test at 0% SOC 

 

 
Figure F.2 Plot of Temperature vs. Eeq from 0% SOC equilibrium data points 
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Figure F.3 Temperature Coefficient Test at 10% SOC 

 

 
Figure F.4 Plot of Temperature vs. Eeq from 10% SOC equilibrium data points 
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Figure F.5 Temperature Coefficient Test at 20% SOC 

 

 
Figure F.6 Plot of Temperature vs. Eeq from 20% SOC equilibrium data points 
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Figure F.7 Temperature Coefficient Test at 30% SOC 

 

 
Figure F.8 Plot of Temperature vs. Eeq from 30% SOC equilibrium data points 
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Figure F.9 Temperature Coefficient Test at 40% SOC 

 

 
Figure F.10 Plot of Temperature vs. Eeqfrom 40% SOC equilibrium data points 
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Figure F.11 Temperature Coefficient Test at 50% SOC 

 

 
Figure F.12 Plot of Temperature vs. Eeq from 50% SOC equilibrium data points 
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Figure F.13 Temperature Coefficient Test at 60% SOC 

 

 
Figure F.14 Plot of Temperature vs. Eeq from 60% SOC equilibrium data points 
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Figure F.15 Temperature Coefficient Test at 70% SOC 

 

 
Figure F.16 Plot of Temperature vs. Eeq from 70% SOC equilibrium data points 
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Figure F.17 Temperature Coefficient Test at 80% SOC 

 

 
Figure F.18 Plot of Temperature vs. Eeq from 80% SOC equilibrium data points 
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Figure F.19 Temperature Coefficient Test at 90% SOC 

 

 
Figure F.20 Plot of Temperature vs. Eeq from 90% SOC equilibrium data points 
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Figure F.21 Temperature Coefficient Test at 100% SOC 

 

 
Figure F.22 Plot of Temperature vs. Eeq from 100% SOC equilibrium data points 
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Figure F.23 Voltage Recovery from C/3 and 2 hour rest pulse test at 10% DOD 

 

 
Figure F.24 Voltage Recovery from C/3 and 2 hour rest pulse test at 20% DOD 
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Figure F.25 Voltage Recovery from C/3 and 2 hour rest pulse test at 30% DOD 

 

 
Figure F.26 Voltage Recovery from C/3 and 2 hour rest pulse test at 40% DOD 
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Figure F.27 Voltage Recovery from C/3 and 2 hour rest pulse test at 50% DOD 

 

 
Figure F.28 Voltage Recovery from C/3 and 2 hour rest pulse test at 60% DOD 
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Figure F.29 Voltage Recovery from C/3 and 2 hour rest pulse test at 70% DOD 

 

 
Figure F.30 Voltage Recovery from C/3 and 2 hour rest pulse test at 80% DOD 
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Figure F.31 Voltage Recovery from C/3 and 2 hour rest pulse test at 90% DOD 

 

 
Figure F.32 Voltage Recovery from C/3 and 2 hour rest pulse test at 100% DOD 
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Table F.1 Equilibrium Voltage from Voltage Recovery C/3 and 2 hour rest pulse test 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Depth of Discharge, % Equilibrium Voltage, V

10 3.334

20 3.328

30 3.304

40 3.299

50 3.296

60 3.286

70 3.257

80 3.232

90 3.192

100 2.914
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APPENDIX G 

PROCEEDINGS 
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ABSTRACT  

As being the most important part in the energy supply system, the battery must be 

carefully monitored in order to optimize the performance and to prolong its life. The 

most affected parameter to the battery is the operating temperature as the higher 

operating temperature increase the performance but shorten the life and with lower 

operating temperature can ensure longer life but reduce the performance. With this, the 

battery thermal management system is created in order to keep the operating 

temperature at the suitable range. In order to achieve this, thermal behaviour in loaded 

condition must be analysed beforehand. A series of experimental procedures is 

designed for the selected lithium iron phosphate battery to determine the thermal 

properties such as heat capacity, heat generation, and cell temperature according to the 

electrical load applied. Derived thermal model of lithium ion battery was utilized for 

this purpose as it shows the relationship between the thermal, electrical properties and 

other parameters such as voltage, current and cell temperature. When the battery is 

applied with electrical load, the data of voltage, current, and surface cell temperature 

can be used to determine the thermal properties and at the same time, electrical 

properties such as open circuit voltage, state of charge and internal resistance are also 

obtained for the performance evaluation.  

 

INTRODUCTION 

Electric vehicle has become one of the alternatives for replacing the fossil-fuel vehicle 

due to the rapid decrease in the energy source and increase in the automobile 

utilization. Also, with the zero pipe-tail emission, the replacement of electric vehicle 

can decrease a great deal of the amount of green house gas released into the earth’s 

atmosphere. National Metal and Materials Technology Center, Thailand (MTEC) 

joined with Electricity Generating Authority of Thailand (EGAT) in order to form the 

electric car project modified from the conventional gasoline powered car. This has the 

conventional components replaced with the electrical ones such as motor and batteries. 

The benefits from this includes the reduced cost of purchasing a brand new electric car 

and this can demonstrate that in the future, used gasoline cars can be modified into 

electric cars which is a merit in terms of materials recycling.  
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Many tests are required in order to maximize the performance of the vehicle. In this 

paper, the main focus is put on the battery which is the most important component in 

the power supply system. With the proper design of battery management system, the 

performance of the battery can be maximized. Also, it is known that the greatest 

enemy of the battery is heat because heat is the main factor which impacts the 

battery’s performance directly.  

The sudden change in temperature can change the form of active chemicals in the 

battery. This result in many serious consequences depends on the temperature level. 

Extremely low operating temperature can cause lithium plating while charging the 

battery. On the other hand extremely high operating temperature can build up the 

pressure due to gassing inside the cell, cathode material breakdown and possibly 

thermal runaway. To keep the suitable operating temperature, battery thermal 

management system or in short BTMS can be a great help. BTMS is the system which 

monitors the battery temperature, provide the battery with the proper cooling system in 

order to prolong battery’s life and maximize its performance. However, before the 

design of BTMS, it is best to understand the thermal behavior of the selected battery or 

to perform thermal characterization of the battery. This includes the determination of 

thermal properties of the battery which includes heat capacity and heat generation 

while the battery is loaded. As different amount of load is applied to the battery, it is 

expected to see the different results of thermal properties with different electrical load. 

With the data of thermal properties of the battery, thermal characterization can be 

performed to see the change in cell temperature and then BTMS can be designed based 

on those results. 

 

LITHIUM IRON PHOSPHATE BATTERY 

As known that lithium ion battery contains many attributes which has a lot of 

advantages over the other types of battery such as higher working voltage comparing 

to aqueous batteries, less self-discharge rate, higher energy density and contains no 

memory effect. With this, it was selected to be used for the modified electric car. The 

cell chemistry of the battery is “lithium iron yttrium phosphate” which has additional 

advantages comparing to the other types of lithium ion batteries. This includes the 

long life span, great thermal stability and less impact to the environment comparing to 

the cobalt cells. With great thermal stability, it becomes the safest lithium ion battery 

type because under the situation where the battery is misused such as in a very hot 

environment, lithium iron phosphate battery will not decompose at high temperature.  

 

Cathode Material 
Typical Voltage 

(V) 

Energy Density 
Thermal 

Stability 
Gravimeric 

(Wh/Kg) 

Volumetric 

(Wh/L) 

Cobalt Oxide 3.7 195 560 Poor 

Nickel Cobalt Aluminum Oxide 

(NCA) 
3.6 220 600 Fair 

Nickel Cobalt Manganese Oxide 

(NCM) 
3.6 205 580 Fair 

Manganese Oxide (Spinel) 3.9 150 420 Good 

Iron Phosphate (LFP) 3.2 90-130 333 Very Good 

            

 Table 1: Characteristics of several types of lithium ion batteries
[1]
  

 

From table 1, it can be seen that even though the operating voltage of lithium iron 

phosphate battery is the lowest among the others, the (thermal) stability is the best. As 
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invented by John Goodenough’s research group at the University of Texas in 1996
[2]
, it 

gradually became popular and is utilized many applications such as One Laptop per 

Child Program in China, Solar Powered Path Lights and many electrical-converted 

vehicle projects.   

 

 

 

 

 

BATTERY THERMAL SAFETY ISSUES AND THERMAL MANAGEMENT 

SYSTEM 

Abusive or uncontrolled use of a battery can lead to serious consequences. Cell 

voltage and operating temperature are the most affected parameters towards the failure 

of lithium batteries. It is needed to be controlled at some range. Figure 1 shows the 

safe area for using lithium ion cell. 

 
Figure 1: Lithium ion cell operating window

[3]
 

 

From figure 1, it shows that many consequences from several abusive situation 

(dealing with voltage and temperature). This means that the user have to maintain the 

suitable range of operating voltage and temperature at the same time. For example, if 

the battery is used at room temperature but the battery was overcharged (overvoltage), 

it may result in lithium plating which permanently reduce the capacity. Or if the 

voltage is at 3.3 V but the operating temperature is well over 100°C, it will surely 

melts the separator inside the cell and short circuit the whole system. Thermal 

runaway is the most severe consequences which could ever happen because it can lead 

to the explosion of the battery. 

 

At this point, the consequences of using the battery outside the temperature range can 

be more severe than using it outside the voltage range as it will not only damage the 

battery but also damage the user. Therefore, it is important that the operating 

temperature is kept at the optimized range.  
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Battery Thermal Management System (BTMS) is therefore designed for this purpose. 

It can be used to observe and regulate the temperature not to exceed the limit. This can 

help prolonging the life of the battery, maximize the performance and also ensure the 

highest degree of safety of the user. However, some procedures are needed before the 

construction of BTMS. According to NREL, following issues are to be discussed: cell 

characteristics, module cooling strategy, operating conditions and battery thermal 

responses. 

In this case, the battery thermal response is the main focus. Various tools can be used 

in the development of the battery thermal management system. This includes thermal 

analysis (CAD), fluid and heat transfer experiments and simulations (CFD), thermal 

characterization and vehicle testing
[4]
.  

 

 
Figure 2: Simulation of fluid and heat transfer with thermal analysis of the battery

[5]
 

 

An amount of work has been done in order to see how heat is transferred from the 

battery in the designed cooling method
[5]
. However, thermal properties of the battery 

used for this simulation is simply averaged from the data of chemistry structure of the 

cell in the manual from the manufacturer. To improve the accuracy of the results, 

thermal properties should be obtained by using thermal model of the battery.  

 

BATTERY THERMAL MODEL 

 

From the work of Newman et al
[6]
 , it was found that many researchers

[7][8][9]
 used the 

thermal model for a single cell in order to capture thermal behavior of the battery 
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while being loaded. Few assumptions are needed for applying this model such as the 

uniform temperature distribution throughout the cell and stable chemical reactions. It 

is summarized as followed: 

 

               
    

      
  (          )    

  

  
   -------------------- (1) 

I = Current (A), Voc = Open Circuit Voltage (V),  V = Cell Voltage (V)  

Tcell = Internal Temperature (°C), Tamb = Ambient Temperature (°C),  

Tsurf = Surface Temperature (°C), Cp = Heat Capacity (J/°C), h = Surrounding heat 

coefficient (W/°C) 

 

This equation is a result of a heat balance which considering the battery as a control 

volume. It can be seen that there are two terms on the left hand side. The first term is 

the overpotential resistance term which results from the electrical power applied, it is 

always positive. The second terms deal with the chemical reaction in the cell, the 

charge and discharge reaction can result in endothermic and exothermic condition for 

the battery respectively in which it can be related to the enthalpy change and Gibb’s 

free energy. This second term on the left hand side is usually called the reversible 

entropic term and it can either positive or negative.  

 

As for the right hand side, the first term represents the heat transfer from the battery to 

the surroundings, it can also be considered in terms of the difference between the cell 

surface and the ambient temperature. Surrounding heat transfer coefficient, h will also 

be one of the properties to be investigated before the calculations of heat capacity Cp. 

In the second term on the right hand side, heat capacity represents the amount of heat 

required for changing the temperature of the battery. It is the main focus for this 

research work. 

 

DESIGN OF THE EXPERIMENTAL PROCEDURES 

The main objective of this work is to determine thermal properties of the selected Li-

ion battery at different loads and thermal environments. To simplify the procedures, 

the block diagram below shows the overall picture of this work.  

 
Figure 3: Block diagram shows overall picture of this research work 

 

As illustrated in figure 3, to serve the main purpose of this work, it is needed to design 

the procedures in order to obtain the voltage and current load data while the battery is 

loaded and at the same time surface and cell temperature are also monitored. This is 
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based on the thermal model shown in the previous section which requires those data in 

order to determine thermal properties of the battery. Furthermore, Ri or internal 

resistance is included for evaluating the battery’s performance and is calculated from 

the data of voltage and current load.  

 

 
Figure 4: Schematic diagram for the experimental setup.  

From figure 4, a selected battery is connected to the electronic load/power supply with 

thermocouple probe attached to the surface and infrared temperature sensor attached at 

the top of the cell in order to measure the internal temperature. The electronic load and 

power supply are used for discharging and charging the battery respectively. The 

infrared thermal sensor for measuring the cell internal temperature. Thermocouple 

cannot be used for measuring internal temperature is because it is required to contact 

the core of the cell which can lead to short circuit. Therefore, using the non-contact 

measurement is more suitable. The small blue box represents the Data Acquisition tool 

where it is used for recording the temperature measured at the surface and the cell. A 

computer is used for storing the experimental data for the analysis. The transparent 

purple box is the thermal chamber where it will be used for regulating the 

environmental temperature around the battery, this deals with the temperature 

coefficient which will be explained in the next section.  

 

The selected lithium ion battery is the Thunder Sky lithium iron phosphate battery 

with the capacity of 60 Ah. Specifications are shown below: 
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Figure 5: The selected battery for the experiment

[10]
 

 

Model TS-LFP60AHA 

Nominal Capacity 60Ah 

Operation Voltage Charge: 4.0V, Discharge: 2.8V 

Maximum Charge Current Less or equal to 3CA 

Maximum Discharge Current 3CA or less for constant current  

20CA or less for impulse current 

Standard Charge/Discharge Current 0.5CA 

Cycle Life (80DOD%) ≥3000 times 

(70DOD%) ≥5000 times 

Temperature Durability of case ≤200°C 

Operating temperature -45°C ~ 85°C for both charge and 

discharge 

Self-discharge rate ≤3% (Monthly) 

Weight 2.3kg ±50g 

 Table 2: Specifications of the selected battery for the experiment
[10]
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The design of experimental procedures is based on the thermal model of the battery 

and also the specifications of the battery. The procedures are divided into two main 

parts: 

1.  Determination of heat generated from the cell 

2. Calculations of thermal properties of the cell 

In the first part, the heat generated from the cell is the combination of all terms on the 

left hand side in equation 1. This can be obtained from recording the voltage, current 

and cell temperature while the battery is being charged or discharged. The main 

parameter here is the current load applied (I), which can be 1CA. 0.5CA or 2CA.  

 

 
Figure 6: Determination of heat generated from the cell 

 

However, in the second term, dV/dT or the temperature coefficient is present. This has 

to be determined in a separated experiment. See figure below for illustrations: 

 

    
Figure 7: Experiment for the temperature coefficient. 

 

The battery is put inside the adjustable temperature thermal chamber and while the 

environmental temperature is adjusted, the cell temperature and open circuit voltage 

will be observed and recorded. This will be used for the calculation of temperature 

coefficient. 

In the second part, when the battery is charged or discharged and the voltage, current 

and temperature data are gathered, thermal properties can be determined. From 

equation 1, it can be seen that there are two variables to be determine. They are heat 

capacity (Cp) and surrounding heat transfer coefficient (h).  
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With the steady state condition, where the cell temperature stay constant with time 

(𝜕 Tcell/𝜕 t = 0), the term with heat capacity will be eliminated and thus, surrounding 

heat transfer coefficient (h) can be determined and while this depends on the current 

load applied to the battery, I (and also the heat generated, Q). Therefore, when 

surrounding heat coefficient is determined, it can be applied in the transient condition 

(𝜕 Tcell/𝜕 t ≠ 0) to find the heat capacity of the battery. 
The initial condition has the 100% charged battery stored in the room temperature. As 

the battery is put through the discharge test, the value of V-Voc will be changed as the 

depth of discharge increases. Also, the cell temperature here will also be increased, 

then, the value of Q will be different in the different state of charges. This will also 

apply on surrounding heat transfer coefficient and heat capacity and explained in the 

previous paragraph. This will also include the other experiment with different amount 

of current load applied to see the change in the focused thermal properties.    

 

PRELIMINARY STUDY AND RESULTS 

At this stage, performance characteristics of the battery were studied. These include 

the charge and discharge profile (constant and pulsed current). The surface and 

terminal temperature were also recorded.  

 

 
Figure 8: Constant current discharge profile 

 

From the figure, the voltage response from the constant current discharge shows that it 

tends to be flat from 10% - 80% depth of discharge. This is suitable for the electric 

vehicle application due to its voltage stability. Furthermore, the chemistry of lithium 

iron phosphate gives the advantage in terms of thermal stability as it is unlikely to 

reach the stage of thermal runaway unless is extremely abused. 

 

 
Figure 9:  Pulse discharge curve profile 
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Figure 10: Battery surface and terminal temperature response from pulse discharge 

test. 

 

 
Figure 11: Internal Resistance calculated from the pulse test result (60A) 

 

From figure 9 and 10, the temperature response from the pulse test shows that terminal 

temperature is more sensitive than surface temperature because when the load is put to 

zero, surface temperature dropped until the load is turned back on again.  

 

The advantages of conducting pulse current test are that more data can be obtained and 

the dynamic of temperature change can also be captured. In this test, open circuit 

voltage can be observed as used for calculating heat generation as noted in thermal 

model.  Furthermore, the data obtained from the pulsed discharge curve can be used to 

calculate the internal resistance which can also estimate battery’s life as shown in 

figure 11. 

 

Note that in this test, surface temperature is only measured at two points in front of 

and on the side of the battery. Also, it is observed that the positive terminal gives out 

heat more than that of negative terminal. This concludes that positive terminal is the 

point of heat concentration.  
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CONCLUSIONS 

Experimental procedures have been designed for the determination of thermal 

properties of the selected battery for the modified electric vehicle. Currently, the 

charge and discharge characteristics of the battery are obtained and in the same time 

surface and terminal temperature are monitored. In the next step, infrared temperature 

sensor will be installed at the top of the battery for internal temperature measurement. 

This is the main key towards the goal of this research work because the data of internal 

temperature of the battery can be used to calculate for thermal properties of the battery. 

Finally, when the data of thermal properties are obtained, it will be hand over to the 

design team of BTMS of the modified electric car and the cooling system of the 

battery.  
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Abstract— A series of experimental procedures were designed in 

order to capture thermal and electrical properties of a selected 

lithium ion battery for electric vehicles. Derived thermal model 

for lithium ion battery were mainly used for the design.  These 

thermal properties include heat capacity, heat generation and cell 

temperature at the different amount of electrical load applied. 

Electrical properties such as internal resistance and open circuit 

voltage are also analyzed. The data from experiment will be used 

to serve the future design of battery thermal management system 

in the electric vehicle in order to preserve battery’s life and 

maximize its performance.  
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 INTRODUCTION 

Realizing that the effect global warming is increasing and 
fossil fuel is decreasing rapidly due to the elevated amount of 
automobiles used today, electric vehicle become one of the 
alternative vehicles for sustaining the environment. Electric 
vehicle produce zero pipe-tail emission and therefore can 
reduce the amount of greenhouse gas such as carbon dioxide 
released into the air. To reduce the cost of buying brand new 
vehicle and to recycle the material, MTEC (National Metals 
and Materials Technology Center, Thailand initiated the 
modified electric vehicle project which has a conventional 
components in a used gasoline car with electrical components 
such as motor and battery. With this, many tests and 
experiments are required to maximize the performance of the 
overall system. In this paper, the main focus is on the battery 
which is the most important part in the energy supply system.  

THE BATTERY 

Lithium Iron Phosphate Battery 

Many types of batteries were invented to store energy for 
various purposes but comparing to the other types such as lead 
acid or nickel metal hydride, lithium ion battery is considered 
to be more advantageous. These advantages include higher 

working voltage, less self-discharge rate, higher energy density 
and it contains no memory effect. John Goodenough and his 
research group in University of Texas invented the “Lithium 
iron phosphate” as a new chemistry for lithium ion battery

[1]
 

which contains more benefits than the usual Lithium Cobolt 
chemistry in terms of environmental friendly and thermal 
stability. It is becoming gradually popular and used in many 
applications such as One Laptop per Child project in China and 
many electric car conversion projects.   

Battery Safety Issues  

The manufacturer can never know how the users utilize the 
battery. When the battery is misused, the consequence can be 
severe. This may include overcharging/discharging, 
penetration, excessive operating environment temperature or 
failure of battery management system.  It is noticed that all of 
those can be related to thermal issue. Overcharging can create 
the rise in temperature inside the battery, causing the pressure 
from gassing inside and the pressure might cause the battery to 
explode. Excessively low operating temperature can also 
permanently destroy the battery as it causes lithium plating. 
Operation outside the working voltage is also harmful to the 
battery for example of over discharging which can permanently 
reduce the capacity. Figure below illustrates the safe operation 
window for lithium ion battery.  

 

Figure 1: Lithium Ion Cell Operating Window
[2]
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Many protection mechanisms were built inside the battery 
such as integrated circuits, pressure vents, thermal fuses and 
etc. This is to protect the user from being harmed as the battery 
is misused. However, it is best that the battery does not show 
any signs of harm and therefore, proper management system is 
required. 

Battery Thermal Management System  

Being the greatest enemy to the battery, heat must be 
carefully monitored in the surroundings. As noted in the 
previous section, two main causes from battery failures are 
over-voltage and over-temperature. However, it can be seen 
that the latter can produce much more severe consequence. 
This is when the thermal management system for the battery 
comes in to regulate the operating temperature of the battery to 
prolong its life and maximized its performance. According to 
NREL (National Renewable Energy Laboratory, USA), some 
procedures are needed before designing the thermal 
management system. Thermal response of the battery can be 
captured by using various methods such as thermal analysis 
(CAD), fluid and heat transfer simulation (CFD), thermal 
characterization and vehicle testing

[3]
 

 

Figure 2: CFD simulation for cooling system of the 
battery

[4]
 

In this case, thermal characterization is the main focus. This 
is to acquire thermal properties from the battery. Thermal 
model will be used for this purpose. The data of thermal 
properties can be used for the design of battery thermal 
management system as it can  

Battery Thermal Model 

As derived by Newman et al
[5]

, a single cell thermal model 
of lithium ion battery is used by many researcher to study 
thermal properties of the battery

[6]
 and thermal behavior of the 

battery at rapid charge/discharge cycles
[7]

. The model is 
summarized as below;  

 
dt

dT
CTTh

T

V
ITVVI cell

pambsurf

cell

oc
celloc 



 )()( (1) 

Where; I = Current (A), Voc = Open circuit voltage (V),  

V = Cell voltage (V), Tsurf = Surface Temperature (°C), 

Tamb = Ambient Temperature (°C), t = Time (s), 

Tcell = Cell Temperature (°C), Cp = Heat Capacity (J/°C), 

h = Surrounding heat transfer coefficient (W/°C) 

 Here, some assumptions are required such as uniform 
temperature distribution inside the battery and stable chemical 
reactions.  

The battery is considered as the control volume in the heat 
balance for this thermal model. On the left hand side, there are 
two main terms. First term is called overpotential resistance 
which is always positive because it always generates heat from 
the battery, it is the result of heated resistance inside the battery 
due to charge or discharge process.  In the second term on the 
left hand side, it is the reversible entropic heat which is related 
to the Gibb’s free energy and battery’s chemical reactions. This 
term can either be positive or negative depends on the heat 
transfer whether it is endothermic or exothermic. For the right 
hand side, surrounding heat is expressed in the first term and 
can be calculated if the surface and ambient temperature is 
known. The second term represents the heat capacity of the 
battery which will be the main properties for the analysis. 
However, the experimental designs are required beforehand.  

EXPERIMENTAL DESIGN 

Prelimanry Design of the Experimental Setup 

To determine thermal properties of the selected Lithium ion 
battery at different loads and environments, a setup of 
experiment is prepared as illustrated in the figure below; 

 

 

 

 

 

 

 

The selected battery is connected to the electronic load or 
power supply for the discharge or charge process respectively. 
In this charge and discharge tests, voltage profile can be 
obtained at the different amount of current applied to the 
battery. Here, cell internal and cell surface temperature are also 
monitored by using infrared and thermocouple respectively. 
Overall design is based on the thermal model of the battery 
(equation 1). The electronic load can be programmed to either 
perform constant current or pulse current discharge and 
temperature response from both internal cell and surface can be 
observed and analyzed according to the thermal model. 
Thermal chamber is required for regulating environment 
temperature around the battery and also for a separated 
experiment in order to determine the term called “temperature 
coefficient” which will be explained in the next section.  

 

Figure 3: Experimental setup  
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Analysis of Thermal Properties of the Battery Using Thermal 

Model and Results from the Designed Experiment 

The analysis of thermal properties of the battery is done 
considering one term by another. The first part considers heat 
generation from the cell and thermal properties are analyzed in 
the second part. As noted from equation 1, the left hand side 
shows heat generated from the battery while it is being loaded.  

cell

oc
celloc

T

V
ITVVIQ




 )(

.

    (2) 

The first term for calculating heat generated from the 
battery is called “resistive” or “overpotential” heat which is the 
can be calculated from the voltage and current load data while 
being charged or discharged. The current load can be altered to 
see the change to 1CA, 0.5CA or 2CA to see how much 
resistive heat dissipate. In the second term, noted as “reversible 
entropic” term which is the product of current loaded, cell 
temperature and the temperature coefficient (dVoc/dTcell) which 
need a separated experiment.  

 

Figure 4: Schematic of experimental setup for temperature 
coefficient  

To obtain the value of temperature coefficient, the battery is 
put inside thermal chamber which its temperature can be 
adjusted. Voltmeter or similar device is attached to the 
terminals and infrared temperature sensor is attached at the top 
of the cell. The temperature of the chamber is adjusted 
according to the actual operating conditions and then the 
internal temperature and open circuit voltage are observed. The 
data is obtained from the state of charge of 10% - 100%.  

With the heat generated analyzed at the different current 
loads, surrounding heat coefficient (h) is firstly analyzed 
considering the steady state condition while the battery is 
loaded. This can be noticed from the temperature curve with 
time while the temperature stays constant at a certain period. 
With this condition the heat capacity term becomes zero as 
δTcell/δt = 0. With this, the surrounding heat coefficient is 
determined at the different amount of current load applied.  

At the transient condition, where temperature do not stay 
constant with time or δTcell/δt ≠ 0, the data corresponding to the 
current load applied can be used to determine the heat capacity 
of the battery. The initial condition is at 100% state of charge at 
room temperature. As the battery is discharged the value of V-
Voc will keep changing and so as the value of Q due to elevated 
temperature but the heat capacity will depend on the load.  

RESULTS FROM PRELIMINARY EXPERIMENTS 

At this point, performance characteristics such as charge 
and discharge curve are obtained. Surface and terminal 
temperature response from the discharge test are also captured. 
Also, with the results from pulse discharge test, internal 
resistance and open circuit voltage of the battery are also 
analyzed.  

 

 

 

 

 

 

 

Figure 5: Constant current discharge profile 

 

 

Figure 6: Pulse discharge test result 

 

 

Figure 7: Temperature response from pulse test 
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Figure 8: Internal Resistance calculated from pulsed test 
results 

 

Figure 9: Open circuit voltage observation at depth of 
discharge of 0 – 20%.  

In figure 5, constant current discharge curve which has the 
“flat” profile from depth of discharge from 10% to 80%. This 
makes it complicate to learn the state of charge just by looking 
at the voltage. Therefore, pulse current discharge experiment is 
applied (results shown in figure 6). The result of pulse 
discharge test benefits in many ways such as ease of 
monitoring battery’s state of charge, calculating the internal 
resistance and can be used to study the temperature dynamics 
with the step load as in figure 7. In this case, internal resistance 
is calculated by using the ohm’s law from the result of pulse 
current discharge test, results shown in figure 8. As noted in 
thermal model, open circuit voltage is one of the important 
values in calculating heat generation. The dynamic of open 
circuit voltage in each stage of charge is observed from the 
pulse discharge test with the results shown in figure 9 (depth of 
discharge from 0 – 20%).  

In the next step, it is aimed to have the battery installed 
with the infrared thermal sensor to measure its internal 
temperature. When the behavior of internal cell temperature is 
observed while the battery is loaded, thermal properties can be 
calculated. Then the data from this can be used to perform 
thermal characterization to the battery and battery thermal 
management system can be designed to the maximum 
efficiency for the electric vehicle.  
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